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Abstract
Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is the most com-
mon genetic form of stroke. It is caused by a cysteine-altering variant in one of the 34 epidermal growth factor-like repeat 
(EGFr) domains of Notch3. NOTCH3 pathogenic variants in EGFr 1–6 are associated with high disease severity, whereas 
those in EGFr 7–34 are associated with late stroke onset and increased survival. However, whether and how the position of 
the NOTCH3 variant directly affects the disease severity remains unclear. In this study, we aimed to generate human-induced 
pluripotent stem cells (hiPSCs) from patients with CADASIL with EGFr 1–6 and 7–34 pathogenic variants to evaluate 
whether the NOTCH3 position affects the cell phenotype and protein profile of the generated hiPSCs lines. Six hiPSCs lines 
were generated: two from patients with CADASIL with EGFr 1–6 pathogenic variants, two from patients with EGFr 7–34 
variants, and two from controls. Notch3 aggregation and protein profiles were tested in the established six hiPSCs lines. Cell 
analysis revealed that the NOTCH3 variants did not limit the cell reprogramming efficiency. However, EGFr 1–6 variant posi-
tion was associated with increased accumulation of Notch3 protein in pluripotent stem cells and proteomic changes related 
with cytoplasmic reorganization mechanisms. In conclusion, our analysis of hiPSCs derived from patients with CADASIL 
support the clinical association between the NOTCH3 variant position and severity of CADASIL.

Keywords  CADASIL · Human iPSCs · Disease modeling · NOTCH3 variant position · Proteomic analysis · Stem cells

 *	 Francisco Campos 
	 francisco.campos.perez@sergas.es

1	 Translational Stroke Laboratory Group (TREAT), Clinical 
Neurosciences Research Laboratory (LINC), Health 
Research Institute of Santiago de Compostela (IDIS), 
15706 Santiago de Compostela, Spain

2	 University of Santiago de Compostela (USC), 
15705 Santiago de Compostela, Spain

3	 Stroke Pharmacogenomics and Genetics, Sant Pau Institute 
of Research (IR Sant Pau), 08041 Barcelona, Spain

4	 Epilepsy Unit, Hospital de la Santa Creu i Sant Pau, 
08025 Barcelona, Spain

5	 Proteomic Unit, Health Research Institute of Santiago de 
Compostela (IDIS), 15706 Santiago de Compostela, Spain

6	 Neuroimaging and Biotechnology Laboratory Group 
(NOBEL), Clinical Neurosciences Research Laboratory 
(LINC), Health Research Institute of Santiago de Compostela 
(IDIS), 15706 Santiago de Compostela, Spain

7	 Stroke Unit, Department of Neurology, Hospital Clínico 
Universitario, 15706 Santiago de Compostela, Spain

8	 Galician Public Foundation of Genomic Medicine, 
Genomics Medicine Group, Genetic Group, Health 
Research Institute of Santiago de Compostela (IDIS), 
15706 Santiago de Compostela, Spain

9	 Unidad de Memoria y Demencias, Hospital Universitario 
Vall d’Hebron/Vall d’Hebron Institut de Reçerca, 
08035 Barcelona, Spain

10	 Unidad de Diagnóstico Molecular y Genética Clínica, 
Hospital Universitari Son Espases, 07120 Palma, Spain

11	 Research Unit, Hospital Universitari Son Espases, IdISBa, 
Department of Biology, University of Balearic Islands (UIB), 
IUNICS, 07120 Palma, Spain

12	 Galician Public Foundation of Genomic Medicine, Genomics 
Medicine Group, 15706, Santiago de Compostela, Spain

http://crossmark.crossref.org/dialog/?doi=10.1007/s12017-025-08840-6&domain=pdf


	 NeuroMolecular Medicine           (2025) 27:18    18   Page 2 of 15

Introduction

Cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy (CADASIL) is a rare and 
severe cerebrovascular disease associated with NOTCH3 
gene mutations. It is characterized by extensive white mat-
ter hyperintensities (WMHs), recurrent small deep cerebral 
infarcts, cognitive decline, motor disability, and psychiatric 
impairment (Chabriat et al., 1995, 2009; Joutel et al., 1996, 
1997; Tournier-Lasserve et al., 1993).

Notch3 is expressed predominantly on the surface of peri-
cytes and vascular smooth muscle cells (VSMCs) in the wall 
of microvessels (Brulin et al., 2002; Tikka et al., 2009). It 
acts as a single-pass transmembrane receptor that undergoes 
proteolytic cleavage upon activation, releasing the Notch 
intracellular domain (NICD) into the cell for signal transduc-
tion and shedding the Notch extracellular domain (NECD) 
from the cell surface. NECD contains a large sequence of 34 
epidermal growth factor-like repeat (EGFr) domains, each 
with six conserved cysteines. NOTCH3 mutations result in 
an uneven number of cysteine residues (gain or loss) in one 
of the 34 EGFrs of the NECD (Joutel et al., 1996, 1997; 
Tournier-Lasserve et al., 1993). This results in the multi-
merization and aggregation of Notch3, observable as intra 
and extracellular deposits, known as granular osmiophilic 
material (GOM), via electron microscopy (Monet-Lepretre 
et al., 2013). Formation of GOM is the main etiopathogenic 
cause of CADASIL that is histologically correlated with the 
loss of endothelial and mural cells (VSMCs and pericytes), 
ultimately leading to vasoreactivity and cerebral hypoperfu-
sion (Gravesteijn et al., 2020).

Location of mutations in NOTCH3 EGFr domains are 
associated with the disease severity (Gravesteijn et  al., 
2022; Hack et al., 2020, 2022, 2023). Cysteine mutations 
in EGFr domains 1–6 are associated with more severe clini-
cal and imaging features and higher Notch3 accumulation 
in the vascular wall compared to those in EGFr domains 
7–34 (Cho et al., 2021; Gravesteijn et al., 2022; Rutten et al., 
2019). This explains the unexpectedly high prevalence of 
NOTCH3 mutations in EGFr domains 7–34 in large asymp-
tomatic population-based DNA biobanks (Cho et al., 2021, 
2022; Rutten et al., 2019). However, despite the presence of 
same mutations, most phenotypic variability in CADASIL 
remains ambiguous (Zhang et  al., 2022), with various 

factors, such as gender (Gunda et al., 2012) and vascular 
risk factors (Singhal et al., 2004), mediating its severity. 
Therefore, whether the NOTCH3 variant position directly 
affects CADASIL severity remains unclear.

Human-induced pluripotent stem cells (hiPSCs) directly 
derived from affected patients are extensively used as 
humanized models to explore the molecular mechanisms 
related to pathology, identify the biomarkers of disease 
progression, and develop novel therapies (Ahn et al., 2024; 
Chen et al., 2020; Fernandez-Susavila et al., 2018; Jalil 
et al., 2021; Kelleher et al., 2019; Ling et al., 2019; Manini 
& Pantoni, 2021; Wang et al., 2024; Yamamoto et al., 2020; 
Zhang et al., 2023).

Using this experiment cell approach, in this study, we 
aimed to generate hiPSCs from patients with CADASIL 
with EGFr 1–6 and 7–34 pathogenic variants and controls 
to evaluate whether the NOTCH3 variant position affects 
the phenotypes and protein profiles of the generated hiPSCs 
lines (Tables 1 and 2).

Results

Clinical Characteristics of Patients with CADASIL

Four patients with CADASIL, including two (one male 
and one female) with EGFr 1–6 and two (one male and one 
female) with EGFr 7–34 NOTCH3 variants, were included 
in this study. The main clinical and epidemiological charac-
teristics and genetic information of the patients are presented 
in Table 1A. Magnetic resonance imaging (MRI) scans of 
the patients used for pathological diagnosis are shown in 
Fig. 1. Patients with EGFr 1–6 pathogenic variants exhibited 
symptomatic ischemic stroke, extensive WMHs, multiple 
lacunes, and microbleeds on the MRI scan. Notably, none 
of the patients with EGFr 7–34 pathogenic variants exhib-
ited stroke and lacunes on the MRI scan. Additionally, two 

Table 1   Characteristics of 
CADASIL patients participating 
in the study

hiPSCs identity Gender Ethnicity Age Genotype of locus Exon Disease

CAD21 F Caucasian 59 R90C 3 CADASIL
CAD23 M Caucasian 44 R182C 4 CADASIL
CAD26 M Caucasian 32 R1242C 23 CADASIL
CAD28 F Caucasian 64 C591R 1 CADASIL

Table 2   Characteristics of control subjects

hiPSCs identity Gender Ethnicity Age

CSU F Caucasian 30
CSP M Caucasian 27
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controls (one male and one female; Table 1B) were included 
in the study for comparative analysis.

Characterization of hiPSCs Derived from Healthy 
Donors and Patients with CADASIL

According to the well-established guidelines for the genera-
tion of hiPSCs from human cells (MacArthur et al., 2019), 

six cell lines (four from patients with CADASIL and two 
from healthy donors) were generated and characterized by 
testing the main parameters related to the success of the 
reprogramming process from the somatic peripheral blood 
mononuclear cells (PBMCs), to pluripotent state. Karyotype 
analyses confirmed that the reprogramming procedure did 
not alter the number and structure of chromosomes in hiP-
SCs derived from both the healthy donors and patients with 

Fig. 1   Cerebral magnetic resonance imaging (MRI) of included 
CADASIL patients. Panels in the rows A–C show fluid attenuated 
inversion recovery (FLAIR) images and panels in the row D show 
susceptibility weighted imaging (SWI). Patients coded as CAD21, 
CAD23 and CAD28 are patients from Hospital  Universitario Vall 
d ́Hebron (Barcelona) and CAD26 is from Hospital Clínico Uni-
versitario (Santiago de Compostela). Patient CAD21 (p.R90C) is a 
63-year-old woman. In this patient, FLAIR images show extensive 
and confluent white matter hyperintensities (WMHs) together with 
multiple lacunes in the basal ganglia, midbrain and pons (marked 
with a red arrow). On SWI, the patient had multiple microbleeds pre-

dominantly in the basal ganglia, temporal, midbrain and infratento-
rial areas. Two of them are shown in the figure (red arrows). Patient 
CAD23 is a 44-year-old man (p.R182C). FLAIR images show 
WMHs and lacunes (one of which is marked with a red arrow) in the 
basal ganglia, thalamus and corona radiata. SWI showed a microbleed 
in the left peduncle and another in the right thalamus, which is the 
one shown in the image (red arrow). Patient CAD28 is a 64-year-
old woman (p.C591R). FLAIR images show WMHs but no lacunes. 
There is no evidence of microbleeds on SWI. The last patient CAD26 
is a 32-year-old man (p.R1242C). FLAIR images show very little 
WMHs. SWI is not available in this patient
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CADASIL (Fig. 2a). Additionally, screening of NOTCH3 
mutations via Sanger sequencing was performed using 
PBMCs and the generated hiPSCs to confirm that the Sen-
dai Virus (SeV) reprograming process did not affect the 
NOTCH3 mutant sequence (Fig. 2b). Short tandem repeats 
(STRs) analysis verified the match between hiPSCs gener-
ated from the original PBMCs (Table 1S). Immunocyto-
chemical analysis showed similar expression patterns of 
alkaline phosphatase (AP) and pluripotency markers (OCT4, 
SOX2, SSEA4, and TRA1-60) in the generated hiPSCs lines 
(Fig. 2c, d, respectively) and those from control subjects. 
Similar changes in the pluripotency markers were observed 
via flow cytometry (Fig. 1SA) and RT-qPCR (SOX2 and 
OCT4; Fig. 1SB and 1SC, respectively).

Final characterization was performed by testing the dif-
ferentiation of the cell lines into the three embryonic germ 
layers: Ectoderm, endoderm, and mesoderm. Differentiation 
into the three germ layers was induced using a commercially 
available kit and examined via immunobiological analysis 
(Fig. 2SA) and RT-qPCR (SOX17, NCAM1, and PAX6; 
Fig. 2SB). The six generated cell lines successfully differ-
entiated into the three germ layers, showing high expression 
levels of SOX17, NCAM1, and PAX6 markers. No differ-
ences were observed in donor vs patient cell lines and EGFr 
1–6 vs 7–34 variants.

Examination of Notch3 Accumulation in hiPSCs

To determine whether the pathological Notch3 accumula-
tion can be detected at the hiPSCs level, full-length Notch3 
expression levels were first analyzed in the six generated cell 
lines by enzyme-linked immunosorbent assay (ELISA). We 
found higher Notch3 protein levels in the hiPSCs lines of 
patients with CADASIL than in those of the controls, with 
a significant difference in EGFr 1–6 variants (p = 0.0051; 
Fig. 3a). The differences were more pronounced when a 
more specific immunocytochemical analysis was used, 
where both receptor domains, NECD and NICD, were 

analyzed separately. We observed higher immunostaining 
accumulation of both NECD and NICD in the cell lines with 
EGFr 1–6 variants than in those with EGFr 7–34 variants 
and control cell lines. NECD was more aggregated around 
the plasma membrane (Fig. 3b), whereas NICD showed a 
diffused pattern throughout the cytoplasm (Fig. 3c). Quan-
titative analysis of the fluorescence intensity of NICD is 
shown in Fig. 3d and NECD is shown in Fig. 3e.

Qualitative Proteomic Analysis of hiPSCs Derived 
from Patients with CADASIL and Controls

To characterize the generated hiPSCs lines and evaluate 
whether the position of the pathogenic variant in NOTCH3 
affects its cell proteomic profile, we performed two different 
proteomic assays. First, descriptive data-dependent acquisi-
tion (DDA) analysis (qualitative analysis) was performed to 
compare patients vs controls and EGFr 1–6 vs 7–34 variants. 
Then, quantitative sequential window acquisition of all theo-
retical mass spectra (SWATH-MS) analysis was performed 
to determine the dysregulated protein levels in CADASIL 
cell lines.

DDA analysis (patients vs controls) revealed 298 pro-
teins found only in the CADASIL samples (Venn diagram, 
Fig. 4a). The Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING) database (https://​string-​db.​org/) 
and Gene Ontology pathway enrichment analyses revealed 
that the 298 proteins selectively detected in CADASIL sam-
ples were related to cytoskeletal reorganization processes, 
filament organization and supramolecular fiber organization 
(Fig. 4b).

Subsequent Functional Enrichment Analysis Tool soft-
ware (FunRich) was used to analyze the potential biologi-
cal processes related to CADASIL by comparing samples 
between EGFr 1–6 variant vs control and EGFr 7–34 variant 
vs control. The following biological functions were found in 
both CADASIL groups (compared to the control group): (i) 
a decrease in the inhibitory mechanisms of contraction and 
(ii) a lower positive regulation of contraction and processes 
associated with VSMCs. Processes related to (i) cytoskeletal 
reorganization, (ii) negative regulation of vasculogenesis, 
and (iii) autophagy were enhanced (Fig. 4c, d).

Comparative protein expression analyses of the two 
CADASIL groups were performed as a secondary analysis. 
As shown in the Venn diagram, 161 proteins were common 
for both EGFr 1–6 and 7–34 variants (Fig. 5a). STRING 
analysis revealed that these proteins played important roles 
in (i) central nervous system diseases, (ii) neurodegenera-
tive diseases, (iii) amyloidosis, and (iv) vascular function 
impairment (Fig. 5b). Notably, 25 proteins were specifically 
detected with the EGFr 1–6 variants (Fig. 5c) and involved 
in (i) cellular structure and maintenance and (ii) cytoskeleton 
formation. In the EGFr 7–34 pathogenic variant group, 88 

Fig. 2   Genetic and molecular characterization of the six human-
induced pluripotent stem cells (hiPSCs) lines derived from the four 
CADASIL patients (coded as CAD21, CAD23, CAD26 and CAD28) 
and two control subjects (coded as CSU and CSP). a Karyotype 
analysis of the six generated hiPSCs lines from CADASIL patients 
and control subjects. b Analysis of NOTCH3 mutations by Sanger 
sequencing in peripheral blood and the corresponding generated hiP-
SCs. Genetic variants of the NOTCH3 gene are located in exon 3 in 
patient CAD23, exon 4 in patient CAD21, exon 11 in CAD28 and 
exon 23 in CAD26. c Analysis of alkaline phosphatase (AP) staining 
in the generated hiPSCs lines. Scale bar in the left panels: 250  μm 
(5×). Magnification (white square on the right panel) is shown in the 
left panels. Scale bar 75  μm (20×). d Expression analysis of pluri-
potency markers by immunocytochemical staining. Images are com-
posed of NucBlueTM (blue) and specific markers: TRA 1–60 (red) in 
combination with SOX2 (green), SSEA4 (green) in combination with 
OCT4 (red). Scale bar for 4 pluripotent markers: 75 μm (20×)

◂

https://string-db.org/
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Fig. 3   Analysis of full-length 
Notch3 receptor and Notch 
intracellular domain (NICD) 
and Notch extracellular domain 
(NECD) in the six generated 
human induced pluripotent 
stem cell (hiPSC) lines from 
CADASIL patients and con-
trols. a Comparative analysis of 
full-length Notch3 expression 
levels (pg/ml) in hiPSCs from 
patients with CADASIL EGFr 
1–6 pathogenic group (patients 
coded as CAD21 and CAD23), 
7–34 pathogenic group (patients 
coded as CAD26 and CAD28) 
and control subjects. **p < 0.01 
compared to control group; 
n = 4 per group (four replicates/
hiPSCs lines), b Immunocy-
tochemical staining analysis 
of NICD (green, lest panels), 
Hoechst (blue, middle panels) 
and merge images (right panels) 
and c immunocytochemical 
staining analysis of NECD 
(green, left panels), Hoechst 
(blue, middle panels) and merge 
images (right panels) of the six 
generated hiPSCs lines from the 
four CADASIL patients (coded 
as CAD21, CAD23, CAD26 
and CAD28) and two control 
subjects (coded as CSU and 
CSP). Scale bar: 75 μm (20×). d 
Quantitative fluorescence analy-
sis of NICD and (E) NECD 
immune staining in EGFr 1–6 
and 7–34 pathogenic variants 
and controls. In both analyses, 
data are expressed as mean fluo-
rescence of intensity (MFI) nor-
malized to Hoechst expression. 
Data are expressed as normal-
ized MFI, with each group 
containing n = 2 per group (two 
replicates/hiPSCs lines). Data 
are compared with the control 
group
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Fig. 4   Qualitative proteomic analysis of the six human induced pluri-
potent stem cell (hiPSCs) lines generated from CADASIL patients 
and controls. a Data-dependent acquisition (DDA) analysis com-
paring CADASIL patient vs controls are  represented by a Venn dia-
gram. b Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING) database (https://​string-​db.​org/) and Gene Ontology path-
way enrichment analyses. Enrichment analyses revealed that the 298 
proteins selectively detected in CADASIL samples were associated 
with cytoskeletal organisation (light blue bubbles), filament organi-

zation (light green and dark green bubbles) and supramolecular fiber 
organization (yellow and orange bubbles). Other proteins were found 
to be involved in the VEGFA-VEGFR2 signaling pathway (red bub-
bles) and in amyloidosis processes (dark blue bubbles). c Functional 
Enrichment Analysis Tool (FunRich) software analysis of potential 
biological processes related to CADASIL by comparing samples 
between EGFr 1–6 variant vs control and d EGFr 7–34 variant vs 
control. Up-regulated pathways are labelled in green and down-reg-
ulated in red

https://string-db.org/
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specific proteins were highly related to (i) cadherin bind-
ing, (ii) cytoskeleton stability, and (iii) cellular cohesion 
(Fig. 5d).

Quantitative Proteomic Analysis of hiPSCs Derived 
from Patients with CADASIL and Controls

Quantitative analysis of SWATH-MS data was performed. 
Similar to DDA analysis, in silico interactions of the dysreg-
ulated proteins were analyzed using the STRING software 
with Gene Ontology enrichment, metabolic functions, and 
pathways. Three different comparative analyses were per-
formed: (i) EGFr 1–6 variants vs control, (ii) EGFr 7–34 var-
iants vs control, and (iii) EGFr 1–6 vs EGFr 7–34 variants.

In the first group (EGFr 1–6 variants vs control), 64 proteins 
were dysregulated (p < 0.05; Fig. 6a; Table 2S) and involved in 
(i) cadherin binding, (ii) cell structure maintenance, and (iii) 
metabolic pathways related to neurodegenerative processes 
(Fig. 6b).

In the second group (EGFr 7–34 variants vs control), 85 
proteins were dysregulated (p < 0.05; Fig. 6c; Table 3S) and 
involved in (i) cadherin binding and (ii) cell adhesion (Fig. 6d).

Finally, in the third group, when EGFr 1–6 vs EGFr 7–34 
were compared, 49 proteins were found to be dysregulated 
(p < 0.05; Fig. 6e; Table 4S). These proteins are involved in 
processes related to (i) cellular organization, (ii) conservation 
and adhesion pathways, and (iii) formation of the extracellular 
matrix and cytoskeleton restructuring (Fig. 6f).

Among the proteins identified in SWATH-MS analysis, 
vimentin was found that showed significantly dysregulated, 
mainly in the EGFr 1–6 CADASIL group. Specifically, 
EGFr 1–6 vs 7–34 variant (p = 0.0371) and EGFr 1–6 vari-
ant vs control (p = 0.0271; Fig. 7a). The expression levels of 
vimentin were subsequently validated by ELISA, observing 
significant differences between the EGFr 1–6 variant vs control 
(p = 0.0098; Fig. 7b).

Next, comparative analysis of DDA and SWATH-MS data 
was performed (Venn diagram, Fig. 3S). Overlapping of 29 
common CADASIL proteins was detected. STRING analysis 
of these 29 proteins using both qualitative and quantitative 
methods revealed similar biological pathways. These proteins 
were associated with cell adhesion molecules that enable cells 
to adhere to each other and the extracellular matrix, facilitating 
the formation and maintenance of tissue structures (Fig. 4S).

Discussion

Position of the NOTCH3 cysteine-altering missense vari-
ant is an important indicator of disease severity (Cho et al., 
2021, 2022; Gravesteijn et al., 2022; Mukai et al., 2020; 
Rutten et al., 2016, 2019). However, this clinical associa-
tion has never been analyzed in an experimental setting. We 
previously reported that NOTCH3 mutations do not limit 
the cell reprogramming, demonstrating the potential of hiP-
SCs technology to study and model CADASIL pathology 
(Fernandez-Susavila et al., 2018). Subsequently, several 
studies generated hiPSCs from CADASIL somatic cells as 
human CADASIL models, further increasing the knowledge 
on CADASIL pathology (Ahn et al., 2024; Chen et al., 2020; 
Fernandez-Susavila et al., 2018; Jalil et al., 2021; Kelle-
her et al., 2019; Ling et al., 2019; Manini & Pantoni, 2021; 
Wang et al., 2024; Yamamoto et al., 2020; Zhang et al., 
2023). In this new study, we evaluated how the position of 
the mutant variant affects the level of disease severity using 
hiPSCs cell technology.

Using the non-integrative SeV reprogramming kit, we 
demonstrated that the efficiency of reprogramming from 
PBMCs was similar in all tested cases of CADASIL, regard-
less of the mutation position, with similar success observed 
in the hiPSCs generated from healthy donors. These results 
suggest that the position of the NOTCH3 mutation does not 
affect cell reprogramming to generate hiPSCs.

Once the hiPSCs from patients and controls were gener-
ated and characterized, we wanted to see whether the posi-
tion of the NOTCH3 variant had any effect on the cells. With 
this purpose, first, we analyzed the Notch3 protein accumu-
lation and secondly, we developed a comparative proteomic 
analysis.

The key vascular pathological features of CADASIL are 
the aggregation and staining of NECD in the vessel wall 
and presence of GOM deposits (Joutel et al., 2000; Opherk 
et al., 2009). Moreover, patients with CADASIL with EGFr 
7–34 variants exhibit significantly lower vascular Notch3 
aggregation than those with EGFr 1–6 variants, indicating 
variant position as a factor affecting the disease severity 
(Gravesteijn et al., 2022). Consistently with the pathogenesis 
of the disease, we observed an association between Notch3 
accumulation and NOTCH3 variant position in CADASIL. 

Fig. 5   Data-dependent acquisition (DDA) analysis of the generated 
human induced pluripotent stem cell (hiPSC) lines from CADASIL 
patients. a DDA analysis comparing the four CADASIL hiPSC lines 
(coded as CAD21, CAD23, CAD26 and CAD28) and represented by 
a Venn diagram. b Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) database (https://​string-​db.​org/) with a minimum 
interaction score threshold of 0.900 and Gene Ontology pathway 
enrichment analyses. The enrichment analyses revealed 161 common 
proteins in four CADASIL cell lines. These common proteins were 
involved in the formation of the vasculature (red and blue bubbles), 
maintenance of the cytoskeleton and cell structure (light green and 
dark green bubbles), pathways of altered brain morphology (gray 
bubbles) and other proteins described in the context of stroke (yel-
low bubbles). (C) DDA analysis comparing the CADASIL EGFr 
1–6 pathogenic group (patients coded as CAD21 and CAD23) with 
the 7–34 pathogenic group (patients coded as CAD26 and CAD28), 
represented by a Venn diagram. Twenty-five proteins were detected 
exclusively in the EGFr 1–6 pathogenic variant group and 88 in the 
EGFr 7–34 pathogenic variant group

◂

https://string-db.org/
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Specific immunostaining analysis also revealed similar 
patterns at the pluripotent stem cell level for both recep-
tor domains; NICD and NECD. Many studies have reported 
the progressive accumulation of NECD as a major driver of 
arterial VSMC loss in CADASIL (Dupre et al., 2024; Joutel 
et al., 2000; Monet-Lepretre et al., 2013), meanwhile NICD 
accumulation has been poorly explored (Joutel et al., 2000). 
Our immunoassay analysis revealed an association between 
cytoplasmic signals of NICD and CADASIL severity. How-
ever, this interpretation should be treated with caution, as 
the commercial antibodies for Notch3 receptor are mainly 
designed against NECD (Ghezali et al., 2018), while speci-
ficity for NICD is not fully guaranteed.

On the other hand, and consistent with previous reports 
in “omic” analysis in CADASIL (Muino et al., 2021a), 
quantitative and qualitative proteomic analyses revealed 
proteomic changes associated with the NOTCH3 variant 
position. Specifically, we observed protein changes related 
with cytoskeletal reorganization mechanisms, and a corre-
lation between vimentin expression and CADASIL EGFr 
1–6 pathogenic variants. Vimentin is a type III intermediate 
filament protein that anchors and supports organelles within 
the cytosol (Engeland et al., 2019; Vermeire et al., 2023) and 
regulates the structural homeostasis of the arterial wall. The 
critical role of vimentin in CADASIL has been also reported 
in previous studies using VSMCs differentiated from hiP-
SCs of patients with CADASIL (Ling et al., 2019). These 
findings suggest that cytoskeleton-related proteins, such as 
vimentin, may have a valuable role as clinical biomarkers 
for CADASIL prognosis.

To the best of our knowledge, this study represents the 
first experimental approach to evaluate the clinical asso-
ciations between NOTCH3 pathogenic genetic variants and 
CADASIL severity. However, this study has some limitations 

that should be addressed in future studies. Control subjects 
were not age-matched to the patients with CADASIL, and 
isogenic human iPSCs, which are more appropriate as con-
trols, were not used in this study. Although CADASIL is a 
rare pathology, a larger sample size should be assessed in 
future studies to validate our findings. Furthermore, future 
studies should examine the differentiation of hiPSCs into 
pathogenic cell types (VSMCs) to determine the impact of 
NOTCH3 mutation position on cell dysfunction.

In conclusion, this study revealed that EGFr 1–6 patho-
genic genetic variant was associated with altered cytoskel-
etal reorganization mechanisms and elevated Notch3 expres-
sion levels, at least at the pluripotent stem cell level. These 
findings are aligned with the clinical association between 
the pathogenic NOTCH3 variants and CADASIL severity. 
However, further analysis of VSMCs derived from hiPSCs 
is necessary to determine whether the vascular pathological 
accumulation of Notch3 differs between the different patho-
genic genetic variants.

Materials and Methods

Patient Sample Collection and Ethical Issues

Four patients with CADASIL were prospectively recruited 
from the Hospital Univeristario Vall d´Hebron and Hospi-
tal Clínico Universitario of Santiago de Compostela. Three 
patients from Hospital Universitario Vall d´Hebron were 
selected based on the “CADAGENIA” registry (Muino et al., 
2021b), which is a prospective registry containing the clini-
cal and epidemiological, neuroimaging, and genetic data of 
patients with genetic variants in NOTCH3. This study was 
approved by the Ethics Committee of Hospital de la Santa 
Creu i Sant Pau (IIBSP-CAD-2019-56). The fourth patient 
with CADASIL and two control volunteers were recruited 
from the Stroke Unit of the Hospital of Santiago de Com-
postela with approval from the Scientific Ethics Commit-
tee for the Region of Santiago-Lugo (protocol number: 
2016/450). All participants received detailed information 
prior to blood and clinical data collection.

Patient Sample Collection and Peripheral Blood 
Mononuclear Cells (PBMCs) Isolation

hiPSCs were generated from PBMCs of the patients and 
control volunteers. Briefly, 8 mL of blood was collected in 
BD Vacutainer BD K2 EDTA tubes (ref. BDN-368171; Bec-
ton, Dickinson and Company, Franklin Lakes, NJ, USA) via 
direct puncture of a vein in the antecubital area of the arm. 
PBMCs were isolated from the whole blood samples of all 
participants. Then, 8 mL of collected blood was combined 
with 8 mL of 2% phosphate-buffered saline + fetal bovine 

Fig. 6   Quantitative sequential window acquisition of all theoretical 
mass spectra (SWATH-MS) analysis comparing EGFr 1–6 variants vs 
control, EGFr 7–34 variants vs control and EGFr 1–6 vs EGFr 7–34 
variants. a Volcano plots comparing EGFr 1–6 variants vs control 
samples. b Enrichment analyses of the EGFr 1–6 pathogenic variant 
group vs controls detected dysregulated proteins related to cadherin 
binding pathways (light green bubbles) and cell structure (dark green 
bubbles), and are also described in neurodegeneration processes (red 
bubbles). c Volcano plots comparing EGFr 7–34 variants with con-
trol samples. d Dysregulated proteins in the EGFr 7–34 pathogenic 
variant group vs controls. These proteins are involved in the organiza-
tion of actin filaments (dark green bubbles) and cadherin binding pro-
teins (light green bubbles) appear. In addition, proteins related to the 
Notch signaling pathway (orange bubbles) and Notch transcription 
and translation processing (maroon bubbles) were present. e Volcano 
plots comparing EGFr 1–6 vs 7–34 variants. f Enrichment analyses 
comparing EGFr 1–6 vs 7–34 variants detected dysregulated proteins 
related to cadherin binding (light green bubbles) and cell binding pro-
cesses (dark green bubbles). In the volcano plots, red dots represent 
p < 0.05 and fold index < 1 and green dots represent data with p < 0.05 
and fold rate > 1 in comparisons between the different experimental 
groups

◂
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serum (Cat. No. A5670501; Thermo Fisher, Cham, Swit-
zerland) and diluted with 15 mL of Lymphoprep (Cat. No. 
07801; STEMCELL Technologies, Vancouver, BC, Canada) 
in SepMate-50 tubes designed for PBMCs isolation (Sarkar 
et al., 2024).

PBMCs Reprogramming

Following our previously established method for human 
cell programming in patients with CADASIL (Fernandez-
Susavila et al., 2018), 5 × 105 PBMCs were seeded per well 
in 12-well Corning plates (Cat. No. 3513; Corning, Inc., 
Corning, NY, USA) and cultured using the StemPro-34 SFM 
1X media kit (Cat. No. 10639011; Thermo Fisher Scientific, 
Carlsbad, CA, USA). To stimulate hematopoietic cell prolif-
eration, the medium was supplemented with the StemSpan 
CC100 cytokine cocktail (Cat. No. 02690; STEMCELL 
Technologies). After four days, half of the culture medium 
was refreshed. On the fifth day, the cells were transduced 
using the Cytotune 2.0 reprogramming kit (Thermo Fisher 
Scientific, Waltham, MA, USA; cat. no. A16517), with the 
non-integrating Sendai virus (SeV) (Sarkar et al., 2024) to 
introduce the reprogramming factors (Klf4–Oct3/4–Sox2, 

cMyc, and Klf4). After 24 h of viral transduction, the cells 
were harvested, and the virus was removed via centrifu-
gation at 200×g for 5 min at room temperature. The cul-
tured cells were maintained for 3–4 weeks on the Corning 
Matrigel hESC-qualified matrix (Cat. No. 354277; Corn-
ing, Inc.) in Costar 6-well plates (Cat. No. 3516; Corning, 
Inc.) using the mTeSR Plus media kit (Cat. No. 1000276; 
STEMCELL Technologies; schematic of the reprogramming 
process is shown in Fig. 5S).

hiPSCs Characterization

The following standardized tests were used to characterize 
the cell lines derived from the patients with CADASIL and 
healthy donors: Moore et al., (2023) (1) karyotype analysis, 
(2) Sanger sequencing of NOTCH3 mutant gene after cell 
reprogramming, (3) STR analysis, (4) AP activity analysis, 
(5) analysis of pluripotency markers, and (6) analysis of the 
hiPSCs ability to differentiate into the three embryonic germ 
layers. Technical details of hiPSCs characterization are pro-
vided in the Supplemental Information and Tables 5S–11S.

Fig. 7   Validation of vimentin data. a Quantitative sequential win-
dow acquisition of all theoretical mass spectra (SWATH-MS) analy-
sis of vimentin in patients with CADASIL EGFr 1–6 pathogenic 
group (patients coded as CAD21 and CAD23), 7–34 pathogenic 
group (patients coded as CAD26 and CAD28) and control subjects 
(coded as CSU and CSP). b Comparative analysis if vimentin levels 

(pg/ml) in human induced pluripotent stem cell (hiPSC) lines from 
patients with CADASIL EGFr 1–6 pathogenic group (patients coded 
as CAD21 and CAD23), 7–34 pathogenic group (patients coded as 
CAD26 and CAD28) and control subjects (coded as CSU and CSP). 
*p < 0.05 and **p < 0.01 compared to control group; n = 6 per group 
(sex replicates/hiPSCs lines)
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Notch3 Protein and Proteomic Analyses

After hiPSCs characterization, the six generated cell lines 
were analyzed by comparing their Notch3 protein accumula-
tion and proteomic profiles (described in detail in the Sup-
plementary Information).

Data Processing and Statistical Analyses

All results were statistically analyzed using the GraphPad 
Prism v.9.0.2 software (GraphPad Software, La Jolla, CA, 
USA). In all graphs, bars indicate the mean ± standard error 
of the mean. Statistical analysis results of each test are 
explained in detail in the Supplementary Information.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12017-​025-​08840-6.
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