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Patient
The patient was an 83-year-old woman who had graduated from university and worked as a teacher in elementary school. Her medical history included hypertension for 20 years, angina pectoris for 11 years, and osteoporosis. The patient experienced sporadic migraine, depression, cognitive impairment, and white matter hyperintensities. She denied any family history of dementia, depression, or stroke. Her routine pharmacological therapy comprised aspirin 100 mg, carvedilol 16 mg, digoxin 0.25 mg, and atorvastatin 10 mg. She complained of intermittent migraines since 20 years of age and depressive mood and cognitive impairment for the past 2 years. The Institutional Review Board of Severance Hospital of the Yonsei University Health System approved this study and a written informed consent was obtained from the patient (Approval Number: 4-2011-0579).

Cell culture
[bookmark: _Hlk117242735]CADASIL dermal fibroblasts were obtained from a patient carrying the R75Q NOTCH3 mutation. Fibroblasts were cultured in low glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 15% FBS (SH30910.03, Hyclone, Logan, UT, USA), 1% Penicillin/Streptomycin/Glutamine (10378016, Gibco, Fort Worth, TX, USA), 0.1 mM non-essential amino acids (NEAA) (11140050, Gibco, Fort Worth, TX, USA), and 1 mM β-mercaptoethanol (21985-023, Gibco, Fort Worth, TX, USA), on a 0.15% porcine gelatin-coated culture dish. For the feeder-free condition, human iPSCs were maintained on a culture dish coated in vitronectin (5 μg/mL) (A31804, Thermo Fisher, Waltham, MA, USA), in TeSR-E8 medium (05990, Stem cell technologies, VBC, Canada) supplemented with 1% Penicillin/Streptomycin (15140122, Gibco, Fort Worth, TX, USA). Human VSMCs were cultured in N2B27 medium supplemented with 10 ng/mL Platelet Derived Growth Facter-BB (PDGF-BB) (100-14B, peprotech, Cranbury, NJ, USA). 

Generation of CADASIL Patient-derived iPSCs
[bookmark: _Hlk117242874]The reprogramming scheme of CADASIL fibroblast into iPSCs is shown in Figure 1A. Two days after seeding fibroblast, 5×104 live cells were transduced by SeV encoding Klf4, Oct4, Sox2 (KOS) and c-Myc considering a multiplicity of infection (MOI) (A16517, CytoTune®-iPSC2.0 Sendai Reprogramming Kit, Life Technologies, Carlsbad, CA, USA,). The following day, medium was replaced with fresh fibroblast medium and refreshed with fresh fibroblast medium every other day for 6 more days. After 7 days of transduction, fibroblasts were plated on feeder-layered dishes with TeSR-E8 medium. Emerging clumps were transferred to were transferred to vitronectin coated dishes in which DADASIL iPSCs were established.

Generation of Cerebral Organoids
[bookmark: _Hlk117243473]The cerebral organoid was generated as previously described 41. hiPSCs were dissociated into clumps with 0.5 mM EDTA solution and plated on suspension dishes containing the AggreWell EB formation medium and 10 μM Y-27632 for the first 2 days. Aggregated embryoid bodies (EBs) were then washed every other day with TeSR-E8 medium supplemented with penicillin/ streptomycin. After 4 days, they were transferred to a neural induction medium that contained DMEM/F12 supplemented with 1:100 N2 supplement (17502048, Gibco, Fort Worth, TX, USA), 1% nonessential amino acids, 1× penicillin/streptomycin/glutamine, and heparin 1 μg/mL. The EBs were then washed every other day with fresh neural induction medium until a transparent border was observed. The resulting EBs were then embedded into a Matrigel droplet on a parafilm sheet with dimples and incubated at 37°C for 40–60 min to solidify the Matrigel. The parafilm sheets were removed, and the embedded EBs were cultured for 6 days in cerebral organoid differentiation medium that was composed of a 1:1 mixture of DMEM/F12 and Neurobasal (21103049, Gibco, Fort Worth, TX, USA) medium supplemented with 1:200 N2 supplement, 1:100 B27 without vitamin A (12587010, Gibco, Fort Worth, TX, USA), 1% nonessential amino acids, 1× penicillin/streptomycin/glutamine, β-mercaptoethanol 0.5 μM, and insulin 2.5 μg/mL. The EBs were then cultured in cerebral organoid maturation medium, which is composed of a 1:1 mixture of DMEM/F12 and neurobasal medium supplemented with 1:100 N2 supplement, 1:50 B27, 1% non-essential amino acids, 1× penicillin/streptomycin/glutamine, β-mercaptoethanol 0.5 μM, and insulin 2.5 μg/mL. 

Chromosome karyotyping
[bookmark: _Hlk117243063]The fibroblasts in a 6-cm dish were treated with colcemid for 5 h. Cells were trypsinized and dissociated into single cells. Cells were collected after centrifugation at 1500 rpm for 4.5 min, and resuspended in 1% sodium citrate, which is a hypotonic solution, and incubated at 37℃ for 40 min. The fixation buffer was 1:3 acetic acid: methanol. Subsequently, cells were dripped onto the slide drop by drop and stained with 10% Giemsa. 

Immunocytochemistry
[bookmark: _Hlk117243115]For the monolayer cells, 70-80% confluency cells were fixed with 4% paraformaldehyde for 10 min at 4℃ and then washed with PBS and treated with 0.3% triton X-100 in PBS for 10 min. After blocking with PBS containing 3% bovine serum albumin for 30 min at room temperature and washed with 0.3% triton X-100 in PBS. The blocked cells were then incubated overnight at 4℃, with the primary antibodies. The following primary antibodies were used in this study: Oct4 (1:500, ms, monoclonal), Sox2 (1:500, rb, polyclonal), SSEA-4 (1:500, ms, monoclonal), N3ECD (1:100, ms, monoclonal). The following day, Alexa Fluor 488 or 568 antibodies were used as secondary antibodies for 2 h at 25℃ (room temperature). Lastly, the cells were washed and stained with Hoechst (1:1:000) in 0.3% triton X-100 in PBS for 5 min at 25℃ (room temperature). 
For the blood vessel organoids, whole organoids were rinsed with PBS and fixed with 4% paraformaldehyde for 20 min at 25℃. After fixation, organoids were thrice washed with 0.3% triton X-100 in PBS for 10 min and blocked with 6% bovine serum albumin for 2 h at 25℃. Organoids were then incubated overnight at 4℃ with primary antibody CD31 (into 1:500). Subsequent steps for the following day mirrored those for the monolayer cells. ImageJ software was used to quantify integrated density of N3ECD staining per cells. The antibodies for immunocytochemistry are shown below. 

	TYPE
	Antibody
	Origin
	Manufacturer
	Product

	Primary
	CD31/PECAM-1
	mouse
	novusbio
	NB600-562

	
	Notch3 ECD
	mouse
	Merck Millipore
	MABC594

	
	Oct4
	mouse
	SANTA CRUZ BIOTECHNOLOGY
	sc-5279

	
	Sox2
	rabbit
	Merck Millipore
	AB5603

	
	SSEA-4
	mouse
	abcam
	MC813-70

	
	Tuj1
	mouse
	Merck Millipore
	MAB1637

	Secondary
	Alexa 488
	mouse
	Invitrogen
	A-11001

	
	Alexa 568
	rabbit
	Invitrogen
	A-11079



 
RNA isolation and RT-qPCR
[bookmark: _Hlk117243163]RNA isolation was performed using TRIzol reagent (15596026, Invitrogen, Waltham, MA, USA) according to standard protocol. cDNA was synthesized from 1 μg of total RNA using SuperScript™ III Reverse Transcriptase (18080093, Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions. Real-time polymerase chain reaction (real-time PCR) was performed with TOPreal™ qPCR 2X PreMIX (RT500M, Enzynomics, Daejeon, Republic of Korea). Target genes were amplified for 45 cycles at 95℃ for 10s, 60℃ for 10s, and 72℃ for 10s. The results were analyzed using a Roche LightCycler 5480 (Roche, Basel, Swiss). The primers for real-time PCR are shown below.

	[bookmark: _Hlk117259462]
	forward
	reverse

	GAPDH
	GAGTCAACGGATTTGTCGT
	TTGATTTTGGAGGGATCTCG

	Pou5f1
	GACAGGGGGAGGGGAGGAGCTAGG
	CTTCCCTCCAACCAGTTGCCCCAA

	Nanog
	TGAACCTCAGCTACAAACAG
	TGGTGGTAGGAAGAGTAAAG

	Sox2
	AGCTACAGCATGATGCAGGA
	GGTCATGGAGTTGTACTGCA

	α-SMA
	ATGTCCTCTGCTCACTTCA
	ATGTCCTCTGCTCACTTCA

	Cnn1
	ATGTCCTCTGCTCACTTCA
	ATGTCCTCTGCTCACTTCA

	Sm22a
	CGCGAAGTGCAGTCCAAAAT
	CAGCTTGCTCAGAATCACGC

	PDGFRβ
	ATGTCCTCTGCTCACTTCA
	ATGTCCTCTGCTCACTTCA



Western blot
[bookmark: _Hlk117243590]Thirty blood vessel organoids were lysed with RIPA buffer (R2002, Biosesang, Sungnam, Korea,) containing protease inhibitor (A32953, Thermo Fisher, San Jose, CA, USA) for 40 min at 4℃ and were centrifuged at 15,000 rpm for 30 min at 4℃. The supernatant and sample buffer (1610737, Bio-Rad, Hercules, CA, USA) mixture was incubated at 95℃ for 5 min. The total protein was quantified using a BCA kit (23225, Thermo Fisher, Waltham, MA, USA), and the absorbance was measured at 562 nm. Protein samples were separated by SDS-PAGE using 8% acrylamide gels and transferred to polyvinylidene fluoride membranes. The membranes were blocked using 5% skim milk in TBST buffer at 25℃ (room temperature) and incubated at 4℃ overnight with the primary antibodies including CD31 (1:1000) and GAPDH (1:5000). After washing with TBST three times, the membranes were incubated with the secondary antibody (1:2000 for CD31, 1: 1:7500 for GAPDH) for 2 h at room temperature, and again washed three times with TBST. The protein bands were visualized by an ECL Kit (32109, Thermo Fisher, San Jose, CA, USA). The blots were detected by chemidoc (1708265, Bio-Rad, Hercules, CA, USA) following the manufacturer’s instructions and the protein bands were calculated by MYImageAnalysis Software 2.0. The antibodies used for Western blot are shown below. 

	TYPE
	Antibody
	Origin
	Manufacturer
	Product

	Primary
	CD31/PECAM-1
	rabbit
	Sigma-Aldrich
	ABT1486

	
	GAPDH
	mouse
	Invitrogen
	MA5-15738

	Secondary
	goat anti-mouse IgG secondary antibody, (H+L) HRP conjugate
	mouse
	Invitrogen
	#31430

	
	goat anti-mouse IgG secondary antibody, (H+L) HRP conjugate
	rabbit
	Sigma-Aldrich
	#31460



RNA Sequencing 
Total RNA concentration was calculated by Quant-IT RiboGreen (R11490, Invitrogen, Waltham, MA, USA). To assess the integrity of the total RNA, samples were run on the TapeStation RNA screentape (5067-5576, Agilent, Santa Clara, CA, USA). Only high-quality RNA preparations, with RIN (RNA Integrity Number) exceeding 7.0, were used for RNA library construction. A library was independently prepared with 0.5 µg of total RNA for each sample by Illumina TruSeq Stranded Total RNA Library Prep Gold Kit (20020599, Illumina, Inc., San Diego, CA, USA). The first step in the workflow involves removing rRNA from the total RNA. Subsequently, the remaining mRNA was fragmented into small pieces using divalent cations under elevated temperature. The cleaved RNA fragments were copied into first strand cDNA using SuperScript II reverse transcriptase (18064014, Invitrogen, Waltham, MA, USA) and random primers. This was followed by second strand cDNA synthesis using DNA Polymerase I, RNase H, and dUTP. These cDNA fragments were then subject to an end-repair process, the addition of a single ‘A’ base, and then ligation of the adapters. Products were then purified and enriched with PCR to create the final cDNA library. The libraries were quantified using KAPA Library Quantificatoin Kits for Illumina Sequencing platforms according to the qPCR Quantification Protocol Guide (KK4854, KAPA BIOSYSTEMS, Wilmington, USA) and qualified using the TapeStation D1000 ScreenTape (5067-5582, Agilent Technologies, Santa Clara, CA, USA). Indexed libraries were then submitted to an Illumina NovaSeq (Illumina, Inc., San Diego, CA, USA), and the paired-end (2×100 bp) sequencing was performed by Macrogen, Inc.

[bookmark: _Hlk118224524]Post-sequencing Data Analyzes
[bookmark: _Hlk135047099]Adapters were trimmed from raw sequencing reads by running skewer (v0.2.2)36 with –L 100 and –e options. Adapter removed reads were mapped to hg38 UCSC human genome using STAR (v2.7.9a)37. The output files from STAR were put through VERSE (v0.1.5)38 for gene expression quantification with –S option specified. Using R (v4.2.0) 39, each sample’s read count for each gene was organized into a table and normalized using estimateSizeFactors and counts function of R’s DESeq2 package (v1.36.0) 40. A p-value for each gene was calculated using R’s t.test function and genes with p-value <0.05 and average normalized expression fold change >2 between two groups were defined as differentially expressed genes (DEGs). 
Comparison of normalized gene expression and DEG distribution was visualized into a scatterplot using R’s plot function. Gene ontology analysis was performed for DEGs downregulated in CADASIL-VSMC samples using DAVID (v2021 update) 41. Expression values in the normalized expression table was transformed into log2(expression+0.1) values and subjected to gene set enrichment analysis using GSEA (v4.2.3)42. In GSEA, metric for ranking genes was log2_Ratio_of_Classes.

Single Cell RNA-Sequencing
For detailed information on preparing cells, we refer readers to the LUNA-FL™ Automated Fluorescence Cell Counter (Logos Biosystems) 10x Genomics Single Cell Protocols Cell Preparation Guide and the Guidelines for Optimal Sample Preparation flowchart (Documents CG00053 and CG000126 respectively). 
Libraries were prepared using the Chromium controller according to the 10X chromium Next GEM Single Cell 3’ v3.1 protocol (10x Genomics). Briefly, the cell suspensions were diluted in nuclease-free water to achieve a targeted cell count of 10,000. The cell suspension was then mixed with master mix and loaded with Single Cell 3’V3.1 Gel Beads and Partitioning Oil into a chromium Next GEM chip G. RNA transcripts from single cells were uniquely barcoded and reverse-transcribed within droplets. cDNA molecules were pooled and the cDNA pool was then subject to an end repair process, the addition of a single ‘A’ base, and then ligation of the adapters. The products were then purified and enriched with PCR to create the final cDNA library. The purified libraries were quantified using qPCR according to the qPCR Quantification Protocol Guide (KAPA) and qualified using the Agilent Technologies 4200 TapeStation (Agilent technologies). The libraries were then sequenced using HiSeq platform (Illumina) according to the read length in the user guide.

Single-cell RNA-Seq Data Analyzes
We used STAR v2.7.1a 37 to align reads to the 10x Genomics prebuilt human reference genome (GRCh38.p13) and utilized the CellRanger v3.1 (10X Genomics) software for control (12823 cells) and CADASIL (12754 cells) datasets, with the default setting for de-multiplexing, to generate a feature-barcode matrix. The R package Seurat v4.0 43 was used to read and analyze the feature-barcode matrix. First, we filtered the cells to quality control matrix plots (12490 and 12199 cells in the control and CADASIL group passed the filter, respectively). UMI counts were then normalized with the NormalizeData function using the default settings (Figure S3A).
Seurat’s RunUMAP function was used to perform dimension reduction and clustering. DEGs within the clusters between control and CADASIL were determined by the FindMarkers function and visualized by heatmap and dot plot. Finally, Gene ontology similarity was analyzed according to each cell group using the hallmark gene sets (H) of Molecular Signatures Database v7.4 (http://www.gsea-msigdb.org/gsea/msigdb/index.jsp) and Seurat's AddModuleScore function and visualized by feature plot and Doheatmap. Gene ontology analyzes of specific genes for each cluster was performed using the DAVID Functional Annotation Tool (https://david.ncifcrf.gov/summary.jsp) based on biological processes.

Statistical Analyses
All experiments in this study were performed in triplicates, except for RNA sequencing, which was performed in duplicate. The data are represented as the mean ± standard deviation (SD) using GraphPAD prism 8. The significance of differences between samples was assessed by an unpaired two-tailed student’s t-test or one-way analyzes of variance (ANOVA) with the Tukey’s honestly significant difference post-hoc test for multiple comparison. All quantitative analyzes were performed using GraphPad Prism software and p values <0.05 were considered as statistically significant.
