Supplementary Table 1. Comprehensive characteristics of all included primary genetic studies on cerebral arteriovenous malformations.
	Authors, year (ref.)
	Study design
	Population / sample
	Genes analyzed
	Type of genetic alteration
	Key findings
	Methodology

	Eerola et al., 2003 [19]
	Family-based clinico-genetic study
	17 families screened; 6 with RASA1 mutations (human)
	RASA1
	Germline LOF
	Description of CM-AVM syndrome; association of RASA1 with AV shunts
	Sanger sequencing; linkage analysis

	Revencu et al., 2013 [62]
	Cohort study
	68 families (human)
	RASA1
	Germline mutations
	Expanded CM-AVM phenotype; penetrance assessment
	Sanger sequencing; MLPA

	Revencu et al., 2020 [63]
	Clinico-genetic study
	4 index patients (human)
	RASA1
	Somatic mosaicism
	Support for the "second-hit" model
	Deep sequencing

	Amyere et al., 2017 [5]
	Cohort study
	54 index patients with 47 distinct mutations (human)
	EPHB4
	Germline LOF
	Description of CM-AVM2
	Whole-exome sequencing (WES)

	Snellings et al., 2019 [70]
	Tissue-based genetic analysis
	HHT vascular malformations (human)
	ENG, ACVRL1
	Somatic "second-hit" (biallelic loss)
	Biallelic loss of ENG or ACVRL1 in HHT vascular malformations
	Ultra-deep NGS

	Nikolaev et al., 2018 [51]
	Clinical-genomic study
	72 patients (WES in 26); KRAS in 45/72 (human)
	KRAS
	Somatic GOF
	First evidence of KRAS as a driver in brain AVMs
	WES + droplet digital PCR (ddPCR)

	Priemer et al., 2019 [59]
	Histopathology-based study
	21 AVMs; KRAS-positive 6/21 (28.6%) (human)
	KRAS
	Somatic mutations
	Clinicopathologic correlation with morphology
	Targeted NGS

	Hong et al., 2019 [33]
	Cohort study
	21 brain + 10 spinal cord AVMs (human; spinal data used as indirect evidence for mechanism extrapolation)
	KRAS, BRAF
	Somatic mutations
	KRAS/BRAF prevalence 81.0% in brain (17/21) and 100% in spinal cord (10/10) AVMs; combined CNS 87.1%
	Targeted ddPCR

	Goss et al., 2019 [26]
	Cohort study
	16 specimens; mutations in 10/16 (63%) (human)
	KRAS, BRAF
	Somatic mutations
	Prevalence of MAPK pathway drivers
	Targeted sequencing

	Gao et al., 2021 [24]
	Clinico-genetic study
	14 WES + 56 validation = 70 samples (human)
	KRAS, BRAF
	Somatic mosaicism
	Significant association between KRAS status/VAF and phenotype
	Deep NGS

	Fish et al., 2020 [22]
	Experimental study
	Mice
	KRAS
	Endothelial GOF
	Endothelial KRAS activation is sufficient to induce AVM-like malformations
	Transgenic mouse model

	Saito et al., 2024 [64]
	Experimental study
	Mice
	KRAS
	CRISPR-based suppression
	Reversal of the AVM phenotype in a KRAS-driven model
	CRISPR/CasRx

	Tu et al., 2024 [79]
	Experimental study
	Mice
	BRAF
	GOF (V600E)
	Endothelial BRAF V600E induces brain AVMs
	Endothelial-specific knock-in

	Kim et al., 2018 [37]
	Experimental study
	Mice
	SMAD4
	LOF
	AVMs develop with SMAD4 deficiency
	Conditional knockout

	Desroches-Castan et al., 2024 [18]
	Experimental study
	Mice
	GDF2 (BMP9)
	LOF
	BMP9 deficiency is sufficient to induce AVMs
	Knockout mouse model

	Zhu et al., 2019 [96]
	Experimental study
	Mice
	ALK1
	Somatic mutations
	Induction of brain AVMs in the adult brain
	CRISPR/Cas9

	Walcott et al., 2018 [83]
	Case-based genomics
	1 patient (human)
	BMP pathway
	Somatic mutation
	Genetic overlap between HHT-related and non-syndromic AVMs
	WES

	Thomas et al., 2022 [77]
	Epigenomic study
	2–3 AVM nidus samples (human)
	—
	DNA methylation
	Epigenetic dysregulation within the AVM nidus
	DNA methylation array

	Wang et al., 2020 [84]
	Functional study
	AVM tissue + in vitro
	METTL3
	m6A dysregulation
	METTL3-mediated Notch/TGF-β imbalance
	RNA-seq; knockdown

	He et al., 2023 [30]
	Molecular study
	AVMs (human)
	miR-3131
	Exosome-mediated regulation
	Promotion of EndMT via PICK1
	RNA-seq; exosome assays

	Weinsheimer et al., 2016 [85]
	Genome-wide association study
	515 discovery + 608 replication (human)
	CDKN2B-AS1 (ANRIL) / 9p21.3
	SNP rs1333040
	Common-SNP associations replicated; no genome-wide locus identified
	GWAS

	Bendjilali et al., 2014 [9]
	Association study
	338 cases (205 with aneurysm data; 74 with aneurysms) (human)
	9p21.3 locus
	SNPs
	9p21.3 variants associated with brain AVMs accompanied by aneurysms
	Genotyping

	Pawlikowska et al., 2004 [55]
	Candidate-gene association
	180 AVMs (human)
	IL6, TNFα + angiogenesis genes
	SNPs
	Inflammatory-pathway polymorphisms associated with hemorrhagic presentation
	Candidate gene study

	Achrol et al., 2007 [1]
	Case–control association
	216 AVMs (human)
	TNFα
	SNPs
	TNF-α polymorphism associated with intracranial hemorrhage after AVM treatment
	Case–control

	Shimada et al., 2021 [68]
	Experimental / tissue study
	AVMs (human)
	—
	Neutrophil extracellular traps (NETs)
	NETs in AVM inflammatory milieu
	Immunohistochemistry

	Soon et al., 2022 [72]
	Experimental study
	AVM-on-a-chip
	KRAS
	Somatic activation
	Perfused human vessel-network model enabling drug testing
	Microfluidic model

	Bendjilali et al., 2013 [8]
	Association study
	360 cases, 429 controls (human)
	Genome-wide CNVs
	Copy number variations
	Identified suggestive copy number variant loci associated with sporadic bAVMs
	SNP array

	Carlson et al., 2005 [11]
	Experimental study
	Mice
	Notch4
	Endothelial GOF
	Endothelial expression of constitutively active Notch4 elicits reversible AVMs
	Transgenic mouse model

	Chen et al., 2014 [12]
	Experimental study
	Mice
	Alk1 (Acvrl1)
	Somatic LOF
	De novo AVM formation requires both Alk1 deletion and strong angiogenic stimulation
	Conditional knockout

	Crist et al., 2018 [14]
	Experimental study
	Mice
	Smad4
	Endothelial LOF
	Endothelial Smad4 deficiency is sufficient to cause AVMs, modeling HHT
	Conditional knockout

	Erkinova et al., 2018 [20]
	Association study
	114 cases, 114 controls (human)
	ANGPTL4
	SNPs
	Specific ANGPTL4 polymorphisms are associated with altered risk of brain AVMs
	Genotyping

	Gao X et al., 2016 [25]
	Association study
	114 AVM patients, 120 controls (human)
	Multiple inflammatory genes
	SNPs
	Genetic polymorphisms in inflammatory pathways affect bAVM susceptibility
	Genotyping

	Han et al., 2014 [28]
	Experimental study
	Mice
	Alk1 (Acvrl1)
	LOF
	VEGF neutralization prevents and normalizes AVMs in an HHT2 model
	Conditional knockout + antibody therapy

	Hashimoto et al., 2003 [29]
	Tissue analysis
	Human AVM specimens
	MMP9, TIMP1/3
	Expression alteration
	Demonstrated abnormal MMP and TIMP expression in AVM vascular walls
	Immunohistochemistry / Zymography

	Li et al., 2021 [40]
	Clinico-genetic study
	100+ simplex AVM cases (human)
	Multiple
	Germline + Somatic
	Convergent promotion of endothelial-to-mesenchymal transition (EndMT)
	WES, RNA-seq

	Mikhak et al., 2011 [45]
	Association study
	338 cases, 375 controls (human)
	ANGPTL4
	SNPs
	Identification of specific polymorphisms linked to AVM risk
	Genotyping

	Murphy et al., 2014 [47]
	Experimental study
	Mice
	Notch4
	GOF
	Constitutively active Notch4 receptor enlarges capillaries into AV shunts
	Transgenic mouse model

	Nadeem et al., 2020 [48]
	Experimental study
	Mice
	Rbpj (Notch pathway)
	Pericyte LOF
	Pericyte Notch signaling deficiency leads to the development of AVMs
	Transgenic mouse model

	Naylor et al., 2025 [49]
	Experimental study
	Mice
	KRAS
	Endothelial GOF
	Dual MAPK/VEGF inhibition is an effective strategy for KRAS-mutated AVMs
	Transgenic model + pharmacology

	Oikawa et al., 2010 [52]
	Clinico-genetic study
	1 family (human)
	Genome-wide linkage
	Germline
	Mapped familial bAVM to 5p13-q14, 15q11-q13 or 18p11 loci
	Linkage analysis

	Pérez-Alfayate et al., 2025 [60]
	Tissue-based genetic analysis
	Sporadic human AVMs
	Angiogenesis pathways
	Somatic mutations
	Identified somatic variants in RNA polymerase II and angiogenesis pathways
	Deep NGS

	Scimone et al., 2020 [67]
	Genomic study
	Sporadic human AVMs
	Whole exome
	Gene-disrupting variants
	Discovered novel variants in sporadic cases outside the classical MAPK cascade
	WES

	Shoemaker et al., 2014 [69]
	Transcriptomic study
	Human AVM tissues
	Whole transcriptome
	Gene expression shifts
	Brain AVMs aberrantly express lymphatic-associated genes (loss of identity)
	Microarray / RNA-seq

	Yılmaz et al., 2017 [91]
	Clinico-genetic study
	1 family (human)
	ACVRL1
	Germline LOF
	Novel ACVRL1 mutation detected in a family presenting with brain AVMs
	WES



Supplementary Table 2.  Study-level risk-of-bias appraisal of included primary studies.
	Study
	Design
	Tool
	Principal risk-of-bias concern
	Overall

	Eerola et al., 2003 [19]
	Family-based clinico-genetic study
	JBI case series + molecular-validity domains
	Selected tissue/sample source and incomplete control for confounding or technical validation.
	Some concerns

	Revencu et al., 2013 [62]
	Cohort study
	JBI case series + molecular-validity domains
	Selected tissue/sample source and incomplete control for confounding or technical validation.
	Some concerns

	Revencu et al., 2020 [63]
	Clinico-genetic study
	JBI case series + molecular-validity domains
	Selected tissue/sample source and incomplete control for confounding or technical validation.
	Some concerns

	Amyere et al., 2017 [5]
	Cohort study
	JBI case series + molecular-validity domains
	Selected tissue/sample source and incomplete control for confounding or technical validation.
	Some concerns

	Sturiale et al., 2013 [97]
	Candidate-gene case–control study
	Q-Genie
	Candidate-gene/subgroup design, limited power and/or multiplicity and replication concerns.
	High

	Nikolaev et al., 2018 [51]
	Clinical-genomic study
	JBI case series + molecular-validity domains
	Direct molecular evidence with validation, but selected surgical tissue and assay-dependent detection.
	Some concerns

	Priemer et al., 2019 [59]
	Retrospective tissue series
	JBI case series + molecular-validity domains
	Selected tissue/sample source and incomplete control for confounding or technical validation.
	Some concerns

	Hong et al., 2019 [33]
	CNS AVM tissue cohort
	JBI case series + molecular-validity domains
	Direct molecular evidence with validation, but selected surgical tissue and assay-dependent detection.
	Some concerns

	Goss et al., 2019 [26]
	Cohort study
	JBI case series + molecular-validity domains
	Selected tissue/sample source and incomplete control for confounding or technical validation.
	Some concerns

	Gao et al., 2021 [24]
	Discovery/replication tissue study
	JBI case series + molecular-validity domains
	Direct molecular evidence with validation, but selected surgical tissue and assay-dependent detection.
	Some concerns

	Fish et al., 2020 [22]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Saito et al., 2024 [64]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Tu et al., 2024 [79]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Kim et al., 2018 [37]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Desroches-Castan et al., 2024 [18]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Zhu et al., 2019 [96]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Walcott et al., 2018 [83]
	Case-based genomics
	JBI case report/series
	Very small or single-case evidence with limited external validity.
	High

	Thomas et al., 2022 [77]
	Epigenomic study
	JBI case series + molecular-validity domains
	Small exploratory tissue cohort and/or limited matched-normal validation.
	High

	Wang et al., 2020 [84]
	Functional study
	JBI case series + molecular-validity domains
	Selected tissue/sample source and incomplete control for confounding or technical validation.
	Some concerns

	He et al., 2023 [30]
	Molecular study
	JBI case series + molecular-validity domains
	Selected tissue/sample source and incomplete control for confounding or technical validation.
	Some concerns

	Weinsheimer et al., 2016 [85]
	Genome-wide association study
	Q-Genie
	Large discovery/replication design, but no replicated locus after multiplicity correction.
	Some concerns

	Bendjilali et al., 2014 [9]
	Association study
	Q-Genie
	Candidate-gene/subgroup design, limited power and/or multiplicity and replication concerns.
	High

	Pawlikowska et al., 2004 [55]
	Candidate-gene association
	Q-Genie
	Candidate-gene/subgroup design, limited power and/or multiplicity and replication concerns.
	High

	Achrol et al., 2007 [1]
	Case–control association
	Q-Genie
	Candidate-gene/subgroup design, limited power and/or multiplicity and replication concerns.
	High

	Shimada et al., 2021 [68]
	Experimental / tissue study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Soon et al., 2022 [72]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Bendjilali et al., 2013 [8]
	Association study
	Q-Genie
	Candidate-gene/subgroup design, limited power and/or multiplicity and replication concerns.
	High

	Carlson et al., 2005 [11]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Chen et al., 2014 [12]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Crist et al., 2018 [14]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Erkinova et al., 2018 [20]
	Association study
	Q-Genie
	Candidate-gene/subgroup design, limited power and/or multiplicity and replication concerns.
	High

	Gao X et al., 2016 [25]
	Association study
	Q-Genie
	Candidate-gene/subgroup design, limited power and/or multiplicity and replication concerns.
	High

	Han et al., 2014 [28]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Hashimoto et al., 2003 [29]
	Tissue analysis
	JBI case series + molecular-validity domains
	Selected tissue/sample source and incomplete control for confounding or technical validation.
	Some concerns

	Li et al., 2021 [40]
	Multimodal clinico-genetic study
	JBI case series + molecular-validity domains
	Direct molecular evidence with validation, but selected surgical tissue and assay-dependent detection.
	Some concerns

	Mikhak et al., 2011 [45]
	Association study
	Q-Genie
	Candidate-gene/subgroup design, limited power and/or multiplicity and replication concerns.
	High

	Murphy et al., 2014 [47]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Nadeem et al., 2020 [48]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Naylor et al., 2025 [49]
	Experimental study
	SYRCLE
	Causal model, but randomisation, allocation concealment and blinded outcome assessment were incompletely reported.
	Some concerns

	Oikawa et al., 2010 [52]
	Clinico-genetic study
	JBI case report/series
	Very small or single-case evidence with limited external validity.
	High

	Pérez-Alfayate et al., 2025 [60]
	Exploratory tissue-panel study
	JBI case series + molecular-validity domains
	Small exploratory tissue cohort and/or limited matched-normal validation.
	High

	Scimone et al., 2020 [67]
	Genomic study
	JBI case series + molecular-validity domains
	Small exploratory tissue cohort and/or limited matched-normal validation.
	High

	Shoemaker et al., 2014 [69]
	Transcriptomic study
	JBI case series + molecular-validity domains
	Selected tissue/sample source and incomplete control for confounding or technical validation.
	Some concerns

	Yılmaz et al., 2017 [91]
	Clinico-genetic study
	JBI case report/series
	Very small or single-case evidence with limited external validity.
	High




