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Abstract

Brain arteriovenous malformation (BAVM) is a rare but serious cerebrovascular disease whose pathogenesis has not been
fully elucidated. Studies have found that epigenetic regulation, genetic variation and their signaling pathways, immune
inflammation, may be the cause of BAVM the main reason. This review comprehensively analyzes the key pathways and
inflammatory factors related to BAVMs, and explores their interplay with epigenetic regulation and genetics. Studies have
found that epigenetic regulation such as DNA methylation, non-coding RNAs and m6A RNA modification can regulate
endothelial cell proliferation, apoptosis, migration and damage repair of vascular malformations through different target gene
pathways. Gene defects such as KRAS, ACVRLI and EPHB4 lead to a disordered vascular environment, which may promote
abnormal proliferation of blood vessels through ERK, NOTCH, mTOR, Wnt and other pathways. PDGF-B and PDGFR-f
were responsible for the recruitment of vascular adventitial cells and smooth muscle cells in the extracellular matrix environ-
ment of blood vessels, and played an important role in the pathological process of BAVM. Recent single-cell sequencing data
revealed the diversity of various cell types within BAVM, as well as the heterogeneous expression of vascular-associated
antigens, while neutrophils, macrophages and cytokines such as IL-6, IL-1, TNF-a, and IL-17A in BAVM tissue were sig-
nificantly increased. Currently, there are no specific drugs targeting BAVMs, and biomarkers for BAVM formation, bleeding,
and recurrence are lacking clinically. Therefore, further studies on molecular biological mechanisms will help to gain insight
into the pathogenesis of BAVM and develop potential therapeutic strategies.

Introduction

Brain arteriovenous malformation (BAVM) is a rare
developmental abnormality of the brain vasculature, in
which proliferative blood vessels connect the feeding
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arteries and draining veins without the presence of cap-
illaries, causing high-flow, low-resistance arteriovenous
shunting (Lawton et al. 2015). The incidence of BAVM
is 1.10-1.42 cases per 100,000 individuals, and it is most
commonly diagnosed in adolescents and young adults
aged 20-40. BAVM is typically characterized by intrac-
ranial hemorrhage and seizures but may also present as
progressive neurological deficits, psychiatric disorders,
dizziness, or migraines (Thomas et al. 2016). The rate
of rupture and hemorrhage of BAVM is about 3% (Gross
and Du 2013), and the mortality rate of patients with
hemorrhage exceeds 20% (Karlsson et al. 2020). Patients
who survived often carry a variety of sequelae, which
seriously affect the quality of family life (Karlsson et al.
2020; Fukuda et al. 2017). The vast majority of BAVM
are sporadic, and only 5% of patients are associated with
genetic syndromes such as hereditary hemorrhagic tel-
angiectasia (HHT) and capillary malformations-arteri-
ovenous malformations (CM-AVM) (Pan et al. 2021).
Traditionally, BAVM have been considered to be caused
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by congenital vascular anomalies. However, with the
development of molecular biology and diagnostic imag-
ing techniques, more and more research studies sug-
gest that BAVMs may be dynamic diseases. Recent case
reports have shown that patients with BAVM were de
novo lesions many years later, and that BAVM lesions
can grow and remodel rapidly even after surgical resec-
tion (Morales-Valero et al. 2014; Walcott et al. 2018).
Moreover, some patients with a history of intracranial
injury developed BAVMs, suggesting the possibility
of an acquired form of the disease (Nagai et al. 2020;
Park et al. 2021a). For example, patients with BAVMs
acquired after cerebral aneurysm occlusion, stereotactic
radiosurgery radiation therapy, hemorrhagic and ischemic
stroke, seizures, traumatic brain injury, brain tumors, or
encephalitic demyelinating lesions are thought to have
experienced a “second hit” after brain injury (Florian
et al. 2021a). Furthermore, various factors that contrib-
ute to abnormal vascular development, including epige-
netic changes, cytokines, vascular injury repair-related
proteins, environmental factors, and tumor-related gene
mutations, are associated with the occurrence of BAVM.
For example, single nucleotide polymorphisms (SNP)
are involved in BAVM inflammatory response or angio-
genesis. Interleukin-6 (IL-6), hypoxia-inducible factor
(HIF-1), vascular endothelial growth factor (VEGF),
nuclear factor kappa-light-chain of activated B (NFxB),
interleukin-1p (IL-1p) and interleukin-8 (IL-8) affect
angiogenesis by participating in endothelial cell prolif-
eration (Chen et al. 2006; Yao et al. 2007), migration,
reducing apoptosis and increasing the expression of vas-
cular cell adhesion molecule-1 (VCAM-1) and intercel-
lular adhesion molecule-1 (ICAM-1) (Storer et al. 2008;
Ardelt et al. 2005; Li et al. 2003), increase the risk of
BAVM. In addition, the researchers also found that muta-
tions in tumor-related genes such as KRAS, BRAF and the
RAS-MAPK-ERK signaling pathway might also lead to
endothelial cell dysfunction and play important roles in
the formation of BAVM (Hong et al. 2019). Therefore,
it is necessary to summarize the molecular and cellular
signaling mechanisms involved in BAVM.

Epigenetics is the regulation of different physiologi-
cal processes in organisms by causing changes in gene
expression levels without changing the DNA sequence,
such as non-coding RNA, DNA methylation, and histone
modification. Epigenetic modifications may serve as a
bridge between the external environment and the vascular
microenvironment, and affect the occurrence, development
and prognosis of BAVM by regulating related signaling
pathways (Thomas et al. 2016). Therefore, this review will
combine genetic variation, epigenetics, immune inflamma-
tion and related signaling pathways to elucidate their roles
in the pathogenesis of BAVM.
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Genetic variations

SNP refers to the variations in a single nucleotide in DNA
that are typically present in non-coding segments (Florian
et al. 2020). Multiple studies have revealed that SNPs pre-
sent in sporadic BAVM are associated with susceptibility
to BAVM and bleeding risk in BAVM and are involved in
vascular formation, inflammation, or coding genes, such as
those for fibrillin, laminin, and integrin, which may have a
vital role in BAVM pathophysiology (Sturiale et al. 2013).
Recent research has revealed genetic mutations associated
with BAVM. About 5% of patients with BAVM associated
with genetic syndromes may be associated with germline
gene mutations (such as ENG, ACVRLI, SMAD4 in HHT,
RASAI or EPHB4 in CM-AVM), while in the remaining
95% of sporadic BAVM patients, it is more likely to be
related to somatic mutations (Pan et al. 2021). Among
these, KRAS gene has the highest mutation rate, which may
be a direct genetic basis of BAVM. Studies have conducted
genomic testing on surgical and blood samples and found
60% of the patients with BAVMs had somatic KRAS gene
mutations. They also found that the upstream and down-
stream molecular signaling pathways were closely related
to mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK) MAPK/ERK pathway acti-
vation, causing endothelial dysfunction (Nikolaev et al.
2018). Mutations in endoglin (ENG) and activin a recep-
tor like type 1 (ACVRLI) lead to hereditary hemorrhagic
telangiectasia 1 (HHT1) and hereditary hemorrhagic tel-
angiectasia (HHT2), respectively, whereas mutations in
SMAD Family Member 4 (SMAD4) are linked with the
combination of HHT and juvenile polyposis (Gallione
et al. 2004). The genes related to these three loci are the
components of the transforming growth factor-f (TGF-
) signal path, suggesting that the TGF-p signaling may
play a crucial role in BAVM development. Capillary mal-
formation is related with mutations in RAS P21 Protein
Activator 1 (RASAT) and EPH Receptor B4 (EPHB4), and
the EPHB4-RAS-ERK pathway plays an indispensable
role in this condition (Amyere et al. 2017). Weinsheimer
et al. conducted a large-scale multicenter whole-genome
SNP detection and showed significant SNP differences in
receptor tyrosine kinase and matrix metalloproteinase-3
(MMP-3) using univariate analysis (Sturiale et al. 2013).
The AG genotype of RS522616 in the MMP-3 promoter
region is related with a low risk of developing BAVM
(Zhao et al. 2010). Previous studies have revealed that the
IL-6-174G > C promoter polymorphism is linked with the
symptoms of BAVM bleeding and that plasma IL-6 can
be used as a predictive indicator for BAVM bleeding. In
a mouse model, IL-6 induced the expression and activity
of MMP-3 and MMP-9 in the brain, increased endothelial
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cell proliferation and migration, and promoted intracranial
hemorrhage (Chen et al. 2006). Kim et al. found that IL-
1 gene promoter polymorphism is related to the bleeding
risk and disease susceptibility to BAVMs, suggesting that
inflammatory reactions and cytokines also have a signifi-
cant function in BAVM pathogenesis (Kim et al. 2009).
VEGFA is a well-recognized vascular-associated protein
that plays an important role in the migration, proliferation
and survival of endothelial cells, and can increase vascular
permeability and induce vasodilation during vascular dis-
ease (Claesson-Welsh and Welsh 2013). VEGFA gene pol-
ymorphisms was shown to be associated with susceptibil-
ity and bleeding risk of BAVM (Chen et al. 2011). Notch
receptor 4 (NOTCH4) (6p21.32) mutations may be asso-
ciated with clinical manifestations (rupture and seizures)
and susceptibility to BAVM (Florian et al. 2020; Sturiale
et al. 2013). Bendjilali et al. also showed that ACVRLI,
and angiopoietin like 4 (ANGPTL4) mutations were signif-
icantly associated with sporadic BAVM (Bendjilali et al.
2013). In addition, SNPs in transforming growth factor
beta receptor 2 (TGFR-f2), interleukin 1 alpha (IL-1a),
interleukin 1 receptor antagonist (IL-1RN), MMP-3, MMP-
9, RB binding protein 8 (RBBPS), adhesion G protein-cou-
pled receptor A2 (GPR124), SRY-Box transcription factor
17 (SOX-17), CDKN2B Antisense RNA 1 (CDKN2BASI),
and VEGFA were related with susceptibility to BAVM.
SNPs in IL-6, TNF-a, IL-1p, interleukin 17A (IL-17A),
TGFR-p2, apolipoprotein E(APOE), EPHB4, MMP-9, and
VEGFA were related with bleeding risk in BAVM (Stu-
riale et al. 2013; Kremer et al. 2015). Polymorphisms in
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brain-derived neurotrophic factors (BDNF) are linked with
poor surgical outcomes in patients with unruptured BAVM
(Westbroek et al. 2012). Through relative risk calculation,
we found that EPHB4 (rs314308 and rs314313), IL-17A
(rs2275913), MMP-3 (1rs522616), MMP-9 (rs9509), and
GPRI124 (rs12676965, rs7823249 and rs7015566) are pro-
tective factors for BAVM, while other gene mutations such
as ACVRLI (rs2071219), ANGPTL4 (rs11672433), APOE
(e-/e+), CDKN2BASI (rs1333040), EPHB4 (rs314346
and rs314353), IL-1a (rs1800587), IL-1f (rs16944 and
rs1143627), IL-1RN (rs2234663), IL-6 (rs1800795),
ITGBS (rs10486391 and rs11982847), NOTCH (rs443198
and rs915895), VEGFA (rs1547651 and rs833069), RBBPS
(rs11082043), TGFR-p2 (rs3087465), TNF-a (rs361525),
BDNF (rs6265), and SOX-17 (rs9298506) are risk fac-
tors for BAVM (Fig. 1). The abundance of KRAS/BRAF
mutations in BAVM tissue was inversely proportional to
the size of the lesion, suggesting that KRAS/BRAF muta-
tions in endothelial cells were the initiating factors for the
occurrence of BAVM (Hong et al. 2019). Recent study had
also demonstrated through animal models that over-acti-
vating KRAS mutations might promote the occurrence and
development of BAVM through the MEK/ERK pathway,
and treatment with trametinib cloud effectively inhibit the
growth of BAVM (Park et al. 2021b). Therefore, research
on genetic mutations and SNPs can assist in BAVM diag-
nosis and monitoring, and drugs can be developed to target
these genetic mechanisms (Li et al. 2021).

Copy number variation (CNV) and insertion/deletion
(InDel) are another structural variation of genetic factors.
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Fig. 1 Association of genetic variation with BAVM. A Genetic loci associated with BAVM; B Relative risk analysis of BAVM genetic loci (SNP
single nucleotide polymorphism, CNV copy number variation, InDel refers to an insertion in a gene mutation or indeed.)
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CNV refers to genomic structural variations > 1 kb in
length, manifested as an increase or decrease in the copy
number of large genomic segments compared with the
reference genome (Conrad et al. 2010). Similar to SNPs,
CNVs affect the expression and variation of human genes
and phenotypes. Current research has demonstrated a cor-
relation between CNV and the occurrence of neurological
and psychiatric disorders (Rees and Kirov 2021). Bendjilali
et al. conducted a whole-genome CNV analysis of BAVM;
however, owing to the limitations in the number of cases,
common CNVs were not detected in patients with sporadic
BAVM (Bendjilali et al. 2013). InDel are defined as genomic
differences due to deletions or insertions of < 1 kb of nucleo-
tides, but there is no clear evidence of a link between InDel
and BAVM. Further research is needed to investigate CNVs
and InDel associated with BAVM.

Epigenetics

Epigenetics refers to mechanisms that alter gene expression
without altering the DNA sequence. These alterations persist
throughout development, can be passed on to future gen-
erations, and play a wide range of roles in various human
diseases (Portela and Esteller 2010; Heard and Martiens-
sen 2014). Epigenetic modifications can be divided into 3
major types: DNA methylation, non-coding RNA, and his-
tone modifications, which regulate pathological processes
including cell proliferation, development, and differentia-
tion (Portela and Esteller 2010; Xia et al. 2021). Epigenet-
ics responds to internal and external environmental stimuli
under certain circumstances, leading to changes in disease
susceptibility and progression. Previous studies have found
that hemodynamics may be the most indispensable epige-
netic factor in BAVM development (Fig. 2). Exposure of
endothelial cells to hemodynamic factors, including blood
pressure and shear stress, can induce chromatin modifica-
tions that alter gene expression, leading to abnormal blood
vessel formation and remodeling, resulting in BAVM devel-
opment (Thomas et al. 2016).

DNA methylation

DNA methylation is a key epigenetic mechanism that pri-
marily occurs in CpG dinucleotides in the gene promoter
and is catalyzed by DNA methyltransferases with S-aden-
osyl-L-methionine as the methyl donor. It can prevent the
interaction of transcription factors with specific binding
sites, thereby mediating gene silencing (Stanzione et al.
2020; Jaenisch and Bird 2003). DNA methylation pat-
terns vary among tissues, have indispensable functions in
regulating the normal development of organisms, and are
involved in many central nervous system (CNS) diseases

@ Springer

(Chen et al. 2022; Deng et al. 2020; Dock et al. 2015;
Dinicola et al. 2017; Rawlik et al. 2016; Wang et al. 2022;
Numata et al. 2014).

Abnormal hemodynamics at the junction of the sup-
plying artery and draining vein may lead to epigenetic
changes in endothelial cells, affecting the regulation of
blood vessel development. Thomas et al. measured the
DNA methylation levels of blood vessel development-
related genes in the lesion tissue of ten patients with
BAVM and found high methylation levels in the promot-
ers of Zinc Finger Protein 24 (ZNF24), fatty acid amide
hydrolase (FAAH), angiogenic factor with G patch and
FHA domains 1 (AGGF1), and ankyrin repeat domain 65
(ANKRDG65). ZNF24 is a VEGF transcriptional repressor,
and after being silenced by methylation, it activates VEGF
transcription; FAAH can produce various vasoconstrictors,
and its inactivation can inhibit vascular generation in vivo
and in vitro; AGGF1 regulates various stages of vascular
development, including endothelial cell migration, prolif-
eration, and venous differentiation, and high methylation
inhibits its expression, leading to abnormal venous devel-
opment (Thomas et al. 2022). Chen et al. have confirmed
that the methylation levels of the CPG1, CPGS5, and CPG8
regions of the CDKNZ2A in the blood leukocytes of patients
with BAVM were markedly higher than those in patients
with intracranial aneurysms and healthy individuals, sug-
gesting that CDKNZ2A is closely related with BAVM patho-
genesis and has potential for use in early diagnosis (Chen
et al. 2019). CDKN2A is a tumor suppressor protein, and
previous studies on intracranial aneurysms have indicated
that CDKN2A may have a crucial function in adjusting
endothelial cell proliferation and repair to prevent vascular
damage (Bilguvar et al. 2008). However, its role in venous
development requires further study. Liu et al. found that
CpG3 methylation of the phospholipase A2 group VIIG7
(PLA2G7) gene is related to the risk of BAVM, and that
the average methylation level of the gene is related to the
risk of BAVM in men and to APOE and apolipoprotein B
(APOB) levels; however, the mechanism of action remains
unclear (Liu et al. 2020). The methylation level of the
platelet-derived growth factor-D (PDGFD) promoter is
associated with the risk of BAVM (Zhou et al. 2017). The
methylation of the nitric oxide synthase 1 adaptor protein
(NOS1AP) promoter is also related to the risk of BAVM,
and sex and smoking may have a synergistic effect on the
methylation mechanism, which requires further verifica-
tion in a large sample (Portela and Esteller 2010; Wang
et al. 2016).

Abnormal DNA methylation is linked with BAVM, and
the use of DNMT-specific inhibitors (DNMTIs) to reverse
DNA methylation may help prevent BAVM recurrence.
However, the downstream pathways remain unclear, and
the role of methylation and related genes in blood vessel
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Fig.2 The possible relationship between epigenetic regulation
and the occurrence of BAVM. DNA methylation of ZNF24, FAAH,
AGGFI1, CDKN2A, ANKRDG6S5, PLA2G7, PDGFD, and NOSIAP is
closely linked to BAVM occurrence. ZNF24 regulates the produc-
tion of VEGF; FAAH regulates angiogenesis; AGGF1 regulates the
proliferation, migration, and venous fate of endothelial cells; and

development requires further investigation. DNMTTIs have
been used in related diseases, such as malignant tumors;
however, related drug research on BAVM is lacking.

Non-coding RNA

Non-coding RNAs, such as short non-coding microRNAs
(miRNAs) and long non-coding RNAs (IncRNAs), are tran-
scribed from the genome and have indispensable function in
adjusting gene expression and protein function (Portela and
Esteller 2010; Heard and Martienssen 2014; Winkle et al.
2021).

miRNAs, which are approximately 20-22 nucleotides
long, control gene expression via binding to complementary
sequences and inhibiting translation or promoting mRNA

WTAP

Wnt pathway

Tube formation

miR-18a

BMP4
HIF-10. |

CDKN2A may mediate the occurrence of BAVM by regulating the
proliferation and repair of endothelial cells. MiR-18a can improve
BAVM by inhibiting BMP4 and HIF-1a production. WTAP may be
involved in the pathogenesis of BAVM via angiogenesis regulation
through the Wnt pathway

degradation (Florian et al. 2020). miRNAs behave differ-
ently and regulate vascular development differently in vari-
ous diseases and systems, which is influenced by vascular
formation pathways and hemodynamics. miRNAs in differ-
ent cell types act on different target cells through various
signaling pathways, leading to abnormal vessel formation
and decreased endothelial cell migration, resulting in BAVM
development (Florian et al. 2021b). miR-18a can improve
BAVM by inhibiting bowel management program 4 (BMP4)
and hypoxia-inducible factor 1 subunit alpha (HIF-1a) and
have important clinical value in preventing, reducing, and
possibly reversing BAVM (Marin-Ramos et al. 2020). miR-
137 and miR-195 regulate downstream signaling proteins
involved in vascular development, including phospho-
inositide 3-kinase (PI3K), protein kinase B (AKT), NF«kB,
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MAPK, ERK, and VEGF, and their levels are significantly
reduced in BAVM smooth muscle cells. Increasing the levels
of these miRNAs can inhibit smooth muscle cell migration,
vessel formation, and in vitro survival of BAVM. miR-137
and miR-195 act as angiogenesis inhibitors by altering the
phenotype of smooth muscle cells in BAVM. The absence of
miR-137 and miR-195 expression causes abnormal vascular
formation (Huang et al. 2017).

N6-Methyladenosine (m6A) is one of the most abun-
dant internal RNA modifications in eukaryotic cells and is
involved in the functional regulation of various biological
processes. The enzymes participated in m6A modification
primarily include methyltransferases (writers), demethylases
(erasers), and methylation readers (readers). The m6A modi-
fication is primarily facilitated by m6A methyltransferase
and eliminated by m6A demethylase, thereby playing a cru-
cial role in this process. The modified RNA undergoes spe-
cific recognition and binding by m6A recognition proteins.
This protein complex facilitates various RNA processes
including splicing, maturation, nucleation, degradation,
and translation. Furthermore, m6A modification modulates
gene expression and controls vital cellular processes such
as self-renewal, differentiation, apoptosis, and invasion (Liu
et al. 2023). Recent evidence suggests that the brain has
the highest abundance of m6A RNA methylation among all
organs, indicating its regulatory role in CNS development
and cerebrovascular remodeling (Fan et al. 2023). Notably,
the catalyzed methyltransferase 3 (METTL3) and methyl-
transferase 14 (METTLI4) subunits and the regulated Wilms
tumor 1-associated protein (WTAP) and Vir Like M6A
Methyltransferase Associated (KIAA1429) subunits form
the core methyltransferase complex and catalyze the m6A
modification of adenosine in RNA (Bokar et al. 1997, 1994,
Liu et al. 2014).

Recent research has found that METTL3 content is
downregulated in large BAVM teratomas, suggesting that
METTL3 can be used as a biomarker for BAVM lesion size
to predict treatment outcomes. Further experiments have
revealed that the direct downstream targets of METTL3,
deltex E3 ubiquitin ligase 3L(DTX3L), and deltex E3 ubiq-
uitin ligase 1(DTX1) synergistically regulate the NOTCH
pathway to control angiogenesis. Knocking out METTL3 sig-
nificantly affects tube formation and migration of endothelial
cells, indicating that the characteristics of vascular endothe-
lial cells can be regulated via m6A modification. Blocking
the NOTCH pathway with DAPT restores the phenotype
of METTL3-deficient endothelial cells (Wang et al. 2020a).
NOTCH directly regulates the response of endothelial cells
to BMP and the formation of new blood vessel branches by
regulating SMAD family member 6 (SMAD6) expression
in the TGF-f pathway (Wang et al. 2020a). In this study,
SMADG activation was also observed, downregulating BMP
responsiveness, which is consistent with previous studies
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(Wang et al. 2020a). Wilms’ tumor 1-associating protein
(WTAP) is the most important modified subunit of m6A,
and its absence may lead to various developmental disorders
in embryos (Ping et al. 2014). WTAP is downregulated in
BAVM lesions, and WTAP knockout significantly inhib-
its human endothelial cell tube formation. The absence of
WTAP rapidly degrades the downstream bridging protein
desmoplakin through m6A modification, enhances the activ-
ity of Wilms’ tumor 1, and negatively regulates the Wnt
pathway, thereby regulating blood vessel formation (Wang
et al. 2020b). These results provide important evidence for
elucidating the pathogenesis of BAVM and identifying new
potential targets for treatment.

IncRNA molecules are longer than 200 nucleotides and
do not encode proteins. These RNA molecules regulate
DNA, RNA, and proteins via base pairing or chemical inter-
actions in their secondary structures. IncRNAs are involved
in a lot of biological mechanisms; however, there is limited
research on IncRNAs associated with BAVM (Winkle et al.
2021). Li et al. used an Arraystar-IncRNA array to ana-
lyze IncRNA and mRNA expression in lesion tissues from
four surgical patients. They found that NADPH-downreg-
ulated IncRNA (ENST00000423394) was associated with
symptoms of epilepsy, and the downregulation of IncRNA
(TCOS_00013855) related to the mitochondrial fusion pro-
tein OPA1 may decrease the stability of vascular smooth
muscle cells (VSMCs) and surrounding cells in BAVM.
Both LncRNAs were not related to BAVM hemorrhage;
however, the sample size was small, and further research is
needed (Li et al. 2018).

Histone modification and environmental factors

The N-termini of histone tails in eukaryotic organisms
undergo many posttranslational modifications. Lysine acety-
lation and methylation are the main modifications that regu-
late chromatin structure and local gene activity. Changes in
histone acetyltransferases and histone deacetyl transferases
(HDACs) may be associated with BAVMs (Portela and
Esteller 2010). Previous researches have confirmed that
HDAC1/2/3 could adjust endothelial cell proliferation and
may be influenced by hemodynamic forces, whereas HDAC7
plays a crucial role in the differentiation and regeneration
of vascular endothelial cells (Mottet et al. 2007; Margariti
et al. 2010). Alterations in HDACs can affect endothelial
cell function and impair vascular formation. However, their
specific correlation with BAVMs remains unclear.

Lysine Demethylase 8 (JMJD5) is a pluripotent histone
demethylase that regulates cancer cell proliferation, embry-
onic development, and embryonic stem cells. Sox2 regu-
lates JMJDS expression in endothelial cells and activates
the expression of mesenchymal markers, which affects
vascular development (Yao et al. 2019). In addition, other
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RNA modifications such as m5C, m7G, and ac4C, as well as
histone modifications, require further research on their asso-
ciation with the occurrence and development of BAVMs to
improve our understanding of the disease (Portela and Estel-
ler 2010; Pandolfini et al. 2019; Shen et al. 2018; Arango
et al. 2018).

Tumors, strokes, inflammation, and seizures can also
act as environmental factors mediating the development of
acquired BAVMSs. This phenomenon has been referred to
as “secondary hits” in previous studies. Trauma is neces-
sary for BAVM development in adult mice with ACVRLI-
deficient vasculature. Inflammatory reactions may con-
tribute to BAVM development as a result of inflammatory
diseases, demyelination, and Bell’s palsy, as evidenced by
the detection of inflammatory factors around BAVM lesions.
Inflammatory factors may lead to excessive expression of
VEGF and cause vascular remodeling by inducing hemo-
dynamic abnormalities. The effect of hypoxia on BAVMs
may be related to HIF-1, and the development of BAVMs
after aneurysm clipping surgery may be associated with par-
tial ischemia following vessel occlusion (Nagai et al. 2020;
Wang et al. 2015; Santos et al. 2018; Lee et al. 2022).

KRAS mutation
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Fig.3 The possible relationship between gene mutations and BAVM.
KRAS mutations may cause endothelial dysfunction by activating the
downstream MAPK/ERK pathway or indirectly activating NOTCH
signaling to regulate cell migration. METTL3 can reduce abnormal

Signaling pathways

Many genetic changes also affect angiogenesis and vas-
cular development by regulating VEGFs and signaling
pathways (Fig. 3). Abnormalities in angiogenesis and
vascular development that led to structural and functional
abnormalities in blood vessels are key factors in the devel-
opment of BAVMs. Multiple signaling pathways regulate
angiogenesis and vascular homeostasis. During develop-
ment, the process of hemangioblast aggregation and differ-
entiation into primitive vascular plexuses is called HIF-1
vasculogenesis; however, the formation of new blood ves-
sels through proliferation, differentiation, and migration of
endothelial cells from pre-existing blood vessel networks
is called angiogenesis (Folkman 2007; Jeltsch et al. 2013;
Patan 2000). The expression of arterial, venous, and cap-
illary markers determines the structure of blood vessels.
BAVM lesions show abnormalities in blood vessel differ-
entiation, maturation, and capillary-specific gene expres-
sion, and abnormal blood vessels do not undergo termi-
nal differentiation or complete maturation (Thomas et al.
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/
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Abnormal angiogenesis

Abnormal angiogenesis
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angiogenesis by inhibiting the NOTCH signaling pathway and pro-
moting the phosphorylation of SMAD1/5/9 and SMAD2/3. NOTCH,
TGF-p, Wnt, and mTOR-FABP4 pathways and PDGF-B/PDGFR-f
signaling are involved in the development of BAVM
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2018). The control of angiogenesis and vascular homeo-
stasis is jointly controlled via multiple complex signaling
pathways including VEGF/vascular endothelial growth
factor receptor (VEGFR), Ang-Tie2, NOTCH, and plate-
let-derived growth factor subunit B (PDGF-B), BMP-9/
ACVRLI1/ENG, which interact to maintain a balance
between promoting and inhibiting angiogenesis and play
an indispensable role in the physiological and pathological
processes (Patan 2000; Jain 2003; Goumans et al. 2009;
Niessen and Karsan 2008; David et al. 2009). Epigenetics
plays a crucial role in normal and pathological vascular
development, and hemodynamics may be an important
contributor (Matouk and Marsden 2008). Abnormal blood
flow dynamics at the arteriovenous junction can change
endothelial cell epigenetic factors, alter their control on
vascular development, and lead to BAVM development
(Thomas et al. 2016).

RAS-MAPK-ERK pathway

The BAVM phenotype is linked to the inhibition of TGF-f
pathway and activation of the MAPK signaling pathway
(Nikolaev et al. 2018). The RAS pathway includes cascad-
ing signals that regulate key cellular functions including
proliferation, growth, and senescence (Prado et al. 2019).
Mutations in genes participated in the RAS/MAPK path-
way include those in KRAS, NRAS, B-raf proto-oncogene
(BRAF), and mitogen-activated protein kinase kinase 1
(MAP2K1). KRAS mutations have the highest reported muta-
tion rate in BAVMs. Nikolaev et al. proposed that KRAS
may induce the activation of the MAPK-ERK pathway in
brain endothelial cells (BECs), leading to BAVM develop-
ment. In vitro KRAS mutations induce a rise of ERK activity,
causing a rise in the expression of genes associated with
angiogenesis and NOTCH pathway, as well as enhancing
migration. In addition, an increase in the level of phospho-
rylation of ERK1/2 is observed in cells expressing mutant
KRAS. ERKS regulates several pathways participated in
angiogenesis and suppresses VEGF expression during
hypoxic responses (Sohn et al. 2002). A significant increase
in the phosphorylation level of ERK1/2 indicates the activa-
tion of the RAS/RAF/MAPK/ERK pathway and is a marker
of BAVM development (Nikolaev et al. 2018).

KRAS is a downstream effector molecule of receptor
tyrosine kinases that activates multiple cell-signaling net-
works including the KRAS-MAPK-ERK and KRAS-PI3K-
AKT-mTOR pathways. The activation of MAPK-ERK path-
way by KRASG12V causes the disruption of endothelial cell
calcium-binding protein connections and inhibits the forma-
tion of adhesion connections. Inhibition of the MAPK-ERK
pathway signal transduction with MEK inhibitors, which
suppress ERK phosphorylation, can reverse the inhibition
of adhesion connection formation, thereby enabling normal
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actin function and restoring normal vascular cell morphol-
ogy (Nikolaev et al. 2018).

Animal experiments have confirmed the function of the
MAPK/ERK pathway in KRAS mutations in BAVMs. Fish
et al. and Jason et al. used adult mouse and zebrafish models
to verify that somatic KRAS (mainly G12D or G12V) gene
mutations are sufficient to cause endothelial cell dysfunc-
tion in the absence of trauma, resulting in the changes in
endothelial cell morphology, increased cell size, enlarge-
ment of the vascular lumen, and vascular ectopic budding,
causing the direct connection of arteries and veins and the
formation of BAVMs. They also demonstrated that gene
mutations activate the MEK signaling pathway rather than
the PI3K pathway (Fish et al. 2020). In zebrafish models,
KRAS-dependent BAVM formation is reversible (Nikolaev
et al. 2018; Fish et al. 2020). Currently, there are no pharma-
cological inhibitors that directly target KRAS. The mecha-
nism underlying MEK inhibition provides a new direction
for the prevention and treatment of BAVM.

VEGF/NOTCH pathway

Previous researchers have revealed that both the activation
and inhibition of NOTCH can lead to BAVM development
(Gale et al. 2004; Krebs et al. 2004; Murphy et al. 2012,
2009). VEGF is an important regulatory factor in vascu-
lar development, and its activity is mediated by VEGF
receptors (VEGF1 and VEGF2). Endothelial cell expres-
sion of VEGF, together with its co-receptor, neuropilin 1,
promotes differentiation toward arteries, while the ephrin
and NOTCH pathways are crucial for maintaining arterial
identity. Studies have revealed that the VEGF and NOTCH
signaling pathways are associated with the development and
maintenance of BAVMs. During angiogenesis, the NOTCH
signaling pathway associated with the EFNB2/EphB4 phe-
notype determines the size of the blood vessels and the pro-
portion of arterial and venous endothelial cells. Expression
of the NOTCH family is a crucial marker of arteriovenous
differentiation, and VEGF plays an important role in early
vascular development (Kim et al. 2008). Various factors such
as hypoxic environments and hemodynamics at the arterio-
venous junction cause a series of chromatin modifications
that lead to abnormal gene expression. Increased VEGF
expression promotes the formation of disorganized abnormal
blood vessels that are more prone to bleeding (Sohn et al.
2002; Tu et al. 2014; Illi et al. 2003).

In endothelial cells and zebrafish embryo METTL3
knockout models, the upregulation of the arterial marker
HES related family BHLH transcription factor with YRPW
motif 2 (HEY2) and activation of the NOTCH pathway are
associated with the development of BAVM-like vessels
and significantly reduce endothelial cell migration ability.
Based on a zebrafish model, METTL3 directly acts on the
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downstream targets DTX3L and DTX1, inducing an over-
expression of BHLH transcription factors, such as HES1
and HEY 1, which leads to the overexpression of the arterial
endothelial cell phenotype HEY2 through ligand binding
and protein hydrolysis. HEY proteins have also been shown
to directly inhibit transcription factors (Briot and Iruela-
Arispe 2015; Kopan and Ilagan 2009). The NOTCH path-
way inhibitor DAPT can rescue vascular defects caused by
METTL3 knockdown and may be an important targeted drug
for BAVM treatment. BMPs belong to the TGF-f} superfam-
ily of secreted growth factors and regulate vascular growth
by inducing phosphorylation and nuclear translocation of
SMAD transcription factors (SMAD1/5/9) through recep-
tor binding (Mouillesseaux et al. 2016). Cross-talk between
NOTCH pathways and BMP pathways regulates endothelial
cell behavior during blood vessel development (Wang et al.
2020a; Luna-Zurita et al. 2010). BECs in BAVMs exhibit
higher activity, proliferation, migration, and mobility than
normal endothelial cells, which is related to the enhanced
expression of the BMP and NOTCH signaling pathways
and the regulation of VEGF expression levels (Nikolaev
et al. 2018; Al-Olabi et al. 2018). Furthermore, the loss of
NOTCH pathway in pericytes decreases PDGFR-B expres-
sions and increases pericyte apoptosis, indicating that
NOTCH plays a critical role in pericyte survival. Loss of
vascular NOTCH signaling is manifested by a marked reduc-
tion in arterial pericytes and VSMCs, increased VSMCs in
veins, and severe AVMs in retinal vessels in mice. Vascu-
lar malformations and pericyte loss have been confirmed
in embryonic mouse forebrains lacking NOTCH signaling.
This revealed a mechanism for AVM development and high-
lighted the important mediating role of NOTCH pathway in
this process (Nadeem et al. 2020).

TGF-B pathway

The TGF-p pathway has played a crucial role in BAVM
(Choi et al. 2023; Taniguchi et al. 2022; Scimone et al.
2020; Wang et al. 2018). The protein expressions of TGF-
B1 and SMAD3 were increased in BAVM tissue, while the
protein contents of BMP-9, ACVRL1, SMADI1, SMAD6,
and SMADS were markedly reduced in AVM (Wei et al.
2022). The downregulation of SMADG6 and activation of
TGF-B/BMP pathway in vascular endothelial cells have
been linked with microhemorrhage in BAVMSs. In vitro
studies have revealed that the downregulation of SMAD6
in HUVECs promoted cell proliferation, migration, and
invasion and increased the level of mesenchymal mark-
ers, and the endothelial-mesenchymal behavior was posi-
tively correlated with BAVM microhemorrhage (Fu et al.
2020). Targeting the components of the aberrantly expressed
TGF-B/BMP pathway in AVM is a viable approach for the
development of novel molecular therapies (Wei et al. 2022).

Inhibition of TGF-p signaling markedly reduced the number
of p-SMAD?21-positive cells in the AVF wall and improved
AVF patency. Endothelial cell-targeted TGF-f inhibition
can be a translational strategy for improving AVF patency
(Taniguchi et al. 2022). HHT, a genetic disorder caused by
mutations in ENG, ACVRLI, or SMADA4, is strongly associ-
ated with TGF-p (Hwan Kim et al. 2020; Pardali and Dijke
2012). Germline mutations in several genes involved in
TGF-p/BMP signaling are associated with sporadic genetic
phenotypes (Scimone et al. 2020). Follow-up researches
have revealed that BMP signaling attenuates the formation
of cerebral AVMs in vertebrate models (Walcott 2014). In
summary, TGF-p is expected to be a key target for overcom-
ing BAVM.

Other pathways

The mTOR-FABP4 pathway is participated in endothelial
cell proliferation, apoptosis, migration, and tube formation.
Studies have revealed that mTOR-FABP4 signaling is acti-
vated in BAVMs. Rapamycin can inhibit the mMTOR-FABP4
pathway, thereby inhibiting EC proliferation, apoptosis,
migration, and angiogenesis (Yan et al. 2022). Rapamycin
treatment reduced the number of BAVM in an HHT mouse
model (Ruiz et al. 2020). RASAI or EPHB4 deficiency
causes vascular malformations in zebrafish models. Kawa-
saki et al. confirmed that in an EPHB4-deleted zebrafish
model, the mTOR pathway was strongly overactivated, and
inhibition of the mTOR pathway could rescue vascular struc-
ture and function (Kawasaki et al. 2014).

Pericyte loss leads to endothelial cell hyperplasia and
endothelial luminal membrane over-folding. Signifi-
cant reductions in smooth muscle cell number have been
observed in mouse BAVM models (Walker et al. 2011;
Chen et al. 2013). Imperfections and immaturity of the ves-
sel wall structure are significantly associated with BAVM.
Knockdown of PDGF-B and PDGFR-f in mice resulted in
the loss of microvascular pericytes. PDGF-B and PDGFR-f
play important roles in pericytes and VSMCs recruitment
during angiogenesis (Winkler et al. 2018; Zhu et al. 2018).
PDGFR-p expression is reduced in BAVM lesions in
ACVRLI-deficient mice (Chen et al. 2013) and is related
with reduced smooth muscle cell and pericyte coverage.
Overexpression of PDGF-B in ACVRLI-deficient BAVMs
increases BAVM pericyte coverage and reduces BAVM
hemorrhage (Zhu et al. 2018). These results suggest that
PDGF-B and PDGFR-f pathway have crucial function in
maintaining the vascular integrity in BAVMs. FZD10 and
MYOC exhibited elevated expression levels in the vascular
endothelial cells and smooth muscle cells of BAVMs. The
activation of the canonical Wnt signaling pathway involv-
ing FZD10 and MYOC is crucial for the development of
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BAVMEs, specifically in the vascular endothelial and smooth
muscle cells (Huo et al. 2019).

Inflammation and BAVM

Previous studies have indicated a close association between
inflammation and BAVM (Fig. 4). Studies have found a sig-
nificant increase in neutrophils and macrophages in BAVM
tissues, whereas T- and B-lymphocytes have rarely been
observed (Chen et al. 2008). Similarly, monocytic and mac-
rophagic infiltration has been found around BAVM lesions
(Singh et al. 2022). IL-6 and CD16 + monocyte levels also
increase after BAVM embolization (Hakki et al. 2022).
Microglia, the primary resident immune cells of the nerv-
ous system, are the primary triggers of neuroinflammation.
Microglia secrete large amounts of cytokines, chemokines,
and reactive oxygen species. In a BAVM mouse model, the
depletion of microglia inhibitor reduced the risk of abnormal
blood vessels and bleeding (Krithika and Sumi 2021). Low

Endothelial cell proliferation and migration

e s

Rupture

Neutrophils

Fig.4 Role of inflammation in BAVM. A large number of micro-
glia and neutrophils were enriched near BAVM. Microglia release
cytokines and reactive oxygen species. IL-6 promotes the prolifera-
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expression of integrin subunit beta 8(/TGB8) in perivascular
astrocytes may regulate the interaction between astrocytes
and glial cells and play a crucial role in the pathogenesis
of BAVM (Su et al. 2010). IL-6, IL-1, TNF-a, and IL-17A
play important roles in the occurrence and development of
BAVMs (Kim et al. 2009; Krithika and Sumi 2021; Paw-
likowska et al. 2004; Germans et al. 2022). Polymorphisms
of inflammation-related genes such as IL-6, IL-1a, IL-1f,
and TNF-a can affect gene expression and increase disease
susceptibility or aggravate disease progression and increase
the risk of BAVM rupture. Another study demonstrated that
plasma levels of IL-1p, IL-6, IL-17A, and TNF-«a were sig-
nificantly higher in the BAVM rupture group than in the non-
rupture group, and IL-6 can be used as a reliable predictor of
bleeding risk in patients with BAVM (Li et al. 2013). IL-6
induces the expression and activity of MMP-3 and MMP-9
in the mouse brain and can increase the proliferation and
migration of BECs, which is consistent with the hypothesis
that the induction of angiogenic activity by inflammatory
processes may lead to intracranial hemorrhage in BAVM

© Cytokines

® Rros

tion and migration of endothelial cells, and IL-1p, IL-6, IL-17A, and
TNF-a are associated with the rupture and hemorrhage of BAVM
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(Chen et al. 2006). When blood vessels are stimulated by
pathological factors, endothelial cells (ECs) inflammatory
factors are up-regulated, cell adhesion molecules (CAM)
are overexpressed, and leukocytes are recruited to diseased
tissues (Jeong et al. 2021). Leukocytes release a variety of
inflammatory cytokines, including IL-6, TNF-a, IL-1, and
MMPs (Al-Sadi et al. 2011). IL-6 is a pro-inflammatory
cytokine secreted by T cells, mononuclear phagocytes and
ECs, which can activate the early inflammatory responses by
promoting the expressions of IL-1p, MMP-3, IL-8, MMP-
9, TNF-a and MMP-12 (Tanaka et al. 2014). TNF-a is a
potent pro-inflammatory cytokine involved in central nerv-
ous system homeostasis and disease states. TNF-a, which
promotes inflammation by activating MMP-9 and IL-6, and
triggers proteolytic processes leading to vessel rupture, is
strongly associated with BAVM rupture and bleeding risk
(Mouchtouris et al. 2015). MMP-9 expression promotes vas-
cular instability and ECM degradation, which leads to vas-
cular rupture (Mouchtouris et al. 2015). In addition, BAVM
venous hypertension can cause high expression of HIF-1
and VEGEF. Induction of VEGF by HIF-1 causes EC prolif-
eration, migration and overexpression of MMP-9 (Krithika
and Sumi 2021). The inflammatory response up-regulates
the expression of VEGF, which in turn increases capillary
permeability and up-regulates the expression of VCAM-1
and ICAM-1 on EC, thereby enhancing leukocyte recruit-
ment, inflammatory response and vascular wall degradation
through the MMPs secreted by leukocytes, and promoting
vascular generation, vascular remodeling, increased perme-
ability, and further inflammation of the BAVM wall, forming
an inflammatory cascade.

Single cells and BAVM

Single-cell sequencing has identified the following major
vascular cell types: endothelial cells (CLDNSY), pericytes
(KCNIJ8), smooth muscle cells (MYH11), and vascular
mural fibroblasts (DCN) (Winkler et al. 2022). Studies have
used multiplex spatial transcriptomics to resolve vascular
cell diversity in the adult human cerebral cortex, and the spa-
tial distribution of brain vascular cells revealed a decrease in
the vascular cell density in the white matter region. Based
on CLDNS5 and PECAMI1 expression, endothelial cells were
classified into six clusters corresponding to four arterio-
venous segments: capillaries, arteries, venules, and veins.
In addition, three clusters of endothelial cells were identified
within the arterial bands, including a cluster rich in TXNIP,
a regulator of glucose metabolism, and oxidative stress.
This study confirmed the expression of MFSD2A, VEGFC,
and ACKRI1 in arteries, capillaries, and veins (Winkler
et al. 2022). Notably, in human BAVMs, endothelial cells
lose their normal banding, and a unique transcriptomic

state of BAVM is observed, characterized by enhanced
vascular generation potential and immune cell interfer-
ence (Winkler et al. 2022). A heterogeneous spatial distri-
bution of vascular-related antigens in BAVM lesions has
been reported, with more IBA1+P2RY 12- macrophages or
IBA1+P2RY 12 + microglia in discontinuous regions (Win-
kler et al. 2022). A significant perivascular myeloid response
was observed, with IBA1+P2RY12- macrophages found
farther away from adjacent blood vessels, consistent with
BAVM infiltration (P <0.01) (Li et al. 2021; Winkler et al.
2022). This study found a clear population of mesenchymal
cells in BAVMSs co-expressing endothelial and mesenchymal
cell markers, suggesting the presence of endothelial-mes-
enchymal transition (Li et al. 2021). The authors identified
17 immune cell populations. Nine immune cell populations
comprised myeloid cells, including vascular-related micro-
glia, three perivascular macrophage (pvMf) subpopulations,
conventional dendritic cells, and three monocyte subpop-
ulations. Eight lymphocyte populations were identified:
CD4+T cells, two CD8+ T cell subpopulations, regulatory
T cells, NK cells, B cells, plasmacytoid dendritic cells, and
a dividing lymphocyte population comprising Treg cells.
Resident pvMfs were the most abundant immune cell popu-
lation, accounting for 31.2% and 28.3% of the immune cells
in the control and BAVM groups, respectively. More than
90% of the circulating immune cells (such as CD8 + T cells)
in BAVMs are confined to the resting brain vessels (Winkler
et al. 2022).

Other similar cerebrovascular diseases

In the cerebrovascular system, some diseases share patho-
logical features similar to BAVM, such as cavernous malfor-
mations (CCMs) and venous malformations (Venugopal and
Sumi 2022). BAVM is a vascular abnormality characterized
by abnormal arteriovenous connections and the absence of
normal capillary beds. CCM consists of multiple dilated
blood vessel abnormalities. Venous malformations are vas-
cular abnormalities characterized by abnormally dilated
veins. All three disorders can cause severe nerve damage
such as brain hemorrhages and seizures (Venugopal and
Sumi 2022). Venous malformations are an acquired disease.
BAVM and CCM are sporadic and hereditary, and famil-
ial CCM is often associated with mutations in the CCM1
(KRITT1), CCM2, and CCM3 genes (Spiegler et al. 2018).
Previous studies reported that mutations at multiple sites
were associated with higher risk factors for BAVM and
CCM. BAVM-related genes such as IL-6, VEGFA, and ENG
may also affect the pathophysiological mechanism of CCM
through inflammatory response, angiogenesis, etc. (Kar et al.
2018). The animal models constructed by the two through
gene knockout can also be mutually pathologically verified
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(Sati et al. 2021). Recently, it has been reported that there are
somatic mutations in genes such as PIK3CA and MAP3K3 in
CCM tissues (Hong et al. 2021). These genes are key genes
in the PI3K, mTOR and ERK pathways, which can alter
the activity of endothelial cells and lead to abnormal arte-
riovenous angiogenesis (Huo et al. 2023; Weng et al. 2021;
Ren et al. 2023). Interestingly, KRAS and BRAF mutations in
BAVM tissues have also been reported to be involved in vas-
cular pathology through PI3K, mTOR and ERK pathways
(Nikolaev et al. 2018; Fish et al. 2020). At the same time,
somatic mutations in genes such as KRAS/BRAF, PIK3CA,
and MAP3K3 have also been widely reported to be present in
the pathogenesis of various tumors (Nakayama et al. 2017;
Yu et al. 2020). This may be because the pathogenesis of
some tumors has some common factors with the pathology
of cerebrovascular system disorders (Dardiotis et al. 2019).
Therefore, starting from the common factors of these basic
biological mechanisms, developing clinical treatment strat-
egies may have better value for the molecular mechanism
research and clinical drug development of BAVM.

Conclusions

Most BAVMs are currently treated with surgical intervention
or observation, and recurrence is possible after surgery. Cur-
rently, there are no specific drugs for BAVMs, and clinical
biomarkers for their formation, hemorrhage, and recurrence
are lacking. Investigating the genetic and epigenetic mecha-
nisms underlying BAVMs can provide novel directions for
preventing the development of BAVMs, hemorrhage, and
postoperative recurrence. Although some possible bio-
markers of elevated biological or epigenetic markers in the
clinical tissues and blood samples of patients with BAVMs
have been identified, our understanding of how they affect
BAVMs remains limited. Importantly, these markers provide
a direction for future research. Several studies and reviews
on the impact of miRNAs in non-coding RNA on BAVMs
have been conducted; however, limited research is available
on m6A methylation, IncRNA, ceRNA, and other factors,
warranting further exploration.
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