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ARTICLE INFO ABSTRACT
Keywords: Arteriovenous malformation of the brain (bAVM) is a vascular phenotype related to brain
Brain arteriovenous malformation defective angiogenesis. Involved vessels show impaired expression of vascular differentiation

Mural cells
Epigenetics
Transcription factors

markers resulting in the arteriolar to venule direct shunt. In order to clarify aberrant gene
expression occurring in bAVM, here we describe results obtained by methylome analysis per-
formed on endothelial cells (ECs) isolated from bAVM specimens, compared to human cerebral
microvascular ECs. Results were validated by quantitative methylation-specific PCR and quan-
titative realtime-PCR. Differential methylation events occur in genes already linked to bAVM
onset, as RBPJ and KRAS. However, among differentially methylated genes, we identified EPHB1
and several other loci involved in EC adhesion as well as in EC/vascular smooth muscle cell
(VSMCQ) crosstalk, suggesting that only endothelial dysfunction might not be sufficient to trigger
the bAVM phenotype. Moreover, aberrant methylation pattern was reported for many IncRNA
genes targeting transcription factors expressed during neurovascular development. Among these,
the YBX1 that was recently shown to target the arteridin coding gene. Finally, in addition to the
conventional CpG methylation, we further considered the role of impaired CHG methylation,
mainly occurring in brain at embryo stage. We showed as differentially CHG methylated genes are
clustered in pathways related to EC homeostasis, as well as to VSMC-EC crosstalk, suggesting as
impairment of this interaction plays a prominent role in loss of vascular differentiation, in bAVM
phenotype.
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1. Introduction

Epigenetic events lead differential gene expression during both development and adulthood. Since these modifications don’t alter
DNA sequence, their involvement in phenotype determination was recently considered. Epigenetics includes covalent reversible
modifications as acetylation and methylation. In particular, methylation can occur on cytosine (C) residues, resulting in gene silencing.
In detail, target cytosines are most often located within the CpG islands distributed along promoters, regulatory regions and intron-
exon boundaries [1]. However, non-CpG methylation can occur involving the C of the CHG trinucleotide, where H is A, T or C.
CHG methylation was initially discovered in plants [2]. In humans, CHG methylation plays an essential role during development and it
is active in embryo and in pluripotent stem cells [3]. In adulthood, instead, CHG methylation is the main methylation kind occurring in
brain [4]. Furthermore, brain CHG hypomethylated genes were also clustered in the “blood vessel development” GeneOntology
biological process [5], suggesting that epigenetics tightly controls brain microvasculature development during capillary tube for-
mation [6]. Among congenital vessel malformations, arteriovenous malformation of the brain (bAVM, OMIM #108010) onsets
following impaired expression of genes involved in vascular differentiation and, most likely, during late angiogenesis and arteriali-
zation. Brain AVM is featured by the direct arteriole-to-venule shunt. As consequence, absence of the capillary bed results in the high
pressure blood perfusion through the lesion nidus, making it prone to rupture. For this reason, bAVM is classified as high-flow lesion
and its clinical manifestation most often culminates with stroke and seizure. Moreover, bAVM vessels undergo to continuous
remodelling phenomena involving both affected and neighbour arterioles [7]. Central and peripheral AVMs can coexist with telan-
giectasias, in the inherited Osler-Weber-Rendu disease, also known as hereditary haemorrhagic telangiectasia (HHT). This condition
arises following germline mutations in the ACVRL1, ENG, SMAD4, GDF2 and BMP9 genes Drape et al., 2022, encoding for
TGFBR2/BMP signalling related proteins. On the other hand, knowledge about developmental dysfunction resulting in sporadic bAVM
is still very elusive. Vascular differentiation markers are expressed early during embryogenesis, when vessel identity begin to be
established. In this context, the erythropoietin-producing hepatocellular carcinoma (Eph) receptors and their ligands ephrins play a
pivotal role. Briefly, the primitive capillary plexus co-expresses both ephrin B2 (EFNB2 gene) and EphB4 (EPHB4 gene), despite they
become differential markers for arterial and venous endothelia, respectively [8,9]. Upstream, differential ephrin B2/EphB4 expression
is driven by VEGFA/VEGFR2-induced Notch signalling [10]. Several further pathways contribute to the correct arteriovenous spec-
ification and their perturbation most likely results in bAVM phenotype (Table 1). Moreover, studies performed on bAVM specimens
confirmed the amplification of the Sonic Hedgehog (Shh) pathway [11], as well as the high incidence of KRAS gain of function G12V
missense mutation in pathological tissues [12]. Taken together, these findings suggest the complexity of mechanisms involved in vessel
specialization, making the cause of congenital bAVM very challenging to decipher. In order to further characterize aberrant gene
expression in bAVM pathogenesis, we obtained the methylome profile of ECs isolated from bAVM specimen, finding that impaired
methylation occurs in novel gene sets involved in both vascular differentiation and in vascular smooth cell (VSMC)/EC interaction.
Moreover, our data further suggest as aberrant CHG methylation in genes related to neurovascular development may contribute to
bAVM phenotype.

2. Results
2.1. EC purity assessment

Quantification of both endothelial cell (EC) and VSMC markers was performed by qRT-PCR. Expression values were compared
between bAVM tissues and HCMECs. In detail, CDH5 and PECAM1 were considered as endothelial markers, while DES and MYH11 as
markers for VSMCs. Quantitative RT-PCR data confirmed purity of EC isolation procedure, as shown in Fig. 1. In detail, expression
profile comparison between bAVM-derived ECs and HCMECs showed no significant differences for the CDH5 marker. About PECAM1,
its expression resulted increased in bAVM ECs. Interestingly, expression of both VSMC markers MYH11 and DES was comparable
between bAVM purified ECs and HCMECs, confirming purity of purification process.

Table 1

Loci associated to bAVM development.Key genes related to bAVM pathogenesis are listed in the second column (target gene). Upstream and
downstream refer to genes acting by regulating target gene expression and regulated by target genes, respectively. |: downexpression; 1:
overexpression.

Upstream gene Target gene Downstream gene Biological process Reference
SOX17 NOTCH4 CXCR4, HEY1, DLL4, DLL1 Arterial specification [13]
CDX2 HOX-A gene cluster Arterial specification [14]
| SOX7/S0X8 | Ephrin B2 Arterial differentiation loss [15]
| Gridlock
t SOX2 1 Notch-Skip axis bAVM-like phenotype [16]
RBPJ NOTCH4/HES] signalling bAVM-like phenotype [17]
SOX2 Endothelial-to-mesenchymal transition (EndMT) [18]
RASA1 KLF2A MEK/ERK signalling Vein differentiation loss [19,20]

loss of function
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Fig. 1. EC purity evaluation. Expression of endothelial cell markers in purified bAVM ECs were evaluated by quantitative RT-PCR. CDH5 and
PECAM1 were considered to test endothelial identity. DES and MYH11 expression was quantified in order to evaluate VSMC contamination. No
differences were observed about VSMC markers between bAVM ECs and HCMECs. PECAM1, instead, resulted overexpressed in bAVM ECs, sug-
gesting EC identity. Its overexpression when compared to HCMECs is related to the pathological phenotype. *Bonferroni-adjusted pValue.

2.2. Sequencing output

Sequencing of bisulfite-converted DNA generated 1,488,651,512 and 1,248,902,540 reads for bAVM and HCMEC samples,
respectively (SM1). Of these, 99.86 % and 99.75 % were uniquely mapped against the GRCh38 Human Reference Genome. About
Metilene tool, 639 CHG sites and 27689 CpG islands resulted differentially methylated between bAVM ECs and HCMECs, spanning
along 589 and 11653 loci (SM2). In detail, 490 loci are interested by both modification kinds (Fig. 2a) (SM3). Hypomethylation was
more represented and, according to chromosomal distribution, chromosome 2 is the most affected by both CpG and CHG aberrant
modifications (Fig. 2b). As shown in Fig. 3, differential methylation events most often occur in noncoding regions.

2.3. Methylation status of coding genes involved in bAVM related pathways

As first observation, methylation rate of genes involved in bAVM development was evaluated. Increase of normal methylation rate
was observed for RASA1, RBPJ and SOX7, while CpG islands regulating SHH expression were hypomethylated. Then, all differentially
methylated coding genes were selected and enriched, resulting clustered in 125 pathways related to cell adhesion, cation transport,
neuronal development and vascular development (SM4). In detail, this last cluster includes pathways as “VEGF signalling”, “PDGF
signalling”, “EPHB pathway”, “BMP signalling”, “PAR-mediated signalling”, “S1P1 pathway” and “Signalling events mediated by the
Hedgehog family” (Fig. 4a). Genes clustered in these signalling cascades comprise EPHBI and EFNA5 that are known to induce vascular
specialization and remodelling [21]. Moreover, the SHH receptor coding genes CDON and GAS]1 resulted hypermethylated, while the
transcription factors GLI2 and GLI3 resulted hypomethylated, when compared to the HCMEC methylation profile. Moreover, several
genes clustered in “VEGF-PDGF signalling” were enriched in other bAVM related pathways (Fig. 4b) (Table 2) (SM4).

2.4. Differentially methylated genes involved in cell-cell and cell-extracellular matrix adhesion

Proteins of the extracellular matrix (ECM) surrounding ECs are crucial for angiogenesis and vascular remodelling [28] and, in this
context, several genes involved in EC-ECM adhesion resulted differentially methylated, when compared to HCMEC methylation profile
(SM4) (Table 2). In detail, TGF-p related genes (TGFBI, ITGA8, PARVA and PARD3) resulted hypomethylated, suggesting the ampli-
fication of this cascade signalling. However, evidence of TGFB1 pathway in extracranial AVM has been already reported [29]. Like-
wise, the integrin-mediated cell adhesion pathway was enriched with genes that take part to vascular specialization as ADAM12 Wang
et al., 2023, COL4A1 (Kumar et., 2022), SLIT2 [30], VCAM1 [31]. Finally, genes clustered in both canonical and non-canonical Wnt
pathways include the hypomethylated FZD7, WNT7B, CHD7 and the hypermethylated FZD10, RYK, DAAM1, ROR2.

2.5. Enrichment analysis of differentially methylated noncoding genes

Among noncoding genes, differential methylation events mostly affect IncRNA ones (Fig. 3a) (SM2). According to their biological
role, GAS5, PVT1, SNHG15, CASC11, SOX2-OT, FENDRR were prioritized. In detail, GAS5, PVT1 and CASC11 showed a hypo-
methylation pattern, while FENDRR, SOX2-OT and SNHG15 were hypermethylated (Table 2). By the RNAInter interactome repository,
target genes of differentially methylated noncoding RNAs were identified and these mostly include pseudogenes and transcription
factors (Fig. 5a) (SM5). Also in this case, they were enriched in pathways related to VEGF, PDGF, Notch, Wnt and integrin signalling
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Fig. 2. Differentially methylated sites. a) Differentially methylated genes, according to the CpG or CHG sites. As shown, 490 loci are interested by
both CpG and CHG differential methylation. b) Chromosome distribution of differentially methylated loci. For each chromosome, the percentage of
differentially methylated genes is calculated against the total differentially methylated gene number. Red: hypomethylated loci. Blue: hyper-
methylated loci.

(Fig. 5b). Interestingly, several ncRNAs were found to target the same transcription factors (Fig. 5c). Of these, several were already
described in bAVM pathogenesis (SOX2, KLF4, KLF5, SPI1, SMAD2, RUNX1, SMAD3, CDX2). However, EZH2, TAL1, YBX1, QKI,
FOXM1, EOMES, SNAI1, ELAVL1, RBFOX2, ERG were here considered, according to their involvement in cell-ECM adhesion that
regulates vascular differentiation and vascular smooth muscle cell (VSMC) physiology [29,14,32-41], Zhang et al., 2022, Jia et al.,
2023. As genes targeted by the differentially methylated noncoding RNAs but not yet associated to the phenotype (Table 3), their
possible dysregulation in bAVM ECs was evaluated by qRT-PCR. Interestingly, impairment of their expression pattern was confirmed
(Fig. 6). In detail, TAL1, YBX1, QKI, ELAVL1 and SNAII resulted upregulated, while EZH2, ERG and RBFOX2 were down-expressed
when compared to HCMECs. Moreover, methylation profile of most of these genes does not differ between bAVM ECs and
HCMEGs, supporting the hypothesis that their expression can be impaired due to aberrant methylation of the targeting noncoding
RNAs. No significant difference was observed for EOMES and FOXM1 expression. Taken together, these data suggest that impaired
expression of vessel differentiation markers could not be the only mechanism responsible for defective arteriovenous shunt but also
other factors, as the aberrant cross-talk between ECs and VSMCs, may contribute to the AVM phenotype.

2.6. Methylation profile validation

In order to confirm data obtained by the methylome sequencing, methylation of CpG islands of 7 coding genes and 5 noncoding
genes was evaluated by quantitative methylation-specific PCR (qQMSP). Fig. 7 summarizes results obtained by 11 bAVM samples,
expressed as percent methylated reference (PMR). Differential methylation was confirmed for all considered loci, with the exception of
FZD10, resulted hypomethylated.
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Fig. 3. Differential methylation events in gene biotypes. a) Bar chart showing as each modification (CpG or CHG) affects the different gene
biotypes. Both CpG and CHG aberrant methylation mostly occurs in noncoding genes. b) For each biotype, number of genes interested by differential
CpG or CHG modifications is shown.

2.7. Role of CHG methylation

CHG methylation is a non-CpG epigenetic regulation occurring during embryo development and involved in CNS vessel remod-
elling in adulthood [5]. Also CHG differential methylation mainly occurs in noncoding genes in bAVM sample (Fig. 3a). Moreover,
among mRNA coding genes, only 43 are uniquely interested by CHG methylation (Fig. 3b) (SM3). According to their involvement in
vascular development and their expression pattern during development and in adulthood, CERS2, NRP1, TBX18, GAPVD1 and SALL4
were selected to be validated by qRT-PCR (Table 4) (Fig. 8), confirming their altered methylation profile.
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Fig. 4. Pathway analysis for coding genes. a) Pathways enriched by differentially methylated genes. About vascular development, aberrant
methylation mostly occurs in genes involved in VEGF signalling. b) Differentially methylated genes enriched in different angiogenesis-related
pathways. Red circles indicate the prioritized loci. In detail, PIK3CA and PIK3RI1 are common to all considered pathway with the exception of
“BMP” one; ITSN1, KALRN, KRAS, NCK2, RAP1B, RASA1, SYNJ1, TIAM1 and WASL are common to “VEGF”, “Ephrin”, “CDCD42” and “PAR1”
signalling; GNAI1, GNAO1, GNAZ, PIAS1, SIN3A, SIN3B are shared by the “VEGF”, “SHH”, “CDCD42” and “PAR1” pathways.

2.8. KRAS somatic mutations

By direct sequencing of KRAS coding regions, 2 heterozygous variants were detected in 2 different sporadic patients. The
rs1137282 (Fig. 9a) is a synonymous substitution (c.519 T > C, p.Asp173Asp; Minor Allele Frequency = 0.2173) reported in the
COSMIC database (https://cancer.sanger.ac.uk/cosmic, Id: COSV55562336) having been it identified in meningioma, thyroid and
large intestine carcinoma tissues and leukemia cells. Likewise, the rs12313763 (c.451-9G > A) is an intronic variant occurring 9
nucleotides upstream of the spice site of the 5th exon (Fig. 9b). Its frequency is about 0.01761 worldwide and, also in this case, it is
described in the COSMIC database (COSV55527560) as recurrent mutation in large intestine and prostate cancers. Moreover, it was
also detected in haemangioblastoma cells. As expected, neither the rs1137282 nor the rs12313763 were detected in the germline DNA
of the same patients. These data further confirm the existence of somatic KRAS variants in sporadic bAVM ECs.
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Prioritized loci. Among differentially methylated genes, several were prioritized as likely related to bAVM onset. For each gene, chromosomal locus
(I column), name and HGNC Id (II column), gene biotype (III column), methylation status (IV column), biological pathways (V column), evidence of
involvement in bAVM pathogenesis (VI column) are reported. HGNC: Human Genome Nomenclature Committee.

Locus Gene (HGNC  Gene Methylation GO Biological process related to bAVM pathogenesis Involvement in bAVM
1d) biotype status pathogenesis
1¢25.1 GAS5 RNA gene Hypo (G0:0034599) cellular response to oxidative stress Not reported
(16355)
1p21.2 VCAM1 Protein Hypo (G0:0035924) cellular response to vascular endothelial growth factor [22]
(12663) coding stimulus, (GO:0007160) cell-matrix adhesion, (GO:0001666) response
to hypoxia
2ql14.2 GLI2 (4318) Protein Hypo (G0:0007224) smoothened signalling pathway, Not reported
coding
2q33.1 FZD7 (4045)  Protein Hypo (GO:0060071) Wnt signalling pathway, planar cell polarity pathway Not reported
coding
3q22.2 RYK Protein Hyper (G0:0035567) non-canonical Wnt signalling pathway Not reported
(10481) coding
3q22.2 EPHB1 Protein Hyper Angiogenesis (GO:0001525), cell adhesion (GO:0007155 Not reported
(3392) coding
3q26.32 PIK3CA Protein Hypo (G0:0001944) vasculature development, (GO:0048661) positive Not reported
(8975) coding regulation of smooth muscle cell proliferation,
3q26.33 SOX2-0T Hyper Not reported
(20209)
4p15.2 RBPJ (5724) Protein Hyper Angiogenesis (GO: 0001525), blood vessel remodelling (GO: 0001974), [23]
coding artery morphogenesis (GO:0048844)
4p15.31 SLIT2 Protein Hypo (G0:0002042) cell migration involved in sprouting angiogenesis, Not reported
(11086) coding (G0:0010596) negative regulation of endothelial cell migration,
5q13.1 PIK3R1 Protein Hyper (GO:0001953) negative regulation of cell-matrix adhesion, Not reported
(8979) coding (G0:0051491) positive regulation of filopodium assembly
5q14.3 EDIL3 Protein Hyper (G0:0007155) cell adhesion [24]
(3173) coding
5q14.3 RASA1 Protein Hyper (G0:0001570) vasculogenesis, (GO:0030833) regulation of actin [20]
(9871) coding filament polymerization
5q21.3 EFNA5 Protein Hypo (G0:0022407) regulation of cell-cell adhesion Not reported
(3225) coding
6qg21 LAMA4 Protein Hyper (G0:0001568) blood vessel development, (GO:0030155) regulation of [25]
(6484) coding cell adhesion
7q36.3 SHH Protein Hypo (G0:0001569) branching involved in blood vessel morphogenesis, [11]
(10848) coding (G0:0002320) lymphoid progenitor cell differentiation, (GO:0060840)
artery development,
7pl13 SNHG15 RNA gene Hyper (G0:0006396) RNA processing Not reported
27797)
7pl4.1 GLI3 (4319) Protein Hyper (G0:0045879) negative regulation of smoothened signalling pathway, Not reported
coding (GO:0060840) artery development,
8ql2.2 CHD7 Protein Hypo (G0:0001568) blood vessel development, (GO:0001974) blood vessel Not reported
(20626) coding remodelling, (GO:0048844) artery morphogenesis
8q24.21 CASC11 RNA gene Hypo Not reported Not reported
(48939)
8q24.21 PVTI1 (9709)  Protein Hypo (G0:0010628) positive regulation of gene expression Not reported
coding
8p23.1 SOX7 Protein Hyper Regulation of canonical Wnt signalling pathway (GO:0060828) [15]
(18196) coding
9q21.33 GAS1 (4165)  Protein Hyper (G0:0008589) regulation of smoothened signalling pathway, Not reported
coding (G0:0035924) cellular response to vascular endothelial growth factor
stimulus,
9q22.31 ROR2 Protein Hyper (GO:0060071) Wnt signalling pathway, planar cell polarity pathway Not reported
(10257) coding
10g26.2 ADAM12 Protein Hypo (GO:0045766) positive regulation of angiogenesis, (GO:0007229) Not reported
(190) coding integrin-mediated signalling pathway
11q24.2 CDON Protein Hyper (G0:0007224) smoothened signalling pathway Not reported
(17104) coding
12q24.33  FZDI10 Protein Hyper (G0:0035567) non-canonical Wnt signalling pathway Not reported
(4039) coding
12pl12.1 KRAS Protein Hypo [26], [27]
(6407) coding
13q34 COL4A1 Protein Hypo (G0:0001569) branching involved in blood vessel morphogenesis Not reported
(2202) coding
14q23.1 DAAM1 Protein Hyper (GO:0060071) Wnt signalling pathway, planar cell polarity pathway Not reported
(18142) coding
16q24.1 FENDRR RNA gene Hyper Not reported Not reported
(43894)

(continued on next page)
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Locus Gene (HGNC  Gene Methylation GO Biological process related to bAVM pathogenesis Involvement in bAVM
1d) biotype status pathogenesis
22q13.31 WNT7B Protein Hypo (G0:0022009) central nervous system vasculogenesis, (GO:0016055) Not reported
(12787) coding Wnt signalling pathway
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Fig. 5. Gene biotypes targeted by differentially methylated noncoding genes. a) Pie chart showing as most of genes targeted by differentially
methylated noncoding RNAs include pseudogenes and transcription factors. b) Pathways enriched by genes targeted by the differentially methylated
noncoding RNAs. They include signalling related to angiogenesis, to ECM signalling and VSMC homeostasis. c¢) For each gene-pair, percentage of
differentially methylated noncoding genes targeting them is reported.

Table 3

Transcription factors targeted by differentially methylated noncoding genes. Chromosomal locus, gene name and HGCN Id, biological processes
and literature data suggesting their possible involvement in bAVM pathogenesis are reported.

Locus Gene (HGNC GO Biological process related to bAVM pathogenesis Involvement in bAVM
1d) pathogenesis
1p33 TAL1 (G0:0001525) angiogenesis, (GO:0035162) embryonic hemopoiesis, (GO:0060217) hemangioblast [42]
cell differentiation
1p34.1 YBX1 (8014) (GO:0006397) mRNA processing [43], [44]
3p24.1 EOMES (G0:0048382) mesendoderm development, (GO:0010002) cardioblast differentiation [391
(3372)
6926 QKI (21100) (G0:0001570) vasculogenesis, (GO:0035886) vascular associated smooth muscle cell differentiation [45]
7q36.1 EZH2 (3527) (G0:0010718) positive regulation of epithelial to mesenchymal transition [46], [471, [48]
12p13.33  FOXM1 (GO:0046578) regulation of Ras protein signal transduction [41]
(3818)
19p13.2 ELAVL1 (GO:0016441) post-transcriptional gene silencing [49]
(3312)
20q13.13  SNAII (G0:0007498) mesoderm development, (GO:0061314) Notch signalling involved in heart [50]
(11128) development, (GO:0001837) epithelial to mesenchymal transition
21q22.2 ERG (3446) (GO:0030154) cell differentiation [401
22q12.3 RBFOX2 (G0:0000381) regulation of alternative mRNA splicing, via spliceosome [51]
(9906)

3. Discussion

In brain microvessels, direct arteriolar-to-venous shunt occurs in a pathological condition known as bAVM. Due to the complexity
of events involved in early brain angiogenesis, a unique disease pathogenic model still lacks. Several studies aimed to characterize the
mutational profile of bAVM tissues revealing the existence of KRAS and BRAF activating mutations [12,58]. By sequencing analysis, we
identified 2 somatic mutations in the KRAS gene. Although their functional consequences are still uncharacterized, these data confirm
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Fig. 6. qRT-PCR results. Quantitative realtime-PCR confirmed significative different gene expression between bAVM and HCMECs for all
considered genes, with the exception of EOMES and FOXM1. Data are reported as relative expression value, normalized against the ACTB expression.
Results are reported as the mean of three replicas, performed for each sample considered. Bonferroni-adjusted pValue.
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Fig. 7. Percent methylated reference results. For each validated gene, PMR is reported as the mean values of three replicas performed on 11
bAVM samples and compared against HCMECs. The blue line indicates the threshold to discriminate hypomethylated (green, PMR <1) and
hypermethylated (red, PMR >1) genes in bAVM specimens. Bonferroni-adjusted pValue.

Table 4

Prioritized loci undergone aberrant CHG methylation events. The five listed genes were prioritized. For each, the chromosomal locus, the name
and the HGNC Id, the biological function, the expression pattern in embryo and adults are described. HGNC: Human Genome Nomenclature Com-
mittee; EC: endothelial cells; HUVEC: human umbilical vascular endothelial cells; VSMC: vascular smooth muscle cells.

Locus Gene (HGNC Id) Biological activity Expression in embryo Expression in adult
1q21.3 CERS2 (14076) Ceramide synthesis, oxidative stress response [52] Placenta Brain, artery ECs, liver,
kidney
6q14.3 TBX18 (11595) Heart, VSMC and vessel embryo development [53] Brain, kidney, artery, Artery
heart,
9q33.3 GAPVD1 Vesicle-mediated transport [54] Placenta, brain, HUVEC, VSMC
(23375)
10p11.22  NRPI (8004) VEGF/semaphoring receptor, brain vasculature development Placenta, umbilical artery,  Brain, artery, retina
[55]
20q13.2 SALL4 (15924) Neuron, heart, brain, anorectal development [56], [57] Neural tube, heart, Heart

the occurrence of KRAS mutations limited to bAVM ECs, However, further signals contribute to bAVM onset. During embryo devel-
opment, several pathways control blood vessel formation and specialization. Among these, VEGF, Notch, Shh and TGF-f signalling
perturbation can trigger the bAVM phenotype [10,11,17,59,60]. In order to obtain a wider landscape of bAVM tissue, we performed
methylome analysis on ECs isolated from a bAVM specimen. Data were validated in further 10 samples. As expected, differential
methylation events occur in genes encoding for proteins controlling vessel homeostasis. In addition, we found several differentially
methylated noncoding genes. As described, they target transcription factors that regulate expression of genes involved in EC/VSMC
cross-talk, suggesting that defective EC arterialization can result from impaired cell communication. According to current knowledge, .
we observed RBPJ hypermethylation suggesting its down-expression. Selhorst et al. recently reported as endothelial RBPJ depletion
contributes to bAVM vascular endothelium expansion [61]. Moreover, our data allowed to identify the two hedgehog coreceptors
coding genes GAS1 and CDON, hypermethylated in bAVM ECs and their role in endothelial integrity maintenance was recently shown
[62]. However, the most accreditable hypothesis explaining sporadic bAVM onset is the aberrant expression of vessel differentiation
markers during late angiogenesis. Most likely, impaired balance of ephrin B2 and EphB4 expression seems to trigger the arteriovenous
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Fig. 8. CHG methylation. a) All 43 loci were clustered according to their expression site. Genes expressed in both brain and VSMCs, during embryo
development were considered and their expression was compared by qRT-PCR, in bAVM vs HCMECs(b). Results are reported as the mean of three
replicas, performed for each sample considered. All considered loci showed significant difference. Bonferroni-adjusted pValue.
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indicate the nucleotide substitutions.
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phenotype [9]. In ECs, EphB4 binds RASAL1 to negatively regulate the Ras-MAPK pathway [63]. Therefore, RASAI hypermethylation
detected in our bAVM sample can result in failure of EphB4 regulation and, then, in venous EC identity loss.

3.1. EPHBI expression and caveolae biogenesis in bAVM

In the context of the ephrin signalling, comparison of both EFNB2 and EPHB4 methylation profile between bAVM ECs and HCMECs
showed no differences. However, we identified the hypermethylation of EPHBI gene. It encodes for a tyrosine kinase receptor
expressed in brain ECs [64] and, in particular, in caveolae, where colocalizes with caveolin-1 (Cav-1). Increased Cav-1 ubiquitination
results following EPHBI knock-out, leading to a reduced caveolae number in ECs [65]. In the central nervous system, caveolae pre-
dominantly abound in arteriolar ECs, where they lead cell polarization [66] and contribute to maintain BBB properties [67]. Finally, in
EC caveolae, Cav-1 was also observed to colocalize with ALK1 and this interaction results in TGF-beta pathway modulation during
angiogenesis [68,69]. We found EPHBI CpG islands hypermethylated in bAVM specimens, when compared to HCMECs, suggesting its
down-expression. This can result in reduced caveolae number, decreased Cav-1 levels and, very likely, in perturbation of ALK-TGF-beta
angiogenetic axis, suggesting that also EPHBI, together with EPHB4 and EFNB2, can contribute to aberrant arterio-venous
differentiation.

3.2. The role of ECM and EC/VSMC adhesion in bAVM

As above mentioned, correct vasculogenesis requires specific EC-ECM interactions. In this context, several differentially methylated
genes in bAVM ECs were clustered in pathways related to the Wnt signalling. The CHD7 gene is a Wnt downstream effector causes
artery defects in CHARGE syndrome [70,71]. Although its role in small vessel development is not yet clear, it resulted hypomethylated
in our bAVM ECs. We further confirmed the hypomethylation of both FZD7 and WNT7B, known to be associated with vascular
remodelling, stemness and EndMT when overexpressed [72], [73], and the hypermethylation of FZD10 and RYK, both required for
brain EC property maintenance [74-77]. Interestingly, several differentially methylated genes were clustered in the noncanonical
planar cell polarity Wnt pathway, triggered by Wnt5a activation [78]. In detail, we observed hypermethylation of both DAAM1I and
ROR2. WNT5A mutations result in loss of arterial/venous differentiation during atrial septation [79]. This phenotype is rescued by
Daaml. DAAM1 was hypermethylated in our samples, suggesting its role in loss of EC identity. Ror2, instead, is an effector of both
Wnt5a and Wnt7a. In detail, the Wnt5a/Ror2 axis was shown to induce VSMC proliferation [80] and EC polarity modulation by
stabilizing adherens junctions [81,82]. Downstream of Wnt7a, Ror2 contributes to the correct vessel development, by promoting
VEGFA signalling and perturbation of this cascade results in small vessel loss [83]. According to our data, DAAM1 and ROR2
hypermethylation could results in impaired EC polarity and, very likely, in reduced EC signals towards VSMCs. Taken together, these
data suggest for the first time Wnt signature in bAVM lesions. In addition, we found differential methylation events occurring in several
ECM genes involved in VSMC maturation and function. In particular, COL4A1, also known as vascular collagen, represents the major
component of the vascular basement membrane and it was shown to contribute to arterial defects and VSMC loss [84,85]. It resulted
hypomethylated in our sample further supporting that bAVM phenotype can be triggered by EC impaired expression of genes that
control VSMC homeostasis.

3.3. Aberrant methylation in noncoding genes regulating neurovascular coupling

In the last few years, several noncoding RNAs were shown to regulate neurovascular development [86], . About IncRNA genes, here
we focused on GAS5, PVT1, SNHG15, CASC11, SOX2-OT and FENDRR, according to transcripts they target and their confirmed
expression in ECs. As above described, impaired methylation pattern was confirmed by qMSP on bisulfite-converted DNA sequencing.
CASC11 and GAS5 overexpression was shown to trigger VSMC apoptosis [44,87]. In contrast, GAS5 was shown to induce VSMC
proliferation, when down-regulated [88,47]. However, role of these genes in EC/VSMC cross-talk requires further investigations. EC
proliferation, instead, is reduced following PVT1 overexpression [89]. Our methylation data suggest CASC11, GAS5 and PVT1
hypomethylation in bAVM ECs when compared to HCMECs, supporting the hypothesis that their dysregulation can contribute to the
hyperproliferative phenotype of bAVM lesions. About hypermethylated IncRNA genes, FENDRR was shown to enhance artery EC
pyroptosis, when down-expressed [90]. Finally, both SOX2-OT and SNGH15 were recently related to VSMC and EC damage [91,92].
However, in order to clarify the mechanism by which these genes can contribute to bAVM development, we focused on their targets
that include TAL1, YBX1, EOMES, QKI, ELAVL1, SNAI1, EZH2, FOXM1, ERG and RBFOX2. These encode for transcription factors that
lead neurovascular development at embryo stage. In particular, they act by regulating biological processes including EndMT (TAL1,
SNAII) [37,38,93] and VSMC differentiation (ELAVL1, QKI) [35]. Both TALI and SNAII overexpression detected in bAVM suggests
that these genes likely contribute to stemness in affected ECs. EZH2 is a Polycomb-group family protein expressed in developing mouse
endothelium and its inactivation impairs vascular wall due to increased ECM degradation [34] and it resulted down-expressed in our
samples. Likewise, QKI, a RNA-binding protein controlling alternative splicing and mRNA export, is required for smooth muscle cell
differentiation during embryonic blood vessel formation [32,94] and it resulted over-expressed in bAVM ECs. Moreover, about splicing
regulation, down-expression of ERG2 and RBFOX2 was detected. ERG2 is the endothelial-specific Early Growth Response (ERG)
isoform expressed during embryo development [95]. Although little is known about its biological function in ECs, its splicing regu-
latory function related to RBFOX2 activity was demonstrated [36,40]. Taken together, these data suggest that EC identity loss in bAVM
could be also triggered by defective neurovascular communication.
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3.4. Possible role of the novel arteridin protein in bAVM pathogenesis

Finally, about IncRNA targeted transcripts, we focused on the YBX1 gene, encoding for a double function protein. By binding the
DNA, it acts on its repair. By binding the RNA, instead, it regulates pre-mRNA maturation and translation. YBX1 is expressed in VSMCs
where is targeted by GAS5 that inhibits its proteasome-mediated degradation [44]. Quantitative RT-PCR confirmed its overexpression
in bAVM ECs, as well as the GAS5 hypomethylation. In ECs, YBX1 overexpression enhances the pro-angiogenetic phenotype [96].
Moreover, it binds the IncRNA PSR. The PSR gene, Phenotype-Switching-Regulator, encodes for a novel characterized long noncoding
RNA, recently described as abundant in VSMCs surrounding rat aorta. The transcript was identified in rat where, surprisingly, it was

Fig. 10. Clinical features of bAVM lesion. a) MRI evidence of the lesion (indicated by the red arrow) in the right parietal area. b) Cerebral
angiography for bAVM diagnosis confirmation. ¢) Microsurgical removal of the bAVM lesion.
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also shown to encode for a novel protein, involved in endothelial phenotype switching during vascular remodelling and, therefore,
called Arteridin [43]. Both IncPSR and Arteridin seem to bind YBX1, enhancing its nuclear translocation, where induces expression of
target genes. Multiple alignment revealed that PSR is highly conserved in mammalian and, according to nucleotide sequence, its
human ortholog seems to map to the RASAL2-AS1 locus. Likewise, the arteridin human ortholog seems to map with the still
uncharacterized 106 amino acid hCG1813082 protein (European Nucleotide Archive accession Id: EAW91016.1). Little is known
about RASAL2-AS1 function in mammalian cells however, according to these data, investigation of a possible
RASAL2-AS1-arteridin/YBX1 axis in bAVM pathogenesis could highlight novel signalling impaired in aberrant vessel differentiation.

3.5. Aberrant CHG methylation of early angiogenesis related genes in bAVM

Cytosine methylation in CHG sequences mostly occurs during embryo development and its role in adults is still poor investigated
[97]. Here, we identified several genes showing aberrant CHG methylation in bAVM ECs, when compared to HCMECs. According to
their expression pattern, we focused on CERS2, NRP1, TBX18, GAPVD1 and SALL4 that were confirmed as dysregulated by qRT-PCR.
Little is known about GAPVD1 function [98]. CERS2 and TBX18 are involved in neuronal axon regeneration and epicardium devel-
opment, respectively [89,99]. Therefore, the hypothesis of their possible role in bAVM pathogenesis is still elusive. The transcription
factor SALL4 is considered an embryonic stem cell marker and it resulted over-represented in venous malformation ECs [100]. In
addition, it was recently shown to regulate proliferation, migration and sprouting during early angiogenesis [101]. Finally, the NRP1
locus is essential for neurovascular development in zebrafish [102]. In brain ECs, it negatively regulates TGFf$-R2 activation, blocking
endothelial sprouting. Perturbation of this signalling results in aberrant angiogenesis during early vessel development [55]. The
pathway by which this mechanism occurs involves the same ALK1/Smad cascade, impaired in bAVM pathogenesis [103,104]. Further,
NRP1 activity on angiogenesis is not only restricted to the ECs, but PDGF signalling modulation by NRP1 was also shown in VSMCs.
Gain of function mutations in NRP1, as well as its increased expression, result in hyper-vascularized phenotypes and vessel dilatation
[105]. Taken together, these findings encourage to strongly consider NRP1 in bAVM pathogenesis.

3.6. Final remarks and limits of the study

Sporadic brain vascular phenotypes can result from aberrant gene expression occurring during embryo development and, together
with somatic mutations, this is the most common mechanism considered for bAVM pathogenesis. By bisulfite-converted DNA
sequencing performed on ECs isolated from bAVM specimen, we identified aberrant methylation pattern in both coding and noncoding
genes, when compared to HCMECs. Enrichment analysis clustered these coding genes in pathways already linked to bAVM patho-
genesis. In addition, vasculature remodelling triggered by ECM proteins was proposed as mechanism that contributes to vessel dif-
ferentiation loss. Likewise, evidences of impaired crosstalk between ECs and VSMCs was discussed according to the differential
methylation pattern observed in genes expressed in ECs but also regulating VSMC physiology.

Finally, together with conventional CpG methylation, we identified aberrant CHG methylation pattern in genes expressed at
embryo stage. In adulthood, most of CHG methylation events occur in genes controlling brain and vasculature remodelling. Taken
together, these findings encourage to consider impaired CHG methylation during early arterialization can contribute to bAVM pro-
gression. Reasons why aberrant CHG methylation occurs need to be clarified.

In this study, role of crosstalk between ECs and VSMCs has often been considered. However, the main limit of the study is the
analysis performed only on ECs. In order to validate these data, further analyses on VSMCs are required. Moreover, in-vivo assays need
to be performed to evaluate phenotypes triggered by loss/gain of functions in genes resulted differentially methylated in this study.

4. Materials and methods
4.1. Sample collection for methylome analysis

Methylome analysis was performed on ECs separated from a bAVM lesion. The donor was a 49-years old man. Diagnosis was
performed by brain MRI, following episodes of loss of consciousness. The single lesion was identified in the right parietal area (nidus 2
x 2x2.5 cm, superficial venous drainage located, non-eloquent area) (Fig. 10a). Cerebral angiography confirmed a grade 1 Spetzler-
Martin AVM, with an intra nidus aneurysm (Fig. 10b and c). The lesion was completely removed by the green-indocyanin guided
microsurgical transnucal surgery. From biopsy, ECs were captured by using the MidiMacs/LSColumn/CD31" system, previous
collagenase/dispase enzymatic digestion [106]. The sample was treated with 0.1 % collagenase type IV/dispase (Gibco™, Thermo-
Fisher Scientific, Carlsbad, CA, USA) in Hank’s Balanced Salt Solution (Gibco™, ThermoFisher Scientific, Carlsbad, CA, USA) and
Endothelial Cell Growth Medium MV (PromoCell) supplied with Supplement mix (PromoCell) and incubated at 37 °C for 4 h. Dissected
cells were centrifuged at 300xg at 4 °C for 10 min and resuspended in the EC growth medium. From cell suspension, ECs were
magnetically labelled with the CD31 MicroBead, human (©Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) and separated on LS
Columns (©Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) by the MidiMACS™ Separator system (©Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). Endothelial cells were collected in EC growth medium, phosphate buffered saline (PBS 1x) washed and
directly used for both DNA and RNA purification. Culture maintenance was avoided to prevent cell loss due to the reduced cell number
and the low viability rate of bAVM ECs.
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4.2. Human cerebral microvascular endothelial cell (HCMECs) culture

In order to promote cell adhesion, second passage Human Cerebral Microvascular Endothelial Cells (HCMECs) (hCMEC/D3,
Millipore) were cultured in Matrigel® Matrix (Corning, New York, NY, U.S.A.) coated T-25 flasks, with Endothelial Cell Growth
Medium MV (PromoCell), supplied with Supplement mix (PromoCell) and 1 % of penicillin/streptomycin. Supplement mix comprises
fetal calf serum (final concentration 0.02 ml/ml), endothelial cell growth supplement (final concentration 0.004 ml/ml), epidermal
growth factor (final concentration 0.1 ng/ml), basic fibroblast growth factor (final concentration 1 ng/ml), heparin (final concen-
tration 90 pg/ml), hydrocortisone (final concentration 1 pg/ml).Cultures were grown at 37 °C with 5 % CO,. DNA purified from
HCMECs was used for methylation profile comparison. RNA was purified and used as control for qRT-PCR assays.

4.3. DNA purification, bisulfite conversion and methylome sequencing

From 2 x 102 ECs, DNA was purified by the MagMAX™-96 DNA Multi-Sample Kit (Invitrogen™, ThermoFisher Scientific, Carlsbad,
CA, USA), following manufacturer protocol and quantified by the Qubit fluorometer. Bisulfite conversion was performed by the Zymo
Research EZ DNA Methylation-Gold Kit™ (Zymo Research Corporation). The Accel-NGS Methyl-Seq Library kit (Swift Biosciences,
Inc.) was used to generate 150 paired-end libraries by using 100 ng of bisulfite-converted DNA as input, following datasheet in-
structions. Libraries were run on an Illumina NovaSeq6000.

4.4. Raw data quality control a bioinformatic analysis

Generated reads were quality checked by the FastQC software (Version 0.11.9) (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and reads showing a Phred score >28 were selected for downstream analysis. Low quality reads and adapters
were removed by the Trimmomatic tool (v.0.39) [107]. Selected bisulfite-converted reads were mapped against the GRCh38 Human
Reference Genome by the BWA-meth algorithm [108]. Methylation biases and metrics were extracted by the MethylDackel software
(https://github.com/dpryan79/MethylDackel). Differential methylation analysis was performed by the Metilene tool [109]. Output
data were provided as differentially methylated both CpG and CHG regions.

4.5. Functional enrichment of differentially methylated genes

Differentially methylated genes were clustered according to the gene type as follow: Immunoglobulin Variable Region genes
(IG_V_gene), Immunoglobulin Variable Region pseudogenes (IG_V_pseudogene), long noncoding RNAs (IncRNA), micro RNAs
(miRNA), miscellaneous RNAs (misc_RNA), polymorphic pseudogenes, processed pseudogenes, protein coding genes, pseudogenes,
ribozymes, rRNAs, rRNA pseudogenes, Ssmall Cajal body-specific RNAs (scaRNA), small nucleolar RNAs (snoRNA), small nuclear
RNAs (snRNA), To be Experimentally Confirmed RNAs (TEC), constant chain T cell receptor genes (TR_C_gene), transcribed processed
pseudogenes, transcribed unitary pseudogenes, transcribed unprocessed pseudogenes, unitary pseudogenes, unprocessed pseudo-
genes. Protein coding genes were clustered according to Reactome Pathway Database, by the FunRich tool [110]. For noncoding RNA
enrichment analysis, the RNA interactome repository RNAInter v4.0 (http://www.rnainter.org/) was used [111]. Candidate genes
undergoing differential methylation events in bAVM ECs and clustered in pathways controlling neurovascular development and
blood-brain barrier integrity were prioritized and selected for validation.

4.6. Validation of CpG methylation by quantitative methylation specific PCR (qMSP)

Quantitative methylation specific PCR (qMSP) is a realtime-PCR based method useful to detect methylation level of a given
chromosomal region. Among prioritized genes, methylation profile observed by the methylome sequencing was validated on the same
sample and, to further confirm obtained data, in additional 10 samples belonging to subsequently recruited patients (SM6). Endothelial
cell isolation and DNA purification were performed as previously described. Informed consent was obtained from all patients enrolled
in the study.

Validated genes include RPBJ, EPHBI, FZD10, DAAM1, ROR2, CHD7, SLIT2, CASC11, FENDRR, GASS5, PVT1, SNHG15. Primers for
differentially methylated CpG islands were designed according to the their nucleotide sequences reported in the UCSC Genome
Browser (https://genome.ucsc.edu/index.html) [112], by the EpiDesigner tool (https://epidesigner.com/index.html) (SM7). There-
fore, 500 ng genomic DNA isolated from bAVM ECs were bisulfite-treated by the EpiJET Bisulfite Conversion Kit (Thermo Fisher
Scientific), following manufacturer protocol. Quantitative MSP was conducted as described: 50 ng bisulfite converted genomic DNA
were added to 5 pl PowerUp™ SYBR™ Green Master Mix (2 x ) (PowerUp™ SYBR™ Green Master Mix, Applied Biosystems™, Thermo
Fisher Scientific), 500 nM each primer and run on a QuantStudio 6 Real-time PCR system (Applied Biosystems, Foster, USA).
Bisulfite-converted DNA purified from HCMECs was used as control to set up the standard curves for all considered genes. Results were
normalized against the ACTB. For each reaction, three replicas were performed and results are reported as the mean value of all
replicas, for all considered samples. Obtained data were expressed as Percent Methylated Reference (PMR), calculated as follow:

PMR - % (bAVM sample)

CN_MethTarget
CN_MethACTB (HCMECS)
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Where CN_MethTarget refers to the copy number of the methylated target gene and CN_MethACTB is the copy number of methylated
ACTB gene.
Statistical analysis was performed by the Mann-Whitney U test. Significance was assessed for Bonferroni-adjusted pValue <0.05.

4.7. RNA purification and quantitative realtime-Polymerase Chain Reaction (qRT-PCR)

Quantitative realtime-Polymerase Chain Reaction (qQRT-PCR) was performed to: i) confirm purity of ECs isolated from bAVM
specimens; ii) evaluate expression of genes targeted by IncRNAs encoded by differentially methylated genes; iii) evaluate expression of
genes underwent differential CHG methylation (SM7). RNA was purified by 1.5 x 10% ECs isolated from bAVM specimens and control
HCMEC s by the TRIzol™ RNA Isolation Reagent (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA), according to manufacturer
instruction and quantified by the NanoDrop. For quantitative analysis, 2 pg of total RNA were retrotranscribed by the SuperScript™ IV
VILO™ Master Mix (SuperScript IV VILO Master Mix with ezDNase, Invitrogen®, Thermo Fisher Scientific). For gene expression
evaluation, 5 ng of cDNA were amplified supplied with 200 nM of each specific primer and 5 pl PowerUp™ SYBR™ Green Master Mix
(2 x ) (PowerUp™ SYBR™ Green Master Mix, Applied Biosystems™, Thermo Fisher Scientific). Amplification was performed on
QuantStudio 6 Real-time PCR system (Applied Biosystems, Foster, USA). Relative expression levels were calculated by the 274
method normalized against the ACTB expression level. The expression analysis was performed on all 11 samples. For each sample, 3
replicas were performed. Results are reported as the mean of three replicas, for all included samples. The Kruskal-Wallis test was
applied to assess the statistical significance of the observed fold changes. Obtained p-values were adjusted by the Bonferroni
correction.

4.8. KRAS coding region sequencing

According to literature data, KRAS gain of function mutations occur in bAVM tissues. KRAS coding regions were sequenced in all
considered bAVM specimens. Briefly, coding exons and intron-exon boundaries were amplified by the HotStarTaq Plus DNA Poly-
merase (Qiagen), by using 30 ng genomic DNA and 0.3 pM each primer, following manufacturer protocol. Primer pairs were designed
according to the nucleotide sequence reported in the Ensembl repository (KRAS, Ensemble gene ID: ENSG00000133703) (SM7).
Amplicons for DNA sequencing were obtained by the BigDye Terminator chemistry (BigDye™ Terminator v3.1 Cycle Sequencing Kit,
Applied Biosystems®, Thermofisher Scientific) and run on a 3500 Genetic Analyzer (Applied Biosystems®, Thermofisher Scientific).
Obtained sequences were aligned against the GRCh38 Genome assembly reference genome.

Statistical analysis
Statistical analysis was performed by the IBM SPSS 26.0 software (https://www.ibm.com/analytics/us/en/technology/spss/).
Significance of both MS-PCR and qRT-PCR data was assessed by the non-parametric Kruskal-Wallis test for independent samples, due

to both reduced sample size and not normal data distribution. Obtained p-values were adjusted by the Bonferroni correction. For each
condition, 3 replicas were considered and results are reported as the mean of the three replicas for each sample.
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