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Abstract

Background—In genome-wide association studies (GWAS) five putative risk loci are associated 

with intracranial aneurysm. As brain arteriovenous malformations (AVM) and intracranial 

aneurysms are both intracranial vascular diseases and AVMs often have associated aneurysms, we 

investigated whether these loci are also associated with sporadic brain AVM.

Methods—We included 506 patients (168 Dutch and 338 American) and 1548 controls, all 

Caucasians. Controls for both cohorts had been recruited as part of previous GWAS. Dutch 

patients were genotyped by KASPar® assay and US patients by Affymetrix SNP 6.0 array. 

Associations in each cohort were tested by univariable logistic regression modeling, with 

subgroup analysis in 205 American cases with aneurysm data. Meta-analysis was performed by a 

Mantel-Haenszel fixed-effect method.
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Results—In the Dutch cohort none of the SNPs were associated with AVMs. In the American 

cohort, genotyped SNPs near SOX-17 (OR 0.74; 95% confidence interval (CI) 0.56–0.98), RBBP8 

(OR 0.76; 95% CI 0.62–0.94) and an imputed SNP near CDKN2B-AS1 (OR 0.79; 95% CI 0.64–

0.98) were significantly associated with AVM. The association with SNPs near SOX-17 and 

CDKN2B-AS1 but not RBBP8 were strongest in AVM patients with associated aneurysms. In the 

meta-analysis we found no significant associations between allele frequencies and AVM 

occurrence, but rs9298506, near SOX-17 approached statistical significance (OR 0.77; 95% CI 

0.57–1.03, p= 0.08).

Conclusions—Our meta-analysis of two Caucasian cohorts did not show an association between 

the five aneurysm-associated loci and sporadic brain AVM. Possible involvement of SOX-17 and 

RBBP8, genes involved in cell cycle progression, deserves further investigation.

Keywords

cerebrovascular disease; stroke; genetics; brain arteriovenous malformation

INTRODUCTION

Both brain arteriovenous malformations (AVM) and intracranial aneurysms are vascular 

diseases that may cause intracranial hemorrhage. In 20–50 percent of patients with AVM, 

aneurysms are present either on the arteries feeding the AVM or within the nidus, with the 

proportion increasing with use of super-selective angiography.1–3 In contrast to AVMs 

caused by disorders such as hereditary hemorrhagic telangiectasia (HHT), an autosomal 

dominant disease, caused by loss of functional mutations in the transforming growth factor 

beta (TGFβ) signaling pathway, the precise etiology of sporadic AVM remains unknown. 

However, evidence is mounting that genetic factors play a role.4–10 Previous studies of 

common genetic variation and AVM reported significant associations with variants in genes 

related to angiogenesis (e.g. ACVRL1 and VEGFA),6,8 vascular wall remodeling (e.g. 

MMP-3)9 and inflammation (e.g. IL-1 and IL6).10 Genome wide association studies 

(GWAS) for sporadic brain AVM are underway, but have not yet been published.

GWAS studies in intracranial aneurysms have found six independent single nucleotide 

polymorphisms (SNPs) in five risk loci to be associated at genome-wide significance 

levels.11 These putative risk genes, SOX-17, CDKN2B-AS1, RBBP8, STARD13-KL and 

CNNM2, have been suggested to act via pathways involved in cell cycle progression and cell 

proliferation including endothelial cell formation and maintenance.12–17 Recently, a small 

case-control study analyzing 78 Italian cases and 103 controls suggested that the SNP in the 

CDKN2B-AS1 gene was also associated with AVMs,18 with further data from an American 

cohort suggesting that this association may be due to the presence of brain AVM-associated 

aneurysms.19 The purpose of our study was to investigate whether the genetic risk loci for 

aneurysms also play a role in sporadic brain AVMs.

PATIENTS AND METHODS

The study was approved by the institutional ethical committee of the University Medical 

Center Utrecht (UMCU), The Netherlands, and by the Institutional Review Boards at the 
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University of California, San Francisco (UCSF) and Kaiser Permanente Medical Care Plan 

of Northern California (KPNC), USA.

Patients and controls

The Dutch cohort consisted of 168 Caucasian patients (mean age 46 years, standard 

deviation (SD) 14 years; 56% males) with an AVM who had presented to the University 

Medical Center Utrecht, the Netherlands between 1985 and 2010. In 152 patients (90.5%) 

the diagnosis had been confirmed by digital subtraction angiography, in 10 (5.9%) by 

pathology and in 6 (3.6%) by MRA or CTA. Seventy-six patients (45%) presented with an 

intracerebral hemorrhage. Dutch control subjects (mean age 62 years, SD 10 years; 59% 

male) were 1038 healthy volunteers recruited for a previous GWAS.20

The American cohort included 338 Caucasian AVM cases (mean age 39 years, SD 18 years; 

46% males) who had presented to UCSF between 2000 and 2010 (n=232) or to KPNC 

before 2005 (n=106) who provided blood or saliva specimens, and consented for genetic 

studies. American control subjects were 510 Caucasians (mean age 48 years, SD 15 years; 

50% males) who were recruited for a previous GWAS.21 For 232 UCSF cases, the diagnosis 

of AVM was confirmed by digital subtraction angiography (97%), by MRI/CT and 

pathology (2%), or by MRI/CT and chart review (1%). KPNC cases were identified initially 

through computerized search of all databases and the definitive diagnosis of AVM was 

based on two or more sources, including clinical history, neuroimaging (CT, MRI or 

angiography as a single study or in combination), and pathology. Study neurologists 

adjudicated any suspect cases; exact percentage breakdowns are not available. A total of 127 

patients (38%) presented with an intracerebral hemorrhage.

Patients with a definite clinical diagnosis of HHT were excluded.

For patients in the Dutch cohort, angiograms for assessment of associated aneurysms were 

accessible for 63 of 168 patients (38%). Eleven of 63 patients harbored a brain AVM-related 

aneurysms (17.5%; in all flow-related; one of the 11 patients also had a nidal aneurysm) and 

we found no unrelated aneurysms. In the American cohort presence of aneurysms could be 

assessed in 205 of 338 patients (61.0%); aneurysm data was not available for KPNC cases. 

Seventy-four patients (36%) harbored associated flow-related or intranidal aneurysms (73% 

flow-related aneurysms, 19% intranidal aneurysms, and 8% had both). Additionally, 6 

subjects (3%) had aneurysms unrelated to the shunt flow, and 62% had no aneurysms. 

Angiograms were reviewed by experienced interventional neuroradiologists at both sites.

SNP selection

SNPs were considered for genotyping in AVM patients when shown to be associated with 

intracranial aneurysm development at genome-wide significance level (p ≤ 5 × 10−8) and 

successfully replicated in an independent cohort.11,22 Table 1 summarizes the chromosomal 

position of the SNPs as well as the function of the putative risk genes. The two SNPs in 

SOX-17 were not in linkage disequilibrium.11
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Genotyping

In Dutch patients genomic DNA was extracted from peripheral blood lymphocytes using 

automated nucleic acid isolation procedures (Chemagen, Baesweiler, Germany). Genotyping 

was performed by KASPar® assays (KBiosciences, Herts, UK) on an ABI PRISM 7900HT 

Sequence Detection System (Applied Biosystems, Foster City, California, USA) according 

to standard protocol. Controls were genotyped on Illumina 317K and Illumina 370K 

platforms (Illumina, San Diego, California, USA) as previously described.20

In the American cohort, genomic DNA from cases and controls was extracted from 

peripheral blood lymphocytes using a salt modification method (Gentra Systems, 

Minneapolis, Minnesota, USA) or from saliva using Oragene kits (DNA Genotek, Ontario, 

Canada). Genotyping was performed using the Affymetrix Genome-Wide SNP 6.0 array 

(Affymetrix, Santa Clara, California, USA) according to the manufacturer’s protocol at the 

UCSF Genomics Core Facility. Controls were genotyped on the same platform in the same 

laboratory. Genotypes for both cases and controls were called together using Birdseed 

version 2 implemented in Affymetrix Genotyping Console.

In the American cohort, three SNPs (rs9298506, rs9315204, and rs12413409) were directly 

genotyped on the Affymetrix 6.0 array. For rs11661542, we identified a perfect proxy (r2=1) 

using HapMap data, SNP rs11082043. For the remaining two SNPs (rs10958409 and 

rs1333040) good proxy SNPs were not available and we therefore obtained genotypes from 

imputation to the 1000 Genomes reference dataset (EUR population) using MaCH and 

minimac.23,24

For both cohorts, SNPs with a call-rate >95% were considered successfully genotyped.

Statistical analysis

To compare genotypes between AVM patients and controls, we applied univariable logistic 

regression analysis implemented in PLINK (v1.07).25 We tested an additive genetic model 

(0, 1, or 2 copies of the risk allele) and determined odds ratios (ORs) with 95% confidence 

intervals (CIs). Association testing for the two imputed SNPs was performed using an 

additive model of genotype dosages implemented in Mach2dat.23,24

Results were corrected for multiple testing of five SNPs using the Bonferroni correction and 

a value of p≤0.01 was considered statistically significant. Allele frequencies in both cohorts 

were combined as ORs with 95% CIs by a Mantel-Haenszel fixed effect model. Under the 

assumption of one cohort of 506 patients and three times as many controls, this study had 

the power to detect a susceptibility locus with an OR of 1.44–1.54, depending on the SNP 

under investigation (http://pngu.mgh.harvard.edu/~purcell/gpc/).

To assess whether potential associations with AVMs were affected by presence of brain 

AVM-related aneurysms, we performed subgroup analyses in the 205 patients in the 

American cohort for whom information on presence of aneurysm was available. Because of 

the small number of patients with information on presence of aneurysm, subgroup analysis 

was not possible in the Dutch cohort.
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RESULTS

The two cohorts combined included 506 patients and 1548 controls. Allele frequencies were 

consistent with 1000Genomes (EUR population) frequencies and in Hardy Weinberg 

Equilibrium (Supplemental Table). In the Dutch cohort, one SNP (rs9315204) in STARD13-

KL was unsuccessfully genotyped with a call-rate of 91%, and excluded from further 

analysis. In the American cohort, imputation of the two SNPs, rs10958409 and rs1333040 

was successful (r2=0.9). Allele frequencies were similar in the Dutch and American controls 

(Table 2 and 3).

In the Dutch cohort, none of the SNPs were significantly associated with brain AVM (Table 

2). In the American cohort, rs9298506 (OR 0.74; 95% CI 0.56–0.98; near SOX-17), 

(rs11082043, a proxy for rs1661542, OR 0.76; 95% CI 0.62–0.94, near RBBP8) and 

rs1333040 (OR 0.79; 95% CI 0.64–0.98; near CDKN2B-AS1) were associated with brain 

AVM. After correction for multiple testing of five SNPs, the RBBP8 SNP remained 

significantly associated (p = 0.01; Table 3).

In the meta-analysis, none of the SNPs under investigation showed a significant association 

with brain AVM. However, rs9298506, located near SOX-17, approached the cutoff value 

for significance with an OR of 0.77 (95% CI 0.57–1.03, p-value 0.08) (Figure 1). When we 

added data from the Italian case-control study on rs1333040 near CDKN2B-AS1 18 to the 

meta-analysis, this SNP remained unassociated with AVM with an OR of 0.98; 95% CI 

0.80–1.20 (Figure 2).

Stratified analysis of the 205 American patients with brain AVM-related aneurysm data 

available, showed that the observed associations with AVM in the American cohort may be 

explained by the presence of related aneurysms for rs9298506 (near SOX-17) and rs1333040 

(near CDKN2B-AS1, as previously reported,19 but not for rs11082043 (near RBBP8, Table 

3). Carriers of the SOX-17 rs9298506 A allele had an OR of 2.16 (95% CI: 1.20–3.88, p-

value 0.01) for association with AVM aneurysm, whereas no association was observed in 

the 131 AVMs without aneurysms (OR=1.12, 95% CI: 0.77–1.64, p-value 0.55, Table 3).

DISCUSSION

Our meta-analysis did not find a significant association with sporadic brain AVMs for five 

SNPs previously found to be associated with intracranial aneurysms. Our data do, however, 

suggest that SNPs near SOX-17 and RBBP8 may be associated with sporadic brain AVMs.

We consider the evidence for the association of the SNP near SOX-17 suggestive because 

the point-estimates of the effects, as reflected in the ORs, were of similar magnitude and in 

the same direction in the Dutch and American cohorts, and the association approached 

statistical significance in the meta-analysis. Stratified analysis for patients with and without 

brain AVM associated aneurysms in the American cohort suggests that the AVM association 

with the SNP near SOX-17 may be explained by the presence of brain AVM-related 

aneurysms, similar to a recent report showing this pattern for SNPs in the 9p21 region, 

including the CDKN2B-AS1 SNP.19 The SNP near RBBP8 was associated with AVM after 

correction for multiple testing in the American cohort but not in the meta-analysis. In 
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contrast with the possible association with the SNP near SOX-17, this putative association 

was not explained by presence of brain AVM associated aneurysms.

We could not find firm evidence for an association of brain AVM with the SNP near 

CDKN2B-AS1 in either the American or Dutch cohorts analyzed separately, or in the meta-

analysis, even when we included allele frequencies from the Italian cohort that had 

previously published a positive association.18 The association of the CDKN2B-AS1 SNP 

with sporadic brain AVM in that study might have been due to a different distribution of 

AVM cases with related aneurysms. In the Italian study the proportion of patients with a 

brain AVM with associated aneurysms was not reported but 41% of patients had a relatively 

large AVM extending beyond four centimeters and aneurysms tend to occur more frequently 

with larger AVMs. Similarly, the absence of an association for the CDKN2B-AS1 SNP in the 

Dutch cohort may be a relatively small proportion of patients with aneurysms; in a sample of 

63 patients of the Dutch cohort the proportion was indeed small at 17.5%. While in our 

meta-analysis we could not firmly establish an association, SOX-17 and RBBP8 emerge 

from our study as promising candidates that deserve further studies in brain AVM. Both 

genes are involved in cell cycle progression. SOX-17 is expressed in vascular endothelial 

cells and involved in regulation of tissue differentiation during various developmental 

processes. It serves as a regulator of cell cycle progression in multiple tissues.26,27 

SOX-17−/− mice show vascular abnormalities including defective endothelial sprouting and 

impaired vascular remodelling.14,15 Another recent study showed that SOX-17 promotes 

tumor angiogenesis and destabilizes tumor vessels in mice.28 RBBP8 is involved in the 

repair of double strand breaks in DNA during cell cycle progression and influences this 

process by interacting with BRCA1.16 It has been related to growth defects, mental 

retardation and skeletal abnormalities as a result of defects in cell cycle progression.29 In 

human AVM tissue, endothelial cell proliferation was increased when compared to cortical 

vessels from patients without AVM.30 SOX-17 and RBBP8 are both expressed in normal 

artery tissue (http://www.gtexportal.org/home), but not differentially expressed in blood 

samples from unruptured AVM patients compared to healthy controls31 or in AVM tissue 

compared to normal artery, although no probe was available for SOX-17 in that study.32 

How SOX-17or RBBP8 might affect AVM development remains as yet unclear but deserves 

further study.

A strength of our study is the relatively large sample size that we achieved by combining 

two populations. This study also has limitations. SNPs found to be associated with AVM in 

the American cohort were not replicated in the Dutch, possibly due to the smaller size of the 

Dutch cohort and different genotyping methods used in the two laboratories. Cases in the 

Dutch cohort were genotyped by KASPar® assay, while Dutch controls were gathered from 

multiple sources and genotyped on a different platform. American cases and controls were 

both genotyped on an Affymetrix Genome-Wide SNP 6.0 array. Genotyping on different 

platforms might have resulted in varying degrees of systematic error and, therefore, 

decreased precision. However, for all but one SNP, genotype call rates were >95%, all SNPs 

were in HWE equilibrium, and allele frequencies in controls were comparable in both 

cohorts and to control frequencies in public databases. It is also possible that there are 

population differences between Dutch and other Caucasians. Also, we could not perform the 
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subgroup analysis for the effect of presence of AVM-related aneurysms in the Dutch cohort. 

Furthermore, the effect estimates of the putative risk loci in intracranial aneurysms are 

modest and therefore require even larger numbers of AVM patients to confirm a possible 

association with AVM. Although we were able to include a uniquely large cohort of patients 

with AVMs, an even larger sample may be needed, especially when choosing an unbiased, 

genome-wide approach.

In conclusion, in this largest genetic association analysis in sporadic AVM patients 

published to date, we did not detect an association for SNPs involved in intracranial 

aneurysms with sporadic brain AVM. Future studies containing larger patient populations 

are warranted for further identification of genetic risk factors for AVM development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Meta-analysis of the association between the five SNPs and AVM in the Dutch and 
American cohorts
Reference allele (events) compared to total allele number (total) in cases and controls.
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Figure 2. Meta-analysis of the association between rs1333040 and AVM in the Dutch, American 
and Italian cohorts
Reference allele (events) compared to total allele number (total) in cases and controls.
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Table 1

Risk loci for intracranial aneurysm development and their annotated function

Gene Chr. SNP Functional annotation

SOX-17 8 rs10958409 Transcription factor involved in vascular development and endothelial formation.13,14

SOX-17 8 rs9298506 Transcription factor involved in vascular development and endothelial formation.15,14

CDKN2B-AS1 9 rs1333040 Encodes tumor suppressor proteins: cyclin dependent kinase inhibitor P15INK4b, P16INK4a and ARF, 
involved in tissue maintenance and repair.17

RBBP8 18 rs11661542 Influences cell cycle progression and DNA repair through recruitment of BRCA1.15

STARD13-KL 13 rs9315204 Tumor suppressor gene influencing cell proliferation through cytoskeleton reorganization.12

CNNM2 10 rs12413409 Bivalent metal transporter involved in hypertension.16

Chr indicates chromosome; SNP, single nucleotide polymorphism.
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