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Abstract

Objective—To investigate whether previously reported 9p21.3 single nucleotide polymorphisms

(SNPs) are associated with risk of brain arteriovenous malformations (BAVMs), which often have

accompanying arterial aneurysms. Common variants in the 9p21.3 locus have been reported to be

associated with multiple cardiovascular phenotypes, including coronary artery disease and

intracranial aneurysms (rs10757278 and rs1333040).

Methods—We used data from 338 BAVM cases participating in the University of California,

San Francisco-Kaiser Brain AVM Study Project and 504 healthy controls to evaluate genotypes

for seven common SNPs (minor allele frequency>0.05) that were imputed using 1000 Genomes

Phase 1 European data (R2>0.87). Association with BAVM was tested using logistic regression

adjusting for age, sex and the top three principal components of ancestry. Subgroup analysis
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included 205 BAVM cases with aneurysm data: (a) 74 BAVM with aneurysm vs. 504 controls,

and (b) 131 BAVM without aneurysm vs. 504 controls.

Results—We observed suggestive association with BAVM and rs10757278-G (OR=1.23, 95%

CI=0.99–1.53, P=0.064) and rs1333040-T (OR=1.27, 95% CI=1.01–1.58, P=0.04). For

rs10757278-G, the association was stronger in BAVM cases with aneurysm (OR=1.52, 95%

CI=1.03–2.22, P=0.032) than in BAVM without aneurysm (OR=0.98, 95% CI=0.72–1.34,

P=0.91). Similar patterns of effects were observed for rs1333040 and for other SNPs in linkage

disequilibrium (r2>0.8) with rs10757278.

Conclusions—Common 9p21.3 variants showed similar effect sizes for association with BAVM

as previously reported for aneurysmal disease. The association with BAVM appears to be

explained by known associations with aneurysms, suggesting that BAVM associated aneurysms

share similar vascular pathology mechanisms with other aneurysm types.

Keywords

cerebral arteriovenous malformations; intracranial aneurysms; genetic association studies

INTRODUCTION

The 9p21.3 locus is one of the strongest and most robustly replicated genetic loci identified

by genome-wide association studies (GWAS) of cardiovascular diseases, including coronary

artery disease (CAD), myocardial infarction (MI), carotid plaque, stroke, peripheral artery

disease, intracranial aneurysms (IA), and abdominal aortic aneurysms (AAA).[1] The CAD-

associated haplotype spans approximately 50 kb from rs12555547 to rs1333050, and

contains protein-coding genes CDKN2A and CDKN2B in addition to a non-coding RNA

(CDKN2B-AS1, HGNC: 34341), whose expression has been shown to be regulated by

genetic variants in the 9p21 locus.[2] Interestingly, associations with this locus are

independent of known cardiovascular risk factors such as hypertension and hyperlipidemia,

[1] suggesting that variants confer risk through a different mechanism than traditional

cardiovascular risk factors. In particular, SNPs rs10757278 [1] and rs1333040 [3] have been

associated with IA in several studies, and rs1333040 has recently been reported to be

associated with brain arteriovenous malformations (BAVMs) in an Italian cohort.[3]

BAVMs are a rare but leading cause of haemorrhagic stroke in children and young adults,

leading to persistent morbidity and even mortality.[4] The AVM nidus is a tangle of poorly

formed blood vessels, with direct shunting of blood from the arterial to the venous

circulation without an intervening capillary bed and usually accompanied by high flow rates.

The pathogenesis of BAVM remains unknown but risk factors for rupture are different from

aneurysmal subarachnoid haemorrhage.[4] However, BAVMs often have coexisting arterial

aneurysms located in the feeding arteries supplying the shunt flow or within the AVM nidus.

The purpose of this study was to investigate whether common genetic variants in the CAD

haplotype of the 9p21.3 locus are associated with BAVM and whether this association is

explained by the presence of associated aneurysms.
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METHODS

Study population

We used existing genome-wide association data from 371 BAVM cases participating in the

UCSF-Kaiser Brain AVM Study Project [5] and 563 healthy controls.[6, 7] All subjects self-

reported as Caucasian. Written informed consents were obtained from all subjects and the

study was approved by the respective Institutional Review Boards.

BAVM diagnosis, morphological, and clinical characteristics were recorded using

standardized definitions.[8] The diagnosis of AVM is based on evidence of shunting on

digital subtraction angiography. AVM morphological characteristics were recorded from

magnetic resonance imaging (MRI) and angiography by an interventional neuroradiologist.

[9] Aneurysms were defined as saccular luminal dilatations of the arteries detected on

angiography, and were further classified into flow-related aneurysms, intranidal aneurysms,

and aneurysms unrelated to the shunt flow to the BAVM.[9] We defined “associated

aneurysms” as aneurysms present in feeding arteries supplying the shunt flow (flow-related)

or within the nidus (intranidal).

SNP genotyping, imputation and quality control

Subjects provided blood or saliva specimens for DNA extraction. Cases and controls were

genotyped in the same laboratory using the Affymetrix® Genome-Wide Human SNP Array

6.0, and genotypes were called using Birdseed (version 2). Samples with genotyping call

rate <95%, sex mismatches, or cryptic duplicates were excluded. SNPs that deviated

significantly from Hardy-Weinberg equilibrium (P<10−5) in the controls and with call rates

<95% were also removed, yielding 338 cases and 504 controls for analysis.

We selected seven SNPs in the 9p21.3 CAD haplotype (rs1537378, rs10757274, rs2383206,

rs1333049, rs2383207, rs10757278 and rs1333040) based on previous studies;[1, 3]

associated phenotypes are shown above each SNP in Figure 1. Since six of the seven SNPs

were not covered on the SNP array, we performed imputation across the genome with the

1000 Genomes Project European haplotypes as a reference using MaCH [10] and Minimac.

[11] All seven SNPs were well-imputed (R2>0.87) with minor allele frequency (MAF)>1%.

Pairwise linkage disequilibrium (LD) between SNPs was assessed using r2, with values >0.8

indicating high LD (Figure 1). For technical validation, we genotyped rs10757278 using

TaqMan® assay C_11841860_10 (Applied Biosystems) in BAVM cases. Access to control

DNA was unavailable.

Statistical analysis

To adjust for population stratification, we performed principal components analysis on

72,456 unlinked SNPs (r2<0.2) with MAF>0.05 using EIGENSTRAT.[12] Association of

the imputed genotype dosages of 7 SNPs with BAVM was tested by logistic regression

analysis assuming an additive genetic model and adjusting for age, gender and the top three

principal components using MaCH2dat software (http://www.sph.umich.edu/csg/abecasis/

mach/download). Statistical significance was defined as p<0.017 after correcting for three

SNPs (SNPs 3–7 are in strong LD, r2>0.8, Figure 1) using the Bonferroni procedure. We
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performed two sub-group analyses in the 205 cases with aneurysm data: (1) 74 BAVM with

aneurysms vs. 504 controls; and (2) 131 BAVM without aneurysms vs. 504 controls.

RESULTS

There was no significant gender difference between cases and controls (P=0.22). However,

controls were significantly older than cases (49 ± 14 years vs. 39 ± 18 years, respectively,

P<0.001). About 36% of BAVM cases had associated flow-related or intranidal aneurysms,

3% had aneurysms unrelated to the shunt flow to the BAVM, and 62% had no aneurysms.

BAVM cases with associated aneurysms were older (P=0.07), had higher Spetzler-Martin

grade (P=0.027), and larger AVM size (P<0.001) compared to BAVM cases without

associated aneurysms (Supplemental Table).

All seven SNPs showed a trend toward association with BAVM with an average effect size

of 1.24 (Table 1); none were significantly associated with BAVM after correction for

multiple testing. The overall association with BAVM was 1.27 for rs1333040-T (P=0.04)

and 1.23 for rs10757278-G (P=0.064). When restricting the analysis to 74 BAVM with

associated aneurysms, we observed a stronger effect size for rs1333040-T, rs10757278-G,

and for all SNPs in LD with rs10757278-G (Table 1 and Figure 1); only rs1537378 did not

follow a similar pattern. In contrast, no association was observed in 131 BAVM without

associated aneurysms for any SNPs (Table 1). Technical validation of rs10757278 in BAVM

cases yielded greater than 96% concordance with genotypes predicted from imputation.

Expanding the search to all 79 well-imputed SNPs in the 9p21.3 CAD haplotype did not

identify any other SNPs significantly associated with BAVM after correction for multiple

testing using the Bonferroni procedure (data not shown). Sub-group analysis revealed two

SNPs with stronger association and larger effect size in BAVM with associated aneurysms:

rs10217586-T (OR=1.73, 95% CI=1.16–2.58, P= 0.006) and rs1333045-C (OR=1.72, 95%

CI=1.16–2.57, P=0.006). No association was observed between these SNPs and BAVM

without associated aneurysms (P>0.77). These 2 SNPs are in strong LD (r2> 0.95) with each

other and in strong LD with rs10757278 (r2 > 0.8).

DISCUSSION

In this study, we observed suggestive associations of seven common 9p21 SNPs with

BAVM. Overall, the effect size and significance level of the association were stronger when

restricting analysis to BAVM with associated aneurysms for SNPs in LD with rs10757278

in addition to rs1333040, both SNPs previously reported to be associated with IA. No

association was observed between 9p21 SNPs and BAVM without associated aneurysms,

suggesting that the association with BAVM is driven by the presence of aneurysms. The

effect size for rs10757278 (OR=1.23) was similar to that found in previous studies of

aneurysmal diseases.[1] Recently, Sturiale et al [3] reported an association of rs1333040-T

in an Italian cohort of 73 BAVM cases and 103 controls with a higher effect size compared

to our cohort (OR=1.65, P=0.01). Our results replicate this association in an independent

cohort, and further suggest that the association with BAVM at the 9p21 locus is driven by

the presence of associated aneurysms.

Bendjilali et al. Page 4

J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Examination of the remaining imputed SNPs within the 9p21.3 CAD haplotype revealed no

significant associations with BAVM after correction for multiple testing. However, a similar

pattern was observed with suggestive association of two SNPs (rs10217586-T and

rs1333045-T) in strong LD with rs10757278 among BAVMs with aneurysms (P=0.006) and

not among BAVMs without aneurysms (P>0.77). Both rs1333045 and rs10757278 have also

been previously reported to be associated with aneurysmal subarachnoid haemorrhage in a

Swedish population.[13]

Our finding that the same 9p21 SNPs are also associated with increased risk of BAVM with

coexisting arterial aneurysms suggests that BAVM associated aneurysms share similar

vascular pathology mechanisms with other aneurysmal diseases. Since both aneurysms of

feeding arteries supplying BAVMs and intracranial aneurysms in general are both subject to

high-flow arterial conditions (though higher flows should be present in arteries supplying

AVMs as compared to arteries not supplying AVMs), genetic variation alone may not be

sufficient for aneurysm formation. Alternatively, high-flow conditions may not be sufficient

for aneurysm formation either, as feeding artery aneurysms are not observed in young vein

of Galen malformation patients who have very high flow rates (personal communication,

SWH) and are rarely seen in children with BAVMs,[14] suggesting that multiple factors

contribute to BAVM associated aneurysms, including time for formation and growth.

The prevalence of aneurysms associated with BAVM varies widely depending on the

definition of aneurysm, type of angiography used (selective vs. superselective), and referral

patterns.[15] In our study, 36% of BAVM patients had associated aneurysms, which is

higher than that reported in some referral cohorts [15, 16] but lower than that reported in a

large series from Germany (46%)[17] and a smaller series undergoing superselective

angiography (58%).[18] There may be selection bias of cases included in this genetic

association study, although the aneurysm prevalence is very similar to an earlier study by

our group that did not select BAVM patients based on DNA availability (34%).[9]

In conclusion, these results suggest that the observed association of 9p21 SNPs with BAVM

is likely explained by the presence of coexisting aneurysms, and that BAVM-associated

aneurysms may share similar vascular pathology mechanisms as other aneurysmal diseases.

Our results do not have immediate clinical implications; however, they broaden our

understanding of possible genetic mechanisms underlying aneurysm formation across

vascular diseases that may be used to identify future candidate targets for therapy or help

develop vessel-wall imaging for feeding artery aneurysms that may help better risk-stratify

patients. Thus, our findings should be viewed as hypothesis-generating requiring replication

in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Bendjilali et al. Page 5

J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Acknowledgments

We thank subjects who participated in this study and research staff for their assistance. This study is dedicated in
memory of William L. Young, MD, who was a pioneer in AVM research. Collected and shared genotype data from
control samples: Dr. Emmanuel Mignot and Dr. Dan Salomon.

Funding

This research is supported by NIH grants: P01 NS044155 (HK), R01 NS034949 (HK), and K23 NS058357 (HK).
Control cohorts were supported by grants P50 NS2372 (E. Mignot) and U19 AI063603 (D. Salomon).

References

1. Holdt LM, Teupser D. Recent studies of the human chromosome 9p21 locus, which is associated
with atherosclerosis in human populations. Arterioscler Thromb Vasc Biol. 2012; 32:196–206.
[PubMed: 22258902]

2. Folkersen L, Kyriakou T, Goel A, et al. Relationship between CAD risk genotype in the
chromosome 9p21 locus and gene expression. Identification of eight new ANRIL splice variants.
PloS One. 2009; 4:e7677. [PubMed: 19888323]

3. Sturiale CL, Gatto I, Puca A, et al. Association between the rs1333040 polymorphism on the
chromosomal 9p21 locus and sporadic brain arteriovenous malformations. J Neurol Neurosurg
Psychiatry. 2013; 84:1059–1062. [PubMed: 23606732]

4. Kim H, Sidney S, McCulloch CE, et al. Racial/ethnic differences in longitudinal risk of intracranial
hemorrhage in brain arteriovenous malformation patients. Stroke. 2007; 38:2430–2437. [PubMed:
17673729]

5. Kim H, Hysi PG, Pawlikowska L, et al. Common variants in interleukin-1-beta gene are associated
with intracranial hemorrhage and susceptibility to brain arteriovenous malformation. Cerebrovasc
Dis. 2009; 27:176–182. [PubMed: 19092239]

6. Hallmayer J, Faraco J, Lin L, et al. Narcolepsy is strongly associated with the T-cell receptor alpha
locus. Nat Genet. 2009; 41:708–711. [PubMed: 19412176]

7. Flechner SM, Goldfarb D, Solez K, et al. Kidney transplantation with sirolimus and mycophenolate
mofetil-based immunosuppression: 5-year results of a randomized prospective trial compared to
calcineurin inhibitor drugs. Transplantation. 2007; 83:883–892. [PubMed: 17460558]

8. Atkinson RP, Awad IA, Batjer HH, et al. Reporting terminology for brain arteriovenous
malformation clinical and radiographic features for use in clinical trials. Stroke. 2001; 32:1430–
1442. [PubMed: 11387510]

9. Halim AX, Singh V, Johnston SC, et al. Characteristics of brain arteriovenous malformations with
coexisting aneurysms: a comparison of two referral centers. Stroke. 2002; 33:675–679. [PubMed:
11872886]

10. Li Y, Willer CJ, Ding J, et al. MaCH: using sequence and genotype data to estimate haplotypes and
unobserved genotypes. Genet Epidemiol. 2010; 34:816–834. [PubMed: 21058334]

11. Howie B, Fuchsberger C, Stephens M, et al. Fast and accurate genotype imputation in genome-
wide association studies through pre-phasing. Nat Genet. 2012; 44:955–959. [PubMed: 22820512]

12. Price AL, Patterson NJ, Plenge RM, et al. Principal components analysis corrects for stratification
in genome-wide association studies. Nat Genet. 2006; 38:904–909. [PubMed: 16862161]

13. Olsson S, Csajbok LZ, Jood K, et al. Association between genetic variation on chromosome 9p21
and aneurysmal subarachnoid haemorrhage. J Neurol Neurosurg Psychiatry. 2011; 82:384–388.
[PubMed: 20974651]

14. Hetts SW, Cooke DL, Nelson J, et al. Influence of patient age on angioarchitecture of brain
arteriovenous malformations. AJNR Am J Neuroradiol. 2014

15. da Costa L, Wallace MC, Ter Brugge KG, et al. The natural history and predictive features of
hemorrhage from brain arteriovenous malformations. Stroke. 2009; 40:100–105. [PubMed:
19008469]

Bendjilali et al. Page 6

J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



16. Stapf C, Mohr JP, Pile-Spellman J, et al. Concurrent arterial aneurysms in brain arteriovenous
malformations with haemorrhagic presentation. J Neurol Neurosurg Psychiatry. 2002; 73:294–298.
[PubMed: 12185161]

17. Meisel HJ, Mansmann U, Alvarez H, et al. Cerebral arteriovenous malformations and associated
aneurysms: analysis of 305 cases from a series of 662 patients. Neurosurgery. 2000; 46:793–800.
[PubMed: 10764251]

18. Turjman F, Massoud TF, Vinuela F, et al. Aneurysms related to cerebral arteriovenous
malformations: Superselective angiographic assessment in 58 patients. AJNR Am J Neuroradiol.
1994; 15:1601–1605. [PubMed: 7847201]

Bendjilali et al. Page 7

J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
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