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Genetic Architecture of Abdominal Aortic
Aneurysm in the Million Veteran Program

BACKGROUND: Abdominal aortic aneurysm (AAA) is an important cause
of cardiovascular mortality; however, its genetic determinants remain
incompletely defined. In total, 10 previously identified risk loci explain a
small fraction of AAA heritability.

METHODS: We performed a genome-wide association study in the
Million Veteran Program testing =18 million DNA sequence variants with
AAA (7642 cases and 172 172 controls) in veterans of European ancestry
with independent replication in up to 4972 cases and 99 858 controls.
We then used mendelian randomization to examine the causal effects of
blood pressure on AAA. We examined the association of AAA risk variants
with aneurysms in the lower extremity, cerebral, and iliac arterial beds,
and derived a genome-wide polygenic risk score (PRS) to identify a subset
of the population at greater risk for disease.

RESULTS: Through a genome-wide association study, we identified 14
novel loci, bringing the total number of known significant AAA loci to 24.
In our mendelian randomization analysis, we demonstrate that a genetic
increase of 10 mmHg in diastolic blood pressure (odds ratio, 1.43 [95%
Cl, 1.24-1.66]; P=1.6x107°), as opposed to systolic blood pressure (odds
ratio, 1.06 [95% Cl, 0.97-1.15]; P=0.2), likely has a causal relationship
with AAA development. We observed that 19 of 24 AAA risk variants
associate with aneurysms in at least 1 other vascular territory. A 29-variant
PRS was strongly associated with AAA (odds ratio,,, 1.26 [95% Cl,
1.18-1.36]; P,..=2.7x107"" per SD increase in PRS), independent of family
history and smoking risk factors (odds ratiog., . wsorssmoking: 1-24 195%
Cl, 1.14-1.35]; Pore=1 .27x107%). Using this PRS, we identified a subset
of the population with AAA prevalence greater than that observed in

screening trials informing current guidelines.

CONCLUSIONS: We identify novel AAA genetic associations with
therapeutic implications and identify a subset of the population at
significantly increased genetic risk of AAA independent of family
history. Our data suggest that extending current screening guidelines
to include testing to identify those with high polygenic AAA risk, once
the cost of genotyping becomes comparable with that of screening
ultrasound, would significantly increase the yield of current screening at
reasonable cost.
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Clinical Perspective
What Is New?

e A genome-wide association study of abdominal
aortic aneurysm (AAA) further defines the role of
common genetic variation in disease susceptibility.

e Mendelian randomization analysis supports a
causal role for smoking liability and diastolic blood
pressure in the pathogenesis of AAA.

e A polygenic risk score based on 29 genome-wide
AAA risk variants strongly associates with AAA
independent of family history and 6 additional clin-
ical risk factors.

What Are the Clinical Implications?

e These results highlight novel AAA genetic associa-
tions with therapeutic implications, including LPA
and PCSKO.

e Diastolic blood pressure, as opposed to systolic
blood pressure, is likely of greater significance in
the pathogenesis of AAA.

e Polygenic risk score analysis can identify a subset
of the population at significantly increased genetic
risk of AAA independent of family history; extend-
ing current screening guidelines to include testing
for those with high polygenic AAA risk deserves
further investigation, particularly once genotyping
becomes standard of care in healthcare systems
and can be performed at nominal cost.

bdominal aortic aneurysm (AAA) is a complex
Adisease affected by both environmental' and

genetic factors,? and heritability has been esti-
mated to be as high as 70%.3 Genome-wide associa-
tion studies (GWAS) have revealed only 10 loci reaching
genome-wide significance,*” leaving a significant por-
tion of AAA heritability unknown. Previously published
discovery efforts have been limited by small sample
sizes, with the largest previous GWAS analyzing =5000
AAA cases.’

Large-scale biobanks combining genetic data with
electronic health record (EHR)—derived phenotypes have
continued to evolve over the past decade.®® The Mil-
lion Veteran Program (MVP) was established in 2011 to
study how genes affect health in the Veterans Health
Administration. Recent efforts have demonstrated that
a Veterans Health Administration—based biobank pro-
vides the ability to aid genetic discovery for understud-
ied vascular diseases with a higher prevalence among
US veterans.’®'" Leveraging the MVP resource, we
sought to perform a genetic discovery analysis for AAA,
explore the spectrum of phenotypic consequences as-
sociated with AAA risk variants; examine the genetic
relationship between smoking and blood pressure and
AAA; test the effects of AAA risk variants on aneurysms
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in other territories; and develop and evaluate a ge-
nome-wide polygenic risk score (PRS) for AAA to iden-
tify a subset of the population at higher risk for disease.

METHODS

The full summary-level association data from the MVP AAA
discovery analysis from this article are available through
dbGaP (the database of Genotypes and Phenotypes; acces-
sion code: phs001672.v2.p1).

Study Populations

We conducted a discovery genetic association analysis using
DNA samples and phenotypic data from the MVP (Figure 1
and Figure | in the Data Supplement). In the MVP, individuals
ages 18 to >100 years have been recruited from 63 Veterans
Affairs medical centers across the United States. After per-
forming quality control, we identified 227817 European par-
ticipants for AAA discovery analysis from MVP release 2.1.
After applying our phenotypic algorithm, we evaluated 7642
AAA cases and 172 172 controls free from clinical evidence of
disease. For variants with suggestive associations (P<107°), we
sought replication of our findings with data from either of 2
independent datasets. We first attempted replication of lead
AAA variants using summary statistics from the 2016 AAA
meta-analysis consisting of 4972 AAA cases and 99 858 con-
trols’ (stage 2a).

If association statistics for promising DNA sequence vari-
ants from stage 1 were not available for replication, we
sought replication of these variants from a combined meta-
analysis of 2 studies: HUNT (the Trandelag Health Study; 674
AAA cases and 66 358 controls) and the eMERGE Network
(electronic Medical Records and Genomics; 2161 AAA cases
and 41111 controls). Network datasets consisted of up to
2835 AAA cases and 107469 controls in total (stage 2b).
HUNT is a population-based health survey conducted in the
county of Nord-Trgndelag, Norway, since 1984. Individuals
were included at 3 different time points over =20 years
(HUNT1 [1984 to 1986], HUNT2 [1995 to 1997], and HUNT3
[2006 to 2008]). The eMERGE Network is a collaboration of
genetic biobanks with phenotypic data linked to EHRs. The
study design and sample collection of eMERGE Network
cohorts has been described previously.'? Deidentified samples
linked to EHRs were supplied from multiple investigators from
different institutions with approval across the consortium for
analysis. Additional details of genetic data and quality control
are available in the Data Supplement.

The MVP received ethical and study protocol approval by
the Veterans Affairs Central Institutional Review Board and
informed consent was obtained for all participants. Each
additional study received approval from its local institutional
review board.

AAA Phenotype Definitions

From the participants passing quality control in MVP, indi-
viduals were defined as having AAA or being a disease-free
control using a previously adjudicated' definition initially
proposed by Denny et al.’™* AAA cases were defined as the
presence of 2 instances of any of the following International
Classification of Diseases (ICD)-9 or ICD-10 codes in a
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Stage Samples DNA sequence variants
Discovery analysis of 7,642 AAA 18.6 million 1000 Genomes imputed
St 1 cases and 172,172 controls of DNA sequence variants tested.
age European ancestry from MVP release | Variants with P < 10 brought forward
2.1 data for independent replication
_ Lead
4,972 AAA cases and 99,858 controls Meta-analysis of lead DNA sequence variants
Stage 2a from 2016 AAA meta.analvsis variants from discovery analysis and
Y present in 2016 AAA meta-analysis
l, Variants not available in Meta-analysis l,
Combined meta-analysis of two
studies - 2,835 AAA cases and
107,469 controls in total: Meta-analysis of lead DNA sequence
Stage 2b 1) HUNT - 674 AAA cases and variants from discovery analysis not
66,358 controls available in 2016 AAA meta-analysis
2) eMERGE - 2,161 AAA cases and
41,111 controls

|

Combined analysis of lead variants (MVP + 1 of 2
AAA replication analyses)

Figure 1. Abdominal aortic aneurysm (AAA) genome-wide association study design.

DNA sequence variants with suggestive association (P<10-°) in discovery (stage 1) were brought forward for independent replication and tested using summary
statistics from the 2016 AAA meta-analysis consisting of 4972 AAA cases and 99 858 controls’ (stage 2a) or from a combined meta-analysis of HUNT (the Tran-
delag Health Study) and the eMERGE Network (electronic Medical Records and Genomics) datasets consisting of a total of 2835 AAA cases and 107 469 controls
(stage 2b) if variants were not available in stage 2a. MVP indicates Million Veteran Program.

participant’s EHR: 441.3, 441.4, 171.3, or 171.4. Controls
were defined as possessing no occurrences of the aforemen-
tioned ICD codes, as well as no occurrences of the ICD-9
codes 440 through 448 or ICD-10 codes 171 through 175,
177 through 179, or K55. This identified 7642 AAA cases
and 172172 controls of European ancestry for genetic dis-
covery, and an independent set of 1656 AAA cases and
44908 controls of European ancestry and 718 AAA cases
and 46 380 controls of African ancestry for our PRS analy-
sis. In HUNT, all patients diagnosed with AAA from 1995
through 2014 in Nord-Trgndelag were identified from hos-
pital and outpatient registries from the 3 local hospitals: St
Olav's Hospital, Levanger Hospital, and Namsos Hospital. All
diagnoses were verified manually using patient chart data.
The unique personal identification number was used to link
data on AAA diagnoses and death with exposure data from
HUNT. This identified 674 AAA cases and 66 358 controls
for downstream analysis. In the eMERGE Network, BioMe,
and the Penn Medicine Biobank, AAA was defined in a man-
ner identical to the definition proposed by Denny et al.™ In
the Mayo Clinic Vascular Disease Biorepository, which con-
sists of patients referred for noninvasive vascular evaluation
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including abdominal ultrasound, AAA cases were defined as
having an infrarenal abdominal aortic diameter =3 ¢cm or a
history of open or endovascular AAA repair. Controls were
not known to have AAA and had no ICD-9 diagnosis codes
for AAA.

Phenome-Wide Association Study of
AAA Risk Variants

Of the genotyped veterans passing quality control, we identi-
fied 23172451 distinct, prevalent ICD diagnosis codes avail-
able for analysis. We focused on the entire group of 227817
White participants passing quality control, in which the mean
age was 64.3+13.1 years, and 93.3% (212 465) were male.
ICD-9 or ICD-10 diagnosis codes were collapsed to clinical
disease groups and corresponding controls using the group-
ings proposed by Denny et al'* and tested using logistic
regression. Diseases were required to have a prevalence of
>0.13% (=300 cases) to be included in the Phenome-Wide
Association Study (PheWAS) analysis. We tested a total of
1249 distinct diseases, symptoms, and injuries in MVP using
the R package PheWAS."
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Shared Heritability With AAA Risk
Factors

To better understand how common genetic variation influ-
ences risk for AAA and its risk factors, we used linkage
disequilibrium score regression'® to calculate the genetic cor-
relation between AAA and 10 known risk factors for disease
and aneurysm rupture. MVP association summary statistics
for AAA were uploaded to LD Hub (http:/Idsc.broadinsti-
tute.org/ldhub/) and genetic correlation analyses performed
between AAA, 4 smoking categories (current smoker, ever
smoker, cigarettes/day, and chronic obstructive pulmonary
disease), and 2 blood pressure traits (systolic blood pressure
[SBP] and diastolic blood pressure [DBP]) from UK Biobank
and previously published GLGC plasma lipid (low-density lipo-
protein cholesterol, high-density lipoprotein cholesterol, and
triglycerides)'” and coronary artery disease statistics from the
CARDIoGRAMplusC4D (Coronary Artery Disease Genome-
Wide Replication and Meta-Analysis Plus Coronary Artery
Disease Genetics) GWAS.'8

Smoking and Blood Pressure Mendelian

Randomization Analyses

Mendelian randomization (MR) analyses for 3 smoking phe-
notypes (smoking initiation, smoking heaviness, and smoking
cessation) and 2 blood pressure phenotypes (SBP and DBP)
with AAA development were performed. Genetic instruments
were selected as DNA sequence variants that associated
with the exposure at genome-wide significance (P<5x108)
with an R?<0.001. All clumping was performed using the
TwoSampleMR package of R.' Genetic instruments for the
smoking initiation, smoking heaviness, and smoking cessa-
tion exposures were derived from publicly available GSCAN
(GWAS & Sequencing Consortium of Alcohol and Nicotine
Use) data from up to 1232 091 participants?®; instruments
of the SBP and DBP traits were derived from the International
Consortium of Blood Pressure and UK Biobank Discovery
GWAS?! analysis in up to 757 601 individuals. Inverse vari-
ance-weighted MR was used for the primary analysis, with
weighted median?? MR performed as sensitivity analysis,
allowing for up to 50% of the weight of each instrument
to be drawn from invalid instruments while controlling type
| error. Diagnostic leave-one-out, single-variant, funnel-
plot, and MR-Egger? analyses were performed to evaluate
for evidence of heterogeneity and horizontal pleiotropy. In
addition, we performed the MR-PRESSO test (Mendelian
Randomization Pleiotropy Residual Sum and Outlier)?** to
identify evidence of horizontal pleiotropy, which consists
of 3 parts: (1) the global test for horizontal pleiotropy; (2)
the outlier corrected causal estimate, which corrects for the
detected horizontal pleiotropy; and (3) the distortion test,
which tests whether the causal estimate is significantly differ-
ent after outlier adjustment.

Aneurysm Associations in Other Vascular
Territories

We sought to better understand how DNA sequence variants
might differ in contribution to risk for aneurysmal disease in
the iliac, lower extremity, and cerebral vascular beds. We first
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examined the strength of the relationship between AAA and
aneurysms in other vascular beds. Next, for lead AAA risk vari-
ants identified in our primary analysis, we tested their effect
on iliac, lower extremity, and cerebral aneurysms in European
MVP participants using the definition proposed by Denny et
al.’ We performed a sensitivity analysis to examine the asso-
ciation with isolated aneurysms in these territories by exclud-
ing individuals with a diagnosis of AAA from the analysis.

AAA PRS Generation

A weighted PRS represents an individual’s risk of a given dis-
ease conferred by the sum of the effects of many common
DNA sequence variants. A weight is assigned to each genetic
variant based on its strength of association with disease risk
(B)- Individuals are then additively scored in a weighted fash-
ion based on the number of risk alleles they carry for each
variant in the PRS.

To generate our scores, we used summary statistics from
the MVP release 2.1 European ancestry GWAS analysis (7642
AAA cases, 172 172 controls) and a linkage disequilibrium
panel of 20 000 randomly selected European samples from
UK Biobank. To increase the number of independent vari-
ants included in our score, we performed a pruning and
thresholding analysis using the linkage disequilibrium—driven
clumping procedure in PLINK version 1.90b (clump). In brief,
this algorithm formed “clumps” around variants with AAA
association (in this case, P<0.01, P<1x10%, P<1x10-%) and
with an R?>0.0001 based on the linkage disequilibrium refer-
ence. From our initial set of summary statistics, the algorithm
selected only 1 associated variant from each clump below
our prespecified P value threshold. The final output from this
procedure generated 3 scores of 29, 301, and 3699 indepen-
dent (R?<0.0001) AAA-associated variants, representing the
strongest disease-associated variant for each linkage disequi-
librium—based clump across the genome.

AAA PRS Analysis

We first tested the associated AAA risk for each of the PRS,,, ,
using ascertained AAA case—control cohort data from the
Mayo Clinic Vascular Disease Biorepository consisting of 1022
AAA cases and 7750 controls. Additional adjustments in the
association were made to account for the presence of smok-
ing and a family history of AAA. Once the best performing
PRS,,, Was identified, we validated our results using AAA
data from 3 additional population-based datasets: (1) preva-
lent AAA data from MVP release 3.0 using 1656 AAA cases
and 44 908 controls of European ancestry and 718 AAA
cases and 46 380 controls of African ancestry independent
from the individuals in the MVP discovery GWAS and specifi-
cally designated for PRS analysis; (2) a set of 195 AAA cases
and 9348 controls from the BioMe Biobank Program; and (3)
a set of 396 AAA cases and 9835 controls from the Penn
Medicine Biobank. We tested the association of the continu-
ous PRS,,, with prevalent AAA in each cohort and identified
the prevalence of AAA in those individuals with the highest
5% of polygenic risk. We calculated the prevalence of AAA
in each PRS quintile and in those individuals with the highest
5% of polygenic risk among men aged 50 or older, because
individuals in their 6th decade of life or older are significantly
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more likely to have AAA.?* Last, we tested the association of
our continuous PRS,,, while including 6 traditional AAA risk
factors in the association model: smoking, hypertension, low-
density lipoprotein cholesterol with statin adjustment, high-
density lipoprotein cholesterol, triglycerides, and coronary
artery disease as a marker of atherosclerosis burden.

Statistical Analysis

In our primary discovery analysis, genotyped and imputed
DNA sequence variants in individuals of European ancestry
were tested for association with AAA using logistic regression
adjusting for age, sex, and 5 principal components of ances-
try assuming an additive model using the SNPTESTv2.5.3 sta-
tistical software program.

For variants with suggestive AAA associations (P<10-°),
we sought replication of our findings from either an in silico
query from the 2016 AAA meta-analysis’ (stage 2a) or the
HUNT/eMERGE Network datasets (stage 2b). In HUNT, the
GWAS was performed using a logistic mixed model imple-
mented in SAIGE (Scalable and Accurate Implementation of
Generalized Mixed Model).?¢ Covariates in the model were
sex, history of cardiovascular event as defined from HUNT
guestionnaires, history of hypertension, history of diabetes
mellitus, myocardial infarction, angina pectoris, and smok-
ing status (ever/never). In the eMERGE Network, association
testing was performed using the PLATO software?” adjusted
for year of birth, sex, 6 principal components, and sample
collection site. Analyses were restricted to eMERGE Network
locations with adult participants and those contributing
cases to the analysis. Discovery and replication results were
combined using an inverse variance-weighted fixed-effects
method as implemented in the METAL software program.?
We did not attempt replication of any variant in either stage
and required P<0.05 with concordant direction of effect for
successful replication. We then combined statistical evidence
across MVP and the replication studies and set a significance
threshold of P<5x10-% (genome-wide significance). Novel
loci were defined as being >500 000 base pairs away from
a known AAA genome-wide associated lead variant. Linkage
disequilibrium information from the 1000 Genomes Project?
was used to determine independent variants when a locus
extended beyond 500 000 base pairs. All logistic regression
values of P were 2-sided.

In the PheWAS analysis, DNA sequence variants were
tested using logistic regression adjusting for age, sex, and 5
principal components. Variants were declared to be signifi-
cantly associated with the disease if they met P<1.7x10-°
(P<0.05/[1249 diseases x 24 variants]). In our genetic cor-
relation analyses, traits were declared to be significant if
they demonstrated a correlation P<0.005 (P<0.05/10 AAA
risk factors).

In our MR analyses, a random-effects inverse variance—
weighted method was used as the main analysis, with sen-
sitivity analyses performed for the statistically significant
associations as described previously. We set a 2-sided P<0.01
(0.05/5 traits) for statistical significance.

In addition, %2 tests of independence were used to examine
whether the occurrence of AAA with aneurysms in other vas-
cular territories was more frequent than would be expected
by chance. In the association analysis of AAA risk variants with
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aneurysms in other vascular territories, we performed logistic
regression adjusting for age, sex, and 5 principal components
of ancestry assuming an additive model using the R statistical
software program®° (R version 3.3). In our sensitivity analysis,
risk variants were tested using the same logistic model with
individuals with AAA excluded. Given the known prior asso-
ciation with AAA, we used a nominally significant P<0.05 to
declare significance. All P values were 2-sided.

In our PRS analysis, logistic regression models were used to
estimate odds ratios (ORs) and 95% Cls for the associations
of each of the continuous PRSs (1 SD unit), first adjusting only
for age, sex, and 5 principal components. Family history and
smoking status were then included in the model as appropri-
ate. We then performed logistic regression adjusting for age,
sex, 5 principal components, statins, and 6 clinical risk factors
for AAA in the association model. We calculated prevalence
of AAA for the 5% of individuals with the highest PRS ,, , rela-
tive to the rest of the population and generated Cls using R
(version 3.3). All P values were 2-sided.

RESULTS

The MVP discovery analysis comprised 7642 patients
with AAA and 172172 controls of European ancestry.
Their baseline characteristics are presented in Table 1.
Participants with AAA were more likely to be older,
male, and prescribed statin therapy; to have a history of
smoking; and to have type 2 diabetes mellitus. Through
genotype imputation, we obtained 18.6 million DNA
sequence variants for analysis. After discovery, a total of
549 variants at 16 loci met a genome-wide significance
threshold (Figures Il and Il in the Data Supplement).
We replicated all 10 previously described genome-wide
AAA loci with association P<10~° (Table 2 and Table |
in the Data Supplement). The 9p217 variant rs4007642
was the top association result (49.5% frequency for the
T allele; OR, 1.21 [95% Cl, 1.17-1.25]; P=6.9x107%°).

A total of 70 lead variants at candidate novel loci
demonstrated association P<10-> in the MVP discov-
ery analysis and were taken forward for replication.
Of those, 28 were available for independent testing in
the 2016 AAA meta-analysis, and the remaining were
tested in the combined HUNT and eMERGE Network
datasets. After independent replication, 14 novel loci
exceeded genome-wide significance (P<5x107%; Table 2
and Table Il in the Data Supplement). The remaining
variants either did not meet the prespecified P<0.05
with consistent direction of effect required for indepen-
dent replication or did not surpass the genome-wide
significance threshold after meta-analysis (Table Il in
the Data Supplement).

Understanding the full spectrum of phenotypic con-
sequences of a given DNA sequence variant can help
identify the mechanism by which a variant or gene
leads to disease. Using a median of 65 distinct ICD-
9 or ICD-10 EHR-derived diagnosis codes per partici-
pant, we tested each of the 24 AAA lead risk variants
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Table 1. Demographic and Clinical Characteristics of Veterans in the
Million Veteran Program Abdominal Aortic Aneurysm Genome-Wide
Association Studies Analysis

Abdominal Aortic Aneurysm
Characteristics No. of Cases No. of Controls
Veterans 7642 172172
Age, y 76.2+8.4 67.1+£13.8
Male 7586 (99.3) 159 065 (92.4)
Statin therapy prescription 4102 (53.7) 63 120 (36.7)
Diabetes mellitus 2986 (39.1) 49581 (28.8)
Maximum low-density 143.1£38.9 138.3+£38.1
lipoprotein cholesterol, mg/dL
Former smoker 4022 (52.6) 77 322 (44.9)
Current smoker 2781 (36.4) 38483 (22.4)
Variants passing quality control 18 689 289

Values are mean + SD or n (%).

(14 newly identified in our study, 10 known) across
1249 disease phenotypes. In total, we identified 232
statistically significant (P<1.7x107%) PheWAS associa-
tions across the 24 genetic variants. Thirteen of the
loci replicated known associations with atherosclerosis
in at least 1 arterial territory (peripheral, coronary, or
cerebral). We also found that several of the DNA se-
guence variants associated with a range of known risk
factors for AAA (Table IV in the Data Supplement). For
example, we found 7 PheWAS associations with hy-
perlipidemia and hypertriglyceridemia. These loci have
previously associated with either low-density lipopro-
tein cholesterol (LDLR, PCSK9, SORT1, LPA, APOE)"”
or triglycerides (APOA5, TRIB1)," both of which have
been causally implicated in AAA development.3' The
AAA risk allele for rs7255 near the lipid droplet-asso-
ciated hydrogenase (LDAH) gene was associated with
a decreased risk of hypercholesterolemia, suggesting
that a mechanism other than increased serum choles-
terol likely links the locus to aneurysmal degeneration.
In CHRNA3 (encoding cholinergic receptor nicotinic
a-3), rs55958997 demonstrated associations with
chronic obstructive pulmonary disease and ventilator
dependence. This DNA sequence variant is strongly
correlated (R?=0.83) with variants shown to predict
nicotine dependence and a reduced likelihood for cig-
arette smoking cessation®? and appears to confer AAA
risk entirely through its effect on smokers (Figure IV in
the Data Supplement).

We next sought to more broadly understand the re-
lationship of traditional AAA risk factors with disease at
the genome-wide level. Analysis of shared heritability
provides a mechanism to better understand the rela-
tionship of common variant risk across phenotypes.'33
Using linkage disequilibrium score regression,'® we ex-
amined the genetic correlation between AAA and 10
known risk factors for disease and aneurysm rupture
(Figure V in the Data Supplement). We found that 9
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of the 10 risk factor traits were significantly correlated
with AAA after Bonferroni correction (P<0.005), and
all risk factors showed a consistent direction of effects
between the epidemiologically posited association and
the genetic correlation. Current smoking and coronary
artery disease (a surrogate for atherosclerosis) demon-
strated the strongest positive correlation (Table V in the
Data Supplement). These results suggest a common ge-
netic architecture for AAA and its individual risk factors.

In observational studies, lipids, smoking, and hy-
pertension are modifiable, independent risk factors
for AAA. We have previously examined the causal
relationship between lipids and AAA,*' and here we
performed MR analyses for 3 smoking phenotypes—
smoking initiation, smoking heaviness, and smoking
cessation—with AAA development. Genetic instru-
ments of 84, 20, and 8 variants for the smoking initia-
tion, smoking heaviness, and smoking cessation expo-
sures, respectively, were derived from publicly available
GSCAN data?® (Table VI in the Data Supplement). Using
the inverse variance-weighted method, we observed
that a genetically increased risk of ever being a regular
smoker (OR 2.71 per 1 log-odds unit increase in risk of
smoking initiation [95% Cl, 1.83-4.01]; P=6.2x1077)
and a genetic increase in smoking heaviness (OR 2.53
per 1 U increase in daily smoking or =5 cigarettes/d
[95% ClI, 1.78-3.61]; P=3.3x1077) were both associ-
ated with increased risk of AAA (Figure 2A). Our ge-
netic instrument for likelihood of smoking cessation
was found to be protective (OR 0.21 per 1 log-odds
unit increase in likelihood of smoking cessation [95%
Cl, 0.05-0.89]; P=0.03), although this result did not
survive Bonferroni correction. Our results remained
robust to multiple sensitivity analyses, including the
weighted median?? and leave-one-out analyses, as well
as MR-PRESSO?* and MR-Egger? tests for evidence of
horizontal pleiotropy (Table VIl and Figures VI and VIl in
the Data Supplement).

We then examined the effects of 2 blood pressure
traits, SBP and DBP, with AAA through MR. We gener-
ated genetic instruments of 390 and 396 variants for
the SBP and DBP traits, respectively, from the combined
International Consortium for Blood Pressure and UK Bio-
bank discovery GWAS analysis?' (Table VIII in the Data
Supplement). We observed that a genetic 10 mmHg
increase in DBP was associated with an increased risk
of AAA (OR, 1.43 per 10 mmHg increase in DBP [95%
Cl, 1.24-1.66]; P=1.6x107°; Figure 2B). In sensitivity
analyses, the MR-PRESSO global test was significant for
evidence of horizontal pleiotropy for DBP; however, the
outlier-corrected results demonstrated nearly identical
findings (Table 1X and Figures VIII and IX in the Data
Supplement). We did not detect a significant associa-
tion between a genetic 10 mmHg increase in SBP and
AAA risk (OR, 1.06 per 10 mmHg increase in SBP [95%
Cl, 0.97-1.15]; P=0.2).
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Table 2. Risk Loci Associated With Abdominal Aortic Aneurysm in the MVP Genome-Wide Association Studies Discovery Analysis

Overall Overall Gene/
Chr:Pos rsid EA NEA EAF OR 95% ClI Overall P Annotation Locus#* Stage§
Known loci*
1:109818530 rs646776 T C 0.7796 1.15 1.11-1.2 6.45E-12 | downstream_gene_ CELSR2/ MVP only
variant SORT1
1:154419892 rs12730935 G A 0.6028 1.14 1.1-1.18 3.01E-14 intron_variant IL6R MVP only
1:214442481 rs12125521 T C 0.7115 1.10 1.06-1.14 1.13E-06 intergenic_variant (SMYD2) MVP only
9:124422403 rs7025486 A G 0.2571 1.12 1.08-1.16 5.75E-09 intron_variant DAB2IP MVP only
9:22093299 rs4007642 T A 0.4951 1.21 1.17-1.25 | 6.94E-29 intron_variant CDKN2B-AST | MVP only
12:57527283 rs11172113 T C 0.5981 1.10 1.06-1.14 5.99E-08 intron_variant LRPT MVP only
13:22871446 rs7994761 A G 0.7772 1.14 1.09-1.19 9.49E-10 intergenic_variant | (LINCO0540) MVP only
19:11191300 rs73015016 G A 0.8765 1.15 1.09-1.21 1.28E-07 | intergenic_variant (LDLR) MVP only
20:44608901 rs8124182 A G 0.1654 1.15 1.1-1.2 8.00E-10 upstream_gene_ | FTLPT/MMP9 | MVP only
variant
21:39819830 rs2836411 T @ 0.3345 1.10 1.06-1.14 | 8.05E-07 intron_variant ERG MVP only
Novel locit
2:20878820 rs7255 T C 0.4631 1.10 1.07-1.13 8.58E-13 non_coding_ AC012065.7/ 2a
transcript_exon_ LDAH
variant
4:88772535 rs10023907 T C 0.6659 1.09 1.06-1.12 1.90E-08 | downstream_gene_ MEPE 2a
variant
6:36648816 rs3176336 T A 0.4028 1.10 1.07-1.13 9.50E-11 intron_variant CDKNTA 2a
8:126495818 rs10808546 @ T 0.5646 1.10 1.07-1.13 1.05E-10 intron_variant RP11- 2a
136012.2
/TRIB1
10:91002804 rs1412445 T C 0.3392 1.10 1.07-1.13 1.46E-10 intron_variant LIPA 2a
11:116648917 rs964184 G C 0.1396 1.18 1.14-1.23 4.59E-19 3_prime_UTR_ ZNF259/ 2a
variant APOA5
11:130280667 rs4936098 0.6306 1.13 1.10-1.16 | 7.00E-16 intron_variant ADAMTS8 2a
16:84919525 rs35254673 G A 0.2545 1.09 1.06-1.13 3.11E-08 intron_variant CRISPLD2 2a
18:20193668 rs4401144 C 0.4831 1.11 1.08-1.14 3.63E-14 | regulatory_region_ (CTAGET) 2a
variant
19:45411941 rs429358 C T 0.1401 1.17 1.12-1.21 1.16E-15 missense_variant APOE 2a
1:55505647 rs11591147 G T 0.9839 1.58 1.38-1.82 | 6.43E-11 missense_variant PCSK9 2b
6:160985526 rs118039278 A G 0.0663 1.28 1.21-1.35 | 3.64E-18 intron_variant LPA 2b
15:78915872 rs55958997 A C 0.3679 1.12 1.09-1.16 | 9.06E-14 upstream_gene_ CHRNA3 2b
variant
20:62481351 rs73149487 G T 0.9572 1.26 1.16-1.36 | 8.33E-09 | intergenic_variant | (ABHD16B) 2b

Chr indicates chromosome; EA, effect allele; EAF, effect allele frequency; MVP, Million Veteran Program; NEA, non-effect allele; OR, odds ratio; Pos, position; and

rsid, RefSNP identification number.

*Qverall OR, 95% Cl, and P (2-sided) represent logistic regression statistics after MVP discovery analysis; n = 7642 cases and 172 172 controls.
tOverall OR, 95% Cl, and P (2-sided) represent logistic regression statistics after meta-analysis of MVP and replication studies (total n depends on replication

source; see Table Il in the Data Supplement).

$Genes for variants that are outside the transcript boundary of a protein-coding gene are shown with nearest candidate gene in parentheses (eg, [ABHD16B]).

§Refers to stage of analysis or replication for variant.

Next, we examined the strength of the relationship
between AAA and aneurysms in other vascular territo-
ries. In total, we identified 659 cerebral, 520 lower ex-
tremity, and 844 iliac aneurysm cases among MVP par-
ticipants of European ancestry. Whereas a significant
relationship was observed for AAA and all 3 aneurysm
types, we observed a stronger association among AAA
and iliac aneurysms (y? P<1x1073%) as well as AAA and
lower extremity aneurysms (x> P<1x1073%) than AAA

Circulation. 2020;142:1633-1646. DOI: 10.1161/CIRCULATIONAHA.120.047544

and cerebral aneurysms (x? P=6x107'?). A total of 66%
of patients with AAA were also noted to have an iliac
aneurysm, 44% a lower extremity aneurysm, and 9.7 %
a cerebral aneurysm (Table X in the Data Supplement).
We then extended our analysis to examine the underly-
ing genetics of these diseases. For each of the 24 lead
AAA risk variants, we tested their association with ce-
rebral, iliac artery, and lower extremity aneurysms. We
observed that 4 AAA risk variants demonstrated at least
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Phenotype MR Method Odds Ratio 95% ClI P
Smoking Initiation VW —— 2.71 [1.883; 4.01] 6.2e-07
Smoking Heaviness (Cigarettes/Day) IvWw —— 2.53 [1.78; 3.61] 3.3e-07
Smoking Cessation VW S S— 0.21 [0.05;0.89] 0.03
| T |
0 051 2 5
B
Phenotype MR Method Odds Ratio 95% CI P
Systolic Blood Pressure Ivw T 1.06 [0.97;1.15] 0.2
Diastolic Blood Pressure IVW — 1.43 [1.24;1.66] 1.6e-06
[ |
0 1 2

Figure 2. Smoking and blood pressure mendelian randomization (MR) analyses.

Logistic regression association results of the (A) smoking and (B) blood pressure genetic instruments with the abdominal aortic aneurysm (AAA) outcome in
2-sample MR analyses. The smoking initiation and cessation odds ratios correspond to the change in AAA risk per 1 U log-odds increase in likelihood of the ex-
posure, whereas the smoking heaviness odds ratio corresponds to the change in AAA risk per ~5 cigarettes/d increase in smoking. The systolic and diastolic blood
pressure odds ratios correspond to the change in AAA risk per 10-mmHg increase in the blood pressure trait. Two-sided values of P are displayed. IVW indicates

inverse variance-weighted.

nominal association (P<0.05) with cerebral aneurysms,
7 with lower extremity aneurysms, and 18 with iliac an-
eurysms (Figure 3 and Table XlIin the Data Supplement).
In a sensitivity analysis, we examined the association of
the AAA risk variants with isolated iliac, lower extrem-
ity, and cerebral aneurysms by excluding individuals
with a diagnosis of AAA from the analysis. We noted
a greater attenuation of association for the AAA risk
variants with iliac artery and lower extremity aneurysms
than for cerebral aneurysms, likely driven by the greater
overlap of AAA diagnosis for aneurysms of the iliac and
lower extremity vessels than in the cerebral territory
(Table XIl'in the Data Supplement).

We aimed to examine the contribution of polygenic
inheritance on AAA risk. We hypothesized that those
at the right tail of the normally distributed AAA PRS
(highest 5%) would identify a population at increased
risk of AAA who may be candidates for screening. We
generated 3 distinct AAA PRSs using a pruning and
thresholding method from European MVP release 2.1
AAA summary statistics (R?<0.0001 for each score, as-
sociation P<0.01, P<1x107%, or P<1x1075 Table Xl
in the Data Supplement). We first tested the associ-
ated AAA risk for each of the PRS,, , using ascertained
AAA case—control cohort data from the Mayo Clinic
Vascular Disease Biorepository** consisting of 1022
AAA cases and 7750 controls. Demographic and clini-
cal characteristics of this European ancestry cohort are
depicted in Table XIV in the Data Supplement. We ob-
served that the 29 variant score (R?<0.0001, P<1x1075;
score 1) performed best based on its effect estimate
and P value of association, with a 1-SD increase in
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PRS,,, associated with a 26% increased risk of AAA
(OR,,, 1.26 [95% Cl, 1.18-1.36]; P,,.=2.7x10"""; Fig-
ure 4A). Including family history of AAA or smoking
in the model only slightly attenuated the association
effect estimate for AAA (OR ¢ r1ioomoriner 1-24 [95% Cl,
1.14-1.35]; P, =1.27x10°5; Figure 4A).

We sought validation of our PRS findings using
AAA data from 3 additional population-based data-
sets: (1) prevalent AAA data from MVP release 3.0,
which comprised 1656 AAA cases and 44908 con-
trols of European ancestry and 718 AAA cases and
46380 controls of African ancestry that were entirely
independent from the individuals in the MVP discovery
GWAS; (2) a set of 195 AAA cases and 9348 controls
from the BioMe Biobank Program; and (3) a set of 396
AAA cases and 9835 controls from the Penn Medicine
Biobank (Table XV in the Data Supplement). We ob-
served that the 29-variant PRS,,, was associated with
AAA in all of the cohorts, though the effect estimate
was diminished most in individuals of African ances-
try (Figure 4B). In addition, among European individu-
als with high polygenic risk in each cohort (highest
5%), we noted an AAA prevalence of 5.9% (95% Cl,
5.1-6.7%) for all individuals and 8.6% (95% Cl, 7.3
9.8%) among men aged 50 or older (Table XVI in the
Data Supplement). The prevalence estimates observed
in individuals of European ancestry were greater than
those found in individuals of African ancestry (1.7%
among all individuals in the PRS top 5% and 2.5%
among men aged 50 or older). Prevalence results
stratified by PRS quintile are depicted in Table XVII in
the Data Supplement.

Circulation. 2020;142:1633-1646. DOI: 10.1161/CIRCULATIONAHA.120.047544
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Figure 3. Abdominal aortic aneurysm (AAA) risk loci with aneurysmal pleiotropy.

AAA risk loci with evidence of association with aneurysms in other vascular territories. Within our Million Veteran Program European cohort, we identified 659
patients with cerebral, 520 with lower extremity, and 844 with iliac aneurysm. We tested the 24 sentinel AAA risk variants for association with cerebral, lower
extremity, and iliac aneurysms using logistic regression after adjusting for age, sex, and principal components of ancestry. AAA risk loci are displayed based on their

pleiotropic aneurysmal association (P<0.05).

We then included 6 clinical AAA risk factors in the
association model to assess whether the PRS repre-
sented an orthogonal risk factor beyond what could be
used to predict AAA risk on clinical grounds alone. We
observed an attenuation in both effect estimate and as-
sociation P value but the results remained statistically
significant (Figure 4Q).

DISCUSSION

We identified 14 novel loci and examined the overlap
of AAA genetic variation with its risk factors at the
genome-wide level. We tested AAA lead risk variants
with risk of aneurysms in other vascular territories, and
through MR, we demonstrate that DBP, as opposed to

Circulation. 2020;142:1633—1646. DOI: 10.1161/CIRCULATIONAHA.120.047544

SBP, likely has a causal relationship with AAA develop-
ment. Last, we developed a genome-wide PRS for AAA
that identifies a subset of the population at greater risk
for AAA independent of known smoking and family
history risk factors.

These findings permit several conclusions. First,
our findings lend human genetic support to DBP, as
opposed to SBP, being of greater significance in the
pathogenesis of AAA. Observational epidemiologic
data from the CALIBER study (Cardiovascular Research
Using Linked Bespoke Studies and Electronic Health
Records) demonstrated that increased DBP was associ-
ated with incident AAA% and that unlike other athero-
sclerotic syndromes, elevated SBP was not predictive of
AAA risk. Our MR results support these findings and
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Model Cases Controls Odds Ratio 95% Cl P Value
29 Variant PRS 1,022 7,750 —_— 1.26 [1.18; 1.35] 2.73e-11
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B
Model Study Ancestry Cases Controls Odds Ratio 95% CI P Value
29 Variant PRS MVP European 1656 44908 * 1.37 [1.30; 1.44] 1.6e-34
29 Variant PRS BioMe European 194 9331 —_— 2.46 [1.46;4.14] 7e-04
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Model Study Ancestry Cases Controls Odds Ratio 95% Cl P Value
29 Variant PRS + 6 Clinical Risk Factors MVP European 1570 42736 1.34 [1.27;1.41] 4.9e-26
29 Variant PRS + 6 Clinical Risk Factors BioMe European 194 9331 1.58 [1.25;1.98] 1e-04
29 Variant PRS + 6 Clinical Risk Factors PMBB European 388 9835 1.16 [0.96;1.39] 0.12
29 Variant PRS + 6 Clinical Risk Factors MVP  African 694 44651 1.13 [1.04;1.22] 0.002
: ‘ 1.27 [1.22; 1.32] 4.9e-29
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Figure 4. Genome-wide polygenic risk score (PRS) for abdominal aortic aneurysm (AAA).
A, AAA odds ratios and 2-sided P values in an ascertained case-control cohort from the Mayo Clinic Vascular Disease Biorepository per 1 SD increase in PRS,,, for

AAA

3 separate PRSs. The addition of smoking or family history (FH) to the association model only slightly attenuated the effect estimate observed. Case/control counts
in the models including smoking and FH are reduced after accounting for missingness for these variables across the cohort. B, AAA odds ratios and 2-sided P
values in 4 different populations (Europeans in the Million Veteran Program [MVP], BioMe, and Penn Medicine Biobank [PMBB]; Africans in the MVP) per 1 SD in-

crease in PRS,, .

Results were combined in an inverse variance-weighted fixed effects meta-analysis. C, AAA odds ratios and 2-sided P values in 4 different popula-
tions (Europeans in the MVP, BioMe, and PMBB; Africans in the MVP) per 1 SD increase in PRS,,,

, accounting for 6 additional clinical risk factors in the association

model. Results were combined in an inverse variance-weighted fixed effects meta-analysis.

suggest a causal role for elevated DBP in aneurysm de-
velopment. Given that diastole represents ~2/3 of the
cardiac cycle, our results suggest that abdominal aor-
tic exposure to a hypertensive environment over a long
period of time may be more important than exposure
to brief, elevated peaks in blood pressure in promoting
aneurysmal degeneration. Whereas many of the same
causal pathways for atherosclerosis have been impli-
cated in AAA, including dyslipidemia and tobacco ex-
posure, a key difference appears to be that genetically
increased SBP—previously shown to predispose to an
increased risk for atherosclerosis**—is not as important
in the pathogenesis of AAA.

Second, our results highlight biological similari-
ties and differences among aneurysms of the aortic,
cerebral, lower extremity, and iliac systems. Previous
analyses demonstrated that cerebral aneurysms may
be observed in up to 10% of patients with AAA,
and estimates for lower extremity and iliac aneurysms
among those with AAA approach 14%3¢ and 40%,%*
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respectively. In our population-based genetic analysis,
we observed a much greater amount of disease overlap
between AAA and iliac or lower extremity aneurysms
than previously reported, with the shared genetic risk
associations reflecting this distribution. Our findings
support the concept that the biology underlying AAA,
iliac, and lower extremity aneurysms are likely closely
related, whereas cerebral aneurysms appear to be a
physiologic entity divergent in genetic origin. Whereas
the final common pathway of arterial wall degenera-
tion is common to all 4 diseases, these results suggest
that therapies targeting AAA are more likely to be effi-
cacious for preventing aneurysmal disease in the lower
extremity and iliac vascular beds.

Last, our data identify a role for polygenic risk pre-
diction in the targeting of asymptomatic individuals for
AAA screening. AAA remains underdiagnosed in the
general population. A 2013 report examining Medicare
data demonstrated that up to 40% of individuals with
AAA were diagnosed late in their disease course, and
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late diagnosis was associated with an increased likeli-
hood of rupture at the time of repair.#° The US Preventa-
tive Service Task Force recently released updated guide-
lines*! regarding the utility of screening asymptomatic
patients on the basis of pooled data from 4 randomized
control trials.* Across these studies, a net reduction
in aneurysm-related mortality and incidence of rupture
was observed by screening men >65 years of age, lead-
ing to the recommendation to screen individuals aged
65 to 75 with a history of smoking with a single visceral
ultrasound. This recommendation was based on the as-
sumption that 6% to 7% of individuals in this cohort
will have an identified AAA.% Here, through the use of
a 29-variant PRS,, ,, we identified a subset of the Euro-
pean ancestry population who had high genetic risk and
an AAA prevalence similar to (5.9% across the top 5%
PRS,,,) or greater than (8.6% among men over 50 in the
top 5% PRS,,,) that observed in screening trials inform-
ing current guidelines. Furthermore, a family history of
AAA, often touted as an equivalent means of assessing
genetic risk, only slightly attenuated the PRS association.
Results from our study suggest that PRSs represent an
orthogonal source of disease risk not captured by stan-
dard AAA risk factors, and testing individuals with a high
PRS,,, through a noninvasive abdominal duplex study
may increase the yield of AAA screening, particularly
once genotyping becomes standard of care in healthcare
systems and can be performed at nominal cost.

These results also underscore an important issue
with respect to applicability of polygenic scoring across
ancestry groups. To date, the overwhelming majority
of PRSs have been developed using summary statistics
from patients with European ancestry. Whereas the
29-variant score constructed here associated with AAA
in individuals with African ancestry, the attenuated ef-
fect estimate could limit its predictive accuracy. As the
field of genetics moves forward, it is critical that large-
scale association studies include individuals of diverse
genetic backgrounds to limit the potential for ethnic
disparities in precision medicine.

Our study should be interpreted within the context
of its limitations. First, our AAA phenotype is based on
EHR data and may result in misclassification of case
status. Such misclassification should, however, reduce
statistical power for discovery and on average bias re-
sults toward the null. Second, although those with the
highest PRS,,, are at increased risk for AAA, the PRS
mechanism of action represents a combination of many
causal risk factors, rather than a single pathway that
leads to disease. However, assessment of individual risk
can aid in identifying those at highest risk for AAA and
more likely to obtain benefit from screening, regardless
of mechanism. Third, the Veterans Health Administra-
tion healthcare system contains a much higher propor-
tion of men than the general population, and our ability
to detect female-specific associations was more limited.

Circulation. 2020;142:1633-1646. DOI: 10.1161/CIRCULATIONAHA.120.047544
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However, AAA is a disease process that overwhelmingly
affects men,? and our results should therefore still be
generalizable to patients with AAA.

We identified 14 novel genomic loci associated with
AAA risk, explored the phenotypic consequences of blood
pressure on AAA, identified AAA risk variants associated
with aneurysms in other vascular beds, and generated
a PRS for AAA that may improve the current screening
paradigm once genotyping costs are further reduced in
the future. Our data provide mechanistic insights into the
genetic architecture of AAA that can inform clinical care.
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