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A DABZ2IP genotype: sex interaction is associated
with abdominal aortic aneurysm expansion
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ABSTRACT

A faster expansion rate of abdominal aortic aneurysm
(AAA) increases the risk of rupture. Women are at
higher risk of rupture than men, but the mechanisms
underlying this increased risk are unknown. We
investigated whether genetic variants that influence
susceptibility for AAA (CDKN2A-2B, SORT1, DAB2IP,
LRP1 and LDLR) are associated with AAA expansion
and whether these associations differ by sex in 650
patients with AAA (mean age 70+8 years, 17%
women) enrolled in the Mayo Clinic Vascular Disease
Biorepository. Women had a mean aneurysm expansion
0.41 mm/year greater than men after adjustment

for baseline AAA size. In addition to baseline size,
mean arterial pressure (MAP), non-diabetic status,
SORT1-rs599839[G] and DAB2IP-rs7025486][A] were
associated with greater aneurysm expansion (all
p<0.05). The associations of MAP and rs599839(G]
were similar in both sexes, while the associations of
baseline size, pulse pressure (PP) and rs7025486[A]
were stronger in women than men (all p-_
necion S0.02). A three-way interaction of PP*sex*
rs7025486[A] was noted in a full-factorial analysis
(p=0.007) independent of baseline size and MAP. In
the high PP group (=median), women had a mean
growth rate 0.68 mm/year greater per [A] of rs7025486
than men (p- S —— =0.003), whereas there was

no difference in the low PP group (p-__ , .....;,=0-8)-
We demonstrate that variants DAB2/P-rs7025486[A]
and SORT1-rs599839[G] are associated with AAA
expansion. The association of rs7025486[A] is stronger
in women than men and amplified by high PP,
contributing to sex differences in aneurysm expansion.

INTRODUCTION
Rupture of abdominal aortic aneurysm (AAA)
is associated with a mortality as high as 80%.!
Larger AAA size, female sex and elevated blood
pressure (BP) increase the risk of rupture.” Base-
line AAA size is the most important determinant of
aneurysm expansion. Other reported risk factors
for expansion include higher mean arterial pres-
sure (MAP) or pulse pressure (PP), non-diabetic
status and smoking.” *° Aneurysm surveillance
to monitor expansion followed by elective AAA
repair remains the cornerstone of management.®’
AAA is a multifactorial disease with a
genetic component.® Several susceptibility
loci in pathways of lipid metabolism (SORT1,
LRP1 and LDLR) and cell survival/apoptosis

Significance of this study

What is already known about this subject?

» Faster abdominal aortic aneurysm (AAA)
expansion increases the risk of AAA rupture.

» There are sex differences in AAA
development and progression.

» Women have higher risk of aneurysm rupture
than men, but sex-specific risk factors for AAA
expansion that contributes to excessive risk of
AAA rupture in women are not known.

What are the new findings?

» DAB2IP- rs7025486[A] and SORT1-
rs599839[G] were both associated with
faster AAA expansion.

» The impact of DAB2IP- rs7025486[A] on AAA
expansion was stronger in women than men.

» The sex difference in the association of DAB2IP
with AAA expansion was amplified by pulse
pressure (PP).

How might these results change the focus

of research or clinical practice?

» Identification of genetic variants in
addition to conventional risk factors
for aneurysm expansion may lead to
individualized management in both men
and women.

» DAB2IP- rs7025486[A] and SORT1-
rs599839[G] were associated with
aneurysm expansion independent
of baseline AAA size, suggesting the
potential utility of genotyping these
variants after AAA detection to optimize
surveillance programs to prevent rupture.

» The stronger association of DAB2IP-
rs7025486[A] with aneurysm expansion
in women than men suggests the utility
of further risk stratification by this single
nucleotide polymorphism in women.

» The stronger association of DAB2IP-
rs7025486[A] with aneurysm expansion in
women than men is amplified by higher PP
in women, suggesting arterial de-stiffening
may have favorable impact in women to
limit aneurysm expansion.

(CDKN2A-2B, DAB2IP) have been reported
to be associated with AAA.”""> Whether these
variants are also associated with aneurysm
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expansion is unclear. Women have fourfold higher risk of
rupture than men and rupture is more likely to occur at
a smaller diameter.” * Whether risk factors for aneurysm
expansion affect women and men differently is not known.
Such knowledge will aid in understanding of sex differences
in aneurysm progression and help develop therapies to slow
aneurysm expansion.

To this purpose, we studied 650 patients with =2 measures
of AAA size at least 3 months apart, who had undergone
high-density genotyping. We searched the National Human
Genome Research Institute-European Bioinformatics Insti-
tute Genome-Wide Association Studies (GWAS) catalog and
PubMed for genetic susceptibility loci for AAA at a genome-
wide level significant (p<5x10-%). We aimed to assess: (1)
whether variants in known susceptibility genes for AAA are
associated with aneurysm expansion; and (2) whether these
associations differ by sex.

METHODS

Study cohort

All subjects were from the Mayo Vascular Disease Biorepos-
itory, an electronic health records (EHR)-linked bioreposi-
tory of plasma and DNA of patients referred for non-inva-
sive vascular evaluation." ' The aim of this biorepository
is to identify novel biomarkers, including genetic suscep-
tibility variants for common vascular diseases, such as
AAA, peripheral artery disease and carotid artery stenosis,
as well as less common vascular diseases such as fibromus-
cular dysplasia. The biorepository was initiated in 2006 and
through August 2014, 11814 adults had been recruited.
High-density genotyping data are available in ~9300 (77
%) subjects. Demographic information, conventional risk
factors and comorbidities were ascertained by algorithms
based on the International Classification of Diseases, Ninth
Revision, Clinical Modification (ICD-9-CM) diagnosis
codes, procedure codes, medications and laboratory data
from EHR. These algorithms have been previously vali-
dated in the Electronic Medical Records and Genomics
network. 17 All subjects gave informed consent. The study
protocol was approved by the Institutional Review Board of
the Mayo Clinic.

Ascertainment of AAA and aneurysm expansion

Through August 30, 2015, 1124 patients with AAA were
identified from the Vascular Disease Biorepository. AAA was
defined as an infrarenal abdominal aortic diameter =3 cm
on an imaging study (ultrasound, CT, MRI or angiography
reports) or a history of open or endovascular AAA repair.
Based on previous reports that >85% of adults with ectasia
of abdominal aorta will progress to a size =3 cm'® and that
infrarenal aortic diameter =2.5cm was associated with
significantly increased risk of cardiovascular events and
mortality compared with those with a diameter <2.5cm,"
we included an aortic size =2.5 cm as the baseline measure
if the subsequent measure of abdominal aorta exceeded
3cm. We identified 651 (58%) patients with =2 measures
of AAA size =3 months apart. Aneurysm expansion was
estimated as (most recent/prerepair minus first diameter)/
interval (mm/year, follow-up until January 24, 2016). We
excluded one patient with missing BP measures, leaving 650
patients for the analyses.

Genotyping

Genomic DNA was extracted from whole blood samples
drawn at recruitment. Genotyping was performed in
the Mayo Clinic Genotyping Core laboratory according
to standard protocols using Illumina Infimum Human
core Exome Array and Illumina Human 610 and 660W
Quad-v1. Sample call rates were all >95%. Out of five loci
associated with AAA at genome-wide association signifi-
cance (p<107%) (see online supplementary table 1), four
had been genotyped and one single nucleotide polymor-
phism (SNP: SORT1-rs599839) was imputed based on
the cosmopolitan 1000 Genomes Project reference panel
using SHAPEIT2 for phasing?® and IMPUTE2 software for
imputation.?! The IMPUTE2 information score for this
SNP was 0.94. All SNPs were in Hardy-Weinberg equilib-
rium (all p>0.05). Risk allele frequencies in our study and
those in previous GWAS are listed in online supplemen-
tary table 1.

Ascertainment of cardiovascular risk factors and
atherosclerotic cardiovascular disease

Demographic information was abstracted from the EHR
as structured data and conventional cardiovascular risk
factors (hypertension, diabetes and dyslipidemia) and
ASCVD were ascertained by algorithms validated previ-
ously.'” Smoking status was ascertained from the study
questionnaire. ASCVD was defined as a history of having
any of coronary heart disease, stroke, carotid artery
stenosis or peripheral arterial disease. Systolic BP (SBP)
and diastolic BP (DBP) measures closest to the baseline
and most recent or prerepair measure of AAA size were
manually abstracted from the EHR.

Statistical methods
Comparisons between women and men were performed by
t-test for continuous variables and %2 test for dichotomous
variables. Linear regression analysis was used to assess: (1)
univariate associations of conventional risk factors and
genetic susceptibility variants with aneurysm expansion and
(2) whether these associations differ by sex after including
an interaction term of sex with each candidate risk factor.
Additive models of genetic variants were assumed in
the analysis. Candidate risk factors for AAA expansion
included: age, sex, body mass index, baseline aneurysm
size, hypertension, diabetes, dyslipidemia, current-smoking
status, ASCVD and the five genetic susceptibility variants.
Given the effect of PP and MAP on aneurysm expansion
and rupture,”* we included PP and MAP (2/3 DBP+1/3 PP)
as risk factors for aneurysm expansion (the average of base-
line and most recent or prerepair BP variables and baseline
BP variables were both used in separate models). Stepwise
regression analyses with backward elimination were used
to identify variables significantly associated with aneurysm
expansion, using the criteria p<0.1to enter and p<0.05 to
retain in the model, starting with all candidate variables and
interaction terms with sex if it was statistically significant
(p<0.05) in the univariate analysis. Multivariable regres-
sion models were built to assess associations of variables
identified from stepwise approach with aneurysm expan-
sion. Additional analyses were performed to assess impact
of BP control over time with aneurysm expansion.
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Table 1 Patient characteristics stratified by sex

Women (n=113) Men (n=537)
Age, years 70+8 70+9
BMI, kg/m? 28.4+5.5* 29.3+4.6
Hypertension, % 89 84
Diabetes, % 18* 27
Current smoking, % 39 42
Dyslipidemia, % 91 92
ASCVD, % 87 90
PP, mm Hg 64+15* 60+13
MAP, mm Hg 92+11 92+10
Baseline AAA size, mm 35.5+7.2* 37.2+7.7
Time interval between two imaging 5.0+3.2 5.5+3.7
studies, year
AAA expansion, mm/yeart 2.9(0.23)* 2.6 (0.10)

(adjusted for baseline size)

*p<0.05 for comparisons between women and men by t-test or %2 test.
tAAA expansion from linear regression model, expressed as least square
mean (SE). PP and MAP: average of BP variables measured at baseline size
and most recent or prerepair size.

AAA, abdominal aortic aneurysm; ASCVD, atherosclerotic cardiovascular
disease; BMI, body mass index; MAP, mean arterial pressure; PP, pulse
pressure.

RESULTS

Patient characteristics are shown in table 1. The majority
(98%) of subjects were whites (by self-report). Age and
prevalence of hypertension, smoking, dyslipidemia and
ASCVD were similar in men and women, whereas the
prevalence of diabetes was higher in men. Mean PP was
higher in women than men, while mean MAP was similar.
The mean time interval between two imaging studies was
5.42 (0.14) years and was similar in women and men.
The mean growth rate was 2.44 (0.1) mm/year. Women
had faster aneurysm expansion than men after adjust-
ment for the baseline aneurysm size. Diabetics had slower

expansion than non-diabetics (mean=*SE: 2.02+0.15 vs
2.58+0.13 mm/year, p=0.01); the mean growth rate was
1.18 mm/year greater for 1cm increase in baseline size and
0.4 mm/year greater per 10 mm Hg increase in MAP (both
p<0.001). None of the other conventional risk factors were
associated with aneurysm expansion.

Of five genetic susceptibility variants for AAA (table 2),
DAB2IP-rs7025486[A] and SORT1-rs599839[G] were
associated with aneurysm expansion: the mean aneu-
rysm expansion was 0.5 mm/year greater per A allele of
DAB2IP-rs7025486 and 0.44 mm/year greater per G allele
of SORT1-rs599839 (both p<0.01). After adjustment for
multiple testing (for five SNPs), the associations of DAB2IP-
rs7025486[A] and SORT1-rs599839[G] remained signifi-
cant (p<0.001and p=0.025, respectively).

The association of SORT1-rs599839[G] was similar in
women and men. Associations of age, baseline aneurysm
size, PP and DAB2IP-rs7025486[A] with aneurysm expan-
sion were different in women and men: older age, higher
PP and greater baseline aneurysm size were more strongly
associated with faster aneurysm expansion in women than
men (table 2). Women had a mean growth rate 0.47 mm/
year greater than men per A allele of DAB2IP-rs7025486
(p=0.02). In other words, compared with a man homozy-
gous for ‘A at DAB2IP-rs7025486, the mean growth rate
was 0.94mm /year faster in a woman homozygous for ‘A
at this locus.

Multivariable stepwise regression analysis identified base-
line aneurysm size, MAP, PP, PP*sex, DAB2IP-rs7025486[A],
DAB2IP-rs7025486[A]*sex and SORT1 to be independently
associated with aneurysm expansion (table 3): the associa-
tion of DAB2IP-rs7025486[A] (per risk allele) with aneu-
rysm expansion was stronger in women than men; higher PP
was associated with greater aneurysm expansion in women
only. The mean growth rate was 0.44 mm/year greater in
women than men, per A allele of DAB2IP-rs7025486, and
0.30 mm/year greater in women than men for each 10 mm

Table 2 Sex modification of associations of variables with AAA expansion (mm/year)

B (SE) p Value B (SE) for interaction term with male sex p for interaction term with male sex

Age, years 0.02 (0.02) 0.3 -0.04 (0.02) 0.01
BMI, kg/m? —0.01 (0.03) 0.7 —0.02 (0.03) 0.3
Current-smoking —-0.15 (0.14) 0.3 0.15 (0.14) 0.3
Hypertension -0.07 (0.22) 0.7 -0.08 (0.22) 0.7
Diabetes —-0.33(0.17) 0.05 0.07 (0.17) 0.7
Dyslipidemia —-0.03 (0.25) 1.0 -0.27 (0.23) 0.3
ASCVD —-0.16 (0.21) 0.4 —0.11 (0.20) 0.6
PP, mm Hg 0.01 (0.01) 0.5 —-0.03 (0.01) <0.001
MAP, mm Hg 0.06 (0.01) <0.001 —0.02 (0.01) 0.08
Baseline AAA size, cm 1.47(0.17) <0.001 —-0.40 (0.17) 0.02
DAB2IP-rs702586[A] 0.85 (0.21) <0.001* -0.47 (0.21) 0.02
SORT1-rs599839(G] 0.63 (0.22) 0.005* —0.69 (0.46) 0.1
CDKN2A-2B-1s2383207G] 0.41 (0.20) 0.04* -0.22 (0.43) 0.3
LRP1-rs1466535[C] —-0.16 (0.21) 0.5% —-0.16 (0.21) 0.4
LDLR-rs6511720[A] -0.06 (0.30) 0.8* -0.38 (0.30) 0.2

*p Values for five SNPs were not adjusted for multiple testing. After adjustment for multiple testing, only associations of DAB2IP-rs7025486 [A] and SORT1-

rs599839 [G] remained significant.

tRegression coefficient, SE, B of genetic susceptibility variants per risk allele, PP and MAP (average of BP variables measured at baseline size and most recent or

prerepair size).

AAA, abdominal aortic aneurysm; ASCVD, atherosclerotic cardiovascular disease; BMI, body mass index; MAP, mean arterial pressure; PP, pulse pressure.
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Table 3 Multivariable regression model of abdominal aortic
aneurysm expansion (mm/year) after stepwise selection

Total (adjusted R2=0.21)

Regression g (SE)  p Value

Baseline size, cm 1.13(0.12) <0.001
Male sex 1.69 (0.53) 0.001
PP, mm Hg -0.01 (0.01) 0.1
PP*male sex —-0.03 (0.01) 0.001
MAP, mm Hg 0.06 (0.01) <0.001
DAB2IP-rs7025486 (per A allele) 0.74 (0.19) <0.001
DAB2IP-rs7025486*male sex -0.44 (0.19) 0.02
SORT1-rs599839 (per G allele) 0.34 (0.16) 0.03

PP and MAP: average of blood pressure variables measured at baseline size
and most recent or prerepair size.
MAP, mean arterial pressure; PP, pulse pressure.

Hg increase in PP, after adjustment for MAP, baseline size
and SORT1. Given that sex modified the associations of PP
and DAB2IP-rs7025486[A] with aneurysm expansion in the
same model, we assessed whether PP modified the associa-
tion of sex*DAB2IP-rs7025486[A] with aneurysm expan-
sion by including a three-way interaction term of PP*sex*
DAB2IP-rs7025486[A]. The interaction was significantly
associated with greater aneurysm expansion independent
of MAP and baseline size (regression coefficient B=0.034,
p=0.007, see online supplementary table 2). Women had
a mean growth rate 0.68 mm/year greater than men per A
allele of rs7025486 in high PP (=median) group, but not in
low PP group (figure 1).

In additional analyses, we found that SBP, DBP and MAP,
but not PP, decreased over time (see online supplemen-
tary figure 1). Change in BP did not modify the associa-
tion of DAB2IP with aneurysm expansion. When baseline
PP and MAP were used in the analysis, results were similar
(see online supplementary table 3).

PP <60 mmHg
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DISCUSSION

In this study of 650 patients with AAA and with =2 measures
of AAA size, we confirmed the associations of baseline AAA
size, BP measures and non-diabetic status with aneurysm
expansion. In addition, we report for the first time that: a)
DAB2IP-rs7025486[A] and SORT1-rs599839[G] are associ-
ated with AAA expansion and b) there are sex differences in
the association of DAB2IP-rs7025486[A] with AAA expan-
sion: the association is stronger in women than men and
amplified by higher PP in women.

Prior studies of the genetic basis of AAA expansion
included the UK Small Aneurysm Trial,'® which assessed
whether rs10757278[G] at the 9p21 locus was associated
with aneurysm expansion in 400 patients with aneurysm
diameter 4.5 to 5.5 cm at baseline. The study did not find
this locus to be associated with aneurysm growth rate or
aneurysm rupture (n=24). In a study of 168 controls and
141 cases of AAA that investigated associations of candi-
date genes (LRP1, MMP-9, IL-10, AT1R, and MTHFR) with
aneurysm expansion,”> borderline significant associations
of MMP-9 and LRP1 were noted (p=0.046and p=0.048,
respectively). To the best of our knowledge, our study is
the first to report associations of variants in SORT1 and
DAB2IP with aneurysm expansion and sex-specific genetic
susceptibility which is additionally modified by PP.

SORT1, located at 1p13 locus, encodes protein sortilin,
a membrane protein typically localized to vesicles in
the Golgi body, and a sorting molecule that in conjunction
with the Golgi network transports lipoproteins and regu-
lates lipoprotein degradation.” In animal studies, macro-
phage SORT1 was associated with the degree of athero-
sclerosis?*2¢; while in humans, overexpression of SORT1
decreased LDL cholesterol.?”?* Recent GWAS have identified
multiple genetic variants associated with total/LDL choles-
terol?*=? and ASCVD?**** in a non-coding region near gene-
33033735 close to SORT1T or in a non-coding region?’ 3! 3? that
can bind to the enhancer to disrupt sortilin transcription.

PP 260 mmHg

P sex interaction = 0.003

Mean difference per A

| 0.06 mm/year
allele in men vs. women

Figure 1

Men Women Men

Women

-0.68 mm/year

Mean difference in aneurysm expansion rate between women and men for each A allele of rs7025486 of DAB2IP stratified by

the median of pulse pressure (PP) of the cohort. Differences in aneurysm expansion rates adjusted for sex, baseline AAA size and MAP.
Differences adjusted for baseline size, sex and MAP; p for sex interaction with DAB2/P-rs7025486[A]. The association of sex interaction was
significant in high-PP group only, suggesting a faster growth rate in women than men in this group.
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SORT1-rs599839[G] has been shown to be associated with
coronary heart disease/stroke* and LDL-C levels.’® 3" The
association of this genetic variant with AAA expansion and
lack of an association of dyslipidemia in our study (regres-
sion coefficient=SE: —0.19+0.18, p=0.3) suggest that the
association may be independent of lipid levels.

DAB2IP encodes DAB interacting protein, also known
as apoptosis signal-regulating kinase 1-interacting protein,
or AIP1 (anti-inflammatory protein 1), has 14 exons, and
is located at 9933.1-9¢33.3. The protein is a GTPase-acti-
vating protein that regulates cell cycle checkpoint,*® medi-
ates tumor necrosis factor (TNF)-induced cell apoptosis,*
inhibits JAK-STAT-pathway-dependent vascular smooth
cell proliferation* and vascular endothelial growth factor
receptor signaling pathway-dependent endothelial cell
migration and angiogenesis.*! These pathways are associ-
ated with extracellular matrix remodeling and inflamma-
tion, and therefore could influence aneurysm expansion.

Genetic susceptibility variants in DAB2IP are associ-
ated with prostate cancer*” and ASCVD.!?* In particular,
rs7025486[A] is associated with coronary heart disease,'>**
peripheral artery disease and AAA."” In contrast to SORT1,
LRP1 or LDLR, DAP2IP is not associated with any conven-
tional risk factor, such as hypertension, diabetes or lipids,
suggesting that it contributes to aneurysm formation and
progression independent of conventional risk factors.
Animal studies suggest that estrogen may have protective
effect on the integrity of aortic wall through antiapoptotic,*
anti-inflammatory effects, inhibition of extracellular matrix
remodeling,* “° promoting cell growth by altering estrogen
receptor-DAB2IP pathway.*” The sex difference in the effect
of this variant on aneurysm expansion may be due to lack of
protective effect of estrogen in postmenopausal women.**

An interesting finding is the stronger association of
DAB2IP-rs7025486[A] with aneurysm expansion in women
in the setting of elevated PP. Higher PP increases shear stress
and aortic wall stress, thereby increasing risk for aneurysm
expansion,* likely mediated through nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kf) and mito-
gen-activated protein kinase (MAPK) pathways’’—pathways
that underlie cell survival/apoptosis and are regulated by
DAB2IP’" Previous studies found significant apoptosis in
the stiffened aortic segment located within AAA*? and a
greater impact of activation of MAPK pathway on aneu-
rysm expansion in hypertensive female versus male mice.*
Aortic wall tension’* and rupture rates of AAA? are greater
in women than men. PP, a determinant of aortic wall tension
that correlates with aneurysm expansion® and rupture,? ° is
higher in women than men.* °° Qur results suggest that
wider PP increases the genetic susceptibility to aneurysm
expansion in women and may contribute to the increased
risk for rupture.

Several limitations need mention. The majority of
subjects (98%) were whites referred to a tertiary medical
center. We were unable to perform analyses stratified by the
ethnicity since only 10 patients did not self-report as white.
Not all patients had follow-up visits in the Mayo Clinic. We
compared the characteristics of patients with AAA included
in this analysis versus those not included (n=473). Patients
included in the current analysis were older, more likely to
have hypertension and dyslipidemia than those not included.
Prevalence of men, ASCVD, diabetes, smoking history and

family history and numbers of risk alleles were similar (anal-
yses not shown). We did not find current smoking to be
associated with aneurysm expansion in contrast to what was
reported in clinical trials.” This may be because the time
frame we used to ascertain smoking status was based on
the recruitment date and the dates of first and most recent
measures of AAA size were not in this time window. We
used measures of AAA size assessed by different imaging
modalities given that in the clinical setting, smaller AAA
were often followed by ultrasound and not until the size
reached certain threshold would the CT be performed. The
use of two measures, latest and baseline, to calculate growth
rate may simplify the complex trajectory of AAA expansion.
However, the average growth rate in our cohort was similar
to previous reports. Our results could be considered as
preliminary and hypothesis generating until replication in
additional cohorts.

In conclusion, in 650 patients with AAA (113 women), in
addition to baseline AAA size, BP measures and diabetic status,
we found two genetic susceptibility variants for AAA to be
associated with aneurysm expansion: DAB2IP-rs7025486[A]
and SORT1-rs599839[G]. The association of rs599839[G]
is similar in women and men, while the association of
rs7025486[A] is stronger in women than men and amplified
by higher PP, suggesting that sex modifies genetic susceptibility
to aneurysm expansion and this effect is enhanced in women
with higher PP . Further study is needed to assess the clin-
ical implication of incorporating genetic variants into clinical
variables to construct sex-specific predictive models of AAA
expansion.
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