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ABSTRACT

INTRODUCTION An individual’s genetic background plays a significant role in his or her chances of developing an abdominal
aortic aneurysm (AAA). This risk is likely to be due to a combination of multiple small effect genetic factors acting together,
resulting in considerable difficulty in the identification of these factors.
METHODS Methods for the identification of genetic factors associated with disease are usually based on the analysis of genetic
variants in case-control studies. Over the last decade, owing to advances in bioinformatics and laboratory technology, these
studies have progressed from focusing on the examination of a single genetic variant in each study to the examination of many
millions of variants in a single experiment. We have conducted a series of such experiments using these methods.
RESULTS Our original methods using candidate gene approaches led to the initial identification of a genetic variant in the
interleukin-10 gene associated with AAA. However, further studies failed to confirm this association and highlighted the neces-
sity for adequately powered studies to be conducted, as well as the need for confirmatory studies to be performed, prior to the
acceptance of a variant as a risk for disease. The subsequent application of genomic techniques to our sample set, in a global
collaboration, has led to the identification of three robustly verified risk loci for AAA in the LRP1, LDLR and SORT1 genes.
CONCLUSIONS Genomic studies of AAA have led to the identification of new pathways involved in the pathogenesis of AAA.
The exploration of these pathways has the potential to unlock new avenues for therapeutic intervention to prevent the develop-
ment and progression of AAA.
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Abdominal aortic aneurysm (AAA) is a chronic disease,
predominantly affecting men over the age of 65 years. In
the UK, AAAs are responsible for over 4,500 deaths per
annum and over 8,500 surgical AAA repairs are carried out
every year.1 The total economic cost of AAA rupture and
surgery to prevent rupture is around £140 million per
year.2 There has been a decline in AAA related deaths over
the last decade in the UK and some other countries but
this phenomenon is not global, and in some countries the
prevalence of disease is increasing.3 In addition, in several
countries such as the UK, community screening for AAA
has been introduced and the burden of disease is likely to
increase in the short to medium term.

The principal risk associated with an AAA is rupture, an
event that is usually fatal. The risk of rupture is related to
aneurysm size. Evidence from randomised trials has dem-
onstrated that a strategy of surveillance for patients with
AAAs under 55mm is safe and surgery is usually reserved
for those patients with AAAs larger than this threshold.
The majority of AAAs diagnosed are small (<55mm), partic-
ularly in community screening programmes such as the
National Health Service AAA Screening Programme. How-
ever, these small AAAs usually grow over time until they
reach a point where surgery is required to prevent

rupture.2 This growth occurs over many years, providing a
window of opportunity to intervene to prevent AAA growth
but, to date, no therapeutic strategies or pharmacothera-
peutics have been discovered that can retard AAA growth.
Trials of beta-blockers, statins, antibiotics, anti-inflamma-
tory agents and antihypertensives have all been performed
with no benefit shown.4–8

Established risk factors for AAA are smoking, male sex
and a family history of disease. Interestingly, diabetes, a
risk factor for all other cardiovascular diseases, is actually
protective against AAA and those patients with AAA who
have diabetes exhibit reduced AAA growth rates.2 Owing to
the difficulties in modifying these risk factors, there are
limited opportunities to develop strategies to prevent AAA
or retard AAA growth over and above routine public health
measures such as smoking cessation campaigns and sec-
ondary cardiovascular risk prevention. Nevertheless, fami-
lial clustering of disease suggests a genetic contribution to
the development of disease.

The discovery of the genetic traits underlying the patho-
genesis of AAA may permit insights to be made into the
pathways and mechanisms of disease, and as a conse-
quence, new strategies to treat AAA can be developed. This
article describes the author’s personal contribution to the
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progress made in the last decade in unravelling the genetic
factors underlying AAA. The aim was not to perform a sys-
tematic review of the genetic aetiology of AAA as this has
been addressed recently by other authors.

AAA is a genetic disease

In order to identify the genetic traits underlying a disease,
it is important to determine that a disease is truly genetic
in origin. Familial clustering of cases of AAA was first
noted by Clifton in 1977.9 Following on from this work,
multiple authors attempted to determine the mode of
inheritance of AAA and identify the ‘aneurysm gene’ but no
single causal genetic variant has been identified, and, fur-
thermore, the pattern of disease inheritance does not
appear to be a classical Mendelian mode of inheritance.10

What has been established is that there is a significant
genetic component in the aetiology of disease. The meas-
urement used to quantify the contribution of an individual’s
genetic makeup to the chance of that individual developing
a disease is ‘heritability’. This is strictly defined as the pro-
portion of an individual’s disease phenotype that is a result
of their genotype.

This can be assessed by examining the presence and
absence of disease in extended families, and two early esti-
mates found consistent estimates of 70% and 72%.11,12 A
more powerful method to estimate heritability is through
the analysis of disease in twins and it is remarkable that
when such a study was performed approximately 20 years
after the initial estimates by Powell and Greenhalgh11 and
Majumder et al,12 the estimate of heritability found was
71%,13 adding further weight to the initial findings. How-
ever, all of the above studies identified evidence that AAA
is not a disease due to a single genetic defect in the major-
ity of cases. Instead, the genetic component is a result of
multiple genetic variants.

Methods

Genetic association studies

There are multiple techniques used in studies of genetic
association. Family-based approaches (where entire family
pedigrees are assessed for the presence of a disease and
this is compared with genetic variants) are powerful but
difficult in the case of AAA since AAAs do not become evi-
dent until older age so collecting multigenerational pedi-
grees is difficult.

Analysis of sibling pairs is a strategy that avoids this
problem but has no advantage in terms of statistical power
over unrelated case-controlled approaches so the latter are
usually preferred by investigators for logistical purposes.
These case-controlled studies form the majority of studies
in the field of AAA. The underlying principle for such stud-
ies is to ascertain whether each individual is a case or a
control (phenotyping), to assess each individual for the
presence or absence of the genetic variant of interest (gen-
otyping) and to then statistically compare the distribution
of genotypes in the cases and in the controls. Differences
in the distribution of genotypes between the cases and con-
trols can be expressed as an odds ratio (OR) and a p-value.

Candidate gene approaches to AAA

The genetic predisposition to AAA has led to multiple
groups examining variants in candidate genes of interest
using classical hypothesis testing approaches. In these
studies, a known genetic variant in or around a gene of
interest is tested for association with disease. An example
of this (and the potential for misinterpretation of small
scale studies) is the examination of a genetic variant in the
interleukin-10 (IL10) gene. IL-10 is a potent anti-inflam-
matory cytokine and genetic variants in the IL10 promoter
region have been shown to affect cellular IL-10 production.
Owing to the heavy inflammatory infiltrate seen in the
aneurysmal aortic wall, it can be hypothesised that reduced
IL-10 production may predispose an individual to AAA. In
2003 we analysed one such functional variant in the IL10
promoter region and identified that this was associated
with AAA with an OR of 1.8.14 However, this analysis was
based on a case-controlled study with only 100 individuals
in each group. When this finding was taken forward and
tested, the IL10 variant for association with AAA in a
larger, independent study (389 AAA cases, 404 controls),
adjusted for demographic covariates, no association was
found.15

This scenario of positive identification of a variant in a
small pilot study followed by failure to replicate the
observed association in a larger study has been a consis-
tent theme for hypothesis driven research studies focusing
on a single gene or small number of genes. Candidate
gene approaches have reported on nearly 100 different
genes16 without identifying any associations convincingly
worthy of extended study. This is likely to be due to the
fact that candidate genes for analysis are chosen on the
basis of our current knowledge of the pathobiology of AAA.
The pathways and genes analysed are already implicated
in AAA and so new genetic associations identified in these
studies do not add to our knowledge to any significant
extent.

An alternative approach to selecting candidate genes for
analysis in genetic studies of AAA is to select targets for
analysis based on risk loci for diseases that share the similar
risks as AAA. The prime candidate diseases for shared path-
ways with AAA are hyperlipidaemias and atherosclerosis.
Both choices raise issues since the evidence for the role of
lipids in aneurysmogenesis is inconsistent and diabetes,
while an important risk factor for atherosclerosis, is protec-
tive against AAA. Nevertheless, there is some evidence from
such studies and some interesting observations.

We have conducted two studies examining risk loci for
coronary artery disease in patients with AAA. In the first,
we examined a risk locus for coronary artery disease on
chromosome 9 (9p21), and demonstrated an association
between this risk locus and AAA.17 In the second study,
because of the sexual dimorphism exhibited by AAA, we
examined Y-chromosome haplogroups associated with cor-
onary artery disease. In white European males, haplogroup
I is associated with an increased risk of coronary artery
disease. When we examined Y-chromosome haplogroups
in men with AAA, no association was found between hap-
logroup I and AAA, suggesting a difference in the genetic
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aetiology between coronary artery disease and AAA
(unpublished data, courtesy of Dr LDS Bloomer, Postdoc-
toral Fellow at the University of Toronto). Taken together,
these two studies suggest that there is some shared genetic
risk between AAA and atherosclerosis but also some dis-
tinction between the two diseases.

Genomics

The emergence of new laboratory techniques, analytical
technologies and knowledge at the start of this century
enabled a total shift in the study of genetic diseases. Over a
short period of time, the limitations of only being able to
study a single gene (genetics) were overcome and it
became possible to study the entire genome (genomics) in
a single experiment.

The knowledge that enabled this transition was the
mapping of common variation in the human genome in
the International HapMap Project. By sequencing the entire
genomes of a series of individuals, common (present in
over 1% of individuals) variants in the genome were cata-
logued. In the majority, these variants were single nucleo-
tide polymorphisms (SNPs – pronounced ‘snips’) (Fig 1). A
SNP is a genetic variant where a single nucleotide is sub-
stituted for another. The vast majority of these SNPs are
non-functional (ie they have no effect on the structure or
function of known gene products). However, SNPs are
fairly frequent in the human genome, occurring every 100
to 300 base pairs with nearly 10 million having now been
catalogued. Since SNPs are inherited, they can be used as
markers of an individual’s genetic variation.

The early mapping of SNPs occurred concurrently with
advances in silicon chip-based laboratory genotyping assays
that permitted many thousands of SNPs to be genotyped in
an individual at one time, using low sample volumes and at
relatively low cost. Combined with advancing computer
power and storage solutions, these factors enabled the con-
duct of studies assessing a large proportion of common var-
iation across the entire human genome for association with

disease. This approach is termed a genome-wide association
study (GWAS), and significant novel findings have been
made in the understanding of the genetic aetiology of com-
mon diseases such as coronary artery disease, inflammatory
bowel disease and diabetes.

Methodological aspects of genomic studies

The promise of GWAS is not without significant practical
considerations to be overcome. Diseases that are chosen
for GWAS are those, like AAA, where the genetic aetiology
is multifactorial and where single gene defects have not
usually been identified. This implies that the variants asso-
ciated with disease are likely to be multiple and each will
have a very modest effect on the risk of disease. Conduct-
ing a GWAS is essentially performing many hundreds of
thousands of individual hypothesis tests (one for each SNP
analysed) for association with the disease under study.
Modern bioinformatic techniques permit the addition of
computationally determined SNP genotypes to a set of SNP
genotypes determined by direct laboratory testing (imputa-
tion), and modern GWASs usually analyse well in excess of
1 million SNPs and commonly up to 4 million.

Performing 1 million hypothesis tests based on a p-value
threshold of 0.05 would result in 50,000 significant results
to follow up, which is neither of practical use nor realistic,
and many of these ‘significant’ findings will be false posi-
tives. The application of a simple Bonferroni correction for
1 million tests to a p-value threshold of 0.05 results in only
p-values of <5 x 10-8 being considered statistically signifi-
cant and it is this threshold that is usually considered to
indicate ‘genome-wide significance’. In order to achieve
such levels of significance given the low effect sizes of the
causal variants for multifactorial genetic diseases, large
sample sizes are required and case-controlled studies for
GWAS usually analyse many thousands of individuals in
both the case and control groups.

The necessity to analyse large samples in GWASs results
in two main practical issues. The first is funding such stud-
ies. While genotyping costs per individual are relatively
cheap (around £100 or less for 500,000 SNPs), the large
sample size (thousands) necessary results in high overall
costs. These costs can be limited through the use of publi-
cally available control sample data from previous studies
such as the Wellcome Trust Case Control Consortium and
the adoption of multistage experiments where an initial
screen of a subset of individuals with whole-genome geno-
typing is followed up by taking limited numbers of positive
findings through into a second stage replication experi-
ment in which limited genotyping is performed.

The second main practical issue is cohort assembly. In
order to obtain sample sizes of many thousands of cases
and controls, it is usually necessary to work in collabora-
tive groups, often over a wide geographical area, and the
logistics of sample delivery to the genotyping centre and
research agreements are not inconsiderable.

AAA GWASs

In Leicester, as a result of collecting our bank of deoxyri-
bonucleic acid (DNA) samples that were used for our
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Figure 1 Diagrammatic representation of a single nucleotide
polymorphism. The two individuals have identical deoxyribonu-
cleic acid (DNA) sequences at this representative section of the
genome with the exception of a single base change in the
fourth base from the left, together with a corresponding change
in the complementary strand of DNA.
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candidate gene studies, it became clear that we had devel-
oped a resource that could potentially be used for a GWAS
of AAA. So as to obtain funding for such a study, it was nec-
essary to form a collaborative group and demonstrate an
overall sample resource of adequate size to enable a GWAS.
This early group became known as the Aneurysm Consor-
tium and following on from the initial GWASs funded by the
Wellcome Trust, we were able to bid successfully for fund-
ing to conduct a GWAS of AAA in the second round of
GWAS funding from the Wellcome Trust. Members and
additional samples were added to the consortium through
word of mouth and through publicising the project.18

In 2009 the first phase of our GWAS was initiated: the
genotyping of 535,296 SNPs in 1,921 individuals with AAA.
This was performed using SNP genotyping arrays covering
between 80% and 90% of known genes. The data from
these individuals were subjected to an extensive quality
control process that removed data of 55 individuals owing
to inadequate genotyping, sample duplication or failed
quality checks such as sex mismatches, resulting in data
being available from 1,866 individuals for analysis.

These data were compared with genotype data from
5,435 unscreened controls provided by the Wellcome Trust
Case Control Consortium. The results of this primary anal-
ysis are shown in Figure 2. This analysis failed to demon-
strate any genome-wide significant associations with AAA
(those with p-values <5 x 10-8). However, there were nine
regions where a SNP (or a group of SNPs) demonstrated a
degree of association with AAA at a level that could be con-
sidered above the general background ‘noise’ at a p-value
threshold of <1 x 10-5.

In order to confirm or refute the associations seen in
our primary analysis, the 9 putative associations with AAA
were taken, and the lead SNP was tested at each locus for
association with AAA in a case-controlled study of 2,871

AAA cases and 32,687 controls from a variety of sources.
Adjusting the results of this experiment using a Bonferroni
correction for the nine hypothesis tests performed, we
found that one SNP was associated significantly with AAA
in this ‘replication’ study. The significant SNP was located
on chromosome 12, in the gene encoding low density lipo-
protein receptor related protein 1 (LRP1) (Fig 3).

In a further confirmatory follow-up study, the SNP iden-
tified in LRP1 was tested for association with AAA in an
additional set of samples from 1,491 patients with AAA and
11,060 controls, and confirmed the association in this addi-
tional group of samples. When analysed together, data
from the primary study, the replication study and the
follow-up study (6,228 cases and 49,182 controls) demon-
strated that LRP1 was associated with AAA at a genome-
wide significant p-value of 4.5 x 10-10, with an OR of 1.15
(95% confidence interval: 1.10–1.21) per risk allele present,
a finding reported nearly three years after starting work on
the study.19 As part of this piece of work, data were also
obtained from other GWASs relating to other cardiovascu-
lar diseases and found that the association in LRP1 was
specific to AAA, with no association seen in studies of
hyperlipidaemia, diabetes, hypertension or coronary artery
disease.

One of the common observations in GWASs is that
despite the strong combined evidence of genetic associa-
tion as a result of performing multiple confirmatory stud-
ies, the effect size (OR) of variants identified is often small,
as seen here. It is therefore always necessary to explore
the biological plausibility of GWAS findings, either experi-
mentally or from the literature. In our work, we not only
demonstrated the genetic association of LRP1 with AAA but
also that the SNP associated with AAA has an effect of
LRP1 expression, probably through altered regulation of
LRP1 transcription.19
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Figure 2 A Manhattan plot displaying the results of a genome-wide association study of abdominal aortic aneurysm (AAA). Each point
represents a single nucleotide polymorphism (SNP) tested for association with AAA in a case-controlled study of 1,866 individuals with
AAA and 5,435 healthy controls. The horizontal axis represents the position of the SNP on the chromosome indicated on the axis label.
The vertical axis is the negative logarithmic value of the p-value for the association test. Higher values indicate a stronger degree of
association in terms of p-value. Points in red are those SNPs with p-values of <1 x 10-5.
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In addition, further evidence was available in the litera-
ture. Serendipitously, data from murine models published
prior to our GWAS had demonstrated that if LRP1 is selec-
tively knocked out in vascular smooth muscle cells, the
mice spontaneously develop aortic aneurysms,20 a finding
recently confirmed and shown to be acting via increases
in HtrA1,21 a serine protease not implicated previously in
AAA. Furthermore, additional evidence published since
our GWAS has demonstrated that human AAA tissue sam-
ples show low LRP1 expression.22 This is consistent with
these animal studies and supports the hypothesis that
reduction in LRP1 activity contributes to the development
of AAA.

One of the advantages of performing a GWAS is that the
whole-genome genotyping data contain valuable informa-
tion on the entire genome. Additional value can be
obtained from such datasets through the use of alternative
analysis strategies and contribution to methodologically
similar studies. In Figure 2 it can be seen that there are
many regions of the genome that demonstrate association
with AAA at less stringent p-value thresholds than the one
we used to take candidate regions forward in our first
GWAS. It is impractical to follow up all of these regions in
further studies.

One method to select likely regions for further study is
to not simply look at the degree of association of a single
SNP in a region as a threshold for further study but to
examine blocks of related SNPs for association with AAA.
In an analysis performed by Bradley et al using a variation
of this technique, we have identified an association of low
density lipoprotein receptor (LDLR) with AAA at a
genome-wide significant level.23 We have also used our
GWAS dataset to provide in silico genotyping results to
other investigators and we have contributed to the identifi-
cation of a genetic variant in the sortilin gene (SORT1)
associated with AAA.24

Discussion

Our genomic studies of AAA have led to the identification
of three novel, robustly identified genetic risk loci for AAA.
The genes at these loci (LRP1, LDLR and SORT1) repre-
sent new candidate pathways for exploring the pathogene-
sis of AAA.

LRP1 is a particularly plausible candidate for contribu-
ting to the development of AAA and it would appear that
loss of LRP1 function is the biological effect contributing
to aneurysmogenesis, a hypothesis supported by data
from human and murine studies.20–22 LRP1 is a large
transmembrane receptor that binds and facilitates the
endocytosis and degradation of many biological molecules
implicated in extracellular matrix degradation such as
matrix metalloproteinase 9 and thrombospondin 2 (Fig 4).
LRP1 plays a role in the migration and proliferation of
vascular smooth muscle cells, the loss of which is a hall-
mark of AAA.25 Loss of LRP1 may lead to reduced tissue
clearance of proteolytic enzymes and an inability to insti-
tute vascular smooth muscle cell mediated reparative
processes. However, both of these hypotheses remain to

be explored. The observation that LRP1 is not related to
other cardiovascular diseases and may be an AAA specific
disease locus is of particular interest.

LDLR and SORT1 both play roles in lipid metabolism.
The genetic variants identified to be associated with AAA
at both loci are also associated with lipid traits and cardio-
vascular disease.26–28 Nevertheless, analysis of our data,
adjusted for lipid levels, demonstrates that these loci are
associated independently with AAA. While associations
between lipid levels and the risk of AAA is uncertain,29 our
findings provide evidence to support further clinical stud-
ies of these relationships.

Joint consideration of the three disease loci we have
identified (LRP1, LDLR and SORT1) leads to some interest-
ing observations regarding the interactions between these
pathways. LRP1 and LDLR are both cell surface low den-
sity lipoprotein (LDL)-cholesterol receptors, which, taken
together, suggests that aberrations in cellular LDL-choles-
terol clearance/utilisation may play a role in the develop-
ment of AAA. Our genomic data also suggest some
intriguing pathways for exploration outside of the tradi-
tional functions of the gene products implicated in our
GWAS. LRP1 and SORT1 interact with each other in the
pathway responsible for the trafficking of the GLUT4 glu-
cose transporter to the cell surface in response to insulin
stimulation.30 Given the negative association between dia-
betes and AAA/AAA growth, it is tempting to hypothesise
that this pathway may be involved in AAA development
and progression.

Conclusions

Overall, genomic studies of AAA have resulted in the gen-
eration of new hypotheses for future research. It is likely
that further mining of the available genomic data on AAA
through meta-analysis will yield additional risk loci. The
challenge for aneurysm biologists in using these data is to
move forwards from the identification of genomic risk loci
into mechanistic laboratory and clinical studies, thereby
ensuring that the high cost of these studies results in true
advances in the understanding of disease and the develop-
ment of new therapeutic strategies for AAA.
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