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ORIGINAL RESEARCH

Differential Expression Analyses on Human 
Aortic Tissue Reveal Novel Genes and 
Pathways Associated With Abdominal 
Aortic Aneurysm Onset and Progression
Gerard Temprano-Sagrera , MSc; Olga Peypoch , MD; Begoña Soto , MD, PhD; Jaume Dilmé , MD, PhD; 
Laura Calsina Juscafresa , MD, PhD; David Davtian, PhD; Mireia de la Rosa Estadella, MSc; Lluís Nieto , MD; 
Andrew Brown, PhD; José Román Escudero , MD; Ana Viñuela , PhD*; Mercedes Camacho , PhD*;  
Maria Sabater-Lleal , PhD* 

BACKGROUND: Abdominal aortic aneurysms (AAAs) are focal dilatations of the abdominal aorta that expand progressively, 
increasing their risk of rupture. Rupture of an AAA is associated with high mortality rates, but the mechanisms underlying the 
initiation, expansion, and rupture of AAAs are not yet fully understood. We aimed to characterize the pathophysiology of AAAs 
and identify new genes associated with AAA initiation and progression.

METHODS AND RESULTS: This study used RNA sequencing data on 140 samples, becoming the largest RNA sequencing data 
set for differential expression studies of AAAs. We performed differential expression analyses and analyses of differential 
splicing between dilated and nondilated aortic tissue samples, and between AAAs of different diameters. We identified 3002 
differentially expressed genes between AAAs and controls that were independent of ischemic time, 1425 of which were new. 
Additionally, 8 genes (EXTL3, ZFR, DUSP8, DISP1, USP33, VPS37C, ZNF784, RFX1) were differentially expressed between 
AAAs of varying diameters and between AAAs and control samples. Finally, 7 genes (SPP1, FHL1, GNAS, MORF4L2, HMGN1, 
ARL1, RNASE4) with differential splicing patterns were also differentially expressed genes between AAAs and controls, sug-
gesting that splicing differences in these genes may contribute to the observed expression changes and disease development.

CONCLUSIONS: This study identifies new genes and splicing patterns associated with AAAs and validates previous relevant 
pathways on AAAs. These findings contribute to the understanding of the complex mechanisms underlying AAAs and may 
provide potential targets to limit AAA progression and mortality risk.
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Abdominal aortic aneurysms (AAAs) are charac-
terized by a local dilation of the infrarenal abdom-
inal aorta to about 1.5 times the normal adjacent 

aortic diameter or >3 cm in maximum diameter.1 AAAs 
are accompanied by chronic inflammation, apoptosis 

of vascular smooth muscle cells, and neovasculariza-
tion.2,3 Additionally, extracellular matrix degradation, 
microcalcification, and oxidative stress contribute to 
the degeneration of the aortic wall.1,2 The disease is 
progressive, and most aneurysms develop without 
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causing symptoms.1 However, in the event of AAA rup-
ture, mortality rates can reach 80%.4 The only effective 
treatment currently available for AAA is aortic tissue 
repair, either through open surgery or endovascular 
repair.1,5

Some AAA risk factors are known, including 
age, male sex, smoking, and family history of AAA.1 
Smoking, in addition, is also known to increase the 
risk of rupture.6 Additionally, recent genomic studies 
have revealed 121 loci associated with risk of devel-
oping an AAA, contributing to the knowledge of the 
possible pathways leading to this disease.7 However, 
there is still an insufficient understanding of the clear 
mechanisms that underlie the initiation, progression, 
and rupture of AAAs.

The study of gene expression, known as transcrip-
tomics, is a valuable tool to understand human dis-
ease and to reveal new therapeutic targets.8,9 Several 
studies have been performed to study the differentially 
expressed genes (DEGs) between human dilated aor-
tic tissue and nondilated control aorta using microar-
ray technology, detecting DEGs especially associated 
with the immune and inflammatory responses, extra-
cellular matrix remodeling, and angiogenesis.10–15 In 
the present study, we performed RNA sequencing of 
the complete transcriptome in 140 human abdominal 
aortic tissue samples (96 AAA aortas and 44 control 
aortas from deceased donors) from the TABS (Triple 
A Barcelona Study) cohort, to identify new DEGs and 
pathways associated with the pathophysiology of AAA 
initiation and progression, allowing for a more compre-
hensive analysis of the transcriptome, and becoming 
the largest human RNA sequencing data set for AAA 
tissue. Additionally, we aimed to investigate the differ-
ences in alternative splicing patterns in the context of 
AAA, and the role of genetic variants in gene expres-
sion in AAA tissue. The study design is described in 
Figure 1.

METHODS
Ethics Approval and Consent to 
Participate
The study was approved by the Hospital de la Santa 
Creu i Sant Pau Ethics Committee (IIBSP-OMI-
2019-102). All patients gave written informed consent 
before surgery to participate in the study. The study 
conformed to the principles of the Declaration of 
Helsinki.

Data Availability
The personal data used for this study are available 
from the corresponding author on reasonable request 
for collaborations, provided it complies with the ethical 
permits of the study. All other data supporting the 
findings of this study are available within the article and 
its Supplementary Information. The code used for data 
preparation and analysis is available on Github.

Subjects
We used a total of 140 human abdominal aortic samples 
from 96 patients diagnosed with infrarenal AAA and un-
dergoing open surgery for AAA repair at Hospital de la 
Santa Creu i Sant Pau and Hospital del Mar (Barcelona, 
Spain) and 44 controls. The study participants were ob-
tained from the TABS cohort, which includes genomic, 
transcriptomic, clinical, and maximum aneurysm diam-
eter data, from patients with AAA and individuals with-
out AAA. Maximum aortic diameters were obtained 

RESEARCH PERSPECTIVE

What Is New?
•	 The study identifies 1452 novel differential ex-

pressed genes in human abdominal aortic 
aneurysm tissue compared with aortic control 
tissue through robust and comprehensive anal-
ysis of the whole transcriptome and confirms 
associations with inflammation, immunity, ATP 
synthesis and intracellular calcium regulation.

•	 The study of differential splicing processes and 
allele-specific expression provides insights into 
the regulation of gene expression patterns and 
identifies genetic haplotypes associated with 
disease risk.

What Questions Should Be 
Addressed Next?
•	 Functional validation of the newly identified 

genes is warranted to support their role in the 
pathogenesis of abdominal aortic aneurysm 
and to determine their potential as future thera-
peutic targets.

Nonstandard Abbreviations and Acronyms

AAA	 abdominal aortic aneurysm
CD	 cluster of differentiation
DEGs	 differentially expressed genes
FDR	 false discovery rate
GO	 Gene Ontology
GTEx	 Genotype-Tissue Expression
MAF	 minor allele frequency
RIN	 RNA integrity number
TABS	 Triple A Barcelona Study
TPMs	 transcripts per million
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from computed tomography. Genomic data were ob-
tained through genotyping using the Infinium Global 
Screening Array-24 version 2.0 (Illumina, San Diego, 
CA) (coverage 665 608 variants) and imputation to the 
Trans-Omics in Precision Medicione Reference Panel. 
Only variants with imputation quality >0.3 were used 
for the allele-specific expression analyses. Healthy ab-
dominal aortas were obtained from 21 male and 23 
female multiorgan donors with confirmed absence of 
aortic dilatation (Table). Cause of death for the control 
individuals was available for 22 of the 44 control sam-
ples, which primarily included intracranial hemorrhages 
and cardiovascular events. A complete list of donors’ 
cause of death is provided in Data S1.

Sample Processing
A portion of tissue sample was placed in RNAlater so-
lution (Qiagen GmbH, Hilden, Germany) and stored for 
24 hours at 4 °C before long-term storage at −80 °C 
until further processing. We ensured that this proce-
dure was initiated within 3 hours after the aneurysm 
samples had been collected. For RNA isolation, tissues 
were then homogenized in 1 mL of Trizol (Ambion, 
Carlsbad, CA) in the FastPrep-24 homogenizer and 
Lysing Matrix D tubes (MP Biomedicals, Solon, OH), 
and RNA was purified using PureLink RNA Mini Kit 
(Invitrogen, Waltham, MA) following the manufacturer’s 
recommendations. RNA concentration was measured 
using Nanodrop 200 (Thermo Scientific, Waltham, MA).

RNA integrity was assessed on an Agilent 2100 
Bioanalyzer (Agilent, Santa Clara, CA). RNA integrity 

number (RIN) was recorded, and only samples with an 
RIN >6 were used.

RNA Sequencing
We performed sequencing analyses using the NovaSeq 
6000 (Illumina, San Diego, CA), with a read length of 
150 bp and paired-end sequencing. Two sequencing 
runs were performed to reduce the variability of the 
technical variables. First, AAA and control samples 
were randomized between sequencing plates. Second, 
only AAAs were sequenced with as little technical vari-
ability as possible. In all sequencing runs, a minimum of 
30 million reads were required, repeating the sequenc-
ing on a new plate if this limit was not reached.

Alignment, Quantification, and Quality 
Control
We used STAR version 2.5.3a16 to perform the align-
ment on the reference genome version GRCh38 and 
we then used RSEM version 1.3.017 for gene quantifi-
cation. For both analyses, we used gene models from 
GENCODE version 26 gene annotation file.18 In total, 
58 219 genes were quantified. Of these, we selected 
protein coding genes and long noncoding RNA genes 
that had been either experimentally validated (level 1 
annotation) or manually annotated (level 2 annotation),18 
resulting in 27 290 genes (19 777 protein-coding and 
7513 long noncoding RNA) for further analyses. Gene 
quantifications were expressed as transcripts per mil-
lion (TPMs), which were obtained by normalizing for 
gene length first, and then for sequencing depth. This 

Figure 1.  Study design flowchart.
AAA indicates abdominal aortic aneurysm; RNA-seq, RNA sequencing; and TABS, Triple A Barcelona Study.
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ensured that the sum of all TPMs in each sample was 
the same, facilitating the comparison between sam-
ples. All samples reached a minimum of 10 million reads 
aligned to the reference genome with STAR (Figure S1A 
and S1B).16

As part of the quality control, we also checked that 
the reported sex of the samples matched the biological 
sex of the sequenced data. To do this, we compared 
the expression levels of the XIST gene, which regulates 
the X chromosome inactivation mechanism in women 
and has null expression in men, with the expression of 
male-exclusive genes, calculating an average expres-
sion of Y chromosome genes. One sex mismatch sam-
ple was removed from the study (Figure S1C).

Differential Expression Analysis
Before conducting differential expression analyses, we 
normalized the TPM counts using quantile normalization 
and removed lowly expressed genes with <0.5 TPMs 

in >50% of the samples. For the comparison of AAAs 
against control samples, we kept 14 675 genes and re-
moved 12 615 genes. For the comparison among AAAs 
of varying diameters using the AAA-only sequencing 
panel, we kept 14 779 genes and removed 12 511 genes.

To evaluate the impact of technical covariates on 
the results, we performed a principal component anal-
ysis on all samples and tested the correlation between 
the principal component analysis and all the technical 
covariates. Technical covariates that had significant 
correlations (P<0.05) with the first 4 principal compo-
nents were included in the analyses as fixed-effect co-
variates (Table S1). Additionally, all comparisons were 
adjusted for age and sex. To preserve the regulatory 
effects that act through smoking, we did not include 
smoking as a covariate.

First, we calculated DEGs between AAA and con-
trols using a linear regression, including age, sex, flow 
cell type, flow cell lane, GC mean content, RIN, percent-
age of RNA fragments >200, and Qubit as covariates. 

Table.  Characteristics of Study Participants

Controls (N=44) AAA (N=96) P value Missing values

Age, y 61.66 (21–82) 70.38 (53–87) 0.0006 0 (0)

Sex, male 21 (47.73) 92 (95.83) 1.00E-10 0 (0)

Smoking

Current 8 (21.62) 27 (32.14) 0.3378 19 (13.57)

Never 26 (70.27) 15 (17.86) 6.52E-08 19 (13.57)

Past 3 (8.11) 42 (50) 2.81E-05 19 (13.57)

Aortic diameter, mm NA 65.57 (38–100.12) … 0 (0)

Hypertension 15 (40.54) 54 (64.29) 0.0256 19 (13.57)

Dyslipidemia 10 (27.03) 46 (54.76) 0.0087 19 (13.57)

Diabetes 5 (13.51) 12 (14.29) 1 19 (13.57)

Peripheral artery disease NA 23 (27.71) … 57 (59.38)

Other aneurysms NA 25 (29.76) … 12 (12.5)

Cerebrovascular disease 3 (8.11) 36 (43.9) 0.0003 21 (15)

Cardiovascular disease 1 (3.34) 16 (19.05) 0.0846 27 (19.29)

Chronic obstructive pulmonary 
disease

1 (2.7) 15 (17.86) 0.0481 19 (13.57)

Chronic kidney disease 2 (5.4) 17 (20.24) 0.0726 19 (13.57)

Antihypertensive 2 (5.4) 37 (44.05) 5.82E-05 20 (14.29)

Nonsteroidal anti-inflammatory drugs 0 (0) 15 (18.07) 0.01 20 (14.29)

Glucocorticoids 1 (2.7) 6 (7.23) 0.58 7 (5)

Statins 7 (18.92) 63 (75.9) 1.63E-08 20 (14.29)

Anticoagulants 3 (8.11) 46 (55.42) 3.06E-06 20 (14.29)

Continuous variables are presented as mean (range), and categorical variables are presented as n (%). Two-sample t tests and χ2 tests were used to 
compare the means of continuous phenotypes and the distribution of categorical phenotypes, between AAA and control groups, respectively. Missing values 
were excluded from the calculations of each variable. Hypertension was defined on the basis of clinical history and the use of antihypertensive medication. 
Dyslipidemia was diagnosed through clinical history and the use of hypolipidemic medication. Diabetes was identified by clinical history and the use of insulin or 
oral hypoglycemic medications, without differentiation between type 1 or type 2. Peripheral artery disease was assessed on the basis of clinical symptoms and 
clinical history. Other aneurysms included thoracic and visceral aortic aneurysms, iliac artery aneurysms, and popliteal artery aneurysms, and were diagnosed 
using computed tomography or ultrasound. Cerebrovascular diseases were determined by a history of transient ischemic attack or stroke. Cardiovascular 
diseases were assessed by history of acute myocardial infarction or angina pectoris, or admission with clinical symptoms, ECG changes, or a positive enzymatic 
curve diagnosed by a cardiologist. Chronic obstructive pulmonary disease was identified on the basis of clinical history. Chronic kidney disease was assessed 
by clinical history. Medication data (antihypertensive, nonsteroidal anti-inflammatory drugs, glucocorticoids, statins, and anticoagulants) was extracted from the 
medical history. Medication use in the control group was not always recorded and may have been underestimated.

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 12, 2024



J Am Heart Assoc. 2024;13:e036082. DOI: 10.1161/JAHA.124.036082� 5

Temprano-Sagrera et al� Gene Expression Study on Abdominal Aortic Aneurysm

Date of creation of the library was not included due to 
its high correlation with the status variable (Pearson’s 
correlation=−0.74) (Figure S2A and S2B). Second, we 
calculated DEGs between aneurysms of varying di-
ameter using a linear regression, including age, sex, 
date of creation of the library, batch number, GC mean 
content, RIN, percentage of RNA fragments >200, and 
Qubit. We corrected for multiple testing in both analy-
ses using the Benjamini–Hochberg false discovery rate 
(FDR) method and considered significant DEGs those 
with an adjusted P value <0.05.19 A sensitivity analysis 
was conducted to address the potential index event 
bias in the differential expression analysis by diameter. 
Further details are provided in Data S1.

Additionally, we performed a linear regression model 
using ischemic time information on artery aorta tissue 
samples from Genotype-Tissue Expression (GTEx) 
version 8 data20 to identify genes whose expression 
could be altered by ischemic time and compared these 
to our DEG results. We corrected the linear regression 
model for age, sex, RIN, type 2 diabetes, body mass 
index, autolysis score, center, sequencing protocol, 
sequencing platform, and genotyping principal com-
ponents. To determine the genes affected by ischemic 
time, we corrected for multiple testing and selected 
genes with an FDR-adjusted P value <0.05.19 All anal-
yses were performed in R (R Foundation for Statistical 
Computing, Vienna, Austria).

We considered novel DEG those genes that were 
differentially expressed in our analysis but had not 
been identified in earlier microarray studies between 
AAA samples and controls.10–15

Enrichment Analysis
After identifying DEGs between AAAs and control 
samples and between AAAs of varying diameters, we 
performed enrichment analyses using the R package 
‘clusterprofiler’21,22 on the Gene Ontology (GO) 
databases for Biological Process, Cellular Component, 
and Molecular Function, as well as the Kyoto 
Encyclopedia of Genes and Genomes.23 We corrected 
for multiple testing using the Benjamini–Hochberg FDR 
method and identified significantly enriched pathways 
with an adjusted P value <0.05.24 We used “aPEAR”25 
to perform a cluster analysis of redundant pathways 
with a minimum cluster of size of 15 and hierarchical 
clustering. The enriched pathways and genes were 
visualized using “enrichplot.”26

Study of the Inflammatory Infiltrate
We investigated the differences in the proportions of 
inflammatory infiltrates between AAAs and control 
samples using CIBERSORTx.27 CIBERSORTx 
compares RNA sequencing data with a reference 
expression database of selected cell types, to estimate 

the proportion of each cell type. The residuals of our 
RNA sequencing data were calculated using a linear 
regression that included all covariates except the 
status variable. We used the residuals and the “lm22” 
signature matrix that contains expression data of 547 
genes in 22 inflammatory cell types from microarray 
studies and can be used to distinguish inflammatory cell 
populations in RNA sequencing data.27 We conducted 
a t test to compare the proportions of each cell type 
between AAAs and controls. A P value threshold 
corrected by multiple testing using Bonferroni for the 
number of cell types was set at P<2.27×10−3 (0.05/22).

Alternative Splicing
We used the SUPPA2 software to identify differences in 
splice events between AAA and control tissue samples. 
SUPPA2 can identify 7 different splice events including 
skipping exons, mutually exclusive exons, alternative 
5′ or 3′ splice sites, retained introns, and alternative 
first or last exons. Since no external reference for 
splicing events was available in GTEx, we used our 
control samples as internal reference to characterize 
differential splicing events in AAAs. Based on gene 
annotation from GENCODE version 26,18 we computed 
the proportion of splice inclusion for the TPM counts in 
each splice event by dividing the number of TPMs of 1 
form of the event by the total number of TPMs. Finally, 
the magnitude of splicing change was calculated by 
subtracting the proportion of splice inclusions between 
AAAs and controls. Significant alternative splicing 
events were selected on the basis of a magnitude of 
splicing change >0.1 and FDR-corrected P <0.05, 
using the default parameters for calculation.

Allele-Specific Expression
Allele specific expression was investigated using 
PHASER28 on 12 AAA samples with available genotype 
data. Allele-specific expression consists of the analysis 
of the differences in the expression levels of the different 
haplotypes present in a heterozygous individual. We 
quantified allele specific expression at the gene level 
using the GENCODE version 26 gene annotation.18 To 
reduce the effect of the known mapping bias toward 
the reference allele29, we performed an additional 
STAR mapping step with WASP filtering.30

We used the allele specific expression data ob-
tained by the GTEx consortium to compare allele-
specific expression between our AAA samples and 
GTEx control tissues.31 To do this, we compared the 
proportional expression of each allele between our 
AAA samples and the GTEx controls, using a nonpara-
metric Wilcoxon test.32 Then, to identify genes with dis-
tinct allele-specific expression patterns, we corrected 
for multiple comparisons using FDR.19 We performed 
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enrichment and cluster analyses in all genes showing 
FDR-adjusted P values <0.05.

RESULTS
Participant Characteristics
The Table  shows the participant demographic and 
clinical data. Aortic tissue samples from 96 patients 
with AAA and 44 controls from the TABS cohort were 
used for RNA sequencing analysis.

We examined demographic and clinical variables 
between patients with AAA and controls to determine 
whether these might influence our expression-level 
differences. We found significant differences between 
patients with AAA and controls in sex (Figure  S3A); 
age (Figure  S3B); smoking status; the prevalence of 
hypertension, dyslipidemia, cerebrovascular disease, 
and chronic obstructive pulmonary disease; and med-
ication use, including antihypertensives, nonsteroidal 
anti-inflammatory drugs, statins, and anticoagulants. 
In relation to smoking status (N=122), which is a known 
risk factor for AAA development and rupture, signif-
icant differences were found in never smokers and 
past smokers, with 70.27% and 8.11% in controls, and 
17.86% and 50% in patients with AAA, respectively. No 
significant differences were found in current smokers 
(Table, Figure S3C).

Differential Expression Analyses Between 
AAAs and Controls
The analysis of differential expression between aortic 
samples from 96 patients with AAA and 44 controls 
revealed 7454 genes displaying significant differences 
in expression (adjusted P<0.05) (Figure  S4A and 
Table S2). Using GO and Kyoto Encyclopedia of Genes 
and Genomes enrichment analyses, we found a total of 
1152 and 89 enriched terms, respectively (Figure S5A 
and Figure S6A). The complete results of the enriched 
terms for GO and Kyoto Encyclopedia of Genes and 
Genomes are shown in Tables  S3 and S4. To better 
characterize the biological processes associated with 
the DEGs in the enrichment analysis, we performed a 
cluster analysis of GO pathways. We found that most 
of the DEGs were associated with the immune system: 
regulation of mononuclear cell proliferation, leukocyte 
chemotaxis, regulation of adaptive immune response 
based on somatic recombination of immune receptors 
built from immunoglobulin superfamily domains, mast 
cell degranulation, major histocompatibility complex 
(MHC) class II protein complex, positive regulation of T-cell 
activation, and cluster of differentiation (CD) 4–positive 
α-β T-cell differentiation (Figure 2A). Other represented 
metabolic pathways were related to sequestering of 
calcium ion, regulation of actin filament length, and 

ATP synthesis coupled electron transport (Figure  2A). 
All these analyses corroborated previous associations 
with inflammatory, actin filament, intracellular calcium, 
and ATP synthesis regulation processes. The results 
of the differential expression analysis after adjusting for 
significant confounders are provided in Data S1.

To account for differences in gene expression be-
tween AAA and control tissue that could be attributed 
to ischemic time (time between the donor’s death and 
sample collection when blood flow is interrupted), we 
removed 10 737 DEGs associated with ischemic time 
in the GTEx aorta samples (N=387)20 from the total 
DEGs found between AAAs and controls, leaving 3002 
DEGs (Figure S4B and Table S5).

We then performed a new enrichment analysis 
and identified 424 enriched GO terms and 65 Kyoto 
Encyclopedia of Genes and Genomes pathways 
(Figure  S5B and Figure  S6B) (complete results are 
available in Tables S6 and S7, respectively), which rep-
resented removal of 728 and 24 pathways susceptible 
of being caused by ischemic time, respectively. Cluster 
analysis of GO enriched terms confirmed identified clus-
ters related to the regulation of calcium ion retention, 
ATP synthesis coupled electron transport, and immune 
response centered on T-cell activation (MHC class II pro-
tein complex, positive regulation of T-cell activation). On 
the other hand, other clusters also associated with the 
immune system were no longer represented (regulation 
of mononuclear cell proliferation, leukocyte chemotaxis 
regulation of adaptive immune response based on so-
matic recombination of immune receptors built from im-
munoglobulin superfamily domains, CD4-positive, α-β 
T-cell differentiation, mast cell degranulation) together 
with the regulation of actin filament length (Figure 2B). 
By accounting for genes whose expression was altered 
by ischemic time, we identified a set of genes that are 
less likely to be affected by the experimental limitations 
of these types of studies.

Vascular inflammation is a well-known driver of 
AAA development and progression. Even in our most 
stringent analysis, which removed pathways possibly 
caused by ischemic time, there was a notable en-
richment of pathways associated with the immune 
response. Consequently, we decided to investigate 
the influence of the inflammatory infiltrate on AAAs by 
comparing the abundance of 22 immune cell types 
from gene expression profiles between our AAA and 
control samples. After correcting for multiple testing, 
we found significant differences on the abundances of 
CD8 T cells, natural killer (NK) resting cells, and den-
dritic activated cells (Figure  2C) between AAA and 
control samples. AAA samples had a higher propor-
tion of CD8 T cells, while controls had more NK resting 
cells and dendritic activated cells (complete results of 
the study of the inflammatory infiltrate in AAA and con-
trol samples are available at Table S8 and Figure S7).
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Study of Alternative Splicing
We investigated alternative splicing patterns between 
the AAA and control groups to identify specific splic-
ing patterns associated with AAA. We identified 15 sig-
nificant alternative splicing events on 11 unique genes 
(FHL1, GNAS, ASAH1, SPP1, ARL1, MORF4L2, CYCS, 
HMGB1, HMGN1, SELENOP, RNASE4) between AAAs 
and controls. The analysis revealed that the number 
of alternative first exon events was more represented 
than any other splice event among AAA and control 
samples (Figure 3A; complete results are available in 
Table S9). A functional enrichment analysis was con-
ducted on the 11 genes with significant alternative 

splicing events, but no significantly enriched metabolic 
pathways were found. Interestingly, 7 of the 11 genes 
were also differentially expressed between AAAs and 
controls, suggesting that the expression of specific 
splicing variants could be altered in AAAs (Figure 3B).

Differential Expression Analysis by Aortic 
Diameter
The diameter of AAAs is a significant risk factor for 
rupture. We analyzed the DEGs by diameter to iden-
tify alterations in gene expression throughout the 
progression of the disease. We observed a total of 

Figure 2.  Differential gene expression and immune cells analyses in AAA.
Hierarchical clustering analysis results with all the DEGs between AAA and control samples (A) and after removing DEGs by ischemic 
time (B). The cluster name “Regulation of mononuclear cell proliferation” in 2A is an abbreviation for “Regulation of adaptive immune 
response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains.” C, Comparison 
of the proportion of inflammatory cells between AAA and control samples, using CIBERSORTx. P values correspond to a t test 
comparing the proportions’ means of each cell type between AAAs and controls. AAA indicates abdominal aortic aneurysm; CD, 
cluster of differentiation; DEGs, differentially expressed genes; MHC, major histocompatibility complex; and NK, natural killer.
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32 DEGs among aneurysms of varying diameters 
(N=84), although no enriched pathways were identified 
(Figure S4C and Table S10). Of the 32 DEGs by diam-
eter, 8 (EXTL3, ZFR, DUSP8, DISP1, USP33, VPS37C, 
ZNF784, RFX1) were also DEGs between AAAs and 
controls (Figure  3C), suggesting that these 8 genes 
are altered in disease formation and also during dis-
ease progression. We performed a sensitivity analy-
sis adjusting for smoking status, a known risk factor 
associated with both AAA onset and progression, to 
control for a potential index bias. The analysis revealed 
that among the 32 genes associated with diameter, 
19 remained associated after adjusting for smoking. 
Additionally, among the 8 genes that were differentially 
expressed in the AAA–control analysis and also among 
different diameters, 4 (EXTL3, ZFR, DUSP8, RFX1) re-
mained associated after the adjustment for smoking.

Allele-Specific Expression
We investigated the potential effect of AAA-associated 
genetic variants on gene expression in diseased tis-
sue by studying allele-specific expression in 12 AAA 
samples with available genetic data. On average, we 
identified 529 genes with significant allele-specific ex-
pression (adjusted P<0.05) in the 12 AAA samples. 
Among these genes, 90 exhibited significant allele-
specific expression in >5 of the 12 AAA samples. 
Additionally, to determine whether these associations 
were related to AAA or were characteristic of the aortic 
tissue, we compared allele-specific expression pat-
terns between our AAA samples and 387 GTEx aortic 
samples, used as controls. The comparison between 
AAA and control samples identified 1815 genes with 
significant differences in the allele-specific expression 
patterns (adjusted P<0.05; Figure 4A). An enrichment 

Figure 3.  Alternative splicing and differential gene expression analyses results.
A, Significant alternative splicing types identified between AAA and control samples. B, Venn diagram 
showing the overlap between DEGs in AAA and control samples, and genes with differential alternative 
splicing patterns in AAA and control samples. C, Venn diagram showing the overlap between DEGs in 
AAA and control samples, and DEGs by AAA diameter. DIAMTER, DEGs by AAA diameter; SPLICING, 
genes with differential alternative splicing patterns in AAA and control samples; and STATUS, DEGs 
between AAA and control samples. AAA indicates abdominal aortic aneurysm; DEGs, differentially 
expressed genes; and MHC, major histocompatibility complex.
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analysis on GO terms for these 1815 genes revealed 
91 enriched pathways. The posterior cluster analysis 
revealed 3 clusters strongly related to the immune 
system: MHC protein complex, positive regulation of 
T-cell–mediated cytotoxicity, and regulation of T-cell 
activation (Figure  4B). The association between the 
immune system and AAAs was also observed in the 
differential expression analysis between AAA samples 
and controls, validating the robustness of these results.

Finally, among the 90 genes that exhibited signifi-
cant allele-specific expression in >5 AAA samples, we 
selected those that also showed significant differen-
tial allele-specific expression between AAA and GTEx 
control samples, and those present in loci identified in 
the largest genome-wide association studies (GWASs) 
on AAA risk to date,7 to identify haplotypes associated 
with AAA risk. Among the selected genes, SNURF was 
the only gene that also presented differential allele-
specific expression patterns between AAA and control 
tissues, and SPP1 and THBS2 were prioritized on the 
basis of their presence in a locus identified in the pre-
vious GWAS on AAA. This allowed us to hypothesize 
that the presence of particular genetic haplotypes in 
these 3 genes determined their differential expression 
associated with risk of AAA, providing supporting ev-
idence of their putative causal effect on disease risk.

DISCUSSION
This study analyzed differential expression between 
AAA aortic tissue samples and control aortic samples 

using whole transcriptome data obtained through RNA 
sequencing and identified 7454 DEGs. In addition, we 
studied the effect of ischemic time on gene expression 
to obtain a more credible list of genes associated with 
AAA development, which resulted in 3002 DEGs, of 
which 1452 were new. Using our RNA sequencing data, 
which allows alternative splicing analysis compared 
with microarrays,33 we conducted a novel exploration 
of alternative splicing between AAA and control sam-
ples, to identify the potential underlying mechanism of 
the observed differential expression. Furthermore, we 
analyzed the differential expression between AAA of 
different diameters to identify genes altered during dis-
ease progression. Finally, we analyzed allele-specific 
expression to gain insights into how genetic variants 
impact expression in the diseased tissue and provide 
evidence for causality.

Study of Ischemic Time-Independent 
Pathways Involved in AAA Development
Clustering analysis with the enriched pathways after 
accounting for the ischemic time effect revealed a 
strong association with MHC class II protein complex, 
positive regulation of T-cells, intracellular calcium ion 
regulation, and the regulation of the ATP synthesis 
clusters of pathways. The results of our clustering 
analysis confirm the previously observed associations 
with AAAs while also suggesting that these associations 
are independent of ischemic time, which is a significant 
confounder factor in most studies using donor 

Figure 4.  Allelic specific expression results.
A, Results of principal component analysis clustering based on allele-specific patterns between AAA and control samples. B, 
Hierarchical clustering analysis results with genes with different allele-specific patterns between AAA and control samples. AAA 
indicates abdominal aortic aneurysm; Dim1, dimension 1; Dim2, dimension 2; and MHC, major histocompatibility complex.
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samples. A detailed analysis of the signaling pathways 
that comprise the ATP regulation cluster revealed 
a large presence of genes that code for subunits 
of complexes I (nicotinamide adenine dinucleotide 
ubiquinone oxidoreductase), III (ubiquinol-cytochrome 
c reductase), and IV (cytochrome c oxidase) of the 
electron transport chain. Our results indicate that 
88% (22/25) of the DEGs coding for the subunits of 
the complexes that form the electron transport chain 
are expressed to a lower extent in AAAs, suggesting a 
lower synthesis of ATP in AAA tissue. This is consistent 
with 2 previous microarray studies in which the oxidative 
phosphorylation pathway was downregulated among 
AAA samples compared with controls.10,12 Moreover, 
mitochondrial dysfunction has previously been 
studied in the development of AAAs34,35 and other 
cardiovascular diseases36 due to its key role in cellular 
alterations characteristic of cardiovascular diseases, 
including excessive production of reactive oxygen 
species, energy depletion, endoplasmic reticulum 
stress, and activation of apoptosis.

Several genes from the intracellular calcium regula-
tion cluster have already been investigated for their role 
in AAAs.37–42 Our findings suggest that intracellular cal-
cium levels in smooth muscle cells were altered in AAA 
samples, which is consistent with the loss of vascular 
contractility in the dilated aorta.43

The association between the immune system and 
inflammatory response and AAA have widely been 
validated in previous similar studies on the basis of 
microarrays.10–13,15 Further, there is a widely studied 
inflammatory component in AAA development involv-
ing both adaptative and innate immune responses.44,45 
The presence of inflammatory infiltrates in AAA tissue 
have been widely demonstrated, which play a key role 
in the development of the disease.44,45 The results of 
our cluster analysis also corroborated the association 
with the immune system after accounting for isch-
emic time, highlighting the key role of T cells on AAA 
development.46,47

To better understand the effects of the inflamma-
tory infiltrate in AAA development, we compared the 
proportions of inflammatory infiltrates between AAA 
and control samples. Some previous studies have 
also analyzed the inflammatory infiltrates in AAA tissue 
through gene expression.15,39 In one study,15 immune 
cell proportions were estimated in AAA tissue layers 
(media and adventitia) (N=76), without comparing with 
controls. Their results, suggesting that plasma B cells 
and M2 macrophages were the 2 most represented 
cell populations in both layers, and M1 macrophages, 
eosinophils, and activated dendritic cells were among 
the least represented cells in both layers are consistent 
with our findings using whole aortic tissue. Consistent 
with our results, another study that combined 2 whole-
tissue data sets on AAA (N=69) and control tissues 

(N=10),39 found that resting mast cells were among the 
most frequent cell groups in AAA samples. In addi-
tion, our results align with this study in detecting higher 
proportions of CD8 T cells and lower proportions of 
resting NK cells in AAA samples.

We found a significantly lower proportion of acti-
vated dendritic cells in AAA tissue samples compared 
with control samples, which has not been detected in 
previous studies. Previously, dendritic cells had been 
suggested as AAA inducers through the promotion of 
infiltration and activation of neutrophiles and lympho-
cytes.44,45 Interestingly, the whole-tissue study that 
combined 2 existing data sets, observed a significant 
increase in the proportion of resting dendritic cells 
within AAA samples compared with controls.39 Future 
studies are needed to explore a putative role of den-
dritic cells in AAAs.

To rule out postmortem effects on expression as 
potential cause of variability among different studies 
analyzing the inflammatory infiltrate, we used a refer-
ence work evaluating changes in postmortem blood 
samples,48 which found higher levels of resting NK 
cells and CD8 T-cells in postmortem samples. These 
findings suggested that the observed increase in CD8 
T-cell levels in AAA tissue could be underestimated in 
our results, and that the greater presence of NK rest-
ing cells in control samples could be due, in part, to 
their origin from organ donors. Consistent with this hy-
pothesis, previous studies have shown that levels of 
NK cells are higher in the peripheral blood of patients 
with AAA compared with controls,49 and that these 
cells play a role in the development of the disease.44,45 
These results also suggest the existence of a highly cy-
totoxic environment led by CD8 T cells in AAA tissue.

Finally, we compared DEGs between AAA and con-
trol samples, with the candidate genes identified in a 
recent large GWAS on AAA risk7 and found that in 84 
of the 121 (69.42%) loci, 1 of the candidate genes was 
differentially expressed in the present study. This sug-
gests that differential expression in these genes could 
be causing the association with disease and providing 
additional evidence to pinpoint the true causal gene in 
each associated locus.

Study of Alternative Splicing Between 
AAAs and Controls
The relevance of alternative splicing in the development 
of diseases, such as cancer and neurological and 
cardiovascular diseases, has been well established 
for years.50 However, capturing the complexity of 
alternative splicing has been challenging. With the 
recent improvements in sequencing techniques, it 
is now possible to study alternative splicing in more 
depth.50 This is the first study to elucidate the role of 
splicing in AAA development. We compared splice 
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events between AAAs and controls and identified 
11 genes (SPP1, FHL1, GNAS, MORF4L2, HMGN1, 
ARL1, RNASE4, ASAH1, CYCS, HMGB1, SELENOP) 
with differentially represented splicing variants. We 
compared the splicing event types identified in our 
comparison between AAA and control samples with 
the presence of splicing events in the whole genome,51 
and the observed proportions were comparable to the 
expected values genome-wide. The most frequent 
splicing types were alternative first exons (60%) and 
skipping exons (20%), while the least frequent were 
alternative 5′ splice-site (13.3%) and mutually exclusive 
exons (6.67%). On the other hand, it was surprising 
that our results did not include alternative last exons or 
alternative 3′ splice-site and retained introns, despite 
their considerable genome-wide frequencies (10.72%, 
9.2%, and 3.54%, respectively). This may be due to the 
limited sample size, as only 15 events were identified.

We observed 7 genes that showed differential ex-
pression between AAA and control samples and 
had a splicing variant significantly more represented 
in AAAs or controls (SPP1, FHL1, GNAS, MORF4L2, 
HMGN1, ARL1, RNASE4), indicating that splicing dif-
ferences could be explaining the observed differential 
expression. Among these genes, SPP1 and FHL1 have 
been previously characterized in relation to AAAs,52,53 
whereas GNAS is a new DEG identified between AAA 
and control tissue in this study. The evidence of differ-
ential splicing events validates GNAS as a new robust 
DEG between AAA and control tissue and suggests 
that alternative splicing in this gene explains the differ-
ential expression and its implication to AAAs. Finally, for 
MORF4L2, HMGN1, ARL1, and RNASE4, although they 
have been identified in previous differential expression 
studies in relation to AAAs,10–15 their specific role in 
AAAs has not been studied. For these genes, our re-
sults contribute to understanding the molecular mech-
anism leading to differential expression in AAA tissue.

SPP1 codes for osteopontin, a regulator of inflam-
mation involved in cardiovascular diseases.54 SPP1 is 
more expressed in AAA tissue than controls, both in 
animal models and in humans, and it participates in 
AAA-associated extracellular matrix degradation.55,56 
Consistent with previous data, our results found in-
creased expression in AAA tissue, and identified for 
the first time that skipping of exon 3 on the SPP1 gene 
is more frequent in AAAs than in controls, suggesting 
that this form of alternative splicing may be associated 
with AAA development.

FHL1 codes for a protein that is highly expressed in 
skeletal and cardiac muscle. FHL1 has been shown to 
be a promising blood biomarker for human ascending 
thoracic aortic aneurysm as a modulator of metallo-
proteases.53 Our findings, and those obtained in previ-
ous microarray studies,10–13,15 indicate that FHL1 levels 
are lower in AAA tissue than in control tissue. We have 

detected for the first time that an alternative 5′ splicing 
site form in this gene occurs more frequently in con-
trols, suggesting that AAA tissue would have reduced 
expression of this alternative isoform and reduced lev-
els of FHL1.

Although not previously found in transcriptomic 
studies, mutations in the GNAS gene have been stud-
ied in mice for their effect promoting AAAs. GNAS 
codes for the α subunit of the heterotrimeric G stimula-
tory protein.57 Heterotrimeric G stimulatory protein may 
play its protective role in AAA development through 
regulation of vascular muscle tissue and is considered 
a potential therapeutic target for AAAs.57 Consistent 
with this protective role, our results confirmed lower 
GNAS expression in AAAs. Moreover, our results add 
a mechanistic insight by revealing an alternative first 
exon splicing variant that occurs more frequently in 
controls, suggesting that it could increase expression 
levels of the final protein and protect against AAAs.

MORF4L2 and HMGN1 are DNA repair–related 
genes, which had significantly lower and higher ex-
pression levels in AAA tissue compared with control 
tissue, respectively. MORF4L2 has been associated 
with atheroma plaque progression in atherosclerosis.58 
Both genes present alternative splicing events that are 
less frequent in AAA tissue. Further work to elucidate 
the specific role of these genes in the risk of AAA de-
velopment is warranted.

Genes Associated With AAA Onset and 
Progression
We identified 8 genes (EXTL3, ZFR, DUSP8, DISP1, 
USP33, VPS37C, ZNF784, RFX1) that showed 
differential expression between AAA and control 
tissues, and also differential expression in AAA 
tissues of different diameters. Among these, EXTL3, 
ZFR, DUSP8, and DISP1 have been previously 
identified as DEGs between AAAs and controls, but 
their association with AAA progression is novel,10–15 
and USP33, VPS37C, ZNF784, and RFX1 are novel 
DEGs. The potential contribution of these genes to 
the development of AAAs needs to be thoroughly 
investigated to elucidate a putative role on disease 
onset and progression.

Among the genes with higher expression at larger di-
ameters, USP33 encodes a deubiquitinating enzyme that 
has been associated with the development of hyperten-
sion,59 a known risk factor for AAAs.60 Proteins with deu-
biquitinating functions have been proposed as potential 
candidate genes for treating AAAs and other cardiovas-
cular diseases.61 Additionally, USP33 promotes the stabi-
lization of β2-adrenergic receptors, promoting vasodilation 
in smooth muscle.62 We observed increased USP33 ex-
pression with increased AAA diameter, which is consis-
tent with the functionality of β2-adrenergic receptors. It 
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is important to note that USP33 lost significance in the 
sensitivity analysis adjusting for smoking status, indicat-
ing that its effect may have been overestimated due to 
index event bias. Nevertheless, the biological plausibil-
ity of USP33’s involvement in AAA progression remains 
strong, and further investigation is warranted.

Among the genes showing decreased expression 
levels with larger diameters, we highlight DUSP8 and 
RFX1. DUSP8 is a phosphatase downregulated in 
mouse models of aortic dilatation63 that negatively reg-
ulates the mitogen-activated protein kinase pathway 
and controls the execution of immune responses.64 
Our findings align with those obtained in the animal 
model of aortic dilatation, suggesting that DUSP8 may 
be a potential candidate gene for treating AAAs by reg-
ulating both aortic dilatation and the immune system.

RFX1 encodes a transcription factor that regulates 
genes involved in MHC class II,65 and previous re-
search has shown that a decrease in RFX1 expression 
leads to activation of CD14+ monocytes in patients with 
coronary artery disease.66 Furthermore, CD14 protein 
plays a crucial role in recruiting macrophages during 
the early stages of AAAs, and knockout mice for CD14 
gene have been shown to resist the formation of AAAs 
in 2 different models.67 Finally, our expression results 
indicate that CD14 is upregulated in patients with AAA 
compared with controls (FDR P=0.002). Overall, these 
results suggest that low expression levels of the tran-
scription factor RFX1 may lead to increased CD14 ex-
pression, which plays a crucial role in the development 
and progression of AAAs.

Two previous studies have considered the diameter 
of AAAs in differential expression analyses with aortic 
tissues. The first study10 compared gene expression 
between small (n=20) and large AAAs (n=29) with con-
trols, but did not compare AAAs of varying diameters. 
The second study15 performed a correlation analysis on 
each gene between the diameter growth rate and gene 
expression in individuals (n=24) with 2 aortic measure-
ments, distinguishing between the media and adventitia 
aortic layers, but did not identify any significant genes 
after multiple testing correction. The larger sample size 
in our study has enabled the identification of DEGs 
associated with aneurysm diameter for the first time. 
Further functional validation and the establishment of 
causality between these genes and AAAs could pave 
the way for the development of novel therapeutic targets 
aimed at halting aneurysm progression. This could have 
a significant impact on clinical practice by providing new 
opportunities for intervention in patients with AAA.

Identification of Haplotypes Associated 
With AAA Risk
We performed a clustering analysis of enriched 
biological pathways with the 1815 genes with 

significant differences in the allele-specific expression 
patterns between AAAs and controls. The cluster 
analysis revealed a strong association with immune 
system pathways, particularly those associated with T 
cells. These results are consistent with the clustering 
analysis of DEGs between AAAs and controls and 
demonstrate how specific haplotypes determine the 
differential expression of genes associated with AAA 
in the diseased tissue. By combining allele-specific 
expression information on AAA samples with the 
allele-specific expression results between AAA and 
controls, along with information from a previously 
published GWAS,7 we explored the associations 
between genetic variants associated with AAA risk 
and gene expression. This approach aimed to unravel 
the association between genetic haplotypes and gene 
expression as determinants of AAA risk.

SNURF is the only gene that showed significant 
allele-specific expression in >5 of the 12 studied in-
dividuals with AAA and differential allele-specific ex-
pression patterns between AAA and control tissues, 
suggesting the existence of a specific haplotype as-
sociated with AAA risk. SNURF codes for an open 
reading frame of the SNRPN gene, with which it forms 
a bicistronic gene.68 Both genes exhibit significantly 
lower expression in AAA than in controls in our data. 
Moreover, we observed that the rs705 single nucle-
otide polymorphism (minor allele frequency [MAF] 
[C]=0.45) determined SNURF allelic expression in 8 
of 12 AAA samples, with the T allele being expressed 
twice as often as the C allele. Additionally, rs705 is 
an expression quantitative trait locus in blood of the 
SNRPN gene. Although causality cannot be derived 
with certainty from these results, they suggest a possi-
ble effect of the haplotype containing the rs705 T allele 
on SNURF expression and risk of AAA.

Among the genes with significant allele-specific 
expression in the 12 analyzed AAA samples that did 
not exhibit significantly different allele-specific expres-
sion patterns between AAA and control groups in our 
analyses, we selected those that were within a locus 
associated with AAA in the most recent GWAS on AAA 
risk.7 THBS2 encodes for thrombospondin 2, a pro-
tein that regulates cell–cell and cell-extracellular matrix 
interactions and has been studied in relation to mul-
tiple cardiovascular diseases.69 THBS1, a member of 
the same family, has been identified as a regulator of 
AAA in animal models.70 Two common genetic variants 
(rs58023137 [MAF] [T]=0.22) and rs9505895 (MAF 
[A]=0.2) were identified in previous GWASs7 and in our 
allele-specific expression results. For both variants, the 
GWAS risk allele was associated with higher expres-
sion gene levels in 1 individual with AAA. Additionally, 
these 2 variants were also expression quantitative 
trait loci in aortic tissue regulating THBS2 gene ex-
pression, supporting the known association between 
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thrombospondin and AAA,7 and demonstrating the 
presence of risk haplotypes associated to increased 
expression and risk of AAA.

Regarding the SPP1 gene, we found 6 genetic 
variants (rs35893069 [MAF] [T]=0.1), rs6839524 (MAF 
[G]=0.12), rs4754 (MAF [C]=0.28), rs1126616 (MAF 
[T]=0.27), rs1126772 (MAF [G]=0.21), rs9138 (MAF 
[C]=0.22) with allele-specific expression among the 12 
AAA samples. SPP1, encoding for osteopontin, has 
been associated with AAA risk due to the role of this 
protein in the degradation of the extracellular matrix, 1 
of the hallmarks of AAA.55,56 However, none of the 6 
genetic variants were found to be significant in the pre-
vious GWAS,7 and therefore no association with allelic 
expression could be established.

Strengths and Limitations
This is one of the largest studies of differential 
expression between AAA tissue samples and controls, 
and we see this as a strength. However, due to the 
difficulty in obtaining aortic tissue samples, the sample 
size is still limited compared with transcriptomic studies 
in more accessible tissues, which may have limited our 
power.

Previous studies comparing transcriptomics be-
tween AAA and control samples have been limited to 
the use of expression microarrays.10–15 In this study, 
we used RNA sequencing to obtain transcriptomic 
information. RNA sequencing provides greater sensi-
tivity and a wider range of detection of both high and 
low expression genes and is not limited to microarray 
probes,9,71 which allowed us to detect more DEGs. 
Additionally, RNA sequencing technology allowed for 
a more precise study of alternative splicing compared 
with microarrays, which is also a strength of this study. 
A further significant distinction between our study and 
previous research on AAA tissue differential expres-
sion is the consideration of genes known to be associ-
ated with ischemic time. The impact of ischemic time 
in previous studies analyzing differential expression 
with control samples obtained from donors has been 
a limitation in the field. By excluding genes affected by 
ischemic time, we anticipate more robust results.

In addition, our results should be interpreted within 
the context of the limitations of this study.

First, it is important to note that, while this study 
contributes to a more comprehensive understanding 
of the AAA pathophysiology and to the identification of 
potential new targets for further investigation, this does 
not necessarily imply the existence of a causal asso-
ciation between the identified genes and the disease. 
Some of the pathways identified in our study may be 
reactive responses to aortic dilatation rather than driv-
ers of AAA progression. Further investigation is neces-
sary to distinguish between pathways that are primary 

contributors to AAA progression and those that are 
secondary consequences of the disease. Similarly, 
identified DEGs by diameter indicate genes associated 
with advanced stages of AAA, but their specific roles 
in disease progression need to be further elucidated.

Second, this study was performed analyzing bulk 
RNA from tissue material. Alternatively, 2 previous 
single-cell RNA sequencing studies have been per-
formed on 4 AAA human samples.72,73 Single-cell 
RNA sequencing studies are useful for detecting tran-
scriptomic differences in specific cell types and deter-
mining the altered pathways in each cell population.74 
However, the use of this technology comes with sig-
nificantly higher costs compared with bulk RNA se-
quencing, which would imply the use of significantly 
smaller sample sizes and, therefore, a reduction in the 
statistical power. Additionally, gene expression might 
be heterogeneous between different samples of the 
same AAA, due in part by the coexistence of different 
stages of AAA development and disease progression 
in the same tissue. Because only 1 tissue sample was 
analyzed per individual, localized differences within the 
AAA tissue could have influenced the differential ex-
pression results in a way that did not necessarily reflect 
the whole AAA expression or status.

Third, while ischemic time data were not available 
for our control samples, ischemic time is known to in-
fluence gene expression in control samples obtained 
from deceased multiorgan donors. Therefore, by ac-
counting for ischemic time, we were able to more ac-
curately identify biological processes associated with 
AAA, while minimizing differences in sample origins 
between AAAs and controls. At the same time, despite 
ensuring more robust findings, the elimination of these 
genes could have been too rigorous and imply the loss 
of some biological pathways associated with AAA that, 
at the same time, were affected by ischemic time.

Fourth, the significant differences in age and sex 
distributions between individuals recruited as AAAs 
and controls are a limitation of the study. In addition, 
to minimize the impact of confounding variables on 
gene expression, we corrected for relevant technical 
variables, in addition to age and sex, that were avail-
able for all individuals. However, we chose not to ad-
just for all significant confounding factors, described 
in the Table, in our main analyses, as this would have 
considerably reduced the sample size and statistical 
power due to missing data. Specifically, adjustment for 
these confounders would have resulted in the loss of 
15% of the individuals with AAA and 30% of the control 
samples. Despite acknowledging that this may be a 
limitation of the study, the fully adjusted results present 
high concordance with the main differential expression 
analysis.

Fifth, the analyses of the allele-specific expression 
are limited by the small sample size (n=12) and the 
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requirement for the individuals to be heterozygous to 
study the genetic variants. Therefore, further validation 
is necessary. However, this is the first study analyz-
ing allele-specific expression in AAAs, and our results 
emphasize the value of this new data set combining 
genetic and expression data for the study of AAAs.

Sixth, the conclusions presented in this article 
are based on the results obtained from a cohort of 
European-ancestry individuals only. Further analyses 
in different ancestries will determine the generalization 
of these results.

Finally, given that our study is primarily based on 
RNA sequencing data, future functional validation 
studies in animal models are warranted to confirm the 
roles of the identified genes in the development and 
progression of AAAs.

Conclusions
Our analysis of the whole transcriptome from human 
aortic samples allowed us to identify numerous novel 
genes associated with AAAs, 26.6% more than in 
previous microarray studies.10–15 Moreover, our efforts 
to account for the impact of ischemic time have 
provided more robust biological pathways associated 
with AAA development, represented by 3002 DEGs, 
of which 1452 were new. Additionally, the study of 
differential splicing processes between AAAs and 
controls have revealed novel molecular processes 
involving already known genes in relation to AAA, such 
as SPP1, FHL1, or GNAS.

The study also analyzed the differential expression 
of genes in individuals with AAAs of different diame-
ters, providing novel genes associated with AAA pro-
gression. Further research on these genes and their 
potential causal relation to AAA may lead to potential 
treatments against aneurysm progression, which in-
creases the risk of rupture.

Finally, the analysis of differential allele-specific 
expression in 12 AAA samples permitted the identi-
fication of haplotypes associated with expression of 
particular genes and AAA risk, providing evidence for 
their possible involvement in disease and shedding 
light into the molecular mechanism.

Overall, this study provides a comprehensive ex-
ploration of AAA expression patterns, revealing key 
insights into the pathophysiology of AAA initiation and 
progression. RNA sequencing was used to conduct 
one of the largest differential expression analyses to 
date, uncovering novel genes associated with AAA. 
Our consideration of ischemic time and AAA diame-
ter improved the precision in identifying biological pro-
cesses associated with AAA onset and progression. 
Furthermore, our analysis of differential allele-specific 
expression identified genetic haplotypes that influence 
gene expression on AAA tissue, which advances our 

understanding of AAA genetic background. These 
findings contribute to future research and potential ad-
vances in precision medicine to reduce AAA progres-
sion and mortality risk.

ARTICLE INFORMATION
Received April 18, 2024; accepted October 7, 2024.

Affiliations
Unit of Genomics of Complex Diseases, Institut de Recerca Sant Pau (IR 
SANT PAU), Barcelona, Spain (G.T.-S., O.P., B.S., J.D., M.d.l.R.E., J.R.E., 
M.C., M.S.-L.); Servei d’Angiologia i Cirurgia Vascular i Endovascular, Hospital 
de la Santa Creu i Sant Pau, Barcelona, Spain (O.P., B.S., J.D., J.R.E.); Centro 
de Investigación Biomédica en Red de Enfermedades Cardiovasculares 
(CIBERECV), Madrid, Spain (J.D., M.C.); Department of Vascular and 
Endovascular Surgery, Hospital del Mar, Barcelona, Spain (L.C.J., L.N.); 
Department of Medicine and Surgery, Universitat Pompeu Fabra, Barcelona, 
Spain (L.C.J.); Population Health and Genomics, Ninewells Hospital and 
Medical School, University of Dundee, Dundee, United Kingdom (D.D., A.B.); 
Faculty of Medical Sciences, Biosciences Institute, University of Newcastle, 
Newcastle upon Tyne, United Kingdom (A.V.); Department of Medicine, 
Cardiovascular Medicine Unit, Karolinska Institutet, Stockholm, Sweden 
(M.S.-L.); and Centro de Investigación Biomédica en Red de Enfermedades 
Raras (CIBERER), Madrid, Spain (M.S.-L.).

Acknowledgments
The authors are grateful to Rosa Maria Blanco Soto and Agnes Argelaguet 
Franquelo for their technical assistance. The authors also acknowledge the 
patients with AAA at Hospital de la Santa Creu i Sant Pau and Hospital del 
Mar who participated in this study, and the multiorgan donor families who 
made this research possible through their generous consent. Figure 1 in-
cludes images sourced from Servier Medical Art (https://​smart.​servi​er.​com/​),  
which are licensed under a Creative Commons Attribution 4.0 Unported 
License. Author contributions: Drs Viñuela, Camacho, and Sabater-Lleal 
conceived and designed the study. Drs Soto, Dilmé, Peypoch, Calsina 
Juscafresa, Nieto, and Escudero generated the clinical database and sup-
plied the samples. G. Temprano-Sagrera and Dr Davtian performed the 
analyses. G. Temprano-Sagrera and Drs Brown, Viñuela, Camacho, and 
Sabater-Lleal interpreted the results. G. Temprano-Sagrera and Drs Viñuela, 
Camacho, and Sabater-Lleal wrote the manuscript. All authors read and ap-
proved the final manuscript.

Sources of Funding
This work was supported by a grant from the Spanish Ministry of Science 
and Innovation (PID2019-109844RB-I00). The genotyping service was car-
ried out at the Genotyping Unit-CEGEN in the Spanish National Cancer 
Research Centre, supported by Instituto de Salud Carlos III, Ministerio de 
Ciencia e Innovación. CEGEN is part of the initiative IMPaCT-GENóMICA 
(IMP/00009) cofunded by the Instituto de Salud Carlos III and the European 
Regional Development Fund. G. Temprano-Sagrera is supported by the 
Pla Estratègic de Recerca i Innovació en Salut grant from the Catalan 
Department of Health for junior research personnel (SLT017/20/000100). Dr 
Sabater-Lleal is supported by a Miguel Servet contract from the Instituto de 
Salud Carlos III Spanish Health Institute (CPII22/00007) and cofinanced by 
the European Social Fund. Dr Davtian was funded by a Tenovus Scotland 
Research PhD studentship, T19-06.

Disclosures
None.

Supplemental Material
Data S1
Tables S1–S10
Figures S1–S7

REFERENCES
	 1.	 Aggarwal S, Qamar A, Sharma V, Sharma A. Abdominal aortic aneu-

rysm: a comprehensive review. Exp Clin Cardiol. 2011;16:11–15.

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 12, 2024

https://smart.servier.com/


J Am Heart Assoc. 2024;13:e036082. DOI: 10.1161/JAHA.124.036082� 15

Temprano-Sagrera et al� Gene Expression Study on Abdominal Aortic Aneurysm

	 2.	 Kuivaniemi H, Ryer EJ, Elmore JR, Tromp G. Understanding the patho-
genesis of abdominal aortic aneurysms. Expert Rev Cardiovasc Ther. 
2015;13:975–987. doi: 10.1586/14779072.2015.1074861

	 3.	 Holmes DR, Liao S, Parks WC, Thompson RW. Medial neovasculariza-
tion in abdominal aortic aneurysms: a histopathologic marker of aneu-
rysmal degeneration with pathophysiologic implications. J Vasc Surg. 
1995;21:761–771. doi: 10.1016/S0741-5214(05)80007-2

	 4.	 Robinson WP, Schanzer A, Li Y, Goodney PP, Nolan BW, Eslami MH, 
Cronenwett JL, Messina LM. Derivation and validation of a practical 
risk score for prediction of mortality after open repair of ruptured ab-
dominal aortic aneurysms in a U.S. regional cohort and comparison to 
existing scoring systems. J Vasc Surg. 2013;57:354–361. doi: 10.1016/j.
jvs.2012.08.120

	 5.	 Chaikof EL, Dalman RL, Eskandari MK, Jackson BM, Lee WA, Mansour 
MA, Mastracci TM, Mell M, Murad MH, Nguyen LL, et al. The Society for 
Vascular Surgery practice guidelines on the care of patients with an ab-
dominal aortic aneurysm. J Vasc Surg. 2018;67:2–77.e2. doi: 10.1016/j.
jvs.2017.10.044

	 6.	 Lederle FA, Johnson GR, Wilson SE, Chute EP, Hye RJ, Makaroun MS, 
Barone GW, Bandyk D, Moneta GL, Makhoul RG, et al. The aneurysm 
detection and management study screening program: validation cohort 
and final results. Arch Intern Med. 2000;160:1425–1430. doi: 10.1001/
archinte.160.10.1425

	 7.	 Roychowdhury T, Klarin D, Levin MG, Spin JM, Rhee YH, Deng A, 
Headley CA, Tsao NL, Gellatly C, Zuber V, et al. Genome-wide associa-
tion meta-analysis identifies risk loci for abdominal aortic aneurysm and 
highlights PCSK9 as a therapeutic target. Nat Genet. 2023;55:1831–
1842. doi: 10.1038/s41588-023-01510-y

	 8.	 Lowe R, Shirley N, Bleackley M, Dolan S, Shafee T. Transcriptomics 
technologies. PLoS Comput Biol. 2017;13:e1005457. doi: 10.1371/jour-
nal.pcbi.1005457

	 9.	 Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for tran-
scriptomics. Nat Rev Genet. 2009;10:57–63. doi: 10.1038/nrg2484

	10.	 Biros E, Gäbel G, Moran CS, Schreurs C, Lindeman JHN, Walker PJ, 
Nataatmadja M, West M, Holdt LM, Hinterseher I, et  al. Differential 
gene expression in human abdominal aortic aneurysm and aortic 
occlusive disease. Oncotarget. 2015;6:12984–12996. doi: 10.18632/
oncotarget.3848

	11.	 Lenk GM, Tromp G, Weinsheimer S, Gatalica Z, Berguer R, Kuivaniemi 
H. Whole genome expression profiling reveals a significant role for im-
mune function in human abdominal aortic aneurysms. BMC Genomics. 
2007;8:237. doi: 10.1186/1471-2164-8-237

	12.	 Biros E, Moran CS, Rush CM, Gäbel G, Schreurs C, Lindeman JHN, 
Walker PJ, Nataatmadja M, West M, Holdt LM, et  al. Differential 
gene expression in the proximal neck of human abdominal aor-
tic aneurysm. Atherosclerosis. 2014;233:211–218. doi: 10.1016/j.
atherosclerosis.2013.12.017

	13.	 Choke E, Cockerill GW, Laing K, Dawson J, Wilson WRW, Loftus IM, 
Thompson MM. Whole genome-expression profiling reveals a role for 
immune and inflammatory response in abdominal aortic aneurysm 
rupture. Eur J Vasc Endovasc Surg. 2009;37:305–310. doi: 10.1016/j.
ejvs.2008.11.017

	14.	 Gäbel G, Northoff BH, Weinzierl I, Ludwig S, Hinterseher I, Wilfert W, 
Teupser D, Doderer SA, Bergert H, Schönleben F, et al. Molecular fin-
gerprint for terminal abdominal aortic aneurysm disease. J Am Heart 
Assoc. 2017;6:e006798. doi: 10.1161/JAHA.117.006798

	15.	 Lindquist Liljeqvist M, Hultgren R, Bergman O, Villard C, Kronqvist M, 
Eriksson P, Roy J. Tunica-specific transcriptome of abdominal aortic 
aneurysm and the effect of intraluminal thrombus, smoking, and diam-
eter growth rate. Arterioscler Thromb Vasc Biol. 2020;40:2700–2713. 
doi: 10.1161/ATVBAHA.120.314264

	16.	 Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut 
P, Chaisson M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner. 
Bioinformatics. 2013;29:15–21. doi: 10.1093/bioinformatics/bts635

	17.	 Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinformatics. 
2011;12:323. doi: 10.1186/1471-2105-12-323

	18.	 Harrow J, Frankish A, Gonzalez JM, Tapanari E, Diekhans M, Kokocinski 
F, Aken BL, Barrell D, Zadissa A, Searle S, et al. GENCODE: the ref-
erence human genome annotation for the ENCODE project. Genome 
Res. 2012;22:1760–1774. doi: 10.1101/gr.135350.111

	19.	 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a prac-
tical and powerful approach to multiple testing. J Roy Stat Soc: Ser B 
(Methodol). 1995;57:289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

	20.	 The GTEx consortium atlas of genetic regulatory effects across human 
tissues. Science. 2020;369:1318–1330. doi: 10.1126/science.aaz1776

	21.	 Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for com-
paring biological themes among gene clusters. OMICS. 2012;16:284–
287. doi: 10.1089/omi.2011.0118

	22.	 Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, 
Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES, et  al. 
Gene set enrichment analysis: a knowledge-based approach for in-
terpreting genome-wide expression profiles. Proc Natl Acad Sci USA. 
2005;102:15545–15550. doi: 10.1073/pnas.0506580102

	23.	 KEGG: New Perspectives on Genomes, Pathways, Diseases and 
Drugs. Nucleic Acids Research. Oxford Academic; 2023. https://​acade​
mic.​oup.​com/​nar/​artic​le/​45/​D1/​D353/​2605697

	24.	 Storey JD. A direct approach to false discovery rates. J Roy Stat Soc Ser 
B (Stat Methodol). 2002;64:479–498. doi: 10.1111/1467-9868.00346

	25.	 Kerseviciute I, Gordevicius J. aPEAR: an R package for autono-
mous visualization of pathway enrichment networks. Bioinformatics. 
2023;39:btad672. doi: 10.1093/bioinformatics/btad672

	26.	 Yu G, Hu E, Gao CH. enrichplot: visualization of functional enrichment 
result. 2023 [cited 2023 Nov 21]. Available from: https://​bioco​nduct​or.​
org/​packa​ges/​enric​hplot/​​.

	27.	 Chen B, Khodadoust MS, Liu CL, Newman AM, Alizadeh AA. Profiling 
tumor infiltrating immune cells with CIBERSORT. Methods Mol Biol. 
2018;1711:243–259. doi: 10.1007/978-1-4939-7493-1_12

	28.	 Castel SE, Mohammadi P, Chung WK, Shen Y, Lappalainen T. Rare 
variant phasing and haplotypic expression from RNA sequencing with 
phASER. Nat Commun. 2016;7:12817. doi: 10.1038/ncomms12817

	29.	 Degner JF, Marioni JC, Pai AA, Pickrell JK, Nkadori E, Gilad Y, Pritchard 
JK. Effect of read-mapping biases on detecting allele-specific expres-
sion from RNA-sequencing data. Bioinformatics. 2009;25:3207–3212. 
doi: 10.1093/bioinformatics/btp579

	30.	 van de Geijn B, McVicker G, Gilad Y, Pritchard JK. WASP: allele-specific 
software for robust molecular quantitative trait locus discovery. Nat 
Methods. 2015;12:1061–1063. doi: 10.1038/nmeth.3582

	31.	 Castel SE, Aguet F, Mohammadi P, Aguet F, Anand S, Ardlie KG, Gabriel 
S, Getz GA, Graubert A, Hadley K, et al. A vast resource of allelic ex-
pression data spanning human tissues. Genome Biol. 2020;21:234. doi: 
10.1186/s13059-020-02122-z

	32.	 van Beek D, Verdonschot J, Derks K, Brunner H, de Kok TM, Arts ICW, 
Heymans S, Kutmon M, Adriaens M. Allele-specific expression analysis 
for complex genetic phenotypes applied to a unique dilated cardiomy-
opathy cohort. Sci Rep. 2023;13:564. doi: 10.1038/s41598-023-27591-7

	33.	 Romero JP, Ortiz-Estévez M, Muniategui A, Carrancio S, de Miguel 
FJ, Carazo F, Montuenga LM, Loos R, Pío R, Trotter MWB, et  al. 
Comparison of RNA-seq and microarray platforms for splice event de-
tection using a cross-platform algorithm. BMC Genomics. 2018;19:703. 
doi: 10.1186/s12864-018-5082-2

	34.	 Ouyang M, Wang M, Yu B. Aberrant mitochondrial dynamics: an emerg-
ing pathogenic driver of abdominal aortic aneurysm. Cardiovasc Ther. 
2021;2021:6615400. doi: 10.1155/2021/6615400

	35.	 Summerhill VI, Sukhorukov VN, Eid AH, Nedosugova LV, Sobenin IA, 
Orekhov AN. Pathophysiological aspects of the development of ab-
dominal aortic aneurysm with a special focus on mitochondrial dys-
function and genetic associations. Biomol Concepts. 2021;12:55–67. 
doi: 10.1515/bmc-2021-0007

	36.	 Chistiakov DA, Shkurat TP, Melnichenko AA, Grechko AV, 
Orekhov AN. The role of mitochondrial dysfunction in cardiovas-
cular disease: a brief review. Ann Med. 2018;50:121–127. doi: 
10.1080/07853890.2017.1417631

	37.	 Leeper NJ, Tedesco MM, Kojima Y, Schultz GM, Kundu RK, Ashley EA, 
Tsao PS, Dalman RL, Quertermous T. Apelin prevents aortic aneurysm 
formation by inhibiting macrophage inflammation. Am J Phys Heart Circ 
Phys. 2009;296:H1329–H1335. doi: 10.1152/ajpheart.01341.2008

	38.	 Shin SJ, Hang HT, Thang BQ, Shimoda T, Sakamoto H, Osaka M, 
Hiramatsu Y, Yamashiro Y, Yanagisawa H. Role of PAR1-Egr1 in 
the initiation of thoracic aortic aneurysm in Fbln4-deficient mice. 
Arterioscler Thromb Vasc Biol. 2020;40:1905–1917. doi: 10.1161/
ATVBAHA.120.314560

	39.	 Nie H, Qiu J, Wen S, Zhou W. Combining bioinformatics techniques 
to study the key immune-related genes in abdominal aortic aneurysm. 
Front Genet. 2020;11:579215. doi: 10.3389/fgene.2020.579215

	40.	 Wang S, Liu H, Yang P, Wang Z, Ye P, Xia J, Chen S. A role of inflam-
maging in aortic aneurysm: new insights from bioinformatics analysis. 
Front Immunol. 2023;14:1260688. doi: 10.3389/fimmu.2023.1260688

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 12, 2024

https://doi.org//10.1586/14779072.2015.1074861
https://doi.org//10.1016/S0741-5214(05)80007-2
https://doi.org//10.1016/j.jvs.2012.08.120
https://doi.org//10.1016/j.jvs.2012.08.120
https://doi.org//10.1016/j.jvs.2017.10.044
https://doi.org//10.1016/j.jvs.2017.10.044
https://doi.org//10.1001/archinte.160.10.1425
https://doi.org//10.1001/archinte.160.10.1425
https://doi.org//10.1038/s41588-023-01510-y
https://doi.org//10.1371/journal.pcbi.1005457
https://doi.org//10.1371/journal.pcbi.1005457
https://doi.org//10.1038/nrg2484
https://doi.org//10.18632/oncotarget.3848
https://doi.org//10.18632/oncotarget.3848
https://doi.org//10.1186/1471-2164-8-237
https://doi.org//10.1016/j.atherosclerosis.2013.12.017
https://doi.org//10.1016/j.atherosclerosis.2013.12.017
https://doi.org//10.1016/j.ejvs.2008.11.017
https://doi.org//10.1016/j.ejvs.2008.11.017
https://doi.org//10.1161/JAHA.117.006798
https://doi.org//10.1161/ATVBAHA.120.314264
https://doi.org//10.1093/bioinformatics/bts635
https://doi.org//10.1186/1471-2105-12-323
https://doi.org//10.1101/gr.135350.111
https://doi.org//10.1111/j.2517-6161.1995.tb02031.x
https://doi.org//10.1126/science.aaz1776
https://doi.org//10.1089/omi.2011.0118
https://doi.org//10.1073/pnas.0506580102
https://academic.oup.com/nar/article/45/D1/D353/2605697
https://academic.oup.com/nar/article/45/D1/D353/2605697
https://doi.org//10.1111/1467-9868.00346
https://doi.org//10.1093/bioinformatics/btad672
https://bioconductor.org/packages/enrichplot/
https://bioconductor.org/packages/enrichplot/
https://doi.org//10.1007/978-1-4939-7493-1_12
https://doi.org//10.1038/ncomms12817
https://doi.org//10.1093/bioinformatics/btp579
https://doi.org//10.1038/nmeth.3582
https://doi.org//10.1186/s13059-020-02122-z
https://doi.org//10.1038/s41598-023-27591-7
https://doi.org//10.1186/s12864-018-5082-2
https://doi.org//10.1155/2021/6615400
https://doi.org//10.1515/bmc-2021-0007
https://doi.org//10.1080/07853890.2017.1417631
https://doi.org//10.1152/ajpheart.01341.2008
https://doi.org//10.1161/ATVBAHA.120.314560
https://doi.org//10.1161/ATVBAHA.120.314560
https://doi.org//10.3389/fgene.2020.579215
https://doi.org//10.3389/fimmu.2023.1260688


J Am Heart Assoc. 2024;13:e036082. DOI: 10.1161/JAHA.124.036082� 16

Temprano-Sagrera et al� Gene Expression Study on Abdominal Aortic Aneurysm

	41.	 Sung PH, Yang YH, Chiang HJ, Chiang JY, Chen CJ, Liu CT, Yu CM, Yip 
HK. Risk of aortic aneurysm and dissection in patients with autosomal-
dominant polycystic kidney disease: a nationwide population-based 
cohort study. Oncotarget. 2017;8:57594–57604. doi: 10.18632/
oncotarget.16338

	42.	 Kugo H, Moriyama T, Zaima N. The role of perivascular adipose 
tissue in the appearance of ectopic adipocytes in the abdom-
inal aortic aneurysmal wall. Adipocytes. 2019;8:229–239. doi: 
10.1080/21623945.2019.1636625

	43.	 Sanders KM. Invited review: mechanisms of calcium handling in 
smooth muscles. J Appl Physiol. 2001;91:1438–1449. doi: 10.1152/
jappl.2001.91.3.1438

	44.	 Márquez-Sánchez AC, Koltsova EK. Immune and inflammatory mecha-
nisms of abdominal aortic aneurysm. Front Immunol. 2022;13:989933. 
doi: 10.3389/fimmu.2022.989933

	45.	 Yuan Z, Lu Y, Wei J, Wu J, Yang J, Cai Z. Abdominal aortic aneu-
rysm: roles of inflammatory cells. Front Immunol. 2021;11:609161. doi: 
10.3389/fimmu.2020.609161

	46.	 Forester ND, Cruickshank SM, Scott DJA, Carding SR. Functional 
characterization of T cells in abdominal aortic aneurysms. Immunology. 
2005;115:262–270. doi: 10.1111/j.1365-2567.2005.02157.x

	47.	 Sagan A, Mikolajczyk TP, Mrowiecki W, MacRitchie N, Daly K, Meldrum 
A, Migliarino S, Delles C, Urbanski K, Filip G, et al. T cells are dominant 
population in human abdominal aortic aneurysms and their infiltration in 
the perivascular tissue correlates with disease severity. Front Immunol. 
2019;10:1979. doi: 10.3389/fimmu.2019.01979

	48.	 Ferreira PG, Muñoz-Aguirre M, Reverter F, Sá Godinho CP, Sousa A, 
Amadoz A, Sodaei R, Hidalgo MR, Pervouchine D, Carbonell-Caballero 
J, et  al. The effects of death and post-mortem cold ischemia on 
human tissue transcriptomes. Nat Commun. 2018;9:490. doi: 10.1038/
s41467-017-02772-x

	49.	 Forester ND, Cruickshank SM, Scott DJA, Carding SR. Increased natu-
ral killer cell activity in patients with an abdominal aortic aneurysm. Br J 
Surg. 2006;93:46–54. doi: 10.1002/bjs.5215

	50.	 Hasimbegovic E, Schweiger V, Kastner N, Spannbauer A, Traxler D, 
Lukovic D, Gyöngyösi M, Mester-Tonczar J. Alternative splicing in 
cardiovascular disease—a survey of recent findings. Genes (Basel). 
2021;12:1457. doi: 10.3390/genes12091457

	51.	 Rotival M, Quach H, Quintana-Murci L. Defining the genetic and evolu-
tionary architecture of alternative splicing in response to infection. Nat 
Commun. 2019;10:1671. doi: 10.1038/s41467-019-09689-7

	52.	 Golledge J, Muller J, Shephard N, Clancy P, Smallwood L, Moran C, 
Dear AE, Palmer LJ, Norman PE. Association between Osteopontin 
and human abdominal aortic aneurysm. Arterioscler Thromb Vasc Biol. 
2007;27:655–660. doi: 10.1161/01.ATV.0000255560.49503.4e

	53.	 Black KM, Masuzawa A, Hagberg RC, Khabbaz KR, Trovato ME, 
Rettagliati VM, Bhasin MK, Dillon ST, Libermann TA, Toumpoulis IK, 
et  al. Preliminary biomarkers for identification of human ascending 
thoracic aortic aneurysm. J Am Heart Assoc. 2013;2:e000138. doi: 
10.1161/JAHA.113.000138

	54.	 Icer MA, Gezmen-Karadag M. The multiple functions and mecha-
nisms of osteopontin. Clin Biochem. 2018;59:17–24. doi: 10.1016/j.
clinbiochem.2018.07.003

	55.	 Wang SK, Green LA, Gutwein AR, Gupta AK, Babbey CM, Motaganahalli 
RL, Fajardo A, Murphy MP. Osteopontin may be a driver of abdom-
inal aortic aneurysm formation. J Vasc Surg. 2018;68:22S–29S. doi: 
10.1016/j.jvs.2017.10.068

	56.	 Liu H, Zhang Y, Song W, Sun Y, Jiang Y. Osteopontin N-terminal function 
in an abdominal aortic aneurysm from apolipoprotein E-deficient mice. 
Front Cell Dev Biol. 2021;9:681790. doi: 10.3389/fcell.2021.681790

	57.	 Qin X, He L, Tian M, Hu P, Yang J, Lu H, Chen W, Jiang X, Zhang C, Gao 
J, et al. Smooth muscle-specific Gsα deletion exaggerates angiotensin 
II-induced abdominal aortic aneurysm formation in mice in vivo. J Mol 
Cell Cardiol. 2019;132:49–59. doi: 10.1016/j.yjmcc.2019.05.002

	58.	 Zhang R, Ji Z, Yao Y, Zuo W, Yang M, Qu Y, Su Y, Ma G, Li Y. Identification 
of hub genes in unstable atherosclerotic plaque by conjoint analysis of 
bioinformatics. Life Sci. 2020;262:118517. doi: 10.1016/j.lfs.2020.118517

	59.	 Greene D, Pirri D, Frudd K, Sackey E, Al-Owain M, Giese APJ, Ramzan 
K, Riaz S, Yamanaka I, Boeckx N, et  al. Genetic association anal-
ysis of 77,539 genomes reveals rare disease etiologies. Nat Med. 
2023;29:679–688. doi: 10.1038/s41591-023-02211-z

	60.	 Kobeissi E, Hibino M, Pan H, Aune D. Blood pressure, hypertension 
and the risk of abdominal aortic aneurysms: a systematic review and 
meta-analysis of cohort studies. Eur J Epidemiol. 2019;34:547–555. doi: 
10.1007/s10654-019-00510-9

	61.	 Wang B, Cai W, Ai D, Zhang X, Yao L. The role of deubiquitinases in vas-
cular diseases. J Cardiovasc Trans Res. 2020;13:131–141. doi: 10.1007/
s12265-019-09909-x

	62.	 Johnson M. Molecular mechanisms of β2-adrenergic receptor function, 
response, and regulation. J Allergy Clin Immunol. 2006;117:18–24. doi: 
10.1016/j.jaci.2005.11.012

	63.	 Baldo G, Wu S, Howe RA, Ramamoothy M, Knutsen RH, Fang J, 
Mecham RP, Liu Y, Wu X, Atkinson JP, et  al. Pathogenesis of aortic 
dilatation in mucopolysaccharidosis VII mice may involve comple-
ment activation. Mol Genet Metab. 2011;104:608–619. doi: 10.1016/j.
ymgme.2011.08.018

	64.	 Ding T, Zhou Y, Long R, Chen C, Zhao J, Cui P, Guo M, Liang G, Xu 
L. DUSP8 phosphatase: structure, functions, expression regulation 
and the role in human diseases. Cell Biosci. 2019;9:70. doi: 10.1186/
s13578-019-0329-4

	65.	 Emery P, Durand B, Mach B, Reith W. RFX proteins, a novel family of 
DNA binding proteins conserved in the eukaryotic kingdom. Nucleic 
Acids Res. 1996;24:803–807. doi: 10.1093/nar/24.5.803

	66.	 Du P, Gao K, Cao Y, Yang S, Wang Y, Guo R, Zhao M, Jia S. RFX1 down-
regulation contributes to TLR4 overexpression in CD14+ monocytes via 
epigenetic mechanisms in coronary artery disease. Clin Epigenetics. 
2019;11:44. doi: 10.1186/s13148-019-0646-9

	67.	 Blomkalns AL, Gavrila D, Thomas M, Neltner BS, Blanco VM, Benjamin 
SB, McCormick ML, Stoll LL, Denning GM, Collins SP, et al. CD14 directs 
adventitial macrophage precursor recruitment: role in early abdominal 
aortic aneurysm formation. J Am Heart Assoc. 2013;2:e000065. doi: 
10.1161/JAHA.112.000065

	68.	 An imprinted, mammalian bicistronic transcript encodes two indepen-
dent proteins. PNAS. doi: 10.1073/pnas.96.10.5616.

	69.	 Zhang K, Li M, Yin L, Fu G, Liu Z. Role of thrombospondin-1 and 
thrombospondin-2 in cardiovascular diseases (review). Int J Mol Med. 
2020;45:1275–1293. doi: 10.3892/ijmm.2020.4507

	70.	 Liu Z, Morgan S, Ren J, Wang Q, Annis DS, Mosher DF, Zhang J, 
Sorenson CM, Sheibani N, Liu B. Thrombospondin-1 (TSP1) contrib-
utes to the development of vascular inflammation by regulating mono-
cytic cell motility in mouse models of abdominal aortic aneurysm. Circ 
Res. 2015;117:129–141. doi: 10.1161/CIRCRESAHA.117.305262

	71.	 Wang C, Gong B, Bushel PR, Thierry-Mieg J, Thierry-Mieg D, Xu J, 
Fang H, Hong H, Shen J, Su Z, et al. A comprehensive study design 
reveals treatment- and transcript abundance–dependent concordance 
between RNA-seq and microarray data. Nat Biotechnol. 2014;32:926–
932. doi: 10.1038/nbt.3001

	72.	 Davis FM, Tsoi LC, Melvin WJ, denDekker A, Wasikowski R, Joshi AD, 
Wolf S, Obi AT, Billi AC, Xing X, et al. Inhibition of macrophage histone 
demethylase JMJD3 protects against abdominal aortic aneurysms. J 
Exp Med. 2021;218:e20201839. doi: 10.1084/jem.20201839

	73.	 Fasolo F, Winski G, Li Z, Wu Z, Winter H, Ritzer J, Glukha N, Roy J, 
Hultgren R, Pauli J, et al. The circular RNA ataxia telangiectasia mutated 
regulates oxidative stress in smooth muscle cells in expanding abdom-
inal aortic aneurysms. Mol Ther Nucleic Acids. 2023;33:848–865. doi: 
10.1016/j.omtn.2023.08.017

	74.	 Haque A, Engel J, Teichmann SA, Lönnberg T. A practical guide to 
single-cell RNA-sequencing for biomedical research and clinical appli-
cations. Genome Med. 2017;9:75. doi: 10.1186/s13073-017-0467-4

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 12, 2024

https://doi.org//10.18632/oncotarget.16338
https://doi.org//10.18632/oncotarget.16338
https://doi.org//10.1080/21623945.2019.1636625
https://doi.org//10.1152/jappl.2001.91.3.1438
https://doi.org//10.1152/jappl.2001.91.3.1438
https://doi.org//10.3389/fimmu.2022.989933
https://doi.org//10.3389/fimmu.2020.609161
https://doi.org//10.1111/j.1365-2567.2005.02157.x
https://doi.org//10.3389/fimmu.2019.01979
https://doi.org//10.1038/s41467-017-02772-x
https://doi.org//10.1038/s41467-017-02772-x
https://doi.org//10.1002/bjs.5215
https://doi.org//10.3390/genes12091457
https://doi.org//10.1038/s41467-019-09689-7
https://doi.org//10.1161/01.ATV.0000255560.49503.4e
https://doi.org//10.1161/JAHA.113.000138
https://doi.org//10.1016/j.clinbiochem.2018.07.003
https://doi.org//10.1016/j.clinbiochem.2018.07.003
https://doi.org//10.1016/j.jvs.2017.10.068
https://doi.org//10.3389/fcell.2021.681790
https://doi.org//10.1016/j.yjmcc.2019.05.002
https://doi.org//10.1016/j.lfs.2020.118517
https://doi.org//10.1038/s41591-023-02211-z
https://doi.org//10.1007/s10654-019-00510-9
https://doi.org//10.1007/s12265-019-09909-x
https://doi.org//10.1007/s12265-019-09909-x
https://doi.org//10.1016/j.jaci.2005.11.012
https://doi.org//10.1016/j.ymgme.2011.08.018
https://doi.org//10.1016/j.ymgme.2011.08.018
https://doi.org//10.1186/s13578-019-0329-4
https://doi.org//10.1186/s13578-019-0329-4
https://doi.org//10.1093/nar/24.5.803
https://doi.org//10.1186/s13148-019-0646-9
https://doi.org//10.1161/JAHA.112.000065
https://doi.org//10.1073/pnas.96.10.5616
https://doi.org//10.3892/ijmm.2020.4507
https://doi.org//10.1161/CIRCRESAHA.117.305262
https://doi.org//10.1038/nbt.3001
https://doi.org//10.1084/jem.20201839
https://doi.org//10.1016/j.omtn.2023.08.017
https://doi.org//10.1186/s13073-017-0467-4

	Differential Expression Analyses on Human Aortic Tissue Reveal Novel Genes and Pathways Associated With Abdominal Aortic Aneurysm Onset and Progression
	Methods
	Ethics Approval and Consent to Participate
	Data Availability
	Subjects
	Sample Processing
	RNA Sequencing
	Alignment, Quantification, and Quality Control
	Differential Expression Analysis
	Enrichment Analysis
	Study of the Inflammatory Infiltrate
	Alternative Splicing
	Allele-Specific Expression

	Results
	Participant Characteristics
	Differential Expression Analyses Between AAAs and Controls
	Study of Alternative Splicing
	Differential Expression Analysis by Aortic Diameter
	Allele-Specific Expression

	Discussion
	Study of Ischemic Time-Independent Pathways Involved in AAA Development
	Study of Alternative Splicing Between AAAs and Controls
	Genes Associated With AAA Onset and Progression
	Identification of Haplotypes Associated With AAA Risk
	Strengths and Limitations
	Conclusions

	Acknowledgments
	Sources of Funding
	Disclosures
	References


