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Abstract

Background: Since aortic diameter is the most
significant risk factor for rupture, we sought to identify
stress-dependent changes in gene expression to illumi-
nate novel molecular processes in aneurysm rupture.
Materials and Methods: We constructed finite element
maps of abdominal computerized tomography scans
(CTs) of seven abdominal aortic aneurysm (AAA) pa-
tients to map wall stress. Paired biopsies from high- and
low-stress areas were collected at surgery using vascular
landmarks as coordinates. Differential gene expression
was evaluated by lllumina Array analysis, using the whole
genome DNA-mediated, annealing, selection, extension,
and ligation (DASL) gene chip (n = 3 paired samples).
Results: The sole significant candidate from this analy-
sis, Lamin A/C, was validated at the protein level, using
western blotting. Lamin A/C expression in the inferior
mesenteric vein (IMV) of AAA patients was compared
to a control group and in aortic smooth muscle cells in
culture in response to physiological pulsatile stretch.
Areas of high wall stress (n = 7) correlate to those regions
which have the thinnest walls [778 pm (585-1120 um)]
in comparison to areas of lowest wall stress [1620 um
(962-2919 pm)]. Induced expression of Lamin A/C

correlated with areas of high wall stress from AAAs
but was not significantly induced in the IMV from AAA
patients compared to controls (n = 16). Stress-induced
expression of Lamin A/C was mimicked by exposing aor-
tic smooth muscle cells to prolonged pulsatile stretch.
Conclusion:Lamin A/Cproteinis specificallyincreasedin
areas of high wall stress in AAA from patients, but is not
increased on other vascular beds of aneurysm patients,
suggesting that its elevation may be a compensatory
response to the pathobiology leading to aneurysms.
Copyright © 2015 Science International Corp.
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Introduction

Abdominal aortic aneurysm (AAA) is a chronic de-
generative vascular disease affecting 5-6% of males
and 1-2% of females over 65 years of age [1]. Aneu-
rysmal lesions commonly manifest as focal dilatations
of the aorta, increasing in diameter over time, ulti-
mately resulting in aortic rupture, when the strength
of the vessel wall fails to withstand blood pressure.

© 2015 AORTA
Published by Science International Corp.
ISSN 2325-4637
Fax +1 203 785 3552
E-Mail: aorta@scienceinternational.org
http://aorta.scienceinternational.org

Accessible online at:
http://aorta.scienceinternational.org

* Corresponding Author:

Gillian W Cockerill, PhD

St George's, University of London

Institute of Cardiovascular & Cell Sciences

Cranmer Terrace, Tooting SW17 ORE, United Kingdom

Tel: +44 208 725 2817, Fax: +44 208 725 2812; E-Mail: gcockeri@sgul.ac.uk


mailto:aorta@scienceinternational.org
http://aorta.scienceinternational.org
http://aorta.scienceinternational.org
http://dx.doi.org/10.12945/j.aorta.2015.14.069
mailto:gcockeri@sgul.ac.uk

153

Original Research Article

What we currently know about the pathological
development of AAA is derived from analysis of end-
stage human biopsies [2-5], consideration of risk
factors [6], genome-wide association studies, and
investigating the mechanisms involved in various ex-
perimental models of AAA [7].

Initiation is likely to begin with an inflammatory re-
sponse resulting in activation of matrix-destabilizing
metalloproteinases, leading to elastin degradation
and vascular remodeling [8-10]. Further expansion is
accompanied by subsequent development of luminal
thrombus resulting in mural ischemia leading to the
production of factors known to induce neovasculariza-
tion and thus, exacerbation of the inflammatory process
[11]. Rarefaction of medial smooth muscle cells (SMC),
the result of combined loss from induction of apoptotic
cell death and reduction of proliferative expansion, con-
tributes to the production of a cell-poor, matrix-rich vas-
cular lesion that is noncompliant and structurally com-
promised. Homeostatic mechanisms of repair counter
the disease progression, and an increase in the numbers
of circulating endothelial progenitor cells has been doc-
umented. However, the reparative capacity of such cells
is questionable.

Aside from the relationship between maximal
aneurismal diameter and risk of rupture, we have few
facts that inform our knowledge of the precise mech-
anism of rupture, currently the 13th most common
cause of sudden death in the world [12]. In previously
published work, we identified the differential expres-
sion and pathological features of aneurysm rupture,
by comparing tissue biopsies taken proximal to the
rupture site to biopsies collected distal to the rup-
ture. Our data suggested that medial neovascular-
ization preceded rupture and that this local increase
in small vessels potentially weakened the vessel wall,
leading to rupture [13]. To gain a further understand-
ing of the biological changes occurring in the vessel
wall prior to rupture, this study aims to identify stress-
dependent modulation in gene expression.

Methods

Patients

The collection of paired AAA biopsies were carried out
prospectively and conducted according to the principles of
the declaration of Helsinki and approved by the local ethics
committee (ref 09/H0803/0011). Patients scheduled for elec-
tive open aneurysm repair were recruited and biopsies col-

lected between January 2008 and December 2009. Patients
undergoing emergency surgery and those suitable for endo-
vascular repair were excluded. In addition, patients who had
had previous surgery or endovascular repair, patients with
inflammatory aneurysms and additional connective tissue
disorders were also excluded. Inferior mesenteric vein (IMV)
samples were collected between December 2008 and Janu-
ary 2010. A segment of IMV was obtained from 16 patients
with AAA (> 5 cm in diameter) at the time of open AAA repair.
Control samples were obtained from patients undergoing left
hemi-colectomy for benign colonic pathology (confirmed by
histology). The site of IMV harvesting and specimen size was
consistent across both groups. AAA patients were excluded if
they had inflammatory AAA, known malignancy, active coli-
tis, or had a previous hemi-colectomy. Control patients were
excluded if they had active inflammatory processes, were on
current steroid therapy, prior chemotherapy, or an AAA visi-
ble on preoperative imaging. Written informed consent was
obtained from all patients and consent forms received local
ethics committee approval (ref 08/H0803/210). IMV samples
were obtained from the colonic mesentery, irrigated with
saline, and stripped of accessory connective tissue. Samples
were immediately snap-frozen in liquid nitrogen and stored
at -800C until protein analysis.

Biopsy Localization and Sample Harvest

Full thickness biopsies were obtained during elective open
repair. Coordinates of regions of highest and lowest wall stress
were identified on the Finite Element Analysis (FEA) model by
measuring the distance and clock position on the finite ele-
ment mesh from the proximal starting point (the level of the
first CT slice imported into the FEA software). Measurement
was performed by using the distance measurement tool
in the FEA software interface. A detailed, 3D reconstruction
image of the aorta including the major visceral branches
was performed (3mensio 3D imaging workstation, 3mensio
Medical Imaging B.V., Bilthoven, The Netherlands). The coor-
dinates of regions of interest were localized according to the
distance from adjacent visceral branches as determined from
the FEA software. Intraoperatively, high and low wall stress
regions were marked (according to the above distance) on
the aneurysm surface before aortic clamping. Full thickness
biopsies were obtained from the marked regions once the sac
was opened. The samples were washed in saline to remove
any attached intraluminal thrombus (ILT). Mechanical scrap-
ping of ILT was avoided and not necessary as washing was
sufficient to remove adjacent ILT as confirmed by microscopic
examination. The proximity of areas of high wall stress in rela-
tion to maximal aortic diameter (MAD) was assessed visually
by inspecting wall stress maps and corresponding computed
tomography images.

Wall Thickness Measurements

All samples were measured in saline at room temperature
immediately after biopsy. The samples were washed gently to
remove excess ILT with no mechanical scraping. Wall thickness
was measured by computer assisted micrometry using the Ax-
ioVs40 micro telescope system (Carl Zeiss Imaging Solutions,
Germany) at 1-mm intervals to allow for aneurysm wall het-
erogeneity and a mean value for each specimen was obtained.
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Finite Element Analysis

FEA is a computational modelling technique used by the
engineering industry to simulate wall stress distribution in
complex structures. This method has recently been used to
predict the risk of rupture in individual AAAs in experimental
studies. FEA takes into account detailed aneurysm morphol-
ogy, hemodynamic forces, and mechanical properties of the
AAA to determine the mechanical stress distribution. A de-
tailed 3D model of each AAA is constructed from preoperative
computed tomography (CT) imaging to provide a wall stress
map that is unique for each patient [14]. Since arterial walls
exhibit nonlinear behavior and undergo large strains, a finite
strain constitutive equation based on the model derived by
Raghavan and Vorp [15] specifically suited for AAA wall was
used. Multi-component wall models were built to include
the aortic wall and ILT. Appropriate material properties for
each component were used. Finite element analyses were
performed using ADINA (ADINA R&D Inc., Watertown, Massa-
chusetts, USA) to determine patterns and values of wall stress
within the affected aorta.

Gene Array Analysis

Tissue biopsies for RNA isolation were transported from the
theatre in RNA-stabilizing solution (Ambion, Inc., UK) and pro-
cessed immediately for total RNA isolation using an RNeasy
Mini Fibrous Kit (Qiagen, UK) according to the manufacturer’s
recommendations. Briefly, 50 mg of tissue is ground to a fine
powder in liquid nitrogen, and the powder then homoge-
nized with lysis buffer using a rotor homogenizer (IKA, Werke
GmbH, Germany). The concentration and purity of each sam-
ple (ng/pl) was determined by NanoDrop™ ND-3300 (Thermo
Scientific, UK) and Agilent BioAnalyser, Agilent Technologies,
UK), respectively.

The gene expression of these samples were carried out at
The Genome Centre, Queen Mary, University of London using
the whole-genome complementary DNA-mediated, anneal-
ing, selection, extension, and ligation (DASL) array Human
Ref-8 vs. 3.0 Bead Chips (lllumina, San Diego, CA, USA). This
chip includes 24,526 probes targeting 18,401 genes. In brief,
total RNA was converted into cDNA using the biotinylated
random nonamers, oligo-deoxythymidine 18 primers, and
[llumina-supplied reagents, according to the manufacturer’s
protocol. The biotinylated cDNA was then annealed to assay
oligonucleotides and bound to streptavidin-conjugated para-
magnetic materials to select RNA at 55°C for 18 hours to the
array, followed by washing and staining with streptavidin and
conjugation to cyanin 3. Post-hybridization, the chips were
scanned using the BeadArray™ Reader system (lllumina, UK).
Gene expression data were normalized using quantile nor-
malization and log-transformed. Statistical analysis and hier-
archical clustering were performed using the Genespring GX
9 (Agilent Technologies, UK).

Quantitative Real-Time Polymerase Chain Reaction
(QRT-PCR)

LMNA expression was validated by QRT-PCR using TagMan™
Gene expression Assays on Demand (Applied Biosystems,
UK) and the Mx4000 Multiplex Quantitative PCR System
(Stratagene, UK). The mRNA levels of LMNA was determined

by Quantitative Real-Time (QRT)-PCR using TagMan probes
(Assays-on-Demand™ Gene Expression Products, Applied
Biosystems, UK), with the carboxyfluorescein fluorescent dye
6-FAM as the 5'-fluorophore and nonfluorescent quencher
(NFQ) at the 3"-end of the probe. QRT-PCR reaction mixtures
for each sample were 50 pl, containing 25 pl of 2x TagMan
Universal Master Mix (without AmpErase® UNG), 22.5 ul cDNA
template, and 2.5 pl of 20x target assay mix. Each sample was
run in triplicate and for all reactions, negative controls were
run with no template present. In addition, total RNA from
patient samples was used for sham reverse transcription re-
actions with no reverse transcriptase present and then sub-
jected to standard PCR using 18S rRNA primers to verify that
no amplification was produced. QRT-PCR was carried out
using an Mx4000 Multiplex Quantitative PCR System. The
PCR cycle started with an initial 10 min denaturation step at
95°C, followed by 40 cycles of shuttle heating at 95°C for
15 s and 60°C for 1 min. The associated Mx4000 software
was used to analyze the data and determine the threshold
count (Ct). Ct was determined for the target genes and 18S
rRNA. 18S rRNA was chosen as the endogenous control to
which we normalized our specimens. Preliminary valida-
tion experiments verified that the efficiencies of target gene
amplification and the efficiency of the mean value of trans-
ferrin receptor and TATA box-binding protein rRNA ampli-
fication to be approximately equal; therefore, we validated
that the target gene:mean endogenous control rRNA ratio
could be calculated using the ACt method. For each sample,
Cttarget gene and C¢mean endogenous control rRNA \were de-
termined, and ACt = C¢target gene — C¢mean endogenous rRNA
The relative level of the target gene normalized to transfer-
rin receptor and TATA box-binding protein was determined
by calculating 2-AC;,

Western Blotting

Total cell lysates (30 pg protein) were separated on an SDS-
PAGE (10-12% running gel, 4% stacking gel. Bio-Rad, Herts,
UK). Protein was then transferred to PVDF membrane (Milli-
pore, Watford, UK). Blocking was performed overnight at 4°C
in Tris-buffered saline (TBS) plus 5% non-fat dry milk. Blots
were incubated with primary antibodies as follows: Lamin A/C
(Cell Signaling, clone 4C11 at 1:1000) and Lamin A (Santa Cruz
Biotech, clone C20 at 1:500) overnight at 4°C in TBS with
0.05% Tween-20 and 5% non-fat dried milk followed by in-
cubation with HRP-conjugated secondary antibody (1:2000)
(New England Biolabs, Herts, UK) for 45 minutes. Immunode-
tection was accomplished using chemiluminescence (Super
Signal-HRP, Pierce Chemical Corp., Chester, UK). Detected
bands were scanned on a calibrated densitometer (GS-800,
Bio-Rad, Herts, UK) and quantified using Quantity One image
analysis software (Bio-Rad). The densitometry of each band
was normalized to the abundance of B-actin (ab8227, Abcam,
Cambridge, UK) or B-tubulin (ab21057, Abcam, Cambridge,
UK) staining using Image J (NIH) software.

Stretch Experiments with Human Aortic Smooth

Muscle Cells
Early passages (2-3) human aortic smooth muscle cells
(AoSMC) (PromoCell, Heidelberg Germany) were plated in
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completed growth medium (PromoCell, Heidelberg, Germa-
ny) on six-well Bioflex plates coated with collagen Type | (FI-
excell International Corporation, NC, USA). Confluent AoSMC
were then subjected to no stretch or cyclic sine wave stretch
stress using stretch equipment [Flexcell FX-5000T Compres-
sion System (Dunn Labortechnik, Ashbach, Germany)] at 370C
and 5% CO, for different periods of time up to 20 h. Following
stretch stress, cells were allowed to relax for 20 h, and soluble
proteins were isolated at times (as indicated). Lamin A/C and
Prelamin protein expression was measured by western blot-
ting using antibodies of interest. Actin was used as a loading
control. Data are the mean + SD (n = 3 independent experi-
ments at each data point, p* < 0.05).

Statistical Analysis

Data are presented as mean * SD, unless otherwise stat-
ed. Analysis of western blot data was by one-way ANOVA
followed by a Bonferronni’s post-hoc test for multiple com-
parisons. The Benjamini-Hochberg post-hoc test for multiple
measures was applied to the differential gene expression
data following normalization. Wall thickness was recorded
as median and interquartile ranges. Correlation between
variables was performed using Spearman’s correlation.
Significance was identified as a p value of less than 0.05.
Statistical analysis was performed using GraphPad Prism,
version 4.0.

Results

Regions of High Stress Correlate with Thinning of the
Aortic Wall

Patient-specific wall stress computation was per-
formed on ten patients. It was not possible to obtain
paired biopsies from three patients (posterior loca-
tion in one, near proximal graft anastamosis in two).
Seven paired samples were obtained (five males and
two females) from regions of highest and lowest wall
stress (Figure 1). The seven patients used in this study
were all prescribed HMG CoA reductase inhibitor
drugs and anti-hypertensive treatments. They were
all well nourished, but none were clinically obese.
Measurement of seven paired biopsies showed that
regions of high wall stress had an approximately two-
fold reduction in full wall thickness. The seven pa-
tients biopsied had a mean age of 66 (60-82 years)
and a median maximal aortic diameter of 60 (51-70
mm).

We found that the median and interquartile range
(IQR) for wall thickness from areas of low wall stress
were 1620 (962-2912 um) thick, compared to 778
(585-1120 um) in regions of high wall stress. No obvi-
ously thickened atheromatous plaques were encoun-
tered during measurement. No correlation was found

between wall thickness (in both high and low stress
regions) and maximal aortic diameter (r=0.2, r=0.6),
respectively.

Gene Array Analysis Identifies Lamin A/C as the Most
Significant Stress-Dependent Candidate Gene

Three of the seven paired biopsies provided RNA
isolates of sufficient quality (RIN >9) to proceed to
gene array analysis. A total of 125 genes (71 upregu-
lated and 54 downregulated) had a greater than 2-fold
difference of expression (p < 0.05) in the high wall
stress biopsy compared to the low wall-stress biopsy
(see Supplementary Table 1). Supplementary Table 2
shows the gene ontology processes associated with
the genes identified. However, when the Benjamini-
Hochberg multiple testing correction was applied to
these data, only Lamin A/C was the sole candidate
which was differentially expressed (2.1-fold change,
n =3, p=0.02). Differential gene expression was val-
idated using QRT-PCR using the transferrin receptor
and TATA-box binding protein as reference genes
(2.83-fold change, n =3, p < 0.05).

Lamin A/C Protein is Significantly Increased
in Regions of High Walls Stress

To establish if the differential expression of Lamin
A/C was reiterated at the protein level, we analyzed
relative protein abundance by western blotting. We
found a two-fold induction of Lamin A/C protein
(0.99 + 0.28 vs. 1.88 + 0.72, n=3, p < 0.05) in aortic
biopsies from regions of high wall stress compared
to low wall stress (Figure 2). Western blotting data of
Lamin A/C for each of the three samples is included in
the panel below the histogram.

Lamin A/C Protein Concentration is Not Elevated In
Non-Aneurysmal Vascular Beds of AAA Patients
Accruing evidence supports the idea that ear-
ly aneurismal changes can also be manifest in vas-
cular beds without signs of dilatation. Analysis of
non-aneurysmal vessels from AAA patients allow
us to explore the question as to whether eleva-
tion of Lamin A/C expression represents an early
systemic event. We measured the protein abundance
in the IMV of AAA patients removed following sur-
gery for other conditions and compared the level of
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expression to IMV from control patients without AAA.
Figure 3 shows no significant difference between the
abundance of Lamin A/C from IMV of patients with
AAA compared to controls (3.32+2.17vs.3.94 + 1.12,
n=16,p=NSD).

Physiological Pulsatile Stretch of SMC in Culture
Induces a Time-Dependent Elevation of Lamin A/C
and Prelamin A Expression

Since SMC of the normal human vasculature are sub-
jected to constant pulsatile stretch, we explored wheth-
er expression of Lamin A/C could be influenced by
pulsatile stretch in vitro. We seeded SMC onto Flexcell™
plates, and once the cells had reached confluence, the
complete growth medium was changed and the cul-
tures subjected to pulsatile stretch at 15% elongation, 1
Hz for 20 hours, followed by 20-hours relaxation. Figure
4 shows western blotting data from protein lysates pre-
pared at indicated times, confirming that the expression
of [A] Lamin A/C and [B] Prelamin A steadily increased,
reaching a peak at 24 hours after the start of the experi-
ment (approximately five-fold higher than basal levels),
4 hours following the beginning of relaxation. Following
a 20-hour period of relaxation, Lamin A/C expression
was down to normal resting state and the Prelamin A
remained significantly elevated (approximately 3-fold
increased) at this time (n= 3, *p < 0.05, **p < 0.01).

Discussion

A number of human aneurysm gene expression
profile arrays have previously been reported [16-19]

[1] CT scan

[2] 3D-reconstruction  [3] FEA

= ePe =~ B
=3 = 3

and analysis of paired biopsies, using the presence
or absence of thrombus over the aneurysmal wall
as a discriminator, identified MMP-1, -7, -9, and -12
as being differentially expressed [20]. However, this
is the first time that wall stress has been used to dis-
criminate paired biopsies for gene expression profil-
ing. Identification of stress-dependent expression
of Lamin A/C in AAA represents the first time that at-
tention has been drawn to the nuclear lamina in this
degenerative vascular pathology.

Differential gene array analyses notoriously re-
veal many divergent candidate genes. Since fol-
lowing rigorous statistical adjustment for multiple
measures, Lamin A/C was revealed as our sole can-
didate, it is most likely that either our selection cri-
teria were overly stringent, or we have too small a
sample. If the Benjamini-Hochberg post-hoc test for
multiple comparison is not applied to the array data,
reducing the level of statistical stringency, a broad
register of differential genes is generated (see Sup-
plementary Table 3). Using a two-fold change as a
cut-off and a p value less than 0.005 we identify the
expression of seventy one genes which are induced
and fifty four reduced. This gene array represents
molecules that play a role in the immune response,
regulation of cell growth, gene expression, angio-
genesis, cell matrix synthesis, degradation, and
inflammation. Two other candidates have been
shown to have a particular relevance to aneurysm
biology: ADAMTS2, an extracellular matrix protease
known to be involved in Ehlers-Danlos syndrome
[21], and also identified as having a role in arterial

<'l- 4 v‘
M = LS _‘

Figure 1. Schematic diagram illustrating experimental design. CT scans of participating patients (1) were converted into 3D recon-
structions (2) and the Diacom™ files analyzed by FEA (3) to provide a three dimensional stress distribution of the AAA. Red color
corresponds to highest wall stress whilst blue for lowest wall stress. The FEA were then overlaid onto the 3D CT in the theatre, and
the biopsies harvested (4). Of 11 patients recruited, seven paired biopsies were harvested for analysis. In four patients one or other
of the biopsy sites were not in an accessible location. AAA = abdominal aortic aneurysm; FEA = finite element analysis.
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Figure 2. Lamin A/C protein abundance is differentially induced
in human aneurysmal biopsies from areas of high wall-stress.
Histogram shows relative abundance of Lamin A/C from protein
lysates of aneurysmal biopsies from areas of low wall stress (LWS)
and high wall stress (HWS) relative to 3-tubulin. Western blotting
gel data for each of three patients is shown in the panel below.
Data represent mean + SD (n =3, p < 0.05).

[A]

Figure 3. Lamin A/C is not induced in other vascular beds of
aneurysm patients. Protein abundance of Lamin A/C relative to
B-tubulinin the inferior mesenteric vein of control (no aneurysm)
and aneurysmal patients shows no significant difference. Histo-
gram represents data as mean =+ SD (n = 16), with a representa-
tive example of four samples from each group as western blot-
ting gel data in panel below; NSD = not significantly different.
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Figure 4. Stretch-dependent effects on Lamin A/C and Prelamin A in human aortic smooth muscle cells. Human aortic smooth
muscle cells (SMC) were grown to confluence and following a change of complete medium were then exposed to 20 hours stretch
(15% elongation, 1 Hz) followed by 20-hours relaxation. Protein lysates were prepared at 6, 12, 20, 24, 32, and 40 hours. Panel A. Time-
course of changes in Lamin A/C expression. Panel B. Time-course of changes in Prelamin A expression relative to (3-actin in SMCs.
Data are representative of three experiments (*p < 0.05, **p < 0.01).

tortuosity syndrome [22]; and prostaglandin E2 re-
ceptor, previously shown to have a role in aneurysm
biology [23] and recently reintroduced as a poten-
tial therapeutic candidate for use in cardiovascular
inflammation.

The identification of Lamin A/C as a stress-induced
candidate gene is consistent with several aspects of
the pathobiology of this disease. Lamins form a thin
(20 nm) intermediate filament meshwork which lines
the nucleoplasmic face of the nuclear envelope (NE).
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The nuclear lamina is associated with the inner NE
and the underlying chromatin and also provides an
anchoring point for the nuclear pore complex. In
mammalian somatic cells, Lamins A and C (Lamin
A/C) are generated by differential splicing of a sin-
gle gene (LMNA). These products differ by virtue of
a unique C-terminal extension, 99 amino acids for
Lamin A and 6 for Lamin C[24]. Lamin A goes through
multiple steps of post-translational processing at its
C-terminal CaaX motif, involving 3-4 enzymes. First,
a farnesyl moiety is added to cysteine by farnesyl
transferase 1. The cleavage of the last three amino ac-
ids (aaXing) by either Rce1 or ZmpSte2 occurs. Then,
the C-terminal cysteine is carboxymethylated by iso-
prenylcysteine carboxymethyltransferase, resulting
in carboxymethylated Prelamin A. Within 90 minutes
of synthesis, ZmpSte24 cleaves Prelamin A (74 kDa),
14 amino acids upstream of the C-terminus, resulting
in mature Lamin A (72 kDa) [25-30].
Mechanotransduction, the phenomenon by which
cellsrespondtoappliedforce,is critical to several phys-
iological and pathological processes [31]. The exact
mechanisms which govern how forces can influence
biological processes have not been determined, but
putative direct force effects on the genome must
require transduction through the nuclear lamina.
Lamins not only provide a nuclear scaffold of inter-
mediate filaments important in mechanotransduc-
tion but are also found in the nucleoplasm, being
part of the intranuclear reticulum, thought to play an
important role in the maintenance of nuclear struc-
tural integrity, in DNA replication, transcriptional
regulation, and apoptosis [32-34]. Expression and ac-
cumulation of a mutant form of Lamin A associated
with Hutchinson-Gilford Progeric Syndrome (HGPS)
(Lamin A D50) causes changes in the nuclear lami-
na network organization [35] and an increase in the
accumulation of Prelamin and nuclear stiffness [36]
with implications for mechanisms of normal ageing
and atherosclerotic vascular changes. Recent studies
have demonstrated that accumulation of Prelamin
accelerates normal smooth muscle cell aging [37].
Mutation in the LMNA gene have been responsi-
ble for at least nine classes of disorders, collectively
called laminopathies, including muscular dystro-
phies Emery-Dreifuss and limb-girdle muscular dys-
trophy, Type 1B [38], in accelerated aging, HGPS [39,

40] or atypical Werner’s Syndrome [41], and dilated
cardiomyopathy [42], Charcot-Marie-Tooth disease
Type 1 [43], Dunnigan-type familial partial lipodys-
trophy [44], mandibuloacral dysplasia [45], and re-
strictive dermopathy [46]. A number of the clinical
features of these diseased phenotypes are sugges-
tive of accelerated aging, and studies in vitro have
shown that overexpression of mutant and wild-type
Lamin A accelerates telomere shortening and repli-
cative senescence [47]. We and others have shown
that there is an elevated number of circulating pro-
genitor cells and that the telomeres of such cells are
shorter in comparison to age matched controls, sug-
gesting that AAAs represent focal lesions of acceler-
ated aging [48, 49]. This being so, the demonstration
of focal induction of Lamin A/C expression warrants
investigative consideration as a potential player
in generating these chronic degenerative vascular
lesions.

Apoptosis, programmed cell death, plays a funda-
mental role in aneurysm development [50]. In a re-
cent study where aneurysm formation was perturbed
by elevation of plasma high-density lipoprotein
concentration, we show that site-specific apoptosis
was inhibited [51]. In cells programmed to die, the
caspase-dependent degradation of Lamins has been
recognized as a prelude to nuclear destruction [52].
Recent work suggests that not only is Lamin degrada-
tion a feature of apoptosis but that failure to correctly
assemble nuclear lamina is a trigger for apoptosis
[53]. The overexpression of Lamin A/C that we ob-
serve in the high wall-stress regions of AAA may rep-
resent a mechanism to counter apoptotic induction,
but further work is needed to support this idea.

The predominant weakness of these experiments
is the small number of paired biopsies available for
analysis. With an increase in application of endovas-
cular repair, the numbers of elective open repair are
reduced. To address this issue, we are archiving addi-
tional material over a longer period of time for further
studies.

We have identified an increase in Lamin A/C pro-
tein expression as a wall stress-dependent change ob-
served in AAAs. Since these changes are not observed
in non-aneurysmal vascular beds of AAA patients, it
is most likely to be a compensatory response to the
accelerated ageing process that is characteristic of
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aneurysm pathobiology. The reason that induction
of expression of Lamin A/C may be desirable and
represent a homeostatic mechanism to counter the
degenerative progression of the vessel may relate to
the ability of Lamin A/C to protect chromatin struc-
ture and prevent apoptosis. Although it will be chal-
lenging to develop Lamin A/C as a molecule of any
clinical use in the management/or treatment of AAA,
our findings support the validity of this experimen-
tal design as a means of further discovery. Larger
numbers of patients are required to allow us to gain
a significant number of good quality paired samples
for similar analysis. However, since aneurysms share
common features of biology with advanced aging,
and treatment with farnesyltransferase inhibitors has
the potential to perturb this process in vitro and in
vivo [54, 55], these drugs may provide an interesting
new therapeutic strategy for management of AAA
growth. Further investigation of target genes, such
as Lamin A/C, that impact on mechanotransduction
may have importance in thoracic aortic aneurysms,
since although the etiology of these pathologies
differs from abdominal aortic aneurysms the role of
mechanodysfunction on molecular changes in cell
biology may be similar [56-58]. Such ideas warrant
further investigation. The ability to mimic induction
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Supplementary Table 1. Upregulated genes at regions exposed to high stress (2-fold change threshold).
Fold change  Symbol Definition / (Chromosomal Location) p value
2.07 TRUB1 TruB pseudouridine (psi) synthase homolog 1 (10) 0.009
2.11 MRC2 Mannose receptor, C Type 2 (17) 0.038
2.26 CA8 Carbonic anhydrase VIII (8) 0016
2.22 SORBS3 Sorbin and SH3 domain-containing 3 (8) 0.016
2.24 AFAP Actin filament associated protein (4) 0.034
2.29 HSPG2 Heparan sulfate proteoglycan 2 (perlecan) (1) 0.029
2.81 SOCS5 Suppressor of cytokine signaling 5 (2) 0011
2.05 FLJ45337 FLJ45337 protein (1) 0.042
461 TRIM36 Tripartite motif-containing 36 (5) 0.017
243 LUZP2 Leucine zipper protein 2 (11) 0.004
3.54 GNAO1 Guanine nucleotide binding protein alpha activating activity O (16) 0.017
2.38 CDKL2 Cyclin-dependent kinase-like 2 (CDC2-related kinase)(4) 0.013
2.06 HEPH Hephaestin (X) 0.015
2.34 PODXL2 Podocalyxin-like 2 (3) 0.028
2.26 LOC654119 Similar to hypothetical protein FLJ10159 0.049
2.09 ADD3 Adducing 3 (gamma) (10) 0.015
2.76 DKK3 Dickkopf homolog 3 (Xenopus laevis) (11) 0.016
2.16 SBDSP Shwachman-Bodian-Diamond syndrome pseudogene (7) 0.006
241 MXRA8 Matrix-remodeling associated 8 (1) 0.035
2.03 PPP2R5D Protein phosphatase 2, requlatory subunit B, delta isoform (6) 0.021
227 ISYNA1 Myo-inositol 1-phosphatase synthase A1 (19) 0.038
2,11 CDCA42EP5 CDCA42 effector protein (Rho GTPase binding) 5 (19) 0.040
2.10 PTPRS Protein tyrosine phosphatase, receptor type, S (19) 0.031
2.01 PDE5SA Phosphodiesterase 5A, cGMP-specific (4) 0.032
2.35 CKLFSF4 Chemokine-like factor superfamily 4 (16) 0.047
2.86 VGCNLT Voltage gated channel like 1 (13) 0.015
2.09 A2ML1 Alpha-2-macroglobulin-like 1 (12) 0.043
2.06 CTBP2 C-terminal binding protein 2 (10) 0.044
3.18 IL17B Interleukin 17B (5) 0.018
3.88 PCDHB11 Protocadherin beta 11 (5) 0.017
2,78 ISLR Immunoglobulin superfamily containing leucine rich repeat (5) 0.007
2.1 MFAP2 Microfibrillar-associated protein 2 (1) 0.038
2.34 ELN Elastin (7) 0.049
3.36 RPRM Reprimo, TP53 dependent G2 arrest mediator candidate (2) 0.022
2.34 PTGER3 Prostaglandin E receptor 3 (1) 0.008
2.06 NUDT10 Nudix (nucleoside diphosphate linked moiety X)-type motif 10 (X) 0.030
2.26 DNAJC4 DnaJ (Hsp40) homolog, subfamily C, member 4 (11) 0.020
Highly significant genes appear in bold.

(table continues)
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Supplementary Table 1. (continued)

Fold change  Symbol Definition / (Chromosomal Location) p value
240 CD151 CD151 antigen (11) 0.024
2.10 FBLN1 Fibulin 1 (FBLNT1), transcript variant C (22) 0.028
2.28 UNQ1940 HWKM1940 (UNQ1940) (7) 0.035
241 ARHGAP6 Rho GTPase activating protein 6 (X) 0.019
254 KRT7 Keratin 7 (12) 0.019
233 TRIM36 Tripartite motif-containing 36 (5) 0048
240 GLIS2 GLIS family zinc finger 2 (16) 0.037
2.00 PABPC5 Poly(A) binding protein, cytoplasmic 5 (X) 0.028
2.23 CNTN4 Contactin 4 (3) 0.015
2.13 CYP11A1 Cytochrome P450, family 11, subfamily A, polypeptide 1 (15) 0.038
2.21 KCNMAT Potassium large conductance calcium-activated channel, subfamily MA1 (10) 0.047
215 RGMB RGM domain family, member B (5) 0.037
2.06 ZNF704 Zinc finger protein 704 (8) 0.043
2.38 RND2 Rho family GTPase 2 (17) 0.025
242 ADAMTS2 ADAM metallopeptidase with thrombospodin Type 1 motif 2 (5) 0.006
2.55 THSD4 Thrombospondin, Type I, domain containing 4 (15) 0.027
2.91 ANKS1B Ankyrin repeat and sterile alpha motif domain containing 1B (12) 0.012
243 LOC653762 PREDICTED: similar to B-cell receptor-associated protein 29 (7) 0.007
201 INPP5F Inositol polyphosphate-5-phosphatase F (10) 0.029
2.86 FBX032 F-box protein 32 (8) 0.009
2.59 MAP6 Microtubule-associated protein 6 (11) 0.033
2.26 PGM5P2 PREDICTED: phosphoglucomutase 5 pseudogene 2 (9) 0.046
2.58 MGC33486 PREDICTED: hypothetical protein MGC33486 0.030
2.54 PDESA Phosphodiesterase 5A, cGMP-specific (4) 0.045
2.85 MAP1B Microtubule-associated protein 1B (5) 0.036
2.03 TSC22D3 TSC22 domain family, member 3 (X) 0.012
2.01 SCARF2 Scavenger receptor class F, member 2 (22) 0.048
3.85 RTN1 Reticulon 1 (RTN1), transcript variant 3 (14) 0.038
241 CILP Cartilage intermediate layer protein, nucleotide pyrophosphohydrolase (15) 0.031
2.34 FGF1 Fibroblast growth factor 1 (acidic) (5) 0.049
2.14 KIAAO773 KIAA0773 gene product(7) 0.017
2.22 LMO3 LIM domain only 3 (rhombotin-like 2) (12) 0.049
2.85 LMNA Lamin A/C (1) 0.0003

Highly significant genes appear in bold.
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Supplementary Table 2. Downregulated genes at regions exposed to high stress (2-fold change threshold).

Fold change Symbol Definition / (Chromosomal Location) p value
2.11 SIGLEC5S Sialic acid binding Ig-like lectin 5 (19) 0.042
2.30 UBASH3A Ubiquitin associated and SH3 domain-containing, A (21) 0.049
4.13 FCAMR Fc receptor, IgA, IgM, high affinity (1) 0.046
2.18 LOC349236 Chromosome 9 open reading frame 164 (9) 0.004
2.1 CYP3A43 Cytochrome P450, family 3, subfamily A, polypeptide 43 (7) 0.001
2.08 TRIM69 Tripartite motif-containing 69 (15) 0.037
2.03 CD80 CD80 antigen (CD28 antigen ligand 1, B7-1 antigen) (3) 0.009
4.04 CHI3L2 Chitinase 3-like 2 (1) 0.034
2.39 OR5B21 Olfactory receptor, family 5, subfamily B, member 21 (11) 0.005
2.24 MARCO Macrophage receptor with collagenous structure (2) 0.023
2.76 LOC158830 Similar to Ab2-183 (X) 0.041
2.25 HGD Homogentisate 1,2-dioxygenase (homogentisate oxidase) (3) 0.021
2.14 TTN Titin (2) 0.009
242 DPPA4 Developmental pluripotency associated 4 (3) 0.044
2.11 TAP2 Transporter 2, ATP-binding cassette, sub-family B (6) 0.045
2.05 C7orf16 Chromosome 7 open reading frame 16 (7) 0.031
240 TRAF3IP3 TRAF3 interacting protein 3 (1) 0.043
224 ELF3 E74-like factor 3 (ets domain transcription factor) (1) 0.034
2.58 TLR10 Toll-like receptor 10 (4) 0.049
2.39 RAB26 RAB26, member RAS oncogene family (16) 0.025
243 SCML4 Sex comb on midleg-like4 (Drosophila) (6) 0.034
2.05 SLC12A3 Solute carrier family 12 (sodium/chloride transporters) (16) 0.028
213 MCOLN2 Mucolipin 2 (1) 0.022
2.26 ANGPTL6 Angiopoietin-like 6 (19) 0.022
2.38 RAB39B RAB39B, member RAS oncogene family (X) 0.044
4.24 FLJ40919 Hypothetical protein FLJ40919 (13) 0.042
2.28 CPLX3 complexin 3 (15) 0.004
2.77 C6orf105 Chromosome 6 open reading frame 105 (6) 0016
2.31 RP11-450P7.3  Kelch-like 34 (Drosophila) (X) 0.033
211 TRIM14 Tripartite motif-containing 14 (9) 0.047
2.10 MGC40069 Hypothetical protein MGC40069 0.033
2.78 CCL22 Chemokine (C-C motif) ligand 22 (16) 0.017
2.01 TM7SF2 Transmembrane 7 superfamily member 2 (11) 0.035
2.33 CClL20 Chemokine (C-C motif) ligand 20 (2) 0.040
247 CCR6 Chemokine (C-C motif) ligand 6 (6) 0.034
Highly significant genes appear in bold.

(table continues)
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Supplementary Table 2. (continued)

Fold change Symbol Definition / (Chromosomal Location) p value
2.05 EMR2 EGF-like module containing, mucin-like hormone rec (19) 0.019
2.83 KIAA1189 KIAAT189 (2) 0.047
248 KIR3DL2 Killer cell immunoglobulin-like receptor (19) 0.012
2.05 C9orf128 Chromosome 9 open reading frame 128 (9) 0.048
211 ATP2A3 ATPase, Ca++ transporting, ubiquitous (17) 0.048
2.26 ANKRD55 Ankyrin repeat domain 55 (5) 0.046
2.97 TXK TXK tyrosine kinase (4) 0.041
2.75 TMEM16]J Transmembrane protein 16J (11) 0.011
2.64 FCRL3 Fc receptor-like 3 (1) 0.009
276 KEL Kell blood group, metallo-endopeptidase (7) 0.040
2.07 C200rf174 Chromosome 20 open reading frame 174 (20) 0.042
263 CXADR Coxsackie virus and adenovirus receptor (21) 0.044
2.06 FLJ43752 FLJ43752 protein (6) 0.001
291 ZAP70 Zeta-chain (TCR) associated protein kinase 70 kDa (2) 0.028
3.03 IBSP Integrin-binding sialoprotein (4) 0.022
2.62 TDO2 Tryptophan 2,3-dioxygenase (4) 0.043
2.78 FCRL3 Fc receptor-like 3 (1) 0.047
237 FLJ11795 FLJ11795 protein (5) 0.049
233 COL4A3 Collagen, Type IV, alpha 3 (2) 0.033

Highly significant genes appear in bold.

Supplementry Table 3. Gene Ontology for candidate genes identified as differentially expressed in response to high wall stress.

Count! %
Genes with increased expression
Extracellular region 16 25.0
Cell adhesion 9 14.1
Extracellular space 8 12.5
Extracellular region & proteinaceous extracellular matrix 7 10.9
Nervous system development 6 94
Cell adhesion & protein binding 5 78
Cell adhesion & integral to plasma membrane 4 6.3
Cell adhesion, membrane & protein binding 4 6.3
Metal ion binding & response to drug 3 47
Cell adhesion, membrane, protein binding & integral to plasma membrane 3 47

(table continues)
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Supplementary Table 3. (continued)

Count! %
Genes with decreased expression
Plasma membrane 17 340
Receptor activity 10 20.0
Plasma membrane & receptor activity 9 18.0
Extracellular space & extracellular response 6 12.0
Immune response 5 10.0
Signal transduction, immune response 4 8.0
Protein binding, interspecies interaction between organisms & plasma membrane 3 6.0
Nucleotide binding, plasma membrane, protein transport 3 6.0
Inflammatory response, signal transduction & immune response 3 6.0
Signal transduction, immune response & chemotaxis 3 6.0

T Number of differentially expressed genes annotated under term.
2 Percent of differentially expressed genes annotated under term.
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