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ABSTRACT: Aortic aneurysm is a complex multifactorial disease,
and its molecular mechanism is not understood. In thoracic aortic
aneurysm (TAA), the expansion of the aortic wall is lead by
extracellular matrix (ECM) degeneration in the medial layer, which
leads to weakening of the aortic wall. This dilatation may end in
rupture andif untreateddeath. The aortic media is composed of
vascular smooth muscle cells (VSMCs) and proteins involved in
aortic elasticity and distensibility. Delineating their functional and
quantitative decrease is critical in elucidating the disease causing
mechanisms as well as the development of new preventive therapies.
Laser microdissection (LMD) is an advanced technology that enables
the isolation of the desired portion of tissue or cells for proteomics
analysis, while preserving their integrity. In our study, the aortic
media layers of 36 TAA patients and 8 controls were dissected using LMD technology. The proteins isolated from these tissue
samples were subjected to comparative proteomic analysis by nano-LC−MS/MS, which enabled the identification of 352
proteins in aortic media. Among these, 41 proteins were differentially expressed in the TAA group with respect to control group,
and all were downregulated in the patients. Of these medial proteins, 25 are novel, and their association with TAA is reported for
the first time in our study. Subsequent analysis of the data by ingenuity pathway analysis (IPA) shows that the majority of
differentially expressed proteins were found to be cytoskeletal-associated proteins and components of the ECM which are critical
in maintaining aortic integrity. Our results indicate that the protein expression profile in the aortic media from TAA patients
differs significantly from controls. Further analysis of the mechanism points to markers of pathological ECM remodeling, which,
in turn, affect VSMC cytosolic structure and architecture. In the future, the detailed investigation of the differentially expressed
proteins may provide insight into the elucidation of the pathological processes underlying aneurysms.
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■ INTRODUCTION
Aortic aneurysm is defined as a localized dilatation of the vessel
reaching over >50% of its normal diameter, and the process
includes all layers of the vessel.1 Aneurysms can be located in
the abdominal or thoracic segments of the aorta, presenting
with different aetiopathologies. TAAs may have a genetic origin
and present as syndromic or nonsyndromic diseases; they may
also be observed spontaneously.2 The prevalence of TAA is
about one-third of that of AAA.3 The structural heterogeneity
of thoracic and abdominal aortas may contribute to the
differences observed in the pathogenesis of AAA and TAA. The
thoracic aorta has a thinner intima, thicker media, and more
medial elastic lamina fibers than those of the abdominal aorta.
The thoracic aorta has significantly higher elastin and collagen

content.4 Therefore, medial degeneration is qualitatively and
quantitatively much greater in TAA patients.
In TAA, extensive extracellular matrix (ECM) degeneration

leads to weakening and local dilatation of the aortic wall,
potentially giving rise to aortic dissection or rupture. The
microscopic findings in TAAs reflect loss of medial VSMCs,
fragmentation, and depletion of elastic fibers and the
accumulation of semimucoid ground substance and cysts,
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termed medial degeneration.5−8 Because aneurysm is a
degenerative disease of the aortic media, a cohesive under-
standing of the complex structure and function in this vascular
layer is necessary for the elucidation the pathogenesis of TAA
and, ultimately, developing therapeutic modalities to prevent
this disease.
The aortic media is composed of elastic fibers and VSMC

interconnected with collagen fibers, proteoglycan, glycosami-
noglycan, and various adhesive proteins.9 All of these elements
are essential for imparting elasticity and tensile strength and
forming structural interactions between ECM components and
VSMC.9 Recent findings in TAA, such as increased production
of reactive oxygen species, increased matrix metalloproteinase
expression, and activity and alterations in the TGF-β signaling
pathway, point to VSMC as key mediators of the disease
process and aortic media as the central location of critical
pathological events.9 Previous studies have focused on the
association certain genes and proteins with aneurysm.10−14

Change of protein expression is predictive of the organization
and functionality in tissue. A comprehensive investigation of
the aortic media encompassing all VSMC and the ECM
proteins may provide a more robust data to elucidate the
pathogenesis of TAA.
All proteins in a biological sample are derived from animal,

plant, or microorganism, defined as “proteome”, and are mainly
characterized using mass spectrometry.15,16 In proteomic
studies, proteins are isolated from biological samples; after
trypsinization, they are separated by HPLC and further
analyzed by mass spectrometry. The development of new
proteomic techniques allows the simultaneous measurements of
hundreds of proteins.17−20 Recent proteomics studies on
aneurysms have used the vascular intima media layer or
whole vascular tissue.21−24 Because aneurysm is a degenerative
disease of the aortic media, the examination of the changes in
this vascular layer may give deeper insight regarding the
pathology.
Laser microdissection (LMD) is an advanced technology that

enables the isolation of the desired portion of tissue or tissue
cells without destroying their functions and phenotypes, and
the samples thus obtained are accessible for proteomics
analysis.25,26

In this study, precisely delineated areas of the media from
aortas were obtained by using LMD technology, and
proteomics was carried out on these materials in patients
with TAA and controls.

■ MATERIALS AND METHODS

Aortic Samples

The study was approved by the ethics committee of Kartal
Kosu̧yolu, Advanced Training and Research Hospital. All
patients gave informed consent (Ethical Committee report
number: 23, dated 21-3-2008 and protocol number: 184-04).
Patients who underwent surgical operations for TAA or
coronary artery bypass grafting (CABG) in the same hospital
were asked to participate in this study. Patients with Marfan
syndrome and bicuspid aortic valve and tissue specimens with
atherosclerosis or thrombosis were excluded from the study.
Aortic segments were collected from 36 patients with TAA,
undergoing surgical repair (25 males, 11 females). Nondiseased
aortic tissue form CABG patients (6 males, 2 females) who had
a negative personal history of TAA were used as controls.
Detailed information regarding the samples is given in Table 1.

Frozen Tissue Sectioning

The tissues were procured immediately after surgery and cut
into the size of ∼1 cm × 1 cm pieces. After frozen by
embedding in optimum cutting temperature (OCT) medium at
−20 °C, frozen tissues were attached to the specimen clamp of
the cryostat and were allowed to equilibrate to the cryostat
temperature (e.g., −15 to −20 °C) for ∼15 min. Serial sections
(10 μm) were obtained by using a cryostat microtome (Leica
CM1100, Leica, Wetzlar, Germany) at −20 °C and placed on
polyethylene naphthalate (PEN)-coated slides (Leica, Deer-
field, IL). Slides were placed on dry ice or kept in the cryostat at
−20 °C until use in LMD.
Ethanol and Xylene Dehydration

Dehydration is a critical step to achieve optimal results with
LMD procedure. After thawing, the slides were fixed in 75%
ethanol and then rehydrated in distilled water (LC−MS grade).
Dehydration was performed by the sequential immersion,
respectively, into 75, 95, and 100% ethanol. The slides were
incubated each solution for 30 s.27 After clearing in xylene two
times, slides were air-dried for 5 min. Within an hour after
fixation, the medial layer of tissue was marked and cut with the
LMD equipment.
Laser Microdissection and Protein Extraction

LMD (Leica LMD6000 Leica Microsystems, Germany) was
used to obtain the medial layer. The edges of the media layer of
tissue fixed on slides were marked microscopically and were cut
out by UV laser (337 nm) (Figure 1). Samples were collected
in the tube caps containing 75 μL of UPX solution (Universal
Protein Extraction Kit (Expedeon, San Diego, CA)) and 5 μL
of protease inhibitor cocktail (Sigma-Aldrich, Germany).
Sample volumes were brought to 150 μL with UPX solution
and were homogenized with an ultrasonic homogenizer
(Bandelin, Sonopuls mini 20, Germany) and then centrifuged
at 15 000g for 10 min. The protein concentrations in the
supernatants were measured by NanoDrop ND-1000 spec-
trophotometer (Nano-Drop Technologies, Wilmington, DE).
Sample Preparation for Analysis

Samples were prepared for proteomic analysis by using the
filter-aided sample preparation (FASP) method.28,29 For this
purpose, FASP Protein Digestion Kit (Expedeon) was used.
This method combines in-gel and in-solution digestion of the
proteins, preparing them for mass-spectrometry-based proteo-
mics. Initially, 100 μg protein in 30 μL of UPX was placed on
the 30 kDa spin filter and washed with 6 M urea-containing
FASP buffer. The purpose of washing with this buffer was to
remove the detrimental low-molecular-weight components. A
second step was to open the disulfide bonds in proteins by
treating with iodoacetamide (IAA). Finally, the proteins were
digested with trypsin and the tryptic peptides were eluted. The
concentrations of resulting peptides were measured by
nanodrop, and they were further analyzed by mass spectrom-
etry.

Table 1. Distribution of Patients and Controls According to
Demographic Data

TAA control

sample no. 36 8
gender 25 ♂, 11 ♀ 6 ♂, 2 ♀
age 59.5 ± 9 49.5 ± 9
aortic diameter (cm) 5.7 ± 1.16
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LC−MS/MS Analysis

Tryptic peptides generated from aortic media layers were
qualitatively and quantitatively analyzed with label-free nano-
LC−MS/MS methodology. Peptide separation was performed
on nanoACQUITY ultra pressure liquid chromatography
(UPLC, Waters, Milford, MA). The columns were equilibrated
with 97% mobile phase A (water, 0.1% formic acid) and 3%
mobile phase B (acetonitrile, 0.1% formic acid). The column
temperature was set to 45 °C. 500 ng of tryptic peptides in 5
μL volume was separated from the trap column (symmetry
C18, 5 μm particle size, 180 μm i.d. × 20 mm, Waters) by
gradient elution onto an analytical column (BEH C18, 1.7 μm
particle size, 75 μm i.d. × 250 mm, Waters) with a linear
gradient from 5 to 40% mobile phase B (acetonitrile, 0.1%
formic acid) 300 nL/min flow rate over 90 min.
Peptide m/z measurement and sequencing were performed

on a SYNAPT high-definition mass spectrometer with nanolock
spray ion source (Waters). Parallel collision-induced dissocia-
tion (MSE) was carried out by operating the instrument at
positive ion V mode, applying the MS and MS/MS functions
over 1.5 s intervals with 6 V low collision energy and 15−40 V
high collision energy ramp. Amino acid sequence was deduced
according to the peptide mass to charge ratio (m/z) and the
product ion information. To correct for the mass drift, the
internal mass calibrant Glu-fibrinopeptide (500 pmol/μL) was
infused every 45 s through the nanolockspray ion source at 300
nL/min flow rate. Peptide signal data between 50 and 1600 m/
z values were collected.

LC−MS/MS Data Processing

Tandem mass spectra extraction, charge-state deconvolution,
and deisotoping steps were processed with Protein Lynx Global
Server v2.4 (Waters) and searched with the IdentityE algorithm
against the Homo sapiens reviewed protein database from
Uniprot (June 1, 2012, 25 899 entries). IdentityE was set up to
search null assuming the digestion enzyme trypsin and searched
with a fragment ion mass tolerance of 20 ppm and a parent ion
tolerance of 10 ppm. The amino acid sequence of the internal
standard (yeast enolase, Uniprot accession no. P00924) was
included in the FASTA file of the database. The Apex3D data
preparation parameters were set to 0.2 min chromatographic
peak width, 10 000 MS TOF resolution, 150 counts for low
energy threshold, 50 counts for elevated energy threshold, and
1200 counts for the intensity threshold. Databank search query
was set to minimum three fragment ion matches per peptide;
minimum seven fragment ion matches per protein; minimum
one peptide matches per protein, and one missed cleavage.
Carbamidomethyl-cysteine-fixed modification and acetyl N-
TERM, deamidation of asparagine and glutamine, and
oxidation of methionine variable modifications were set.

Progenesis LC−MS software V4.0 (nonlinear dynamics)
software was used for the quantification of the protein
expression changes. Normalization of the peptide expression
is based on total ion intensity. After normalization, a PCA
analysis was performed to assess the sample groups regarding
outliers and similarities of the technical replicates of the same
sample. None of the analysis from the sample set needed to be
removed based on the PCA analysis. Power analysis was also
performed for the data set, which shows whether the sample set
has enough replicates to see real differences among sample
groups. Chromatographic alignment, normalization calculation
of peptide abundances, and expression changes were carried
out, and an Excel file listing the normalized abundances of all
identified proteins was generated. Similar proteins were
grouped, and quantitative value is given for the one with the
highest score. Protein quantitation is done with only the
nonconflicting peptide features.
The acquired protein fold changes were used in the IPA

analysis (version 8.5). The canonical pathways used to
construct the protein−protein interaction map were generated
with protein identifications having a p value <0.05 and greater
than 40% expression change.

■ RESULTS

Before proteomics analysis, all tissue specimens were examined
microscopically. Tissue sections from TAA were observed to be
thinner and having a porous and irregular structure as
compared with control tissues, indicating loss of ECM and
tissue organization (Figure 2). Comparative proteome analysis
of aortic media obtained from normal and thoracic aneurysmal
aorta was performed by LC−MS/MS system (nanoACQUITY-
UPLC) and an SYNAPT high-definition mass spectrometer
with nanolockspray ion source (Waters). Proteins were
qualitatively identified according to exact mass and retention

Figure 1. Aortic tissues were cut into 10 μm sections and were further dissected using a laser capture microdissection microscope. The images
represent sections of (A) undissected, (B) dissected tissues, and (C) the specimen that was cut off. The combined samples of panel C was used for
proteomics analysis.

Figure 2. Morphology of aortic tissue obtained from either (A)
control or (B) TAA patients. There was a drastic difference between
the control (heart transplant tissue) and aneurysmal aorta, which
contained acellular areas and appeared loose.
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Table 2. PLGS Analysis of the Differentially Expressed Proteins in This Studya

average normalized abundancesc

accession description
peptide
count

peptides
used for

quantitation score Anova (p)b fold novel proteinsd control TAA

P35749 MYH11 myosin 11 323 1 1773.25 1.32 × 10−3 2.18↓ − 433.01 198.50

P35580-2 MYH10isoform 2 of myosin 269 5 1465.97 0.04 1.58↓ − 1663.48 1052.02

P02751-5 FINC fibronectin 212 1 1114.87 8.06 × 10−3 1.78↓ − 2189.04 1227.92

P98160 PGBM basement membrane
specific heparan sulfate
proteoglycan core protein

81 52 594.53 0.03 1.46↓ + 6.29 × 104 4.31 × 104

A5A3E0 POTEF POTE ankyrin domain
family member F

102 5 490.45 0.04 1.50↓ + 1377.76 919.64

P07951-2 TPM2 isoform 2 of tropomyosin
beta chain

79 4 488.72 0.04 1.60↓ + 6313.76 3941.20

P10909-2 CLUS isoform 2 of clusterin 66 41 355.46 0.04 1.43↓ − 4.09 × 104 2.87 × 104

P12110 CO6A2 collagen alpha 2 VI chain 49 13 316.87 0.02 1.90↓ + 2.33 × 104 1.22 × 104

Q562R1 ACTBL beta actin like protein 2 60 13 310.60 0.02 1.66↓ + 4.10 × 104 2.47 × 104

P55083 MFAP4 microfibril associated
glycoprotein 4

46 23 261.01 0.02 1.69↓ − 3.75 × 104 2.22 × 104

P51888 PRELP prolargin 47 23 259.51 0.04 1.50↓ + 1.72 × 104 1.15 × 104

P0CG39 POTEJ POTE ankyrin domain
family member J

63 2 258.00 0.04 2.05↓ + 2887.29 1411.61

P20774 MIME mimecan 48 29 251.80 0.05 1.49↓ − 2.35 × 104 1.57 × 104

P35609 ACTN2 alpha actinin 2 49 3 249.40 0.02 1.95↓ + 3.22 × 104 1.65 × 104

P68871 HBB hemoglobin subunit beta 43 10 220.18 3.09 × 10−3 3.14↓ − 5.46 × 104 1.74 × 104

P69905 HBA hemoglobin subunit alpha 30 20 167.71 3.14 × 10−3 2.65↓ − 3.68 × 104 1.39 × 104

Q9BYX7 ACTBM putative beta actin like
protein 3

41 5 160.93 0.03 1.57↓ + 1491.10 951.50

O75369-5 FLNB isoform 5 of filamin B 28 3 141.46 9.31 × 10−3 1.74↓ + 2705.55 1555.67

P17661 DESM desmin 31 4 133.70 1.52 × 10−3 1.88↓ − 1388.02 738.69

P55268 LAMB2 laminin subunit beta 2 19 14 128.06 6.43 × 10−3 1.84↓ − 1.29 × 104 7021.72

P06753 TPM3 tropomyosin alpha 3 chain 27 2 110.04 0.05 1.44↓ + 3281.67 2281.94

Q9UBX5 FBLN5 fibulin 5 23 7 98.75 0.04 1.58↓ + 1.44 × 104 9141.30

Q6PEY2 TBA3E tubulin alpha 3E chain 19 1 86.49 5.38 × 10−3 2.66↓ + 1818.01 682.74

P63104 1433Z 14 3 3 protein zeta delta 18 5 78.16 0.03 1.58↓ − 758.16 480.26

P02746 C1QB complement C1q
subcomponent subunit B

15 6 72.57 0.04 1.54↓ + 5764.89 3736.74

P39060-1 COIA1 isoform 2 of collagen
alpha 1 XVIII chain

11 1 70.79 0.04 1.60↓ + 1566.53 977.73

P08294 SODE extracellular superoxide
dismutase Cu Zn

14 7 69.98 0.04 1.50↓ − 5161.82 3442.96

P02671-2 FIBA isoform 2 of fibrinogen
alpha chain

12 9 67.97 0.02 1.74↓ + 5417.73 3108.68

O15230 LAMA5 laminin subunit alpha 5 10 6 55.59 0.03 1.85↓ − 3190.22 1720.13

P31946-2 1433B isoform short of 14 3 3
protein beta alpha

11 2 52.06 7.38 × 10−3 1.90↓ − 1170.55 617.02

Q96AC1-3 FERM2 isoform 3 of fermitin
family homologue 2

7 1 35.61 0.01 1.89↓ + 4811.08 2549.86

P11047 LAMC1 laminin subunit gamma 1 7 4 35.55 0.02 1.76↓ + 4163.91 2367.09

P35625 TIMP3 metalloproteinase
inhibitor 3

2 1 29.20 6.56 × 10−3 2.13↓ − 686.90 322.72

Q96A32 MLRS myosin regulatory light
chain 2 skeletal muscle isoform

6 3 24.27 0.04 1.57↓ + 904.09 576.17

O15498 YKT6 synaptobrevin homologue
YKT6

4 1 22.06 0.03 1.95↓ + 882.01 451.58

Q08380 LG3BP galectin 3 binding protein 1 1 14.80 0.02 1.69↓ − 554.67 327.57

Q12899 TRI26tripartite motif containing
protein 26

1 1 14.14 7.31 × 10−4 1.68↓ + 8347.55 4962.00

P18754 RCC1 regulator of chromosome
condensation

1 1 13.64 0.04 1.55↓ + 7762.74 5012.43

Q96PX9 PKH4B pleckstrin homology
domain containing family G
member 4B

1 1 13.22 0.02 1.67↓ + 8087.22 4851.61

P49758-6 RGS6 isoform 6 of Regulator of
G protein signaling 6

1 1 7.13 0.02 1.45↓ + 228.10 157.16

Q14247 SRC8 Src substrate cortactin 1 1 6.87 0.02 1.46↓ + 557.64 382.47

Q5VWW1-2 C1QL3 isoform 2 of complement
C1q like protein 3

1 1 6.79 0.03 1.53↓ + 644.34 422.46
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time (EMRT). Relative abundance of these identified proteins
was evaluated with respect to control by using the Protein Lynx
Global SERVER (PLGS v2.4, Waters) expression module. The
threshold for statistical significance for a particular protein was
considered to be 40% expression change between the patient
and control samples.
A total of 352 proteins were identified in aortic media from

TAA patients and controls. Among them, 41 proteins were
found to be significantly different in aneurysm group with
respect to the control group, and all were downregulated.
These proteins are shown in Table 2 with the accession
numbers, descriptions, peptide counts, the number of peptides
used for quantization, and confidence scores.
Of these, 16 proteins were previously described to be

associated with aneurysm (Table 3). Proteins previously shown
to be associated with TAA included desmin, myosin 11, myosin
10, hemoglobin beta subunit, hemoglobin alpha subunit,
laminin subunit beta-2, and 14−3−3 protein beta/alpha.
Those previously shown to be associated with AAA were
clusterin, laminin alpha-5 subunit, and galectin-3 binding
protein. Proteins associated with both AAA and TAA were
extracellular superoxide dismutase Cu−Zn, microfibril-associ-
ated glycoprotein 4, mimecan/osteoglisin, 14−3−3 protein
zeta/delta, tissue inhibitor of metalloproteinase-3, and
fibronectin. The remaining 25 proteins were not reported to
be associated with aneurysm previously and are novel findings
of this study. These proteins are POTE ankyrin domain family
member F, perlecan (basement membrane-specific heparan
sulfate proteoglycan core protein), POTE ankyrin domain
family member J, beta actin like protein 2, putative beta actin

like protein 3, collagen alpha 2 VI chain, alpha actinin 2,
tropomyosin alpha 3 chain, filamin B, fibulin 5, tubulin alpha 3E
chain, complement C1q subcomponent subunit B, collagen
alpha 1 XVIII chain, fibrinogen alpha chain, fermitin family
homologue 2, laminin subunit gamma 1, myosin regulatory
light chain 2 skeletal muscle isoform, synaptobrevin homo-
logue, tripartite motif containing protein 26, pleckstrin
homology domain containing family G member 4B, regulator
of chromosome condensation, regulator of G protein signaling
6, Src substrate cortactin, complement C1q like protein 3, and
tropomyosin beta chain.
To understand how these differentially expressed proteins are

associated with each other, as well as other signal transduction
pathways, the data were further analyzed using Ingenuity
Pathway Analysis (IPA version 8.5) software (Figures 3 and 4).
IPA is a knowledge database relying on published literature
related to protein function, localization, relevant interactions
and biological mechanisms. Accordingly, based on their
structure and function, most of the differentially expressed
proteins were related to connective tissue disorders, cell
signaling and organization (Table 4). Score indicates the log
of the probability of network eligible proteins appearing in the
network by random chance. High-score value shows low
probability of randomness and high reliability. Score ≥2 is
accepted to be significant. Twenty-one proteins were merged
strongly in a single network with a score of 53 (Table 5). The
second network involving in 13 proteins had score of 29 in our
analysis.

Table 2. continued

aAccession number, protein description, number of identified peptide, and abundance of identified proteins are listed. bp < 0.05. cWith respect to
control group by using (p ≤ 0.05) and by setting to 40% cut off (up- or downregulated more). dNovel nonassociated proteins of aneurysms in this
study are shown +.

Table 3. Differentially Expressed Proteins in This Study and a Comparison with the Literature

our results
protein

expression literature comment/reference

Proteins Previously Shown to Be Associated with TAA
myosin 11 (MYH11) ↓ × 2.18 MYH gene mutations are a cause of familial aortic aneurysms38,39

myosin 10 (MYH10) ↓ × 1.58 ↑ × 2 increased in Marfan patients23

hemoglobin alpha subunit (HBA) ↓ × 2.65 ↓ × 2.45 decreased in TAA patients (intima-media layers)37

hemoglobin beta subunit (HBB) ↓ × 3.14 ↓ × 3.06 decreased in TAA patients (intima-media layers)37

laminin beta-2 subunit ↓ × 1.78 ↑ increased gene expression40

14−3−3 protein beta/alpha (1433B) ↓ × 1.89 ↑ × 1.43 increased in TAA patients (intima-media layers)37

desmin ↓ × 1.87 ↓ decreased in TAA patients41

Proteins Previously Shown to Be Associated with AAA
clusterin ↓ × 1.43 ↓ decreased in AAA patients serum42

laminin alpha-5 subunit ↓ × 1.85 ↓ decreased in AAA patients patients (whole tissue)31

galectin-3 binding protein ↓ × 1.69 ↓ decreased in AAA patients patients (whole tissue)31

Proteins Previously Shown to Be Associated with AAA and TAA
fibronectin (FINC) ↓ × 1.78 ↓, ↓ decreased in Marfan patients,43 decreased in AAA patients patients

(whole tissue)31

mimecan/osteoglisin ↓ × 1.49 ↓, ↑ decreased calcified AAA tissues patients (whole tissue),44 increased gene
expression in TAA patients45

14−3−3 protein zeta/delta ↓ × 1.57 ↑ × 1.12 increased in TAA patients (intima-media layers),37 referans gen for
AAA46

tissue inhibitor of metalloproteinase-3 ↓ × 2.12 ↓, ↑ decreased gene expression in TAA,40 increased gene expression in AAA47

microfibril-associated glycoprotein 4 ↓ × 1.68 ↓× 1.20, ↓, ↑ × 2.08 decreased in TAA patients (intima-media layers),37 decreased in AAA
patients (whole tissue),48 increased in Marfan/BAV patients23

extracellular superoxide dismutase Cu−Zn ↓ × 1.49 ↓, ↑ × 1.94 decreased in TAA BAV patients (whole tissue),49 increased in AAA
patients plasma50
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■ DISCUSSION

TAA is a virulent, potentially lethal, but predominantly silent
disease. TAA has often been diagnosed when dissection and
rupture occurs in patients or incidentally during screening tests
made for other purposes. Therefore, efforts to understand the
mechanism and improve the diagnosis of disease are of great
importance. The precise pathogenesis of medial degeneration
that provides the anatomic background for dissection and
rupture is not fully understood. The detailed characterization of
differentially expressed proteins in medial layers of patients with
TAA can help in elucidating the molecular mechanisms of
aneurysm. Therefore, we planned to investigate all proteins in

the aortic media layer from patients with TAA and compared
them with control samples at the proteome level. We employed
LMD technology that enabled the isolation of a sharply
delineated area in the tissue, with no contamination from the
adjacent adventitia or intima. We examined all proteins present
in these materials by proteome analysis. Our aim was to identify
the proteins related to pathological remodeling of aortic media
in TAA.
In our proteomic analysis, we identified 352 proteins in aortic

media layers from TAA patients and controls. Of these
proteins, 41 were found to be differentially expressed between
these groups and all were downregulated in TAA patients.

Figure 3. Most high-scored network (Network 1) generated by IPA (ingenuity pathway analysis). The network with the highest score is shown on
the graph (IPA score: 53). The relationship between the differentially regulated proteins was studied using IPA software. The colored nodes indicate
proteins that were identified in this proteomic analysis, while the colorless nodes are added by the program. Green color denotes upregulation, while
red denotes downregulation. The intensity of the color correlates with the fold change. The key for the shape of the nodes, the line types, and the
edge types are given below the network.
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Twenty-five of these proteins were demonstrated for the first
time to be uniquely involved with TAA patients in our study.
Among these novel proteins, TBA3E and POTEJ have the
highest change in amount, and their levels decreased 2.66- and
2.06-fold, respectively. These proteins are involved in cellular
and developmental processes, RGS6 is a protein reported to be
related to apoptosis and ROS production.30 Both processes also
actively involved during aneurysm formation processes.
Thirteen of downregulated proteins in aortic media of TAA

patients were associated with ECM integrity. These are collagen
alpha 2 VI chain, collagen alpha 1 XVIII chain, microfibril-
associated glycoprotein 4, laminin subunit beta-2, laminin
alpha-5 subunit, galectin-3 binding protein, laminin subunit
gamma 1, fibronectin, fibulin 5, perlecan (basement membrane-
specific heparan sulfate proteoglycan core protein), mimecan/
osteoglisin, fermitin family homologue 2, and tissue inhibitor of
metalloproteinase-3.
Laminins, a family of ECM glycoproteins, are implicated in a

wide variety of biological process including cell adhesion,
differentiation, migration, and signaling.31 The observed
decreases in fibronectin, laminin subunit beta-2, laminin

alpha-5 subunit, and laminin subunit gamma 1 in the media
are compatible with ECM degeneration in patients with TAA.
Mature VSMCs normally express a group of cytosolic and

membrane proteins necessary for contractile function32 but
show phenotypic plasticity, being able to undergo a transition
from a quiescent, contractile state to a synthetic, proliferative
form.33 However, various pathological conditions such as
atherosclerosis, restenosis, and hypertension have been shown
to change them to a synthetic phenotype.34 Such phenotypic
modulation has also been reported in aortic aneurysms.35

Deficiencies of cytoskeletal proteins may lead to impaired
vessel wall remodeling and thus alter the organizational,
synthetic, and contractile capability of SMCs and promote
aneurysm.9 In this study, 12 proteins that are known to interact
with the cytoskeleton were found to be decreased in the TAA
group. These are tubulin alpha 3E chain, desmin, beta actin like
protein 2, putative beta actin like protein 3, alpha actinin 2,
tropomyosin alpha 3 chain, myosin regulatory light chain 2
skeletal muscle isoform, tropomyosin beta chain, myosin 11,
myosin 10, filamin B, and Src substrate cortactin.
Myosins are actin-binding proteins that have contractile

properties. They have a pivotal role in the control of cell

Figure 4. Second high-scored network (Network 1) generated by IPA (ingenuity pathway analysis). Second most high-scored network is shown on
the graph (IPA score: 29). The color codes and shapes are the same as explained for Figure 3.
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adhesion and tissue architecture. The proteins given above are
involved in the contractile machinery of VSMCs, and the
decrease in their expression correlates with the switch to a
synthetic state of these cells observed in TAA.36

Hypoxia and increased oxidative stress also probably
contribute to medial degeneration.21 In this study, down-
regulated hemoglobin beta subunit, hemoglobin alpha subunit,
extracellular superoxide dismutase Cu−Zn, and clusterin in
TAA patients may be associated with defective oxygen
transport and antioxidant capacity.
In addition to being active in oxygen transport, hemoglobin

beta subunit has been shown by UniProt protein databases
(GO:0050880, June 11, 2014, version 130) to participate in the
regulation of blood vessels size.
Kjellqvist and colleagues37 have reported a decrease in

hemoglobin beta subunit and hemoglobin alpha subunit in
TAA patients in a study using matrix-assisted laser dissorption
ionization (MALDI); our findings corroborate and confirm the
results. In addition, a reduction in some proteins likely to be
involved in cell signaling was identified in TAA patients. These
proteins are 14−3−3 protein beta/alpha, 14−3−3 protein zeta/
delta, regulator of G protein signaling 6, and complement C1q
like protein 3. In a proteomic study in Marfan patients with
aneurysms using 2D-DIGE and mass spectrometry, increased
Myosin 10 and Filamin A but decreased hemoglobin alpha and
beta subunits were reported in the media.23

Our results indicate that protein profiles of aortic media were
significantly altered in TAA, which may contribute to the
pathogenesis of the disease.
The networks generated by IPA analysis indicate that in our

TAA patients downregulated proteins are involved in two
major networks: (a) cardiovascular system development and
function, organ morphology, cellular assembly, and organiza-
tion and (b) proteins related to cell death and survival,
hematological system development and function, and endocrine
system disorders.
This study is particularly important not only because it

explains the proteomic mechanisms of TAAs but also because it

Table 4. Top Biological Functions in Differentially
Expressed Proteins Based on Ingenuity Pathway Analysis

diseases and disorders p value no. molecule

connective tissue disorders 8.81 × 10−6 to 7.78 × 10−3 18
developmental disorders 8.81 × 10−6 to 9.12 × 10−3 15
hereditary disorders 8.81 × 10−6 to 9.12 × 10−3 17

molecular and cellular functions p value
no.

molecule

cellular movement 6.12 × 10−7 to 9.12 × 10−3 17
cell-to-cell signaling and
interaction

1.63 × 10−6 to 9.12 × 10−3 19

cellular assembly and
organization

1.63 × 10−6 to 9.12 × 10−3 21

cellular function and
maintenance

1.70 × 10−6 to 9.12 × 10−3 18

cell morphology 1.70 × 10−6 to 9.12 × 10−3 19
physiological system development

and function p value
no.

molecule

cardiovascular system
development and function

3.72 × 10−7 to 9.65 × 10−3 16

organ morphology 3.72 × 10−7 to 9.12 × 10−3 17
tissue morphology 6.12 × 10−7 to 9.12 × 10−3 14
tissue development 1.63 × 10−6 to 9.12 × 10−3 21
embryonic development 2.85 × 10−6 to 9.12 × 10−3 16
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is the first study focusing on and dissecting the medial aortic
layer using LMD. Studying the tissue as a whole has the risk of
masking differential changes in VSMC, which in addition to the
medial ECM have been targeted in this study.
In conclusion, most proteins found to be decreased in the

media layers of TAA patients are cytoskeleton-associated
proteins and ECM components. Whether the observed protein
expression changes are the cause or effect of TAA is currently
unclear. Further investigation of proteins that are found to be
associated with TAA in this study may provide benefit to the
elucidation pathological process underlying aneurysm. Indeed,
this study warrants further investigation of the differentially
expressed proteins through immunoblotting and other
methods.
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