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Abstract

Whether or not there are molecular differences, at the intra- and extracellular level, between aortic 

dilatation in patients with bicuspid (BAV) and those with a tricuspid aortic valve (TAV) has 

remained controversial for years. We have performed 2-dimensional gelelectrophoresis and mass 

spectrometry coupled with dephosphorylation and phosphostaining experiments to reveal and 

define protein alterations and the high abundant structural phosphoproteins in BAV compared to 

TAV aortic aneurysm samples. 2-D gel patterns showed a high correlation in protein expression 

between BAV and TAV specimens (n=10). Few proteins showed significant differences, among 

those a phosphorylated form of heat shock protein (HSP) 27 with significantly lower expression in 

BAV compared to TAV aortic samples (p=0.02). The phosphoprotein tracing revealed four 

different phosphoproteins including Rho GDP dissociation inhibitor 1, calponin 3, myosin 

regulatory light chain 2 and four differentially phosphorylated forms of HSP27. Levels of total 

HSP27 and dually phosphorylated HSP27 (S78/S82) were investigated in an extended patient 

cohort (n=15) using ELISA. Total HSP27 was significantly lower in BAV compared to TAV 

patients (p=0.03), with no correlation in levels of phospho-HSP27 (S78/S82) (p=0.4). Western 

blots analysis showed a trend towards lower levels of phospho-HSP27 (S78) in BAV patients 

(p=0.07). Immunohistochemical analysis revealed that differences in HSP27 occur in the 

cytoplasma of VSMC’s and not extracellularly. Alterations in HSP27 may give early evidence for 

intracellular differences in aortic aneurysm of patients with BAV and TAV. Whether HSP27 and 
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the defined phosphoproteins have a specific role in BAV associated aortic dilatation remains to be 

elucidated.
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Introduction

The bicuspid aortic valve (BAV) is a common congenital malformation with a prevalence of 

1-2 % [1, 2]. It is often associated with acquired lesions of the ascending aorta, in particular 

aortic aneurysm. Different flow dynamics through the BAV and tricuspid aortic valve 

(TAV) may be one explanation for dilatative processes in the aorta. Whether or not there are 

molecular differences, at the intra- and extracellular level, between the aortic dilatation in 

patients with a BAV and those with TAV has remained controversial for years [3]. Most 

studies have focused on extracellular matrix alterations and have shown reduced and thinned 

elastic lamellae, differences in matrix metalloproteinases (MMP-2, MMP-9), tissue inhibitor 

metalloproteinases (TIMP-1, TIMP-2) and reduced levels of fibrillin-1 in BAV compared 

with TAV aortas [4-7]. Furthermore, there is an increased proportion of vascular smooth 

muscle cell (VSMC) apoptosis in BAV aortas compared with TAV samples [6]. Recent 

transmission electron microscopy (TEM) investigations found, in BAV aortas, a large 

number of structurally abnormal VSMCs and a loss of close attachment of VSMCs to their 

surrounding elastic lamellae [8]. This suggests that VSMC alterations may be a key to 

understanding aortic aneurysm formation. In this respect, post-translational modifications of 

proteins, including phosphorylation could represent an important regulatory event in VSMC 

cell shape, contraction and migration are regulated, at least in part, by phosphorylation of 

high abundant cytoskeletal and myofilament proteins. As such, the identification of high 

abundant structural proteins and the assessment of their phosphorylation status in aortic 

lesions obtained from BAV and TAV patients is expected to provide insight into the 

dominant difference. The aim of this study is to compare two-dimensional gel 

electrophoresis (2DE) pattern of ascending aortic aneurysm specimen from patients with a 

BAV and TAV, and to reveal and define phosphoproteins in these samples. Validation was 

undertaken for one such protein, heat shock protein (HSP27), using ELISA, Western blot 

and Immunohistochemical based methods.

Our studies could demonstrate that 2DE pattern of ascending aortic aneurysm show a high 

degree of correlation between BAV and TAV patients. Among proteome alterations, HSP27 

showed most consistent changes between both patient groups. Levels of total HSP27 were 

significantly lower in aortic samples from patients with a BAV which may be due, at least in 

part, to reduction of phosphorylated HSP27 (S78). Immunohistochemical analysis revealed 

that these differences occur mainly in the cytoplasma of VSMC`s and not extracellularly. In 

addition, we revealed and defined four different phosphoproteins using 2DE and mass 

spectrometry, all four phosphoproteins have functional implementations in the actin-based 

cytoskeleton.
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Materials and Methods

Tissue Handling, Protein Extraction

Aortic wall segments were excised from 16 patients undergoing aortic aneurysm surgery 

from the anterior part of the ascending aorta 3 to 4 cm above the aortic annulus. Informed 

consent was obtained from all patients before enrollment. Aortic specimen were 

immediately placed in physiological solution (Krebs-Henseleit) to remove blood 

components, frozen in liquid nitrogen, and stored at -80°C until they were analyzed. 

Histology was carried out on all samples to exclude patients with arteriosclerosis.

All steps in the protein extraction protocol were carried out at 4°C. Samples were 

homogenized in extraction buffer consisting of (in mmol/L) HEPES 25 (pH 7.4), sodium 

fluoride 50, sodiumorthovanidate 0.25, phenylmethylsulfonyl fluoride 0.25, EDTA 0.5, 

leupeptin 1.25, pepstatin A 1.25 and aprotinin A 1.25. Samples were centrifuged at 14000 g 

for 5 min at 4°C, and the supernatant was saved as protein extract. Protein concentrations 

were obtained using BCA assay done in triplicate.

2-D Gel Electrophoresis

IEF was carried out using a Protean IEF cell (BioRad, Hercules, CA) according to the 

manufacturer’s protocol. For the first dimension of separation 100ug of total protein was 

applied. Immobilized pH gradient (IPG) Dry Strip (gradient pH 3–10, 18 cm, GE 

Healthcare, Piscataway, CA) were actively rehydrated at 50 V for 10 h to enhance protein 

uptake, then subjected to the following conditions using a rapid voltage-ramping method: 

100 V for 25 Vh, 500 V for 125 Vh, 1000 V for 250 Vh, and 8000 V for 85 kVh. For SDS-

PAGE, IPG strips were incubated for 10 min in equilibration buffer (50 mmol/L Tris-HCl 

[pH 8.8], 6 mol/L urea, 30% vol/vol glycerol, 2% wt/vol SDS) supplemented with 10 

mg/mL DTT, followed by a 10-min incubation in equilibration buffer supplemented with 25 

mg/mL iodoacetamide, then rinsed once with SDS-PAGE buffer (25 mmol/L Tris, 192 

mmol/L glycine [pH 8.3], 0.1% wt/vol SDS). IEF strips were then embedded in a 4% 

acrylamide stacking gel, and the proteins were resolved by SDS-PAGE using a Protean II 

XL system (BioRad, Hercules, CA). Electrophoresis was carried out at 50 V for 30 min, 

followed by 150 V for 7.5 h. In addition, a part of the 2DE was done in the Anderson’s 

ISODALT system for the simultaneous analysis of 20 samples (instruments produced in the 

workshop of the former Basel Institute for Immunology, Switzerland) [9]. The first 

dimension of separation was a pH gradient nonlinear 3-10 and the second dimension 

11-19% SDS-PAGE (Figure 1). Silver staining of the 2-D gel was performed according to 

the protocol of Shevchenko, which is compatible with subsequent protein analysis by mass 

spectrometry [10]. Image analysis was carried out using PDQuest (BioRad, Hercules, CA).

Assessment of phosphorylation status: Dephosphorylation and Phosphostaining

The aortic sample of a patient with a TAV was dephosphorylated with alkaline phosphatase 

using the following protocol: an aliquot of the aortic protein extract was divided into two 

equal volumes (100 μg each). Alkaline phosphatase reaction buffer (10x NE Buffer 3, New 

England Biolabs, Ipswich, MA) was added to each sample, 2 μL (10’000 U/ml) of calf 

intestinal alkaline phosphatase (New England Biolabs, Ipswich, MA) was added to one 
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sample, and then deionized distilled water was added to both samples to total volumes of 25 

μl. Samples were mixed well and incubated at 37°C for 18 h. The reaction was stopped with 

isoelectric focusing (IEF) buffer, and samples were frozen at -80°C until further analysis.

The dephosphorylated and untreated samples were separated by 2DE as above except the 

2DE gel underwent a phosphostaining procedure using Pro-Q Diamond phosphoprotein gel 

stain (Molecular Probes, Invitrogen, Carlsbad, CA) according to the manufacturer’s 

protocol. Fluorescent staining of the SDS-polyacrylamide gels was performed by fixing the 

gels in 50% methanol–10% acetic acid overnight, washing with three changes of deionized 

distilled water for 10 min per wash, followed by incubation in Pro-Q Diamond 

phosphoprotein gel stain for 90 min, and destaining with three successive washes of 20% 

acetonitrile in 50 mM sodium acetate, pH 4 for 30 min each, and two final washes with 

deionized distilled water.

Each protein sample, with and without dephosphorylation or with phosphostaining, was 

labeled with 400 pmol of Cy3 or Cy5 per 50 ug protein according to the manufacturer’s 

protocol (GE Healthcare, Piscataway, NJ). As the internal control for 2-D DIGE, a mixed 

protein sample mixture that contained equal amounts of each sample (dephosphorylated and 

non-dephosphorylated) for analysis was labeled with Cy2. After labeling, 50 ug of Cy2-, 

Cy3-, and Cy5-labeled protein samples were separated in the same 2-D gel. Gels were then 

restained with silver as described previously, in order to allow visualization of spots needed 

for spot picking and subsequent MS analysis. Images for all Cy dye stained gels were 

collected using the Typhoon 9410 (GE Healthcare, Piscataway, NJ) fluorescence gel 

scanner. The Cy2-labeled gel images were collected using a 488 nm laser as excitation 

source and an emission filter of 520 nm BP (band pass) 40. The Cy3-labeled gel images 

were collected using a 532 nm laser as excitation source and an emission filter of 580 nm 

BP30. The Cy5-labeled gel images were collected using a 633 nm laser as excitation source 

and an emission filter of 670 nm BP30.

Protein Identification by Mass Spectrometry, Bioinformatic Data Analysis

Protein spots extracted from silver-stained 2DE gels were destained according to 

Gharahdaghi, then dried under vacuum before enzymatic digestion with sequence-grade 

modified trypsin (Promega, Madison, WI) [11]. Samples were analyzed using a Voyager 

DE-STR matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 

spectrometer (Applied Biosystems, Foster City, CA). The data from the spectra were used to 

identify proteins by peptide mass fingerprinting, using the MASCOT program and 

comparing with NCBI protein sequence databases.

2-D Western Blot HSP27

1-D gels were performed as described above using immobilized pH gradient (IPG) Dry Strip 

(gradient pH 3–10, 18 cm, GE Healthcare, Piscataway, NJ). IEF strips were cut between pH 

3.5-6.5 and resolved for the 2nd dimension by NuPAGE® Novex 4-12% Bis-Tris Mini-gels 

(Invitrogen, Carlsbad, CA) using the XCell SureLock™ Mini-Cell system (Invitrogen, 

Carlsbad, CA). From 2-D gels, proteins were transferred to nitrocellulose membranes using 

a wet transfer cell. The blots were blocked with 5% non-fat dry milk in TBST overnight at 
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4° C with gentle agitation. The blots were probed with a primary mouse monoclonal 

antibody to HSP27 (Abcam, Cambridge, MA) for 1 h at 4° C, washed three times with 

TBST and incubated with appropriate horseradish peroxidase-labeled secondary antibodies 

for 1 h at 4° C. The immunopositive bands were visualized by enhanced chemiluminescence 

(Immun-Star AP, BioRad, Hercules, CA).

Enzyme-Linked Immunosorbent Assay (ELISA)

Aortic levels of total HSP27 and specific HSP27 (dually phosphorylated at serine 78 and 82) 

were measured in sixteen aortic samples. Aortic extracts, as used for 2DE, were analyzed 

using the DuoSet IC ELISA kit (R&D Systems, Minneapolis, MN, catalog No. DYC 

1580-2, DYC 2314-2) according to the manufacturer’s protocol. ELISA wells were 

precoated with goat anti-human HSP27/anti-human phospho-HSP27 monoclonal antibody 

overnight at room temperature. The plates were washed, blocked and the samples and 

standards added. After incubation for two hours and washing, a biotinylated rabbit anti-

human HSP27/anti-human phospho-HSP27 detection antibody was added. After another 

washing, samples were incubated with Streptavidin-horseradish-peroxidase for 20 minutes. 

After adding of substrate solution and the reaction had been stopped by addition of 2N 

sulfuric acid, the optical density of each well was measured immediately with a microplate 

reader at 450nm, the wavelength correction was set to 570nm.

Western Blot Analysis

Equal amounts (10ug) of eight aortic samples (four with a TAV and four with a BAV) were 

loaded on NuPAGE® Novex 4-12% Bis-Tris Mini-gels (Invitrogen, Carlsbad, CA) and 

resolved using the XCell SureLock™ Mini-Cell system (Invitrogen, Carlsbad, CA). Gels 

were transferred to nitrocellulose membranes using a wet transfer cell. The blots were 

blocked with 5% BSA in TBST overnight at 4° C, then probed with primary rabbit 

antibodies to phospho-HSP27 (S15, S78, S82) (Abcam, Cambridge, MA) for 1 h at 4° C. 

The blots were washed three times with TBST and incubated with appropriate horseradish 

peroxidase-labeled secondary antibodies for 1 h at 4° C. The immunopositive bands were 

visualized by enhanced chemiluminescence (Immun-Star AP, BioRad, Hercules, CA) and 

the resulting bands quantified by Progenesis software (Nonlinear USA Inc, Durham, NC).

Immunohistochemistry HSP27

For immunohistochemistry, tissues were obtained from aorta specimens that had been 

archived as unfixed, frozen specimens. The tissues were thawed and fixed in fresh 4% 

paraformaldehyde for 48 hours, processed and embedded in paraffin and sectioned at 5 

microns. Sections were deparaffinized followed by heated citrate buffer antigen retrieval, 

protein and endogenous peroxide blocking, and stained using monoclonal antibody to 

HSP27 (Abcam, Cambridge, MA). Monoclonal antibody to an irrelevant viral protein was 

used on control sections. The slides were developed according to manufacturer’s 

instructions in the LSAB2 kit (DAKO, Carpinteria, CA).

Matt et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 February 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Statistical Analysis

For statistical analysis of patients’ baseline characteristics, ELISA and Western blot data the 

Chi Square, Fisher`s exact, Mann-Whitney U and student`s t-tests were used as appropriate 

(with SPSS 8.0).

Results

2DE assessment of high abundant proteome changes

Patients baseline characteristics were not significantly different between the two groups 

(Table 1). Silver-stained 2-D gels (Figure 1 shows a representative pH 3-10 gel) of aortic 

samples obtained from ten male patients, five had a BAV and five a TAV, showed similar 

numbers of protein spots with median 564 (512-583) in BAV and 576 (532-584) in TAV 

samples (p=0.6). Analysis of 2-D gel patterns showed a high degree of correlation in protein 

expression among BAV and TAV samples, and quantitative comparison revealed only few 

protein spots with different expression between experimental groups. One spot (see arrows 

in Figure 1) was significantly lower expressed (=medium densitometric values) in BAV 

compared to TAV specimens (p=0.02). MALDI-TOF mass spectrometry identified the spot 

as heat shock protein 27.

2DE assessment of the phosphoproteome

The aortic sample was dephosphorylated using alkaline phosphatase and analyzed by 2DE 

with validation using a complementary phosphostain. The experiment was designed to 

capture three (or in some instances two) Cy-dye-labeled images derived from a single gel 

scanning of the same sample. Figure 2 (representative gel images) shows the endogenous 

phosphorylated proteins (red) which were dephosphorylated upon treatment with 

phosphatase (green). Specifically, five phosphorylated (spots 1 to 4, and 7) and eight 

dephosphorylated (spots 5, 6, 8 to 13) protein spots were observed and confirmed using a 

phospho-specific protein stain (numbers on Figure 2). The phospho-stain confirmed four 

phosphoproteins (spots 1, 2, 3 and 7). Figure 3 shows a magnified corresponding area of the 

2-D DIGE experiments and the corresponding silver-stained 2-D gels without and with 

dephosphorylation. Analysis and comparison of these phosphoproteins in silver-stained 2-D 

gels revealed a statistical significant difference between both experimental groups only in 

spot number 2. However, spot 4, 6, 8, 10, 12 and 13 were of low abundance in all silver-

stained 2-D gels, which makes an appropriate statistical analysis (of densitometric values) 

difficult. To identify phosphoproteins and dephosphorylated proteins, spots were excised 

from corresponding silver-stained 2-D gels, digested and analyzed using a MALDI-TOF 

mass spectrometer for protein identification (see Table 2 for protein identification, protein 

accession number, mass, score and documented protein function). Heat shock protein 27 was 

once more identified in 4 protein spots, three of which were phosphorylated. In addition, we 

identified Rho GDP dissociation inhibitor (Rho GDI 1), calponin 3 and myosin regulatory 

light chain 2 (MLC20). Several other protein spots could not be identified, even when the 

same spot was combined from multiple gels, due to their low protein expression in the 2-D 

gel.
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2D assessment of HSP27

Separation (of the same aortic sample used for phosphoproteome analysis) by 2-D Western 

blot revealed additional HSP27-antibody reactive spots other than the ones previously 

identified by 2DE and MS. Figure 4 illustrates these protein spots: number 2, 3 and 4 

correspond to phosphorylated forms of HSP27 (as shown in the phosphoproteome 

experiments in Figure 2 and 3).

Quantification of total HSP27 and phospho-HSP27 (S78/S82) in an expanded patient cohort

Aortic samples of an expanded patient group were analyzed to HSP27 quantity. There were 

no statistical significant differences in patients’ characteristics between the experimental 

groups (Table 1). Based on ELISA analyses of tissue homogenates, the quantity of total 

HSP27 in aortas obtained from the expanded study group (n=15, Figure 5) was increased by 

1.4 fold in TAV patients compared to BAV patients: the mean of total HSP27 was 360.7 

ng/ml (SD ± 86.6) in TAV patients and 264.5 ng/ml (SD ± 94.9) in samples from BAV 

patients (p=0.03). The mean of phosphorylated HSP27 (note only monitoring dually 

phosphorylated S78 and S82) did not differ (p=0.4) between experimental groups. Total 

HSP27 or phospho-HSP27 (S78/S82) levels showed no correlation to gender, age or type of 

aortic valve failure (stenosis or insufficiency).

Quantification of phospho-HSP27 (S15, S78, S82)

Figure 6. illustrates Western blots of phospho-HSP27 (S78) and phospho-HSP27 (S15). 

Phospho-HSP27 (S78) showed in some aortic samples two bands, one of those may 

correspond to the dually phosphorylated HSP27 (as analyzed by ELISA). Levels of the more 

intense band of phospho-HSP27 (S78) showed a trend towards lower concentrations in 

aortic samples from patients with a BAV (p=0.07). Western blot analysis of phospho-HSP27 

(S15) showed low levels in both experimental groups with no significant difference. 

Western blots of phospho-HSP27 (S82) showed no band throughout aortic samples (data not 

shown).

HSP27 Immunostaining

Immunohistochemical analysis revealed that HSP27 is mainly expressed in the cytoplasma 

of VSMC`s (around their nuclei, Figure 7). Therefore, differences in total HSP27 and 

phospho-HSP27 (S78) between BAV and TAV patients likely reflect alterations inside 

VSMC`s and not extracellularly. Figure 7 illustrates differences in HSP27 immunostaining 

in aortic sections of a patient with TAV and BAV.

Discussion

Patients with a BAV are more likely to develop aortic complications during their lifetime 

than are patients with a TAV [1]. Hemodynamic flow and turbulences across the aortic valve 

differ in those with a BAV and those with a TAV and may be one reason for acquired aortic 

lesions. However, it is known that patients with a BAV develop aortic aneurysm even with a 

normally functioning aortic valve and years after aortic valve replacement [12]. It is still 

unclear what type of genetic deletion causes a BAV, NOTCH1 haplo-insufficiency may play 

a role in familial BAV [13]. Whether or not there is an intrinsic defect in the aortic wall of 
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BAV patients has remained controversial for years. Several studies have previously 

compared aortic aneurysm samples from patients with a BAV and a TAV, however, most of 

them focused on extracellular matrix alterations [4]. Several studies have focused on VSMC 

alterations, but these have shown changes in their phenotype which may contribute to the 

aneurysm formation [6]. Schmid compared BAV and TAV aneurysmatic samples and found 

that BAV aortas had an increased proportion of VSMC apoptosis [6]. Do and colleagues 

revealed, in a recent study using light microscopy and TEM, that BAV aortas had less 

elongated and more rounded VSMCs with an increased proportion of cytoplasmic 

degeneration and a loss of interdigitation of VSMCs with surrounding elastic lamellae [8]. 

VSMCs in the ascending aorta and aortic valve cusps are derived from the same neural crest 

such that common pathogenetic mechanisms leading to a BAV and aortic complications can 

be expected [13]. Alterations in VSMCs may be a key to understanding differences in aortic 

aneurysm formation between BAV and TAV patients [14].

Our hypothesis is that aortic aneurysm specimen from patients with a BAV and TAV have 

protein alterations that can be revealed by proteomics. Therefore, 2DE and MS analyzes 

were undertaken on dilated aortic samples from BAV and TAV patients undergoing aortic 

surgery. Furthermore, due to issues in collection, samples from “healthy control” were not 

included as part of the study design. This is supported by the high correlation in the 2DE of 

aortic specimen among BAV and TAV patients. Few protein spots were significantly 

different, among those the most consistent change was in HSP27 which was identified by 

MALDI-TOF mass spectrometry. This protein spot was significantly lower expressed in 

silver-stained 2-D gels of patients with a BAV compared with TAV (p=0.02). Other protein 

alterations occurred throughout the aortic specimens, however, those variations were 

inconsistent, appeared individually and did not correlate with the type of valve failure, aortic 

dimensions and patient age. It is known that HSP27 can be phosphorylated at least at four 

different serine sites (15, 78, 82 and 85) [15]. To evaluate whether the identified HSP27 spot 

is phosphorylated or not, 2DE coupled with dephosphorylation experiments and 

phosphostaining was performed and four forms of HSP27 were identified (3 phospho, 1 

unphosphorylated). Overall, assessment of the phosphoproteome revealed that the form of 

HSP27, which is lower expressed in silver-stained 2-D gels of BAV aortas, must be 

phosphorylated (see number 2 in Figure 2 and 3). LC-MS/MS (liquid chromatography mass 

spectrometry), however, was not yet able to define these phosphorylation sites.

HSP27 is a chaperone protein preferentially expressed by VSMCs and endothelial cells. It 

can, if phosphorylated (=activated), bind, stabilize and rearrange intracellular actin 

microfilaments [16, 17]. HSP27 supports the formation of actin stress fibers and stabilizes 

the integrity of the cell. It maintains intracellular levels of reduced glutathione and leads to 

increased physical and chemical stress resistance. HSP27 is mainly phosphorylated by 

mitogen-activated protein kinase activated protein kinase 2 after cell stress [18]. We 

performed ELISA measurements of total HSP27 and phosphorylated HSP27 (dually 

phosphorylated at serine 78 and 82) in fifteen patients with aortic aneurysm, six patients had 

a BAV and nine patients had a TAV. Baseline characteristics did not significantly differ 

between the patient groups. ELISA results showed significantly higher levels of total HSP27 

in TAV compared with BAV aortas (p=0.03, Figure 5). Phosphorylated HSP27 (S78/S82) 

did not differ significantly between aortic samples (p=0.4). Western blot analysis of 
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phosphorylated HSP27 (S78) revealed a trend towards lower levels in patients with BAV 

(p=0.07, Figure 6), phosphorylated HSP27 (S15) or phosphorylated HSP27 (S82) showed 

low protein levels in both experimental groups without significant differences. 

Immunohistochemical analysis showed that differences in HSP27 occured mainly in the 

cytoplasma of VSMC`s and not extracellularly (Figure 7). These results suggest that 

alterations in HSP27 levels may be based, at least in part, on differences in intracellular 

HSP27 phosphorylated at S78. However, there are several other protein forms of HSP27, as 

shown in 2-D Western blot analysis (Figure 4), and one can not exclude the possibility that 

other (currently unidentified) phosphorylated amino acid residues or post-translational 

modificated forms of HSP27 are changing.

Park and colleagues recently demonstrated that total HSP27 and phosphorylated HSP27 is 

decreased in arterial plaques compared to nearby normal-appearing lesions [19]. 

Interestingly, levels of phosphorylated HSP27 were very little in the diseased area. This led 

to the hypothesis that induction of phosphorylated HSP27 protects against arteriosclerosis 

[20], which itself may promote aortic aneurysm formation. However, a decrease in HSP27 

may also reflect the presence of high levels of proteases known to degrade HSP27 [21]. 

Higher expression of certain MMPs in aortic tissue of patients with a BAV compared to 

TAV is well known [4-7]. Levkau and colleagues showed that down-regulation of HSP27 

increases the rate of cell apoptosis and subsequently leads to higher levels of MMP 2 [22]. 

In contrast, up-regulation of HSP27 leads to an overexpression of MMP 9 [23]. Le Maire 

recently found such an increase in MMP 2 in BAV samples but also increased MMP 9 levels 

in TAV aortas [7]. These data match with our data of lower HSP27 levels in aortic samples 

from patients with a BAV as compared to TAV.

Demographic parameters such as age, arterial hypertension or smoking history may differ 

between patients with a BAV and TAV and could influence the expression of HSP27. This 

may be connected to different stages of arteriosclerosis among aortic samples which, as 

described above, could alter HSP27 levels. In addition, flow dynamics across the bicuspid 

and tricuspid aortic valve could lead to a different extent of physical and chemical stress on 

the aortic wall which could influence HSP27. Most intriguingly, differences in total and 

phosphorylated HSP27 expression could reflect protective mechanisms in VSMCs that may 

be less pronounced within BAV aortas.

The phosphorylation/dephosphorylation experiments indicated that other proteins were 

phosphorylated (5 phosphorylated and 8 dephosphorylated protein spots in the 2-D gel 

pattern were observed (Figure 2 and 3)). This included Rho GDP dissociation inhibitor 1 

(Rho GDI 1), calponin 3 and myosin regulatory light chain 2 (MLC20). All three proteins 

have functional implementations in actin-based cytoskeletal and or contractile function of 

the VSMC as described below.

Rho GDI 1 is a cytoplasmic protein that is expressed in a variety of cells including VSMC. 

It regulates the GDP/GTP exchange reaction of Rho proteins by inhibiting the dissociation 

of GDP and thus controlling the Rho dependent kinase signaling cascade. Rho GDI 1 is 

involved in several aspects of the actin cytoskeleton organisation, but also regulates cell 

morphology, motility and SMC contraction. Leffers revealed that overexpression of Rho 
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GDI 1 leads to loss of cytoplasm stress fibers, degradation of the actin cytoskeleton and a 

decrease in focal contact sites among SMCs [24].

Calponin 3 belongs to a family of actin-binding proteins, and is expressed in the cytoplasm 

of VSMCs and non-VSMCs. Calponin isoforms are thought to be involved in several 

biological processes, for example the regulation of muscle contraction, organization of the 

actin cytoskeleton and cell signaling at the surface membrane of VSMCs [25]. Calponin 3 

represents the acidic isoform of Calponin, and may be less involved in the contraction 

process but is more part of the actin cytoskeleton.

MLC20 is mainly expressed in SMC tissue. It is of importance in the cell contractile 

activity, but also in the organization of the actin cytoskeleton. The interaction between actin 

and myosin is regulated through the phosphorylation of MLC20 by the enzyme myosin light 

chain kinase. Fazal showed that dephosphorylation of MLC20 leads to a destabilization of 

the actin cytoskeleton and VSMC apoptosis [26].

Further studies are required to tease out the role of phosphorylation of the cytoskeletal/

contractile proteins and the identification of the novel sites in HSP27 on aortic aneurysm 

formation. In this context, it is interesting to know that patients with a non-receptor protein 

tyrosine phosphatase defect (e.g. Noonan syndrome) show large aortic aneurysms [27, 28]. 

Knowing that the four identified phosphoproteins are expressed in VSMCs and are 

important parts of, or at least are involved in, the regulation of the actin cytoskeleton may 

lend considerable biological significance to our findings. However, their specific role in 

ascending aortic aneurysm formation in BAV patients remains to be elucidated.

In conclusion, we could demonstrate that 2DE pattern of ascending aortic aneurysm show a 

high degree of correlation between BAV and TAV patients. Among proteome alterations, 

levels of total HSP27 were significantly lower in aortic samples from patients with a BAV 

compared to TAV, which may be due, at least in part, to a reduction of phosphorylated 

HSP27 (S78). Immunohistochemical analysis revealed that these differences occur inside the 

cytoplasma of VSMC`s and not extracellularly. In addition, we revealed and defined four 

different phosphoproteins using 2DE and MS. All four phosphoproteins have functional 

implementations in the actin-based cytoskeleton. Our results may give early evidence for 

intracellular differences in ascending aortic aneurysm formation between BAV and TAV 

patients. What leads to different HSP27 expression and whether the phosphoproteins are 

involved in molecular processes leading to aortic dilatation in BAV patients requires further 

investigation.
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Figure 1. 
Representative 2-D gel (pH gradient 3-10, 11-19% SDS-PAGE) of an aortic aneurysm 

sample from a patient with a TAV. Magnified 2-D pattern of five BAV (A1-A5) and five 

TAV (B1-B5) are shown. The arrows mark the spot that is significantly lower expressed 

(=medium densitometric values) in BAV compared to TAV specimen (p=0.02). The protein 

spot was identified as HSP27 using MALDI-TOF mass spectrometry, and corresponds to 

number 2 in Figure 2 and 3.
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Figure 2. 
2-D DIGE (pH gradient 3-10, 10% SDS-PAGE) after Dephosphorylation (A) and 

Phosphostaining (B). Red spots represent phosphoproteins, green spots in Figure A represent 

dephosphorylated proteins, yellow spots in Figure A and green spots in Figure B represent 

non-phosphorylated proteins. The dephosphorylation experiment revealed 5 phosphorylated 

(spot 1 to 4, and 7) and 8 dephosphorylated (spot 5, 6, 8 to 13) protein spots, 

phosphostaining revealed 4 phosphoproteins (spot 1 to 3, and 7).
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Figure 3. 
Figure A and Figure B show enlarged areas of the 2-D DIGE experiments (shown in Figure 

2, kDa 24-30, pI 5.2-6.4) without and with dephosphorylation. Red spots represent 

phosphoproteins, green spots in Figure A represent dephosphorylated proteins, yellow spots 

in Figure A and green spots in Figure B represent non-phosphorylated proteins. The same 

aortic sample is presented in a silver-stained 2-D gel without dephosphorylation in Figure C 

and with dephosphorylation in Figure D. Spots of interest were excized for MS 

identification.

Matt et al. Page 15

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 February 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. 
2-D Western blot analysis of total HSP27 from the same sample used for Figure 2 and 3 

(kDa 20-30, pI 5-6). Additional HSP27-reactive protein spots are shown compared to silver-

stained 2-D gels and MS identification. Arrows and numbers mark corresponding spots to 

Figure 2 and 3.
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Figure 5. 
Concentration of total HSP27 and phosphorylated HSP27 (S78/S82) in TAV (n=9) and 

BAV (n=6) aortic samples revealed from ELISA analysis. Data are in mean ± SEM. 

Quantity of total HSP27 shows a statistical significant difference between TAV and BAV 

aortas (p=0.03).
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Figure 6. 
Western blot analysis of phospho-HSP27 (S78) and phospho-HSP27 (S15) in aortic samples 

from patients with a TAV and BAV. Levels of phospho-HSP27 (S78) showed a trend 

towards a significant difference (p=0.07), levels of phospho-HSP27 (S15) were low in aortic 

samples of both experimental groups with no significant difference.

Matt et al. Page 18

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 February 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. 
Immunostaining of total HSP27 (with hematoxylin counterstain) in aortic samples of a 

patient with a TAV (A) and BAV (B), Figures C and D demonstrate the corresponding 

controls. Arrows in Figure A mark the accumulation of HSP27 staining inside the 

cytoplasma around the nuclei of VSMCs. Magnification in all images is x40.
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