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Abstract

Thoracic aortic aneurysms (TAAs) are a significant source of morbidity and mortality. Classical
risk factors for TAAs are hypertension, atherosclerosis, male gender, smoking, age, high body
mass index, family history and chronic obstructive pulmonary disease. In addition, in certain cases
of TAAs, i.e., ascending aortic aneurysms (AscAA), genetic factors are highly prominent. 

Matrix metalloproteinases are in a major role in the destruction of the aortic wall and the
imbalance between matrix metalloproteinases, and their inhibitors are involved in the formation
of aneurysms. In addition, osteopontin is a potent regulator of matrix metalloproteinases and it is
widely expressed in injured arteries. Recently, telomere shortening has been shown to be involved
in the development of abdominal aortic aneurysms (AAA). In this aneurysm type, atherosclerosis
has a major role. Since atherosclerosis is frequently absent in the case of TAAs, the length of
telomeres was measured in the blood samples of TAA patients. 

The purpose of this thesis was to study the genetic background of TAAs of the ascending aorta
and furthermore, the molecular background of this disease. The first study was done with families
with TAAs, and dissections and one chromosomal locus (5q13-14) of the studied seven loci
showed a significant genetic linkage for TAAs. Two other studies were done exploiting our TAA
case-control material. Study II showed elevated levels of osteopontin, matrix metalloproteinase
type 2 and 9 in the plasma and tissue samples of TAA patients compared with controls. In the third
study, longer blood leukocyte telomeres were found in the DNA samples of TAA patients
compared with controls; furthermore, the elevation of telomere lengthening protein telomerase
expression was found in the tissue samples of TAA patients. 

This thesis presents region 5q13-14 as a potential genetic regulator for TAAs in Finnish
families. In addition, elevated levels of osteopontin, matrix metalloproteinase type 2 and 9 can be
considered as a plasma biomarker for aneurysmal disease. Furthermore, longer blood leukocytes
were found to be a significant risk factor for developing TAAs. 

Keywords: genetic linkage, genetic loci, matrix metalloproteinases, osteopontin,
telomerase, telomere, thoracic aortic aneurysm
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Tiivistelmä

Rinta-aortan aneurysmat ovat merkittävä sairastumisiin ja kuolemiin johtava tekijä. Perinteisinä
riskitekijöinä aneurysmille on pidetty korkeaa verenpainetta, ateroskleroosia, miessukupuolta,
tupakointia, ikää, ylipainoa, suvussa esiintyneitä aneurysmatapauksia ja keuhkoahtaumatautia.
Näiden lisäksi erityisesti nousevan rinta-aortan alueella esiintyvissä aneurysmissa myös perin-
nöllisillä tekijöillä on korostunut merkitys. 

Matriksimetalloproteinaaseilla ja niiden estäjillä on merkittävä rooli, kun aortan seinämää
hajotetaan. Tasapainon järkkyminen kyseisten proteiinien keskinäisessä suhteessa voi johtaa
aneurysman muodostumiseen. Myös osteopontiinin tiedetään olevan tehokas matriksimetallo-
proteinaasien säätelijä, ja sitä tuotetaankin yleisesti vahingoittuneessa verisuonessa. Telomeeri-
en lyhentyminen on vastikään yhdistetty vatsa-aortan alueella esiintyviin aneurysmiin, joissa
ateroskleroosilla on yleensä merkittävä rooli. Koska ateroskleroosi on vain harvoin nousevan
rinta-aortan alueen aneurysmien taustalla, rinta-aortan aneurysmapotilaiden valkosolujen telo-
meerien suhteelliset pituudet määritettiin. 

Väitöskirjan ensimmäisessä osatyössä keskityttiin löytämään geneettinen kytkentä rinta-aor-
tan aneurysmien ja jonkin seitsemän tutkitun kromosomialueen välille. Geneettinen kytkentä
löydettiin kromosomialueelta 5q13-14. Osatöissä 2 ja 3 hyödynnettiin rinta-aortan aneurysmien
potilas- ja verrokkiaineistoja. Osatyö 2 osoitti, että matriksimetalloproteinaasien (2 ja 9) määrät
ovat kohonneet rinta-aortan aneurysmapotilaiden näytteissä verrokkeihin verrattuna. Osatyössä 3
telomeerien suhteelliset pituudet veren valkosoluissa olivat pidemmät nousevan rinta-aortan
aneurysmapotilaiden näytteissä verrokkihenkilöiden näytteisiin verrattuna. Myös telomeraasin
tuotto oli lisääntynyt rinta-aortan aneurysmapotilaiden aorttakudosnäytteissä. 

Väitöskirjassa esitetään tuloksena kromosomialue 5q13-14 geneettisenä säätelijänä suomalai-
sissa suvuittain esiintyvissä rinta-aortan aneurysmatapauksissa. Kohonneita matriksimetallopro-
teinaasien ja osteopontiinin tasoja voidaan lisäksi pitää biomarkkereina rinta-aortan aneurysmi-
en sairastavuudelle. Veren valkosolujen pidemmät telomeerit näyttävät myös olevan yhteydessä
rinta-aortan aneurysmien sairastavuuteen. 

Asiasanat: geenilokus, geneettinen kytkentä, matriksimetalloproteinaasi, osteopontiini,
rinta-aortan aneurysma, telomeeri, telomeraasi
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1 Introduction 

Thoracic aortic aneurysms are a significant source of morbidity and mortality. 

Prevalence of TAAs is rising due to the aging of the population and higher 

hypertension prevalence. The etiology of thoracic aortic aneurysms is probably 

multifactorial, since this condition occurs in individuals with various risk factors. 

Classical risk factors for TAAs are smoking, chronic obstructive pulmonary 

disease, hypertension, atherosclerosis, male gender, age, high body mass index 

and family history. In addition, in the case of TAAs, genetic factors play a major 

role. TAAs can be due to monogenic syndromes (Marfan, Loeys-Dietz and Ehler-

Danlos syndromes), familial TAAs or they can be just sporadic. For all of these 

the endpoint is the same: catastrophic rupture of the aorta occurs (Milewicz et al. 
2008).  

The aorta can be divided into the thoracic aorta (ascending aorta, aortic arch 

and descending aorta) and abdominal aorta. Aneurysms of the ascending aorta are 

the most common TAAs, followed by aneurysms of the descending aorta. 

Aneurysms of the aortic arch are less common. According to some population 

estimations, TAA incidence is 6–10 cases per 100,000 person-years (Clouse et al. 
1998). True proportion of the aneurysm disease is difficult to estimate since the 

etiology of the disease varies a lot and aneurysms leading to aortic rupture or 

dissection are often misdiagnosed as myocardial infarctions. On the other hand, 

improved imaging techniques have led to earlier detection of aneurysms and more 

patients are recognized.  

Familial aggregation of TAAs is clear; one fifth of patients have a relative 

with the same disease leaving 80% to be sporadic ones. In the vast majority, 75%, 

of the families with multiple TAA cases, the disease is inherited in the autosomal-

dominant manner but with decreased penetrance (Albornoz et al. 2006, Pannu et 
al. 2005b, Tromp et al. 2010). Today, eight genes and three susceptibility loci are 

known to associate with TAAs. These genes are responsible for only 30% of the 

familial TAA cases while 70% are caused by unknown genes. Genetic studies of 

TAAs are challenging since TAAs share various etiologies.  

Despite the intensive research concerning TAAs the situation leading to the 

formation of the aneurysm is still a mystery. It is known that balance between 

extracellular matrix (ECM) proteins plays a significant role in the medial layer of 

the aortic wall. If this balance is broken, degeneration of the aortic wall takes 

place and furthermore, the aorta becomes enlarged. Matrix metalloproteinases 

(MMP) and tissue inhibitors of metalloproteinases (TIMP) play a major role when 
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aortic wall structure is modeled and they have been shown to be involved in the 

development of TAAs (Sinha et al. 2006).  

Very recently, the length of leukocyte telomeres was named as a new marker 

of atherosclerosis and cardiovascular events. Telomeres are short repetitive 

sequences at the ends of chromosomes. In several studies, shorter leukocyte 

telomere lengths showed an association with the risk of cardiovascular events 

(Butt et al. 2010). Shortening of telomeres is thought to be a sign of aging, and 

elderly people have been shown to have shorter telomeres than younger people. 

The length of telomeres is tightly regulated and no matter what tissue of the body 

we are looking at, the relative length of telomeres should be the same (Friedrich 
et al. 2000). The length of telomeres is controlled by an enzyme called telomerase 

(hTERT) and its major role is to add back telomere repeats at the ends of 

chromosomes (Gomez 2012). 

The purpose of this dissertation was to study genetic factors concerning 

familial AscAA and in addition, to try to find biomarkers from the plasma of 

AscAA patients. These biomarkers could have potential to help clinicians find out 

how fast aortic enlargements will grow and how the aorta will behave. In the 

present study, 5 candidate genes and 2 chromosomal loci were used to test linkage 

for familial AscAAs. In addition, MMP-2, MMP-9, TIMP-1 and OPN as well as 

the relative length of leukocyte telomeres and hTERT were evaluated from the 

samples of AscAA patients and compared with controls. The following review of 

the literature represents the current knowledge of the pathophysiology of the 

AscAAs and furthermore, the association of the studied topics with the 

degenerative process of the aortic wall.  
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2 Review of the literature 

In this review of the literature, the term TAA is used to define aneurysm of the 

ascending thoracic aorta, which has a different etiology from the other aneurysms 

of the thoracic aorta, i. e., descending thoracic aorta and aortic arch aneurysms. In 

these TAAs along the ascending thoracic aorta genetic factors are highly 

prominent.  

2.1 Structure of the aorta 

The aorta is the main artery and by anatomical location it can be divided into 

thoracic aorta and abdominal aorta (Figure 1). Normal arteries have three 

histological layers: an inner intima with a single layer of endothelial cells, 

muscular media and an outer collagenous adventitia. The media consists of 

smooth muscle cells (SMC) and structural proteins, elastin and collagens, for 

example. In addition, the adventitia contains fibroblasts and collagen fibers. The 

intima and media are separated by an inner elastic lamina while an external elastic 

lamina separates the media from the adventitia. 

There is usually more elastin than collagen in the thoracic aortic media 

whereas the situation in the abdominal aortic media is opposite: it consists of 

more collagen than elastin. Elastin, collagen and SMCs are precisely organized in 

muscular media. Relatively thick elastin fibers form lamellae and finer elastin 

forms an elastin network between lamellae. Collagens and SMCs are in a 

circularly organization in the media. This adjacent association of structural 

proteins and SMCs in the media forms the viscoelastic properties of the aortic 

wall (Wolinsky & Glagov 1967).  

The thoracic aortic media typically contains 55 to 60 lamellar units divided 

into avascular and vascular zones. In the thoracic aortic media, the inner first 28–

30 lamellar units from the luminal surface form an avascular zone that is 

specialized to receive oxygen and nutrients by transintimal diffusion from the 

plasma. The outer units of the thoracic aortic media form a vascular zone with the 

vasa vasorum up to the adventitial region. In the abdominal aortic region, the 

aortic media contains only 28–32 lamellar units and is a totally avascular area 

(Wolinsky & Glagov 1969).  

Aneurysms are characterized by elastin fragmentation and frequent SMC 

death. Aortic regions with fewer lamellar units, decreased elastin content and 

poorer nutrient delivery to the SMCs, as in the case of abdominal aorta, are at 
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higher risk for aneurysms. Aneurysm formation occurs in the media and is 

characterized by the degenerative remodeling of the medial extracellular matrix 

(ECM) and SMC loss. In addition, lateral aortic regions are more prone to 

aneurysms than dorsal and ventral sides (Hurks R 2012).  

2.2 Aortic aneurysm 

Aortic aneurysm is an enlargement of the aorta and can occur in the thoracic and 

abdominal sections of the aorta. When the local dilatation of the aorta reaches a 

50% increase compared with the neighboring aortic regions, the term aortic 

aneurysm can be used. Normal ascending thoracic aorta has a diameter of 

approximately 3.1 cm measured with computational tomography (CT) (Mao et al. 
2008). The shape of the aortic aneurysm can be saccular or fusiform. According 

to a previous follow-up study, mean aortic diameter before rupture of the thoracic 

aorta has been 6.1 cm (Dapunt et al. 1994).  

There can be multiple dilatations along the weakened aorta but the most 

common place for aortic aneurysm is abdominal aorta (AAA) followed by the 

TAA. In addition, aneurysm of the aorta typically enlarges, leading to an acute 

aortic rupture or dissection which is associated with sudden unexpected death. 

Five-year survival for TAAs without surgical treatment has been estimated to be 

54% (Davies et al. 2002). 
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Fig. 1. A) Anatomical locations of the aneurysms of the aorta and B) structure of the 

aortic wall (Picture A modified from Tromp et al. (2010) (Tromp et al. 2010)). 

2.2.1 Thoracic aortic aneurysms (TAA) 

TAAs can be divided into three groups depending on their anatomical location: 

ascending (AscAA), aortic arch and descending aortic aneurysms (Figure 1). 

Aneurysms of the ascending aorta are most common (50%) followed by 

aneurysms of the descending aorta (40%). Aneurysms of the aortic arch (10%) are 

less common. Twenty per cent of patients with TAAs can present concomitant 

AAA (Kuivaniemi et al. 2008). According to some population estimations, TAA 

incidence is 6–10 cases per 100,000 person-years (Clouse et al. 1998).  

TAA is mostly a silent disease without any other symptoms. TAA can be 

identified with imaging techniques such as echocardiography, computed 

tomography (CT) or magnetic resonance imaging techniques (MRI). However, 

the major challenge is to identify individuals at high risk before catastrophic 

rupture or dissection of the aorta (Kuivaniemi et al. 2008).  
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2.2.2 Risk factors for TAAs 

Etiology of aortic aneurysms is multifactorial and the condition occurs in 

individuals with multiple risk factors. Classical risk factors for TAAs have been 

smoking, chronic obstructive pulmonary disease, hypertension, atherosclerosis, 

male gender, age, BMI and family history. However, according to many studies, 

genetic predisposition seems to play a larger role in TAAs whereas male gender, 

age, smoking and hypertension are more commonly associated with AAAs 

(Bickerstaff et al. 1982, Elefteriades 2008). However, the study of Ito et al. 
(2008) showed that hypertension and high BMI occurred more often in patients 

with TAA (Ito et al. 2008).  

Why do TAAs and AAAs not always share the same risk factors? Risk factors 

are in direct relationship with the aortic location of the aneurysm. Different 

segments of the aorta have distinct embryologic origins (Majesky 2007, Ruddy et 
al. 2008). Primary population of vascular SMCs (vSMC) in the area of thoracic 

aorta is replaced by cells from a second wave of SMCs. These cells in the thoracic 

aortic area have different epigenetic programming compared with primitive 

SMCs of the abdominal aorta and they can adaptively remodel the thoracic aorta 

to stand higher pressure coming from each cardiac cycle and the blood flow 

(Tromp et al. 2010, Wiegreffe et al. 2009). In addition, abdominal aortic vSMCs 

are more vulnerable for atherosclerosis than the vSMCs of the thoracic aorta 

(Haimovici & Maier 1964).  

2.2.3 Formation of aortic aneurysms 

Today, there are several known mechanisms for the development of aneurysms. 

One mechanism leading to the formation of aneurysms can be injury of the 

vascular wall, which causes increased proliferation rates for SMCs and 

furthermore, increased migration of SMCs and macrophages, as well as increased 

synthesis of ECM-degrading proteins. This leads to destruction of ECM proteins 

and finally, SMCs undergo apoptosis. Apoptosis of SMCs causes the loss of cells 

which are primarily responsible for the synthesis of ECM proteins (Ailawadi et 
al. 2003a). Studies have shown that transforming growth factor beta (TGF-β) 

colocalizes with apoptotic SMCs, and it may actually promote the change of 

SMCs into the apoptotic SMC phenotype (Fukui et al. 2003).  

It has been shown that SMCs of the vascular wall can undergo phenotypic 

change from the contractile to the synthetic phenotype without the loss of SMCs. 
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This phenotype change is characterized by the enhanced proliferation and 

migration of the cells and furthermore, altered gene expression profiles (Ailawadi 
et al. 2003a). According to the knowledge of today, alpha-smooth muscle actin 2 

(ACTA2) and myosin heavy chain 11 (MYH11) have a major role in this 

alteration of SMC function and further in the development of familial aneurysms 

(Guo et al. 2007, Pannu et al. 2007).  

2.2.4 LaPlace’s law 

The ascending aorta is placed under huge mechanical stress during each cardiac 

cycle leading to increased diameter of the aorta, which is a result of the elevated 

stress of blood pressure according to LaPlace’s law (Koullias et al. 2005). 

According to this, wall tension is influenced by intraluminal pressure, vessel 

diameter and wall thickness. Throughout all mammalian species, there is a 

constant ratio of aortic diameter to medial thickness. Change in this ratio leads to 

state of unhealthy aortic wall stress. Studies have also shown that mechanical 

forces can lead to alteration of SMC gene expression at the media, and further, to 

the degradation of aortic wall structure and apoptosis of the SMCs (Flamant et al. 
2007).  

2.3 Structural proteins of the aorta 

Despite the many studies focusing on aortic aneurysms and their pathogenesis, the 

trigger for aneurysms still remains unclear. Aneurysmal disease is often 

characterized by a progressive destruction of the connective tissue in the vascular 

media. This is due to an imbalance between biomechanical and biological 

protecting and predisposing factors. MMPs and TIMPs are in key role during this 

process in the aortic wall.  

2.3.1 Matrix metalloproteinases (MMP) and tissue inhibitors of matrix 

metalloproteinases (TIMP) 

MMPs cleave ECM components, such as collagens, elastin, fibronectin, gelatin 

and aggrecan, as well as various non-ECM components, including TGF-β, pro-

interleukins and pro- tumor necrosis factors (TNF). MMPs can regulate many 

growth factors and cytokines that are bound in ECM and need proteolytic release 

for their activation. It has also been shown that MMPs can modify cell 
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attachments to the ECM. Due to these many functions of MMPs, they have been 

implicated in several physiological processes, including embryonic development, 

morphogenesis and tissue remodelling. In addition, MMPs are also involved in 

many pathological stages of the body, i. e., inflammation, arthritis, cardiovascular 

development, function and diseases, wound healing and cancers (Birkedal-Hansen 

1995, Murphy & Nagase 2008, Ravanti & Kahari 2000).  

Fragmentation of elastic fibers and dilatation of aorta are associated with 

local release of proteolytic enzymes, including MMPs. MMPs lead these 

proteolytic activities of ECM and the destruction of the vascular framework. 

Especially MMP-2 and MMP-9 (gelatinase A and B, respectively) are involved in 

the degradation of ECM proteins as well as in tissue remodeling. Furthermore, 

they have been shown to have a role during aortic aneurysm development or in 

aortic dissection (Boyum et al. 2004, Galis & Khatri 2002, Ikonomidis et al. 
2012, Jones et al. 2006, Koullias et al. 2004, LeMaire et al. 2005, Schmoker et al. 
2007, Visse & Nagase 2003). In addition to the degradative properties of 

gelatines, they may also be linked in other ways to the development of aneurysms 

in the ECM proteolysis freeway. It has been shown that gelatinases may inhibit 

calcium-dependent contraction of vSMCs. Contraction of the vSMCs has been 

thought to play a counterbalancing role during hemodynamic stress, and this 

mechanism protects the aorta from enlarging during each cardiac cycle (Chew et 
al. 2004, Raffetto et al. 2007).  

Function of MMPs 

MMPs and their inhibitors are a group of 23 proteolytic enzymes, which use Zn2+-

ions for their actions. They are encoded by 24 genes. MMPs share a high degree 

of homogeneity and they can be grouped into collagenases, gelatinases, 

stromelysins, matrilysins, membrane-type (MT)-MMPs and others. Different 

MMPs are produced by numerous cell types, including vSMCs and fibroblasts. 

MMPs are secreted as an enzymatically inactive form with pro-domains and can 

be stored in specific granules. Furthermore, they can also be secreted freely in the 

extracellular space or anchored to the cell surface of cell membranes (Murphy & 

Nagase 2008).  

The MMP structure consists of a signal peptide in the N-terminus which 

allows the enzyme to be secreted in to the ER and transported out of the cell 

(Figure 2). The signal peptide is followed by the pro-domain with cysteine, 

catalytic domain with Zn2+-ion, Ca-ion, methionine and fibronectin-like gelatin-
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binding domains (in gelatinases), a hinge region and a hemopexin-like domain at 

the C-terminus. Activation of MMPs takes place when the autoinhibitory domain 

is proteolytically cleaved or the binding of the inhibitory pro-domain is disturbed 

(Zhang et al. 2009). The pro-domain is removed by either proteolytic or chemical 

actions. Different enzymes, including other MMPs, such as MMP-3, MMP-7 and 

MMP-10, have a potential to proteolytically activate MMPs. In addition, 

leukocytes can activate some MMPs by their chemical actions. During mature 

activation MMPs go through conformational changes which enable the Zn2+-ion 

to be available for hydrolytic water molecule and furthermore, allows the attack 

of other targets (Murphy & Nagase 2008).  

 

Fig. 2. Structure of MMP-9. N-terminal signal peptide domain directs MMPs to the 

endoplasmic reticulum. Cysteine rich pro-domain keeps MMPs in inactive form by 

binding to the Zn2+-ion of the catalytic domain. Catalytic domain includes Zn2+-ion 

binding site, collagen-like domain and fibronectin-like gelatin-binding sites, which are 

fibronectin type 2 repeats (II). These are responsible for binding to gelatin, laminin and 

collagens. Collagen-like domain, which is specific for MMP-9, provides the attachment 

sites for O-linked oligosaccharides. The hemopexin consists of four repeat units, and 

the first and fourth are connected by a disulphide bond (S – S). The hinge region 

varies between MMPs and it has a role in substrate specificity. Gelatinases can be 

activated by the removal of the signal peptide domain and Zn2+-ion becomes 

accessible for the hydrolytic water molecule or other substrates. In conformational 

change, attachment between cysteine residue and Zn2+-ion is broken, and 

furthermore, MMP is activated (Ram et al. 2006). 

Proteolytic activity of MMPs can be regulated at many levels, including gene 

transcription and synthesis of inactive zymogens, posttranslational activation of 

zymogens and interactions between MMPs and TIMPs. Once MMPs are 

activated, they participate in a large number of physiological and pathological 



 28

processes of the body (Brew et al. 2000). It has been suggested that MMPs and 

their cleaved products can modify the actions of growth factors, cytokines, 

chemokines, cell adhesion molecules, tyrosine kinase receptors and other MMPs, 

for example (Zhang et al. 2009). MMP-2 and MMP-9 can directly regulate TGF-β 

signaling by proteolytic cleavage of latent TGF-β. On the other hand, TGF-β 

signaling activation is blocked by MMP inhibitors (Yu & Stamenkovic 2000).  

Inhibition of MMPs can occur via endogenous TIMPs or α2-macroglobulins 

(Sottrup-Jensen & Birkedal-Hansen 1989). In addition, certain proteinase 

enhancer proteins have the potential to inhibit MMPs (Mott et al. 2000). α2-

macroglobulin is an abundant plasma protein and it may act as a major inhibitor 

of MMPs in tissue fluids of the body whereas TIMPs act more locally. When α2-

macroglobulin is bound to MMP, the complex is removed by scavenger receptor 

mediated endocytosis and the situation is irreversible. However, when TIMP 

binds with MMP, the action is reversible (Sottrup-Jensen & Birkedal-Hansen 

1989). MMPs are localized to the cell surface; this localization mechanism 

enhances MMP activation and actually limits the access of MMP inhibitors to 

their targets (Werb 1997).  

MMP-2 

MMP-2 is implicated in organ growth, endometrial cycling, wound healing, bone 

remodeling, tumor invasion and metastasis. In the aorta, it is constitutively 

expressed by the vascular endothelial cells and SMCs (Galis et al. 1994) and 

according to Lesauskaite et al. (2006) MMP-2 is mainly produced in SMCs in the 

aorta (Lesauskaite et al. 2006). In addition to gelatinase properties, MMP-2 has 

also collagenase properties (Aimes & Quigley 1995). MMP-2 is specialized to 

cleavage of components of the basement membrane, including type I and IV 

collagen, fibronectin, elastin, laminin, aggrecan and fibrillin, for example 

(Somerville et al. 2003). Furthermore, these MMP-2 proteolytic activities may 

produce elastin-derived peptides, which may promote the recruitment of 

inflammatory cells and enhance proteolysis. MMP-2 also has a role when TGF-β 

is unbound from a TGF-β large latent complex (LLC) (Rizas et al. 2009).  

MMP-2 is secreted in latent form and proteolytic cleavage of the pro-domain 

can be carried out in many ways, including MT-MMPs, plasmin, thrombin, factor 

Xa, protein C or legumain (Koo et al. 2012). MMP-2 can be activated by a unique 

multistep pathway involving both MT1-MMP and TIMP-2. TIMP-2 can regulate 

MMP-2 in two ways: the C-terminal of TIMP-2 participates in the activation of 
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MMP-2 and the N-terminal of TIMP-2 is an inhibitor of MMPs (Wang et al. 
2000). Studies have shown contradictory results of MMP-2 levels during TAA 

development (Lesauskaite et al. 2001, Schmoker et al. 2007, Sinha et al. 2006). 

However, in relation to AAAs, it has clearly been shown that MMP-2 is 

instrumental to aneurysm formation. Freestone et al. (1995) demonstrated that 

AAAs smaller than 5.5 cm had more elevated MMP-2 activity than larger 

aneurysms indicating that early AAA growth is driven by MMP-2 (Freestone et 
al. 1995).  

MMP-9 

MMP-9 is continuously produced by many cells, including keratinocytes, 

monocytes, tissue macrophages, leukocytes, malignant cells and fibroblasts. In 

the aorta, MMP-9 is produced by the vSMCs (Jones et al. 2006), which are 

required in order to turn a purely contractile phenotype into a synthetically active 

phenotype. MMP-9 is capable of degrading denatured collagens, especially 

denatured type IV collagen, gelatins and a number of other ECM components like 

native type V and XI collagens, laminins and aggrecan core proteins. Cleavage of 

the major components of the basement membranes helps lymphocytes and other 

leukocytes to enter and leave the blood or lymph circulation. In the MMP-9 

cleavage actions of the myelin-based proteins and gelatins remnant epitopes are 

formed. These epitopes can become targets of the body’s autoimmunity actions. 

When MMP-9 is involved in autoimmune disease, it can have either primary or 

secondary role and it can be either up- or downregulated. Activation of MMP-9 

can occur by various other MMPs and it is secreted together with a specific 

inhibitor, TIMP-1. It has been shown that cytosolic MMP-9 is free from TIMP-1 

whereas secreted MMP-9 is bound to TIMP-1, suggesting that formation of the 

TIMP-1-MMP-9 –complex occurs after their secretion (Ram et al. 2006).  

Studies have shown that MMP-9 plays a key role during TAA development. 

Among several other factors, elevated protein and mRNA levels of MMP-9 have 

been reported in TAAs and these elevated MMP-9 levels persist throughout 

aneurysmal growth, being firstly inductors for aneurysm development and after 

that maintaining the aneurysm expansion rates (Jones et al. 2006). In addition, 

increased levels of MMP-9 have also been identified in AAA tissue and the 

expression of MMP-9 has been shown to be highest in AAAs with a diameter of 5 

cm to 7 cm (McMillan et al. 1997). Outward remodeling, which increases the size 

of the vessel, is an essential mechanism for the blood vessels in our everyday life 
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and this mechanism prevents the formation of flow-limiting stenosis during 

atherosclerotic changes in the lumen (Armstrong et al. 1985, Glagov et al. 1987). 

Action of MMP-2 and MMP-9 is needed during the outward remodeling process 

and aneurysmal arterial dilatation can be considered as an extreme form of this 

remodeling process with or without atherosclerotic changes. In addition to 

outward remodeling, continuous flow-dependent inward vascular remodeling is 

needed in many physiological processes, such as wound healing, exercise training 

and pregnancy (Dumont et al. 2007).  

A recent study of acute aortic dissection showed that neutrophil derivate 

MMP-9 and angiotensin II (AngII) have a role in this fatal disease (Kurihara et al. 
2012). Studies on mice showed that AngII stimulated neutrophils with MMP-9 

stores in their granules to infiltrate into the aortic intima. Interestingly, the study 

also showed that AngII is a potent inducer of spontaneous aortic dissections by 

releasing MMP-9 from macrophages. Acute aortic dissection patients seem to 

have elevated levels of MMP-9 and AngII in their serum. In addition, previous 

studies with losartan, an AngII receptor AT1 antagonist, showed that it may 

prevent aortic root dilatation in humans (Brooke et al. 2008).  

Production of MMP-9 occurs in the macrophages of the abdominal aortic 

region and furthermore, in SMCs in the thoracic aortic area (Lesauskaite et al. 
2006). The major MMP-9 production is co-localized into infiltrating macrophages 

in human aortic tissues (Thompson et al. 1995). Interleukin-1β (IL-1β) and 

interferon-γ (INF-γ) are also present in macrophages and they have a potential 

role to induce function of MMPs and furthermore, apoptosis of aortic media cells. 

Increased MMP function and cell apoptosis results in weakening of the aortic wall 

structure and in addition, development of aneurysms and dissections. The study of 

Zhang et al. (2011) showed that IL-1β, INF- γ and MMP-9 are overexpressed in 

aortic aneurysms and dissections and furthermore, they may function together in 

the formation of aneurysms and apoptosis of the aortic SMCs (Zhang et al. 
2011a). 

TIMP-1 

TIMPs are specific inhibitors of MMPs and they participate in controlling of local 

activities of MMPs in tissues. There are four TIMPs in humans: TIMP-1, TIMP-2, 

TIMP-3 and TIMP-4. TIMP-1 and TIMP-3 are glycoproteins whereas TIMP-2 

and TIMP-4 do not have carbohydrates in their structure. In the aorta, TIMPS are 

expressed by the SMCs and they regulate local MMP production and activity. The 
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MMP activity is a net result of locally determined balance between activated 

MMPs and TIMPs. This interplay between MMPs and TIMPs guides the ECM 

turnover in healthy tissue; however, in aneurysmal tissue alteration ahead 

proteolysis takes place (Murphy & Nagase 2008).  

It has been shown that TIMP-1 has the potential to inhibit MMP-9 directly 

(Galis & Khatri 2002). Furthermore, when TIMP-1 levels remain stable in the 

TAA and the situation is coupled with increased levels of MMP-9, this shift leads 

to a proteolytic stage and further, to ECM degeneration with aneurysm formation 

(Koullias et al. 2004, Schmoker et al. 2007, Tamarina et al. 1997). TIMP-1 

expression can be down-regulated during aneurysm formation, suggesting this 

decreased expression to be a critical point leading to aortic enlargement 

(Tsarouhas et al. 2010). In addition, TIMP-1 levels can also be unchanged in the 

presence of aortic aneurysms (Ailawadi et al. 2003b, Boyum et al. 2004, LeMaire 
et al. 2005). Ikodomis et al. (2004) studied genetic function of TIMP-1 by 

inserted deletion of TIMP-1 gene. As a result of this gene deletion, increased and 

continuous progression towards aneurysm formation was attained (Ikonomidis et 
al. 2004). A recent study has also shown the potential role of TIMP-3 in 

preventing aneurysm formation in mice (Basu et al. 2012).  

2.3.2 Osteopontin (OPN) 

Osteopontin (OPN) is a phosphoprotein which was originally identified from the 

bone matrix. It is expressed widely in many cells, including SMCs, endothelial 

cells, bone, placenta, brain, kidney and body fluids. In addition, OPN is expressed 

in injured arteries where vascular remodeling is going on. A short period with 

increased OPN expression is crucial for the recovery of injured arteries, whereas 

chronic over expression of OPN seems to have deleterious effects (Isoda et al. 
2002). Furthermore, elevated levels of OPN have been observed in atherosclerotic 

plaques and calcified aortic valves (Mohler et al. 1997, O'Brien et al. 1994).  

In the arterial wall, there are subpopulations of cells which have osteoblastic 

lineage potential. Calcification is a situation in which precipitation of Ca-ions and 

inorganic phosphate (Pi) occurs in extraskeletal tissues such as lungs, intestine, 

kidney and cardiovascular tissues (Li et al. 2012). Arterial calcification occurs 

either in the medial layer of the artery or in the atherosclerotic plaques in the 

intimal layer of the artery. In the early stages of arterial calcification 

proinflammatory monocytes and macrophages are recruited and infiltrate into the 

intimal layer via activated endothelial cells. At the same time macrophages 
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produce MMPs which degrade elastin and release cytokines and growth factors, i. 
e., TGF-β, leading to osteoblast-like differentiation and mineralization of 

myofibroblast-like SMCs (Yamanouchi et al. 2012). These osteoblast-like cells 

have the potential to form mineralized nodules and express osteoblast markers, 

like osteopontin (Bostrom 2001). There is also a study showing that deficiency of 

inhibitor of arterial calcification in mice leads to accelerated arterial calcification 

and rupture of the blood vessels (Luo et al. 1997).  

OPN has the potential to directly enhance expression and activity of MMP-2 

(Zhang et al. 2011b). Locally derived OPN after acute injury of the vascular wall 

alters MMP-2 production and SMC proliferation (Seipelt et al. 2005). Increased 

expression of OPN is also reported during aneurysm formation when SMCs of the 

aortic wall go into transition from vascular contractile SMCs to the synthetic 

phenotype (Blunder et al. 2012, Lesauskaite et al. 2001, Lesauskaite et al. 2006, 

Majumdar et al. 2007). Furthermore, this changes the balance between MMPs and 

TIMPs. In addition, studies have shown that stimulation of OPN production in the 

vascular SMCs leads to increased expression levels of both gelatinases, MMP-2 

and MMP-9 (Lesauskaite et al. 2001).  

2.4 Genetic studies of TAAs  

TAAs can be due to single gene disorders, familial TAA cases or they can be just 

sporadic ones.  

2.4.1 Monogenic syndromes behind TAAs 

There are several monogenic diseases with predisposition for TAA presence. 

These account for about 5% of all TAA cases. The most common of these 

syndromes are Marfan (MFS) and Loeys-Dietz (LDS) syndromes. Occasionally 

aortic ruptures are seen in patients with Ehlers-Danlos syndrome (EDS).  

MFS is an autosomal-dominant genetic disorder caused by mutations in the 

fibrillin-1 (FBN1) gene in chromosomal region 15q21.1 (Dietz et al. 1991). MFS 

involves skeletal, ocular, dural and cardiovascular anomalies with the presence of 

TAA. FBN1 is a matrix glycoprotein that is widely expressed in ECM. When 

FBN1 is mutated, structural problems of the aortic wall appear. It has been shown 

that mutation in FBN1 leads to increased TGF-β signaling and furthermore, 

increased tissue degradation and weakening of the aortic wall (Canadas et al. 
2010, Judge & Dietz 2008). Another type of MFS is due to mutations in the 
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transforming growth factor beta receptor 2 (TGFBR2) gene in chromosome 3p22 

(Mizuguchi et al. 2004); however, those mutations are much rarer than mutations 

in the FBN1 gene.  

LDS was recently described and this syndrome overlaps with MFS and EDS 

(Loeys et al. 2005). Phenotypic characteristics concurrent with aneurysm include 

hypertelorism, cleft palate or split uvula. This syndrome is caused by the 

mutations of transforming growth factor beta receptor 1 (TGFBR1) (in 

chromosome 9q22) and TGFBR2. TGFBR2 mutations are more frequent. The 

major role of TGFBR1 and TGFBR2 is to regulate TGF-β signaling (Loeys et al. 
2006).  

EDS type IV is associated with mutations of collagen type III alpha 1 

(COL3A1) in chromosomal area 2q31. COL3A1 is a major collagen in ECM of 

blood vessels and its role is essential for arterial wall structure. Disease-causing 

mutations in COL3A1 interrupt the arrangement of structural proteins leading to 

weakened blood vessels, skin hyperelasticity and hypermobile joints (Tsipouras et 
al. 1986).  

2.4.2 Familial TAAs 

According to family studies, aggregation of TAAs is strong; 20% of patients with 

TAA have a first-degree relative with the same disease (Albornoz et al. 2006, 

Biddinger et al. 1997). The disease segregates predominantly in an autosomal-

dominant manner with decreased penetrance and variable expression (Milewicz et 
al. 1998). In a study of 470 TAA patients without history of MFS, family history 

studies found an inherited pattern in 21.5% of the cases and in over 75% of 

familial TAAs, the disease is inherited in an autosomal-dominant manner 

(Albornoz et al. 2006). In addition, patients with a family history of TAA have 

aortic disease at a mean age of 56.8 years, which is significantly younger than the 

age of 64.3 years for patients with sporadic TAAs (Milewicz et al. 1998). It has 

been suggested that familial disease is a more clinically aggressive form than 

sporadic disease (Albornoz et al. 2006). A brother of a TAA patient has an 11 fold 

risk of getting TAA, while a sister has a 2 fold risk for TAA compared with 

normal population. Males present with TAAs two times more often than women. 

Genetic preposition of AscAA seems to be clear; the children of an affected 

parent may have 50% chance of inheriting the same disease (Biddinger et al. 
1997, Coady et al. 1999).  
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Genetic aberrations in familial TAAs 

To date, there are eight genes and three chromosomal loci known to be mutated or 

associated with TAA in the manner of monogenic disease (Table 1). There are 

three susceptibility loci: the first locus to be found was 11q23-q24, the second 

was 5q13-14 and a recently found locus on chromosome 12. These loci are 

associated with TAA, but disease-causing genes are still unknown (Guo et al. 
2001, Guo et al. 2011, Vaughan et al. 2001). 

A mutation in the MYH11 gene from chromosomal region 16p13.11 was the 

first mutation recognized as causing TAAs. MYH11 encodes the gene of β-

myosin heavy chain situated in the contractile apparatus of vSMCs. Disease-

causing mutation in MYH11 was found in one French family. In addition to TAA, 

family members had phenotypes of patent ductus artery (PDA), stroke and sudden 

death. The gene mutation is inherited in an autosomal-dominant manner. 

Mutations in the MYH11 gene are heterogeneous and these mutations explain 

about <1% of all familial TAA cases (Zhu et al. 2006).  

The second gene causing familial TAAs was ACTA2 from chromosomal 

region 10q23.3 (Guo et al. 2007, Guo et al. 2009). Like MYH11, ACTA2 is a 

similar part of the contractile apparatus of vSMCs and encodes the SMC-isoform 

of α-actin, which is the major isoform during SMC differentiation. In the ACTA2 

disease patients with aneurysm have moyamoya disease and livido reticularis as 

an extra phenotype. In addition, patients with mutation in the ACTA2 gene have 

coronary artery disease (CAD) and ischemic stroke at young age (Milewicz et al. 
2010). Today, there are several reports of these ACTA2 gene mutations causing 

familial TAAs (Disabella et al. 2011, Hoffjan et al. 2011). It has been estimated 

that ACTA2 mutations account for 10–14% of familial TAA cases.  

Myosin light chain kinase (MYLK) controls the SMC contractile function. 

Recently, Wang et al. (2010) identified the MYLK gene to be mutated in two 

families with familial TAAs leading to aortic dissections (Wang et al. 2010). The 

gene of MYLK is located in chromosome 3q21 and mutations in these genes are 

responsible for less than 1% of familial TAAs.  

Recently, mutations in the gene mothers against decapentaplegic homolog 3 

(SMAD3) in chromosome 15q22.33 were identified by the exome sequencing 

method. Mutations were found in TAA cases with phenotype changes similar to 

MFS and LDS. The disease is named aneurysm-osteoarthritis syndrome (AOS). 

SMAD3 codes a product which is essential for the TGF-β signaling transmission. 

Mutations in the SMAD3 gene interrupt protein trimerization and lead to 
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increased expression of SMAD3 as well as other components of the TGF-β 

signaling pathway (van de Laar et al. 2011). Therefore, it is very clear that any 

alterations in the TGF-β signaling pathway can lead to formation of aortic 

aneurysms. It has been estimated that about 3% of familial TAAs are caused by 

SMAD3 gene mutations.  

TGFBR2 gene mutations were first reported in MFS (Mizuguchi et al. 2004). 

These TGFBR2 mutations were narrowed from the chromosomal region 3p24-25 

which was earlier identified as a cause of inherited predisposition to familial TAA 

without any signs of LDS and with exclusion of 5q13-14 and 11q23-q24 (Hasham 
et al. 2003, Pannu et al. 2005a). Also with TGFBR2 mutations, no clear 

genotype/phenotype correlation has been identified since there is a large clinical 

spectrum of patients with TGFBR2 mutations (i. e., LDS to MFS type 2). In 

addition, mutations in the TGFBR1 gene have been identified and these mutations 

are much rarer compared with TGFBR2 mutations (Loeys et al. 2006, Tran-

Fadulu et al. 2009). For the TAA patients with TGFBR2 mutation surgical 

treatment of the aorta is recommended when the diameter of the aorta reaches 4.0 

cm. In addition, there is bias in phenotypes between men and women with 

TGFBR1 mutations; men commonly present aneurysms in the ascending aorta 

whereas aneurysms in women are found in other veins (Tran-Fadulu et al. 2009). 

Very recently, Boileau et al. (2012) found transforming growth factor beta 2 

(TGFB2) in the chromosomal area 1q41 to be mutated in two families with TAAs 

(Boileau et al. 2012).  

TAAs can also be due to mutations of the FBN1 gene in chromosomal region 

15q21.1, and mutations in this area are also widely associated with MFS 

(Keramati et al. 2010, Milewicz et al. 1996). There is significant locus 

heterogeneity in familial TAAs and some forms overlap with syndromic TAAs. 

Actually, familial TAAs comprise several different diseases waiting to be 

recognized. Although all families have cardiovascular complications with some 

unique extra phenotype characteristics, they all also share a common phenotype: 

enlargement of the ascending aorta. Mutations in these already known genes 

account for about 30% of familial TAA cases but the majority of familial cases 

are still caused by unknown gene mutations. Furthermore, many more genes are 

yet to be discovered.   

  



 36

Table 1. Eight genes and three chromosomal loci associated with TAAs and 

dissections (genes are represented in alphabetical order according to gene name and 

chromosomal loci in numerical order). Mutation proportions are taken from Milewicz & 

Regalado (1993) (Milewicz & Regalado 1993). 

Gene Locus Proportion Disease phenotype Reference 

ACTA2 10q23.3 10-14% TAAD with livedo reticularis 

and iris floccule 

Guo et al. 2007, Guo et al. 2009 

FBN1 15q21.1 6% MFS, TAAD, sTAA Francke et al. 1995, Keramati et al. 2010, 

Lemaire et al. 2011, Milewicz et al. 1996 

MYH11 16p13.11 ~1% TAAD with PDA, sTAA Khau Van Kien et al. 2005, Kuang et al. 2011, 

Pannu et al. 2007, Zhu et al. 2006 

MYLK 3q21 ~1% TAAD Wang et al. 2010 

SMAD3 15q22.33 ~3% TAAD (AOS) Regalado et al. 2011, van de Laar et al. 2011 

TGFB2 1q41 ~1% TAA (with mild systemic 

MFS features) 

Boileau et al. 2012 

TGFBR1 9q22 ~1% LDS, TAAD Loeys et al. 2006, Stheneur et al. 2008, Tran-

Fadulu et al. 2009  

TGFBR2 3p22 ~4% MFS, LDS, TAAD Hasham et al. 2003, Inamoto et al. 2010, 

Loeys et al. 2006, Mizuguchi et al. 2004, 

Pannu et al. 2005a, Stheneur et al. 2008, 

Tran-Fadulu et al. 2009 

unknown 5q13-14 - TAAD Guo et al. 2001, Kakko et al. 2003 

unknown 11q23.3-24 - TAA and AAA Vaughan et al. 2001 

unknown 12 - TAAD (less aggressive form) Guo et al. 2011 

2.4.3 Genetic aberrations in sporadic TAAs 

In 80% of the TAA cases the disease is sporadic without any familial 

transmission. The precise cellular and molecular mechanism behind this disease is 

poorly understood. Sporadic TAA cases can originate from a set of autoimmune 

diseases and infectious disorders as well as from traumatic conditions. Most of 

these sporadic TAAs are characterized by inflammatory and immune cell 

infiltration in the aortic wall together with matrix degradation and elastin 

fragmentation.  

Gene mutations associated with sporadic TAAs have been found in the FBN1 

gene and furthermore, with linkage imbalance on this gene region (Lemaire et al. 
2011). In addition, the MYH11 gene was recently associated with sporadic TAAs 

and genomic copy number variations have been found in the area of this gene 

(Kuang et al. 2011).  
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2.4.4 Genetic analysis of TAAs 

Overall, aortic aneurysms are due to both genetic and environmental risk factors. 

Genetic factors play a major role in the case of TAAs and they are found to result 

from various single gene mutations. TAAs act as monogenic disease with 

decreased penetrance and today, the monogenic entity of each disease-causing 

gene is obvious among the genetically heterogeneous group of TAAs. Revealed 

disease-causing genes and loci, found either by linkage study approaches, 

candidate gene approaches or recently exome sequencing method, also indicate 

that there is an overlap between syndromic and familial TAAs since some of those 

susceptibility loci are the same for both syndromic and familial TAAs (Table 1) 

(Kuivaniemi et al. 2008).  

2.4.5 Linkage studies 

DNA linkage studies are used to find two characteristics, basically phenotype and 

marker allele, on the human chromosomes that segregate together within 

pedigrees and are not separated by recombination. Linkage correlates with the 

distance between two marker alleles. Furthermore, the closer two markers are the 

smaller the probability for meiotic recombination. In complete linkage, 

recombination fraction (θ) is 0 and if there is no linkage at all, recombination 

fraction is 0.5. The logarithm of odds (LOD score) is used to show the probability 

that two loci are segregated together and not by chance. The traditional threshold 

of LOD 3 (p < 0.001) is considered as a standard that must be met to state 

statistically significant linkage (Lander & Kruglyak 1995).  

Traditional linkage analysis is family-based and it explores whether the 

marker allele and disease allele are genetically linked together. The idea is to find 

the locus which is inherited together with the disease phenotype more often than 

by chance. Linkage analysis is conservatively carried out using simple sequence 

repeats (SSRs) accounting for about 3% of the human genome. Short, 1 to 13 

bases repeat units are termed microsatellites while longer, 14 to 500 bases repeat 

units are called minisatellites. These SSRs regions are more prone to mutations 

and the change is typically slippage change, which lengthens repeat sections 

(Jarne & Lagoda 1996, Lander et al. 2001).  

Linkage analysis has the same limitations as any other method based on a 

certain model. If correctly used, it can be very powerful. However, the use of the 

wrong model can lead to miss of true linkage or acceptance of false linkage 
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results (Lander & Schork 1994). For monogenic diseases, linkage analysis is well 

suited and often one LOD peak is found in the whole genome linkage analysis. 

When multifactorial diseases are studied by the same method, several peaks are 

usually found. For many complex diseases, traditional linkage analysis is unlikely 

to be powerful, since it assumes the presence of one major disease locus. 

However, in the case of TAAs, the use of traditional linkage analysis is justified 

as the disease has monogenic disease characteristics. A linkage analysis identifies 

a large genomic area which needs to be narrowed down and studied further, by 

sequencing method, for example.  

Parametric linkage analysis 

In parametric linkage study, assumptions of the model of inheritance, penetrance 

and disease allele frequencies are made. Penetrance is the proportion of 

individuals who carry a disease-causing mutation and express the disease 

phenotype. Disease can be inherited either in a recessive or dominant manner 

(Lander & Schork 1994). This method is used especially for studies of monogenic 

diseases and with diseases with inheritance features of monogenic diseases.  

Nonparametric linkage analysis 

In studies of complex diseases it is crucial to use multipoint linkage analysis with 

as many markers as possible. Furthermore, the use of nonparametric methods that 

take into account all available inheritance information from pedigrees is essential. 

In the nonparametric linkage analysis no assumptions of the inheritance patterns 

need to be made. Nonparametric methods test if the inheritance pattern deviates 

from the expectation under independent assortment (Kruglyak et al. 1996).  

Affected-sib-pair method (ASP) is used when affected siblings are studied. 

When allele relations are studied on a larger scale, affected-pedigree-member 

method (APM) has been widely used. APM focuses on whether the affected 

relatives have the same alleles at a locus (identity-by-state, IBS) regardless of 

whether the allele is actually inherited from a common ancestor (identical-by-

descent, IBD). However, when the IBS strategy is used, a lot of information about 

allele history is lost compared with the use of the IBD method. IBD allele sharing 

can be counted pairwise or IBD sharing can be analyzed on a larger scale, e.g. in 

all relatives. It is much more powerful to find out that numerous relatives share 

the same allele IBD compared to some relative pairs sharing some allele IBD 
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(Kruglyak et al. 1996). Results of nonparametric analysis are referred to as NPL 

score.  

Isolated population  

Choosing a study population is a crucial step in designing a linkage study. When 

the ideal population is selected for studies on a certain disease, it can both 

optimize the designed mapping strategy and minimize the impacts of uncertain 

factors of the disease. Definition of ideal population varies between different 

diseases and methods used. Identification of certain disease genes in one 

population may be challenging to repeat in another population.  

The Finnish population originates from small founder populations which 

started to immigrate in the beginning of the first millennium. Finland was 

probably inhabited without interruptions from the last glacial time throughout 

prehistoric times. There were both geological and geopolitical reasons for this 

isolation of Finns. The Finnish population fluctuated and integral movement 

towards the middle, western, northern and eastern parts of Finland started in the 

12th century. Due to the great famine in 1696–1698 and subsequent epidemics 

one-third of the Finnish population was lost in a great bottleneck (Peltonen et al. 
1999). As a consequence of a small founder population, long-lasting isolation and 

bottlenecks, Finns became homogenic, eventually resulting in an ideal source for 

linkage studies.  

2.4.6 Selection of candidate genes for TAA linkage analysis 

Common candidate genes for TAA studies at the beginning of 2000 were genes 

maintained in ECM of the arterial wall: genes encoding components and 

regulators of ECM in the pathogenesis of aneurysm were classically chosen.  

Susceptibility locus 11q23.3-q24 

Vaughan et al. (2001) found chromosomal locus 11q23.3-q24 to be linked to 

familial aortic aneurysm disease. This first locus was identified in a genome-wide 

linkage study of three families with phenotypes of both TAAs and AAAs. TAAs 

were inherited in an autosomal-dominant manner. Highest LOD score was 4.4 in 

this chromosomal locus 11q23-q24 (Vaughan et al. 2001). Today, the major 

disease gene still remains unidentified.  
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Susceptibility locus 5q13-14 

Chromosomal locus 5q13-14 was detected as the major locus for familial thoracic 

aortic aneurysms and dissections in 2001 in the study of Guo and colleagues. In 

this study 15 families were analyzed with genome-wide search by randomly 

selected polymorphic markers. Highest LOD score (4.74) was obtained for locus 

5q13-14. Disease was segregated in an autosomal-dominant manner, with variable 

expression and decreased penetrance. As a result of genetic analysis, 9 of the 15 

families studied were found to be linked to chromosomal locus 5q13-14. There 

are several good candidate genes, such as versican, thrombospondin and cartilage 

link protein, on chromosomal area of 5q13-14, but the major disease gene is still 

unknown (Guo et al. 2001).  

FBN1 as candidate gene 

The FBN1 gene is located on chromosome 15q21.1 (Pereira et al. 1994). Disease-

causing mutations in the FBN1 gene were already found in 1996 in the families of 

patients with TAAs (Milewicz et al. 1996). Earlier, it was recognized that 

mutations in the FBN1 gene cause MFS (Dietz et al. 1991, Kainulainen et al. 
1990); however, the role of FBN1 behind aortic dilatations without any other 

features of MFS was unclear until then. Today, it has been estimated that 

mutations in the FBN1 gene, which are often family-specific, are responsible for 

about 6% of familial TAAs. Recently, the FBN1 gene has also been recognized as 

the major gene for sporadic TAAs (Lemaire et al. 2011).  

COL3A1 as candidate gene 

The COL3A1 gene is located on chromosome 2q31 and it was the first candidate 

gene to be investigated at DNA level in patients with aortic aneurysms. It has 

been shown that mutations in COL3A1 cause rupture of the aorta in patients with 

EDS IV syndrome (Kontusaari et al. 1990, Kuivaniemi et al. 1990, Lloyd et al. 
1993, Narcisi et al. 1993, Richards et al. 1993).  

MMP-3 and MMP-9 as candidate genes 

Stromelysin 1 (MMP-3) is located on chromosome 11q22.3 and MMP-9 gene on 

chromosome 20q11.2-q13.1. Several studies have focused on the MMPs as 
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candidate genes since elevated protein and mRNA levels of MMPs have been 

measured from the patients with TAAs (Koullias et al. 2004, Lesauskaite et al. 
2006). No evidence of genotype-phenotype linkage between MMPs and TAAs 

has been identified so far. It has been shown that in the case of AAAs, the 

transcriptionally more active 5A MMP-3 allele is a genetic risk factor for 

aneurysms among Finns (Yoon et al. 1999).  

TIMP-2 as candidate gene 

All TIMPs share the specific inhibitory effects on MMPs and furthermore, they 

all have many specific physiological functions. Correct MMP and TIMP ratio is 

crucial for elastic properties of the aortic wall. TIMP-2 has a pivotal role in the 

activation and inhibition of MMP-2. TIMP-2 forms a trimolecular structure with 

pro-MMP-2 and MT-MMP during activation of MMP-2 (Brew & Nagase 2010). 

The gene of TIMP-2 is located on chromosome 17q25.  

2.5 Telomeres  

At the ends of the eukaryotic chromosomes there are special protective structures 

called telomeres. Telomeres are non-coding nucleoprotein structures and they 

consist of thousands of TTAGGG repetitive sequences in all vertebrates. 

Telomeres can form loop structures, named t-loops, where the 3´ end of a single-

stranded DNA is invaded into the proximal duplex telomeric DNA. The former 

forms a D-loop, which can be 75–200 nucleotides long. The major task of the T-

loops is to protect the telomere ends from different proteins (Griffith et al. 1999).  

Telomeres play a causal role in cellular aging and are involved in the action 

of the mitotic clock. Since DNA polymerase is incapable of completing 

replication at the ends of the linear chromosomes, there is a continuous loss of 

telomere repeat sections (de Lange et al. 1990). With each cell division the length 

of telomeres decreases by 20–200 base pairs, and when the critical limit of 

telomere length is reached, cell senescence occurs (Blackburn 1991). Telomere 

length can be considered as the upper limit for the times cells can divide, a mitotic 

clock.  

Telomere elongation is possible during individual life and it has been 

postulated that telomere length is a dynamic feature; during some periods 

telomeres undergo losses while during others they are stable or extended 

(Svenson et al. 2011). Nordfjall et al. (2009) demonstrated that in one third of the 



 42

959 individuals studied telomeres became longer during one decade. Individuals 

with the longest telomeres at the time of birth undergo the largest telomere 

attrition rates during their life (Nordfjall et al. 2009). Studies of population 

genetics show that telomere maintenance genes in worldwide populations have 

limited genetic variation, low diversity, high ancestral allele frequencies and low 

population differentiation, as can be assumed based on the critical role of 

telomere maintenance and chromosomal stability (Mirabello et al. 2012). In 

addition, telomere length is highly hereditable (Graakjaer et al. 2003, Graakjaer et 
al. 2004) and paternal influence seems to play a major role (Njajou et al. 2007, 

Nordfjall et al. 2010). 

Telomeres are good candidate markers of biological aging since they have a 

strong correlation with the replicative history of cells and furthermore, the length 

of telomeres correlates with the replicative capacity of the cell. It has been 

suggested that biological age, which in this context means the length of telomeres, 

predicts the functional status of tissues much more reliably than the chronological 

age of an individual. Regulation of telomere length is tissue independent, since 

telomere lengths in various tissue cell types of individuals share significant 

correlation (Cafueri et al. 2012, Friedrich et al. 2000, Wilson et al. 2008b). Based 

on this, easily accessible tissue, such as blood cells, could be used as a parameter 

for telomere length of other tissues.  

Certain pathological conditions have shown that shortened telomeres are 

linked to disease. Cawthon et al. (2003) showed that individuals 60 years or older 

who showed increased mortality due to cardiovascular and infectious diseases had 

shorter telomere lengths compared with controls. Furthermore, it has been shown 

that individuals with shorter telomeres have twice the mortality rate of individuals 

with longer telomeres (Cawthon et al. 2003).  

2.5.1 Telomeres in vascular diseases 

Aging is a risk factor for cardiovascular diseases. Studies have shown that 

telomere attrition rates are correlated with increased age. Nevertheless, lifestyle 

and environmental factors have also effects on telomere lengths; oxidative stress, 

inflammation and increased cell turnover associated with cardiovascular risk 

factors play a role during an individual’s life (Matthews et al. 2006). Previously, 

shortened telomere lengths in blood leukocytes have been demonstrated in CAD 

(Brouilette et al. 2007, Farzaneh-Far et al. 2008), AAAs (Atturu et al. 2010, 
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Cafueri et al. 2012, Wilson et al. 2008b), aortic dissections (Yan et al. 2011) and 

in a preliminary study of TAAs (Balistreri et al. 2012).  

Telomere shortening or elongation is a symptom of many diseases and may 

be a result of telomerase dysfunction or loss of telomeric repeat sequences. 

Human diseases can also be due to incorrect telomere maintenance; either 

deficiency or oversupply of telomere maintenance can lead to development of 

disease phenotype. Telomere maintenance is a highly coordinated cellular process 

and deviations in it lead to different pathological stages. When there is an 

oversupply of telomere maintenance, the balance between the number of cell 

divisions and telomere length is lost, which is a typical situation in human 

cancers. In addition, when there is a deficiency of telomere maintenance, cellular 

renewal leads to many disease pathologies, such as cardiovascular diseases 

(Fleisig & Wong 2007).  

Telomerase 

Human telomerase (hTERT) is a reverse transcriptase consisting of a catalytic 

subunit, the telomerase reverse transcriptase, TERT and an integrally associated 

RNA template. The main action of telomerase is the synthesis of telomeres 

(Figure 3). Telomerase has a potential to repetitively transcribe its short RNA-

template and progressively add multiple telomeric repeats (TTAGGG) to the 3´ 

end of the telomeric single-stranded DNA. The action of telomerase is the major 

compensation factor for the telomere loss caused by cell proliferation (Cech 

2004). 

Fig. 3. Schematic representation of synthesis of telomeres by the telomerase. Single-

stranded DNA anneals with the RNA template of telomerase. This hybridization can 

involve even 11 base pairs at one time. When the 5’ of the RNA template is reached, 

telomerase complex translocates in 5’3’ direction along the telomeric single-

stranded DNA. Elongation takes place several times (Cech 2004). 
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Telomerase action is absent in the majority of somatic cell lines and this 

inactivation of telomerase may be due to transcriptional repression of telomerase 

or alternative mRNA splicing. In addition, constitutive overexpression of 

telomerase has been shown in many cell types, i.e., in fibroblasts, lymphocytes 

and epithelial cells. Since telomere shortening is compensated by telomerase, one 

might expect that telomerase-positive cells could maintain their proliferative 

capacity indefinitely. However, studies have shown that even if telomerase is 

continuously expressed, telomere erosion is still going on (Fleisig & Wong 2007).  

Telomerase-dependent telomere maintenance is not the only way to lengthen 

telomeres. Studies of alternative lengthening of telomeres (ALT) have shown that 

this mechanism needs many of the same factors as telomerase to function. ALT is 

not the normal physiological situation in the human body, but it has been 

observed in certain types of tumors. Many believe that ALT is the backup for 

telomerase in telomere maintenance. There are also cells, which lack both active 

telomerase and ALT, suggesting that there may be other mechanisms that can 

replace telomerase-dependent telomere maintenance in human cells (Henson et al. 
2002, Reddel et al. 2001).  

Telomerase has growth-promoting attributes. Poh et al. (2005) showed that 

cultured endothelial cells transfected with hTERT displayed better tissue 

development and vessel functions compared with cells with vector-control. 

Furthermore, there were two older donors whose cells showed that endothelial 

cells are completely dependent of telomerase for successful blood vessel 

formation. When hTERT-transfected cells were inserted into mice, these 

transfected cells were not tumorigenic and did not produce pathological 

phenotypes (Poh et al. 2005).  
 
 
 



 45

3 Aims of the study 

The overall object of our studies was to find the mutations causing the AscAAs in 

Finnish families and the molecular mechanisms leading to aortic wall destruction 

and aneurysm formation in the area of the ascending aorta. The specific aims of 

these studies were: 

1. To carry out a candidate gene and susceptibility loci analysis in families with 

familial AscAAs and dissections and to find linkage on a certain candidate 

gene or chromosomal locus.  

2. To compare the levels of MMP-2, MMP-9, TIMP-1 and OPN between the 

plasma samples of AscAA and age-matched controls and mRNA levels of the 

same proteins in aortic tissue sections of the same patient groups.  

3. To measure whether the relative leukocyte telomere lengths are changed in 

AscAAs compared with age-matched controls and furthermore, whether the 

hTERT expression is altered in the aortic tissue samples of AscAAs compared 

with controls.  
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4 Subjects and Methods 

4.1 Study subjects 

All studies were approved by the ethical committee of Oulu University (17 June 

1998) and the ethical committee of Oulu University Hospital (53/2002 and 17 

December 2007). Patients who provided their written informed consent were 

included in this study. 

4.1.1 Families with AscAAs and dissections (I) 

Probands treated for ascending aortic aneurysm (AscAA) or dissection in Oulu 

and Tampere University Hospitals were recruited for the study. Families with at 

least two members with AscAAs or dissections were included. Altogether 11 

families with AscAA or dissection were collected and seven of the families were 

from Oulu and four from Tampere. The families consisted of on average three 

generations and the size of the family ranged from 8 to 32 individuals. Pedigrees 

of the families are shown in an Appendix (Figures 1–11). 

Blood samples for DNA extraction and lipid measurements were obtained 

from a total of 115 subjects (57 men and 58 women) and information about 

medication, past medical history, alcohol consumption, smoking and leisure 

activity was elicited with a questionnaire. Physical examination was carried out 

for excluding MFS in the families. Death certificates were provided by Statistics 

Finland and were used to confirm the phenotype of descent family members. For 

most of the family members who were unaffected transthoracic echocardiography 

with aortic root measurements was done to confirm the phenotype (overall, aortic 

root was measured from 85 subjects).  

4.1.2 Patients with AscAAs (II, III) 

All the patients (operated or non-operated) who received a diagnosis for AscAAs 

during the years 1996–2007 in Oulu University Hospital were recruited for the 

study. For operated study subjects, blood samples were taken after operation. The 

minimum time after operation was 4 months. AscAA patients with a history of 

thoracic trauma or previous aortic operation and patients with MFS were 

excluded from the study. A total of 97 AscAA patients’ blood samples (75 men 
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and 22 women) were collected and information about medication, past medical 

history, alcohol consumption, smoking and leisure activity was elicited with a 

questionnaire.  

Description of study population II 

All the samples of the AscAA patient material were included in this study. In 

addition, a total of 23 abdominal aortic aneurysm (AAA) patients’ blood samples 

(only men) were collected from the patients treated in Oulu University Hospital. 

Information about medication, past medical history, alcohol consumption, 

smoking and leisure activity was elicited with a questionnaire.  

As a control for this study, 78 blood samples (55 men and 23 women) from 

subjects without any diagnosis of aneurysmal disease were used. Control subjects 

were collected from the Ophthalmological Unit of Oulu University Hospital. 

Control persons were age- and gender-matched for the AscAA study population. 

Description of the study population III 

Eighty-six subjects from the AscAA patient population (68 men and 18 women) 

were chosen for this study.  

Control population was collected randomly from the Oulu area with the help 

of the Population Register Center. In all, 86 control samples (67 men and 19 

women) were chosen and age- and gender-matched with the AscAA study 

subjects. The control persons did not have known own or family history of TAA 

disease.  

Tissue samples for the RNA analysis and immunohistochemistry studies 

(II, III) 

A total of 25 AscAA tissues and 19 control tissues were collected from Oulu 

University Hospital for study II. In addition, 29 AscAA tissues and 14 control 

tissues were used for study III. Aneurysm tissue samples were obtained during 

surgical operation of aneurysmal aorta. Control aortic tissues were taken during 

coronary bypass surgery from an area of non-dilated ascending aorta without any 

macroscopic atherosclerotic changes. Of these tissue samples, 12 AscAA and 5 

control aortic tissues were paraffin-embedded.  
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4.2 Methods 

Methods used in publications are summarized in Table 2.  

4.2.1 Selection and genotyping of polymorphisms (I) 

The ABI Prism Linkage Mapping Set 1 (Applied Biosystems, Foster City, CA, 

USA) was used for genotyping microsatellite markers. Microsatellite markers for 

the markers of MFS (FBN1) were selected from previously published analysis 

(Pereira et al. 1994). Microsatellite markers for MMP-3, MMP-9, TIMP-2 and 

COL3A1 gene were selected from the Genome Database (www.gdb.org). Markers 

used in this study were < 4 cM from the candidate locus and they had high 

heterozygosity level. Microsatellite markers for the chromosomal loci 5q13-14 

and 11q23.2-24 were taken from the two previous studies where strong positive 

linkage for those chromosomal areas was found (Guo et al. 2001, Vaughan et al. 
2001). After confirmed positive linkage result six more markers in the area of 

5q13-14 were determined. Genotyping was done by ABI 377 automatic sequencer 

according to manufacturer’s instructions (Applied Biosystems) and the sizes of 

the alleles were determined based on the Genescan-500 size standard (Applied 

Biosystems) using the Genescan 3.1 and Genotyper 2.0 programs. 

4.2.2 Laboratory methods 

Lipoprotein analyses (I, II, III) 

Blood samples were obtained after an overnight fast. Plasma was separated by 

centrifugation of the blood samples at 1,500 g for 15 min at +4 °C. Plasma 

samples were stored at –80 °C.  

The very low-density lipoprotein (VLDL) fraction (density < 1.006 g/mL) 

was separated from plasma by ultracentrifugation in a Kontron TFT 45.6 rotor at 

105,000 g for 18 h. Further, the plasma HDL-C concentration was determined by 

adding 25 µl of 2.8% (weight/volume) heparin and 25 µl of 2M MnCl2 into 1 mL 

of the VLDL-free fraction. After precipitation and centrifugation at 1,000 g at 

+4 °C for 30 min, the plasma HDL-C concentration was measured. Plasma LDL-

C concentration was calculated by subtracting the cholesterol concentration in 

HDL from that in the VLDL-free fraction. The concentrations of cholesterol and 

TG in the plasma and lipoprotein fractions were determined by enzymatic 
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colorimetric methods (kits from Boehringer Diagnostica, Mannheim GmbH, 

Germany, catalogue nos. 23691 and 701912, respectively) using a Kone Specific 

analyzer (Kone Instruments, Espoo, Finland) (Kakko et al. 1998).  

Genomic DNA extraction (I, III) 

Genomic DNA was extracted from blood nuclear cells by the salting-out method 

(Miller et al. 1988). 

RNA extraction (II, III) 

Aortic tissues AscAA and control aorta were snap frozen with liquid nitrogen and 

stored at –80 °C until RNA extraction. RNAs from the aortic tissues were 

extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA). In brief, 50–100 

mg of the tissue was homogenized in 1 mL of Trizol reagent and messenger RNA 

(mRNA) was purified with RNeasy Mini Kit (Qiagen, Valencia, CA, USA).  

Measurement of MMP-2, MMP-9, TIMP-1 and OPN concentrations (II)  

Concentrations of MMP-2, MMP-9, TIMP-1 and OPN were determined by an 

enzyme-linked immunosorbent assay test (ELISA) (DOST00 R&D Systems, 

Europe, Abingdom, UK and RPN2617, RPN2614 and RPN2611 GE Healthcare, 

Piscataway, NJ, USA) according to the manufacturer’s guidelines. All the 

measurements were done with sufficiently diluted plasma samples and every 

sample was measured as duplicate. All values are presented as ng/mL and only 

samples with coefficient of variation of 10% or below were used.  

Quantitative real-time PCR method for MMP-2, MMP-9, TIMP-1, OPN, 
and hTERT (II, III) 

Complementary cDNAs of mRNAs of the aortic tissues of AscAA and control 

aorta were synthesized with cDNA First Strand Synthesis Kit (MBI Fermentas, 

Heidelberg, Germany). Quantitative real-time PCR (RT-PCR) was performed 

either with CFX96 Real-Time Detection System (II) or IQ5 Real-Time PCR 

Detection System (III) (Biorad, Hercules, CA, USA). Gene expression was 

quantified using the SYBR Green PCR Master Mix Kit (Applied Biosystems, 

Foster City, CA, USA). Glyceraldehyde 3-phosphate dehydrogenase gene was 
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used as an endogenous control gene. Each sample was analyzed in duplicate and 

interrun calibrator and negative control samples were included in each 

experiment. A melting curve analysis was included at the end of every run and 

expression levels were estimated by the normalized expression method (∆∆Ct) 

according to the manufacturer’s instructions.  

Immunohistochemistry (II, III) 

Immunostaining was done for MMP-2, MMP-9, TIMP-1, OPN and hTERT. 

Paraffin-embedded sections (4 µm) of the aortic tissues were stained by using the 

DAKO envision immunostaining method (DAKO, Glostrup, Denmark). The more 

detailed staining conditions for each antibody used are given in the original 

articles II and III. 

Measurement of relative length of blood leukocyte telomere length (III) 

The relative lengths of the telomeres were estimated by the quantitative PCR 

method (Cawthon 2002). Using this method one can determine telomere content 

of DNA against a single-copy gene. PCR of telomere DNA was carried out by 

using iQTM SYBR Green Supermix (Applied Biosystems, Foster City, CA, USA). 

Relative leukocyte telomere length (LTL) was calculated according to Cawthon 

and the standard curve was used for relative quantitation.  

4.2.3 Statistical methods 

Linkage analysis (I) 

The parametric and nonparametric linkage analyses were carried out with the 

GeneHunter2 program (Kruglyak et al. 1996) in the computers of CSC-Scientific 

Computing Ltd (Espoo, Finland). Genetic heterogeneity was tested with the 

HOMOG program and the distances between microsatellite markers and 

candidate genes were taken from the GeneMap99 program (National Center for 

Biotechnology Information, National Institutes of Health, Bethesda, MD, USA), 

and Ensembl Genome Server (www.ensembl.org).  

In the nonparametric linkage analysis no assumptions of the disease allele 

inheritance were made and qualitative NPL analysis of IBD sharing in all 
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relatives was used. In the parametric linkage analysis, the selection of best model 

was made based on the simulations made with data and the dominant model was 

selected (with the penetrances 0.01 for wild, 0.90 for heterozygous and 0.90 for 

homozygous type). Additionally, age-dependent penetrances (penetrances 0.001 

for wild, 0.10 for heterozygous and 0.10 for homozygous for individuals younger 

than 30 years; penetrances 0.01, 0.30 and 0.30 for subjects aged 30–40 years; 

penetrances 0.01, 0.70 and 0.70 for individuals aged 40–60 years; and 

penetrances 0.01, 0.90 and 0.90 for subjects older than 60 years) were used in 

linkage analysis. Subjects with aortic root at least 3 mm larger than upper normal 

limit (Vasan et al. 1995) or operated for aortic aneurysm or dissections were 

coded as affected (31 subjects). Unaffected status was coded for subjects with 

aortic root smaller than upper normal limit (38 subjects). Individuals were coded 

as unknown phenotype if they were younger than 26 years, had abdominal aortic 

aneurysm or the aortic root was not measured (46 subjects). The frequency for 

disease allele was assumed as 0.1%.  

Statistical analysis (I, II, III) 

The results for continuous variables are presented as mean values with standard 

deviations (SD) or median with quartiles. Differences on qualitative variables 

between study groups are analyzed with chi-square test. Parametric test was used 

for measured continuous variables with normal distributions and nonparametric 

tests were used for skewed distributions. Multivariate odds ratios (OR) with 95% 

confidence interval (CI) for OR were calculated by using logistic regression 

analysis in studies II and III. For testing correlation in study II, partial correlation 

analysis was used. Results were analyzed with the software package SPSS for 

Windows (SPSS, Chicago, IL, USA). (For study I SPSS Version 10.0, for study II 

PASW Statistics Version 18.0 and for study III SPSS Version 20.0 was used.) P-

values lower than 0.05 were considered as statistically significant.  
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Table 2. Methods used in publications. 

Method Publication number 

Laboratory methods  

Transthoracic echocardiography I 

Lipid and lipoprotein measurement I, II, III 

DNA extraction (salting-out) I, III 

RNA extraction II, III 

PCR I, II, III 

RT-PCR II 

Quantitative PCR III 

ELISA II, III 

Immunohistochemistry II, III 

Data analysis programs  

Genescan 3.1 I 

Genotyper 2.0 I 

Cyrillic 2.02 I 

SLINK I 

GeneHunter2 program I 

HOMOG program I 

SPSS 10.0 and 20.0 I, III 

PASW Statistics 18.0 II 
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5 Results 

5.1 Candidate gene analysis of familial AscAAs and dissections (I) 

5.1.1 Study population 

There were 31 subjects in the affected group of AscAA and dissections families 

(18 men and 13 women, mean ages for both groups 50 years) (Table 3). 

Furthermore, 38 subjects were coded as unaffected (20 men and 18 women, mean 

ages 43 and 53 years, respectively). The phenotypes of 46 subjects (19 men and 

27 women, mean ages 43 and 40 years, respectively) remained unknown in 

relation to AscAAs and dissections. The youngest affected subject was 26 years 

and the oldest 87 years old. Aortic root was measured from 85 individuals and it 

ranged from 22 mm to 65 mm. In affected individuals, aortic root diameter was 

approximately 44 mm for men and 42 mm for women. In unaffected individuals, 

aortic diameter was larger in men, being 34 mm in men and 29 mm in women (p 

< 0.001).  

When affected and unaffected subjects were compared, affected individuals 

suffered from hypertension more frequently than unaffected subjects (p < 0.01). 

There were no significant differences in the history of coronary heart disease 

(CHD), in lipid values or body mass index (BMI) between affected and 

unaffected study subjects.  

Table 3. Characteristics of study subjects (study I).  

Variable Affected for AscAAD Unaffected for AscAAD P-value 

No. of subjects 31 38  

Age (years) 50 48  

Male 18 (58%) 20 (52%)  

Total cholesterol (mmol/L) 5.7 5.3 NS 

HDL-cholesterol (mmol/L) 1.4 1.5 NS 

LDL-cholesterol (mmol/L) 3.3 3.2 NS 

Triglycerides (mmol/L) 2.6 1.4 NS 

Hypertension  17 (54%) 8 (21%) < 0.01# 

CHD 1 (0.03%) 3 (0.08%) NS 
#Chi-square test. Individuals with unknown phenotype (n = 46) are excluded from the table. 

AscAAD, familial ascending aortic aneurysm and dissection; HDL, high-density lipoprotein; LDL, low-

density lipoprotein; CHD, coronary heart disease 
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5.1.2 Nonparametric linkage analysis 

Nonparametric linkage analysis results were considered as main results since no 

assumptions of inheritance, allele frequencies in population or penetrances needed 

to be made. The best NPL and parametric LOD scores are shown in Table 4. From 

the seven studied candidate loci (MMP-3, MMP-9, TIMP-2, COL3A1, FBN1, 

11q23.2-q24 and 5q13-14) all expect locus 5q13-14 were excluded as a major 

locus for familial AscAA and dissections. When more markers for this same locus 

5q13.14 were studied, nonparametric linkage analysis revealed multipoint NPL 

score of 3.0 (p = 0.005) for this locus (tTable 5). Most of the studied families 

(7/11) were linked in the 5q13-14 locus, particularly families 4 and 7. In the 

single point NPL analysis, the best NPL score, 2.48 (p < 0.01) was detected for 

the D5S1464 marker. When locus heterogeneity was tested, no heterogeneity was 

found between families, probably due to the low number of families studied. 

Table 4. The highest multipoint NPL and LOD scores of markers close to the selected 

candidate loci. 

  Parametric LOD score 

Candidate gene NPL score Dominant Age-dependent 

MMP-3 0.34 -2.74 -1.35 

MMP-9 1.40 -2.86 -1.45 

TIMP-2 -0.48 -3.01 -2.78 

COL3A1 -0.06 -6.63 -5.01 

FBN1 0.16 -6.51 -6.08 

5q13-14 2.67 (p < 0.01) 1.45 1.25 

11q23.2-q24 0.22 -4.03 -1.17 

NPL, nonparametric linkage; LOD, logarithm-of-odds score 

MMP-3 and -9, matrix metalloproteinase type 3 and 9; TIMP-2, tissue inhibitor type 2; COL3A1, collagen 

type III alpha 1; FBN1, fibrillin-1 

 

  



 57

Table 5. Highest multipoint NPL and LOD scores for single families at the locus 5q13-

14. 

  Parametric LOD score 

Family No. NPL score Dominant Age-dominant 

1 -0.38 -0.15 -0.14 

2 1.34 0.66 0.66 

3 1.41 0.25 0.25 

4 2.10 1.13 1.13 

5 -0.18 -1.00 -1.02 

6 0.74 0.84 0.13 

7 2.65 0.71 0.46 

8 0.82 0.07 0.34 

9 -0.03 -0.13 -0.13 

10 -0.15 -0.95 -0.95 

11 1.72 0.58 0.37 

Total 3.03 (p = 0.005) 2.01 1.10 

NPL, nonparametric linkage; LOD, logarithm-of-odds score 

5.1.3 Parametric linkage analysis 

Parametric linkage analysis was used with the dominant and age-dependent 

penetrance models. Both models used in this parametric analysis excluded all 

studied loci as a major locus for familial AscAA. After more markers studied 

from the locus 5q13-14, the best parametric multipoint LOD scores were 2.01 

with dominant inheritance model and 1.10 with age-dependent penetrance model 

for the same locus at the position +20 cM (Table 5). The best single point 

parametric LOD score was 3.16 calculated with the dominant model.  

5.2 Protein markers in plasma and tissue sections of patients with 
AscAAs (II) 

5.2.1 Study subjects 

The AscAA patient and control groups studied were well matched (Table 6). The 

mean age of the AscAA patients and healthy controls was 60 years. In all, 49% of 

the AscAA patients had hypertension and 23% had CHD. Compared with 

controls, AscAAs had more commonly hypertension (p < 0.01). Of these studied 

AscAA patients, 78% were operated for aneurysm and the mean time from the 
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surgery was 3.9 years. The mean age for the AscAA patients was 59 years and for 

the controls 63 years in the RT-PCR study; in the immunostaining study, the 

mean ages were 57 and 69 years, respectively (p < 0.05). Characteristics for the 

AAA patients are given in the original article II. 

Table 6. Characteristics of AscAA and control study subjects in plasma analysis 

(study II).  

Variable AscAA Control P-value 

No. of subjects 97 78  

Age (years) 60 60  

Male  75 (77%) 55 (71%)  

Total cholesterol (mmol/L) 4.8 4.7 NS 

HDL-cholesterol (mmol/L) 1.1 1.2 NS 

LDL-cholesterol (mmol/L) 3.0 2.9 NS 

Triglycerides (mmol/L) 1.5 1.2 NS 

Hypertension 48 (49%) 22 (28%) <0.01* 

CHD 22 (23%) 13 (17%) NS 

*Chi-square test 

AscAA, ascending aortic aneurysm; HDL, high-density lipoprotein; LDL, low-density lipoprotein; CHD, 

coronary heart disease 

5.2.2 Concentrations of MMP-2, MMP-9, TIMP-1 and OPN proteins in 
plasma 

A total of 175 plasma samples of AscAA patients and their controls were analyzed 

to measure the MMP-2, MMP-9, TIMP-1 and OPN levels (Figure 4). Plasma 

MMP-2 levels were elevated in the group of AscAA subjects (1228 ng/mL 

compared with control persons (912 ng/mL) (p < 0.001). The same phenomenon 

was seen in the concentrations of MMP-9: AscAA samples had higher 

concentrations of MMP-9 in plasma (80 ng/mL) compared with controls (20 

ng/mL) (p < 0.001). No differences between AscAA patient and control study 

groups were seen when TIMP-1 levels were measured (156 ng/mL and 154 

ng/mL, respectively). Plasma OPN levels were significantly higher in the AscAA 

patient group (94 ng/mL) compared with the control group (51 ng/mL) (p < 

0.001). Increased risk for AscAAs was associated with elevated plasma 

concentrations of MMP-2, MMP-9 and OPN (OR 9 [95% CI, 3.5–22.5], p < 

0.001; OR 28 [95% CI 9.5–83.0], p < 0.001; and OR 26 [95% CI, 8.9–75.8], p < 

0.001, respectively). No correlation was detected between aneurysm size and 
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studied protein levels in plasma. The same upregulation was seen for the MMP-2 

and OPN proteins in the immunostaining studies of AscAA slides (Figure 5).  

 

Fig. 4. Results of the analysis of plasma protein levels of A) MMP-2, B) MMP-9, C) 

TIMP-1 and D) OPN. Statistical significances between aneurysm groups and controls 

are shown *** (p < 0.001, nonparametric test). AscAA ascending aortic aneurysm; AAA, 

abdominal aortic aneurysm; MMP-2, matrix metalloproteinase type 2; MMP-9, matrix 

metalloproteinase type 9; TIMP-1, tissue inhibitor of matrix metalloproteinases type 1; 

OPN, osteopontin (II, published by permission from Elsevier). 

AscAA patient data was divided into groups based on operation or non-operation. 

Difference between these two groups was seen in MMP-9 plasma concentrations: 

for the operated group plasma concentration was 63 ng/mL whereas for the non-

operated group it was 108 ng/mL (p < 0.05).  
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Fig. 5. Immunostaining study results of MMP-2 and OPN (original magnification x 20). 

Immunohistochemistry of MMP-2 in A) AscAA tissue and B) control tissue. 

Immunoreactivity of OPN in C) AscAA tissue and in D) control tissue. Histological 

features of aortic wall are stained with hematoxylin and eosin. MMP-2, matrix 

metalloproteinase; OPN, osteopontin; AscAA, ascending aortic aneurysm (II, 

published by permission from Elsevier). 

Results for the 23 studied plasma samples of patients with AAAs are also shown 

in Figure 4. MMP-2, MMP-9 and OPN protein levels in plasma of AAA patients 

were significantly elevated compared with controls (1171 ng/mL; 120 ng/mL and 

85 ng/mL, respectively).  
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5.2.3 RT-PCR analysis of MMP-2, MMP-9, TIMP-1 and OPN 

A total of 25 AscAA and 19 control tissues were studied by the RT-PCR method. 

Gene expressions of MMP-2, MMP-9 and OPN were significantly elevated in 

AscAA samples compared with controls (p < 0.001, p < 0.05 and p < 0.05, 

respectively). No significant difference was detected in the TIMP-1 expression 

levels.  

5.3 Relative blood leukocyte telomere length (LTL) and the 
expression of human telomerase (hTERT) in patients with 
AscAAs (III) 

5.3.1 Study subjects 

The AscAA patient group and control group used in this study were well matched 

(Table 7). Mean age of the AscAA patients and their healthy controls was 58 

years. When AscAA patients were compared with controls, HDL-cholesterol 

levels were significantly lower (p < 0.001 and triglycerides were higher in (p < 

0.001). In addition, the AscAA patient group was more likely to suffer from 

hypertension and CHD (p < 0.001 and p < 0.01, respectively) than the control 

group. The study samples used for RT-PCR studies were taken at a mean age of 

60 years from AscAA patients and 64 years from controls; and in the 

immunostaining study, mean ages were 57 and 69 years for AscAA patients and 

controls, respectively (p < 0.05).  

Table 7. Characteristics of study subjects (III). 

Variable AscAA Control P-value 

No. of subjects 86 86  

Age (years) 58 58  

Male 68 (79%) 67 (78%)  

Total cholesterol (mmol/L) 5.3 5.4 NS 

HDL cholesterol (mmol/L) 1.1 1.5 < 0.001* 

LDL-cholesterol (mmol/L) 3.5 3.6 NS 

Triglycerides (mmol/L) 1.6 1.2 < 0.001* 

Hypertension 63 (73%) 28 (33%) < 0.001# 

CHD 22 (26%) 8 (9%) < 0.01# 

*Independent samples t-test; #chi-square test 

HDL, high-density lipoprotein; LDL, low-density lipoprotein; CHD, coronary heart disease; AscAA, 

ascending aortic aneurysm 
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5.3.2 Relative blood LTLs 

Relative LTLs were determined from a total of 172 blood leukocyte DNA 

samples. AscAA patients had significantly longer relative LTLs than their healthy 

age- and sex-matched controls, T/S ratio 0.87 vs. 0.61 (p < 0.001) (Table 8). 

There was no difference in the relative telomere lengths between men and women 

and statin use had no effect on relative LTLs. Significant correlation was achieved 

for age and relative LTL (p < 0.005).  

Relative LTL results were divided into two groups to study the association 

between relative LTL and the risk of AscAAs (Table 8). Individuals with longer 

relative LTLs had a significantly higher risk for aneurysms compared with 

individuals with shorter relative LTLs (OR 4.9 [95% CI 2.1–11.3], p < 0.001). 

Furthermore, the results of the relative LTLs were divided into quartiles according 

to the telomere lengths in the whole data. Progressively higher risk for aneurysms 

was observed in the patient group with the longer leukocyte telomeres compared 

with the shortest (first quartile) telomere group (fourth quartile OR 23.3 [95% CI 

5.6–97.3], p < 0.001; third quartile OR 5.6 [95% CI 1.7–18.9], p < 0.01; and 

second quartile OR 3.6 [95% CI 1.1–11.5], p < 0.05, respectively) (adjusted for 

age, gender, HDL-cholesterol, triglycerides, hypertension and CHD). In addition, 

patients with AscAA diameter larger than 5 cm belonged to the longer relative 

telomere length groups.  

Table 8. Results of the telomere length analysis (III). 

    Adjusted OR   Aneurysm size 

Variable Relative LTL AscAA cases Control cases (95% CI) P-value > 5 cm 

Mean LTL (SD)  0.87 (0.30) 0.61 (0.20)  < 0.001*  

By quartiles:       

First quartile 0.18-0.57 12 (14%) 32 (37%) - - 5 

Second quartile 0.58-0.70 18 (21%) 28 (33%) 3.6 (1.1-11.5) < 0.05# 11 

Third quartile 0.71-0.88 21 (24%) 19 (22%) 5.6 (1.7-18.9) < 0.01# 13 

Fourth quartile 0.89-1.63 35 (41%) 7 (8%) 23.3 (5.6-97.3) < 0.001# 22 

By median:       

Short < 0.70 30 (35%) 60 (70%) - - 16 

Long 0.70 < 56 (65%) 26 (30%) 4.9 (2.1-11.3) < 0.001# 35 

*Independent samples t-test; #regression analysis 

LTL, leukocyte telomere length; AscAA, ascending aortic aneurysm; OR, odds of ratio; CI, confidence interval; SD, 

standard deviation 
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In addition, the whole study population was divided into four groups based on 

their age. The groups comprised study subjects who were 54 years or younger, 

55–59 years, 60–63 years and 64 years or older (Figure 6). Significantly longer 

relative LTLs were found in AscAA patients in the first (p < 0.001), second (p < 

0.01) and third (p < 0.05) groups compared with controls whereas in the fourth 

group (i.e., in the oldest group) the difference in relative LTLs was not significant 

(p = 0.09). 

 

Fig. 6. Relative LTLs in AscAAs and healthy controls. The quartiles of ages used for 

the calculation of differences in relative LTL between study groups were: 54 years old 

and younger, 55–59 years old, 60–63 years old and 64 years old and older. 

Significances are *** (p < 0.001), ** (p < 0.01) and * (p < 0.05). Comparisons are done 

within the age groups (independent samples t-test). LTL, leukocyte telomere length; 

AscAA, ascending aortic aneurysm. 
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5.3.3 Studies of hTERT expression 

Expression of hTERT mRNA was elevated in the tissue samples of AscAA 

patients compared with controls (p < 0.05) in the RT-PCR analysis. In addition, 

expression of hTERT protein was elevated in the tissue sections of AscAA 

compared with tissue sections from individuals without history of aortic 

aneurysms (p < 0.01) when studied with immunohistochemistry methods (Figure 

7).  

 

Fig. 7. Results of the immunostaining study of hTERT in A) AscAA and B) control 

aorta (original magnification x 20). Quantified immunostained areas of hTERT protein 

in AscAA and control aorta slides are presented in a bar chart (C). Statistically 

significant differences between the groups are marked as ** (p < 0.01, independent 

samples t-test). AscAA, ascending aortic aneurysm; hTERT, telomerase (III, published 

by permission from PLoS One). 
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6 Discussion 

6.1 Linkage analysis of AscAA families (I)  

6.1.1 Confirmation of linkage to the chromosomal area 5q13-14  

Genetic studies of AscAA have taken major steps during the past decade. By the 

time our linkage analysis started, there were only two known susceptibility loci 

for this familial AscAA disease: 5q13-14 and 11q23.3-q24 (Guo et al. 2001, 

Vaughan et al. 2001). Our major result of study I was the confirmation of linkage 

for familial AscAAs and dissection into chromosomal locus 5q13-14. Two of 11 

AscAA and dissection families studied showed strong linkage to this 5q13-14 

locus. All the other candidate loci, including MMP-3, MMP-9, TIMP-2, COL3A1 

and FBN1, were excluded as a major locus for this disease in all the families 

studied. These other candidate loci studied were suitable candidate genes based 

on what was known about the AscAA disease at that time. At the beginning of 

2000 studies on AscAAs started from the ECM proteins and proteins which were 

known to either destruct or remodel the aortic wall. These were appropriate 

candidate genes since the aortic media is degraded during aneurysm formation. 

Today, it has become clear that TGF-β signaling as well as genes of SMC 

contractile apparatus play a major role in AscAA disease (Pannu et al. 2005b).  

The next step after identifying the chromosomal locus 5q13-14 was to 

sequence candidate genes from this critical interval and try to identify the disease 

causing gene mutation. There were several good candidate genes in this 

chromosomal area regarding their function, including versican and 

thrombospondin4 (Guo et al. 2001). Exons 3 to 13 from the versican gene and all 

exons from the thrombospondin4 gene were sequenced; however, no defective 

gene mutations were found in addition to previously known polymorphisms 

(unpublished data). Our DNA-samples were also analyzed with extensive 

sequencing of chromosomal region 5q13-14 by the laboratory of Dr. Dianna 

Milewicz, but no defective mutations for TAAs in Finnish patient samples were 

found (unpublished data). The major disease-causing gene is still unidentified 

from this chromosomal area of 5q13-14.  

Today, we know that mutations in eight genes and three susceptibility loci are 

responsible for TAAs, and many more genes are still waiting to be discovered 

(Table 3) (Guo et al. 2001, Guo et al. 2007, Guo et al. 2011, Keramati et al. 2010, 
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Loeys et al. 2006, Milewicz et al. 1996, Mizuguchi et al. 2004, van de Laar et al. 
2011, Vaughan et al. 2001, Wang et al. 2010, Zhu et al. 2006). Eight known gene 

mutations account for about 30% of familial TAAs and three susceptibility loci 

together with other still unknown mutations are behind approximately 70% 

familial TAAs. TAAs are very heterogeneous disease; according to today’s 

knowledge, they are a group of diseases, both clinically and genetically. Every 

family has a different disease, the age of onset varies, incomplete penetrance is 

typical and unique associated features for the aortic enlargement are usually 

found. Variable expression is typical even in families with a single gene as a 

cause of aneurysm. Variable phenotypes can be caused by several factors, i. e., 
modifier genes, environmental factors, allelic variation and complex genetic and 

environmental interactions. 

In recent years, techniques enabling quick whole genome scanning, i. e., 
GWAS (genome-wide association study) and exome sequencing, have brought 

new mutations and new aspects to the familial TAA studies. Although techniques 

have developed more rapidly, there are still certain challenges in aneurysm 

studies: mutations found in one TAA family cannot be replicated in another TAA 

family due to the multiple etiologies behind TAAs. 

6.2 MMP-2, MMP-9, TIMP-1 and OPN protein and mRNA levels in 
AscAAs (II) 

MMP-2, MMP-9, TIMP-1 and OPN were selected for further studies on the basis 

of Affymetrix microarray analysis for AscAA and control tissue samples 

(unpublished data). 

6.2.1 MMP-2, MMP-9 and TIMP-1 and AscAAs 

Aneurysm formation is a complicated phenomenon. MMPs and TIMPs have been 

classic candidate genes in AscAA and other aortic aneurysm studies for more than 

a decade. This is based on their established function in the aortic wall (Zhang et 
al. 2009). Our study proved the role of MMP-9 and MMP-2 during aneurysm 

formation and it also showed that TIMP-1 levels actually remained unchanged 

with the simultaneous increase of MMPs, and furthermore, that the balance 

between MMPs and TIMPs is lost. This fluctuation in the tightly controlled 

MMP-TIMP balance favors an increase in the proteolytic activity of the aortic 

wall. Furthermore, this leads to the formation of aortic aneurysms with the rupture 



 67

as an end point. In addition, MMPs, specifically MMP-2 and MMP-9, may have a 

role in the development of aneurysms in the ECM degeneration freeway by 

inhibiting calcium-dependent contraction of vSMCs and furthermore, leading to 

the enlargement of the aorta (Chew et al. 2004, Raffetto et al. 2007). MMPs were 

elevated in plasma of both AscAAs and AAAs. This elevation was shown in many 

studies for AAAs but the former results regarding AscAAs were contradictory 

(Antoniou et al. 2011).  

Study II showed the role of MMP-2 in relation to AscAA. MMP-2 plasma 

and tissue protein and tissue mRNA levels were increased in AscAA and plasma 

protein levels in AAA samples compared with controls. Previous results of the 

MMP-2 studies have been contradictory, with either increased or decreased levels 

of MMP-2 protein and mRNA levels reported (Annabi et al. 2002, Eugster et al. 
2005, Ikonomidis et al. 2007, LeMaire et al. 2005, Lesauskaite et al. 2006, 

Schmoker et al. 2007, Sinha et al. 2006). It is clear that MMP-2 has a role in the 

proteolytic events of the aortic wall and it has actually been shown that MMP-2 is 

involved in aneurysm expansion and in the basic healing process of the arterial 

walls (Akiyama et al. 2006). MMP-2 is also a regulator of the release of TGF-β 

from its LLC (Rizas et al. 2009), and results of study II indicate that the more 

MMP-2 is produced, more TGF-β is released. The levels of TGF-β need further 

studies. 

The role of MMP-9 has been widely established in relation to aortic 

aneurysms and the finding of elevated MMP-9 mRNA levels in non-

atherosclerotic TAAs was not the first one showing this relationship (Lesauskaite 
et al. 2006, Pearce & Shively 2006, Schmoker et al. 2007, Wilson et al. 2008a, 

Wilton et al. 2008). In contrast, there is study showing that mRNA levels of 

MMP-2 are unchanged in non-atherosclerotic TAAs (Wilton et al. 2008). Plasma 

protein and tissue protein levels of MMP-2 were also increased in the AscAA 

samples of our study. Interestingly, in our study MMP-9 levels were significantly 

higher in the non-operated AscAA patient group compared to the operated AscAA 

patient group. This can be considered as a major result of study II. In future, it 

will be necessary to study if plasma MMP-9 levels can be used as a biomarker of 

a new aneurysm developing in some other part of the aorta. Wilson et al. (2008) 

showed in their AAA study that MMP-9 levels were associated with 30-day 

survival from the aortic operation. Nonsurvivors had 4 times higher MMP-9 

levels in their plasma compared with survivors (Wilson et al. 2008a). Nakamura 

et al. (1998) have shown the same phenomenon in the survival of septic patients 

(Nakamura et al. 1998). In addition, MMP-9 has been shown to be a potential 
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biomarker of endoleak after successful endovascular aneurysm repair (Hellenthal 
et al. 2011). It would be very reasonable to study if these changes in plasma 

MMP-9 levels could also be utilized in the diagnosis of AscAAs.  

MMP-9 production from macrophages and SMCs has a notable role during 

aneurysm enlargement (Lesauskaite et al. 2006). TIMP-1 is a specific inhibitor of 

MMP-9; however, according to our studies, TIMP-1 levels remained steady in 

both protein and mRNA levels of both aneurysm types, and the results were in 

line with previous studies (Ailawadi et al. 2003b, Boyum et al. 2004, LeMaire et 
al. 2005). When MMP-9 levels are increased and TIMP-1 levels remain stable, 

inhibition of MMP-9 action is not adequate and proteolysis of aortic wall takes 

place – enzymatic attack against fibrillin and collagen which are the major 

components of the aortic wall. When the wall of the aorta is damaged, the aorta 

enlarges and its mechanical properties weaken. The reduction of the aortic 

structure proteins due to the increased proteolysis can lead to an almost 

translucent wall of the aorta (Elefteriades 2008). In a normal situation, the wall of 

the aorta is metabolically inactive and, as an example, elastin has a half-life of 

decades (Tromp et al. 2010). Altogether, when the MMP-9 – TIMP-1 balance is 

broken, the formation of an enlargement of the aorta and furthermore, 

catastrophic rupture of the aorta is favoured. 

MMPs and TIMPs are only one part of this proteolytic mechanism of the 

arterial walls. Some proteolytic actions of these proteases are essential in vivo and 

they ensure the basic cellular and tissue function; for example, outward and 

inward remodeling mechanisms of arteries are essential for our everyday life 

(Armstrong et al. 1985, Glagov et al. 1987). Still, when the balance between 

proteolytic activity and its inhibition is lost and remains chronically lost, the 

consequences touch many more proteins besides these MMPs and TIMPs. In 

addition, changes in the MMP levels have an effect on contractile properties of 

vSMCs which play an essential role during each cardiac cycle.  

Our study showed that not only one part of this ECM system underwent 

change: instead, a whole group of proteins was elevated and this led us to 

postulate that some other factors which regulate these members of the ECM 

network play a major role in the formation of AscAAs. These same factors were 

also seen to be changed in AAAs, pointing out similarities behind these two 

syndromes, yet AAAs are largely due to atherosclerosis. Based on our results, 

atherosclerosis is not the only trigger for AAAs since the results of AAAs and 

AscAAs were so similar. At the molecular level, TAAs and AAAs are distinct 

diseases and there is no overlap in the genetic loci of TAAs and AAAs 
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(Hinterseher et al. 2011). The exact role of MMPs in these aortic events needs 

further studies.  

6.2.2 OPN and AscAAs 

We found significantly elevated levels of OPN protein and mRNA in the tissue 

samples of AscAA and OPN protein levels were significantly increased in the 

plasma samples from AscAA patients.  

Elevation of the OPN protein expression in AscAA cases without 

atherosclerosis occurs in the medial layer, as shown in the immunostaining study 

of study II. It has been found that OPN is needed at the beginning of vascular wall 

remodeling, but if the level is chronically elevated, aneurysms form (Isoda et al. 
2002). Prior to our analysis there were few studies reporting elevated OPN levels 

in TAAs (Lesauskaite et al. 2006). However, findings of elevated OPN expression 

in AAA samples similar to our study have been associated with the presence of 

atherosclerosis in the same samples (Bruemmer et al. 2003, Golledge et al. 2007). 

The majority of AAAs are due to atherosclerosis and arterial calcification, and 

furthermore, elevated levels of OPN are found (Mohler et al. 1997, O'Brien et al. 
1994). An increase of OPN in the TAAs without atherosclerosis is more 

challenging to explain. One explanation might be that the thoracic aorta differs 

from the abdominal aorta, which is more prone to atherosclerosis and aortic 

calcification.  

Calcification of arteries and aortic valves is correlated with the same risk 

factors as atherosclerosis and the aging process (Guzman 2007). However, if we 

think about the young onset age and lack of atherosclerosis of the AscAA, 

increased OPN levels in plasma samples and aortic tissues cannot be only due to 

these risk factors. According to the latest knowledge of TAAs, TGF-β signaling 

has a major role during aneurysm formation, and furthermore, OPN, MMPs and 

TGF-β signaling are induced by macrophages or just vSMCs by themselves. On 

the other hand, it has been shown that if mice are mutated by the deletion of 

natural inhibitor of calcification they die of blood-vessel ruptures (Luo et al. 
1997).  

Another hypothesis for vascular calcification is pericytes. Pericytes are 

mesenchymal cells that are restored in arteries and have potential to differentiate 

into myogenic, osteogenic, chondrogenic adipogenic cell lines. It has been 

speculated that pericytes play at least some role during the calcification process of 

the arteries by turning into osteogenic phenotype (Kirton et al. 2006). The exact 
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role of OPN and the factors affecting OPN signaling trait need further studies, 

especially since we found such a remarkable increase in OPN protein and mRNA 

levels in both tissue and plasma of AscAA patients compared with controls.  

6.3 Longer telomeres and increased expression of hTERT in 
patients with AscAAs (III) 

Telomeres and their length have been considered as a new marker for 

atherosclerosis and cardiovascular diseases. It has been postulated that biological 

age, which in this case refers to the length of telomeres, is a better predictor of 

vascular health than chronological age. Telomeres are shortened with increasing 

age. However, there are many factors that can elongate telomeres or accelerate the 

rate of telomere shortening. Both biological and environmental factors have a role 

in regulating telomere lengths in the body as a whole. 

6.3.1 The longer telomeres of AscAA patients 

Study III showed significantly longer telomeres in AscAA patients compared with 

controls and long telomeres were associated with high risk of AscAAs. 

Furthermore, there was a trend towards longer telomeres in the DNA samples of 

AscAA patients with an aneurysm larger than 5 cm at the aortic root. Relative 

LTL was associated with age and in this study, age and LTL shared a strong 

inverse correlation. When the study population was divided into four groups 

based on their age, AscAA patients 64 years old and younger had significantly 

longer telomeres compared with the controls (Figure 6). 

This was the first study showing that telomeres can actually be lengthened 

during in presence of vascular disease and that inherited longer telomeres can lead 

to vascular disease. These are very important points to recognize since in contrast 

to our findings, all other studies regarding cardiovascular diseases, i. e., 
atherosclerosis, AAAs, aortic dissection and TAAs (not known if ascending or 

descending aorta), have found them to be associated with shortened telomere 

lengths (Atturu et al. 2010, Balistreri et al. 2012, Blunder et al. 2012, Cafueri et 
al. 2012, Wilson et al. 2008b, Yan et al. 2011). It has been shown that oxidative 

stress, smoking and many other environmental risk factors, which are also 

associated with atherosclerosis, shorten the length of telomeres (Matthews et al. 
2006). AscAA is a disease without any signs of atherosclerosis and in this study 
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the length of telomeres was evaluated in vascular disease without major effects of 

atherosclerosis.  

There are reports of longer telomeres in specific cancers and studies have 

shown that telomeres can at times be shortened or lengthened (Gramatges et al. 
2010, Nordfjall et al. 2009, Svenson et al. 2011). In addition, it has been shown 

that when the telomeres are lengthened in quickly proliferating cells the 

correlation between telomere lengths and cell proliferation capacity is lost. 

Furthermore, when telomeres are shortened to a few telomere repeats, telomeres 

start to elongate again and thousands of new telomere repeats are added (Murnane 
et al. 1994).  

Telomere length is controlled in the same way in the whole body and 

according to latest studies, telomere lengths are correlated regardless of which 

tissue is investigated in one individual. According to Wilson et al. (2008), there is 

a strong correlation between abdominal aortic tissue and blood leukocyte 

telomere content (Wilson et al. 2008b). Cafueri et al. (2012) have also shown the 

same systemic nature of telomere lengths in different tissues of AAA patients 

(Cafueri et al. 2012). Moreover, these previous studies justify the use of blood 

leukocyte telomere length as a predictor of the state of other tissues since there 

seems to be genetic mechanism controlling telomere lengths throughout the body 

(Cafueri et al. 2012, Friedrich et al. 2000, Wilson et al. 2008b). The use of blood 

cell leukocytes is a new study perspective and a good opportunity for aortic 

aneurysm studies, since tissue samples of the aorta may not be obtained before 

aortic operations. Study III has a specific role in the area of vascular diseases and 

telomere lengths. Telomere shortening is not the only way to drive the body to a 

disease state since significantly longer telomeres seem to cause the same effect. It 

can be postulated that telomeres that are either too short or too long are a sign of a 

disease state of the body. Further studies are needed to determine whether longer 

telomeres are a downstream effect or a cause of aneurysms.  

6.3.2 Elevated expression of hTERT in AscAA 

Our study showed significantly elevated hTERT mRNA levels in AscAA tissue 

samples compared with controls. In a normal situation, telomerase expression is 

absent in most human somatic cells. Constitutive expression of hTERT in cells 

can prolong their replicative lifespan (McEachern et al. 2000) but shortening can 

be still going on. Normally, expression of telomerase is inhibited since the 

activated telomerase function may act as a tumor suppressor mechanism. 
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Telomere attrition rates have been associated with increasing age, inflammatory 

processes, oxidative stress and unhealthy lifestyles. The aortic wall is under 

enormous blood pressure after every systole and shorter telomeres are associated 

with that situation (Butt et al. 2010). The reason why expression of hTERT is 

elevated in the ascending aortic section of aneurysm patients needs further 

studies. Interestingly, the expression of hTERT is controlled by certain tumor 

suppressor pathways. One of these is the TGF-β signaling pathway; in addition, it 

has been identified as a negative regulator of hTERT transcription (Lin & Elledge 

2003). In this study, hTERT expression was elevated and led to the conclusion 

that TGF-β signaling is incapable of inhibiting hTERT transcription. There is a 

discrepancy between these theories since elevated TGF-β levels have been 

connected to the formation of aneurysms. In addition, MMPs and OPN were 

elevated in study II, pointing out that TGF-β levels could be elevated as well. 

However, hTERT levels were increased, indicating reduced TGF-β actions as a 

negative regulator.  

Previous studies have shown that ectopic expression of hTERT in somatic 

cells leads to restoration of telomerase activity, which stops the shortening of 

telomeres and eventually overrides the process of cell senescence (Jiang et al. 
1999). Poh et al. (2005) studied the effect of telomerase expression on human 

cultured vSMCs. The results were very interesting, since injection of hTERT in 

SMCs enabled fine growth of blood vessels by SMCs regardless of how old the 

donator was. Without hTERT injection, the best blood vessels were grown for the 

youngest donators (Poh et al. 2005). When the situation of the aneurysmal wall is 

considered, one might raise the question of whether the expression of hTERT is 

increased because there is a need for vascular wall regeneration. In that case the 

longer telomeres and elevated expression of hTERT would not be triggers for 

aneurysm but instead, a consequence of the developing aneurysm.  

6.4 Methodological considerations 

The methodologies used in studies I, II and III of this thesis were sufficient. Our 

linkage analysis remains one of the two existing studies showing strong linkage 

of TAAs to the chromosomal locus 5q13-14 (Guo et al. 2001, Kakko et al. 2003). 

There is no former study that has been able to establish this, and this is a common 

problem: replication of the same linkage analysis in another study population and 

study arrangement does not always bring the same results. In the MMP studies it 

was shown clearly that the outcomes of two partly different aneurysm types, 
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AscAA and AAA, were similar; expression of MMPs and OPN was elevated in 

both protein (AscAA and AAA) and mRNA (AscAA) levels. In addition, the 

telomere and telomerase studies gave important information about the telomere 

lengths of the AscAA patients.  

Three different study population combinations and methodologies were used 

in this study to approach this fatal disease. The blood samples used in this 

analysis were collected either from families having AscAA and dissections or just 

from patients suffering from the disease studied.  

There was some bias between aortic tissues used as controls since these 

tissues were taken during coronary artery bypass operations. It is not completely 

sure that samples in question represent healthy aortic samples even if there were 

no macroscopic signs of atherosclerosis. However, all aortic aneurysm 

investigators face this same problem and these samples from the coronary artery 

bypass operations are the only aortic samples available for us for controlling the 

results of aneurysmal tissue samples. Previously, it has been shown that due to 

atherosclerosis, levels of MMPs and OPN mRNAs are increased (Brown et al. 
1995, Li et al. 1996, O'Brien et al. 1994). It has also been shown that telomerase 

is activated during atherosclerosis (Gizard et al. 2011). According to this, the use 

of aortic tissue samples that might contain atherosclerotic changes should only 

reduce the differences between the control and patient tissue samples studied 

since expression of all studied mRNAs was increased in samples from aneurysm 

patients. 

6.5 Future perspectives 

6.5.1 Exome sequencing method 

Exome sequencing is a new and efficient method for disease gene studies, both 

for monogenic and complex diseases. Exome sequencing is a method which 

allows us to selectively sequence every coding region from the genome and it is 

an efficient method for identification of rare functional mutations. In general, all 

the 180,000 exons but not UTR regions of the human genome are sequenced by 

this method, accounting for 1% of the human genome. It has been estimated that 

85% of the disease-causing mutations are typically found from these coding 

regions of the genome. The exome sequencing method has a potential to play a 

major role in disease gene hunting and it can be also utilized for the establishment 
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of the genetic diagnosis. Using the exome sequencing method it has been possible 

to identify causative mutations in families even if the disease has genetic and 

phenotypic heterogeneity (Majewski et al. 2011).  

This method has brought our AscAA family material into a new light. There 

are two exome sequencing studies published concerning TAA families. Both 

studies managed to find novel disease genes which were not found with 

traditional linkage or association analysis (Boileau et al. 2012, Regalado et al. 
2011). In the future, the number of studies reporting novel disease genes of 

AscAA will grow rapidly. The important step in getting a chance to find new gene 

mutations is the careful choice of cases studied; the use of cases with strong 

family history increases the probability of finding new causative mutations 

(Majewski et al. 2011).  

6.5.2 The role of transforming growth factor beta signaling in the 
pathogenesis of the aortic aneurysms 

It has become clear that TGF-β signaling is a potential mechanism leading to 

TAAs. Changes in TGF-β signaling can be either due to the increased active form 

of TGF-β or to mutations in TGF-β receptors and furthermore, increased 

expression of TGF-β. In a normal situation, TGF-β signaling is a tightly 

controlled cascade (Milewicz et al. 2008). Recently, Boileau et al. (2012) found 

that in addition to known TGFBR1 and TGFBR2 mutations, TGFB2 is also 

mutated in certain families with TAAs and dissections (Boileau et al. 2012).  

There are many topics in TGF-β signaling which play an important role in 

terms of future studies of TAAs. TGF-β is secreted as a biologically inactive form 

and stored in the ECM in LLC, which is associated with FBN1-containing 

microfibrils. LLC consists of TGF-β homodimer, which is covalently linked to 

the latency-associated peptide (LAP) and the latent TGF-β binding protein 1 

(LTBP1). When FBN1 is mutated, the amount of extracellular microfibrils is 

diminished and more TGF-β is bioavailable. Changed TGF-β signaling leads to 

altered gene expression of TGF-β-responsive genes, degenerative changes in the 

aortic wall and further, to the formation of aneurysm (Pannu et al. 2005a, Pannu 
et al. 2005b, Pannu et al. 2006). In addition, SMAD3 mutations were reported 

recently in familial TAAs and this protein plays an important role in TGF-β 

signaling and furthermore, in SMC differentiation from embryonic stems cells 

(Regalado et al. 2011, Sinha et al. 2004, van de Laar et al. 2011). 
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It has been established that TGF-β signaling is involved in the regulation of 

MMPs, TIMPs and OPN. In addition, it is also a negative regulator of hTERT 

expression. All the findings in studies II and III are bound together with this TGF-

β signaling cascade. In study II, elevated MMP and OPN levels were found and 

these let us postulate that the amount of TGF-β may also be increased. However, 

in study III we found increased levels of hTERT suggesting that TGF-β in the role 

of negative regulator had not kept these hTERT levels down, leading to longer 

telomeres in AscAA patients. In accordance with our hypothesis, the role of 

enhanced TGF-β signaling has been established in familial TAAs and dissections 

(Renard et al. 2011). Further studies are needed to establish the role of TGF-β 

signaling in relation to the findings of this thesis.  

6.5.3 Smooth muscle contractility studies  

Another pathway, in addition to TGF-β signaling, leading to formation of TAAs 

includes the genes affecting smooth muscle contractility properties. Proper SMC 

contractile function in the ascending aorta has an essential role throughout the 

lifetime. Today, mutations in ACTA2, MYH11 and MYLK have been reported to 

be associated with familial TAAs (Guo et al. 2007, Guo et al. 2009, Khau Van 

Kien et al. 2005, Pannu et al. 2007, Wang et al. 2010, Zhu et al. 2006). Mutations 

in these smooth muscle specific genes are heterogeneous and lead to different 

extra phenotypes, in addition to aortic aneurysms. Structural integrity has an 

essential role in the ascending aorta and disturbances in smooth muscle cells and 

their function may lead to aneurysm formation. Studies have shown males to be 

more prone to SMC apoptosis; this may explain the difference in gender 

proportion of aneurysm patients (Tromp et al. 2010). 

It has been speculated that there is a stepwise disease pathogenesis causing 

TAAs. Firstly, a mutation disturbs the contractile properties of SMCs, leading 

SMCs to stress and stretch situation. After this, medial degeneration is activated 

and TAA phenotype is formed (Milewicz et al. 2008).  

6.5.4 Micro-RNA studies 

In recent years, micro-RNAs (miR) have been found to be key regulators of many 

pathophysiological processes. MiR is a short (20-25 nucleotides) noncoding RNA 

which regulates protein expression by blocking protein translation. Today, 1,000 

miRs have been identified from the human genome and according to estimations, 
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over one third of the human genes contain miR regulatory sites (Lewis et al. 
2005). Several studies have shown miRs to play an important role in controlling 

overall vessel growth and cardiac function. Boon et al. (2011) showed miR-29 to 

have a role in aortic dilatations in persons with advanced age (Boon et al. 2011). 

Similarly, miR-21, miR-26, miR-133a and miR-143/145 have shown to be 

involved in aneurysm development (Bartel 2009, Boon & Dimmeler 2011).  

MMP-2 and MMP-9 have a direct role during aneurysm development. MiR-

29a has been shown to be a posttranscriptional regulator of MMP-2; in addition, 

miR-133a has a target sequence in the 3’ UTR of MMP-9 gene (Bartel 2009, 

Steele et al. 2010). These results indicate that miRs are relevant targets of future 

diagnostics and therapeutic applications concerning aneurysm formation.  

6.5.5 Treatment of TAAs 

Mutations in certain genes account for 20% of TAAs, pointing out that the 

majority of the patients do not have a family history of this disease. Timing of the 

surgery of the TAA patient still has a major role, and more emphasis should be 

given to the question of when surgery should be performed on the enlarged aorta. 

The basic question for clinicians is how fast the aortic enlargement will grow and 

how the aorta will behave. In the case of AscAA, the aorta enlarges 0.1 cm per 

year. Furthermore, the dimension of 6.0 cm of the ascending aorta has been 

considered as a hinge point when the aneurysmal aorta is likely to rupture or 

dissect. The aorta loses its elastic properties when it reaches the dimension of 6.0 

cm, after which it is rather a rigid tube. In the case of known elevated levels of 

MMPs or decreased levels of TIMPs, aortic surgery is recommended before the 

thoracic aorta reaches 5.0 cm dimension (Elefteriades 2008).  

Today, genetic testing for familial TAAs is possible. There are commercial 

clinical testing kits available for known genes causing TAAs (Milewicz & 

Regalado 1993). These gene mutations cover about 30% of all familial TAA 

cases. If the family-specific gene mutation can be determined, family members at 

high risk can be found. All family members with the inherited gene mutation 

should have appropriate baseline imaging of thoracic aorta by echocardiogram, 

CT scanning or MRI. Since the age of onset varies a lot, the imaging of the 

individuals at high risk should be started at a relatively young age (Hiratzka et al. 
2010). If the gene mutation behind the TAA disease is not known or the family 

has not been tested for the known mutations of TAAs, all first-degree relatives of 

a TAA patient are still appropriate for imaging. Furthermore, since TAAs appears 
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to have decreased penetrance in women, all the sons of a woman at 50% risk for 

having TAAs should be monitored (Milewicz & Regalado 1993). It is also 

recommended to monitor pregnant women that are at risk for AscAA during their 

pregnancies (Hiratzka et al. 2010).  

Medical therapy of TAAs has been under intensive investigation during 

recent years as reviewed in Danyi et al. (2012) (Danyi et al. 2012). Traditional 

goals have been to reduce the shear stress on the aneurysmal segment by reducing 

blood pressure. β-blockers have been widely used since they reduce left 

ventricular contractility and furthermore, reduce the shear stress (Gadowski et al. 
1994). In addition, losartan has advantageous effects on aneurysm development 

by preventing aortic dilatation (Brooke et al. 2008). Statins have also been 

associated with the better long-term outcome in TAA cases (Jovin et al. 2012). 

Nagashima et al. (2002) showed that statins are potent inhibitors of inflammatory 

cells and furthermore, they can decrease the expression of MMPs, especially 

MMP-9 (Nagashima et al. 2002). Angiotensin-converting enzyme inhibitors have 

been shown to have both stimulating and inhibiting effects on MMPs (Danyi et al. 
2012). In addition, losartan has been found to be a very interesting angiotensin I 

receptor blocker since it has potential to block TGF-β -signaling and furthermore, 

via this reduce matrix degradation in a MFS mice model. Animal studies have 

tested TGF-β neutralizing antibodies and they have been shown to be efficient 

(Danyi et al. 2012, Habashi et al. 2006). 

An interesting pathway would be the use of MMP-specific antibodies. 

Tetracyclines, i. e., doxycycline have been tested when there is a known condition 

of MMP overexpression. Human and animal studies have shown that doxycycline 

slows elastin degradation and aneurysm enlargement by decreasing MMP-9 levels 

(Baxter et al. 2002, Curci et al. 1998). Lindeman et al. (2009) speculated that the 

beneficial effect of doxycycline may be due to reduction of infiltrating 

macrophages in the aortic wall and not to decrease of MMP-9 expression 

(Lindeman et al. 2009). In addition, various other medications have been tested or 

are potent strategies in relation to treatment of aneurysms, i. e., c-Jun-N-terminal 

kinase inhibitors (Yoshimura et al. 2005) and macrolides (Vammen et al. 2001). 

As shown above, multiple medications have been tried in the clinical 

treatment of aneurysms, but it has not been shown that starting the medications 

would on its own prevent aortic aneurysm enlargement (Danyi et al. 2012). There 

are also conflicts in the treatments since aneurysms are a complex disease and due 

to different etiologies. In fact, a number of pharmacological studies are from 

studies with patients of AAA or MFS. Studies II and III showed biomarkers that 
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could easily be used as markers of aneurysm formation alongside classic clinical 

therapies. Future studies are needed to elucidate whether plasma levels of studied 

MMPs and OPN or the length of blood leukocyte telomeres could be used as 

predictors of aneurysm growth rate and furthermore, as predictors of aneurysm 

behavior. Especially the levels of MMP-9 protein in plasma before and after 

surgical treatment require future studies. We have attempted to find these 

biomarkers from easily accessible tissues, such as blood, since aortic tissue 

samples cannot be obtained before aortic operations.  

As discussed in Kuivaniemi et al. (2008) and in Eleftriades et al. (2008), 

progress in the TAA research area calls for collaboration between geneticists and 

clinicians, such as cardiologists and cardiothoracic surgeons (Elefteriades 2008, 

Kuivaniemi et al. 2008). As Sir William Osler, the father of modern medicine, 

pointed out already one hundred years ago:  

“there is no disease more conducive to clinical humility than aneurysm of the 
aorta”.  
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7 Conclusions 

The present study investigated the genetic background of AscAAs and plasma 

MMP-2, MMP-9, TIMP-1 and OPN levels as well as tissue mRNA and protein 

levels of same proteins. In addition, blood LTL was defined and the mRNA and 

protein levels of hTERT were analyzed. The main results of the study are as 

follows: 

1. Linkage of chromosomal region 5q13-14 for familial AscAAs was 

established, with the NPL score of 3.0. Other studied genes and loci were 

excluded as major loci in Finnish AscAA families.  

2. Plasma MMP-2, MMP-9 and OPN might be biomarkers for AscAAs. Plasma 

protein levels of MMP-2, MMP-9 and OPN were significantly elevated in 

AscAA samples compared with controls. Plasma MMP-9 levels were 

significantly higher in the non-operated group of AscAA compared with 

operated group of same patients. Aortic MMP-2, MMP-9 and OPN mRNA 

levels were also significantly elevated. No correlation between aneurysm size 

and plasma protein levels was found.  

3. Long telomeres might be markers for AscAAs. Mean relative blood LTL was 

significantly longer for AscAA patients compared with controls. Expression 

of hTERT mRNA and protein was elevated in the samples of AscAAs. The 

study also showed that AsAA patients progressively belonged into the group 

of individuals with longest relative LTLs.  
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Appendix 

 

Fig. 1. Family 1 (Study I). DNA indicates persons whose DNA was involved in study I. 
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Fig. 2. Family 2 (Study I). DNA indicates persons whose DNA was involved in study I. 

 

 

Fig. 3. Family 3 (Study I). DNA indicates persons whose DNA was involved in study I. 
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Fig. 4. Family 4 (Study I). DNA indicates persons whose DNA was involved in study I. 

 

 

Fig. 5. Family 5 (Study I). DNA indicates persons whose DNA was involved in study I. 
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Fig. 6. Family 6 (Study I). DNA indicates persons whose DNA was involved in study I. 

 

 

Fig. 7. Family 7 (Study I). DNA indicates persons whose DNA was involved in study I. 
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Fig. 8. Family 8 (Study I). DNA indicates persons whose DNA was involved in study I. 

 

 

Fig. 9. Family 9 (Study I). DNA indicates persons whose DNA was involved in study I. 
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Fig. 10. Family 10 (Study I). DNA indicates persons whose DNA was involved in study 

I. 

 

Fig. 11. Family 11 (Study I). DNA indicates persons whose DNA was involved in study 

I.  
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