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Útdráttur 
Ósæðagúlpur í brjóstholi er svipgerð í ýmsum æðasjúkdómum og getur haft lífshættulegar 

afleiðingar. Hann er skilgreindur sem útvíkkun í æðaveggnum og getur verið ógreindur fram 

að æðarofi sem leiðir í 90% tilfella til dauða. TGF-𝛽 boðleiðin leikur lykilhlutverk í 

æðamyndun og skiptist í tvær andstæðar leiðir þar sem ALK1/SMAD1/5 hvetur æðamyndun 

en ALK5/SMAD2/3 hindrar hana. Stökkbreytingar sem hafa áhrif á líffræðilegt aðgengi 

TGF-	𝛽 eða stökkbreytingar í TGF-	𝛽 þáttum hafa verið tengdir við æðasjúkdóma líkt og 

Marfan heilkenni (MFS) og Loeys-Dietz heilkenni (LDS) þar sem virkni boðleiðarinnar sem 

hindrar æðamyndun eykst. Svipgerðirnar eru ósæðargúlpar og rof sem gætu verið afleiðingar 

niðurbrots á utanfrumuefnum, frumudauða og óreglu í æða-sléttvöðvafruma í æðaveggnum. 

Stökkbreytingar í SMAD3, TGF-	𝛽 þætti, hafa verið tengdar við sjúkdóm sem er með líkar 

svipgerðir og MFS og LDS.  

Ný stökkbreyting í linker svæði SMAD3 var nýlega uppgötvuð af deCODE í 11 meðlimum 

Íslenskrar fjölskyldu þar sem 7 höfðu fengið ósæðargúlpa í brjóstholi en aðeins 4 af þeim 

hafa verið arfgerðargreindir. Markmið rannsóknarinnar var að meta áhrif 

stökkbreytingarinnar á TGF-	𝛽 boðleiðina og æðaþelsfrumur.  

Niðurstöður rannsóknarinnar sýndu að SMAD3 stökkbreytingin minnkar umritunarvirkni 

SMAD3 og hæfni til að hindra tjáningu á ýmsum ECM genum. Stökkbreytingin hafði áhrif 

á lífvænleika og æðamyndun æðaþelsfruma en ekki á virkni SMAD3 próteinsins.  

 
 
 
 
 
 
 
 
 
 



 

Abstract 
Thoracic aortic aneurysm is present in various vascular diseases and can have life threatening 

consequences. It is a dilution in the aortic wall and can go undetected until a dissection 

occurs which has a 90% mortality rate. The TGF-𝛽 pathway plays a key role in angiogenesis 

where it splits into two opposing pathways, ALK1/SMAD1/5 promotes angiogenesis and 

ALK5/SMAD2/3 inhibits the process. Mutations affecting the bioavailability of TGF-	𝛽 or 

mutations in the TGF-	𝛽 factors have been linked to vascular diseases such as Marfan 

syndrome (MFS) and Loeys-Dietz syndrome (LDS) where the activity of the anti-

angiogenesis pathway increases. The phenotypes are aortic aneurysms and dissections, likely 

due to degradation of the extracellular matrix (ECM), vascular smooth muscle cell (vSMC) 

apoptosis and disorganization in the vessel wall. Mutations in SMAD3, a TGF-	𝛽 factor, 

have been linked to a disease presenting similar phenotypes to MFS and LDS. 

A novel linker domain mutation in SMAD3 was recently discovered by deCODE in 11 

members of an Icelandic family where 7 had presented with thoracic aortic aneurysms, but 

only 4 of which have been genotyped for the mutation. The aim of the study was to assess 

the effect this mutation in the SMAD3 linker region has on TGF-	𝛽 signalling and 

endothelial cells.  

The results of the project showed that the SMAD3 mutation decreases the transcriptional 

activity of SMAD3 and its ability to inhibit expression of various ECM genes. The mutation 

affected the viability and tube formation of HUVECs but not the activation of the SMAD3 

protein.  
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1 Introduction 

1.1 The cardiovascular system 
The human body is a big and complex unity of systems that consists of many organs and 

pathways that work together to form an active entity. The cardiovascular system is a part of 

this unity and is essential for life, without it none of the other systems would function. The 

major factors of this system are the heart, blood vessels, lymphatic system and blood. All 

these factors work together to transport nutrients, oxygen and other important factors to the 

tissues in the body as well as getting rid of the waste. This transport takes place in the blood 

vessels with blood flow circulation and is essential for good health and homeostasis. Up to 

five liters of blood are present and pumping through the vessels in the body of an average 

human (Story, 2015). The heart is responsible for pumping the blood through the circulatory 

system. The largest blood vessels are directly connected to the walls of the heart where they 

either accept blood from the heart or return it. These diverse and complex circulations are 

divided into two main groups, the pulmonary circulation and the systemic circulation. The 

interaction where blood vessels form a circulation of oxygen exchange between the heart 

and the lungs is called the pulmonary circulation. The latter is called the systemic circulation 

that is the closed circulation of oxygenated blood and deoxygenated blood transported to and 

from the tissues (figure 1) (Oliver, Entman, & Jakob, 2017). 
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The vascular system can also control the blood flow by changing the diameter of the vessels 

which causes either increased (vasodilation) or decreased (vasoconstriction) blood flow. 

Hypoxia or low oxygen concentration is one of the influencing factors in blood vessels that 

can cause vasoconstriction and that is due to its ability to trigger chemoreceptors of the 

carotid body that leads to an activation of the sympathetic system. This can increase blood 

pressure which if severe, can cause dissections of the vessel wall. For these responses, the 

endothelial cells (EC) release factors such as nitric oxide that cause relaxation in the smooth 

muscle cells (SMCs) and therefore dilation of the blood vessel (figure 2) (Chan & Vanhoutte, 

2012). 

 

Figure 1. The cardiovascular system. The systemic- and pulmonary circulation and the 

structure of the heart muscle (Story, 2015). 
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1.1.1 Blood vessel structure 

The largest blood vessels of the body are arteries and veins and they are characterized by a 

thick vessel wall made of connective tissue, SMCs and EC. The smaller blood vessels have 

lower rates of SMC and EC (Alberts, et al, 2015). All Vessels in the body are hollowed so 

the blood can flow through. What covers this inner hollow is a thin layer of ECs (Reece, et 

al, 2011). Their properties of changing number and composition allows the vessels to react 

to different conditions in the cardiovascular system, like change in blood pressure. These 

cells also make the vessels very adjustable as they migrate around the body when forming 

or elongating the cardiovascular system (Alberts, et al, 2015). The wall of the capillaries is 

solely made of a single EC that is covered with a basal lamina while the bigger vessels have 

more complex and diverse wall compositions (Reece, et al, 2011). The structure of arteries 

is divided into three main layers, the tunica interna, tunica media and tunica externa. The 

innermost layer, tunica interna, is made of a thin layer of EC like the capillaries. The mid 

layer, the tunica media, takes up most of the wall where it is composed of SMC and thick 

elastic connective tissue. The last and outermost layer, tunica externa, is mainly made of a 

thin layer of connective tissue with irregular threads that connect to outside tissues. The 

structure of veins is very similar to arteries (figure 3) (Story, 2015). 

 

Figure 2. Vasodilation. A process where ECs secrete factors that mediate relaxation effect to SMCs 

(Vasodilation, no date). 
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1.1.2 Angiogenesis  

During embryonic development, the vascular system is the first system to form because 

passive diffusion quickly becomes insufficient to transport essential factors to every cell of 

the embryo. However, the heart is the first functional organ in the body whereas it is not able 

to function properly without the first circulatory loops of the vascular system. Research has 

given evidence that all cells of the cardiovascular system derive from the same progenitor 

cell. This progenitor cell gives rise to endocardium cells, ECs, SMCs, blood cells and cardiac 

muscle cells (Gilbert, 2014). The forming of blood vessels is divided into vasculogenesis 

and angiogenesis. The first steps are in the vasculogenesis where the primitive vascular 

structures and connections are made and then angiogenesis is the subsequent sprouting of 

vessels from the pre-existing ones to create arteries and veins. In the beginning of 

angiogenesis, ECs are attracted to proangiogenic signals and become motile and invasive, 

an example of which is the vascular endothelial growth factor (VEGF). The ECs that detect 

the VEGF signal first are called tip cells and they lead the following ECs called stalk cells 

when forming new sprouts, this differentiation is controlled by Notch/Delta-like ligand 

(DII4) signalling. The VEGF factors lead to an increase in DII4 expression in the tip cells 

and activate the Notch pathway in the neighboring cells which prevents them from becoming 

 Figure 3. The structure of arteries, veins and capillaries (The 

Cardiovascular System: Blood Vessels, 2013). 



5 

tips cells so they become stalk cells instead. Then the ECs secrete platelet derived growth 

factor (PDGF) which mural cells detect and it stimulates them to recruit to the basal vessel 

structures formed by ECs. They then form a layer around it which prevents the stalk ECs 

from leaving their destined position. In contrast, the mural cells´ basement membrane which 

is comprised of extracellular matrix (ECM) must be degraded in front of the tip cells in order 

for sprouting to occur. This degradation is mediated by matrix metalloproteases (MMPs) 

secreted by the tip cells. Then the ECs are free to migrate in, forming new blood vessels and 

branches (figure 4) (Potente, Gerhardt, & Carmeliet, 2011).   

 
 
 
 
 

 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

1.2 The TGF-beta family 
The TGF-b (Transforming growth factor b) superfamily has an important role in controlling 

cell activity in many ways in grown organisms as well as in embryos. It is important in many 

fundamental cell processes like proliferation, differentiation, apoptosis, cytoskeletal 

organization, adhesion, migration and formation of ECM. Also, studies have shown other 

key functions in embryonic stem cell self-renewal, gastrulation, organ morphogenesis, and 

adult tissue homeostasis. There are up to thirty factors within the family that have been 

  Figure 4. The angiogenesis pathway. The formation of brances from the basal vessel 

structure from the vaculogenesis process (Moses & Klagsbrun, 1999). 
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defined. They are divided into two main groups of growth factors, TGF-b-like factors 

including TGF-b protein, Activin and Nodal and they mediate their signals through the 

ALK5 receptor. The other group is called the Bone morphogenetic proteins (BMPs) which 

includes most of the Growth- and differentiation factors (GDFs) and anti mullerian hormone 

(AMH). BMPs mediate their signals through ALK receptor 1, 2, 3 or 6 (figure 5) (Weiss & 

Attisano, 2012).  

1.2.1 TGF-b growth factors 

Three TGF-𝛽 isoforms in mammals have been defined and they are called TGF-b1, TGF-b2 

and TGF-b3. What is interesting about these factors of the TGF-b family is that they are in 

most cases in a latent form in the ECM and need special activation to be able to bind to their 

specific receptor and mediate effect (Lawrence, 1996). Signals that are mediated through 

this pathway go through two different specific receptors called TFG-b receptor (TGFbR) I 

and TGFbRII which are serine/threonine specific receptors, also called Activin receptor-like 

kinases (ALKs). In addition to TGFbRI and TGFbRII there are the co-receptors, endoglin 

and betaglycan that assist the receptor ligand binding. The TGF-b2 protein has low affinity 

for the TGFbRII and betaglycan is required for efficient TGF𝛽/ALK5 signalling but in 

contrast it can also take part in sequestering the TGF-b2 protein and inhibit the pathway. 

Endoglin is expressed in proliferating ECs and is required for efficient TGFb-ALK1 

signalling. The binding of TGF-b factors to these receptors usually happens in a dimer form 

and they bind to both receptors at the same time. Upon binding, the TGFbRII phosphorylates 

TGFbRI which in turn starts a downstream signal chain reaction inside the cells with 

phosphorylation of proteins called SMADs. There are many types of SMAD proteins in 

mammals and one group is called R-SMADs (receptor regulated SMADs). These SMADs 

are phosphorylated by anchor-proteins or receptors as mentioned above. After 

phosphorylation of R-SMADs there is another SMAD protein called SMAD4 that binds to 

the R-SMADs to form a complex which allows them to transition into the nucleus of the 

cell. Inside the nucleus, the SMADs affect other co-factors and DNA binding proteins to 

control gene expression of certain target genes for example those that affect cell growth. 

When the cell no longer has need for the effects of the pathway it can inhibit itself by 

activating SMAD inhibitors called I-SMADs (inhibitor SMAD) which can bind to the 
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receptors or to the SMAD4 protein and inhibit the signalling pathway (figure 5) (Dijke & 

Arthur, 2007). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
It has been shown that the TGF-b pathway plays an important role in cell growth and 

migration in angiogenesis. ALK1 is a receptor that binds BMPs and TGFb-ALK1 activation 

stimulates the proliferation, differentiation, growth and angiogenesis of ECs. In contrast, 

ALK5 is a receptor that has affinity for TGF-b proteins and TGFb-Alk5 activation leads to 

cytostasis and anti-angiogenesis effect (Dijke & Arthur, 2007). Studies have shown that 

ALK5 is expressed in almost all tissues in the body while the ALK1 is only active in ECs 

(Goumans, Liu, & Dijke, 2009). A study showed that mutations in those TGF-b receptors 

seem to inhibit angiogenesis which in all cases causes death in early stages of tested mouse 

embryos. This indicates that the TGF-b pathway has a vital part in blood vessel formation. 

Also, this pathway has roles in promoting vessel muscularization to strengthen the vessel 

walls. Vascular SMCs (vSMC) or pericytes are recruited to the vessel walls when ECs 

  
 Figure 5.  The SMAD dependent TGF-b pathway (Dijke & Arthur, 2007). 
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activate SMC or pericyte differentiation by promoting paracrine TGFb1 signalling to 

neighboring mesenchymal cells (Dijke & Arthur, 2007).  

1.2.2 The SMAD3 gene 

The SMAD proteins are approximately 500 amino acid residues in length and are composed 

of two globular domains, the N-terminal domain “Mad-homology 1” (MH1) and the C-

terminal domain “Mad-homology 2” (MH2) connected by a linker domain (figure 6). The 

MH1 domain is very conserved in all SMADs (including SMAD3) except the I-SMADs and 

it has a b-hairpin structure that binds directly to DNA. It also contains a highly conserved 

lysine-rich sequence that acts as a nuclear localization signal (NLS) that interacts with 

importins to mediate transport through the nuclear pore complex. In contrast, SMADs can 

also transport to the nucleus independently of importins by directly binding to the FG repeats 

on nucleoporins through a hydrophobic area of the MH2 domain. This domain is also highly 

conserved and contains a special Ser-Ser-X-Ser motif that is phosphorylated by TGF𝛽RI 

and this motif which is recognized by the basic pocket in SMAD4 allows the nuclear 

transport of R-SMADs (Massagué, Seoane, & Wotton, 2005). This domain is also 

responsible for gene transactivation and is a binding site for R-SMADs to receptors or other 

SMADS. The MH1 and MH2 domains are approximately 130-200 amino acids long 

(Kamato, et al, 2013). De-phosphorylation of the SMADs in the nucleus allows them to be 

transported back to the cytoplasm to start another round of signalling. The linker region is 

not as well reserved as the other two domains in the SMAD3 gene and varies between 

subtypes (Massagué, Seoane, & Wotton, 2005).   

 
Figure 6. The SMAD3 gene showing the MH1 (yellow), Linker (blue) and the MH2 (orange) regions. The 

SSXS motif in the MH2 domain and the four different amino acid residues T179, S204, S208 and S213 which 

are known phosphorylation sites (Kamato, et al, 2013). 
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SMAD3 linker region 
The linker region of SMAD3 as mentioned before is the connection between MH1 and MH2 

domains and it has an important role in the biological activity of TGF-b. Studies indicate 

that mutations in the linker region cause the SMAD3 proteins to lose their transcriptional 

activity even though the domain can be phosphorylated. The identified phosphorylation sites 

of the linker region of SMAD3 are on the amino acid residues thr179, ser204, ser208 and 

ser213. The defined kinases that are known to phosphorylate these sites are the mitogen-

activated protein kinases (MAPKs), extracellular signal-regulated kinase (ERK), c-jun N-

terminal kinase (JNK) and p38, the tyrosine kinase Src and phosphoinositide 3-kinase 

(PI3K), cyclin-dependent kinase (CDK), rho-associated protein kinase (ROCK) and 

glycogen synthase kinase 3 (GSK-3) (Kamato, et al, 2013). The effect MAPKs can have on 

SMAD3 activity is quite significant as they have been shown to either inhibit or induce the 

TGF-b pathway. It was shown in SMCs that ERK can phosphorylate the linker region and 

inhibit the translocation of the TGF-b induced SMADs to the nucleus which then in turn 

inhibits the pathway. On the other hand, other MAPKs like JNK have been shown to have 

exactly the opposite effect. While phosphorylation in this region can inhibit the pathway, it 

does not affect the phosphorylation of the C-terminal domain by ALK5, instead it interferes 

with the interaction of the SMAD3 to the nucleoporins (Nup215 and Nup153). It has been 

speculated whether the phosphorylation of these serine and threonine residues of SMAD3 

has a critical role in the SMAD complex formation, nuclear translocation and transduction 

of TGF-b signalling. Although the exact function of the linker region of SMAD3 is not fully 

understood, it is thought to be important for determining or adjusting the intensity of the 

TGF-b signalling by modulating quantity or quality of the SMAD3/SMAD4 complex. Many 

SMAD3 target genes are unknown but genes involved in the ECM production have been 

identified, for example proteoglycan, fibronectin and collagen (figure 7) (Rezaei, Kamato, 

Ansari, Osman, & Little, 2012).  
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Figure 7. The phosphorylation of the linker region in SMCs by MAPKs. MAPKs phosphorylate certain 

amino acids in the region which can lead to transcription of genes involved in the production of the ECM 

(Rezaei, Kamato, Ansari, Osman, & Little, 2012). 

1.3 TGF-b and aortic aneurysms 
The largest artery of the body is the aorta 

which connects to the left ventricle of the 

heart. The aorta divides into two main 

regions the thoracic and the abdominal 

region. The thoracic aorta further divides 

into the aortic arch, ascending-, and the 

descending aorta (Zuppiroli, Gaudio, 

Sarti, & Lorini, 2012). It has the important 

function to supply blood from the heart to 

the capillaries, the smallest blood vessels 

of the body. (Oliver, Entman, & Jakob, 

2017). The normal diameter varies 

between sexes and can increase with age 

and body surface (Guo, Papke, He, & 

Milewicz, 2006). The major diseases affecting the aorta are aortic aneurysms and dissections 

which are a very serious complication of aneurysms where the mortality rate for patients 

Figure 8. The two main aneurysms in the aorta, TAA 

and AAA (Hyperarts, no date). 
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with a ruptured aorta is as high as 90%. In most cases, they are symptomless and can go 

undetected until a rupture of the aortic wall occurs (Goumans, Liu, & Dijke, 2009).  An 

Aortic aneurysm is defined as a bulge or a dilation in the aortic wall in which the diameter 

of the aorta is more than 3cm. If it is allowed to progress, the aortic wall becomes more and 

more fragile until it is unable to withstand the forces of the luminal blood pressure which 

then can cause dissections (Kuivaniemi, Ryer, Elmore, & Tromp, 2015). Aneurysms in the 

aorta can be divided into two main groups, abdominal aortic aneurysms (AAA) and thoracic 

aortic aneurysms (TAA) (figure 8). The aneurysms are characterized and named after their 

localization on the aorta (Guo, Papke, He, & Milewicz, 2006). The pathology of these 

aneurysms involves the degradation of the ECM for example, loss of elastic fiber, vSMC 

apoptosis or disorganization and lower proteoglycan production. AAAs are more common 

than TAAs where the main reason might be in the difference in structure of the vessels walls. 

The media of the thoracic aorta is composed of around 60 units and divided into avascular 

and vascular regions while the abdominal aorta only consist of 30 units and is solely made 

up of avascular regions. The origin of the vSMC of the abdominal aorta and thoracic aorta 

also differs where the vSMCs in the thoracic area are neural crest precursors while the 

vSMCs from the abdominal area are mesodermal precursors. Studies testing the effect of 

TGF-b on SMCs showed that the neural crest vSMCs increased DNA synthesis and collagen 

production while the mesodermal precursors did not respond. This could explain why 

mutations in the TGF-b factors may lead to TAA while having little to no effect on the 

abdominal aorta. Some risk factors for AAAs and TAAs are aging, smoking, hypertension 

and in some cases genetic (Kuivaniemi, Ryer, Elmore, & Tromp, 2015). TAA is a phenotype 

present in various vascular and connective tissue diseases like Marfan syndrome (MFS), 

Loeys-Dietz syndrome (LDS) and Ehlers-Danlos syndrome (EDS) where the main effect is 

on the ECM components. MFS is characterized by malfunctions in many aspects of the body 

like in the skeletal-, ocular-, pulmonary- and vascular systems. The two main futures 

identified in MFS patients are TAAs and misplacement of the crystalline lens in the eyes. 

This disorder has been linked to a mutation in the fibrillin gene. The Fibrillin protein is a 

glycoprotein and one of the components of the microfibrils localized in the ECM and is 

involved in controlling the bioavailability of TGF-b. Fibrillin along with Latent TGF-b 

binding protein (LTBP) bind to TGF-b and keep it in a latent form (inactive). Studies have 

shown that mutations in the fibrillin-1 gene seem to reduce the latent form of TGF-b and 

therefore increasing the activity of the TGF-b pathway. This increase in activity leads to an 
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increase in MMP activity and therefore elevated breakdown of the ECM. Another vascular 

and connective tissue disorder is the LDS which presents with cardiovascular- and skeletal 

manifestation phenotypes, some similar to MFS. It is mainly characterized by the phenotypes 

of vascular tortuosity, aneurysms, bifid uvula and a wide spacing between the eyes. The 

mean lifetime of LDS patients is around 26 years (Goldfinger, o.fl., 2014). This disorder has 

been linked to a mutation in one of the TGF-b receptors, TbR1 or TbR2 which lead to an 

inactivation of their function but still there is increased TGF-b activity (Goumans, Liu, & 

Dijke, 2009). Studies have shown that mutations in TGF-𝛽 factors or in ECM factors 

affecting the bioavailability of TGF-	𝛽 like in MFS and LDS, are increasing anti-

angiogenesis effects with the stimulation of the TGF-𝛽 pathway. This might be the reason 

for the impaired angiogenesis in these diseases (Goumans, Liu, & Dijke, 2009). Another 

disorder associated with the degeneration of the ECM is the vascular form of EDS. Patients 

suffering from EDS are very easily bruised, have visible veins and might experience rupture 

of veins, arteries, the uterus or of the intestines. This is a cause of a mutation in the COL3AI 

gene which codes for type III collagen located in the ECM and one of the components of the 

vessel walls. All these disorders have in common that they have a risk of TAA but also a 

familial TAA has recently been diagnosed where mutations were detected in the TGFbRII, 

similar to LDS. The therapy for patients with one of the mentioned disorders are for example, 

drugs that lower the hypertension or inflammation in the aortic wall or surgery which usually 

involves blood vessel implants (Goldfinger, et al, 2014). In 2011, Van de Laar and 

colleagues discovered a new syndrome with similar phenotypes as MFS and LDS but in 

contrast, the patients also showed symptoms of early-onset osteoarthritis. This syndrome 

was linked to mutations in the SMAD3 gene involved in the TGF-	𝛽 pathway which in turn 

increased its activity and translocation of SMAD2 and SMAD3 to the nucleus. Also, this 

disease has been shown to cause dissections in aneurysms at a smaller size than in the MFS 

patients so vascular diseases connected to mutations in SMAD3 should be regarded as an 

aggressive aneurysm syndrome in need for quick diagnosis and treatment. Patients 

presenting with these mutations and phenotypes are recommended to have a prophylactic 

surgery (Van de Laar, Oldenburg, Pals, Hesselink, & et.al, 2011).  
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1.4 Aim of the project 
DeCODE has discovered a novel Tyr226Ser mutation in the linker domain of SMAD3 that 

showed significant association to thoracic aortic aneurysm (figure 9). SMAD3 is a gene that 

encodes an important protein involved in the TGF-𝛽 pathway. This mutation was found in 

11 members of an Icelandic family were 7 of which had suffered from TAA over their 

lifetime but only 4 have been genotyped with the mutation. 

The aim of this project was to assess what effect the SMAD3 mutation has on the TGF-𝛽 

signalling pathway and endothelial cells. The project was divided into four parts. The first 

was to assess the effect the mutation had on the growth and morphology of monolayer human 

umbilical vein endothelial cells (HUVECs) or the tube-formation abilities of HUVECs. The 

second part of the project was to study if the SMAD3 linker mutation had an effect on the 

transcriptional activity of SMAD3, this was performed with a luciferase assay. The third part 

was to assess whether the SMAD3 mutation had an effect on the expression of various ECM 

genes and ALK5/SMAD3 and ALK1/SMAD1 target genes. This was done by performing 

PCR, immunofluorescent staining and western blot. For every experiment, cells were 

transfected with pcDNA3 vector (figure 25), SMAD3 wild type or SMAD3 mutant. Lastly, 

it was assessed whether the SMAD3 mutation in the linker region affected the activation of 

SMAD3.   

 

 
Figure 9. The SMAD3 gene and its three main domains, MH1, MH2 and the linker domain. The figure 

shows the location of the SSXS motif which is important for SMAD3 activation by TGF𝛽RI and known 

phosphorylation sites in the linker region, three serine (213, 208 & 204) and one threonine (179) residues. 

(The asterics locates the Tyr226Ser mutation in the linker region but more specifically, it is located in front 

of exon 6). 
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2 Methods and materials 
2.1 Cell cultures 
Two cell types were used in this experiment, HUVECs and Human embryonic kidney cells 

(HEK). The HUVECs were a kind gift from Dr. H. Halldórsson. They were cultured between 

passage 2-5. These cultures where passaged when they were 70-90% confluent and then kept 

in an incubator at 37°C.  

When passaging cells, Medium was removed from the T25 flask and the cells washed 2x 

with phosphate buffered saline (PBS) (Gibco). After discarding the PBS, 1mL of TrypLE 

(Gibco) was added and incubated at 37°C for 5 minutes in order to detach the cells from the 

bottom of the flask. To inactivate the TrypLE, 4mL of medium were added to the flask. The 

cell suspension was then seeded onto wells used. HEK cells were grown in Dulbecco´s 

modified eagle´s medium (DMEM) (Gibco) with 10% Fetal bovine serum (FBS) (Gibco) 

and the HUVECs were grown in peprogrow endothelial cell basal medium (PeproTech cat. 

ENDO-BM, lot. 11072016).  

2.2 Transfection 
HEK cells were seeded on a 96 well plate (Ultra Cruz), but only 20 wells were used. 6 wells 

were used for each construct and the concentration was 15.000 cells/well (figure 10).  

 

 
                  Figure 10. The setup for seeding of HEK cells on a 96 well plate. 
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HUVECs were seeded on a 6 well plate (Ultra Cruz) at a dilution of 1:4 ratio (figure 11). 

 

 
                          Figure 11. Setup for seeding of HUVECs on a 6 well plate. 

 
HUVECs were seeded on 12-chamber slides (Ibidi) and 40𝜇L of Matrigel (B & D) were 

transferred into each well. The concentration was 50,000 cells/well (figure 12). 

 

 
 

 
     Figure 12. Setup for seeding of HUVECs in 12 well chamber slides.  
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The transfection of the cells was performed in order to insert a pcDNA3 vector containing 

SMAD3 wild type, SMAD3 mutant or just the empty vector for control, inside the cells. The 

concentration of the constructs is seen in table 1.  

Table 1. The DNA concentration for each construct sample. 

 
 

2.2.1 Transfection of HEK cells 

In preparation of HEK cells for the luciferase assay, CAGA luciferase reporter plasmid, 

renilla, pcDNA3 and the SMAD3 constructs were transfected into the cells. The transfection 

was performed by following a protocol from New England Biolabs. Inc site, Transpass D1 

protocol 1: Transfection in the presence of serum (New England Biolabs, no date). The 

recipe for each transfection solution is seen in table 2.  

Table 2. The recipe for different transfection solutions for each different DNA transfer. 

Ingredients 
pcDNA3 

(µL) 

SMAD3 wild type 

(µL) 

SMAD3 mutant 

(µL) 

DNA 0.55 0.23 2.02 

CAGA luc 0.66 0.66 0.66 

Renilla 0.25 0.25 0.25 

 
 
 

Construct 
Concentration 

(ng/𝝁L) 
Supplier 

pcDNA3 832.2 Kohei Miyazono, Tokyo, Japan 

SMAD3 wt 83.3 Kohei Miyazono, Tokyo, Japan 

SMAD3 mut 1.74 
Site directed mutagenesis by a former BS. Student, 

Guðrún M. Sigurbergsdóttir 
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2.2.2 Transfection of HUVECs 

The transfection of HUVECs was performed by using a FuGENE transfection reagent 

purchased from Promega and by following according to the manufacturer’s instructions 

(Promega, no date).  

2.3 Cell starvation and TGF-b stimulation 
Starvation medium as mentioned below was transferred to a 25mL falcon tube. This solution 

was then split in half where the other half was transferred to another tube and to that TGF-b 

was added at a concentration of 10ng/𝜇L. Three wells for each different DNA insertion 

received a solution containing TGF-b and the other 3 the one without TGF-b. 

HEK cells: 2.5 mL of 0.3% DMEM starving medium. 

HUVECs: Total 5 mL of Pepro medium and DMEM without serum were in 50/50 ratios.  

2.4 Capturing images of HUVEC cultures 
Images were captured of monolayer HUVECs and tube-formating HUVECs in the 

microscope (LEICA DMIRB) located in the cell lab in the university of Iceland (HÍ) and 

analyzed using the IC 2.4 software.  

2.5 Luciferase assay 
This assay was performed on transfected HEK cells in in order to quantify the amount of 

expression of the SMAD3 wild type and SMAD3 mutant, with TGF-b stimulation or 

untreated. The pcDNA3 was used as a control. A Dual-Glo luciferase kit from Promega was 

used to perform this experiment. 45µL of DMEM medium were removed from each well 

that contained cells (20 wells) and 50µL of luciferase (Dual-Glo substrate) added. The 

bottom of the wells was then scratched thoroughly to lyse the cells and incubated at room 

temperature (RT) for 10 minutes. The next step was to transfer the contents of each well on 

to another 96 well plate where the base was white in order for the luminometer (Spectramax 

M3) to be able to detect the luminescence. The solution was incubated at RT for 20 minutes 

so the cells would settle to the bottom of the wells. Then the firefly luciferase luminescence 
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was measured with the luminometer. Next the Dual-Glo reagent was prepared by adding 

2mL of Dual-Glo buffer to a 15mL falcon tube and to it 20µL of Dual-Glo substrate were 

added in which gives 1/1000 dilution. This was mixed well and 50µL were removed from 

each of the 20 wells and then 50µL of the prepared Dual-Glo reagent were added and 

incubated for 20 minutes at RT. The renilla luminescence was then measured in the 

luminometer. The data was acquired with the Image lab software.  

2.6 RNA isolation 
RNA was isolated from a SMAD3 wild type/mutant transfected and TGF-𝛽 stimulated or 

untreated HUVEC cultures. First, the cultures were washed 2x with PBS. Next, 500µL of 

tryzol (Ambion) were added to each well to lyse the cells and mixed well but carefully. The 

solutions were incubated at RT for 5 minutes. Then, 100µL of chloroform were added to 6 

eppendorf (one for each sample) tubes and the Trizol/cell lysate solution from each well 

transferred into them. This was then shaken vigorously for approximately 15 seconds and 

left at RT for 5 minutes. Then the tubes were incubated for 2-3 minutes at 15-30°C. After 

that the tubes were put in a centrifuge at 4°C and 15000 RPM for 15 minutes. Then there 

were three layers in each tube were the bottom pink layer was the organic phase, middle 

layer white precipitated DNA and the top clear layer was aqueous RNA. The RNA layer was 

carefully removed from each tube with a pipette and transferred to another clean tube. Then 

there were 6 tubes containing only the aqueous RNA layer and to that 250µL of isopropanol 

was added. The solutions in the tubes were mixed gently and incubated at 15-30°C for 10 

minute and centrifuged at 4°C and 15000 RPM for 10 minutes. After that the solutions were 

washed by adding 500µL of 75% etOH and mixed. The tubes were then centrifuged at 4°C 

and 10000 RPM for 5 minutes. The RNA precipitated to the side of the tubes so the 

supernatant was removed and the tubes were let air-dry for 10-15 minutes. When the tubes 

were dry, the RNA was dissolved in 20µL of H2O and heated at 55°C for 10 minutes. Lastly 

the Nanodrop (Thermo Scientific) was used to measure the concentration and quality of 

RNA in the samples.  
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2.7 cDNA preparation 
cDNA was prepared from isolated RNA from a SMAD3 wild type/mutant transfected and 

TGF-𝛽 stimulated or untreated HUVEC cultures. 2µg of RNA was used in each transfection. 

A first-strand cDNA synthesis was performed by following a protocol from Invitrogen that 

came with the SuperScriptTM II RT kit (Invitrogen) which also can be found on the Invitrogen 

website (Invitrogen, no date).  

2.8 PCR 
PCR was performed to amplify the cDNA from SMAD3 wild type/mutant transfected and 

TGF-𝛽 stimulated or untreated HUVEC cultures in order to quantify the expression of 

certain candidate genes. The genes were hARP, Lysyl oxidase (LOX), elastin and 

thrombospondin-1 (TSP1). PCR mastermix was prepared for 6 different samples (table 4). 

24𝜇L of the mastermix (table 3) were transferred to a PCR tube and mixed with 1𝜇L of 

cDNA from each sample. This was then amplified in a PCR machine (Applied Biosystems). 

Info about the primers and the reaction condition for each target gene are seen in table 5.  

 

Table 3. The mastermix recipe. 

Materials 
Mastermix 

(µL) Supplier 

Dream Taq buffer (10x) 2.5 Thermo Scientific 

dNTP 
 2.5 Thermo Scientific 

Primer 1 0.5 Biomers 

Primer 2 0.5 Biomers 

Nuclease free H2O 18.5 Exiqon 

Dream taq pol 0.06 Thermo Scientific 

Total volume 26.06 - 
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Table 4. Differently transfected and stimulated HUVEC culture samples used for PCR. 

DNA pcDNA3 SMAD3 
wild type 

SMAD3 
Mutant - RT H2O 

TGF-b - + - + - + - - 
 
. 

Table 5. PCR primers and reaction conditions 

PCR 
Target Primer Primer 

sequence Cycles 
Annealing 

Temp. 
(°C) 

Supplier 

hARP CACCATTGAAATCCTGAGTGATGT 
TGACCAGCCCAAAGGAGAAG 

hARP fw 
hARP rev 25 55 Biomers 

Lox GGACGGCCGGCTCATCTGG 
GGAATATCTTGGTCGGCTGGGTAA 

HuLox fwd 
HuLox rev 30 63 Biomers 

Elastin AGCGGGCTGGGGCATTTCTCC 
TGCAGCAGCGTCAGCCACTCCA 

HuEln fwd 
HuEln rev 30 62.7 Biomers 

TSP1 AGAATGCTGTCCTCGCTGTT 
TTTCTTGCAGGCTTTGGTCT 

h-TSP-1-F 
h-TSP-1-R 30 52 Biomers 

 
The program Fiji was used to evaluate the intensity of the bands from the gel electrophoresis 

as well as their area which indicates the amount of expression. hARP, a housekeeping gene 

was amplified with PCR and intensity of the bands evaluated. The hARP expression was 

used to normalize the intensity numbers of the other genes in respect to their real DNA 

amount. That was done by dividing the intensity of the band from each sample of the genes 

by the intensity of the corresponding band of each sample of the hARP. 

2.9 Electrophoresis 
Electrophoresis was performed to detect the PCR products and their amount. 2% agarose gel 

was prepared by adding 2g of agarose to 100mL of Tris-acetate-EDTA buffer (TAE) in a 

200mL Erlenmeyer flask. This solution was then heated in a microwave 3-4 times for 30 

seconds or until the solution became clear. This was then let cool down and poured into the 

electrophoresis support and then base for the wells was inserted. Then the gel was let stand 
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and harden for 30 minutes at RT. 4µL of 100bp ladder was added to the first well and then 

2µL of blue/orange 6x loading dye was added to 10µL of each cDNA sample and transferred 

to separate wells. Power supply (BIO RAD) was set to 100 volts for 18-19 minutes. Images 

were then captured using a molecular imager (BIO RAD) and the Image Lab software. 

2.10 Immunofluorescent staining 
In this experiment HUVECs were used which had been cultured in 4 12-well chamber slides 

(Ibidi), two monolayer and two containing matrigel (B & D) for tube formation.  

The cells were washed 2x with PBS and then fixed with 4% paraformaldehyde (PFA) and 

then washed 3x after that again with PBS. The cells were treated with 200µL of 0.1% triton 

for 8 minutes which penetrates the cells membranes. Next the cells were washed again 3x 

with PBS and blocked with 200µL of 4% goat serum for 45 minutes. 100µL of the primary 

antibodies (table 6) were then added in the appropriate dilution with 4% goat serum to the 

wells and kept overnight (figure 13 & 14). Next, the cells were washed 3x with 0.05 PBS 

tween to get rid of all antibodies that had non-specific binding. Then 100µL of the secondary 

antibodies (table 6) were added to the wells in the appropriate dilution with 4% goat serum 

over 4 hours. Lastly, the cells were washed 3x with 0.05% PBS tween to get rid of any non-

specific binding and then the plate was incubated at 4°C and kept overnight. The next day, 

100µL of TOPRO were added to each well for 5 minutes to fluorescently stain the cell’s 

nucleus. Then they were washed 2x with PBS. After washing, the gel chambers were 

removed using tweezers and one drop of fluoromount was added on each space were the 

wells were to intensify the fluorescence from the secondary antibody. Then images of the 

samples were captured with the inverted confocal microscope (olympus Fv1200).  
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Figure 13. Setup for the tube-like HUVECs in 12-well chamber slides. 

Figure 14. Setup for the monolayer HUVECs in 12-well chamber slides. 
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Table 6. List of antibodies used for immunofluorescent staining. 

Antibody 
against Origin Type Dilution Supplier 

Phospho-
ERK Rabbit primary 1/250 Cell Signalling 

ID1 Rabbit Primary 1/100 Santa Cruz 
Biotechnology 

TSP1 Rabbit primary 1/200 Abcam 

Phospho-
SMAD1/5 Rabbit Primary 1/100 LICR 

Phospho-
SMAD2/3 Rabbit Primary 1/100 LICR 

Topro - Nucleic 1/1000 Thermo Scientific 

Anti-Flag 
M2 mouse - 1/1000 Sigma Aldrich 

Alexa 488 
(Green) rabbit Secondary 1/1000 Thermo scientific 

Alexa 555 
(Red) rabbit Secondary 1/1000 Thermo Scientific 
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3 Results 

3.1 Tyr226ser mutation in SMAD3 decreases the 
transcriptional activity of SMAD3  

The SMAD3 Tyr226Ser mutant was made by site directed mutagenesis by a former student 

in the lab, Guðrún M. Sigurbergsdóttir. The mutation was induced by changing codon CTA 

to CTG, causing a shift of amino acid 226 from tyrosine to serine (figure 15). Previous results 

in the lab showed a decreased nuclear translocation of SMAD3 mutant compared to SMAD3 

wild type. In order to assess the effect of the Tyr226Ser mutation in the linker domain of 

SMAD3 on the SMAD3 transcriptional activity, luciferase assay was performed using HEK 

cells. The cells were cultured and transfected with SMAD3 wild type, SMAD3 mutant or 

pcDNA3 as a control. Dual-Glo luciferase kit was used which contains the SMAD2/3 

binding element (CAGA)12-luciferase reporter (that can respond to active TGF-𝛽 pathway) 

and renilla luciferase internal control. These elements were transfected into the HEK cells. 

The cells were stimulated with TGF-b or left untreated. The luminescence of the renilla 

luciferase was first measured in a luminometer which reflects the amount of successfully 

transfected cells. Then the luminescence of the firefly luciferace was measured which gives 

the total transcriptional activity. The corrected values were then calculated by finding the 

ratios between the two measurements. Also, the p-values were calculated to evaluate if there 

was a significant difference between SMAD3 mutant and SMAD3 wild type, stimulated with 

TGF-	𝛽 or untreated.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. The SMAD3 gene showing the codon exchange from the site directed mutagenesis 

leading to a shift of amino acid 226 from tyrosine to serine.  



26 

Interestingly, the results show a decrease in transcriptional activity of the SMAD3 mutant, 

compared to the SMAD3 wild type. The difference between the TGF-	𝛽 stimulated SMAD3 

mutant and SMAD3 wild type HUVECs is significant while the difference between the 

untreated SMAD3 mutant and SMAD3 wild type HUVECs is not significant (figure 16). 

These results indicate that the Tyr226Ser mutation in SMAD3 has a negative effect on the 

transcriptional activity of the SMAD3 protein. 

 

 
Figure 16. Tyr226ser mutation in SMAD3 decreases the transcriptional activity of SMAD3. The results 

show the mean luminescence between three differently transfected HEK cell cultures. Blue shows the cells 

stimulated with TGF-𝛽 and the red untreated cells. A t-test revealed a significant difference between the 

SMAD3 wild type and SMAD3 mutant TGF-𝛽 stimulated cultures (* p value: 0.0441) while the difference is 

not significant between the SMAD3 wild type and SMAD3 mutant in the untreated cultures (**p value: 

0.0713). 
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3.2 Tyr226Ser mutation in SMAD3 affects the 
morphology and decreases tube formation of 
HUVECs  

To see if the Tyr226Ser mutation was having an effect on the morphology of HUVECs, 

images were captured of the cultures and assessed. HUVECs were cultured and transfected 

with pcDNA3, SMAD3 wild type or the SMAD3 mutant. These cells were then stimulated 

with TGF-𝛽 or left untreated. 

The images of the monolayer  SMAD3 mutant HUVEC cultures show different morphology 

when compared to the SMAD3 wild type and pcDNA3 cultures (figure 17). These results 

indicate that the Tyr226Ser mutation in SMAD3 is having an effect on the morphology of 

HUVECs.  

 

 
 

 

Figure 17. Tyr226Ser mutation in SMAD3 has an effect on the morphology of monolayer HUVECs. Images were captured of 

differently transfected HUVEC cultures that were stimulated with 10ng/𝜇L TGF-𝛽 or left untreadted. 
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To examine the effect of the Tyr226Ser mutation in SMAD3 on tube formation, HUVECs 

were cultured and transfected with pcDNA3, SMAD3 wild type or SMAD3 mutant and 

stimulated with TGF-𝛽 or left untreated. The HUVECs were grown on matrigel (resembling 

the ECM composition) in chamber slides in order for them to form tube-like structures. 

Images were then visually assessed with a microscope.   

The images show that the tube formation of HUVECs transfected with pcDNA3 is efficient, 

but if stimulated with TGF-𝛽 there is less tube formation, as expected because high dose of 

TGF-𝛽 inhibits angiogenesis. Interestingly, The SMAD3 mutant transfected cells have 

decreased tube formation either with TGF-	𝛽 stimulation or when untreated (figure 18). This 

indicates that the Tyr226Ser mutation has a negative effect on the tube formation of 

HUVECs.  

  

 
 
 
 
 
 
 

 Figure 18. Tyr226Ser mutation in SMAD3 has a negative effect on tube formation of HUVECs. Images were captured of 

differently transfected HUVEC cultures that were stimulated with 10ng/𝜇L TGF-𝛽 or left untreated. 
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3.3 Tyr226Ser mutation in SMAD3 increases the 
expression of various ECM genes 

The mid layer of the aortic wall is composed of vSMCs and thick elastic connective tissue 

(Story, 2015). Elastin is an important protein that contributes to the elasticity of the vessel 

wall, but what holds it together is the crosslinking between elastin and collagen catalyzed by 

the enzyme LOX. The degradation of elastic fibers and other ECM components have been 

present in thoracic aortic aneurysms (Kuivaniemi, Ryer, Elmore, & Tromp, 2015) as well as 

mutations in LOX which decreases its activity and causes decreased crosslinking and 

stability of the vessel wall (Lee, et al, 2016). In order to assess whether the Tyr226Ser 

mutation in SMAD3 had any effect on various ECM genes like elastin and LOX, the 

expression was studied using PCR, followed by gel electrophoresis. HUVECs were cultured 

and transfected with pcDNA3, SMAD3 wild type or SMAD3 mutant. The cells were 

stimulated with TGF-𝛽 or left untreated to see the effect that the TGF-	𝛽 pathway has on the 

expression of these genes. RNA was isolated from the cultures and cDNA prepared. Then 

the cDNA samples were amplified for each gene by PCR. The products were run on an 

electrophoresis gel and images assessed. The expression of the genes was normalized with 

respect to the hARP expression.  

The results show that TGF-𝛽 downregulates elastin expression in the SMAD3 wild type, 

compared to the pcDNA3 HUVECs. In contrast, when the SMAD3 was mutated the 

expression of elastin increased if they were untreated (figure 19). These results indicate that 

the Tyr226Ser mutation in SMAD3 affects the ability of SMAD3 to inhibit elastin 

expression.  
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Figure 19. Tyr226Ser mutation in SMAD3 increases the expression of elastin compared to SMAD3 wild 

type in HUVECs. The results show the expression of elastin between three differently transfected HUVEC 

cultures that were pooled together. Blue shows the untreated cultures and the orange TGF-𝛽 stimulated 

cultures. 

The results for the LOX gene show that the SMAD3 wild type decreases LOX expression 

compared to the pcDNA3 HUVECs. Interestingly, the results for the SMAD3 mutant show 

increased LOX expression if untreated. LOX is an enzyme important for the cross-linking 

of elastin and collagen in angiogenesis, that may explain why these results are similar to the 

ones for the elastin expression (figure 20). The results indicate that the Tyr226Ser mutation 

in SMAD3 affects the ability of the SMAD3 protein to inhibit LOX expression.  
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Figure 20. Tyr226Ser mutation in SMAD3 increases the expression of LOX compared to SMAD3 wild type 

in untreated HUVECs. The results show the expression of LOX between three differently transfected HUVEC 

cultures that were pooled together. Blue shows the untreated cultures and the orange TGF-𝛽 stimulated 

cultures.  

The results from the PCR for the ECM genes suggest that the SMAD3 mutation is affecting 

the ability of the SMAD3 protein to inhibit the production of the ECM proteins necessary 

for the elasticity and tensile strength of the aortic wall and the stability of the ECM.  

3.4 Tyr226Ser mutation in SMAD3 has no effect 
on the transcription of TSP1 but increases 
ID1 transcription in untreated HUVECs 

TSP1 has been shown in the lab to be upregulated by TGF-	𝛽 through the ALK5/SMAD2/3 

pathway. Therefore the effect of the Tyr226Ser mutation in SMAD3 on the expression of 

TSP1 in HUVECs was studied with immunofluorescent staining of TSP1. The HUVECs 

were cultured on matrigel in chamber slides where they formed tube-like structures and then 

transfected with pcDNA3, SMAD3 wild type or SMAD3 mutant. The cells were stimulated 

with TGF-𝛽 or left untreated to see the effect that the TGF-	𝛽 pathway had on the activity 

of TSP1.  
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The results show no visual difference between the expression of TSP1 in the SMAD3 wild 

type and SMAD3 mutant HUVEC cultures (figure 21). This indicates that the Tyr226Ser 

mutation in the SMAD3 linker region does not affect the ability of SMAD3 to express TSP1. 

 

 

Immunofluorescent staining was also performed on the ALK1/SMAD1 target gene, ID1. 

This experiment was performed in order to assess whether the Tyr226Ser mutation in 

SMAD3 affects the SMAD3 ability to inhibit ID1 expression. The results show that the 

expression of ID1 is increased in the SMAD3 mutant HUVECs compared to the SMAD3 

wild type transfected cells (figure 22), indicating that the SMAD3 linker region has a role in 

the inhibition of the ALK1/SMAD1 pathway.  

 

 

Figure 21. The mutation in the linker region of SMAD3 does not have any visual effect on the expression 

of TSP1 in HUVEC cultures. The figures show immunofluorescent staining for TSP1 in SMAD3 wild type 

and SMAD3 mutant HUVECs during tube formation on matrigel. 

TSP1 

SMAD3 wt SMAD3 mut 
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ID1 

Figure 22. The mutation in the linker region of SMAD3 increases the activity of ID1 compared to SMAD3 

wild type in HUVECs. The figures show immunofluorescent staining of ID1 in SMAD3 wild type cells and 

SMAD3 mutant cells during tube formation on matrigel 

SMAD3 wt SMAD3 mut 
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3.5 Tyr226Ser mutation in SMAD3 decreases the 
activation of ERK but has no effect on the 
activation of SMAD3 

The effect MAPKs can have on SMAD3 activity is quite significant as they have been shown 

to either inhibit or induce the TGF-b pathway. A study performed by Rezaei and colleagues 

showed in SMCs that ERK can phosphorylate the linker region of SMAD3 and inhibit its 

translocation to the nucleus which then in turn inhibits the pathway and transcription of 

various target genes (Rezaei, Kamato, Ansari, Osman, & Little, 2012). Also, results from 

the lab have shown that the mutation in SMAD3 inhibits the translocation of SMAD3 to the 

nucleus. To assess the effect the Tyr226Ser mutation in the linker region of SMAD3 had on 

the kinase activity of ERK in HUVECs immunofluorescent staining was performed on 

phosphorylated ERK. HUVECs were cultured on matrigel in chamber slides and transfected 

with pcDNA3, SMAD3 wild type or SMAD3 mutant. The cells were then stimulated with 

TGF-𝛽 or left untreated to see the effect that the TGF-	𝛽 pathway had on the activity of 

ERK. The cultures were stained with phospho-ERK as described in materials and methods. 

Images were assessed in a confocal microscope.  

The results show decreased ERK activity in the SMAD3 mutant HUVECs, compared to the 

SMAD3 wild type (figure 23). These results show opposing effects as they indicate that the 

mutation in SMAD3 may be decreasing the activation of ERK in HUVECs while the 

mentioned study shows that the SMAD3 mutation inhibits the translocation of SMAD3 to 

the nucleus so the expression of ERK should be increasing according to those results.  
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The SMAD3 is activated by TGF𝛽RI phosphorylation of the SSXS motif in the MH2 

domain. The basic pocket of SMAD4 recognizes this motif in the MH2 domain of SMAD3 

and forms a complex, which allows the translocation to the nucleus (Massagué, Seoane, & 

Wotton, 2005). To assess the effect that the Tyr226Ser mutation in the linker region of 

SMAD3 had on the activation of SMAD3 by the TGF𝛽RI in HUVECs, immunofluorescent 

staining of phospho-SMAD2/3 was performed followed by confocal microscopy. The 

phospho-SMAD2/3 antibody recognizes phosphorylated SXSS terminus on MH2 domain 

(figure 9), but cannot distinguish between SMAD2 and SMAD3 so these results are not 

reliable to fully estimate the effect on SMAD3.  

The results of phospho-SMAD2/3 protein expression show that there is no visual difference 

of pSMAD2/3 when the SMAD3 wild type and the SMAD3 mutant were compared in 

HUVECs (figure 24). This indicates that the mutation in the linker domain of SMAD3 has 

no effect on the phosphorylation of SMAD3 in the SSXS carboxyl terminal of the MH2 

domain where TGF𝛽RI is known to activate SMAD3.  

ERK 

Figure 23. The mutation in the linker region of SMAD3 decreases the activity of ERK compared to SMAD3 

wild type in HUVECs. The figures show immunofluorescent staining of the phosphorylated ERK in SMAD3 

wild type cells and SMAD3 mutant HUVECs during tube formation on matrigel.  

SMAD3 wt SMAD3 mut 
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pSMAD2/3 

Figure 24. The activation of SMAD2/3 is not affected by the SMAD3 mutant in HUVECs. The figures show 

immunofluorescent staining of phosphorylated SMAD2/3 in monolayer SMAD3 wild type and SMAD3 mutant 

HUVECs. 

SMAD3 wt SMAD3 mut 
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4 Conclusions 
In the first experiment of this study where the effect of the SMAD3 mutation on tube-like 

formation of HUVECs was assessed, it was seen that the SMAD3 mutant had impaired 

ability to form tube-like structures in culture, both when stimulated with TGF-𝛽 and when 

untreated. The SMAD3 wild type cultures showed rather strange results since the tube 

formation was normal even though the culture was saturated with the SMAD3 protein or 

stimulated with TGF-𝛽. A study conducted by Gouman and colleagues showed the 

importance of TGF-𝛽 signalling in angiogenesis where deletions in the TGF-𝛽 receptor 

ALK1 or ALK5 caused in all cases death in early development stages of tested transgenic 

mouse embryos. The embryos showed similar phenotypes where they exhibited abnormal 

vascular development and hyper-dilated and leaky vessels (Goumans, Liu, & Dijke, 2009). 

These findings coincide with the results from our study which further indicates that the TGF-

	𝛽 signalling pathway is essential for normal angiogenesis and any mutations or deletions in 

its factors might cause impaired ability of cells to form normal blood vessel structures. 

To study the effect that the linker region mutation in SMAD3 had on the activity of the 

SMAD3 protein in HUVECs, a luciferace assay was performed to measure the 

transcriptional activity of the SMAD3 protein with or without the mutation. The interesting 

part was that the transcriptional activity of the SMAD3 mutant protein was significantly 

lower than of the SMAD3 wild type protein. A study performed by Wang and colleagues 

has shown that the linker domain of SMAD3 contains a transcriptional activation domain 

that is necessary for the protein to be able to regulate gene transcription. The authors made 

a construct of the SMAD3 gene without the linker region and compared it to a SMAD3 in 

full length. Their results showed that the SMAD3 construct was able to be activated with 

phosphorylation of the MH2 region as well as forming a complex with SMAD4 but the 

transcriptional activity was significantly lower than of the SMAD3 in full length. This lower 

transcriptional activity correlates to the results from our study (Wang, Long, Matsuura, He, 

& Liu, 2005). Although, the Tyr226Ser mutation in the linker region of SMAD3 does not 

have the same effect on the TGF-b pathway as other three different mutations in the MH2 

domain of SMAD3 in a study performed by Van de Laar and his colleagues, because those 

increased the TGF-b pathway activity and the translocation to the nucleus which is in 
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contrast to the results from the Tyr226Ser mutation in the linker region in our study (Van de 

Laar, Oldenburg, Pals, Hesselink, & et.al, 2011). 

At this stage of the study it was known that the transcriptional activity was impaired if the 

SMAD3 was mutated, so the next step was to investigate how it affected the expression of 

various ECM genes and ALK5/SMAD3 and ALK1/SMAD1 target genes. The results 

showed that the SMAD3 wild type decreased the expression of elastin. In contrast, the 

expression of elastin increased in the SMAD3 mutant HUVECs. This indicates that the 

SMAD3 mutation in the linker region effects the ability of SMAD3 to inhibit elastin 

expression. Elastin is one of the aortic wall components in the tunica media and allows the 

aorta to contract back to its normal diameter after expansion so inhibition of elastin promotes 

anti-angiogenesis effect. Then the expression of another important ECM gene, LOX, was 

studied. The results showed that the LOX expression was inhibited in the SMAD3 wild type 

compared to pcDNA3 transfected cells as expected because the ALK5/SMAD3 pathway 

promotes anti-angiogenesis. Interestingly, the SMAD3 mutant HUVECs increased the LOX 

expression. These results are similar to those on elastin expression which might be due to 

the fact that LOX is important for the cross-linking of elastin and collagen in angiogenesis 

so the transcription of these two ECM genes may be linked.  

A study performed by Curado and colleagues showed that the ALK1 requires ALK5 in order 

to be activated and that ALK1 can inhibit ALK5 mediated response through SMAD1. The 

ALK5/SMAD3 pathway can also inhibit the ALK1/SMAD1 pathway in part, so these 

pathways normally maintain homeostasis in cell growth (Curado, et al, 2014). Because 

ALK1 is important for mediating transcription to produce various ECM components, 

mutation of SMAD3 may cause it to lose the ability to inhibit the pathway, which may lead 

to an increase in ALK1/SMAD1 mediated elastin and LOX expression as seen in the results 

of our study.  

As mentioned, studies have demonstrated that mutations in Fibrillin-1 in MFS and TGFb 

receptors in LDS increase the activity of the TGF-b pathway (Goumans, Liu, & Dijke, 2009). 

This increased activity has been shown to lead to a decrease in elastin and its cross-linking 

in the aortic wall which may be due to increased expression of elastases or MMPs (Tsamis, 

Krawiec, & Vorp, 2013). This has also been observed in three different mutations in the 

MH2 domain of SMAD3 (Van de Laar, Oldenburg, Pals, Hesselink, & et.al, 2011). Our 
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results are in contrast to the effect of these other mutations in SMAD3 because they showed 

increased elastin expression when SMAD3 is mutated. That might be due to the fact that the 

transcriptional activity of SMAD3 is impaired in the mutant which may lead to a decrease 

in expression of certain enzymes like elastase and MMPs that degrade elastin and other ECM 

components. Also, the study showed increased expression of LOX in the SMAD3 mutant 

while it was inhibited by wild type SMAD3. It might be interesting in the future to study the 

effects of the SMAD3 mutation on the expression of elastin and LOX in vSMCs and also 

the expression of elastases and MMPs in ECs and vSMCs. 

A study conducted by Rezaei and colleagues showed that the map kinase ERK is able to 

phosphorylate SMAD3 and inhibit its translocation to the nucleus (Rezaei, Kamato, Ansari, 

Osman, & Little, 2012). To assess what effect the Tyr226Ser mutation in the SMAD3 linker 

region has on the activation of ERK in ECs, HUVECs were immunofluorescently stained 

for pERK. Images were then captured with a confocal microscope. The results showed a 

decrease in pERK expression in SMAD3 mutant HUVECs, compared to the SMAD3 wild 

type. Another study demonstrated that the hormone angiotensin II can induce TGF-b 

signalling and periostin expression (an ECM component) through ERKs. Hence, it would be 

interesting to study these target genes in the same setup with or without an ERK inhibitor.  

It has been mentioned that studies showed that ERK can phosphorylate SMAD3 and inhibit 

SMAD3 translocation to the nucleus and therefore inhibit transcription of various genes 

involved in the production of the ECM (Rezaei, Kamato, Ansari, Osman, & Little, 2012). 

As previous results showed, ERK activation is decreased in the SMAD3 mutant and 

therefore immunofluorescent staining was performed for phosphorylated SMAD2/3 to study 

the effect that the SMAD3 mutation has on the activation of SMAD3. The results showed 

no change in expression between the SMAD3 wild type and the SMAD3 mutant which 

indicates that the SMAD3 mutation in the linker region has no effect on the SMAD3 

activation in the MH2.  

Lastly, since earlier results in this study showed that the SMAD3 mutation decreases the 

transcriptional activity of the protein, immunofluorescent staining was performed for 

evaluation of the expression of TSP1 a target gene of SMAD3 and ID1, a target gene of 

SMAD1/5, in transfected HUVECs. The results showed that the expression of TSP1 was 

similar between the SMAD3 wild type and the SMAD3 mutant HUVECs. These results 
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indicate that the Tyr226Ser mutation in the linker region of SMAD3 does not affect the 

ability of SMAD3 to express TSP1. On the other hand, the results for ID1 showed an increase 

in expression in the SMAD3 mutant HUVECs. ID1 is a transcription factor that promotes 

and regulates angiogenesis and cell growth while in contrast, TSP1 is an ECM glycoprotein 

that inhibits cell growth and migration and therefore angiogenesis.  

A study performed by Volpert and colleagues showed that ID1 is able to inhibit the 

expression of TSP1 due to the fact that ID1 knock out mice showed increased TSP1 

expression and decreased ability in angiogenesis. It also showed that SMAD3 is able to 

inhibit the expression of ID1 (Volpert, et al, 2002). Our results showed that the SMAD3 

mutation increased the expression of ID1 which may indicate that the mutation affects the 

ability of SMAD3 to inhibit ID1 expression.  

Studies have shown that in up to 19-20% of cases TAADs are familial if the patient does not 

have MFS, LDS or EDS. The most common therapy for TAAD is surgical were the diluted 

or dissected part is removed. This is a complex and risky surgery so every case has to be 

evaluated for the right clinical treatment. Many patients diagnosed with TAAD have had 

prophylactic surgery with good results and it is recommended that TAAD patients undergo 

surgery if the aortic diameter has become twice the normal size. Other medical treatment 

possibilities are reducing the stress on the aortic wall with 𝛽 adrenergic blocking agents or 

losartan, which slow the rate of enlargement of the aneurysm. Also, the hypertension in 

TAAD patients must be carefully monitored and managed because hypertension is a risk 

factor for aortic dissections (Milewicz & Regalado, 2016). The therapeutic management of 

Familial TAAD should be built on the phenotypes and malfunctions caused by a specific 

mutation in a patient which leads to TAA (Spin, 2011). Previous study involving three 

different SMAD3 mutations in the MH2 domain have shown that dissections may occur at 

relatively smaller dilations than in MFS patients. Therefore, diseases linked to SMAD3 

mutations should be categorized as an aggressive disease that must be treated as soon as 

possible with a prophylactic surgery or monitored in respect to inflammation and 

hypertension (Van de Laar, Oldenburg, Pals, Hesselink, & et.al, 2011).  

The results of this study show that the novel Tyr226Ser SMAD3 linker mutation decreases 

the transcriptional activity of SMAD3 and affects the ability of SMAD3 to inhibit the 

transcription of several ECM components which are probably transcribed through the 
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ALK1/SMAD1 pathway. Also, the mutation affected the viability and tube-formation ability 

in HUVECs. The ability of SMAD3 to inhibit the expression of ID1 was also affected while 

its ability to express TSP1 was not. Lastly the mutation in the linker region of SMAD3 did 

not affect the activation of the SMAD3 protein but decreased the activation of ERK in 

HUVECs. This preliminary data and experiments need to be repeated. This information 

could be important in finding ways to interfere with the factors affected by the mutation in 

order to reverse the phenotypes of the TAAD to some extent. As mentioned in this report, 

TAAs have been shown to have malfunctions like disorganization and apoptosis of vSMCs, 

therefore is would be interesting to further conduct this research on the effect the SMAD3 

mutation has on vSMCs.  
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APPENDIX 
 
Plasmids 
 

 
Figure 25. pcDNA3 vector (figure assessed from AddGene website).  

 
 
 
 


