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1. Introduction 

1.1. Overview 

The aim of this thesis is to characterize the gene expression changes mediated by 

angiotensin II (AngII) and their long-term effects in vascular smooth muscle cells 

(VSMCs), with particular attention to the upregulation of LIM and cysteine-rich domains 

1 (LMCD1) and the role of transactivation of the epidermal growth factor receptor 

(EGFR) by the angiotensin type 1 receptor (AT1R). 

Exaggerated activation of AT1R in VSMCs is known to be a major factor in the 

pathogenesis of common and severe cardiovascular diseases such as hypertension and 

atherosclerosis. These pathological changes in the vasculature often lead to potentially 

fatal events such as stroke or myocardial infarction (1). AT1R is primarily activated by 

AngII, an octapeptide hormone that serves as the main effector of the renin-angiotensin-

aldosterone system (RAAS), which plays a key role in regulating body fluid volume, 

sodium homeostasis, and systemic blood pressure (2). In clinical pharmacology, small-

molecule inhibitors of angiotensin-converting enzyme (ACE) and AT1R are widely used 

and effective treatments for high blood pressure (3). On the one hand, AngII-mediated 

activation of AT1R causes immediate vasoconstriction of VSMCs, resulting in a rapid 

elevation of systemic blood pressure. On the other hand, AT1R activation also induces 

long-term effects—primarily through gene expression changes—that lead to structural 

remodeling of the vessel wall. This remodeling process involves proliferation, migration, 

and increased fibrosis of the tunica media, ultimately causing significant alterations in the 

hemodynamic properties of the vessels (2).A critical component of AngII-induced gene 

expression changes is the transactivation of various receptor tyrosine kinases, including 

EGFR. One of the key downstream effectors of growth factor receptors is the family of 

mitogen-activated protein kinases (MAPKs)—serine-threonine kinases well known for 

their proliferative effects (4). 

Our research group conducted an Affymetrix gene chip assay on primary VSMCs 

to investigate their gene expression response to AngII stimulation. This approach 

identified a substantial number of genes significantly upregulated by AngII. In this thesis, 

I aim to focus on LMCD1, a gene found to be strongly upregulated in response to AngII. 
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I intend to explore the signaling pathways responsible for its upregulation and to 

characterize its functional effects on VSMCs. Additionally, I examine the EGFR 

transactivation by AT1R in the context of various dual-specificity phosphatase (DUSP) 

isoforms—namely DUSP5, DUSP6, and DUSP10—which were also found to be 

upregulated by AngII in VSMCs. 

1.2. The renin-angiotensin-aldosterone system 

The renin-angiotensin-aldosterone system (RAAS) is a key regulator of body fluid 

volumes, more specifically it is responsible for the regulation of water uptake, sodium 

(Na+) homeostasis, and systemic blood pressure. The activation of the RAAS depends on 

the renin secretion from the juxtaglomerular cells of the kidney. Renin is stored in the 

granules of juxtaglomerular cells and released as an active enzyme. Renin secretion can 

be triggered through several mechanisms. First, the renin secretion can be initiated 

directly by mechanosensitive receptors that sense the arterial blood pressure decrease. 

Second, it can be stimulated indirectly in the distal tubules of the kidney by the cells of 

macula densa, which are highly sensitive to the Na+ concentration of the tubular fluid. 

When the filtrated Na+ level decreases, the cells of macula densa initiate renin release of 

the juxtaglomerular cells. Additionally, the sympathetic nervous system is also capable 

of increase the renin release via β1-adrenergic receptor activation (5).  

After its release into the blood plasma, renin functions as a protease. It cleaves the 

N-terminus of angiotensinogen, which is a liver-derived α2-globuline. The produced 

decapeptide is called angiotensin I (AngI), also known as pro-angiotensin. AngI itself has 

no known biological effect, it serves as the precursor of AngII. in order to be converted 

to active AngII, it must interact with angiotensin-converting enzyme (ACE) (6). ACE is 

mainly found on the surface of endothelial cells, especially in the lungs, although its 

presence has also been detected on epithelial, nervous, and gonadal cells. ACE is a zinc 

metalloproteinase enzyme that hydrolyzes the C-terminus of AngI, converting it to the 

biologically active octapeptide hormone, AngII (6). In the human body, AngII exerts its 

effects through two different receptors, angiotensin type 1 receptor (AT1R) and 

angiotensin type 2 receptor (AT2R), both of are members of the G protein-coupled 

receptor (GPCR) family. Interestingly, AT1R and AT2R have very distinct and often 

opposing biological effects. While AT1R activation causes mainly hypertensive 



11 
 

responses, AT2R is associated mainly with antihypertensive effects (7). Furthermore, the 

ACE is able to degrade AngII into smaller, primarily antihypertensive peptides. Due to 

the activity of various peptidases, AngII has a short half-life in plasma, lasting only a few 

seconds before being converted into metabolites such as AngIII and Ang(1–7) (8,9).  

1.3. Effects of AngII on different cell types  

AngII has numerous effects on various cell types. In the cells of zona glomerulosa 

in the adrenal gland cortex, AngII stimulation initiates the release of aldosterone. 

Aldosterone is a steroid hormone that exerts its effects on an intracellular receptor, the 

mineralocorticoid receptor (MR). Although MR is expressed in several tissues, it exerts 

its most prominent effects in the epithelial cells of the renal collecting tubules. As an 

intracellular receptor, MR regulates gene expression changes in aldosterone’s target cells. 

There, the activation of MR leads to increased Na+ reabsorption and K+ secretion, making 

aldosterone pivotal in salt and water homeostasis (10).  

AngII also acts within the central nervous system. In the cells of area postrema 

and in the subfornical organ of the brain, AngII causes a dipsogenic effect, increasing the 

thirst drive to water uptake and also increases salt apetite (11). Furthrmore, in the 

posterior part of the pituitary gland, AngII increases the arginine-vasopressin (AVP) 

release, which is another important hormone in salt and water homeostasis (12).  

In the kidney, AngII has its own direct effects on the cells of the proximal tubules 

by increasing Na+ reabsorption. However, its most important effects on kidney function 

are exerted on the smooth muscle cells of the afferent and efferent arterioles, thereby 

regulating the glomerular filtration rate (GFR). By causing vasoconstriction in the 

efferent arterioles, AngII increases the hydrostatic pressure in the glomerular capillaries, 

leading to increased filtration and elevated GFR (13).  

From the perspective of this PhD thesis, AngII exerts its most important effects in 

the cardiovascular system. In VSMCs, the activation of AT1R by AngII causes fast-

emerging, short-term responses and slowly evolving, long-term effects on gene 

expression levels. The most important and most spectacular short-term effect of AngII in 

VSMCs is the rapid vasoconstriction by increasing the intracellular Ca2+ level, 

consequently elevating systemic blood pressure. One of the long-term effects are that 

AngII can initiate signaling pathways that lead to changes in gene expression. These 



12 
 

chronic effects mainly regulate cell proliferation, migration, extracellular matrix 

production, and cell survival and the main contributors to the development of pathological 

conditions such as hypertension and atherosclerosis (2). Both the short- and long-term 

effects of AngII hormone will be discussed in detail in subsequent chapters.  

1.4. Further elements and functions of the RAAS 

In recent decades, additional elements and functions of the RAAS have been 

discovered beyond the classical ones previously described. 

Cleaving the N-terminal aspartate amino-acid of AngII, the glutamyl 

aminopepdidase A (APA) converts AngII to AngIII. AngIII can also induce 

vasoconstriction in VSMCs, but its pressor effect is much weaker compared to AngII. 

Interestingly, AngIII appears to be equally effective as AngII in the stimulation of 

aldosterone release from zona glomerulosa cells. Moreover, by interacting with AT2R, 

AngIII induces an even stronger natriuretic effect than AngII (9). 

AngIII can be further cleaved by aminopeptidase N (APN) to produce hexapeptide 

AngIV, by removing its N-terminal arginine. AngIV seems to exert its effects mainly 

within the CNS. It has been shown that AngIV can bind as a ligand to insulin-regulated 

aminopeptidase (IRAP), also referred as angiotensin type 4 receptor (AT4R), which is 

predominantly expressed in the hippocampus. Evidence suggests that AngIV may play a 

role in learning processes and memory (14). 

AngII can also be converted by mononuclear leukocyte-derived aspartate 

decarboxylase to Angiotensin A (AngA), with its N-terminal Asp being changed to Ala. 

AngA exhibits similar affinity to AT1R as AngII, but its affinity to AT2R is significantly 

higher. AngA, similarly to AngII, is also a vasoconstrictive peptide, though it has lower 

vasoconstrictor potency than AngII (15). 

Angiotensin converting enzyme 2 (ACE2) is predominantly expressed as a cell 

surface protein in the intestines, kidneys, gallbladder, testes, and heart. ACE2 is capable 

of cleaving both AngI and AngII to produce Ang(1-7). The Ang(1-7) has been proven to 

exert vasodilatatory effects by interacting with Mas receptor, thus it mainly functions as 

a negative feedback mechanism of the RAAS. ACE2 can also convert AngA to 

alamandine by cleaving its C-terminal phenylalanine. Alamandine exerts its effects 

through Mas-related (Mas oncogene-related) G protein-coupled receptor D (MrgD 
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receptor) and has been described to have mainly antihypertensive and cardioprotective 

effects in vivo. Alamandine can also be converted from Ang(1-7) by decarboxylation on 

its N-terminal Asp (8,15). (Figure 1.) . Notably, ACE2 serves as an entry point for various 

coronaviruses including SARS-CoV and SARS-CoV-2 (16). 

 

Figure 1. The renin-angiotensin system. Members of the renin-angiotensin system are 

shown, including the enzymes that contribute to the conversation of different members. 

Image was created using Microsoft Paint 3D. 

Evidences have shown that RAAS not only functions in the circulating blood 

plasma, but it also has local paracrine, autocrine and intracrine effects in the tissues, also 

referred to as “tissue RAAS”. The activities of tissue RAAS have been described in 

various different organs and tissues including the nervous system, the kidneys, the 

gastrointestinal system, adipose tissues, and reproductive organs. Results suggest that the 

tissue RAAS is responsible for rather long-lasting, local effects complementing the 

actions of circulating RAAS (17).  
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1.5 The angiotensin type 1 receptor 

1.5.1. The structure of AT1R  

AT1R belongs to the GPCR superfamily, which is characterized by seven alpha-

helix transmembrane domains (they are also called as 7-transmembrane receptors) that 

form three intracellular and three extracellular loops. The GPCRs represent one of the 

largest and most diverse protein families of the human genome. They can recognize a 

great variety of ligands, including, peptides, proteins, lipids, nucleotides, or small 

molecule chemicals, and they also play a role in light sensation. Ligands typically bind to 

their N-terminal extracellular loop, or in some cases to their transmembrane helices, such 

as rhodopsin-like family (18). There are numerous conserved regions in their structure, 

for instance, a conserved aspartate-arginine-tyrosine (DRY) sequence is present in their 

TM3 (19,20), and an asparagine-proline-X-X-tyrosine (NPXXY) region is found in TM7, 

playing a prominent role in their function, including AT1R. Their intracellular C-terminal 

domain is responsible for G protein binding and the initiation of downstream intracellular 

signal transduction. It contains numerous serine- and threonine-rich regions that can be 

phosphorylated by kinases, regulating the receptor functions (20).  

GPCRs can be classified into six major groups, based on their structural 

characteristics and amino acid sequences: the rhodopsin family (family A), the secretin 

family (family B1), the adhesion family (family B2), the glutamate family (family C), 

cyclic-AMP receptors (class E), and the frizzled/taste family (family F). Among these, 

the most populous group of GPCRs is the rhodopsin-like receptors, comprising more than 

700 proteins; AT1R is also a member of this family (21). Computational modeling data 

suggest that the binding of AngII to AT1R mainly involves the TM2-3-4-5-6-7 and the 

ECL2 loop. Experiments utilizing the mutagenesis of ECL2 loop suggest its critical role 

in AngII binding. It has been shown that significant interactions are forming between 

Val3 of AngII and Ile73 of AT1R, as well as between Asp1 of AngII and His83 of AT1R. 

Overall, it seems that the N-terminal region of AngII interacts with the extracellular 

domains of AT1R, while its C-terminal region fits into a pocket formed by 

transmembrane domains (22) (Figure 2.).  
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Figure 2. Structure of AT1R. Amino-acid sequence of the protein and the basic 

structure are shown. The figure is based on (22). 

1.5.2. Activation of AT1R 

AT1R can undergo conformational change from its inactive to active state not 

only by binding AngII, but also in response to other peptide or non-peptide ligands, which 

can serve as agonists for the receptor (23). Moreover, AT1R can also get activated by 

mechanical stress (24). It has also been described that GPCRs can function not just as 

monomers but they can also form homo- or heterodimers, and even oligomers. It was 

found that the AT1R can form homo- and heterodimers, as well. Factor XIIIa can play a 

role in the homodimer formation, making cross bindings with its transglutaminase 

activity. Heterodimer formation can either enhance or decrease the AT1R activity. It has 

been reported that AT1R can form heterodimers with numerous other GPCRs, for 

instance with AT2R, β-adrenergic receptors, Mas receptor, and various dopamine 

receptors. Furthermore, AT1R has been shown to form oligomers with other GPCRs 

(18,25) 
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1.5.3. Signal transduction of AT1R 

The signal transduction mechanisms of AT1R can be categorized into two main 

types: G protein-dependent and G protein-independent pathways. In case of the G protein-

dependent pathways, the AT1R initiates its signal transduction cascade by activating 

heterotrimeric G proteins. Its most important coupling is formed with the Gq/11 family, 

although interactions with Gi/o- and G12/13 proteins have also been described. The most 

prominent G protein-independent pathways involve the β-arrestin activation and the 

initiation of the JAK/STAT pathway. Furthermore, AT1R can also activate non-

heterotrimeric, but monomeric (small) G-proteins, such as Ras, Rac or Rho (2,26).  

1.5.3.1. G protein-dependent pathways 

Heterotrimeric G proteins consist of α, β and γ subunits. The α-subunit possesses 

a GTPase enzyme activity and is capable to bind either GTP or GDP.  In its inactive state, 

the α-subunit binds a GDP molecule and upon agonist activation of GPCRs GDP gets 

dissociated from the complex and exchanged to a GTP molecule. The GTP-bound α-

subunit is responsible to mediate downstream signaling events, but also has GTPase 

activity, which can hydrolyze GTP to GDP. The βγ-subunits remain linked together 

anchored to the plasma membrane. Most effects of the GPCRs are mediated by the α-

subunit, although some signaling pathways can also be initiated from the βγ-subunits (27).  

The most significant effects of the AT1R are mediated by Gq/11 coupling. In that 

case, after the receptor activation by an agonist, the α-subunit interacts with 

phospholipase C-β (PLCβ), which enzyme has the highest substrate specificity toward the 

phosphatidylinositol-4,5-bisphosphate (PI4,5P2) lipid molecule. PLCβ cleaves the plasma 

membrane PI4,5P2 into diacilglycerole (DAG) and inositol-1,4,5-trisphosphate (IP3) 

second messengers. DAG remains anchored to the plasma membrane and interacts with 

protein kinase C (PKC) as an activator of the enzyme. The PKC is a serine-threonine 

kinase that can catalyze the activation or inactivation of various intracellular target 

molecules, leading to various diverse effects; for example, it plays a role in receptor 

tyrosine-kinase activation and MAPK cascade activation. The soluble IP3 activates its 

receptor (IP3R) on the endoplasmic reticulum membrane. IP3R functions as a ligand gated 

Ca2+ channel, and upon IP3 binding, it allows Ca2+ release from the endoplasmic 

reticulum, leading to a cytosolic calcium signal. Ca2+ can bind to intracellular Ca2+ 
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sensitive proteins, including the calmodulin. After binding Ca2+, calmodulin activates 

numerous intracellular target proteins, including kinases or phosphatases, modulating 

many different cellular functions, like VSMC contraction or gene expression changes 

(2,26).  

The activation of G12/13 protein usually exerts its effects via activating small G 

proteins, typically Rho, and it is also able to activate phospholipase C and phospholipase 

D, furthermore it also has a role in the modulation of L-type Ca2+ channel function. In 

certain tissues, AT1R also binds to Gi/o protein leading to the inhibition of adenylyl-

cyclase and subsequent reduction in intracellular cAMP levels (26).  

As it was mentioned above, AT1R is able to activate small G proteins either 

directly or indirectly through heterotrimeric G protein activation, as well. Among these, 

Ras can activate the Ras/Raf/MAPK pathway modulating different mitogenic responses, 

while Rho/Rho-kinase pathway plays an important role in VSMC function (28,29). 

Additional signaling pathways can be initiated from the βγ-subunits, including the 

activation of protein kinase D and G protein-coupled receptor kinase 2 (GRK2) (27,30). 

Utilizing the G protein-dependent pathways, AT1R can transactivate growth factor 

receptors, such as EGFR and platelet derived growth factor receptor (PDGFR). These 

transactivations contribute to the activation of different MAPKs, regulation of gene 

expression changes, cell proliferation, migration, and apoptosis (31). The transactivation 

of EGFR will be discussed in detail later in subsequent chapters.  

Furthermore, AT1R activation can lead to the production of different reactive 

oxygen species (ROS) by the activation of NADPH oxidase (NOX) enzymes. The ROS 

production plays a role in many different physiologic and pathophysiologic processes, 

such as inflammation, cell proliferation, apoptosis, and also contributes to the 

pathogenesis of different cardiovascular diseases (32–34). 

1.5.3.2. G protein-independent pathways 

The β-arrestins are intracellular adapter proteins playing a role in decoupling of 

the activated GPCRs from G proteins, and they are also responsible for the desensitization 

and internalization of GPCRs. Four members of the arrestin family have been discovered 

to date: arrestin1 and arrestin4 can be found only in the retina, whereas  arrestin2 (β-

arrestin1) and arrestin3 (β-arrestin2) can be found in almost every cell of the human body. 
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β-arrestins are very important elements in the regulation of ligand sensitivity of AT1R. 

The β-arrestins contain clathrin and activator protein (AP) 2 adapter-binding domains that 

initiate clathrin-coat mediated internalization of the ligand-bound receptor after its 

uncoupling from the G protein. Furthermore, β-arrestins can also serve as a scaffold in 

the formation of signal transduction complexes that plays a role in the initiation of MAPK 

cascade activation. It has been demonstrated utilizing a mutant AT1R, which was unable 

to bind G proteins, that MAPK activation can occur even in a G protein-independent way 

(18).  

It has been described in various different cell types, including aortic smooth 

muscle and cardiac fibroblasts that AT1R can also activate JAK/STAT pathway, the main 

signal transduction pathway of cytokine receptors, primarily serving proinflammatory 

functions. The JAK/STAT pathway can be considered as a positive feedback for the 

AngII effect, since this pathway leads to increased AngII production. Moreover, the 

activation of the JAK/STAT pathway also increases the production of interleukin-6 and 

other cytokines that enhance the activity of this pathway (2). 

1.6. The MAPK cascade 

The MAPKs are serine/threonine kinases that regulate various cellular responses, 

including gene expression, proliferation, differentiation, and apoptosis. They are 

activated in response to a diverse array of stimuli, like mitogens, proinflammatory 

cytokines, heat shock, osmotic stress, and they also play a prominent role in the formation 

of long-term effects of AngII through AT1R activation (35). The mammalian MAPKs are 

classified to three subfamilies: extracellular signal-regulated kinases (ERKs), c-Jun N-

terminal kinases (JNKs) and p38 mitogen activated protein kinases (p38 MAPKs). The 

ERK pathway is typically activated by mitogens and growth factors, whereas the JNK 

and p38 MAPK pathways are rather activated by inflammatory cytokines and cellular 

stress (36). 

In their basal state, MAPKs are not active. They require activating 

phosphorylation within their activation loops that contain a threonine-X-tyrosine (T-X-

Y) motif, and the activating dual phosphorylation happens on these threonine and tyrosine 

amino acids. The activated MAPKs are either translocated to the cell nucleus to affect 

gene expression regulation, or they can phosphorylate different target molecules in the 



19 
 

cytosol (36,37).Their inactivation is mediated by a special type of threonine-tyrosine 

phosphatases, called the dual-specificity phosphatases (DUSPs) (38). The characteristics 

of DUSPs will be discussed later in this thesis.  

The MAPKs can be activated by various extracellular stimuli, including the 

activation of receptor tyrosine-kinases and GPCRs. The MAPK cascades are initiated 

with MAPK kinase kinases (MAPKKK) that phosphorylate MAPK kinases, which, in 

turn, can induce the activation of actual MAPKs by threonine and tyrosine 

phosphorylation. The ERK1/2 signaling is initiated by Raf protein that activates MEK1/2 

in order to activate ERK1/2. The p38 and JNK pathways can be initiated by various 

MAPKKKs, such as MEKK1-4, MLKs, ASK or TAK1. In the case of p38 MAPK, the 

MAPKK’s role can be fulfilled by MEK3/6 or MEK4, whereas the JNK is usually 

phosphorylated by MEK4/7 (Figure 3.) (36).  

 

Figure 3. MAPK cascades. Activation and physiological effects of ERK1/2, p38 

and JNK pathways. This figure is based on (36). 

 

In the case of AT1R, similarly to other Gq/11 coupled receptors, MAPKs can be 

activated through different signaling pathways. Stimulation of AT1R activates different 

small G proteins that can induce MAPK cascades. Additionally, PKC can also directly 

initiate phosphorylation cascades leading to the activation of ERK1/2 and JNK. The 

production of DAG and the cytosolic calcium signal also lead to the activation of Rap1, 
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which in turn initiates either ERK1/2 or ERK5 signaling. In a calmodulin-dependent way, 

any increase of cytosolic Ca2+ concentration also contributes to the activation of small G-

proteins, including Rac, Ras and R-Ras, which in turn can initiate ERK1/2, JNK and p38 

pathways, as well. In addition, AngII is capable of inducing ROS production in VSMCs 

and ROS molecules, which in turn, enhances MAPK activation. It was described that ROS 

production mainly activates ERK1/2 and JNK pathways, although they do not appear to 

significantly impact p38 MAPK activation. The AngII mediated transactivation of growth 

factor receptors, like EGFR and PDGFR also plays a crucial role in AngII-induced MAPK 

activation in vascular smooth muscle cells. The EGFR transactivation of AT1R will be 

discussed in more details later in this thesis (39,40) . 

In VSMCs MAPKs exert their effect in the nucleus, mainly modulating gene 

expression changes that lead to cell proliferation, hypertrophy, cell migration, increase of 

collagen production and hypercontractility. These changes are all essential in the 

pathological vascular remodeling, thus AngII mediated MAPK activation strongly 

contributes to the pathogenesis of RAAS related chronic cardiovascular diseases, like 

hypertension or atherosclerosis (39). 

1.7. Dual-specificity phosphatases 

Dual-specificity phosphatases (DUSPs), also known as MAPK-phosphatases 

(MKPs) are among the most important regulators of different MAPKs. It has been 

established that they are not only capable to inactivate the active, phosphorylated MAPKs 

by removing the phosphate groups from threonine and tyrosine amino acids, but they can 

also bind to inactive MAPK isoforms, thereby making them unavailable for their 

activation by upstream kinases  (41,42).   

On a structural level, they are made up of an N-terminal non-catalytic and a C-

terminal catalytic domain. The C-terminal active-site shares highly conserved His-Cys-

x-x-x-x-x-Arg-Ser motif with other members of the protein tyrosine phosphatase (PTP) 

superfamily, thus this domain does not provide strict selectivity towards the potential 

substrates. The N-terminal kinase-interacting motif (KIM) or MAP kinase-binding 

(MKB) domain contains clusters of positively charged and hydrophobic amino-acids that 

determine their binding specificity and facilitate the interaction with their substrates. 

Some DUSP isoforms lack of KIM/MKB domain, though have less specificity for certain 
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substrates. These ones form the so called group of atypical DUSPs including DUSP3, 

DUSP11, DUSP12, DUSP13, DUSP14, DUSP15, DUSP17/19, DUSP18/20, DUSP21, 

DUSP22, DUSP23/25, DUSP24, DUSP26, DUSP27, and DUSP28. Those DUSP 

isoforms that contain KIM/MKB domain are classed as typical DUSPs and further 

divided to three subgroups based on their localization. Typical type I DUSPs (DUSP1, 

DUSP2, DUSP4, DUSP5) are localized in the nucleus, typical type II DUSPs (DUSP6, 

DUSP7, DUSP9) are cytosolic enzymes, while typical type II DUSPs (DUSP8, DUSP10, 

DUSP16) are present in both in nucleus and cytoplasm as well (Table 1.) (43,44).  

Table 1. Groups of dual specificity phoshpatases.  

Group Substrate Isoforms 

I. Typical nuclear ERK1/2, sometimes p38 

and/or JNK 

DUSP1, DUSP2, 

DUSP4, DUSP5 

II. Typical Cytosolic Highly ERK1/2 sensitive DUSP6, DUSP7, DUSP9 

III. Typical 

Nuclear/Cytosolic 

Mainly p38 and MAPK DUSP8, DUSP10, 

DUSP16 

IV. Atypical Various substrates, 

including non-MAPK 

proteins 

DUSP3, DUSP11-

DUSP15, DUSP18-

DUSP24, DUSP26, 

DUSP27 

 

Our research group has demonstrated that AngII can upregulate various different 

DUSP isoforms in VSMCs, most significantly the DUSP4, DUSP5, DUSP6 and DUSP10 

isoforms (Figure 11.). During our research, we further investigated the exact mechanisms 

of the AngII mediated DUSP5, DUSP6 and DUSP10 upregulation. We discovered that in 

case of all the three isoforms, AngII stimuli caused upregulation via AT1R activation 

through Gq/11 mediated Ca2+ release, though in case of DUSP10, the role of PKC activity 

also played a contributory role. It was also demonstrated that in the upregulation of 

DUSP5 and DUSP6, the activation of p38 MAPK plays a significant role (data was 

presented in another PhD candidate’s dissertation). Based on pathway activity analysis, 

EGFR transactivation seemed to have a prominent role in AngII mediated gene 

expression changes. In the second part of this thesis, I will characterize and discuss the 
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importance of EGFR transactivation and its role in the AngII mediated DUSP5, DUSP6 

and DUSP10 upregulation in VSMCs.  

DUSP5 is an approximately 42 kDa protein and is localized in the nucleus. In 

contrast to other nuclear DUSP isoforms, that have usually broad activity towards 

different MAPKs, DUSP5 is highly specific for the ERK1/2.  It was shown in many cell 

lines that ERK1/2 itself induces the transcription of DUSP5 through Elk1/2 activation, so 

it can work as a negative feedback regulation for ERK1/2. However, in our studies, 

performed on primary rat VSMCs, the AngII mediated DUSP5 upregulation seemed to 

be also dependent on the p38 pathway. It has been described that DUSP5 is highly 

expressed in angioblasts and has an essential role in cardiovascular development. Other 

studies reported that DUSP5 plays a cardioprotective role by preventing ERK1/2 

mediated cardiac hypertrophy and fibrosis. In brain vessels, DUSP5 was described to 

have a crucial role in the autoregulation and myogenic responses in brain vessels, though 

there is no extensive data on the exact vascular effects of DUSP5 (45). 

DUSP6 is a type II DUSP, acting primarily in the cytosol. Similarly to DUSP5, 

DUSP6 is also highly specific to ERK1/2 and has no relevant role in the regulation of p38 

or JNK pathways. There is limited data about the exact role of DUSP6 in the physiological 

and pathophysiological role of DUSP6 in the cardiovascular system, but recent studies 

indicate that DUSP6 deficiency or DUSP6 inhibition can be protective after myocardial 

infarction (45).  

DUSP10 is a type III DUSP that can be found in both the cytosol and the nucleus. 

Unlike DUSP5 and DUSP6 isoforms, DUSP10 preferentially dephosphorylates JNK and 

p38 MAPKs. DUSP10 carries an N-terminal extension, the function of which is not fully 

understood; though it may be involved in the determination of the intracellular 

localization of the protein (45). Currently, there is limited information on the 

physiological and pathological roles of DUSP10 in vascular smooth muscle cells. 

1.8. AngII mediated EGFR transactivation 

AT1R can activate the MAPK cascades through multiple ways, including the 

transactivation of growth factor receptors. The transactivation of EGFR has been shown 

to play a significant role in the amplification of AngII-mediated long-term effects in 

vascular smooth muscle cells (4).  
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1.8.1.  The EGFR 

The EGFR belongs to the ErbB receptor family of receptor tyrosine kinases that 

has a special importance in oncology (46,47). However, EGFR was also reported to play 

a role in the pathogenesis of different non-neoplastic diseases like psoriasis or asthma 

(48,49). The activation of EGFR usually causes proliferative effects in cells, it promotes 

cellular hypertrophy, migration and was also described to play a role in cellular 

senescence and in pro-inflammatory processes (50).   

EGFR can be activated by numerous different ligands but the most significant 

ones are the EGF and transforming growth factor-α (51). The ligand binding of EGFR 

results in homo- or heterodimerization, followed by autophosphorylation by the cytosolic 

tyrosine-kinase domains. The phosphorylated residues serve as binding sites for different 

SH2 domain containing signal transducer molecules, including GRB2, which initiates the 

Ras-Raf-MAPK pathways. Other important pathways activated by EGFR are the PI3K-

Akt, the PLCγ, and the STAT signaling pathways (50,52).  

1.8.2. Transactivation of EGFR by AT1R activation 

Numerous GPCRs have an ability to transactivate EGFR in a ligand-dependent 

manner, mainly through the release of membrane-anchored ligands, cleaved by ADAM 

(a disintegrin and metalloproteinase) family metalloproteinases. In case of AT1R, the 

Gq/11 pathway leads to the activation of the metalloproteinase ADAM17, which clusters 

in caveoles with EGFR and Hb-EGF. The active ADAM17 cleaves Hb-EGF and the 

released domain can bind to the EGFR as an activatory ligand (4). 

It has also been observed that βγ-subunits of different G proteins can induce 

ligand-independent EGFR transactivation via recruitment of β-arrestins or c-Src kinase. 

Many GPCRs, including AT1R, are able to form a heterocomplex by direct protein-

protein interaction with EGFR. It was reported that EGFR-AT1R heterodimerization can 

recruit Grb2 that results in the initiation of different downstream pathways (4).  

1.9. LMCD1 

LIM and cysteine-rich domains 1 (LMCD1), also known as Dyxin is a member of 

the LIM protein family. LIM proteins have diverse functions in cellular physiology, 
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mainly involved in regulation of gene expression, cytoskeletal function, and cell fate 

determination (53–55). LIM proteins are defined as modulators of GATA (Glycine-

Adenine-Thymine-Adenine) function, which is an important factor in tissue development 

and differentiation, especially in cardiac, pulmonary and hematopoietic tissues (53,55). 

Structurally, LMCD1 contains two LIM domains at the C-terminus, a cysteine-rich 

domain at the N-terminus and a PET (Prickle, Espinas and Testin) domain in the central 

part. LIM domains contain conserved zinc-binding residue that can establish zinc-finger 

structures. There are a limited number of studies so far concerning the exact function of 

LMCD1. It has been described that LMCD1 acts as a repressor for GATA6, as it inhibits 

its DNA binding in lung epithelium, cardiac myocytes and vascular smooth muscle cells 

(53). In the heart, it has also been reported that LMCD1 provokes cardiac hypertrophy, in 

cardiac myocytes augmented cell growth and fibrosis was observed (56). In vascular 

smooth muscle cells, it was observed that thrombin significantly increases the expression 

LMCD1 via Gq/11 activation that promotes vascular smooth muscle proliferation and 

atherogenesis (57,58).  

Our results suggest that in primary rat VSMCs, AngII also upregulates LMCD1 

expression. The exact mechanisms leading to AngII mediated LMCD1 upregulation, as 

well as the functional consequences and its functions in these cells will be discussed as 

one of the main cornerstones of this thesis.  
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2. Objectives 

The aim of this PhD research was to investigate genes that exhibit upregulation in 

response to AngII stimulation in primary rat vascular smooth muscle cells, with a 

particular focus on the role of EGFR transactivation mediated by the AT1R. The 

objectives are organized into two major areas: 

2.1. Aims related to AngII-mediated gene expression changes: 

 To identify genes that are significantly upregulated by AngII in primary rat 

VSMCs. 

 To elucidate the signaling mechanisms leading to the AngII-mediated 

upregulation of LMCD1 

 Characterization of the physiological effects of LMCD1 in VSMCs. 

 

2.2. Aims related to EGFR transactivation:  

 Silencing EGFR with a lentiviral vector system effectively in primary rat VSMCs. 

 To examine the effects of EGFR silencing on AngII-induced upregulation of 

DUSP5, DUSP6 and DUSP10 compared to pharmacological EGFR inhibition. 
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3. Methods  

3.1. Materials 

For cell culturing, plates and dishes were purchased from Greiner (Kremsmunster, 

Austria). Most reagents for cell culture and molecular biological experiments were 

obtained from ThermoFischer Scientific (Waltham, MA, USA), except the following 

materials: AngII, EGFR inhibitor AG1478, calcium chelator BAPTA-AM, CaMKII 

inhibitor CK59, MEK inhibitor PD-98058, p38 inhibitor SB-202190, JNK inhibitor SP-

600125, and FAK/Pyk2 inhibitor PF-562271 were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). The Gq/11 inhibitor YM-254890 was ordered from WAKO-Chemicals 

(Neuss, Germany). Fast Start Essential DNA Green Master Mix was obtained from Roche 

(Basel, Switzerland). Anti-phospho-EGFR (Cat.no.: 2236S), anti-mouse-HRP (Cat.no.: 

7076S), and anti-rabbit-HRP (Cat.no.: 7074S), antibodies were purchased from Cell 

Signaling (Danvers, MA, USA). Anti-LMCD1 antibody (Cat.no.: ab-179454), was from 

Abcam (Cambridge, UK). Anti-β-actin antibody (Cat.no.: A1978)  was purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Fluorescent antibodies used in western blot assays 

were obtained from Azure Biosystems (Anti-mouse fluorescent antibodies, Cat.no.: 

AC2129 and AC2135), (Dublin CA, USA). All other antibodies used for the experiments 

presented in this thesis were purchased from ThermoFischer Scientific (Cat.no.: 

AlexaFluor 488 anti-rabbit – A11034; AlexaFluor 568 anti-mouse – A11031; Anti-

Golgin-97 – A21270, Anti-GM130 - MA5-47668), (Waltham, MA USA).  

3.2. Cell cultures 

Most experiments were performed on primary rat VSMCs, isolated from the aorta 

thoracalis of 40-60-day-old male Wistar rats. Animals were purchased from Charles River 

Laboratories and housed at Semmelweis University, Budapest. All animal procedures 

were approved by the Animal Care Committee of the Semmelweis University, Budapest 

and the relevant Hungarian authorities (No. 001/2139-4/2012) and adhered to legal and 

institutional guidelines for animal care. The investigation compiles with the Guide for the 

Care and Use of Laboratory Animals (NIH, 8th edition, 2011). Animals were sacrificed 

by decapitation, then the aorta thoracalis was removed and cleaned from tissue remains. 
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The vessels were cut into 1-2 mm wide sections, then incubated with collagenase. The 

digested sections were placed on a sterile plate in DMEM medium (Biosera, Nuaille, 

France) completed with 10% FBS (Biosera, Nuaille, France), 1% Glutamax (Gibco, 

Dublin, Ireland), and 1% penicillin-streptomycin (Lonza, Gampel, Switzerland).  

Experiments were performed using cells at passage 3.  

Experiments involving LMCD1 overexpression were performed on A7r5, an 

immortalized rat vascular smooth muscle cell line. Lentiviral particles were produced 

using HEK293T cells.  

3.3. Plasmid constructs 

3.3.1. LMCD1 Overexpressing plasmid constructs 

For LMCD1 overexpression, a pcDNA3.1 plasmid was used, that was designed 

to express HA-tagged LMCD1 protein. To enhance the complete open reading frame of 

LMCD1, cDNA obtained from vascular smooth muscle cells (VSMCs) treated with AngII 

for 2 hours was utilized as the template. The initial PCR product was separated by 

electrophoresis, was purified using the GeneJet Gel Extraction Kit (Thermo Fisher 

Scientific), and then subjected to a second round of PCR with primers containing 

restriction enzyme sites. 

3.3.2. EGFR silencing and lentivirus production 

To silence EGFR gene, lentiviral constructs were used, expressing EGFR specific 

short hairpin RNA (shRNA). shRNAs are able to silence a specific gene via RNA 

interference. The antisense (guide) strand of the shRNA directs the RISC complex (RNA-

induced silencing complex)  to the complementary sequence, causing the degradation or 

the failure of translation of the complementary mRNA (58). The expressed shRNA 

sequences were delivered into the VSMCs through lentiviral particles. Lentiviruses were 

produced in HEK293T cells. Cells were co-transfected with pLKO.1 puro transfer, 

pCMV-VSV-G envelope, and pCMV-dR8.2 packing plasmids, using calcium-phosphate 

precipitation method. For each plate of HEK293T cells, transfer, envelope and packing 

plasmids were mixed into 450 µl of sterile distilled water, then 50 µl of 2.5 M calcium-

chloride solution was added. The mixture was added dropwise to 500 µl of 2x HEPES-
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buffered solution (42 mM HEPES, 15 mM D-glucose, 1.4 mM Na2HPO4, 10 mM KCl, 

274 mM NaCl 274 mM, pH 7.1). The final mixture was added dropwise to the cells, then 

the medium was changed after 6 hours with fresh complete DMEM. 48 hours after the 

transfection, the lentiviral particle containing supernatant was collected, then it was 

centrifuged (10 minutes at 3000 rpm), then poured into a clean tube. Next, supernatants 

were filtered through a Merck’s sterile Millex syringe driven filter unit (0.22µm) into 

another sterile tube. The purified lentiviral samples were concentrated using the Lenti-X 

Concentrator kit (Takara-Bio, Kusatsu, Japan) following the manufacturer’s instructions. 

Viral titer was measured using abm’s qPCR lentivirus Titration Kit following the 

manufacturer’s instructions. Samples were stored at -80 oC.   

3.4. Affymetrix GeneChip Assay 

Following serum deprivation, vascular smooth muscle cells (VSMCs) were 

treated with 100 nM AngII for 2 hours at 37 °C, after which the cells were lysed using 

Trizol reagent. The RNA sample quality was assessed with an Agilent BioAnalyzer RNA 

Nano lab chip prior to conducting the array experiments. Total RNA extraction and 

analysis using the Affymetrix Rat Gene 1.0 ST GeneChip Array (Affymetrix, Santa Clara, 

CA, USA) were carried out by UD-GenoMed Medical Genomic Technologies Ltd., based 

at the University of Debrecen in Hungary. Hybridization and image scanning followed 

the protocols established by UD-GenoMed Medical Genomic Technologies Ltd. The 

microarray experiment was conducted in triplicate. Raw CEL files underwent background 

correction and normalization using the oligo R package, while differential expression 

analysis comparing Angiotensin II to the vehicle control was performed using the limma 

R package. We utilized the PROGENy pathway activity analysis tool to assess the 

changes in pathway activity by AngII. The calculated PROGENy pathway activity scores 

were normalized against a null distribution (generated through 10,000 random 

permutations of gene names) to derive pathway activity z-scores. 

3.5. Plasmid transfection 

LMCD1 was overexpressed using lipofectamine based transfection. 

Lipofectamine 2000 transfection reagent was obtained from Thermo Fischer (Waltham, 

MA, USA). Transfection protocol was performed on A7r5 cells, following the 
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manufacturer’s instructions. Approximately 200,000 A7r5 cells were plated on 6-well 

plates, one day prior to transfection and the cells were used for experiments 2 days after 

the transfection.  

3.6. Lentiviral infection 

Approximately 200,000-250,000 VSMCs were seeded onto 6-well plates one day prior to 

infection. Equal titers of lentiviral preparations were diluted in complete DMEM, 

containing 1% Glutamax and 8 µg/ml PolyBrene (Sigma Aldrich). The cell culture 

medium was replaced 24 hours later. Cells were subjected to experiment 48 hours after 

the lentiviral infection.  

3.7. Stimulation and pharmacological inhibitor treatments 

VSMCs (200,000-250,000/well) were serum-deprived overnight or for 16-48 

hours, depending on the experimental requirements. In case of examination of kinetic 

changes over time, cells were stimulated for varying durations. For agonist stimulations, 

the following concentrations were used: 100 nM AngII, 50 µg/ml EGF, 1uM AVP, or 3 

µM TRV120023. In case of experiments performing inhibitor pretreatments, cells were 

incubated with serum-free DMEM containing the recommended concentration of the 

specific pharmacological inhibitor for 10-30 minutes before the hormonal stimulation. In 

these experiments, 2-hour-long agonist simulations were performed. 

3.8. Gene expression measurements 

All gene expression measurements were done with real-time quantitative PCR 

method. After treatment, RNA was isolated from the cells with RNeasy Plus Mini kit 

from Qiagen (Hilden, Germany) following the manufacturer’s instructions.  Then the 

RNA concentrations were measured with the spectrophotometric method, using 

NanoDrop OneC (ThermoFischer Scientific, Waltham, MA, USA). cDNA was 

synthesized from the mRNA using RevertAid Reverse Transcription Kit according to the 

manufacturer’s instructions (ThermoFisher Scientific). 

For real-time quantitative PCR measurements LightCycler 480 SYBR Green I 

Master kit (Roche, Basel, Switzerland) was used. To determine the expression levels of 
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the examined genes, relative quantification was applied and the normalization was against 

house-keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). For 

measuring fluorescent data, LightCycler 480 system (Roche) was used. qRT-PCR primers 

were obtained from Sigma-Aldrich, their sequences are listed in Table 1. The following 

thermal cycling protocol was performed: 5 minutes pre-incubation at 95°C, followed by 

45 cycles of amplification (10 seconds at 95°C, 5 seconds at 62°C and 15 seconds at 

72°C), then a  melting curve, that starts at 95 °C for 5 seconds, then 1 minute at 65 °C 

and 97 °C and cooling 30 seconds at 40 °C. The following equation was used to calculate 

fold ratios of gene expressions: Ratio = E ΔCt target gene/E ΔCt GAPDH.  

 

Table 2. qRT-PCR primer sequences.  

Gene name  forward primer (5’→ 3’)  reverse primer (5’→ 3’)  

Gapdh  CCTGCACCACCAACTGCTTAG  CAGTCTTCTGAGTGGCAGTGTGA

TG  

Dusp5  GGCAAGGTCCTGGTTCACTGT  GTTGGGAGAGACCACGCTCCT  

Dusp6  ATCACTGGAGCCAAAACCTG  CGTTCATGGACAAGTTGAGC  

Dusp10  GGCAAAGAACCCCTGGTATT  AGAAACAGGAAGGGCAGGAT  

LMCD1 CCTCGAGTGCAAAAGATGTCC AATTTTCCGATCATCCTCCA 

 

3.9. Immunostaining 

Cells were seeded into 8-well ibidi plates for immunostaining (10,000 cells/well), 

then treatment protocols were performed. After treatments, cells were fixated with 4% 

paraformaldehyde solution in PBS. After fixation, cells were treated with 0.1% Triton X-

100 solution (in PBS) for permeabilization, and autofluorescence was reduced by 

incubation in 0.1% sodium-borohydride. Cells were blocked in 5% BSA in PBS, then 

stained with primary and fluorescent secondary antibodies. Nuclei were stained with To-

Pro reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer’s 

instructions. Imaging was performed using Zeiss LSM 710 confocal microscope (Zeiss 

AG, Jena, Germany), and analyzed with ImageJ software 1.53e. 
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3.10. Western blot assay 

Western blot assays were performed to measure protein expressions. Cells were 

lysed in Laemmli SDS sample buffer, completed with protease and phosphatase 

inhibitors, then prepared with sonication. The samples were loaded onto SDS-

polyacrylamide gels for electrophoresis, then transferred to PVDF membranes using the 

Trans-Blot Turbo Transfer System by Bio-Rad Laboratories (Hercules, CA, USA). 

Membranes were blocked in PBST containing 5% non-fat milk, then incubated with 

primary, then secondary antibodies. Secondary antibodies were either fluorescent or 

HRP-linked. In case of HRP-linked secondary antibodies, ECL chemiluminescent 

substrate reagents were used for signal detection (Immobilion Western HRP substrate 

reagent, Millipore, Billerica, MA). Both chemiluminescent and fluorescent signals were 

detected using Azure c600 system (Azure Biosystems, Dublin, CA). The intensities were 

quantified by densitometry with ImageJ software 1.53e.  

3.11. 3H-Leucine incorporation assay 

To determine cellular growth, 3H-leucine incorporation assay was performed. 

A7r5 cells were plated on a 24-well plate (20,000-30,000 cells/well), then transfected 

with either LMCD1 overexpressing pcDNA plasmids or empty pcDNA plasmids (control 

group). One day after the transfection, cells were treated with 3H-labeled leucine 

containing serum-free DMEM solution. After 24 hours, cells were washed twice with ice-

cold PBS and treated with 5% trichloroacetic acid (TCA) for 30 minutes. The TCA was 

removed, and the cells were washed twice with PBS, and 0.5 ml 0.5 M NaOH was added 

to the wells and incubated at room temperature for 30 minutes. Samples were collected 

into 10 ml of OptiPhase HiSafe 3 scintillation cocktail (PerkinElmer, Inc; Waltham, MA, 

USA). Welles were further rinsed with additional 100 µl of distilled water, which was 

also added to the scintillation vials. Radioactivity of the samples were measured using 

Packard Tri-carb Liquid scintillation Counter 2500 TR scintillation reader, alongside a 

blank control sample containing only distilled water in the scintillation cocktail.  
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3.12. Wound-healing assay 

Migration capability of the cells were assessed with wound-healing assay. A7r5 

cells were plated into 3 cm-diameter plates, then transfected with either LMCD1 

overexpressing or empty pcDNA plasmids. The cell monolayer was scraped with a sterile 

200 µl pipette tip on the following day. The wounds were photographed with Leica 

DMI6000B (Leica, Wetzlar, Germany) microscope at 5x magnification. 48 hours after 

the scratching, the wounds were photographed again at the identical positions. The areas 

of the photographed wounds were measured with ImageJ software. 

3. 13. Statistical analysis  

Statistical analysis was performed using GraphPad Prism 6, 8 and 9 softwares. In 

case of real-time q-PCR measurements, performing samples treated with agonist 

stimulation and also pretreated with pharmacological inhibitors or infected with lentiviral 

particles were evaluated using multiple linear regression. One-way ANOVA test was 

performed for the evaluation of real-time q-PCR measurements done on samples which 

received only agonist stimulation or only virus infection. For the statistical analysis of 

3H-leucine incorporation assay and wound-healing assay, paired t-test was used.  
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4. Results  

4.1. Gene expression changes in VSMCs to AngII stimulation 

4.1.1. Affymetrix gene-chip assay 

Affymetrix Gene Chip Rat Gene 1.0 ST array was utilized using primary rat 

VSMCs at passage 2 to identify genes that are up- or downregulated by AngII stimuli in 

primary rat VSMCs. The VSMCs were stimulated with 100 nM AngII or vehicle for 2 

hours. Using the limma package, differential expression analysis was performed between 

AngII and vehicle treated samples. As shown in the volcano plot, AngII caused significant 

upregulation of 74 genes (false discovery rate, based on the Benjamini–Hochberg 

correction < 0.05, log2 fold change > 1), including LMCD1 (Figure 4.).  Given that 

LMCD1 is a relatively poorly examined gene, previously described to play a role in 

different proliferative processes, we decided to characterize this gene in the context of 

VSMC physiology and in mediating the long-term effects of AngII. 

 

 

Figure 4. Gene expression and pathway analysis of the response of primary VSMCs to 

AngII stimulation. Differential gene expression in VSMCs is shown at the volcano plot 
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VSMCs were treated for 2 hours with 100nM AngII beside a control group incubated 

with vehicle. On the x-axis, the log2 fold change in gene expression is presented, while 

the y-axis shows the –log10 of the false discovery rate (FDR). The horizontal dotted line 

marks the significance threshold, where FDR < 0.05. The color highlight labels the genes 

which one’s log2 fold change is greater than 1, either up- or downregulated by AngII. 

LMCD1 gene is labeled with a red dot.  

4.2. AngII-mediated upregulation of LMCD1 in VSMCs 

4.2.1. Kinetic changes over time of LMCD1 gene and protein expression in 

response to AngII 

The Affimetryx gene chip-assay show that LMCD1 is among the genes that are 

significantly upregulated by AngII stimulation in VSMCs. Although the gene-chip assay 

was performed using a 2-hour AngII stimulation, we wanted to determine the detailed the 

kinetic changes over time of the LMCD1 gene, and also the LMCD1 protein expression 

changes in VSMCs in response to AngII treatment. In order to examine gene expression 

changes, after overnight serum depletion, the VSMCs were stimulated with 100 nM AngII 

and samples were collected at hourly intervals over a 6-hour period and analyzed using 

real-time quantitative PCR. As it is shown in Figure 5.A, LMCD1 mRNA levels increased 

dramatically after 1 hour and remained elevated in the first three hours, then started to 

decrease after the third hour. Based on these results, we used a 2-hour AngII stimulus for 

further gene expression studies.  

The time course of protein expression were determined using both western blot 

assay (Figure 5.B) and immunostaining (Figure 5.C). Both methods suggested that the 

protein expression of LMCD1 peaks around 24 hours following AngII treatment and 

reduces close to the baseline level after 48 hours.  
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Figure 5. Kinetic changes over time of AngII-induced LMCD1 gene and protein 

expression. VSMCs were serum-starved overnight prior to treatment with 100 nM AngII. 

(A) Cells were stimulated with AngII every hour for 6 h, and then mRNA was isolated 

from samples. The expression of LMCD1 was measured using quantitative real-time PCR, 

with standardization against the GAPDH housekeeping gene. Mean values ± SE are 

presented (n = 5-6). (B) LMCD1 protein expression was measured using immunoblot 

assay. Cells were treated with AngII for various time periods between 0 and 48 h. The 

membranes were labeled with either anti-LMCD1 primary antibody or anti-β-actin 

(loading control). HRP-linked or fluorescent secondary antibodies were used for 
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detection (a representative immunoblot record is shown in the lower part of the graph). 

Protein levels were normalized to unstimulated (0 h) samples. Mean values ± SE are 

shown (n = 3-4). (C) Cells were treated with AngII for various time periods between 0 

and 48 h. Samples were fixed with paraformaldehyde and stained with an anti-LMCD 

primary antibody and an AlexaFluor488-labeled secondary antibody (green). Nuclei of 

cells were stained with To-Pro reagent (blue). Immunofluorescent signals were examined 

using a Zeiss LSM710 confocal laser-scanning microscope. Scale bars represent 25 µm. 

4.2.2. Intracellular localization of LMCD1 

Based on observations from previous experiments, we sought to determine in 

which cell organelles LMCD1 is located. Fluorescent confocal microscopy images 

suggested that LMCD1 seems to be accumulated in the nuclei and the Golgi-apparatus. 

In order to prove this hypothesis, specific labeling of nucleus, trans- and cis-Golgi was 

used after 24 hours of AngII stimulation, and the colocalization with LMCD1 was 

evaluated. Based on the confocal images, a clear colocalization was observed with the 

nucleus, the cis- and trans-Golgi (Figure 6.), indicating that LMCD1 is primarily localized 

to these regions. Interestingly, no mention has been made in the literature of LMCD1 

being localized in the Golgi-apparatus so far, it is mainly described to be localized in the 

nucleus and cytoplasm (53). 

 

 

Figure 6. Intracellular localization of LMCD1. VSMCs received overnight serum-

depletion, then were treated with 100 nM AngII for 24 hours, thereafter fixed in 4% PFA 
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solution. Immunofluorescent confocal images are shown. Anti-LMCD1 staining (green), 

anti-golgin-97 staining (magenta), anti-GM130 staining (red), To-pro nuclear staining 

(blue) and merged images are shown. Scale bars represent 25 µm 

4.2.3. Role of AT1R and G-protein coupling in AngII mediated LMCD1 

expression 

In order to determine the dominant signaling mechanisms leading to LMCD1 

upregulation in response to AngII stimulation, we had to find out which receptors of 

AngII were involved in the signaling. We used Candesartan, an AT1R specific inhibitor, 

to examine the role of AT1R in AngII-mediated LMCD1 upregulation in VSMCs. Cells 

pretreated with Candesartan were not able to increase LMCD1 mRNA expression in 

response to AngII stimulation, the mRNA level of LMCD1 was similar to unstimulated 

cells (Figure 7.A). This result suggests that AngII mainly exerts its LMCD1 upregulating 

effects by AT1R activation. As it was described in the introduction, AT1R is capable of 

initiating numerous different signaling pathways, in addition to Gq/11 mediated effects. 

YM-254890 is a selective Gq/11 protein inhibitor. In cells pretreated with YM-254890, the 

AngII was not able to upregulate LMCD1 expression levels, which supports the 

importance of Gq/11 coupling in this process (Figure 7.B). The importance of Gq/11 protein 

is also supported by the fact that AVP, a vasoconstrictor hormone, which acts via a Gq/11 

coupled receptor (vasopressin 1 receptor, V1R) could also induce a significant LMCD1 

gene upregulation in response to its agonist stimulation (Figure 7.D). Next, we 

investigated the contribution of G protein-independent pathways, using β-arrestin biased 

AT1R agonist TRV120023 (TRV3). TRV3 stimulated cells did not increase LMCD1 

mRNA expression which indicates that the β-arrestin signaling pathway has no prominent 

role in the AngII-mediated LMCD1 upregulation (Figure 7.C).  
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Figure 7. Role of AT1-R and Gq/11 signaling in AngII-mediated LMCD1 expression. 

VSMCs were received overnight serum withdrawal before pharmacological inhibitor 

pretreatments and agonist treatments. mRNA levels were measured using quantitative 

real-time PCR, and measured results were normalized to the level of GAPDH 

housekeeping gene. (A) VSMCs were pretreated with 10 µM Candesartan (Cand) or 

DMSO (control) for 30 minutes, followed by stimulation with vehicle (white columns) or 

100nM AngII (red columns) for 2 hours (n = 4).  Data are shown as values normalized to 

DMSO vehicle samples (mean ± S.E.). (B) VSMCs were pretreated with 1 µM YM-

254890 (YM) or DMSO (control) for 30 min, then stimulated with vehicle (white 

columns) or 100 nM AngII (red columns) for 2 hours (n = 6). Data are shown as values 

normalized to DMSO/ vehicle samples (mean ± S.E.).  (C) VSMCs were incubated with 

vehicle (white column), 100 nM AngII (red column), or 3 µM TRV120023 (β-arrestin-

bias agonist, beige column) for 2 hours (n = 3). (D) VSMCs were stimulated with vehicle 

(white column), 100 nM AngII (red column), or 1 µM AVP (green column) for 2 hours 

(n = 5). Mean values ± SE are shown. Statistical significance was determined using 

multiple linear regression (A,B) or 1-way ANOVA (C,D), with p < 0.05 was considered 

to be statistically significant. Significance compared to vehicle stimulation is indicated 

by *; significance compared to DMSO-pretreated agonist-induced response is indicated 

by #; while n.s. indicates not statistically significant (p > 0.05). 
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4.2.4. Role of secondary messengers in the upregulation of LMCD1 

Gq/11 proteins are able to activate phospholipase Cβ, which cleaves 

phosphatidylinositol-4,5-bisphosphate to IP3 and DAG and. IP3 induces the elevation of 

intracellular Ca2+ level, while DAG activates protein kinase C (PKC). We wanted to 

examine the role of calcium signal by pretreating cells with BAPTA-AM, a Ca2+ chelator. 

As shown in Figure 8.A, the elimination of calcium signal completely abolished the 

AngII-mediated LMCD1 upregulation (Figure 8.A). Inhibition of Ca2+/calmodulin 

dependent protein kinase II (CaMKII) with 50 μM CK-59 also resulted in significant 

decrease in LMCD1 expression decrease (Figure 8.B), which establishes the crucial role 

of calcium dependence of the AngII mediated LMCD1 upregulation. As for the PKC 

pathway, pretreatment of the VSMCs with 1 μM PKC inhibitor RO31-8425 caused a 

smaller, but not significant decrease in AngII provoked LMCD1 upregulation (Figure 

8.C).  Performing inhibition of FAK and Pyk2, which are important pathways of MAPK 

cascade activation, using 1 μM PF-562271 did not reduce AngII mediated LMCD1 

upregulation, which suggests, that these pathways have less importance in the examined 

process as well (Figure 8.D). 
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Figure 8. Investigation of calcium signaling and calcium-dependent kinases in 

AngII-mediated upregulation of LMCD1 in vascular smooth muscle cells. Serum-

depleted VSMCs were pretreated with either DMSO (control) or with one of the following 

inhibitors: (A) Ca2+ chelator 50 μM BAPTA-AM for 10 minutes, (B) 50 μM CamKII 

inhibitor CK59 for 30 minutes, (C) 1 μM PKC inhibitor RO31-8425 for 10 minutes, or 

(D) 1 μM PF-562271 (PF562) Pyk2 inhibitor for 30 minutes. After inhibitor pretreatment, 

cells were incubated with either vehicle (white columns) or 100 nM AngII (red columns) 

for 2 hours. mRNA was then isolated, then converted to cDNA, and LMCD1 expression 

levels were measured by qRT-PCR and normalized to the GAPDH housekeeping gene. 

Data are shown as values normalized to DMSO/vehicle samples (mean ± S.E.). Statistical 

significance was calculated using multiple linear regression, with p < 0.05 considered to 

be statistically significant. Significance compared to vehicle stimulation is indicated by 

*; significance compared to DMSO-pretreated agonist-induced response is indicated by 

#; while n.s. indicates not statistically significant (p > 0.05). Values represent three to five 

independent experiments (n = 3–5). 
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4.2.5. Role of MAPKs in AngII-mediated LMCD1 upregulation 

The activation of MAPKs have been proven to mediate various AngII-mediated 

gene expression changes. In order to identify which MAPK isoforms play an important 

role in the upregulation of LMCD1, we employed specific inhibitors. For these 

experiments, we performed pretreatments targeting different MAPK pathways: PD-

98059 for MEK/ERK1/2, SB-202190 for p38 MAPK, and SP-600125 for JNK. Figure 

9.A and 9.B demonstrates that the inhibition of the MEK/ERK1/2 and the JNK pathways 

did not significantly reduce the AngII-mediated increase of LMCD1 expression. In 

contrast, the pretreatment with 50 µM SB-202190 completely inhibited the AngII-

induced response (Figure 9.C). As ROS production is a common activator in VSMCs of 

MAPK pathways that is an important mechanism of vascular remodeling in pathological 

conditions, we also investigated the importance of ROS production in AngII mediated 

LMCD1 upregulation by inhibiting NADPH oxidase activity using diphenyleneiodonium 

(DPI). 5 µM DPI pretreatment did not reduce the LMCD1 upregulation at all in response 

to AngII stimulation (Figure 9.D), and therefore suggests that ROS production does not 

play a role in the examined process.  
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Figure 9. Role of different MAPKs in AngII mediated LMCD1 upregulation. After 

overnight of serum withdrawal, VSMCs were pretreated for 30 minutes with 20 µM  MEK 

inhibitor PD-98059 (PD98) (A), 25 µM of JNK inhibitor SP-600125 (SP600) (B) or 50 

µM of p38 MAPK inhibitor SB-202190 (SB) (C) and additionally with 50 µM NADPH 

oxidase inhibitor DPI (D), whereas the control cells were pretreated for 30 minutes with 

DMSO. Following pretreatments, the cells were exposed to 2 hour 100 nM AngII 

stimulation (red columns), or treated with vehicle (veh) (white columns). After the 

treatments, mRNA was isolated from the VSMCs, then transcribed to cDNA samples. 

Expression levels of LMCD1 were measured with real-time quantitative PCR.  

Standardization was made against house-keeping gene GAPDH. Data are shown as values 

normalized to DMSO/vehicle samples (mean ± S.E.). Statistical significance was 

calculated using multiple linear regression, with p < 0.05 considered to be statistically 

significant. Significance compared to vehicle stimulation is indicated by *; significance 

compared to DMSO-pretreated agonist-induced response is indicated by #; while n.s. 

indicates not statistically significant (p > 0.05). Values represent three to five independent 

experiments (n = 3–5). 
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4.3. Investigation of functional role of LMCD1 in vascular 

smooth muscle cells 

4.3.1. Effect of LMCD1 on cellular proliferation and migration  

It has been reported that LMCD1 increases cellular proliferation and hypertrophy 

in various cell types (53,55–57). We set out to investigate whether it has similar roles in 

vascular smooth muscle. Therefore, we overexpressed LMCD1 by the transfection of an 

LMCD1 overexpressing pcDNA plasmid construct. We used A7r5 cells for these 

experiments, because primary VSMCs cannot be transfected effectively. In order to 

compare cellular proliferation in cells overexpressing LMCD1 to non-overexpressing 

control (transfected with empty pcDNA plasmids) cells, 3H-leucine incorporation assay 

was used. 24 hours after the transfection, cells were treated with 3H-labeled leucine 

containing medium for an additional 24 hours, after which scintillation counts of the 

samples were measured. Across four independent experiments, we measured an 

approximately 15% increase in 3H-leucine incorporation in LMCD1 overexpressing cells 

compared to the control group (Figure 10.B), even though the transfection efficiency was 

approximately 15-20% (Figure 10.A).  

To determine the effect of LMCD1 overexpression on A7R5 cells’ migration, 

wound-healing assay was performed. 24 hours after transfection, the monolayer of A7R5 

cells was scraped with a sterile 200µl pipette tip, then wounds were photographed with a 

microscope at 5x loop. Medium was exchanged to serum reduced (2% FBS containing) 

DMEM for 48 hours, to prevent errors given by increased cell growth of the LMCD1 

overexpressing cells. After 2 days of serum reduction the wounds were photographed 

again, then wound areas were measured. At Figure 10.C we can observe a more 

spectacular decrease of the wound area after 48 hours in case of LMCD1 overexpressing 

cells compared to the control. Five independent experiments showed that in case of 

control cells, the wound area only reduced by 35% in 48 hours, while in LMCD1 

overexpressing groups wound areas decreased  by approximately 50% in 48 hours (Figure 

10.C and D). 
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Figure 10. Effect of LMCD1 overexpression on cellular proliferation and migration.      
(A) A7r5 cells were transfected with LMCD1-overexpressing plasmids, fixed with PFA 

and stained with anti-LMCD1 primary antibody, then AlexaFluor488-labeled secondary 

antibody (green). The nuclei were stained with To-Pro reagent (blue). Immunofluorescent 

images were taken using a Zeiss LSM710 confocal laser-scanning microscope. Scale bar 

represents 100 µm. (B) To measure cellular proliferation, A7r5 cells were transfected 

with pcDNA-LMCD1 (green column) or non-LMCD1 overexpressing pcDNA plasminds 

(control) (white column). 24 hours after transfection, cells were incubated with 3H-leucine 

containing medium for 24 hours, then samples were collected to scintillation 

measurement. Scintillation counts were measured for 2 minutes. Fold change in 3H-

leucine incorporation is shown. Mean values ± S.E. are shown (n=4). Significance was 

determined with paired t-test (p < 0.05). (C-D). For wound-healing assay, A7R5 cells 

were transfected with LMCD1 expressing pcDNA-LMCD1 plasmids (yellow column), 

while control cells were transfected with pcDNA-Empty plasmids (white column). 24 

hours after the transfection, wounds were scraped in the layer of cells with a 200µl pipette 

tip. Images were taken at 5x loop. 48 hours later, wounds were photographed again at the 

same positions. Areas of wounds were measured. Percentage of original wound areas are 

shown. Significance was determined with paired t-test (p < 0.05). (n=4). 
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4.4. Importance of EGFR transactivation in AngII mediated gene 

expression changes 

4.4.1. Identification of additional gene targets  

Performing Affymetrix Gene Chip Rat gene 1.0 ST array on primary rat VSMCs, 

treated for 2 hours with 100nM AngII or vehicle, as control, we identified numerous genes 

that show up- or downregulation to AngII treatment. Using differential expression 

analysis between AngII and vehicle treated samples, 74 genes were identified to become 

upregulated for AngII stimuli, including LMCD1, I discussed earlier in this thesis (Figure 

4.). Among the 74 genes, four different dual specificity phosphatase genes, namely 

DUSP4, DUSP5, DUSP6 and DUSP10 showed significant AngII induced upregulation 

(Figure 11.A). 

For pathway activity analysis, we performed PROGENy tool to characterize a 

more unbiased analysis of gene expression changes, provoked by AngII treatment. Figure 

11.B shows 14 identified upstream pathways that play a significant role in the case of the 

observed gene expression changes. According to the z-scores of pathway activities, AngII 

treatment induced EGFR and MAPK pathway activity at the most significant level. In our 

further experiments, we are focusing on the importance of the transactivation of the EGFR 

pathway in the context of AngII mediated long-term effects in primary VSMCs.  
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Figure 11. Gene expression changes of DUSP isoforms in response to AngII 

stimulation is VSMCs. The volcano plot illustrates the differential expression analysis 

(DE) of the gene expression changes provoked by 2 hours of 100nM AngII treatment in 

VSMCs, the experiment was performed on triplet samples (A). On the x-axis, log2 fold 

change is shown, while y-axis performs –log10 false discovery rate (FDR), based on 

Benjamin-Hochberg correction pf p-values. Significance threshold (FDR>0,05) is labeled 

with the dotted horizontal line. Selected DUSP isoforms are highlighted with red color.  

Figure B illustrates the PROGENy pathway analysis of the AngII mediated gene 

expression signature. On the x-axis, PROGENy pathways are labeled, while on the y-

axis, activity scores are shown, calculated using a multivariate linear model.   
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4.4.2. Lentiviral silencing of EGFR 

In order to examine the importance of AT1R-mediated EGFR transactivation, we 

aimed to silence EGFR gene expression by the help of specific short hairpin RNAs 

(shRNA). The shRNAs can interfere with a complementary mRNA causing its 

degradation and thereby preventing its translation, by preventing the expression of the 

protein encoded by that mRNA. To deliver the EGFR-specific shRNA sequences into 

primary VSMCs, lentiviral constructs were used. At the beginning, we created two 

different shRNA constructs. To determine their effectiveness in EGFR silencing, we 

infected cells with both lentiviral constructs alongside a control group, infected with an 

‘empty’ lentiviral construct that did not encode EGFR-specific shRNA sequences. Cells 

were harvested for real-time quantitative PCR measurement 48 hours after the infection 

to examine the shRNA caused decrease in EGFR gene expression and also to Western 

blot assay to observe the reduction in the activity of EGFR protein (Figure 12.A). As 

shown in Figure 12.A, both shRNA#1 and shRNA#2 constructs significantly reduced the 

mRNA level of EGFR, but the shRNA#2 construct seemed to be more effective. At the 

protein level, the amount of activated EGFR was also effectively reduced by both 

constructs, though the shRNA#2 construct again demonstrated a more pronounced effect 

(Figure 12.B). Based on these results, we selected the shRNA#2 construct for our 

subsequent experiments.  



48 
 

 

Figure 12. Lentiviral silencing of EGFR. Lentiviral infection was performed on VSMCs 

to silence EGFR with shRNAs. For this purpose, two different lentiviral constructs were 

used (shRNA #1 and shRNA #2) beside a control group infected with empty lentiviral 

particles (control). 48 hours after the infection, samples were taken for gene expression 

measurement (A). mRNA was isolated from cells, then samples were converted to cDNA. 

Gene expression of EGFR was measured via normalization to the GAPDH housekeeping 

gene. Percentage of original EGFR expression is shown. Mean values ± SE are shown (n 

= 3). Significance was calculated with a one-way ANOVA test (p < 0.05). For protein 

expression measurement, samples were assessed in western blot assay (B), where anti-β-

actin staining was used as a loading control. The western blots shown are representative 

of three independent experiments (n = 3). 

4.4.3. Comparing pharmacological inhibition and genetic silencing of 

EGFR  

Pharmacological inhibitors often have off-target target molecules, which can lead 

to misleading interpretations of experimental results. We aimed to examine the 

differences between the effect of pharmacological inhibitors and genetic silencing, we 

compared the effects of two specific EGFR inhibitors, AG1478 and gefitinib, to the 

effects of shRNA mediated EGFR silencing. To this end, the expression of DUSP genes, 

significantly upregulated by AngII, was investigated first by pharmacological inhibition 

of EGFR and then by genetic silencing of the EGFR gene with shRNA. For this purpose, 
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we examined the AngII-mediated expression of three different DUSP isoforms, DUSP5, 

DUSP6 and DUSP10, that are significantly upregulated in response to AngII stimuli in 

VSMCs, according to the results of Affymertix gene chip assay (Figure 11.A) and the 

changes in their upregulation affected by pharmacological inhibition of EGFR and 

shRNA mediated silencing of EGFR was assessed.  

4.4.3.1. Effect of pharmacological inhibition of EGFR transactivation on AngII-

mediated upregulation of DUSP isoforms 

Based on the result of pathway analysis, AT1R-induced EGFR transactivation 

seemed to play a key role in AngII mediated gene expression changes (Figure 11.B). First, 

we wanted to investigate the effects of EGFR pharmacological inhibition on the AngII-

mediated upregulation of DUSP5, DUSP6 and DUSP10 genes (Figure 13.A-C). All three 

genes were significantly upregulated by AngII, while DUSP6 also showed a significant 

upregulation in response to EGF stimulation on its own. When the activity of EGFR was 

inhibited by 1 µM AG1478 or 2.5 µM gefitinib, we observed a massive reduction in the 

AngII-mediated gene expression response in all the three DUSP genes. These data could 

suggest that the AT1R-mediated EGFR transactivation might play a crucial role in the 

AngII-mediated upregulation of the examined genes. However, inhibition of matrix-

metalloproteinase, which is an essential step in AngII-induced EGFR transactivation, 

showed a significant effect only in the case of DUSP5 (Figure 13.D), but was insignificant 

in case of DUSP6 (Figure 13.E) and DUSP10 (Figure 13.F). These results raise questions 

whether EGFR transactivation by AT1R is really that important in AngII-mediated gene 

expression changes as it was previously thought.  
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Figure 13. Effect of pharmacological inhibition of EGFR on the AngII-mediated 

upregulation of DUSP isoforms. VSMCs were serum-starved overnight, then pretreated 

with 1 µM AG1478 or 2.5 µM gefitinib (A-C), 1 µM MMP2/MMP9 inhibitor (MMP2/9 

inh) (D-F) or DMSO, as control for half an hour. After pretreatment, cells were stimulated 

with 100 nM AngII (red columns), or 500 ng/µl EGF (blue columns), or vehicle (white 

columns), as control for 2 hours. From the collected samples, mRNA was extracted, then 

converted to cDNA. Expression levels of DUSP5 (A and D), DUSP6 (B and E) and 

DUSP10 (C and F) were measured with real-time quantitative PCR. Standardization was 

measured via normalization to the house-keeping gene GAPDH. Normalized values are 
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shown to the DMSO/vehicle treated samples. Significance was determined with multiple 

linear regression analysis. p < 0.05 was considered as statistically significant. *: 

statistically significant from vehicle stimulation. #: statistically significant from DMSO-

pretreated agonist-induced response. (n = 3–6). 

4.4.3.2. Effect of shRNA mediated silencing of EGFR on AngII-induced upregulation 

of DUSP isoforms 

The next step was the investigation, how the shRNA-mediated silencing of EGFR 

affects the upregulation of DUSP isoforms in response to AngII stimuli. As shown in 

Figure 14, the silencing of EGFR had much less effect on AngII-mediated upregulation 

of the examined DUSP isoforms. Among the three DUSP isoforms, we observed a 

statistically significant decrease only in case of DUSP5 expression in AngII-indued 

upregulation after shRNA-mediated EGFR silencing (Figure 14.A). This limited impact 

is not attributable to ineffective lentiviral transduction, as upregulation of DUSP6 in 

response to EGF was completely abolished in cells infected with shEGFR constructs, 

confirming successful silencing. These findings cast doubt on the previously assumed 

central role of AT1R-mediated EGFR transactivation in the upregulation of the three 

DUSP isoforms.  
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Figure 14. Effect of shRNA-mediated silencing of EGFR on the AngII-induced 

upregulation of DUSP isoforms. VSMCs were infected with EGFR silencing shEGFR 

lentiviruses, while control cells were infected with empty lentiviral particles (control). 

One day after the infection, cells were exposed to overnight serum depletion. Next day, 

VSMCs were treated with 100 nM AngII (red columns), or 500 ng/µl EGF (blue columns) 

or vehicle (white columns), as control for 2 hours. Thereafter, mRNA was isolated from 

cellular samples and was converted to cDNA. Gene expression levels of DUSP5 (A), 

DUSP6 (B) and DUSP10 (C) were measured with real-time quantitative PCR. 

Standardization was made against housekeeping gene GAPDH. Normalized values are 

shown to the control/vehicle samples. Mean values ± S.E. are shown. Significance was 

determined with multiple linear regression. p < 0.05 was considered as statistically 

significant. *: Statistically significant from vehicle stimulation. #: Statistically significant 

from control virus-infected agonist-induced response. (n = 4). 

4.4.4. Potential pathways beside EGFR-transactivation  

It is possible that beside EGFR, other tyrosine kinases can play a role in the AngII-

mediated upregulation of the examined genes. Additionally, it is important to consider 

that pharmacological inhibitors often have off-target molecules, so it is conceivable that 

AG1478 and gefitinib inhibited other tyrosine kinases beside EGFR and that is the reason, 
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how they were able to abolish the AngII-mediated upregulation of the examined genes 

(Figure 13.A-C), while EGFR silencing alone did not exert significant impact (except in 

case of DUSP5) (Figure 14.). Here, we pretreated VSMCs before agonist stimulation with 

1 µM dasatinib, a broad-spectrum tyrosine kinase inhibitor. Dasatinib is usually used in 

the treatment of chronic myeloid leukemia, a potent inhibitor of BCR/ABL and Src kinase 

family, but can also target c-kit, ephrin receptor or PDGFβ receptor (61,62). As shown in 

Figure 15, dasatinib pretreatment significantly decreased the AngII-mediated 

upregulation of all the three DUSP isoforms. These results suggest that in addition to 

EGFR, other dasatinib-sensitive tyrosine kinases are likely responsible for the gene 

expression changes after AngII stimulation.  

 

 

 

 

Figure 15. Effect of dasatinib pretreatment on AngII- and EGF-mediated 

upregulation of DUSP isoforms. VSMCs received overnight serum depletion, then were 

incubated with 1 µM dasatinib or DMSO for 30 minutes. Pretreated cells were stimulated 

with 100 nM AngII, 50 µg/ml EGF or vehicle for 2 hours. Thereafter, RNA was isolated 

and converted to cDNA samples. The mRNA levels of DUSP5 (A), DUSP6 (B) and 

DUSP10 (C) were measured with real-time qPCR. Standardization was made against 

house-keeping gene GAPDH. Data normalized to the vehicle/DMSO samples are shown. 

Mean values ± S.E. are shown. Significance was determined with multiple linear 

regression. p < 0.05 was considered as statistically significant. *: statistically significant 

from vehicle stimulation. #: statistically significant from DMSO-pretreated agonist-

induced response. (n = 3-4). Unpublished data. 
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5. Discussion 

The exaggerated effects of AngII have been shown to be major contributors in the 

formation of vascular remodeling, that plays a key role in the pathogenesis of numerous 

common and severe diseases, including atherosclerosis, hypertension, stroke, and 

myocardial infarction (59,60).To develop effective prevention and treatment methods 

against these widespread diseases, it is crucial to understand the molecular mechanisms 

mediated by AngII, that lead to these pathological conditions. During my PhD work, I 

mainly focused on the gene expression changes mediated by AngII in vascular smooth 

muscle cells, including signal transduction pathways and certain specific genes that might 

contribute to the vascular remodeling processes.  

Using an Affymetrix gene chip array, we identified numerous genes that are 

significantly up- or downregulated in primary rat VSMCs to AngII stimulation. 

Additionally, pathway analysis with PROGENy tool was performed to identify the most 

important signaling pathways that contribute to AngII mediated gene expression changes 

(Figures 4 and 11). In particular, the results of these examinations served as starting points 

for the research of my PhD work. Among the significantly upregulated genes, LMCD1 

(also known as Dyxin) seemed to be quite interesting, as it was described to play a role in 

different proliferative cellular processes, even though there were just few papers 

published concerning its function and expression. One of the goals of my research was to 

investigate how this gene is upregulated by AngII and to explore the most important 

effects of LMCD1 protein in the physiology VSMCs.  

First, we investigated the kinetic changes over time of LMCD1 mRNA and protein 

expression, since the determination of the time point of the maximal expression was 

essential for the design of the subsequent experiments. As shown in the results, it was 

observed that LMCD1 mRNA expression peaked between 1 and 3 hours after AngII 

treatment (Figure 5.A), while protein expression reached its maximum 24 hours after 

VSMCs were stimulated with AngII (Figure 5.B and 5.C). It must be mentioned that we 

performed experiments measuring the expression of other genes parallel, that were also 

upregulated by AngII, such as DUSP5, DUSP6 and DUSP10 genes. The 2-hour AngII 

stimulation seemed to be optimal in case of all the four genes  (Figure 5.A), so the 

subsequent experiments were performed with 2-hour AngII stimulations. 
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Interestingly, the immunofluorescent pictures (Figure 6.C) revealed that LMCD1 

was not only localized in the nucleus, as it could be expected from a transcription cofactor, 

but it was also observed in cellular compartments around the nucleus. Based on the 

morphology of the fluorescent signal, we hypothesized that LMCD1 was accumulated in 

the Golgi-apparatus. Moreover, the signal there became stronger from 4 to 24 hours after 

the AngII stimulation. To identify the cellular compartment, where LMCD1 showed such 

significant accumulation, immunostaining with cis- and trans-Golgi markers were 

performed. As Figure 6. demonstrates, LMCD1 showed colocalization with trans- and 

cis-Golgi-apparatus. Interestingly, in other cell types, the localization of LMCD1 was 

mainly described in the nucleus or the cytosol (53,61,62) , and no data was found about 

LMCD1 location in the Golgi apparatus. This observation raises interesting questions, 

whether LMCD1 may have Golgi-related functions or whether this localization is specific 

to VSMCs. These questions were not addressed in this thesis, but they can serve as 

interesting topics for future investigations. 

Another key objective of my PhD work was the investigation of signaling 

pathways leading to the AngII-mediated upregulation of LMCD1 in VSMCs. AngII exerts 

most of its cardiovascular effects through AT1R activation, with Gq/11 protein coupling. 

However, AngII pleiotropic signaling pathways, including G protein-dependent and 

independent pathways, and AngII has certain affinity to AT2R, as well (27,66). 

Performing pharmacological inhibition of AT1R and Gq/11 protein showed that both are 

essential for AngII to increase the expression of LMCD1. Moreover, stimulating VSMCs 

with β-arrestin-biased agonist TRV120023 produced no significant elevation of LMCD1 

mRNA level, supporting the conclusion that AngII upregulates LMCD1 through AT1R 

and Gq/11 protein activation (Figure 7.A-C). In VSMCs, it was described earlier that 

thrombin upregulates LMCD1 through Gq/11 activation (57) and stimulating VSMCs with 

AVP, which hormone also exerts most of its effects through Gq/11 protein activation also 

increased the expression of LMCD1 (Figure 7.D). 

It is widely established that Gq/11 activation leads to Ca2+ release from the ER to 

the cytosol through IP3 production and to PKC activation by DAG - secondary 

messengers that play key roles in various signaling pathways initiated by AT1R activation 

(2). Chelation of Ca2+ completely abolished AngII-mediated LMCD1 upregulation 

(Figure 8.A), while inhibition of PKC had no significant effect.  
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MAPK cascades are well-known effectors of AT1R signal transduction that 

mediate gene expression changes (63,64).Results of PROGENy pathway analysis also 

confirmed that the MAPK pathway is remarkably active in response to AngII stimulation 

in primary VSMCs (Figure 11.B). We wanted to identify which MAPK isoform plays a 

prominent role in the AngII-mediated LMCD1 upregulation. Pharmacological inhibition 

of p38 MAPK completely prevented the AngII-mediated increase of LMCD1 expression, 

while the inhibition of ERK1/2 and JNK pathways had no significant effect. These 

findings are consistent with our group’s earlier studies on other AngII-responsive genes  

(65). In fact, p38 pathway is often activated by environmental stress and inflammatory 

cytokines and was reported to play a prominent role in the pathogenesis of several 

cardiovascular diseases (36,66,67). LMCD1 overexpression significantly increased 

cellular proliferation and migration in VSMCs (Figure 10.) which are essential steps of 

pathological vascular remodeling. Our data suggests that AngII-mediated LMCD1 

upregulation via p38 pathway activation might play a role in the vascular remodeling 

process and in the pathogenesis of cardiovascular diseases, related to the excessive 

activity of RAAS.  

Beyond the MAPK cascade activation, the results of PROGENy pathway analysis 

revealed that EGFR pathway activation is particularly strong in response to AngII 

stimulation in VSMCs (Figure 11.B). EGFR transactivation by AT1R is well known to 

mediate proliferative effects of AngII (4), via activation of Src kinases, MAPK cascades, 

and potentiating calcium signal (68,69). We examined the importance of EGFR 

transactivation in case of three DUSP isoforms that are significantly upregulated in 

VSMCs in response to AngII stimulation (Figure 11.A). DUSP proteins are important 

regulators of the MAPK cascades that not only inhibit the activity of MAP kinases by 

dephosphorylation on their tyrosine and threonine residues, but they can also control the 

spatiotemporal dynamics of the different MAPKs (70,71). Our results show that EGFR 

specific pharmacological inhibitors effectively decreased AngII-induced upregulation of 

all the three examined DUSP isoforms (Figure 13.). In case of DUSP6, stimulation of the 

EGF receptor by its agonist alone could robustly elevate the gene’s expression level 

(Figure 14.B), while in the case of DUSP5 and DUSP10, the effect of EGF was 

significant, but less spectacular (Figure 14. A and C). On Figure 13. we could observe a 

massive decrease in the AngII mediated upregulation in the case of all the three DUSP 
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isoforms. These data suggested that EGFR transactivation has a prominent role in case of 

the AngII-mediated upregulation of these genes, but it must be highlighted that 

pharmacological inhibitors often have off-target molecules, whose inhibition leads to 

misleading conclusions. Based on literature data, the AT1R-mediated transactivation of 

EGFR occurs via matrix-metalloproteinase activation (4). Interestingly only DUSP5 

showed a significant decrease in AngII-induced upregulation using an MMP2/MMP9 

inhibitor (Figure 13.D), but in case of DUSP6 and DUSP10 its effect was statistically 

insignificant (Figure 13.E and F). These results confirm the proposition that the 

importance of EGFR transactivation must be evaluated very carefully.  

In order to further clarify EGFR’s role, we designed lentiviral constructs 

expressing EGFR-specific shRNAs to reach more specific, genetic silencing of EGFR 

(Figure 12.). With the two designed constructs, significant downregulation of EGFR 

mRNA expression and EGFR activity was reached, and in case of shEGFR#2 a slightly 

greater efficacy can be observed (Figure 12.), therefore the shRNA#2 construct was 

utilized in the subsequent experiments. Infecting cells with EGFR specific shRNA 

expressing lentiviral construct produced similar results as the MMP2/MMP9 inhibition. 

The genetic silencing of EGFR resulted a significant, but not as massive effect as AG1478 

or gefitinib (Figure 13.A) on AngII-mediated upregulation of DUSP5 (Figure 14.A), but 

did not significantly affect the DUSP6 and DUSP10 upregulation (Figure 14.B and 14.C). 

These results suggest that the AT1R-mediated EGFR transactivation has a significant role 

in case of DUSP5 but is not a central mediator of AngII-induced gene expression for all 

three DUSPs.  

The results of my PhD work obviously raise the questions if the EGFR 

transactivation is not the primary mechanism, then what other pathways play key roles in 

the AngII-mediated gene expression changes. To address this question, we pretreated 

VSMCs with various tyrosine-kinase inhibitors. Among those, dasatinib, a clinically used 

inhibitor of BCR/Abl and Scr kinase family (72), provided promising results (Figure 15). 

Half an hour of 1 µM dasatinib pretreatment on serum-starved VSMCs caused significant 

inhibition of AngII-mediated upregulation of all the three examined DUSP isoforms. In 

contrast, experiments done with imatinib pretreatment, a more specific inhibitor of 

BCR/Abl with limited effect on Src kinase activity (73) did not significantly inhibit the 

AngII-induced upregulatory effects (Figure 15.A-C).  
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The identification of the specific tyrosine-kinase or kinases that play a role in the 

examined process and also the investigation of their EGFR transactivation independent 

activation are key directions for future research. One of the most important future plans 

of our research group is to investigate these mechanisms further, and also to investigate 

the physiological roles of DUSP5, DUSP6 and DUSP10 in vascular smooth muscle cells, 

as well as their contribution to the long term effects of AngII, both in vitro and in vivo.  
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6. Conclusions 

1. LMCD1 is significantly upregulated by AngII in vascular smooth muscle cells. Its 

mRNA level peaks 1 to 3 hours after AngII stimulation, while the LMCD1 protein 

level reaches its maximum approximately 24 hours after AngII treatment.  

2. In VSMCs, LMCD1 is mainly localized in the nucleus and shows significant 

accumulation in the Golgi apparatus after AngII stimulation. 

3. AngII induces LMCD1 upregulation activating AT1R, via Gq/11 induced calcium 

signal and p38 MAPK activation.  

4. LMCD1 overexpression leads to increased proliferation and migration in vascular 

smooth muscle cells.  

5. MAPK cascade activation and EGFR transactivation seems to play crucial roles in 

AngII-induced gene expression changes in VSMCs. 

6. Genetic silencing of EGFR is significantly less effective in AngII-mediated 

upregulation of certain genes compared to pharmacological inhibition.  

7. It is possible that, in addition to EGFR, other tyrosine kinases, such as Src kinase 

family play key roles in AngII-mediated gene expression changes. 
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7. Summary  

During my PhD work, my research mainly focused on the AngII provoked long 

term effects in the vascular smooth muscle cells.  

Using Affymetrix gene-chip assay, we identified numerous genes, up- or 

downregulated in VSMCs to AngII stimuli. Firstly, we focused on LMCD1, the gene of 

a LIM-protein, basically regulating proliferative cellular functions as a transcriptional co-

factor. We investigated the main signal transduction pathways that lead to LMCD1 

upregulation in VSMCs to AngII treatment. Furthermore, we described the effects of 

LMCD1 protein overexpression on cellular proliferation and migration.  

Due to the results of PROGENy pathway analysis, we evaluated the importance 

of AT1R dependent EGFR transactivation in VSMCs. We evaluated the importance of 

AT1R activation related EGFR transactivation in the case of the genes of three different 

dual specificity phosphatase isoforms, which were proved to be significantly upregulated 

by AngII in VSMCs. Our findings demonstrate that genetic silencing of EGFR did not 

cause such a spectacular reduction of AngII induced upregulation in the case of DUSP5, 

DUSP6 and DUSP10 genes, than we could measure using pharmacological inhibition of 

EGFR protein. Since pharmacological inhibitors often inhibit off-target proteins too, it is 

possible that there are other tyrosine-kinases that play an important role in the AngII-

mediated upregulation of the three examined genes. Based on our yet unpublished data, 

we found proof that dasatinib sensitive tyrosine-kinases, like Src family kinases, might 

be responsible in this process, but the examination and description of the exact pathways 

leading to AngII mediated upregulation of DUSP5, DUSP6 and DUSP10 genes will have 

to be the subject of our future research.  
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