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Introduction 

Myocardial infarction (MI) is the result of an occluded artery in the heart, causing an 

interrupted blood flow to the distal region that leads to myocardial damage. The dead 

cardiomyocytes in the affected myocardium will evoke an inflammatory reaction, 

which is the start of the wound healing process. Macrophages and other phagocytic 

cells clear the dead tissue in the affected region. This is followed by infiltration of 

(myo)fibroblasts into the infarcted area and deposition of extracellular matrix (ECM) 

that replaces the lost cardiomyocytes. Finally, the number of cells in the infarcted 

region will reduce and the deposited ECM will mature into a stabilized scar(1). The 

quality of the wound healing process following MI is of major importance for 

maintaining cardiac structure and dimensions. Inadequate wound healing can result in 

ventricular stiffening, thinning of the left ventricular wall, left ventricular dilation and 

ultimately in the development of heart failure.  

Worldwide, over 26 million people are estimated to suffer from heart failure 

regardless of the etiology(2). Approximately 20% of men and 23% of women over 65 

years of age will develop heart failure within five years of having a first MI(3). Dilatation 

of the left ventricle due to MI is a major cause of heart failure. Current therapy for 

heart failure aims at improving the function of the remaining myocardium rather than 

optimizing the wound healing process. It includes drug classes that target e.g. the 

renin-angiotensin-aldosterone system (RAAS) and the β-adrenergic system. These 

drug classes exert beneficial effects on the prognosis of heart failure patients. 

Nevertheless, these drugs do not cure heart failure or target the wound healing 

process of the infarcted area but only delay further deterioration of the cardiac 

function.  

There is a need for novel therapies that target the process of adverse remodeling 

following MI in order to prevent the subsequent dilatation of the left ventricle and 

development of heart failure. A candidate for such a target is the Wnt/Frizzled 

signaling pathway. This is a complex pathway with multiple components and 

downstream mechanisms. It is active during embryogenesis and is involved in the 
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development of the cardiovascular system(4,5). In the healthy adult organism, Wnt 

signaling is limited and is mainly involved in tissue homeostasis. However, a sudden 

reactivation of Wnt/Frizzled signaling is commonly observed following development 

of a pathological condition such as an MI. The evidence of Wnt/Frizzled signaling 

being involved in the wound healing process following MI is expanding and previous 

studies have shown that interventions in the Wnt/Frizzled signaling pathway 

following MI, have a distinct effect on the outcome(6,7). A previous study from our lab 

demonstrated that administration of UM206, a peptide fragment of Wnt5a, has 

beneficial effects on cardiac dimensions and function in a mouse model of MI, thereby 

preventing development of heart failure(8).  

Given the importance of adequate wound healing in the prevention of heart failure 

development following MI and the role of Wnt signaling in this wound healing, we have 

investigated the importance of this pathway in this process both from a 

pathophysiological and a therapeutic point of view. This resulted in the following 

aims: 

Aims of this thesis 

 Determine the expression of components of Wnt/Frizzled signaling in different 

mouse strains, known to have a divergent wound healing process, and in post 

mortem human infarct samples. 

 Determine the optimal dosage regimen of UM206 in the wound healing process 

following MI. 

 Test the effectiveness of UM206 on the wound healing process in a 

translationally relevant swine model of cardiac ischemia. 

 Develop new peptide antagonists based on the crystal structure of Wnt in 

complex with the Frizzled cysteine rich domain (CRD). 

Outline of the thesis 

Following this introduction and aims of the thesis, an introduction into Wnt/Frizzled 

signaling is provided in Chapter 2 accompanied by an overview of the implications of 
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this signaling in cardiovascular development, myocardial infarction, heart failure, 

cardiac hypertrophy, atherosclerosis and arrhythmias. 

The wound healing process following MI is substantially different between several 

mouse strains(9). To investigate whether this discrepancy in infarct healing can be 

attributed to differential regulation of Wnt signaling, we describe in Chapter 3 the 

expression profiles of several Wnt/Frizzled genes in four different mouse strains and 

link them to cardiac parameters. Furthermore, Wnt/Frizzled gene expression in 

human post mortem samples at different stages following MI is determined. 

In Chapter 4, a translationally relevant swine model of reperfused MI was used in 

order to confirm the initial beneficial findings of UM206 found in mice, in a clinically 

more relevant situation. To this end, swine were exposed to two hours of local 

myocardial ischemia followed by reperfusion and were treated continuously with 

either UM206 or control solvent for five weeks. As was done in the previous mouse 

study, cardiac function as well as gene expression of a wide array of genes involved in 

Wnt signaling and cardiac wound healing was analyzed.  

Chapter 5 provides an overview of all mouse studies that were performed with 

UM206 as a treatment. A systematic overview of eight individual studies addresses 

the importance of the experimental conditions on the outcome of the study. The 

effectiveness of UM206 was analyzed in relation to dose, timing, source of UM206 

and genetic background. 

The crystal structure of the Wnt/Frizzled complex demonstrated that UM206 has no 

direct interaction with the Frizzled CRD. In Chapter 6, the development of novel 

peptide fragments of Wnt3a and Wnt5a is described. The peptide sequence is based 

on two predicted sites of interaction between Wnts and the Frizzled CRD. A peptide 

library was designed to identify crucial characteristics of the peptides in order to 

interfere with Wnt signaling. In this study, an in vitro assay was used in order to test 

inhibitory capacity of these peptides on canonical Wnt/Frizzled signaling. 

In Chapter 7 a brief summary of the findings of this thesis is presented. This is 

followed by a discussion that places the findings in a broader scientific perspective. 
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Abstract 

Wnt signaling encompasses multiple and complex signaling cascades and is involved 

in many developmental processes such as tissue patterning, cell fate specification, 

and control of cell division. Consequently, accurate regulation of signaling activities is 

essential for proper embryonic development. Wnt signaling is mostly silent in the 

healthy adult organs but a reactivation of Wnt signaling is generally observed under 

pathological conditions. This has generated increasing interest in this pathway from a 

therapeutic point of view. In this review article, the involvement of Wnt signaling in 

cardiovascular development will be outlined, followed by its implication in myocardial 

infarct healing, cardiac hypertrophy, heart failure, arrhythmias, and atherosclerosis. 

The initial experiments not always offer consensus on the effects of activation or 

inactivation of the pathway, which may be attributed to (I) the type of cardiac disease, 

(II) timing of the intervention, and (III) type of cells that are targeted. Therefore, more 

research is needed to determine the exact implication of Wnt signaling in the 

conditions mentioned above to exploit it as a powerful therapeutic target. 
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Introduction 

Cardiovascular disease is one of the main causes of morbidity and mortality 

worldwide. Although it comprises of several distinct conditions such as hypertension, 

atherosclerosis, and heart failure, many of the underlying pathological pathways - 

including inflammation, fibrosis, and cell death - are common. With the introduction 

of the diuretics, inhibitors of the renin-angiotensin system, adrenoceptor blockers, 

and calcium antagonists in the last decades, the progression of cardiovascular 

disease can be slowed down and average survival time of the patients is improved. 

However, regression or even cure of the underlying pathology is rarely achieved with 

these drug classes. This has evoked extensive research programs for novel 

therapeutic targets, yielding important new drug classes such as the statins, primarily 

designed for treatment of lipid disorders leading to atherosclerosis, and aldosterone 

antagonists for heart failure. Unfortunately, in the last decade the vast majority of the 

phase III clinical trials of new cardiovascular drugs, in particular those targeting heart 

failure, have yielded disappointing results(242). The recent PARADIGM-HF trial is an 

exception, showing a beneficial effect of a combined neprilysin inhibitor/angiotensin 

receptor blocker over enalapril on mortality and hospitalization for heart failure(159). 

The lack of success of most of the novel therapies can be attributed to an inadequate 

understanding of the underlying disease mechanisms in individual patients resulting 

in “one size fits all” therapy rather than tailored targeting of the molecular 

mechanisms that need adjustment in an individual patient. This calls for a better 

understanding of these molecular mechanisms to improve the success rate of new 

therapies in well-defined subgroups of patients(217). 

One of these molecular mechanisms is Wnt signaling, a pathway that has been shown 

to be involved in the development of the cardiovascular system but is reactivated in a 

variety of cardiovascular conditions. In this review article, we will start with a 

description of the complexity of the Wnt signaling mechanisms, followed by a 

description of its involvement in cardiovascular development. Subsequently, we will 

focus on different cardiovascular pathologies and present the experimental evidence 
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for the involvement of Wnt signaling in its development and/or progression. We will 

conclude with an evaluation of the potential of this signaling pathway in better 

diagnosis and therapy of cardiovascular disease. 

Wnt/Frizzled Signaling 

The first Wnt gene, then called int-1, was discovered by Nusse and Varmus in 1982(186) 

and to date the family of Wnt proteins consists of at least 19 members. The term 

“Wnt” was derived from a combination of the Drosophila segment polarity gene 

Wingless and the mouse proto-oncogene Int-1 since these genes encode similar 

secretory glycoproteins(185). Wnts have an essential role in many developmental and 

physiological processes. They control many biological processes such as tissue 

patterning, cell fate specification, control of asymmetric cell division, and processes 

controlling self-renewal of adult tissue(47). More recently it has become evident that 

Wnt signaling is implicated in pathological processes as well. Wnt signaling is involved 

in an increasing number of diseases ranging from cancer to cardiovascular diseases. 

Wnt proteins 

Wnts are glycosylated proteins, ∼350 to 400 amino acids in size, and share 27% to 

83% of their sequence identity among family members(166). Wnts are characterized by 

a conserved pattern of 22-24 cysteines and a posttranslational palmitoylation on a 

serine residue (Ser209 on Wnt3a) at the N-terminal side that makes them 

hydrophobic(101). The region around this residue is highly conserved and targeted 

mutations of this serine or surrounding amino acids significantly reduces the 

secretion and thereby the activity of the protein(124,145). Porcupine, which has 

structural similarities to membrane-bound O-acyltransferases, is required for 

Ser209-dependent palmitoylation and reduced expression levels inhibit 

palmitoylation and secretion of the Wnt protein(232). The necessity of Porcupine 

activity is emphasized by the evidence that mutations in this X-linked gene result in 

early embryonic death in male mice(20) and causes focal dermal hypoplasia syndrome 

in human female heterozygotes(234). Secretion is also dependent on the recognition of 
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the palmitoylated serine residue by the conserved transmembrane protein 

Wntless/Evi that results in binding and trafficking of Wnt proteins to the cell 

surface(15,22,90). Once Wnt proteins are secreted, the palmitoylation is thought to 

control the membrane localization due to their high hydrophobicity. On the other 

hand, the covalently attached lipid could interact with a carrier protein such as 

Swim(176) or lipoprotein particles(196) to shield this hydrophobic fragment in an 

aqueous environment and thereby promote long-range signaling. For more than two 

decades, attempts have been made to purify Wnt proteins from recombinant 

material, without success, which is in large part because of their hydrophobic nature. 

Willert et al. were the first ones able to purify biologically active Wnt3a(259) and more 

recently protocols have been published that outline the purification process for a 

large subset of Wnts(260). 

In 2012, Janda et al. were the first to present the crystal structure of the Xenopus 

Wnt8 in complex with the cysteine-rich domain (CRD) of the receptor for this ligand, 

Frizzled8 (Fzd8)(101). They demonstrated that Wnt has a rather unusual shape that 

resembles the outline of a hand with a thumb and index finger grasping the Fzd8-CRD 

at two opposing sites (Fig. 1). This structure and the way of binding to Frizzled are not 

known for any other protein or complex respectively. The thumb at the N-terminal 

domain, also known as “site 1,” contains the palmitic acid lipid at the tip and engages a 

groove on the Fzd8-CRD, whereas the index finger at the C-terminal domain, known 

as “site 2,” forms a strong hydrophobic contact with a groove on the opposite side of 

the Fzd8-CRD. This leaves a gap with conformational plasticity in the center of the 

complex, which might be involved in dimerization or binding to co-receptors and 

might be important for Wnt/Frizzled specificity as well(44,101). 

Receptors 

Wnt ligands have been suggested to interact with several classes of receptors of 

which the best studied class is the Frizzled family. These are seven transmembrane 

receptors with sizes ranging from 500 to 700 amino acids and have a large 

extracellular N-terminal domain that contains a CRD that participates in binding to 
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Wnt ligands(219). It is suggested that Frizzled signaling is activated in two steps by first 

capturing Wnt by the CRD, followed by interaction with the membrane part of the 

receptor to commence signaling(203). Frizzled proteins have at least three intracellular 

loops and a C-terminal domain that communicate with downstream signaling factors 

in the cellular cytoplasm(174). Frizzleds belong to the class of G-protein-coupled 

receptors (GPCRs) as they possess many characteristics of this class. Frizzled 

receptors are found in homo- and heteromeric oligomers with other family 

members(109), which is typical for GPCRs. Other features of GPCRs such as 

glycosylation and phosphorylation sites for cyclic AMP-dependent protein kinase 

(PKA), protein kinase C (PKC), and casein kinase 2 (CK2) are shared by Frizzleds as 

well. On the other hand, they lack some other hallmarks such as conserved amino acid 

patterns important for G-protein coupling in the second intracellular loop(9). 

 

Figure 1 | Crystal structure of Xenopus Wnt8 in complex with the cysteine rich domain (CRD) of Frizzled8 
(Fzd8). The structure of the Wnt protein mimics the palm of a hand with an index finger at the C-terminal 
domain and a thumb and the N-terminal domain. The index finger and the palmitic acid both make contact 
with the CRD leaving a gap in the middle that might be important for Wnt/Frizzled specificity. 
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Therefore, they have been classified by the International Union of Pharmacology as a 

novel and separate family of GPCRs, the “Class Frizzled”(68). To date, 10 different 

Frizzled receptors have been identified in mammals. Genome sequences unveil a very 

high level of homology between the Frizzleds by sharing more than 20 residues of 

identity, suggesting that distinction to downstream signaling must be located in the 

non-identical intracellular loops(252). Furthermore, the receptor tyrosine kinase 

families Ror and Ryk have been identified as receptors for several Wnts too(113). The 

Ror family consists of two members, Ror1 and Ror2, which are single-pass 

transmembrane receptors and characterized by an extracellular CRD, an intracellular 

cytoplasmic tyrosine kinase and proline-rich domains(69). It has been demonstrated 

that Ror2 can associate and induce signaling with Wnt5a, but not with Wnt3a(165,190). 

Ryk is a single-pass transmembrane receptor as well and contains an extracellular 

domain similar to Wnt inhibitory factor-1 (WIF1)(198) that is able to interact with Wnt1 

and Wnt3a(143). The single-pass transmembrane low-density lipoprotein receptor-

related protein (LRP) 5 and 6 have been shown to act as co-receptors, specifically 

required for canonical signaling (discussed in more detail below), by forming 

oligomers and activating intracellular signaling by acting as docking site for Axin(53,163). 

Signaling pathways 

To date at least three different Wnt signaling pathways have been described, namely, 

the Rho/c-jun N-terminal kinase (JNK) (Fig. 2A), the calcium (Fig. 2B), and the - best 

studied - β-catenin pathway (Fig. 3). The latter pathway is also known as the canonical 

pathway, uses β-catenin as second messenger and is regulated at many levels. In cells 

not exposed to Wnts, the major signaling components such as the receptors and β-

catenin are kept in “off state.” For β-catenin this is done by a complex that includes 

adenomatous polyposis coli (APC), glycogen synthase kinase (GSK) 3β, casein kinase 

1 (CK1), and Axin. This complex interacts with β-catenin, which results in 

phosphorylation of serine and threonine residues by GSK3β and CK1. This complex is 

known as the β-catenin destruction complex since the phosphorylation leads to 

ubiquitination and degradation of β-catenin by the proteasome(116). By this 
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mechanism, cytoplasmic levels of β-catenin are kept low and the protein cannot 

enter the nucleus to activate gene transcription. Frizzled receptors are prevented 

from signaling by the negative regulator Dickkopf (DKK) that interacts with the LRP 

co-receptor. This leads to internalization of the LRPs and thereby reducing the 

availability of Wnt signaling(108). Upon binding of Wnt to Frizzled and the LRP co-

receptor, signaling is activated and results in the formation of a complex involving 

Dishevelled (Dvl), Axin, and GSK3β which leads to the breakdown of the destruction 

complex(48). Now β-catenin is no longer phosphorylated, allowing it to accumulate in 

the cytoplasm and subsequently enter the nucleus where it interacts with T-cell 

factor/Lymphoid enhancing factor (TCF/LEF) transcription factors. These factors can 

activate transcription of a wide range of target genes including cyclin D1, c-jun, c-

myc, fra-1, Axin2, Wnt1 inducible signaling pathway proteins (WISP)(112,133,201), and 

many more. Axin2 is able to downregulate β-catenin and acts as a negative regulator 

   
Figure 2 | Schematic overview of the non-canonical signaling pathways. (A) In the planar cell polarity 
pathway, Wnt binds to Frizzled and activates signaling independent from low-density lipoprotein 
receptor-related protein (LRP) 5/6. Dishevelled (Dvl) activates the small GTPases Rho and RAC that 
thereafter activate Rho kinase (ROCK) and c-jun N-terminal kinase (JNK) respectively. (B) The Wnt/Ca2+ 
signals through G-proteins that activate phospholipase-C (PLC). PLC causes a rise in intracellular Ca2+ that 
activates the Ca2+-dependent enzymes calcineurin, calcium/calmodulin-dependent kinase II (CaMKII), and 
protein kinase C (PKC). These enzymes can modulate the translocation of NFAT to the nucleus. 
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of canonical Wnt signaling(103). In the absence of Wnt signaling, the TCF/LEF complex 

acts together with Groucho as repressors of Wnt target genes. β-Catenin, together 

with the co-activators CBP, BCL9 and Pygopus, is able to transform the TCF/LEF 

complex into a transcriptional activator for the same target genes(80). 

The non-canonical signaling pathways (Fig. 2) do not make use of β-catenin. Wnt can 

stimulate the planar cell polarity (PCP) pathway (Fig. 2A), which regulates the 

orientation with adjacent cells and induces cytoskeletal rearrangements that lead to 

    

Figure 3 | Schematic overview of the canonical/β-catenin-mediated signaling pathway. In the “off state” 
(left) the Frizzled receptor is not engaged by a Wnt protein. Wnts can also be scavenged by secreted 
frizzled-related proteins (sFRP), thereby inhibiting signaling. In addition, canonical signaling is also 
prevented by inhibition of the low-density lipoprotein receptor-related protein (LRP) 5/6 co-receptors by 
Dickkopf (DKK). In the absence of signaling, the β-catenin degradation complex consisting of glycogen 
synthase kinase 3β (GSK3β), Axin, adenomatous polyposis coli (APC), and casein kinase 1 (CK1) 
phosphorylates β-catenin, which causes ubiquitination and degradation of the latter. In this way, 
cytoplasmic β-catenin levels are kept low and prevent the protein from entering the nucleus to activate 
gene transcription. In the “on state” (right) Wnt binds to Frizzled and activates signaling together with the 
LRP co-receptors. Now Dvl is mobilized and inactivates the β-catenin degradation complex. Hence, β-
catenin accumulates in the cytoplasm and is able to translocate to the nucleus where it interacts with the 
TCF/LEF transcription factors. These factors induce the transcription of Wnt-responsive genes. 
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the development of lateral asymmetry in several structures. This is achieved by 

activation of the small GTPases RAC and Rho by Dvl, that thereafter activate JNK and 

Rho kinase(226). Wnt can also induce calcium-dependent signaling via G-proteins (Fig. 

2B). These proteins activate phospholipase-C (PLC) which causes release of calcium 

from intracellular stores. The rise in intracellular Ca2+ can activate Ca2+-dependent 

enzymes such as the calcium/calmodulin-dependent kinase II (CaMKII), PKC, and 

calcineurin. Activation of CaMKII phosphorylates NFAT and thereby inhibits 

translocation to the nucleus(146), whereas activated calcineurin can dephosphorylate 

NFAT, leading to an accumulation in the nucleus(61). Less well-understood pathways 

involve the binding of Wnt to Ror and Ryk receptors. Ror2 has been shown to activate 

the JNK and/or inhibit the β-catenin pathway upon Wnt5a-mediated signaling(184) 

whereas Ryk signaling has been linked to activation of members of the Src family of 

tyrosine kinases(261). 

Modulation of signaling by endogenous and pharmacological agents 

Besides Wnts, two other families are known to activate Wnt signaling namely, Norrin 

and R-spondin(58). Alternative modulation of Wnt signaling can occur through several 

endogenous proteins. Two major classes have been described that prevent ligand-

receptor interaction, but by different mechanisms. The DKK class inhibits signaling by 

interacting with LRP co-receptors, which causes internalization of the LRPs and 

thereby abrogate signaling. It has been indicated that DKK1-mediated LRP5/6 

internalization is accompanied by interaction with single pass transmembrane 

proteins of the Kremen family(149). On the contrary, in the absence of DKK1, Kremen 

can activate Wnt signaling through LRP5/6(88). This discrepancy is explained by the 

different mechanisms of internalization, since activation of Wnt signaling is also 

dependent on internalization(267). The second class comprises of the secreted 

frizzled-related protein (sFRP) family that also includes WIF1 and Cerberus(108). With 

their Frizzled-like CRD they can scavenge Wnts in the extracellular space and thereby 

affect the interaction between Wnt and Frizzled. Five family members of sFRPs, 

sFRP1-5, have been identified thus far(120). Besides their effect on Wnt signaling, 
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sFRPs can also have other effects. For example, sFRP2 has been suggested to play a 

role in fibrosis(194). Other small protein families such as, Wise/SOST, insulin-like 

growth factor (IGF)-binding protein 4, Shisa, adenomatosis polyposis coli 

downregulated 1, and Tiki1 have also been described to inhibit Wnt signaling but are 

not adequately studied thus far(58). 

Several small molecule Wnt signaling modulators have been discovered to date that 

act on various targets of the signaling cascade (Table 1). To specifically inhibit the 

canonical signaling one could imagine that targeting the complex formation between 

β-catenin and TCF/LEF would be very effective since this is the most downstream 

part of this pathway. A few compounds have been suggested to target at this level, 

such as CGP049090 and PKF115-854(132); however, their efficacy and specificity still 

have to be confirmed thoroughly. Additional research on targeting β-catenin is 

probably omitted as it contains a large binding domain that is not easy to target with 

pharmacological agents(95). On the other hand, ICG-001 is a small molecule that 

Table 1 | Overview of Compounds that can Inhibit/Stimulate Wnt Signaling 

Target Compound Mechanism of action Effect 

Porcupine IWP2 Inactivation of porcupine thereby inhibiting Wnt 
secretion 

Inhibition 

Fzd1/2 UM206 Inhibits binding Wnt3a/5a to Fzd1/2 Inhibition 

CK1 Pyrvinium Stabilizing CK1 thereby promoting β-catenin 
degradation 

Inhibition 

Axin IWR  
XAV939 

Stabilizing Axin thereby promoting β-catenin 
degradation 

Inhibition 

GSK3β Lithium Chloride 
SB-216763 
AR-A014418 
CHIR 
BIO 

Inhibits GSK3β thereby reducing β-catenin 
degradation 

Stimulation 

unknown KY02111 unknown Inhibition 

β-catenin CGP049090 
PKF115-854 
ICG-001 

Prevents β-catenin mediated transcription Inhibition 



Chapter 2 

	  24 

targets β-catenin as well, albeit on another binding region. ICG-001 is able to 

specifically block the interaction between β-catenin and one of its transcriptional co-

activators, cyclic AMP response element-binding protein (CBP), thereby preventing 

β-catenin TCF-mediated transcription(66). Recently, a new small molecule, 

KY02111(168), has been identified to inhibit canonical Wnt signaling, though its direct 

target has not been discovered yet. In vitro experiments indicate that it might 

function downstream from GSK3β and APC in the β-catenin degradation complex but 

additional research is needed to clarify this. Another protein in this complex is Axin. 

Stabilization of Axin by molecules such as IWR(37) and XAV939(94) increase the β-

catenin degradation and thereby inhibit the canonical pathway. Degradation complex 

member CK1 has also been described as a target for inhibition. This is carried out by 

the FDA-approved drug Pyrvinium that has been shown to boost the activity of CK1 

by increasing CK1α-kinase activity(214,235). Porcupine is essential for processing and 

secretion of Wnts and would therefore be an ideal target to specifically affect Wnt 

signal transduction. Screening of a synthetic chemical library has led to the discovery 

of IWP2, which is able to inactivate porcupine with a high degree of selectivity and 

thereby block secretion of Wnts(37). Notably, no small molecule has been unveiled that 

prevents the interaction between a Wnt ligand and Frizzled receptor. Nevertheless, 

there is a 13-amino-acid-enclosing peptide fragment of Wnt3a/Wnt5a, UM206, that 

has been described by our group to inhibit Wnt/Frizzled signaling by utilizing a Wnt3a 

binding site on the Fzd1 and Fzd2 receptor(128). The exceptional structure and shape 

of Wnt ligands with their two binding sites (Fig. 1), that recently has been 

published(101), might complicate the screening for small molecules that block binding 

to the receptor with a high specificity and affinity. 

Most agonists for Wnt signaling target GSK3β, as inhibition of this protein results in 

accumulation of β-catenin in the nucleus and subsequent transcription of target 

genes. Hence, GSK3β is an attractive and easy target for promoting Wnt signaling. 

The most classical compound that has been utilized for this purpose is Lithium 

Chloride (LiCl). LiCl potently inhibits GSK3β (IC50 2 mmol/L), yet it is not an inhibitor of 

other protein kinases(119). Since the late 1990s several other compounds have been 
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identified that inhibit GSK3β with more potency and selectivity than LiCl. These 

compounds include SB-216763(49), BIO(161), CHIR(208), AR-A014418(24), and 

thiadiazolidinones(152), and have IC50 values in the micro- to nanomolar range. There 

are differences between the compounds with respect to the mechanisms of action. 

Thiadiazolidinones are non-ATP competitive inhibitors, whereas SB216763, AR-

A014418 and CHIR do compete for these binding sites. The numerous agents that are 

available demonstrate that GSK3β is an easy target. However, GSK3β is not only 

involved in Wnt signaling but also functions as a “hub” in various other signaling 

events. GSK3β activity can be regulated by other singling pathways such as the IGF 

pathway(222) and β-adrenergic signaling(173). As a consequence, GSK3β inhibition has 

pleiotropic effects by affecting other pathways as well. For this reason, study 

outcomes have to be carefully interpreted when using these compounds.  

To sum up, Wnt signaling can be inhibited at distinct levels of the pathway with the 

current available modulators. However, to expand our understanding of the Wnt 

pathway, there is a need for the discovery of more compounds. An interesting 

challenge will be to block the interaction between specific subsets of Wnts, Frizzleds 

and their co-receptors to pinpoint the effect of distinct ligand/receptor 

combinations. 

Wnt Signaling in Cardiovascular Development 

Cardiogenesis 

Wnt/Frizzled signaling is fundamental for a wide range of developmental mechanisms 

including the formation of the embryonic heart. A substantial amount of research has 

been done to elucidate the role of Wnt signaling in cardiogenesis and to disclose the 

causes of congenital heart diseases. In addition, this research is also beneficial from a 

therapeutic point of view to enhance cardiac regeneration or differentiation from 

cardiac progenitor cells following a traumatic event. It has been demonstrated that 

Wnt signaling plays an important role in many processes involving cardiac 

development and differentiation(31,65,76,118,239). 
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In mammals, the multichambered heart is the first organ that is formed during 

development to provide the growing embryo with sufficient nutrients and oxygen(228). 

Different, partially overlapping, phases can be distinguished during the development 

of the vertebrate heart. Formation is initiated by specification of myocardial and 

endocardial precursor cells in the heart-forming fields of the anterior lateral plate 

mesoderm. The heart is formed from two heart fields. Cardiac progenitor cells from 

the first heart field contribute to the left ventricle and atria whereas precursor cells 

from the second heart field mainly contribute to the outflow tract, right ventricle and 

atria(33). Following specification of precursor cells, the linear heart tube is formed by 

cell migration and morphogenetic movements. These initial processes are followed 

by cardiac looping, chamber formation, septation, and formation of the cardiac 

valves(31). The expression of Wnt ligands, Frizzled receptors, or extracellular Wnt 

inhibitors occurs during all of these phases and involves complex expression patterns 

in different regions and cell types. 

Wnt signaling in the different stages of cardiogenesis 

Even before cardiac progenitor cells can be specified from the mesoderm, this germ 

layer has to be formed. Canonical Wnt signaling has been shown to be essential for 

mesoderm formation. Knock-out of β-catenin, or absence of functional Wnt3a fails to 

generate mesodermal-specific tissue(97,140). Initial data demonstrated conflicting 

results concerning the Wnt/β-catenin function during cardiac specification. In 

chicken and Xenopus embryos, activation of canonical Wnt signaling in the anterior 

mesoderm suppressed cardiac differentiation whereas inhibition favors cardiac 

development(153,218). On the other hand, cell culture experiments have proven active 

Wnt signaling to be favorable for cardiac-specific gene expression(179). More recent 

data resolve this conflict by indicating time dependent effects of Wnt signaling. In 

zebrafish embryos, application of Wnt8a before gastrulation results in more, while 

administration after gastrulation results in less cardiomyocytes. This effect could be 

reversed by administering DKK1 at specific time points(241). These findings suggest a 



Wnt signaling in cardiac disease 

 27 

biphasic function, or possibly a gradient, of Wnt/β-catenin signaling during 

cardiogenesis. 

Not only canonical, but also non-canonical Wnt signaling contributes to cardiac 

specification in the mesodermal germ layer. To this end, Wnt11 is the best studied 

protein and has been shown to be required for cardiac differentiation through 

activation of non-canonical signaling involving PKC and JNK(64,197). In addition, in 

Xenopus embryonic explants, Wnt11 is sufficient to trigger a contractile phenotype, 

as also observed by the Wnt/β-catenin inhibitor DKK1(197). However, DKK1 has been 

described strictly as canonical Wnt inhibitor and Wnt11 has also been defined as a 

dominant negative inhibitor of canonical Wnts(157,257), suggesting that this effect is 

not solely due to non-canonical signaling but by suppression of β-catenin-mediated 

signaling as well. 

Wnt signaling is also involved in later stages of cardiac development. A prerequisite 

for cardiac morphogenesis is cell adhesion and direct cell-cell contact in which N-

cadherin plays a vital role. N-cadherin deficient mice do form cardiomyocytes but fail 

to develop a linear heart tube due to absence of these cell-cell contacts(205). Non-

canonical Wnt signaling, in particular Wnt11 through involvement of PKC, has been 

shown to orchestrate N-cadherin expression(263). In addition, Wnt signaling regulates 

the expression of N-cadherin and the strength of N-cadherin mediated cell adhesion 

in neonatal cardiomyocytes(71,237). Subsequent formation of structural components of 

the heart has shown to be mediated by canonical signaling. Specific β-catenin 

downregulation in the second heart field results in absence of the outflow tract and 

right ventricle(2,50,118,127,139).Overexpression of β-catenin on the other hand, results in 

enlargement of second heart field-derived structures(2,127). β-Catenin mediated Wnt 

signaling has also been implicated in endocardial cushion development, which 

eventually gives rise to the heart valves(98). Inhibition of canonical Wnt signaling 

prevents the development of these structures whereas enhanced signaling leads to 

enlarged endocardial cushions. Finally, there is some evidence that the formation of 

the cardiac conduction system is also under the control of Wnt signaling. Looped 
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hearts from chickens, treated with Endothelin-1 (ET-1) reveal an upregulation of 

Wnt7a and Wnt11 and this could be verified in peripheral and central sections of the 

conduction system, respectively(28).  

Taken all together, Wnt signaling, either canonical or non-canonical, plays an 

important role in cardiac development including formation of the mesoderm, 

myocardial specification, morphogenesis of the heart, and valve formation. 

Nevertheless, the activation or inhibition of canonical/non-canonical signaling during 

the several processes is tightly regulated and demonstrates to be crucial for proper 

heart development. 

Vascular development 

During vertebrate development, the embryo reaches a size where it can no longer 

rely on diffusion for the transport of oxygen and nutrients. To solve this, the 

formation of a circulatory system precedes the organogenesis, a process generally 

referred to as vasculogenesis. Subsequently, the vasculature grows and 

differentiates to accommodate the needs of the newly formed tissues, which is called 

angiogenesis(150). The first step in vasculogenesis is the differentiation of 

mesodermal progenitor cells in the extraembryonic yolk sac into endothelial and 

hematopoietic cells, which form a primary vascular plexus(70). Bone Morphogenetic 

Protein 4 and fibroblast growth factor 2 are important mediators of the 

differentiation of the mesodermal cells into either endothelial or hematopoietic 

lineages. The proliferation of the endothelial cells, required to form a vascular 

network, is under the control of vascular endothelial growth factor (VEGF), retinoic 

acid, and Notch signaling(150). The angiogenic maturation of the vascular plexus 

involves sprouting, a process that requires the dissociation and migration of 

endothelial tip cells which are followed by stalk cells. The differentiation of endothelial 

cells into either tip or stalk cells is reversible, and depends on the balance of pro-

angiogenic factors such as VEGF and anti-angiogenic factors such as Notch 

signaling(207). 
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Wnt signaling in vascular morphogenesis 

Wnt signaling has been associated with many of the processes involved in 

vasculogenesis. Endothelial cells express a wide array of Wnt and Frizzled genes as 

well as some Wnt modulators such as sFRPs and DKKs(70,79). Differentiation of 

endothelial cells from embryonic stem cells can be enhanced by stimulation with 

Wnt3a as well as Wnt5a, and both canonical and non-canonical signaling appear to be 

required(250,268). Targeted deletion of Fzd5 was shown by Ishikawa et al. to lead to a 

defective vasculogenesis in the mouse placenta, a disorganization of the capillary 

plexus and markedly reduced endothelial cell proliferation, resulting in embryonal 

lethality at day 10.75 post-coitum(100). Wnt3a enhances the proliferation and 

migration of HUVEC by both β-catenin dependent and independent mechanisms 

through interaction with Fzd4 and Fzd6(212). These observations are supportive for a 

prominent but complex role of Wnt signaling in the earliest stages of vascular 

development. 

In angiogenesis, endothelial cells undergo functional specialization as each sprout is 

formed by a tip cell, involved in guiding the vessel in the required direction, followed 

by rapidly proliferating stalk cells which allow the elongation and form the endothelial 

lining of the newly formed vessel. As shown in Figure 4, Wnt signaling plays a direct 

role in the stalk cells, as stimulation of canonical Wnt signaling promotes tube 

formation in vitro and increases vascular density in in vivo models(79,250). Inhibition of 

Wnt signaling showed mixed results, as overexpression of sFRP2 has been shown to 

either promote(56) or reduce(182) angiogenesis and overexpression of DKK1 promoted 

vascularization(4). No evidence for a direct effect of Wnt signaling on tip cells has yet 

been presented, but Wnt signaling does have an indirect effect on angiogenesis by 

controlling the expression of the Notch ligand Delta-like ligand 4 (Dll4) via a β-catenin 

mediated mechanism (Fig. 4). Dll4 is thought to regulate the specification of 

endothelial cells into tip and stalk cells during angiogenic sprouting, and tip cells 

express higher levels of Dll4. This Dll4 is thought to activate Notch signaling in the 

neighboring stalk cells in the sprout, thereby suppressing the tip phenotype in the 

stalk cells(192). The importance of Dll4 in vascular development is highlighted by the 
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observation that haploinsufficiency for Dll4 results in embryonic lethality due to a 

defective vasculature reminiscent of those observed in Notch knock-outs(73). 

Interestingly, similar vascular defects have been reported in mice carrying an 

endothelium-specific gain-of-function mutant of β-catenin, suggesting an important 

role for this second messenger in the transcriptional control of Dll4 (55). On the other 

hand, endothelial-specific deletion of β-catenin also led to aberrant vascular 

development, hyperbranching, and diffuse hemorrhages, the latter likely being the 

result of impaired adherens junctions where β-catenin plays a vital role in cell 

adhesion(35,55). 

                                        
 

Figure 4 | Effect of Wnt signaling on sprouting angiogenesis. In sprouting angiogenesis, tip cells guide the 
sprout into the required direction whereas the following sprout cells can proliferate and form the new 
vessel. Activation of Wnt signaling promotes the proliferation of stalk cells and their organization into 
tube-like structures. There is no evidence for a direct effect of Wnt signaling on tip cells, but Wnt signaling 
can affect these cells indirectly by augmenting the expression of Delta-like ligand 4 (Dll4) in the stalk cells, 
which can activate the Notch signaling in the tip cells in a paracrine way, thereby inducing a stalk-like 
phenotype in these cells. 
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The next important event in the formation of a functional vascular network is the 

specification of arteries and veins. VEGF is an important inducer of arteriogenesis 

through activation of the Notch pathway, highlighting a second important role of this 

pathway next to stalk cell stabilization. As pointed out in two recent reviews from the 

Dejana group(54,172), canonical Wnt signaling can act upstream of Notch signaling by 

upregulating the expression of its ligand Dll4, thereby inducing an arterial gene 

program. Alternatively, canonical Wnt signaling can increase the levels of the 

transcription factor Sox 17 which in turn activates the transcription of Notch4, 

thereby promoting arterial specification. Venous differentiation can be induced by 

the expression of chicken ovalbumin upstream promoter transcription factor II 

(COUPTFII) resulting in repression of Notch signaling(269). No effects of Wnt signaling 

on venous differentiation have been described to date.  

Endothelial cells do not have uniform properties throughout the body but can 

specialize according to the needs of the organs. This specialization is induced via 

crosstalk with the cells of the surrounding tissue and affects the permeability, 

transcellular transport systems, and the expression of adhesion molecules(60). In the 

blood-brain barrier (BBB), the endothelial cells of the capillaries adhere strongly via 

tight junctions, allowing the tight control of the crossing of most molecules and 

ions(187). Targeted deletion of Wnt7a and 7b resulted in severe defects in central 

nervous system (CNS) vascular development and brain hemorrhage(229).Moreover, 

the BBB-specific transporter GLUT1 and the tight junction protein claudin-3 are also 

controlled by canonical Wnt signaling(137,229). In a recent study, Zhou et al. showed that 

the sensitivity of the vasculature to canonical Wnt signaling differs in different brain 

regions and that loss of LRP5 dramatically affected the vasculature of the retina, but 

not of the brain(276). Interestingly, these authors also observed that Wnt signaling was 

required to maintain the plasticity of the BBB in mature CNS vasculature. 

Two mutations in components of the Wnt signaling have been linked to disorders of 

the retinal vasculature. In familiar exudative vitreoretinopathy, mutations in the Fzd4 

gene result in the translation of a truncated protein that lacks signaling activity. This 
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leads to a reduced signaling via CaMKII/PKC, both components of the Wnt/Ca2+ 

signaling(209). A similar phenotype can be observed in patients suffering from Norrie 

disease. This condition causes a progressive vasculopathy of the retina and other 

parts of the CNS and is associated with mutations in the Norrin protein(160). This 

cysteine-rich protein, although unrelated to Wnt, has been shown to activate the 

Fzd4 receptor, which explains the similarity in phenotype between mutations in this 

receptor and the Norrin protein(271). 

Wnt Signaling in Infarct Healing 

More than seven million people each year are estimated to suffer from myocardial 

infarction (MI)(258). MI is the consequence of a partially or completely occluded 

coronary artery due to a thrombus, stenosis (due to atherosclerosis) or a coronary 

spasm. As a result blood flow is impaired and the myocardium is deprived from 

oxygen and nutrients. Depending on the duration of the ischemia, myocyte death can 

occur followed by a long-lasting and complex wound healing process that aims to 

replace the lost cardiomyocytes and to prevent cardiac rupture, and thereby support 

the contractile function of the heart. 

The wound healing process consists of several phases involving various cell types and 

aiming to end up with the formation of a well-healed scar. The inflammatory phase is 

initiated early after MI (12-16 h post-MI) and is triggered by the release of chemokines 

and cytokines from necrotic cardiomyocytes that attract inflammatory cells into the 

infarcted area. Dead tissue is removed by phagocytic cells such as macrophages. This 

is followed by infiltration of fibroblasts that deposit extracellular matrix (ECM) 

components, not only in the infarct but also in remote regions(46). Fibroblasts can 

differentiate into myofibroblasts under influence of mechanical tension and the anti-

inflammatory cytokine transforming growth factor (TGF) β1. Myofibroblasts also 

secrete ECM proteins and express alpha smooth muscle actin (αSMA) that contracts 

the scar and prevent dilatation of the infarct(59). Finally, the number of cells in the 

infarct decrease and the deposited ECM will mature into a stabilized scar by 

crosslinking of collagens. Remodeling of the left ventricle can proceed for months 
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post-MI and can cause hypertrophy in the remaining cardiomyocytes and dilatation of 

the left ventricle by thinning of the infarct scar. This pathological remodeling 

develops slowly and may lead to heart failure. 

Wnt signaling following MI 

Under physiological conditions in the adult heart, Wnt signaling is mostly silent. 

However, in cardiovascular pathology re-expression of fetal genes is generally 

observed(126). Recent evidence also demonstrates an altered expression of 

components of Wnt signaling pathways in experimental models following MI (Fig. 5). 

Mice that underwent left anterior descending coronary artery (LAD) ligation to induce 

MI, demonstrated an upregulation in mRNA expression of Fzd1,	  2, 5, and 10 and a 

downregulation of Fzd8 in infarcted hearts 1 week post-MI. Fzd 3, 4, 6, and 7 were not 

changed and Fzd9 was not measured in this study. In addition, of the Wnt ligands, only 

Wnt10b mRNA expression was increased, whereas the mRNA expression of Wnt7b 

was decreased(18). Moreover, another study has shown increased expression of Wnt2, 

Wnt4 Wnt10b, and Wnt11 as well, 5 days after LAD ligation(5). Previous work from our 

group showed that induction of MI in rats resulted a gradual increase in expression of 

Fzd2 in the infarcted area in the initial repair phase and peaked at 7 days post-MI. This 

expression co-localized with the spatial movement of myofibroblasts toward the 

infarct region, suggesting a role in myofibroblast migration and alignment(26). Dvl, the 

protein that inhibits the β-catenin degradation complex, is activated upon active Wnt 

signaling and has been shown to be upregulated following MI in rats. In line with the 

Fzd2 expression observed by our group, Dvl expression is gradually increased until 7 

days after MI, followed by a decline to baseline levels after 28 days(39). It is suggested 

by the authors that Dvl might play a role in the proliferation and migration of 

myofibroblasts and vascular endothelial cells since positive staining for Dvl was 

extended into endothelial and smooth muscle cells of the preexisting and newly 

formed blood vessels in the infarcted area. Since Dvl is a downstream effector of 

Fzd2, these findings correspond to the aforementioned study of our group. 

Microarray analysis in rats subjected to MI displayed a Wnt pathway activation in the 
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infarct region after 1 day by increased expression of WISP1 and APC. However, the 

factor important for transcription of target genes, β-catenin, was downregulated by 

50%. After 4 weeks, WISP2 and sFRP4 were elevated both in infarct and remote 

region(129). Increased WISP1 expression was also observed in mice following MI. Here a 

time-dependent increase of WISP1, both mRNA and protein, was detected in the 

non-infarct zone of the left ventricle and remains elevated till 1 week post-MI(52). 

sFRPs demonstrate an altered expression following MI as well. In mice, sFRP1 mRNA 

expression was increased in the infarct zone compared to healthy myocardium 1 

week post-MI and returned to baseline levels 1 week afterward(18). sFRP2 revealed a 

similar pattern with a 20- to 30-fold upregulation of mRNA at 4 days, that increased 

to 80- to 100-fold at 1 week and gradually declined to 30- to 40-fold expression 14 

days post-MI(120). On the other hand, in rats the level of sFRP2 expression peaked at 3 

days and was not detectable anymore at 2 weeks following MI(89). It must be noted 

                                                    
Figure 5 | Expression patterns of Wnt signaling components ± 1 week after MI in experimental animal 
models. A green arrow indicates an upregulation, a red arrow downregulation and “=” indicates no 
difference in gene expression. Fzd; Frizzled, sFRP; secreted frizzled-related protein. 
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that these are protein levels whereas the previously mentioned study used mRNA as 

a measure of sFRP2 expression. Finally, sFRP4 gene expression peaked early following 

MI too (3-5 days), but remained increased for 3 weeks and returned to baseline at 28 

days(156). 

Using immunohistochemical techniques, our group has shown the presence of β-

catenin in endothelial cells in granulation tissue at 1 week post-MI, suggesting a role 

in proliferation and migration of these cells during neovascularization of the infarct 

area(27). A recent study on the response of canonical Wnt signaling to cardiac injury 

provides better insights to the types of cells that have active canonical Wnt signaling 

and the absolute increase in Wnt signaling. To this end C57BL/6 Axin2-LacZ reporter 

mice were used(188). As demonstrated in Figure 3, Axin2 is a target gene of β-catenin 

mediated gene transcription and acts as a negative regulator in Wnt signaling. Hence, 

active canonical Wnt signaling is indicated by LacZ positive cells. At 3 days post-MI, 

there was no increase in LacZ+ cells compared to sham mice (9.44 ± 0.30%). However, 

the increase of active Wnt signaling started between 3 and 7 days (14.47 ± 0.75%) 

post-MI and stabilized between 14 (22.42 ± 0.97%) and 21 days (24.98 ± 1.37%). 

Significant upregulation of Wnt signaling was observed throughout the whole 

myocardium and included different cell populations. Progenitor cells, endothelial 

cells, leukocytes, and fibroblasts all demonstrated upregulated signaling, but they had 

a distinct response in time suggesting cell-specific activation of Wnt signaling after 

MI. TOPGAL reporter mice, encoding LacZ upon activation of TCF/LEF by β-catenin, 

also demonstrated activation of Wnt signaling already 4 days after MI, but not after 

24h(5). This activation disappeared 3 weeks after induction of MI. Wnt signaling was 

scattered throughout the myocardium at 4 days, whereas this was confined to the 

infarct and peri-infarct regions by 7 days post-MI. Wnt signaling was observed in 

endothelial cells, macrophages and αSMA+ cells and they demonstrated that most of 

the latter cells originated from (partly subepicardial) endothelial cells that had 

undergone endothelial to mesenchymal transition, suggesting that canonical Wnt 

signaling is involved in this process after ischemic injury. This was confirmed by Duan 
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et al. by demonstrating that epicardial to mesenchymal transition is governed by 

Wnt1/β-catenin mediated signaling following MI(63). 

These studies clearly demonstrate that significant activation of canonical Wnt 

signaling arises in the heart following ischemia. This makes it an interesting target for 

novel pharmacological treatments following MI to improve the wound healing 

process. 

Modulation of Wnt signaling post-MI 

As demonstrated in the previous section, Wnt signaling is activated following MI in 

several cell types throughout the myocardium, suggesting an extensive role for Wnt 

signaling in cardiac repair. The current pharmacotherapeutic arsenal that is applied 

following MI is not specifically aiming at cardiac remodeling and the progression to 

heart failure, but mainly focuses on repressing the symptoms. Hence, novel agents 

are required to develop more efficient therapeutic strategies post-MI. One of these 

targets could be the Wnt signaling pathway. Lately, more and more studies have 

attempted to intervene in Wnt signaling post-MI by acting on different levels of the 

pathway. An overview of these studies will be provided below. 

Modulation of sFRPs 

The group of Duplàa has extensively studied the role of FrzA, also known as sFRP1, in 

mice following experimental MI. Overexpression of sFRP1 in mice was shown to 

reduce infarct size and prevent cardiac rupture following MI while improving cardiac 

function. These effects were supported by decreased apoptosis and early leukocyte 

infiltration and an increased collagen deposition and capillary density in the scar(17,18). 

More recently they transplanted bone marrow-derived cells (BMCs) overexpressing 

sFRP1 in wild-type recipient mice and compared myocardial infarct healing with mice 

overexpressing sFRP1 specifically in endothelial cells or in cardiomyocytes to drive 

expression in leukocytes and better understand the mechanism behind the beneficial 

effect of sFRP1. sFRP1, overexpressed in BMCs, was able to diminish leukocyte 

infiltration following MI, by switching the pro- and anti-inflammatory cytokine 
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balance, resulting in a decreased scar size and better cardiac function. These effects 

were not observed in mice overexpressing sFRP1 in endothelial cells or 

cardiomyocytes, indicating a specific role for sFRP1 in the inflammatory response(16). 

The protective role of sFRP2 in infarct healing was first demonstrated by Mirotsou et 

al. Injection of conditioned medium from mesenchymal stem cells (MSCs) 

overexpressing the Akt gene reduced the infarct size within 72 h following MI in rats. 

The involvement of sFRP2 was proven by the loss of effect when these MSCs were 

treated with siRNA against sFRP2(169). Injection of sFRP2 in the infarcted rat 

myocardium inhibited type I collagen deposition and significantly reduced left 

ventricular fibrosis. Furthermore, it prevented anterior wall thinning and improved 

cardiac function 4 weeks after MI(89). In contrast, sFPR2 knock-out mice subjected to 

MI also demonstrated reduced fibrosis, accompanied by improved cardiac function 

from 14 days post-MI and onward(120). The previously described actions carried out by 

sFRP2 are most likely not the result of altered Wnt signaling but more due to its 

effects on collagen processing. sFRP2 is able to inhibit BMP1 that plays a key role in 

the collagen synthesis and maturation after tissue injury and cannot be fulfilled by 

sFRP1 or 3(89). The discrepancy between the discussed studies can possibly be 

explained by the biphasic effects of sFRP2 on BMP1 activity: both low and high levels 

of sFRP2 could activate and inhibit pro-collagen processing by BMP1, respectively(154). 

To further exemplify the role of sFRP2 in fibrosis, more research is needed to 

understand the concentration-dependent action of sFRP2 on individual effectors. 

Recombinant sFRP4 administration was shown to be beneficial following permanent 

MI as well as in the reperfused myocardium in rats(156). sFRP4 was able to increase 

cardiac wall thickness and to reduce scar size and was accompanied by prevention of 

impaired cardiac function. These effects were suggested to be mediated by inhibition 

of canonical Wnt signaling as demonstrated by both decreased amounts of inactive 

GSK3β and β-catenin compared to control animals. 
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In summary, sFRPs were proven to be associated with wound healing following MI, 

although next to their described antagonistic effects on Wnt signaling they can also 

control other mechanisms post-MI such as inflammation and fibrosis. 

Interventions at the receptor level 

DKK2, known as a Wnt signaling antagonist, binds to LRP5/6 to inhibit signaling and 

was shown to possess a therapeutic effect when injected in the rat myocardium after 

60 min of ischemia followed by reperfusion(167). One week after MI, the infarct size was 

significantly decreased together with the degree of fibrosis in DKK2-treated animals. 

DKK2 also reduced the amount of apoptotic cells and increased neovascularization 

the infarcted heart. Functional analysis at 3 weeks showed improved cardiac function 

by better systolic performance and cardiac dimensions compared to non-treated 

animals. 

Administration of the canonical agonist Wnt3a into the border region of the infarct, 

directly after the ischemic injury was established, impaired the regenerative response 

as demonstrated by increased infarct size and left ventricular volume 1 week after 

MI(189). Moreover, cardiac performance was diminished compared with vehicle treated 

animals. This outcome is governed by a significant reduction of cardiac side 

population (CSP) cells and involves insulin growth factor-binding protein 3 (IGFBP3). 

The Wnt3a mediated suppression in CSP cells is thought to alter myocardial healing 

by significant reduction of new cardiomyocyte generation. In a study from our group, 

treatment with a peptide fragment of Wnt3a/Wnt5a (UM206) following MI for 5 

weeks, reduced infarct expansion by increased wall thickness and higher 

myofibroblasts numbers in the infarct region. This was accompanied by improvement 

of cardiac function and prevention of heart failure development(128). The effect of 

UM206 is thought to be established by antagonizing binding of Wnt3a and Wnt5a to 

Fzd1 or Fzd2 receptors leading to inhibition of Wnt signaling. A less well-understood 

mechanism is the increase of Dvl1 and β-catenin by a single exogenous injection of 

high-mobility group box 1 protein into the infarcted myocardium (HMGB1). This led to 

reduced collagen volume in the infarct and improved cardiac function in treated 
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animals(275). These data suggest that HMGB1 is able to activate canonical Wnt 

signaling through Dvl1; however, Dvl normally mediates Wnt signal delivery from the 

receptor to the intracellular compartment proposing that HMGB1 can intervene in 

Frizzled activation. 

Modulation of the β-catenin degradation complex 

The FDA-approved drug Pyrvinium, used as an anti-helminthic agent, potently 

inhibits Wnt signaling (IC50 of ~10 nmol/L) by activating CK1α, thereby preventing 

Axin degradation and promoting the breakdown of β-catenin. A single injection of this 

drug into the border zone of the infarct resulted in an improved left ventricular 

remodeling 30 days after MI as demonstrated by a decrease of the diastolic left 

ventricular internal diameter(214). However, the systolic dimensions, contractile 

function and infarct size were not different between the treated and control group. 

Favorable cardiac remodeling is thought to be promoted by increased proliferation of 

differentiated cardiomyocytes in the remote myocardium, as demonstrated by 

increased amount of proliferating cells. Inducible cardiomyocyte-specific knock-out 

of GSK3β following MI led to less ventricular dilatation and more preserved cardiac 

function at 8 weeks after MI, although there was no difference in ejection fraction at 1 

week after MI(262). This could implicate that deletion of the GSK3β gene does not have 

a direct effect on the scar formation or wound healing, as also demonstrated by 

similar infarct size between groups, but apparently affects cardiomyocytes to 

become hypertrophic and reinforce cardiac function as was seen by increased cross-

sectional areas of the knock-out cardiomyocytes. In contrast with the previous study, 

Wnt signaling was promoted in the latter study, but both resulted in better cardiac 

function. As already said, this could mean that the timing of the intervention is critical 

for the outcome. 

The role of GSK3α, the related isoform of GSK3β, in Wnt signaling is not completely 

clarified. However, there is evidence suggesting that it can also regulate β-catenin 

levels in a way similar to GSK3β(14). Two studies from the same group investigated the 

effect of GSK3α knock-out on MI. Global deletion of GSK3α in mice subjected to MI-
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promoted ischemic injury and increased left ventricular dysfunction(130), while 

cardiomyocyte-specific deletion limited remodeling and preserved cardiac function 

post-MI(1). A plausible explanation for this striking difference is the development of 

functional deterioration in aging mice with a global knock-out(274), implying that 

cardiac deterioration post-MI in the global knock-out involves a secondary effect. 

Modulation of β-catenin 

β-Catenin is one of the most downstream targets that can be modulated in the 

canonical Wnt signaling cascade. Modulation can be achieved in several ways such as 

adenoviral overexpression, genetic deletion, or small molecule modulation, 

simulating a stimulation or inhibition of canonical Wnt signaling. ICG-001 is a small 

molecule able to interfere between binding of β-catenin and one of its co-activators, 

CBP, thereby preventing β-catenin/CBP-mediated gene transcription. When 

administered for 10 days post-MI, this molecule has been shown to improve ejection 

fraction by 8.4% compared to controls at 4 weeks post-MI(216). This mild effect was 

supported by a trend toward preserving cardiac morphology but did not affect the 

amount of fibrotic tissue and regeneration of cardiomyocytes. Disruption of β-

catenin signaling by specific β-catenin knock-out in epicardial cells decreased 

epicardial expansion, epithelial to mesenchymal transition and led to impaired cardiac 

function and left ventricular dilatation after induction of ischemia-reperfusion 

injury(63). This was thought to be the result of the absence of fibroblast generation 

through epithelial to mesenchymal transition, caused by Wnt1/β-catenin signaling. 

Furthermore, knocking out β-catenin in fibroblasts demonstrated similar effects 

suggesting that a profibrotic response following cardiac injury is pivotal for sustained 

cardiac function and is mediated by Wnt1/β-catenin signaling. Indeed, adenoviral 

overexpression of a constitutively active form of β-catenin induced differentiation of 

fibroblasts into myofibroblasts and activated cell cycle in the latter(83). In addition, it 

showed anti-apoptotic effects and induced hypertrophy in cardiomyocytes. These 

mechanisms all led to improved post-infarct remodeling as seen by decreased infarct 

size and enhanced cardiac function. Another study investigated the effect of both 
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cardiac-specific stabilization and depletion of β-catenin on infarct healing(270). 

Surprisingly, mortality and infarct size were reduced in β-catenin-depleted mice 

accompanied by improved cardiac function, whereas the opposite was observed in 

mice expressing the constitutively active form of β-catenin. 

In conclusion, the discussed studies demonstrate contradictive results on whether to 

stimulate or inhibit β-catenin. To further improve infarct healing, it might be possible 

that both inhibition and stimulation of β-catenin are necessary but at different time 

points or in different cell types. More research is needed to clarify this. 

Modulation of Wnt signaling in stem cells/progenitor cells 

Lately, extensive studies on the differentiation of stem cells or progenitor cells 

toward cardiomyocytes have been performed. This is of huge interest for the 

treatment of MI, since these cells could be transplanted into the injured region and 

thereby regenerate healthy myocardium and prevent deterioration of cardiac 

function. There is increasing evidence that Wnt signaling is involved in the 

differentiation of stem cells toward cardiomyogenic cells(72,239,245). 

There are inconsistent results on whether to stimulate or inhibit Wnt signaling as well 

as targeting canonical or non-canonical signaling to achieve stem cell differentiation. 

Activation of non-canonical signaling by Wnt5a or Wnt11 (conditioned medium) in 

human circulating endothelial progenitor cells resulted in differentiation to 

cardiomyogenic cells (as demonstrated by cardiac gene expression) via activation of 

PKC(122,123), whereas this was not observed when cells were treated with Wnt3a-

conditioned medium (canonical activation)(122). This is supported by the observation 

that skeletal muscle-derived stem cells transfected with Wnt11 also have increased 

expression of cardiac markers and some of the cells beat spontaneously, although 

they were not fully differentiated(265). These cells were also able to improve survival in 

mice when transplanted into acutely infarcted myocardium, although infarct size and 

cardiac function were not different. 

Inhibition of canonical signaling by small molecules, such as XAV939, KY02111, IWP-4, 

and IWR-1 has also been shown to cause differentiation of pluripotent or embryonic 
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stem cells toward cells with a cardiomyocyte phenotype(96,106,168,251). Contrarily, there 

are also studies claiming that canonical signaling should be stimulated (by Wnt3a or R-

spondin) to provoke cardiac differentiation of stem cells. Disruption of canonical Wnt 

signaling with the endogenous antagonist DKK1 resulted in complete absence of 

differentiation(107,127). Along with this, cardiac function and remodeling were improved 

when sheets of differentiated human (induced) pluripotent stem cells were 

transplanted over myocardial infarcts in swine(107). An explanation for this 

inconsistency can be given by the work of Lian et al., demonstrating that 

differentiation is fully dependent on the timing of inhibition or stimulation of canonical 

Wnt signaling(136). Inhibition of canonical signaling in the early stage completely 

blocked cardiomyocyte-specific differentiation whereas stimulation at that point 

augmented differentiation (50% of the cells are spontaneously contracting cardiac 

cells). When canonical Wnt signaling was inhibited sequentially after stimulation in the 

early phase, it resulted in a significant yield of contracting cardiogenic cells (up to 

98%). This underscores that timing of modulation is absolutely critical for cardiac 

differentiation of stem cells. 

Injection of MSCs, overexpressing components of the Wnt signaling cascade, into the 

infarcted myocardium shortly after induction of it, has also been demonstrated to be 

favorable for infarct healing. sFRP2 overexpressing MSCs were proven to increase 

engraftment together with reduced infarct size and better cardiac function(6,7). Similar 

results were observed with overexpression of GSK3β(41), thereby illustrating that 

inhibition of Wnt signaling with this technique is advantageous. Nonetheless, Wnt11 

transduced MSCs manifested identical effects(277), implicating an involvement of non-

canonical signaling as well. 

Altogether, Wnt signaling is essential for induction of cardiac-specific cells from stem 

cells. Nevertheless, a better understanding of the involvement of the different 

signaling pathways can advance in more efficient in vitro differentiation protocols. 

Timing, type of modulation and the type of precursor cells seem to be critical factors 

in this process and once optimized one should focus on how to improve engraftment 

into the injured tissue to maximize the therapeutic effect. 
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Role of Wnt signaling in preconditioning 

Ischemic preconditioning (IPC) is defined as a mechanism that reduces 

ischemia/reperfusion injury by introducing brief periods of ischemia prior to the major 

prolonged ischemic event and was first described to be beneficial in the myocardium 

in 1986 by Murry et al.(178). One of the crucial steps in the protective molecular 

signaling cascade is to prevent opening of the mitochondrial permeability transition 

pore (mPTP). This opening results in the collapse of the membrane potential, 

uncoupling of the respiratory chain and hydrolysis of ATP. Moreover, cytochrome C 

and other pro-apoptotic factors are able to translocate into the cytosol, which 

initiates the apoptotic pathway. Also large quantities of Ca2+ are released in the 

cytosol, which can activate harmful calcium-dependent proteases, leading to cell 

death(57,102). 

GSK3β plays a central role in IPC. Increased inhibition of GSK3β induced by IPC limits 

opening of the mPTP and is thereby cardio-protective(104). To mimic the IPC-induced 

inhibition of GSK3β, inhibitors targeting this protein can be utilized in advance of 

ischemia/reperfusion injury. The inhibitors LiCl and SB-216763 mimicked the effects 

of IPC (improved cardiac function and reduced infarct size) in a rat model of 

ischemia/reperfusion(236). Diabetic rat hearts demonstrated diminished levels of 

inactivated GSK3β and do, therefore, minimally benefit from IPC. However, this can 

be rescued by treatment with GSK3β inhibitors(266). Interruption of Wnt/Frizzled 

signaling in sFRP1 transgenic mice limits the cardioprotection by IPC as well(19), 

whereas IPC-induced protection is completely lost in GSK3β knock-in mice(246). On 

the contrary, there is also evidence that mice which express constitutively active 

GSK3β still benefit from IPC at identical levels as wild-type littermates(183). However, 

the latter model has a double knock-in with GSK3β as well as GSK3α, which might 

explain the difference. Remote IPC in the hindlimb activates the PI3K/Akt pathway in 

the heart, which inactivates GSK3β and thereby reduces myocardial infarct size and 

enhances cardiac function after prolonged ischemia followed by reperfusion(134). This 

was also associated with increased levels of cytosolic β-catenin in the myocardium, 
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its nuclear translocation, and expression of target genes and thus suggests that this 

not only the effect of Wnt/β-catenin-independent signaling. 

Wnt Signaling and Cardiac Hypertrophy 

Cardiac hypertrophy is the response of the heart to an increased workload and is 

characterized by an increase in cardiomyocyte size. This is the predominant 

mechanism of the heart to compensate for the higher workload since 

cardiomyocytes have limited capacity to proliferate as they are terminally 

differentiated cells. Several subtypes of cardiac hypertrophy are known (Fig. 6). 

Concentric hypertrophy is seen in patients with pressure overload, such as patients 

with hypertension or aortic stenosis. This is characterized by increased wall thickness 

and reduced ventricular lumen, caused by cross-sectional increase of 

cardiomyocytes. The other subtype is eccentric hypertrophy, which is defined by 

thinning of the ventricle wall and an increase in ventricular luminal size due to 

lengthening or sliding of cardiomyocytes. This is caused by volume overload, for 

example, due to valvular defects or MI. Although both forms of hypertrophy initially 

aim to reduce the left ventricular wall stress, sustained cardiac hypertrophy often 

leads to heart failure(193). 

 
Figure 6 | Hypertrophic response of the heart to different types of stress. Physiological hypertrophy is 
induced by pregnancy or intensive exercise training. Cardiomyocytes increase in thickness and in length. 
This type of hypertrophy is reversible. Concentric hypertrophy is the result of disorders that cause 
pressure overload and goes along with thickening of the cardiomyocytes, reduced left ventricular volume, 
increased fibrosis, and stiffening of the heart muscle and is usually not reversible. Prolonged pressure 
overload can result in dilated cardiomyopathy in which the heart muscle is overstretched and loses 
contractile force. In addition, chronic volume overload can also result in dilated cardiomyopathy.  
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Another way to classify hypertrophy is to distinguish between physiological and 

pathological hypertrophy. Pregnancy or intensive exercise training can induce 

physiological hypertrophy and increases wall thickness proportional to chamber 

volume. In this way normal cardiac structure and function is maintained and is in most 

cases completely reversible. Pathological remodeling of the heart can be induced by, 

as already mentioned, hypertension, valvular disease, or MI and is associated to 

adverse remodeling ultimately leading to dilated cardiomyopathy and heart 

failure(21,62). 

Development of physiological and pathological hypertrophy is regulated by distinct 

signaling pathways (Fig. 7). Physiological hypertrophy is associated with growth 

factors such as IGF and growth hormone that provoke phosphoinositide 3′kinase 

signaling and by that activate Akt signaling resulting in expression of hypertrophy-

associated genes. The expression of these genes predominantly takes place through 

inactivation, by Akt, of GSK3β that is normally active in resting cells and suppresses 

hypertrophic gene transcription(21). Activation of the neurohumoral pathway is 

regulating pathological hypertrophy and involves hypertrophic stimuli such as, 

Angiotensin II (AngII), ET-1, and catecholamines that activate the calcineurin/NFAT 

pathway leading to transcription of hypertrophic genes(211). 

Current available therapies to prevent/treat pathological cardiac hypertrophy include 

angiotensin converting enzyme inhibitors and/or angiotensin receptor blockers, β-

blockers, Ca2+ channel blockers, and vasodilators/diuretics to reduce to volumetric 

load(158). During the progression toward hypertrophy, re-expression of fetal genes is 

observed(191). As Wnt signaling is involved in cardiogenesis, this could suggest that it 

is also involved in the development of cardiac hypertrophy. Indeed, several studies 

have already shown the involvement of Wnt signaling in cardiac hypertrophy and 

could thereby serve as a novel therapeutic target for cardiac hypertrophy(25,36). 
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Dishevelled and cardiac hypertrophy 

Dvl proteins are 500 to 600 amino acids in length and play a role in canonical as well as 

non-canonical Wnt signaling. They contain several domains through which they 

moderate signaling. At the N-terminus of Dvl1 the “DIX” domain is located that allows 

for multimerization that amplifies signaling by offering high local concentrations of 

binding sites. In addition, the N-terminal domain contains a PDZ and DEP domain. The 

DEP and PDZ domains are involved in G-protein-coupled signaling and the PCP 

pathway and are therefore committed to non-canonical signaling. The DIX domain, 

      
Figure 7 | Signaling pathways leading to pathological and physiological hypertrophy. In pathological 
hypertrophy (A), neurohumoral regulators such as angiotensin II (AngII), endothelin-1 (ET-1), and 
catecholamines like phenylephrine (PE), activate Phospholipase-C (PLC) through G-protein-coupled 
receptors. Activated PLC hydrolyzes PIP2 into inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 
causes a rise in intracellular Ca2+, which activates calcineurin that in turn dephosphorylates NFAT. DAG 
activates protein kinase C (PKC) that induces hypertrophic gene transcription together with NFAT. 
Physiological hypertrophy (B) is initiated by growth factors such as growth hormone (GH) and insulin-like 
growth factor (IGF) that provoke phosphoinositide 3’kinase (PI3K) signaling. Activated PI3K 
phosphorylates PIP2 to PIP3 that subsequently activates Akt through phosphorylation. Activated Akt 
inactivates glycogen synthase kinase 3β (GSK3β) by phosphorylation. Now, GSK3β can no longer 
inactivate transcription factors such as NFAT and GATA4, which causes translocation to the nucleus and 
subsequent hypertrophic gene transcription. 
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together with the PDZ domain, is involved in canonical signaling by binding to, and 

inactivation of Axin(248). 

The association of Dvl with cardiac hypertrophy has been confirmed in several 

studies. A commonly used model to study the development of cardiac hypertrophy is 

the pressure overload-induced hypertrophy model by transverse aortic constriction 

(TAC). In this setting, an increased expression level of Dvl1 was observed in rats(147). 

Three-month-old transgenic mice with cardiac-specific overexpression of the Dvl1 

gene had severe cardiac hypertrophy (no TAC)(147). This was defined by an increase in 

cardiomyocyte size, left ventricular dilatation, and reduced ejection fraction that 

altogether ended up in cardiomyopathy and premature death before 6 months of age. 

Activation of canonical and non-canonical signaling was observed by increased 

expression of β-catenin, JNK, PKC, and CaMKII. The response to TAC in Dvl1 knock-

out mice has been studied by our research group(243). Onset of cardiac hypertrophy 

was attenuated in mice lacking the Dvl1 gene as assessed by left ventricular wall 

thickness and heart weight. The underlying mechanism of this observation comprises 

an increased amount of active GSK3β and decreased β-catenin levels. In addition, the 

active form of Akt (stimulator of cardiac hypertrophy) was reduced in knock-out 

animals, suggesting that Dvl1 plays also a role in the activation of Akt by pressure 

overload. Dapper1 is also able to trigger canonical Wnt signaling through activation of 

Dvl2, but not Dvl1 or -3(82). Transgenic mice overexpressing Dapper1 exhibited 

upregulation of hypertrophic markers and increased heart weight resulting in cardiac 

hypertrophy. 

Thus, Dvl can be regarded as a critical factor in Wnt signaling that is able to induce 

cardiac hypertrophy when expressed in higher levels and engages both canonical and 

non-canonical pathways as well as Akt-mediated signaling. 

GSK3β and cardiac hypertrophy 

GSK3β phosphorylates multiple transcription factors that can trigger cardiac 

hypertrophy, including activator protein-1, β-catenin, GATA4, NFAT, and CBP, 

thereby inhibiting their function(105,110). It is a downstream target of Dvl as well as Akt 
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and is negatively regulated by these factors. Other kinases including PKA, PKC, p90-

ribosomal-, and p60/p85-s6 kinases also inhibit GSK3β activity(111,230). GSK3β 

negatively regulates most of its substrates, thus inhibition discharges its substrates 

from continuous degradation. GSK3β is disarmed by phosphorylation at serine-9 and 

this can be executed by most of the hypertrophic stimuli such as ET-1, 

phenylephrine, β-adrenoreceptor activation, or aortic constriction(84,86,173). 

Genetic ablation of GSK3β in mice demonstrated the importance of this gene for 

cardiac development(110). No live neonates were recovered when the GSK3β gene was 

deleted. The embryos demonstrated congenital cardiac defects like ventricular septal 

defects, a right ventricle with a double outlet and hypertrophic cardiomyopathy 

(HCM). The latter was the result of hyperproliferation of cardiomyocytes rather than 

hypertrophy and was associated with increased nuclear translocation of proliferation 

regulators GATA4, c-Myc, and cyclin D1. However, studies that negatively affect 

GSK3β as a target for induction of cardiac hypertrophy are somewhat contradictive 

and also hypertrophic human hearts do not show altered GSK3β expression(85). In a 

pressure-overload model in rats, inhibition of GSK3β with LiCl is suggested to 

accelerate the development of cardiac hypertrophy through a β-catenin-dependent 

mechanism(233). Conditional GSK3β knock-out in mice did not have any effect on 

TAC-induced cardiac hypertrophy compared to control animals(262). On the contrary, 

transgenic mice carrying a dominant negative form of GSK3β-developed 

physiological hypertrophy (without experimental procedures) as demonstrated by 

increased left ventricular weight/body weight ratios and increased cardiac 

contractility, whereas the extent of TAC induced hypertrophy was not affected in 

these transgenic mice(91). Nevertheless, they were more resistant to cardiac 

decompensation and had significantly fewer apoptotic cells and less fibrosis 8 weeks 

after TAC, suggesting GSK3β does not primarily affect pathological hypertrophy but 

inhibition can prevent cardiac decompensation in a later stage after TAC. 

Expression of constitutively active GSK3β in cardiomyocytes in vitro prevented the 

induction of the hypertrophic response to ET-1 and phenylephrine(84). Transgenic 
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mice expressing this form of GSK3β exhibit an impaired hypertrophic response to 

calcineurin activation(10) and are able to reverse hypertrophy 1 week after TAC(213). 

Constitutively active GSK3β expressing mice with a genetic background of HCM 

demonstrated a reduced hypertrophic response, although cardiac function was 

impaired compared to littermates with the HCM background alone(144). 

Taken together, both GSK3β knock-out and overexpression impair 

cardiogenesis(110,164) and the degree of GSK3β activity plays indeed a role in cardiac 

hypertrophy. When overactive, it likely inhibits pathological hypertrophy but also 

physiological hypertrophy. On the other hand, reduced GSK3β activity was only seen 

in advanced heart failure patients and not in hypertrophic patients(85), suggesting that 

(at least) in humans, the role of GSK3β in the development of cardiac hypertrophy is 

limited, whereas its role in the progression toward heart failure is more obvious. 

Finally, as already mentioned, GSK3β is not only involved in Wnt signaling and 

therefore its downstream signaling effects may not solely be conferred to this 

pathway. 

β-Catenin and cardiac hypertrophy 

When not targeted for degradation by GSK3β, which phosphorylates the protein at 

specific serine residues at the N-terminal end, β-catenin is able to translocate to the 

nucleus and serve as a transcription factor. Another function of β-catenin is to be part 

of adherens junctions in the catenin/cadherin complex, fundamental for cell 

structure, and adhesion. The destination of β-catenin is determined by 

phosphorylation of specific tyrosine residues(87). 

A redistribution of β-catenin is observed in HCM hamsters(155). Here, β-catenin 

accumulates in intercalated disks of cardiomyocytes in HCM hearts (β-catenin is 

reduced in cytoplasm and nucleus) which could contribute to the increased wall 

stiffness in cardiac hypertrophy. On the contrary, in rats with spontaneously 

hypertensive heart failure (SHHF) more nuclear translocation of β-catenin is 

observed(273). This inconsistency can possibly be explained by the difference in animal 

models. The SHHF rats first developed hypertrophy but this advances into heart 
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failure, whereas HCM hamsters remain in a more hypertrophic state, suggesting 

multiple roles for β-catenin which are determined by the stage of hypertrophy. 

It has been demonstrated in vitro that β-catenin is stabilized in cardiomyocytes upon 

exposure to hypertrophic stimuli such as phenylephrine and ET-1, suggesting that 

this signaling is Wnt independent(86). Moreover, β-catenin overexpression is sufficient 

to induce hypertrophic growth in cardiomyocytes whereas depletion attenuates 

phenylephrine-induced cardiomyocyte hypertrophy(86,272). 

Gain or loss of function studies with β-catenin in vivo need to be conditional since β-

catenin signaling is crucial and has to be tightly regulated during embryonic 

development(80). Along with in vitro studies, β-catenin is stabilized in cardiomyocytes 

after exposure to hypertrophic stimuli in vivo and overexpression is sufficient to 

induce hypertrophic growth of cardiomyocytes in the myocardium(86). Stabilization of 

β-catenin in the latter study by hypertrophic stimuli such as ET-1 or phenylephrine is 

distinct from β-catenin stabilization induced by canonical Wnt signaling. When 

applying these hypertrophic stimuli, GSK3β is inactivated by protein kinase B rather 

than Dvl and thereby inhibits degradation of β-catenin(86). However, subsequent 

signaling is similar as canonical Wnt induced signaling as it has been demonstrated 

that β-catenin/TCF/LEF signaling is essential to both physiological and pathological 

hypertrophic growth of cardiomyocytes(38). Cardiac-specific deletion of β-catenin 

attenuated TAC-induced hypertrophy(204). Heart weight/body weight ratios were 

lower compared to controls but cardiac function was not altered. On the contrary, 

Baurand et al. reported that β-catenin stabilization abolished hypertrophy in 

response to AngII(23). Nevertheless, this was at the price of declined heart function. 

These divergent results could be related to the different hypertrophy models (TAC 

vs. AngII infusion) that induce different signaling pathways. 

In conclusion, the exact role of β-catenin in cardiac hypertrophy is not completely 

clear. No β-catenin is seen in the nucleus when cardiac hypertrophy is present, but 

when this develops further into heart failure, β-catenin translocation to the nucleus is 

increased. On the other hand, stabilization of β-catenin is sufficient to induce 
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hypertrophic growth in cardiomyocytes. Additional experiments are required to 

verify the precise role during hypertrophy development, established hypertrophy and 

consecutive progression toward cardiac failure. Furthermore, it has to be clarified 

whether β-catenin-induced hypertrophy is pathological and/or physiological and thus 

reversible. 

Non-canonical signaling in cardiac hypertrophy 

It has been demonstrated that Wnt5a activates non-canonical signaling and induces 

hypertrophy in cardiomyocyte cultures(81). As mentioned previously, mice 

overexpressing Dvl develop cardiac hypertrophy through activation of both canonical 

and non-canonical signaling(147). More downstream, gain or loss of function studies 

with JNK have been shown to affect hypertrophic growth. Activation of JNK induces 

increased cardiomyocyte size in vitro(255) and gene transfer of inactive JNK prevents 

TAC-induced hypertrophy in rats(42). 

Wnt Signaling and Heart Failure 

Heart failure is the vicious aftermath of several pathological cardiac conditions 

including hypertrophy and MI, especially when optimal pharmacological treatment is 

lacking. Ongoing improvements in revascularization therapy reduces mortality due to 

MI, but increase the population developing heart failure following MI(11). 

Approximately 20% of the people that suffer from MI after 65 years of age develop 

heart failure(210). In total, more than 26 million people are estimated to suffer from 

heart failure worldwide(8) and the 5-year mortality is almost 50%(21). 

Current pharmacotherapeutic tools for heart failure target the renin-angiotensin-

aldosterone system (RAAS), β-adrenergic system, and reduce volume overload. 

Nevertheless, treatment with these tools does not cure heart failure but only delays 

the progression toward further deterioration. There is increasing evidence that Wnt 

signaling is involved in adverse cardiac remodeling and the progression to heart 

failure. Better insights of the implication of Wnt signaling in heart failure might 

identify new targets for heart failure prevention and/or treatment. 
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sFRPs in heart failure 

Schumann et al. were the first to find upregulated mRNA levels of the pro-apoptotic 

sFRP3 and sFRP4, but not sFRP1 and sFRP2 in human failing hearts(220). This was 

associated with decreased β-catenin levels and might contribute to the induction of 

an apoptosis-susceptible myocyte phenotype. Increased mRNA levels of sFRP3 in the 

failing myocardium were confirmed in a recent study by Askevold et al.(12). In addition, 

serum sFRP3 levels of heart failure patients were also significantly increased 

compared to controls(12). In the latter study, tertiles of baseline sFRP3 levels were 

significantly associated with cardiovascular mortality in a follow-up study(12), although 

sFRP3 lacked significant predictive accuracy for subsequent cardiovascular events in 

another study(175). 

Left ventricular assist device therapy in heart failure patients is an approach for 

mechanical unloading of the heart to allow recovery of the failing heart. The process 

of recovery was associated with reduced levels of sFRP3 and 1(12,67), suggesting 

activated Wnt signaling during the process of recovery. The TO2 strain 

cardiomyopathic hamsters exhibit heart failure with marked fibrosis and increased 

expression of sFRP2(154). Antibody treatment against sFRP2, administered twice a 

week, increased cardiac ejection fraction compared to a further decline in the control 

group. Moreover, myocardial fibrosis was reduced by ∼50% and apoptosis by ∼65%, 

whereas anterior wall thickness was enlarged by ∼75%(154). 

GSK3β in heart failure 

GSK3β overexpression during development of cardiac decompensation after TAC-

induced heart failure was shown to be detrimental for cardiac function and displays 

increased signs of heart failure(91). This suggests that GSK3β inhibition would be 

favorable for heart failure treatment. In pacing-induced heart failure in dogs, cardiac 

recovery was allowed for 6 weeks after induction of heart failure(32). Cardiac recovery 

was accompanied by increased Akt signaling, and caused increased downstream 

inhibition of GSK3β and increased levels of β-catenin. This supports the latter 

suggestion favoring GSK3β inhibition for heart failure treatment, although in human 
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failing hearts GSK3β already is inhibited by increased activity of Akt compared to 

control and hypertrophied hearts, but there is no evidence whether this is beneficial 

or detrimental(85). Kirk et al. demonstrated that cardiac resynchronization therapy 

following tachypacing-induced heart failure reactivated GSK3β(117). This reactivation 

contributed to improved Ca2+ sensitivity in the myofilaments. Hence GSK3β is 

proposed as a new therapeutic target to enhance contractile function. 

Miscellaneous Wnt signaling factors in heart failure 

A few other members of Wnt signaling have been associated with heart failure. In 

volume overloaded rats, upregulation of WISP1 has been observed(162). Cardiac-

specific activation of the non-canonical signaling member JNK leads to contractile 

dysfunction and signs of congestive heart failure that resulted in death 7 weeks after 

birth of the mice(202). However, there was no temporal control over JNK activation and 

thus primary effects cannot be differentiated from secondary effects of JNK-induced 

cardiomyopathy. 

Wnt Signaling and Arrhythmias 

Mechanisms for the onset of arrhythmias are generally divided into abnormalities in 

impulse initiation (automaticity and triggered activity) and abnormalities in impulse 

propagation (reentry)(92). Disorders in electrical conductivity of the heart can be 

caused by a variety of genetic and environmental factors or can result from other 

cardiac diseases such as MI, hypertrophy, or heart failure. 

The prerequisite for propagation of the cardiac action potential is the intercellular 

connection of cardiomyocytes by so-called intercalated disks (Fig. 8). These disks 

contain two different junctional complexes, the adhesion junctions and gap junctions. 

Adhesion junctions are important for mechanical coupling between cardiomyocytes. 

There are two main types of adhesion junctions, adherens junctions and 

desmosomes. Adherens junctions are made up of N-cadherin, α- and β-catenin, and 

plakoglobin. The other is the desmosome that contains the desmosomal proteins 

desmoglein and desmocollin and the linker proteins of the plakin and catenin families 
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(desmoplakin, plakophilins, and plakoglobin). Besides this, adherens junctions play an 

essential role in gap junction formation and assembly(121). Gap junctions are necessary 

for intercellular current flow and propagation of cardiac action potentials, and are 

made up from connexins. In the heart, three prominent isoforms of connexins are 

present. Connexin 43 (Cx43) is the only connexin known to be present in the adult 

working myocardium whereas connexin 40 and 45 are present in the fast conducting 

structures such as the bundle of His(141). 

Regulation of connexin 43 by Wnt signaling 

There is evidence that Cx43 is regulated by Wnt signaling. Rapid electrical stimulation 

of neonatal rat cardiomyocytes increases the expression level of β-catenin in the 

nucleus already after 10 minutes followed by increment in the total cell fraction after 

30 minutes. After 1 hour of rapid electrical stimulation, Cx43 protein expression is 

also significantly increased(180). The evidence that changes in β-catenin precede the 

modifications in Cx43 emphasizes that it might play an essential role in the formation 

and stability of gap junctions. Moreover, Cx43 mRNA and protein expression were 

notably induced by stimulation of Wnt signaling with LiCl. This led to an accumulation 

of β-catenin in the cytosol and membrane fraction of neonatal rat cardiomyocytes(3). 

 
Figure 8 | A schematic representation of an intercalated disk between adjacent cardiomyocytes. 
Mechanical coupling of the cardiomyocytes is coordinated by adherens junctions and desmosomes. Gap 
junctions are necessary for rapid current propagation through the myocardium to induce cardiac 
contraction.	  
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A similar response was observed when these cardiomyocytes were co-cultured with 

rat fibroblasts or neuroblastoma cells that were overexpressing Wnt1. The 

accumulation of β-catenin resulted in β-catenin-mediated transcription and Cx43 

expression as well as its translocation to the junctional membrane where it co-

localized with Cx43(3). On the contrary, in the existence of ventricular arrhythmias in 

vivo, Cx43 levels were significantly reduced which was associated with 

downregulation of β-catenin(3). Granulocyte colony-stimulating factor (G-CSF) has 

been shown to bring about similar effects regarding the activation of Wnt signaling 

and Cx43 expression(125). In addition, G-CSF increased the phosphorylation of Cx43 

and restrained ventricular arrhythmias induced by MI in rats compared to non-treated 

animals. MSCs have shown to mitigate the initiation of ventricular arrhythmias after 

MI(249). A possible mechanism for this effect is Wnt secretion by MSCs that affects 

cardiomyocytes through paracrine signaling and thereby increases conduction 

velocity and Cx43 protein levels(177). 

These experiments clearly demonstrate a role for canonical Wnt signaling in the 

regulation of Cx43 expression and could thereby form an interesting target for 

treating arrhythmias. 

Wnt signaling and arrhythmogenic right ventricular cardiomyopathy 

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a genetic disease of the 

myocardium that predominantly affects the right ventricle but can also involve the 

left ventricle. It is characterized by replacement of the healthy myocardium by 

abnormal adipose and fibrous tissue. Clinical manifestations are defined by cardiac 

arrhythmias, heart failure and sudden cardiac death. Approximately 40% of patients 

with ARVC have one or more mutations in genes encoding desmosomal proteins(223). 

Suppression of canonical Wnt signaling has been linked with ARVC(40). Human-

induced pluripotent stem cells from ARVC patients that were differentiated to 

cardiomyocytes reveal a significant reduction in nuclear β-catenin compared to cells 

from non-ARVC patients(34), suggesting reduced canonical Wnt signaling. Loss of 

desmoplakin leads to nuclear localization of plakoglobin, that competes with β-
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catenin for binding to TCF/LEF, and a 50% reduction in canonical Wnt signaling 

through TCF/LEF(74). Heterozygous desmoplakin-deficient mice are hallmarked by 

excess adipose tissue and fibrosis in the myocardium, myocyte apoptosis, cardiac 

dysfunction and arrhythmias, all being the notorious features of ARVC(74). Mice that 

have a cardiac-specific double knock-out for plakoglobin and β-catenin exhibit a 

comparable phenotype together with reduced Cx43 containing gap junctions and 

degenerating intercalated disks(231). In human ARVC heart samples, reduced levels of 

desmoglein and desmocollin were observed although remarkably no difference in β-

catenin levels was observed(247). Of note, the control group consisted of five ischemic, 

two dilated, and only one normal heart. Therefore, altered β-catenin levels due to 

other etiologies cannot be excluded. 

Wnt Signaling in Atherosclerosis 

Development of atherosclerosis is a complex process that involves numerous 

mechanisms that are still not completely understood. There are several pivotal steps 

toward the development of atherosclerosis. Endothelial activation and dysfunction 

are the primary events in atheroma development and can be induced by dyslipidemia 

followed by accumulation of oxidized low-density lipoproteins (LDLs) in the 

subendothelial space. These initial events are usually located at sites with low shear, 

but high oscillatory shear stress(181). Subsequently, the inflammatory process is 

initiated due to elevated expression of chemokines and adhesion molecules. Many 

different immune cells are implicated in atherosclerotic pathogenesis. These include 

monocytes, neutrophils, dendritic cells, T-cells, and B-cells. Moreover, activated 

platelets also interact with inflammatory and endothelial cells, and can also secrete 

chemokines and induce cell adhesion molecule expression. This can sequentially 

engage other cell types and enhance the activation of other inflammatory cells(138). 

Maturation of the atherosclerotic plaque occurs when the plaque formation expands 

due to increased presence of foam cells that form a lipid core. In addition, persisting 

influx of different inflammatory cells and extracellular lipids results into formation of a 

core region that is separated from the arterial lumen by a fibrous cap. This fibrous cap 
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is formed by recruited vascular smooth muscle cells (VSMCs) and deposited ECM. In 

expanding plaques, the lipid core can turn into a necrotic area due to apoptotic 

macrophages and other cells. Further maturation can lead to plaque destabilization 

due to matrix degrading proteases - secreted by primarily inflammatory cells - that 

decrease the thickness of the fibrotic cap. Finally, the plaque will rupture and display 

its remains to the arterial lumen, leading to thrombus formation and probably 

ischemia at the site of action. When occurring in the heart, this is better known as 

MI(244,256). 

Indications for involvement of Wnt signaling in atherosclerosis are given by the 

presence of Wnt5a and DKK1 in murine and human lesions(43,240). In addition, serum 

levels of DKK1 have been identified as an independent risk factor for the presence of 

calcification and atherosclerotic plaques in coronary arteries(115). Patients with aortic 

stenosis demonstrate elevated circulating levels of sFRP3, WIF1 as well as DKK1 and 

can all - DKK1 in particular - predict long-term mortality in these patients(13). 

Moreover, patients with acute ischemic stroke and stable cerebrovascular disease 

also display elevated levels of DKK1 in the circulation(221). Recently, low levels of 

sFRP5 have also been associated with coronary artery disease(170). These studies 

indicate altered levels of Wnt signaling components when atherosclerosis is present 

or has led to a cardiovascular event. However, there is also evidence that Wnt 

signaling is implicated in the consecutive events toward atherosclerotic plaque 

development. An overview of this is given in following subheadings. 

Wnt signaling in endothelial dysfunction and inflammation 

Activated endothelium expresses chemokines and adhesion molecules such as 

vascular cell adhesion molecule protein 1 and E-selectin, which creates a pro-

inflammatory environment. It evokes leukocyte attraction and adherence and 

increases endothelial permeability and turnover, leading to endothelial dysfunction. 

Endothelial cells express a large array of Wnts (Wnt2, -2b, -3, -4, -5a, -5b, -7a, -8a, -

9a, -9b, and -11) and Frizzleds (Fzd1-10 except Fzd3) as well as other components 

such as LRP5, LRP6, sFRP1, SFRP3, DKK1, and DKK3(70). 
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Nuclear localization of β-catenin has been identified in endothelial cells in 

atheroprone regions of the aorta before and during lesion development(75). Indeed, 

TCF/LEF transcriptional activity correlated anatomically with the nuclear localization 

of β-catenin(75). This suggests a role for canonical Wnt signaling in the onset of 

endothelial activation/dysfunction at sites with altered shear stress and thereby 

contributing to atherogenesis. In addition, in vitro data demonstrated enhanced 

monocyte adhesion to endothelial cells by activation of the Wnt/β-catenin pathway 

without altering expression levels of adhesion molecules(131). Once in the intima, 

monocytes differentiate to macrophages. These macrophages have been suggested 

to secrete Wnt5a in the atherosclerotic lesion(43). In endothelial cells, inflammatory 

genes are upregulated by stimulation with Wnt5a through activation of the non-

canonical Ca2+/PKC pathway and downstream activation of NF-κB(114). Moreover, 

endothelial- and platelet-derived DKK1 enhances the expression of inflammatory 

genes in endothelial cells through inhibition of the canonical pathway and activation 

of NF-κB(240). 

Collectively, this suggests that Wnt/β-catenin signaling plays a role in the early onset 

of endothelial activation and dysfunction whereas non-canonical signaling is involved 

in the sequential inflammatory phase. 

Wnt signaling and proliferation and migration of VSMCs 

The pro-inflammatory environment in the atherosclerotic lesion together with the 

altered crosstalk between endothelial cells and VSMCs causes a phenotypic switch of 

VSMCs toward the so-called “synthetic phenotype”(195). These quiescent cells 

become activated, start to proliferate, and migrate into the intima and contribute to 

intimal thickening. VSMCs have a maladaptive role in the lesion development and 

progression by producing inflammatory cytokines and ECM deposition. On the other 

hand, they likely play a beneficial role in the later stages of atherosclerosis by 

formation of the fibrous cap where they proliferate and produce ECM to stabilize the 

plaque(142). 



Wnt signaling in cardiac disease 

 59 

There is evidence that Wnt signaling is involved in VSMC proliferation. β-

Catenin/TCF-mediated transcription has been shown to inhibit apoptosis and induce 

proliferation of rat aortic VSMCs(254) and is induced by Wnt1/LRP6 signaling(253). 

Moreover, VSMC proliferation is also induced by Wnt4/Fzd1-mediated canonical 

signaling during intimal thickening(238). Increased levels of inactivated GSK3β have 

been observed in pulmonary aortic VSMCs of pulmonary hypertensive rats, 

suggesting increased β-catenin signaling contributing to VSMC proliferation(227). 

Inflammatory factors in the pro-inflammatory milieu of the atherosclerotic lesion 

have also been suggested to induce VSMC proliferation. Interleukin (IL)-18, a pro-

inflammatory cytokine associated with the development and progression of 

atherosclerosis(135), is such a factor that induces proliferation through activation of 

Wnt signaling. IL-18 initiates VSCM proliferation through GSK3β inactivation, β-

catenin nuclear translocation, and subsequent TCF/LEF activation and WISP1 

induction(206). In vitro treatment with Wnt1 or Wnt3 in aging VSMCs from rats (8 

months old) resulted in activation of canonical signaling but did not provoke 

proliferation, whereas it did in young cells (6 weeks old)(151). Non-canonical signaling 

has not been extensively studied for its role in VSMC proliferation. However, there is 

indirect evidence that it could be involved, since downstream components such as 

CaMKII and JNK have been demonstrated to promote VSMC proliferation(45,93). 

Migration of VSMC is also suggested to be mediated by Wnt signaling. Wnt3a is able 

to enhance the migration and adhesion of VSMCs through increment of integrin-

linked kinase expression and thereby augment the β1-integrin activity(264). Migration 

is also dependent on activation of CaMKII, a non-canonical component of the Wnt 

pathway(199). In addition, tissue factor promotes VSMC migration by signaling through 

Wnt pathways(200). 

This demonstrates that VSMC proliferation and migration is regulated by Wnt 

signaling but also by many other mechanisms, indicating that its control is complex. 
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Wnt signaling in the process of vascular calcification 

Vascular calcification is a risk factor for cardiovascular morbidity and mortality and is 

a key feature of atherosclerosis. The degree of calcification in atherosclerotic lesions 

is positively correlated with plaque size and the risk of MI(99). Vascular calcification is a 

process that has similarities with bone formation and is promoted by BMP2. Activated 

endothelium produces BMP2 in response to pathogenic stimuli such as tumor 

necrosis factor-α and oxidized LDL(51). BMP2 is indicated to regulate vascular 

calcification through a mechanism that involves Wnt signaling(224). This is mediated by 

Msx2, which is an osteogenic transcription factor that is upregulated by BMP2. In LDL 

receptor knock-out mice, BMP2 and Msx2 are upregulated in the aorta at locations 

with calcifications(225). Conditioned medium from Msx2 overexpressing cells is pro-

osteogenic and is able to stimulate Wnt-dependent TCF/LEF transcription. 

Moreover, these cells upregulate Wnt3a, Wnt7a, and augment nuclear translocation 

of β-catenin, whereas DKK1 is downregulated. These alterations in expression 

patterns were confirmed in vivo in mice overexpressing Msx2. Notably, treatment 

with the canonical antagonist DKK1 was able to reverse the osteogenic features of 

Msx2 in vitro(225). Another recent study confirms that inhibition of Wnt/β-catenin 

signaling by magnesium can reverse the calcification of VSMCs(171). 

LRP receptors and the development of atherosclerosis 

LRP5 and -6 are co-receptors of the canonical Wnt signaling pathway but are also 

involved in cholesterol homeostasis and protection against atherosclerosis(77). 

Indeed, LRP6 mutations in humans are associated with accelerated development of 

atherosclerosis(148,215). The trait of hyperlipidemia associated with these mutations is 

rescued by administration of Wnt3a in mice by altering the expression levels of 

hepatic lipogenic enzymes(78). It was confirmed in vitro that signaling through the 

mutant LRP6 was recovered with higher concentrations of Wnt3a compared to 

control cells. This implies that Wnt signaling is participating in the regulation of lipid 
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homeostasis. Furthermore, human macrophages exposed to LDL have increased 

levels of LRP5 and canonical Wnt signaling as demonstrated by higher levels of β-

catenin, LEF1 and target genes such as cyclin D1, c-jun, and BMP2(30). This reaction 

was abolished when macrophages were treated with siRNA against LRP5, something 

that also negatively affected their migration capacity. In mice, a 

hypercholesterolemic diet causes increased expression of LRP5 in the aortic wall and 

mild atherosclerotic lesions, whereas LRP5 knock-out mice developed larger 

atherosclerotic lesions(29). Moreover, supplementation of cholesterol lowering agents 

reduced the expression LRP5 in hyperlipidemic wild-type mice. 

Taken together, this demonstrates a clear role for LRP5 and 6 as well as canonical 

signaling in halting the atherosclerotic development. However, LRP5 also promotes 

the formation of macrophage derived foam cells by internalization of intimal LDL and, 

therefore, also contributes to the advancement of atherosclerosis(30). 

Conclusion 

Over the last decades, our knowledge of the different components and pathways 

involved in Wnt signaling has increased considerably, giving rise to a picture of a very 

complex network of molecular interactions. In parallel, the contribution of Wnt 

signaling to many diseases has been discovered. In this review, we have described a 

wide range of cardiac conditions in which the involvement of Wnt signaling has been 

described or where interventions in Wnt signaling - either genetic or pharmacologic in 

nature - have been shown to have a modulatory effect on the disease process. In 

many cases, we have included studies that show inconsistent outcomes as to 

whether Wnt signaling should be activated or inhibited. Since Wnt signaling is known 

to be involved in many disease mechanisms like hypertrophy, inflammation, fibrosis, 

and angiogenesis, it becomes clear that in cardiac diseases, where often a mixture of 

these disease mechanisms and cell types is involved, the results from different 

studies can lead to alternative conclusions. To add an additional layer of complexity, 

Wnt signaling does not operate in isolation but acts in concert with many other 

signaling pathways which can further fine-tune the outcomes of a study. Moreover, 
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the vast majority of the studies have been performed in animal models of cardiac 

disease which can respond to interventions with considerable variation, depending on 

gender, genetic background, and method of disease induction. To make the switch 

toward clinical applicability of the large amount of experimental data that has been 

produced on this subject, we will have to move toward more clinically relevant 

materials such as blood, biopsies from patients, and post-mortem materials. 

The widespread involvement of Wnt signaling in many cardiac pathologies may give 

rise to questions regarding its therapeutic applicability, as this implies multiple (and 

potentially) adverse effects of interventions in this pathway. In this respect, the 

involvement of Wnt signaling in many cardiac conditions and disease mechanisms 

shares some analogy with a well-established cardiovascular control system, the 

RAAS. The unraveling of the involvement of the RAAS in diverse cardiovascular 

pathologies and disease mechanisms has led to the development of one of the most 

successful families of drugs for the treatment of cardiovascular diseases to date. 

Although the experimental evidence that is currently available is not sufficient to 

predict a similar success for interventions in Wnt signaling, this example illustrates 

that interventions in a signaling pathway involved in multiple mechanisms of disease 

is not a dead end by definition but can be very successful. However, to achieve such a 

goal, we will first have to develop better drugs to target the Wnt signaling pathway at 

different levels. This will help us to identify the nodal points in the signaling pathway 

that are critical for the control or restoration of cardiovascular homeostasis under 

different conditions. Combined with an in-depth analysis of the molecular 

mechanisms underlying the diverse cardiovascular pathologies, this should lead to 

rigorous testing of the merits of interventions in Wnt signaling as a tool in the battle 

against cardiovascular diseases. 
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Abstract 

Myocardial infarction (MI) results in a complex wound healing process involving 

several cell types and ultimately leads to the formation of a rigid scar, made of 

extracellular matrix components, to replace the affected myocardium. 

Previously, our lab has demonstrated that the genetic background of mice is a 

strong determinant for the wound healing process following MI. In addition, there 

is cumulating evidence that Wnt/Frizzled signaling is involved in this process. This 

generated the hypothesis that differences in the wound healing processes 

between mouse strains are attributed to distinct expression of Wnt/Frizzled 

signaling components in the infarcted myocardium. To make this more clinically 

relevant, human post mortem myocardial material from different stages post-MI 

was analyzed for expression patterns of Wnt/Frizzled signaling components. In 

this study, four mouse strains (BALB/c, C57BL/6, FVB and Swiss) were subjected 

to MI and were either sacrificed at one or four weeks afterwards. 

Echocardiography revealed no differences in ejection fraction and cardiac 

volumes between one and four weeks post-MI. Gene expression analysis by qPCR 

showed an upregulation of Frizzled mRNA at one week and Wnt ligands at four 

weeks post-MI in the infarcted myocardium when compared to remote areas, yet 

a significant difference between strains was only noted for Wnt1, -3a and -8a. 

These genes were upregulated in the C57BL/6 and FVB strains and also 

correlated negatively with cardiac volumes in these mice, suggesting increased 

Wnt signaling to be favorable for prevention of cardiac dilatation. Analysis of 

human post-mortem infarct samples demonstrated a gene expression pattern 

that resembles the cellularity of the infarcted myocardium over time. However, 

expression levels of the analyzed genes were very low and variable, which was 

likely due to the nature of the formalin-fixed tissue. Overall, the findings in this 

study illustrate the involvement of Wnt signaling post-MI but in only two out of 

four strains this could be correlated to cardiac remodeling.  
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Introduction 

Myocardial infarction (MI) is the result of interrupted blood flow in the affected 

myocardium. Prolonged ischemia can cause cardiomyocyte death. These dead cells 

are replaced with scar tissue by a process referred to as wound healing. This process 

is initiated immediately following cardiomyocyte death and can be further divided in 

three different phases(1,2). Twelve to 16 hours following the ischemic event, the 

inflammatory phase (phase I) is initiated in which infiltrated inflammatory cells 

remove dead cellular and matrix debris. The second phase is characterized by the 

formation of granulation tissue starting two to three days after MI. During this phase, 

the inflammatory response is suppressed whereas fibroblasts and endothelial cells 

start to proliferate. Fibroblasts deposit extracellular matrix (ECM) components(3) and 

can differentiate into myofibroblasts under influence of mechanical tension and 

transforming growth factor (TGF) β1(4,5). Myofibroblasts contribute to the formation 

of new ECM components and also express alpha smooth muscle actin (αSMA) that 

condenses the scar tissue, thereby preventing the dilatation of the infarct(5). Another 

key feature of this phase is the formation of small blood vessels to restore blood flow 

in the infarcted area(6). During the final phase (phase III), cells present in the infarcted 

myocardium start to disappear from the wound, with the exception of the 

myofibroblasts. This phase is further characterized by the collagens that become 

cross-linked and the consecutive formation of scar tissue(3). 

Maintenance of the scar tissue by an accurate balance between ECM deposition and 

degradation is important for preservation of an adequate cardiac function following 

MI. Excessive degradation of the ECM in the infarct area can lead to rupture (within 

one week after MI) or dilatation of the ventricle due to thinning of the wall(1,7). 

Furthermore, dilatation and remodeling of the remote myocardium can lead to 

decreased ventricular function and eventually the development of heart failure(8). In 

mice, the genetic background has been shown to be an important factor for infarct 

healing following MI and can have decisive influences in the outcome of the 

remodeling process. Five mouse strains, exposed to experimental MI, demonstrated 
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substantial differences in frequency of infarct rupture, thinning of the infarct area, 

preservation of cardiac function and heart failure incidence(9).  

Wnt/Frizzled signaling is involved in many developmental processes including 

cardiogenesis and vasculogenesis but is generally silent in healthy adult tissues 

(Chapter 2). However, reactivation of Wnt/Frizzled signaling is a common observation 

upon the development of a pathological condition. The involvement of Wnt/Frizzled 

signaling following MI and its implication on the wound healing process has been 

demonstrated before(10,11), although the exact mechanisms are still unclear due to the 

complex nature of the signaling pathway. Myofibroblasts upregulate Frizzled (Fzd) -2 

when migrating to the infarcted myocardium(12) and their numbers are inversely 

correlated with LV dilatation(9). This implies that the substantial discrepancies in 

infarct healing in different mice strains can possibly be attributed to divergent 

regulation of Wnt signaling. Therefore, the aim of this study was to unravel the 

relationship between genetic background and the activity of the Wnt/Frizzled 

signaling pathway and correlate them to parameters that can indicate (the 

development of) heart failure. Furthermore, the expression profile of Wnt/Frizzled 

pathway components in post-mortem human infarct samples was quantified at 

different time points post-MI to investigate whether aberrant Wnt/Frizzled signaling 

is also present in human infarct remodeling. 

Materials & Methods 

Animal study 

Animal surgery 

Male mice, 10-12 weeks of age, were purchased from Charles River, Leiden, The 

Netherlands. The following strains were included: BALB/c, C57BL/6, FVB and Swiss. 

The mice were divided in two different groups, which were either sacrificed at one 

week or four weeks post-MI. As analgesia, 0.1 mg/kg buprenorphine was 

administered by subcutaneous injection 30-60 minutes before the surgery. Mice 

were anesthetized by isoflurane and were placed in supine position. The trachea was 

intubated with a steel tube connected to a small animal respirator (Hugo Sachs, 
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MiniVent, tidal volume: 180-250 μl, rate: 200-250 breaths/min, depending on the 

strain). Body temperature was monitored by a rectal probe and maintained at 37°C by 

a heating pad and lamp. MI was induced under isoflurane gas anesthesia (2.0-3.0%) 

using a stereomicroscope (Leica MZ FL III, Leica Switzerland). After thoracotomy 

through the left fourth intercostal space, the lateral branch of the left coronary artery 

was ligated with a 6-0 prolene suture just proximal to the main bifurcation. Absence 

of coronary blood flow to the distal area was confirmed by discoloration of the 

myocardium and disturbed ECG signal. Chest and skin were closed in layers using 5-0 

polysorb sutures. Animals were gradually weaned from the respirator and recovered 

overnight in an incubator (28°C). By the end of the day of operation and at the end of 

the two following days, buprenorphine (0.05 to 0.1 mg/kg) was administered. All 

interventions were performed by the same technician to minimize the variations in 

the procedures. All experimental procedures were approved by the Committee for 

Animal Research of Maastricht University and were in accordance with the Guide for 

the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). 

Echocardiography 

All animals were subjected to echocardiography under isoflurane anesthesia for the 

assessment of left ventricular (LV) dimensions and function. Recordings were taken 

prior to surgical procedures (baseline) and at the end of the protocol (1 or 4 weeks). 

Transthoracic echocardiographic B-mode recordings were made in midpapillary 

short-axis and parasternal long-axis of the LV using a Vevo2100 imaging platform 

(VisualSonics, Toronto, Canada) with a MS-400 30 MHz MicroScan transducer. The LV 

area (LVA) and LV length (LVL) of the lumen were determined from the long-axis 

images in end-diastole and end-systole from at least three different cycles. With 

these parameters, the end-diastolic volume (EDV) and end-systolic volume (ESV) 

were calculated as (8×LVA2)/(3π×LVL). Ejection fraction was calculated as 

100×((EDV–ESV)/EDV) (Description adapted from(13)) 
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Tissue collection 

At the end of the experiment, hearts and lungs were excised and weighed. Hearts 

were divided in right ventricle, septum, left ventricle and infarct. These parts were 

snap-frozen in liquid nitrogen and stored at -80°C until further use.  

Real-time PCR 

Cryopreserved heart tissue was homogenized and RNA was isolated using the 

RNeasy® Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s protocol. In brief, tissue was homogenized in isolation buffer and was 

further digested by incubation with proteinase K. Samples were loaded to a spin 

column and washed with washing buffer. RNA was further purified by removal of 

genomic DNA followed by additional washing steps. Subsequently, RNA was collected 

and assessed for concentration and purity (A260/A280 ratio) with a NanoDrop 

spectrophotometer (Thermo Fischer Scientific, USA). cDNA was synthesized by 

reverse transcription of the RNA, using a iScript cDNA synthesis kit (Bio-Rad, 

Hercules, CA, USA). Real-time (RT) PCR Primers were designed using Primer-BLAST 

(NCBI, Bethesda, MD, USA). RT-PCR of the samples was performed in duplicate on 

the CFX96 Real-Time System (Bio-Rad) and cDNA was detected using iQ SYBR® 

Table 1 | Primer sequences for mouse genes and annealing temperatures used in the RT-PCR 

Gene Forward primer Reverse primer Ta (oC) 

Wnt1 CTGTGCGAGAGTGCAAATGG ACGATCTTGCCGAAGAGGTG 63 

Wnt3a CTCGCATGGCATAGATGGGT ACAGTGGCATTTCTCCCTCC 61 

Wnt5a CAACTGGCGGGACTTTCTCAAA CATCTCCGATGCCGGAACT 62 

Wnt8a TTGGGACATCACAGGGTTGG GATCATCCATCTACCCCGCC 64 

Fzd1 TATCGCCGGCTTTCTGTTG CCCCGTCCTCTGCAAACTT 60 

Fzd2 CCTCAAGGTGCCGTCCTATC CAACACCGACCATGTGAGGA 63 

Fzd7 ACCCTACTGCTCCCTACCTG AGAAGGGGAAAGACAAGCGG 61 

Axin2 CCTGACCAAACAGACGACGA CACCTCTGCTGCCACAAAAC 62 

CyclinD1 CATTCCCTTGACTGCCGAGA TTGTTCTCATCCGCCTCTGG 63 

β-Actin CAGCAAGCAGGAGTACGATG AGGGTGTAAAACGCAGCTC 61 

Fzd = frizzled; Ta = Annealing temperature 
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Green Supermix (Bio-Rad). mRNA expression was assessed of the genes listed in 

Table 1. Gene expression was normalized to the housekeeping gene β-actin and 

further quantified using the comparative Ct (ΔCt) method.  

Human study 

Sample collection 

Samples were obtained from the Maastricht Pathology Tissue Collection (MPTC). 

Collection, storage and use of tissue and patient data were performed in agreement 

with the “Human Tissue and Medical Research: Code of conduct for responsible use 

(2011)”. Post-mortem, formalin fixed and paraffin embedded human LV sections 

were microscopically analyzed for the presence of myocardial infarction, which 

covered at least 50% of the section. They were divided into four categories, 

according to the infarct age. This was established by histological analysis of a 

haematoxylin and eosin stain according to the previously described criteria(3). Group 

A included samples from 0-1 week post-MI, group B; 1-3 weeks post-MI, group C; 3-6 

weeks post-MI and group D; >6 weeks post-MI. A total of 40 samples with presence of 

myocardial infarction were selected and were divided over the groups as followed; 

group A: 11, group B: 10, group C: 4, group D: 15. Paraffin-embedded tissues from 

both the infarcted and non-infarcted area of the LV were collected from all patients.  

RNA isolation 

RNA was isolated from formalin fixed paraffin embedded heart tissue using the 

RecoverAllTM Total Nucleic Acid Isolation Kit (Life Technologies, Carlsbad, CA, USA) 

according to the manufacturer’s protocol. In short, eight 10 μm sections were cut 

from paraffin blocks containing the heart tissue. The paraffin was removed by 

addition of xylol and heating of the sample. Xylol was decanted and ethanol was added 

to remove residual xylol. The tissue was digested at 50°C with addition of a protease. 

Subsequently, isolation additive and ethanol were added to the samples followed by 

loading onto a filter column. The column was then centrifuged and washed with 

washing buffers. DNase was applied to the filter column for removal of genomic DNA 

followed by additional washing steps. Finally, the RNA was eluted from the column 
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and assessed for concentration and purity (A260/A280 ratio) with a NanoDrop 

spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA). 

Real-time PCR 

cDNA was synthesized as described in the previous paragraphs as well as the primer 

design. RT-PCR of the samples was performed in duplicate as described before. 

mRNA expression was assessed of the genes listed in Table 2. Gene expression was 

normalized to the housekeeping gene cyclophilin and further quantified using the 

comparative Ct (ΔCt) method. 

Statistics 

All data are presented as mean ± SEM. Echocardiographic measurements between 

strains were compared using one-way ANOVA with Bonferroni post-hoc tests. 

Statistical analysis of both the mouse and humans gene expression was performed 

using two-way ANOVA and Bonferroni post-hoc analysis. Correlations between gene 

expression and cardiac dimensions or organ weights were established by a Pearson 

correlation test. For all analyses, a P-value of <0.05 was considered statistically 

significant. 

 

Table 2 | Primer sequences for human genes and annealing temperatures used in the RT-PCR 

Gene Forward primer Reverse primer Ta (oC) 

Wnt1 ATGGTGTCATTCTGCCTGCT GACTTAGGAGGACCCGGAGA 61 

Wnt3a CCCTGGAGCTAGTGTCTCCTCT CCAGGGAGAAGCCAACGCA 63 

Wnt5a GTCAACAGCCGCTTCAACTC CATTGCGCACGCAGTAGTC 60 

Wnt8a CAGTTTGCTTGGGAACGCTG ACTTCTCAGCTGTTGTGGG 60 

Fzd1 TGAGCCGACCAAGGTGTATG CACAGCACTGACCAAATGCC 64 

Fzd2 CTTCTCACAGGAGGAGACGC TGAAGAAGGTGGAAGCGCAG 64 

Fzd7 CGCCTCTGTTCGTCTACCTC TGATGGTGCGGATACGGAAG 64 

Axin2 AAGCGATGAGTTTGCCTGTG CCCAGAATCCGGCCTTCAT 61 

Cyclophilin AGACAAGGTCCCAAAGAC ACCACCCTGACACATAAA 60 

Fzd = frizzled; Ta = Annealing temperature 
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Results 

Cause of death and organ- and body weights of the different mouse strains 

Body weights for BALB/c, C57BL/6 and FVB mice did not differ significantly from each 

other, while Swiss mice had a significant higher body weight compared to all other 

strains. This is not unusual since Swiss mice are relatively large mice. No differences 

were observed for heart and lung weights, when corrected for body weight, at 7 and 

28 days post-MI. In addition, body, heart and lung weights did not change significantly 

between 7 and 28 days post-MI (Table 3). 

Overall, 86% of the animals survived in the one-week protocol, whereas only 70% 

survived the four week protocol. The highest post-infarct mortality was observed for 

the FVB strain (38%) when the two time points were combined (Figure 1). In addition, 

this strain had the highest infarct rupture incidence (42%) in the four-week protocol 

whereas the overall infarct rupture incidence was only 14%. Death due to (onset of) 

heart failure was only seen for the FVB and Swiss strain and occurred in only 7% of all 

the animals. 

Cardiac dimensions of the different mouse strains post-MI 

At baseline (t=0) there were already significant differences in cardiac volumes (ESV 

and EDV) and EF between the strains as measured by echocardiography (Figure 2). 

Swiss mice had the largest EDV and ESV whereas FVB had the smallest cardiac 

Table 3 | Heart, lung and body weights of the different mouse strains 

Parameter Time BALB/c C57BL/6 FVB Swiss 

BW (g) Baseline 27.00±0.32 25.81±0.30 26.71±0.42 41.75±0.75*** 
 7 days 25.33±0.50 25.67±0.58 25.56±1.00 38.78±1.18*** 
  28 days 28.67±0.49 27.44±0.67 29.20±0.58 41.45±1.11*** 

HW/BW (%) 7 days 0.63±0.04 0.69±0.04 0.55±0.06 0.55±0.03 
  28 days 0.64±0.08 0.61±0.03 0.43±0.02 0.52±0.05 

LW/BW (%) 7 days 0.95±0.16 0.70±0.05 0.66±0.04 0.69±0.06 
  28 days 0.81±0.20 0.55±0.04 0.68±0.10 0.54±0.05 

BW: body weight, HW: heart weight, LW: lung weight. Data are presented as mean ± SEM; *** p<0.001 vs. all 
other strains 
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volumes. EF was significantly higher at baseline in both C57BL/6 and FVB mice 

compared to the other strains. Following MI, ESV, EDV and EF changed significantly in 

all strains but no difference could be observed between one (t=7) and four (t=28) 

weeks post-MI. One week post-MI, ESV and EDV were shown to be significantly 

higher for C57BL/6 compared to FVB mice. Furthermore, Swiss mice had significantly 

higher EDV and ESV values compared to all other strains. When looking at 4 weeks 

post-MI, ESV and EDV were only different for the Swiss strain compared to the other 

strains. EF was not significantly different between strains at one as well as four weeks 

post-MI. 

Gene expression of the infarcted and remote area post MI 

Gene expression of components of the Wnt/Frizzled pathway at one and four weeks 

post-MI was both analyzed for the infarcted and non-infarcted areas of the 

myocardium in the four strains that were investigated. Gene expression for every 

gene was normalized to the expression of BALB/c remote one week following MI; this 

value was set at 1.0 ± SEM.  

                                
Figure 1 | Post-infarct survival differences between strains. 
BALB/c mice had the highest survival rate post-MI, with only one death out of 16 animals due to infarct 
rupture. The FVB strain had the lowest survival rate, which could mainly be attributed to the high infarct 
rupture incidence. 1W: animals sacrificed at one week post-MI, 4W: animals sacrificed at four weeks post-
MI. 
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Fzd2 expression was upregulated in the infarct area compared to the remote area 

one and four weeks post-MI, although not significant in all strains (Figure 3). In the 

infarcted myocardium, Fzd1 and -7 were significantly upregulated compared to the 

 
Figure 2 | Cardiac characteristics by means of echocardiography. 
At baseline (t=0) some strains showed significant differences for ESV, EDV and EF. Following MI, ESV and 
EDV significantly increased and EF significantly decreased in all strains, although no difference was 
observed between one (t=7) and four weeks (t=28) following MI. At one and four weeks post-MI, Swiss 
mice had significantly higher ESV, EDV and EF compared to all other strains. Data are presented as mean ± 
SEM * p<0.05, ** p<0.01, *** p<0.001. 
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remote area post-MI in only a few conditions (Figure 3) but there was a trend towards 

an upregulated expression in most of the strains, especially at four weeks after MI. In 

general, Swiss mice demonstrated a trend towards lower Fzd expression levels 

compared to other strains, which was significant in a few conditions. The remote 

areas did not demonstrate different expression patterns between one and four 

weeks following MI. 

Expression of Wnt genes was also altered post-MI (Figure 4). In contrast to Fzd genes, 

Wnt genes were not yet upregulated in the infarcted area one week after MI, but 

rather demonstrated a trend towards decreased mRNA expression levels when 

compared to the remote region. At four weeks post-MI however, Wnt1, -3a and -8a 

were significantly upregulated (~5 to ~8-fold) in C57BL/6 and FVB in the infarcted 

Figure 3 | Upregulated Frizzled expression in the infarct area following MI . 
Fzd2 and to a lesser extent, Fzd1 and -7, were upregulated in the infarcted area in several strains. All values 
were normalized to 1 week remote which was set at 1.0. Data are presented as mean ± SEM. * p<0.05, ** 
p<0.01, *** p<0.001.  
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myocardium, whereas Wnt5a was not upregulated in such a way. In addition, BALB/c 

and Swiss mice were also shown to have a trend towards an increased expression of 

Wnt1, -3a and -8a in the infarcted myocardium at four weeks post-MI when 

compared to one week but gene expression was significantly lower compared to the 

C57BL/6 and FVB strains. 

Axin2 and CyclinD1, target genes of the canonical Wnt/Frizzled pathway, did not 

demonstrate a clear expression pattern following MI (Figure 5). However, when 

comparing the two genes, the expression patterns are analogous within the strain. 

Again, Swiss mice seem to have lower expression levels, or diminished activation of 

the Wnt/Frizzled pathway. 

Figure 4 | Increased mRNA expression of several Wnt genes at for week post-MI. 
Wnt1, -3a and -8a, but not Wnt5a, were significantly upregulated in the infarcted myocardium four weeks 
post-MI compared to the remote area. All values were normalized to 1 week remote, which was set at 1.0. 
Data are presented as mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001. 
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Correlation of gene expression with LV volumes and lung and heart weights  

EDV is a measure of the dilation of the ventricle and thus the development of LV 

dilatation, which frequently results in heart failure. To investigate whether gene 

expression in each strain was linearly related to the EDV, gene expression of the 

infarcted area was plotted against the EDV for every individual mouse (Figure 6) 

followed by calculation of the correlation coefficient. One week after MI, no 

significant correlation was observed between EDV and gene expression for any of the 

genes investigated (Table 4). Four weeks post-MI, there was a significant negative 

correlation between EDV and Wnt1, -3a and -8a for the C57BL/6 and FVB strains but 

not in de BALB/c and Swiss mice. In contrast, no correlation between EDV and any of 

the Frizzleds or the target genes was observed (Figure 6). Similar results were 

observed when correlated to ESV (Table 4). A more direct sign for the development of 

heart failure is an increase in lung weight. When gene expression of the infarcted 

myocardium was plotted against the corresponding lung weights, significant 

correlations were only observed for Axin2 and CylcinD1 in Swiss mice at four weeks 

after MI (Table 4). In addition, heart weight correlated only with Fzd7 (1 week), Wnt3a 

(4 weeks) and Wnt8a (4 weeks) in the FVB strain. 

  

Figure 5 | No distinct expression pattern of canonical Wnt/Frizzled target genes post-MI. 
No identical gene expression pattern was observed between the strains for Axin2 and CyclinD1. 
Comparison of the two genes however demonstrated a related pattern. All values were normalized to 1 
week remote, which was set at 1.0. Data are presented as mean ± SEM. * p<0.05, ** p<0.01. 
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Figure 6 | Individual gene expression of the infarcted myocardium 4 weeks post-MI was plotted against the 
EDVs of corresponding mice. A Pearson correlation coefficient was calculated to identify a linear 
relationship of the two variables. A significant correlation was observed for three out of four Wnt genes in 
the C57BL/6 and FVB strains but not for other genes. * p<0.05; ** p<0.01; *** p<0.001. 
 



Chapter 3 

	  96 

 

 

T
ab

le
 4

 | 
C

o
rr

el
at

io
n 

co
ef

fic
ie

nt
s 

be
tw

ee
n 

ge
ne

 e
xp

re
ss

io
n 

an
d 

ED
V

, E
S

V
, L

W
 a

nd
 H

W
 

 
 

Fz
d1

 
Fz

d2
 

Fz
d7

 
W

nt
1 

W
nt

3a
 

W
nt

5a
 

W
nt

8a
 

A
xi

n2
 

C
yc

lin
D

1 

  
  

t=
7 

t=
28

 
t=

7 
t=

28
 

t=
7 

t=
28

 
t=

7 
t=

28
 

t=
7 

t=
28

 
t=

7 
t=

28
 

t=
7 

t=
28

 
t=

7 
t=

28
 

t=
7 

t=
28

 

ED
V

 
B

A
LB

/c
 

-0
.3

1 
-0

.0
1 

-0
.1

3 
-0

.6
3 

0.
14

 
-0

.6
5 

-0
.3

4 
-0

.5
8 

-0
.4

1 
0.

52
 

-0
.3

3 
-0

.7
2 

-0
.3

0 
-0

.4
0 

-0
.5

0 
-0

.6
6 

-0
.6

0 
-0

.3
0 

 
C

57
B

L/
6 

-0
.1

9 
-0

.3
6 

-0
.3

1 
-0

.3
9 

-0
.3

6 
-0

.5
0 

-0
.3

8 
-0

.9
6**

*  
-0

.6
0 

-0
.7

3*  
-0

.3
6 

-0
.4

8 
-0

.4
4 

-0
.8

9**
 

-0
.2

0 
-0

.1
0 

-0
.3

5 
-0

.0
4 

 
FV

B
 

-0
.5

9 
-0

.4
4 

-0
.1

0 
0.

17
 

0.
02

 
-0

.2
6 

-0
.1

7 
-0

.8
2*  

0.
01

 
-0

.8
8*  

-0
.1

8 
-0

.0
6 

-0
.0

3 
-0

.9
3*  

-0
.6

3 
0.

49
 

0.
08

 
0.

40
 

  
S

w
is

s 
-0

.0
9 

-0
.2

8 
-0

.4
9 

0.
01

 
-0

.2
6 

-0
.0

9 
0.

44
 

-0
.5

5 
-0

.0
1 

-0
.6

2 
-0

.0
6 

0.
11

 
-0

.0
6 

-0
.4

2 
-0

.0
8 

0.
45

 
-0

.2
4 

0.
13

 

ES
V

 
B

A
LB

/c
 

-0
.5

3 
-0

.0
1 

-0
.4

1 
-0

.4
2 

-0
.0

4 
-0

.5
6 

-0
.5

2 
-0

.3
3 

-0
.6

0 
0.

73
 

-0
.5

5 
-0

.6
3 

-0
.4

4 
-0

.4
1 

-0
.6

9 
-0

.8
4 

-0
.8

4 
-0

.5
1 

 
C

57
B

L/
6 

-0
.2

2 
-0

.3
2 

-0
.3

4 
-0

.3
8 

-0
.4

0 
-0

.5
0 

-0
.4

3 
-0

.9
1**

*  
-0

.6
4*  

-0
.7

9*  
-0

.3
8 

-0
.5

8 
-0

.4
7 

-0
.8

6**
 

-0
.2

1 
0.

04
 

-0
.3

8 
-0

.1
1 

 
FV

B
 

-0
.4

4 
0.

38
 

0.
07

 
0.

14
 

0.
09

 
-0

.3
1 

-0
.2

8 
-0

.9
1*  

-0
.1

1 
-0

.8
3 

-0
.0

4 
-0

.0
9 

-0
.1

6 
-0

.8
9*  

-0
.4

8 
0.

45
 

0.
09

 
0.

40
 

  
S

w
is

s 
-0

.2
2 

0.
20

 
-0

.6
1 

-0
.1

1 
-0

.3
7 

-0
.2

0 
0.

27
 

-0
.5

0 
-0

.1
5 

-0
.5

7 
-0

.1
7 

0.
01

 
-0

.1
6 

-0
.3

7 
-0

.0
3 

0.
40

 
-0

.4
6 

0.
03

 

LW
 

B
A

LB
/c

 
-0

.2
1 

0.
35

 
-0

.0
1 

-0
.3

7 
0.

53
 

-0
.4

1 
0.

13
 

-0
.3

9 
0.

24
 

0.
29

 
-0

.3
5 

-0
.6

4 
0.

09
 

-0
.1

7 
-0

.2
1 

-0
.5

1 
0.

14
 

-0
.1

7 

 
C

57
B

L/
6 

-0
.1

1 
-0

.2
1 

-0
.2

1 
-0

.3
2 

-0
.1

1 
-0

.4
3 

-0
.2

3 
-0

.6
0 

-0
.4

6 
-0

.4
8 

-0
.2

6 
-0

.4
6 

-0
.3

7 
-0

.5
2 

-0
.1

7 
0.

08
 

-0
.1

6 
0.

02
 

 
FV

B
 

-0
.2

0 
0.

29
 

0.
33

 
0.

24
 

0.
60

 
-0

.2
1 

0.
30

 
-0

.6
8 

0.
31

 
-0

.5
5 

0.
28

 
0.

07
 

0.
35

 
-0

.6
1 

-0
.3

2 
0.

41
 

0.
80

* 
0.

49
 

  
S

w
is

s 
0.

40
 

0.
60

 
0.

07
 

0.
05

 
-0

.0
4 

-0
.0

4 
-0

.0
8 

-0
.1

2 
0.

23
 

-0
.3

0 
0.

67
*  

0.
19

 
0.

11
 

0.
09

 
0.

21
 

0.
89

**
*  

0.
57

 
0.

69
* 

H
W

 
B

A
LB

/c
 

-0
.3

5 
0.

28
 

-0
.3

1 
-0

.5
1 

0.
51

 
-0

.4
3 

-0
.0

4 
-0

.5
7 

0.
37

 
0.

17
 

-0
.5

2 
-0

.5
8 

0.
06

 
-0

.2
9 

-0
.3

6 
-0

.3
8 

0.
58

 
-0

.0
1 

 
C

57
B

L/
6 

-0
.3

8 
-0

.2
6 

-0
.3

7 
-0

.3
3 

-0
.1

1 
-0

.4
0 

-0
.3

4 
-0

.6
1 

-0
.5

0 
-0

.5
0 

-0
.4

3 
-0

.3
6 

-0
.3

0 
-0

.5
6 

-0
.3

9 
0.

24
 

-0
.0

3 
0.

21
 

 
FV

B
 

-0
.1

7 
0.

58
 

0.
21

 
0.

39
 

0.
86

*  
-0

.1
0 

0.
48

 
-0

.8
7 

0.
60

 
-0

.9
3*  

0.
31

 
0.

14
 

0.
63

 
-0

.9
1*  

-0
.2

2 
0.

66
 

0.
58

 
0.

66
 

  
S

w
is

s 
0.

06
 

0.
04

 
0.

16
 

-0
.0

2 
0.

26
 

-0
.0

7 
0.

29
 

-0
.4

2 
0.

38
 

-0
.4

0 
-0

.1
2 

0.
04

 
0.

47
 

-0
.3

8 
-0

.2
3 

0.
27

 
0.

52
 

-0
.0

8 

P
ea

rs
o

n 
co

rr
el

at
io

n 
co

ef
fic

ie
nt

s 
ar

e 
sh

o
w

n 
fo

r a
ll 

st
ra

in
s 

be
tw

ee
n 

th
e 

ge
ne

 e
xp

re
ss

io
n 

an
d 

ED
V

, E
S

V
, L

W
 a

nd
 H

W
. S

ta
ti

st
ic

al
ly

 s
ig

ni
fic

an
t c

o
rr

el
at

io
ns

 a
re

 s
ho

w
n 

in
 b

o
ld

 
fo

nt
. *

 p
<0

.0
5,

 *
* 

p<
0.

01
, *

**
 p

<0
.0

01
. t

=7
: o

ne
 w

ee
k 

po
st

-M
I; 

t=
28

: f
o

ur
 w

ee
ks

 p
o

st
-M

I; 



Wnt/Frizzled expression following MI in mice and humans 

 97 

Wnt/Frizzled signaling expression in post-mortem human MI samples 

To evaluate whether Wnt/Frizzled signaling genes have a changed expression pattern 

following MI in humans, a retrospective study was conducted with formalin fixed 

post-mortem myocardial samples. Tissue samples were histologically checked for 

the presence of an infarction and were divided into four categories according to the 

established infarct age. Together with each infarcted sample, a non-infarcted sample 

from the same heart was also analyzed for its gene expression. Since not all samples 

demonstrated detectable mRNA expression for each gene, the actual number of 

samples in each group was variable and is displayed in Figure 7. 

As can be seen in Figure 7, a general expression pattern could be observed for all 

genes that were analyzed: in group B there is an increased in expression, which 

decreases again in group C, followed by a slight increase in group D. However, 

significant difference in expression in the infarcted myocardium was only detected 

for Wnt1 and Fzd7 between group A and B. In addition, Fzd7 was differently expressed 

in the remote area between group A-B and B-D. Differences in the expression over 

time were not observed for other genes that were measured. No significant 

differences could be observed between remote and infarcted myocardium. Large 

variations in expression levels were observed between different samples, even within 

a single patient, hampering the determination of significant differences between the 

groups 

Discussion 

Previously, our lab has demonstrated that the genetic background of mice is a strong 

determinant for the infarct healing process post-MI. Induction of MI in five mouse 

strains demonstrated substantial differences in frequency of infarct rupture, thinning 

of the infarct area, preservation of cardiac function and heart failure incidence(9). To 

find a link between Wnt signaling and the difference in infarct healing between mice 

strains, we provide an overview of the expression of several genes from the 

Wnt/Frizzled signaling cascade following experimental MI in four different mouse 

strains, together with their cardiac dimensions assessed by echocardiography. In 
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Figure 7 | Wnt/Frizzled signaling gene expression in post-mortem human MI samples.  
Only Fzd7 and Wnt1 demonstrated significant differences in the infarcted myocardium between group A 
and B. All values were normalized to group A: remote myocardium, which was set at 1.0. Data are 
presented as mean ± SEM, * p<0.05.	   
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addition, we present data on the expression of these genes in post-mortem human 

MI samples.  

Several Wnt ligands and Fzd receptors were upregulated in the infarcted area 

compared to the remote region in mice following MI, although the target genes for 

canonical Wnt signaling were not upregulated accordingly. The upregulation of Wnt 

and Fzd family members following experimental MI in mice (C57BL/6) has been 

demonstrated before by several research groups(14,15), but then compared to sham-

operated or unmanipulated control animals. The expression pattern of Fzd1, -2 and -

7 in C57BL/6 mice between the infarcted and remote area at one week post-MI was 

similar to the study from Barandon et al. where one week post-MI and baseline 

animals were compared(15). The upregulated expression of Fzd2 one week post-MI 

has also been observed before in the infarcted rat myocardium when compared to 

sham operated animals(12), confirming the results of this study.  

The expression of Wnt ligands presented in this manuscript was not significantly 

altered between the infarcted and remote area one week post-MI, which is in 

accordance with the previously mentioned study(15). This is also supported by a study 

where expression of Wnts was investigated five days following MI compared to sham 

animals: Wnt1, -3a, -5a and -8a expression was not significantly altered in these mice 

following MI(14). Remarkably, we found a significant increase of Wnt1, -3a and -8a in 

the C57BL/6 and FVB strains at four weeks following induction of MI. To our 

knowledge there are no other data available that provide information on the 

expression of Wnts four weeks post-MI although canonical Wnt signaling has been 

shown to be upregulated in the myocardium up until at least three weeks post-MI(16).  

The expression of target genes Axin2 and CyclinD1 was not significantly altered 

between the remote and infarcted area within strains, although one would expect an 

upregulation in the infarcted area, since Fzd receptors and Wnt ligands were 

significantly upregulated. A study with Axin2 reporter mice demonstrated increased 

expression of Axin2 following MI throughout the entire myocardium (16). This could 

explain the absence of differential expression of the target genes between remote 
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and infarcted myocardium in our study. Non-canonical Wnt signaling (See Chapter 2) 

can also be activated, although direct evidence is lacking since target genes of this 

signaling pathway were not studied. However, Wnt5a (a non-canonical Wnt ligand(17)) 

expression does not point in this direction, since there is no upregulation of this gene 

in the infarcted area. 

Correlation of gene expression with the parameters EDV, ESV, LW and HW 

demonstrated contrasting results. Wnt1, -3a and -8a expression levels were 

negatively correlated with ESV and EDV in C57BL/6 and FVB mice, whereas a 

significant correlation was absent for LW and HW at four weeks post-MI. This 

suggests that in a later stage of wound healing post-MI, increased Wnt expression is 

beneficial for preserving EDV and ESV whereas reduced expression will likely lead to 

dilatation of the ventricle. A presumable consequence of increased Wnt expression 

would be an increased Wnt signaling activity, although this was not reflected by a 

comparable expression of the canonical target genes Axin2 and CyclinD1. Since 

Wnt1, -3a and -8a are canonical Wnt ligands(18) it is also not likely that these would 

activate non-canonical signaling.  

In contrast to van den Borne et al.(9), we did not observe a difference in EF between 

strains at one and four weeks post-MI. The EF for all strains remained around 20% 

whereas EFs of less than 10% were reported previously for the BALB/c and Swiss 

strains four weeks following MI. In addition, dilatation of the infarct between one and 

four weeks post-MI in Swiss mice was not observed in this study, whereas this did 

occur previously between two and four weeks(9). Death due to presence of heart 

failure was completely absent in the BALB/c and C57BL/6 mice whereas a few animals 

died (10% and 8% respectively) due to this in the aforementioned study. Also lung to 

body weight ratio was not significantly different in this study. Especially Swiss mice 

had a low lung to body weight ratio compared to the previous study (9). BALB/c and 

Swiss mice have previously been proposed as good models to study heart failure 

post-MI since these mice clearly demonstrated a reduced cardiac performance, 

dilatation of the infarct and increases in lung weight(9). All these characteristics were 
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not observed in the present study for these strains, which suggests the absence of 

overt heart failure development with a consequence that mice remain in a 

compensated state. The wound healing process following MI comprises an extensive 

inflammatory response in the myocardium(19), which will contribute to development 

of heart failure. Our mice were housed in individually ventilated cages (IVC), which 

reduces the exposure to pro-inflammatory stimuli and results in a diminished grade 

of basal inflammation in mice. A plausible explanation for the absence of the heart 

failure phenotype in these mice, is a reduced exposure to inflammatory stimuli due to 

these housing conditions (see chapter 5).  

The data on the expression profile of Wnt/Frizzled signaling components in human 

post-mortem MI samples demonstrated a pattern of gene expression in time for 

most of the genes, namely; an upregulation one to three weeks following MI, followed 

by a downregulation three to six weeks after MI and finally the gene expression 

changed back to baseline levels in group D. This pattern is in parallel with the 

cellularity of an infarcted area of the myocardium in which cell numbers increase 

during the period of granulation tissue formation and decrease again in the 

remodeling phase(3). Nevertheless, several factors can influence the outcome of this 

study. The material used for RNA isolation was formalin fixed which means that the 

ECM in this tissue is tightly-crosslinked. This crosslinking is increased in fibrous 

tissues such as muscle and infarct tissue, which impedes the RNA isolation process. In 

addition, location and duration of storage of these samples affects the quality of RNA 

in terms of lower yields and smaller RNA fragments. Another factor that strongly 

affects the quality of RNA is the time between death and autopsy, which is also a 

variable factor in this study. Endogenous RNAses will degrade intact RNA molecules 

to small fragments, which will negatively influence the efficiency of the RT-PCR 

reaction. In contrast to experimental MI in mice, the zone of the infarcted area in 

patients is more scattered. This means that also RNA of viable myocardium or border 

zone tissue is present and will contaminate the gene expression pattern in the 

infarcted area. Other determinants that can seriously affect gene expression are 

disease state of the patients in general and the medication that is taken by them. 
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When the variance of all these factors between samples is high, this can hamper 

statistical analysis and thus no firm conclusions can be drawn. 

A limitation of this study is the absence of overt heart failure development, especially 

in the Swiss and BALB/c strains, which might be the result of different housing 

conditions compared to the previous study from our lab (Chapter 5). 

Conclusion 

This study provides an overview of the Wnt/Frizzled gene expression regulation 

following experimental MI in four different mouse strains, known to have different 

wound healing processes following MI. An increased gene expression of Wnt ligands 

and Frizzled receptors was a general observation in most of the strains following MI. 

However, gene expression of several Wnt ligands was significantly increased at four 

weeks post-MI in two out of four strains and correlated very well with cardiac volumes 

but not with lung and heart weights, which are more direct signs of heart failure 

development. These observations suggested that increased Wnt signaling is 

favorable for prevention of LV dilatation. Marked differences in gene expression 

between strains was only present for several Wnt ligands but not for Frizzled 

receptors or target genes. However, it must be noted that Wnt/Frizzled gene 

expression was the lowest in Swiss mice compared to other strains. The absence of 

overt heart failure development is a limitation of the study and could interfere with 

the gene expression patterns observed in the present study. Besides a recurrent 

gene expression pattern over time for the human Wnt/Frizzled genes, matching the 

cellularity of the tissue, no other useful information could be extracted from these 

data, which might be the result of large variations between the patients.  

Taken together, this study illustrates the need for more research with human 

material to really identify differentially regulated components in the signaling 

pathway and to translate results from animal experiments to a clinical situation. Snap 

frozen material that is collected immediately following death of the patient would be 

ideal for this purpose. In addition it would be of interest to identify the individual cell 
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types that express these genes to increase our understanding of the contribution of 

Wnt signaling to the wound healing process following MI. 
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Abstract 

Modulation of Wnt/Frizzled signaling with UM206 reduced infarct expansion and 

prevented heart failure development in mice, an effect that was accompanied by 

increased myofibroblast presence in the infarct, suggesting that Wnt/Frizzled 

signaling has a key role in cardiac remodeling following myocardial infarction (MI). This 

study investigated the effects of modulation of Wnt/Frizzled signaling with UM206 in 

a swine model of reperfused MI. For this purpose, seven swine with MI were treated 

with continuous infusion of UM206 for 5 weeks. Six control swine were treated with 

vehicle. Another eight swine were sham-operated. Cardiac function was determined 

by echo in awake swine. Infarct mass was estimated at baseline by heart-specific 

fatty acid-binding protein ELISA and at follow-up using planimetry. Components of 

Wnt/Frizzled signaling, myofibroblast presence, and extracellular matrix were 

measured at follow-up with qPCR and/or histology. Results show that UM206 

treatment resulted in a significant decrease in infarct mass compared with baseline 

(−41 ± 10%), whereas infarct mass remained stable in the Control-MI group (+3 ± 

17%). Progressive dilation of the left ventricle occurred in the Control-MI group 

between 3 and 5 weeks after MI, while adverse remodeling was halted in the UM206-

treated group. mRNA expression for Frizzled-4 and the Frizzled co-receptor LRP5 

was increased in UM206-treated swine as compared with Control-MI swine. 

Myofibroblast presence was significantly lower in infarcted tissue of the UM206-

treated animals (1.53 ± 0.43% vs. 3.38 ± 0.61%) at 5 weeks follow-up. This study 

demonstrates that UM206 treatment attenuates adverse remodeling in a swine 

model of reperfused MI, indicating that Wnt/Frizzled signaling is a promising target to 

improve infarct healing and limit post-MI remodeling. 
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Introduction 

Although left ventricular (LV) remodeling after myocardial infarction (MI) is aimed at 

maintaining cardiac pump function, initial infarct size, and the subsequent 

progressive expansion and thinning of the infarcted area constitute the main risk 

factors for the development of post-MI heart failure(1). Several strategies that 

influence either the infarct size and/or the ensuing process of LV remodeling have 

been proposed as potential therapies to halt the development and progression of LV 

dysfunction(2,3). 

Cardiac fibroblasts, which account for up to 70% of the cells present in the 

myocardium, regulate extracellular matrix (ECM) turnover, and have an essential role 

in cardiac homeostasis. Fibroblasts are more resistant to ischemia than 

cardiomyocytes4–6, and prolonged myocardial ischemia results in death of particularly 

the cardiomyocytes, whereas the fibroblasts survive. Fibroblasts have therefore been 

proposed to be a therapeutic target to influence the healing process of the infarcted 

myocardium(1,5,7–9). In addition to these resident fibroblasts, fibroblasts enter the 

infarcted tissue by migration. When present in the infarcted area, the fibroblasts 

gradually differentiate into their more contractile and synthetic myofibroblast 

phenotype. These (myo)fibroblasts have key roles both in the initial inflammatory 

phase as well as in the subsequent proliferative phase of the post-infarction 

response, which together lead to the formation of a stable, collagen-rich scar(4). Thus, 

increasing myofibroblast presence shortly after MI has been proposed to promote 

scar contraction and limit LV dilation(1,4,10). Fibroblast migration is inhibited by 

Wnt/Frizzled (Fzd) signaling. Targeting the Wnt signaling pathway by modulating its 

ligand, the Fzd receptors, through UM206, an antagonist of Fzd1 and Fzd2, has been 

shown to promote fibroblast migration, limit infarct size, and attenuate adverse 

remodeling after infarction induced by permanent ligation of the coronary artery in 

mice(11,12). A potential pitfall of altering fibroblast presence is that in the remote non-

infarcted myocardium, local fibroblasts may remain activated in response to volume 

and pressure overload and promote interstitial fibrosis(1,13). 
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In light of these considerations, the present study was designed to investigate 

whether UM206 is capable of limiting adverse LV remodeling after MI in a preclinical 

setting, that is, when tested in a large translational swine model of reperfused MI. 

Moreover, we aimed to elucidate the molecular mechanism of a potential beneficial 

effect of UM206 on remodeling of the infarct area as well as the remote myocardium. 

For this purpose, swine were subjected to 2 h of coronary artery occlusion followed 

by reperfusion. After one day, cardiac function was assessed with echocardiography 

and UM206 or saline was continuously infused intra-arterially throughout the 5-week 

follow-up period. At follow-up, cardiac function was reassessed and myocardial 

tissue was analyzed to elucidate underlying mechanisms and signaling pathways. 

Materials & Methods 

Animal experiments were performed in accordance with the Guide for the Care and 

Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996) and with 

approval of the Erasmus Medical Center Animal Care Committee. Twenty-two 

preadolescent (2–3 months old) Yorkshire × Landrace swine (21 ± 1 kg) of either sex 

were used. 

Surgery 

Swine were sedated with ketamine (20 mg/kg, intramuscularly) and midazolam (0.5 

mg/kg, intramuscularly), anesthetized with thiopental (10 mg/kg, intravenously), 

intubated and ventilated with O2/N2 (1/3 (v/v)), and anesthetized with fentanyl (20 

μg/kg/h)(14,15). Following a thoracotomy through the fourth left intercostal space, a 

polyvinyl catheter was inserted into the aorta. The heart was exposed via a small 

pericardial incision, the proximal left circumflex artery was dissected, and a suture 

was placed around it. Subsequently, a polyvinyl catheter was inserted into the left 

atrium. Baseline blood samples were taken. Following administration of heparin (5000 

IU intravenously), the proximal left circumflex artery was occluded for 2 h by ligation 

of the suture followed by reperfusion. Administration of heparin was repeated after 1 

h of occlusion. Then following reperfusion, catheters were tunneled to the back, filled 
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with heparin solution to prevent clotting, and the pericardium and the chest were 

closed. Blood samples were taken after 50 min of reperfusion. One animal died during 

reperfusion because of recurrent fibrillation. Eight weight-matched swine that 

underwent a thoracotomy with placement of a catheter in the aorta, but without 

ischemia-reperfusion, served as sham-operated animals. All animals were allowed to 

recover, receiving analgesia (0.3 mg buprenorphine intramuscularly) for 2 days and 

antibiotic prophylaxis (25 mg/kg amoxicillin and 5 mg/kg gentamicin intravenously) 

for 5 days. 

Echocardiography, hemodynamic measurements and follow-up 

One day after surgery, (awake) animals underwent echocardiography for the 

determination of LV end-diastolic cross-sectional area (EDA) and end-systolic cross-

sectional area (ESA)(16,17). 2D ejection fraction was calculated as ((EDA − ESA)/EDA) × 

100%. Also, blood samples were taken from the aorta and collected in EDTA 

anticoagulation tubes, centrifuged, and plasma was stored at −80 °C until further 

analysis. Blood pressure was recorded immediately following echographic 

measurements using the CODAS software and analyzed using a custom written 

program in Matlab. 

 Subsequently, animals were randomly assigned to the UM206 group (seven swine) or 

the Control-MI group (six swine). UM206 (target dose 0.6 μg/kg per day via the left 

atrium) was continuously infused at a rate of 1 ml/h, using a balloon pump (Easypump, 

BBraun, filled with 240 ml saline, heparin (100 IU/ml), 0.001 g EDTA, and 240 μg 

UM206). In the Control-MI group, swine received an identical balloon pump but 

without UM206. Echographic and hemodynamic measurements, as well as blood 

sampling, were repeated after 3 and 5 weeks, and the balloon pump was refilled when 

necessary over the course of 5 weeks. 

Extensive hemodynamic measurements under anesthesia and tissue harvesting 

Five weeks after initial surgery, swine were reanesthetized with pentobarbital (10-15 

mg/kg/h, intravenously) and intubated and ventilated with a mixture of oxygen and 
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nitrogen. A Swan-Ganz catheter was inserted via the femoral vein and advanced 

under fluoroscopic guidance into the pulmonary artery for the measurement of 

pulmonary artery pressure and cardiac output (thermodilution). A Millar catheter was 

inserted into the left carotid artery and advanced into the left ventricle for the 

measurement of LV pressure and its first derivative (dP/dt). After completion of all 

measurements, animals underwent a sternotomy, the heart was arrested by 

electrical fibrillation, and immediately excised. The left ventricle was sectioned into 

transversal slices of ~1-2 cm, which were first weighed and photographed. 

Subsequently, tissues from the anterior wall and infarct tissue were taken and further 

subdivided for storage in liquid nitrogen, isopentane, and buffered formaldehyde 

(3.5–4%) for further histological and molecular assessment. 

Infarct mass measurements 

Infarct mass at baseline 

To assess infarct mass at baseline, heart-specific fatty acid-binding protein (hFABP) 

was determined with ELISA from the plasma samples obtained at 50 min of 

reperfusion according to the manufacturer’s description (Life Diagnostics, West 

Chester, PA, USA). Baseline infarct mass (IMbaseline) was estimated using the 

relationship between hFABP and infarct size obtained in a previous study from our 

laboratory(18).  

Infarct mass at follow-up 

Infarct mass at follow-up was determined using the pictures of the individual rings of 

the heart by an experienced technician (blinded to treatment of the animals) using 

planimetry. Infarct area on basal and apical side of each ring, expressed as the 

percentage of total area of the ring, was averaged and multiplied by weight of the 

ring. Total infarct mass at follow-up (IMFU) was calculated as the sum of the weights of 

the infarcts in the individual rings. 
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ELISA, histology, and molecular studies 

Longitudinal circulating markers for collagen turnover 

Blood samples taken at pre-infarction baseline, 24 h post-infarction, and every week 

until 5-week follow-up were quantified for swine MMP-9 and TIMP-1 using ELISA 

according to the manufacturer’s instructions (Cusabio, Huissen, The Netherlands). 

Histology 

To quantify myofibroblast numbers in the infarct area, paraffin-embedded sections of 

4 μm were stained for α-smooth muscle actin (α-SMA) as described before(19) (α-SMA 

monoclonal antibody; Sigma, Zwijndrecht, The Netherlands). Next, the infarcted area 

was planimetrically quantified for myofibroblast area in a blinded matter with vessels 

excluded (Qwin, Leica, Rijswijk, The Netherlands). Data were expressed as 

myofibroblast area/total infarct area (%). 

RT-qPCR 

Cryopreserved infarct tissue was homogenized and RNA was isolated using the 

RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions. Isolated RNA was assessed for concentration and purity 

(A260/A280 ratio) with a NanoDrop spectrophotometer (Thermo Fischer Scientific, 

USA). Next, RNA was reverse transcribed into cDNA, using the iScript cDNA 

Synthesis Kit (Bio-Rad, USA). Temperature gradient optimization studies were 

performed with pooled samples from non-infarct tissue cDNA (n=12). IQ SYBR Green 

Supermix (Bio-Rad) was used for the detection of cDNA levels. Quantification of gene 

expression of genes related to either myofibroblast presence, regulation, or 

differentiation were quantified, as well as genes involved in ECM turnover and 

Wnt/Fzd signaling was performed using the comparative Ct (ΔCt) method, and 

results are expressed as ratios to the housekeeping gene cyclophilin and normalized 

to the average of sham-operated animals. See Supplementary Table S1 for primer 

details. 
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Statistical Analysis 

Statistical analysis was performed in SPSS. Expression data were first compared 

between sham, Control-MI remote, and UM206-treated remote myocardium using 

ANOVA. Subsequently, as infarct mass variation at baseline was considerable, 

ranging from 9.6 to 23.5 g, ANCOVA with UM206 as a factor and infarct size 

determined by plasma hFABP as a covariate was used. When hFABP was not related 

to expression, an ANOVA for repeated measures was used with area (infarct vs. 

remote) as within-subject factor and UM206 treatment as between-subject factor. 

Hemodynamic and echographic data were analyzed using ANOVA or ANCOVA (with 

infarct size as covariate) for repeated measures with time as within-subject factor 

and group as between-subject factor. Data are given as mean ± s.e.m. P<0.05 was 

considered statistically significant. 

Results 

Occlusion of the proximal left circumflex artery resulted in infarction of the lateral wall 

of the left ventricle as evidenced by marked changes in the ECG (not shown) and 

hFABP release. Although plasma hFABP concentrations at 50 min of reperfusion 

varied considerably between the individual animals, overall plasma hFABP 

concentrations were similar in the Control-MI group and the UM206 group (Table 1). 

Estimated IMbaseline was therefore also similar between groups. 

Table 1 | Infarct mass at baseline and follow-up  

      Sham Control-MI UM206 

hFABP (ng/ml)  -  141 ± 34  155 ± 22 

IMbaseline (g)  -  14.5 ± 1.5 17.7 ± 1.9 

IMFU (g)  -  14.2 ± 2.3 11.2 ± 2.2† 

Infarct SizeFU (%LV)  -  10.6 ± 1.7 8.7 ± 1.6 

LVM/BM (g/kg) 2.31 ± 0.10 3.35 ± 0.21* 3.14 ± 0.39* 

RVM/BM (g/kg) 0.75 ± 0.04 1.11 ± 0.06* 1.13 ± 0.09* 

BM, body mass; FU, follow-up; hFABP, heart-specific fatty acid-binding protein; IM, infarct mass; LVM, left 

ventricular mass; MI, myocardial infarction; RVM, right ventricular mass.  Data are expressed as mean ± 

s.e.m. *P<0.05 vs. sham; †P<0.05 vs. corresponding baseline.  
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Treatment with UM206 for 5 weeks resulted in a significant decrease in IM, whereas 

IM remained unchanged in the Control-MI group (Figures 1a–c and Table 1). The 

alterations in infarct remodeling were accompanied by changes in LV geometry as 

measured with echo in awake swine. After 3 weeks follow-up, LV dilation occurred as 

evidenced by the larger increase in LV-EDA in both Control-MI and UM206-treated 

swine as compared with sham-operated animals (Figures 1d–f and Table 2). This 

increase in LV-EDA was progressive between 3 and 5 weeks after MI in the Control-

MI group, whereas LV-EDA remained constant in the UM206 group (Table 2), 

resulting in a significant reduction in dilation of the LV by UM206 treatment 5 weeks 

 
 

Figure 1 | Effect of UM206 treatment on infarct size and left ventricular dilatation. 
Infarct mass as estimated by heart-specific fatty acid-binding protein (hFABP) at baseline and with 
planimetry at follow-up was not different in Control-myocardial infarction (MI) swine (a) but decreased 
significantly in UM206-treated swine (b). The relative change in infarct mass was significantly higher in UM-
206-treated swine as compared with Control-MI (c). The reduction in infarct mass was accompanied by a 
reduced left ventricular end-diastolic area (EDA) as measured with echocardiography both when related to 
infarct mass (IM) at baseline (d) and at follow-up (e). This reduced dilation occurred particularly between 3 
and 5 weeks after MI, when EDA increased further in Control-MI, but not in UM206-treated swine. *P<0.05, 
vs. baseline (b and c) or day 1 post-MI (f), †P<0.05 vs. sham, ‡P<0.05 UM206 treatment vs. Control-MI, 
§P<0.05 day 35 vs. day 21. 
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after MI (Table 2 and Figure 1f). This reduction in LV dilation induced by UM206 was 

further supported by a rotation of the relation between LV-EDA and both IMbaseline  

(Figure 1d) and IMFU 5 weeks after MI (Figure 1e). MI resulted in a significant decrease 

in ejection fraction at 3 and 5 weeks follow-up, but there was no overall difference in 

ejection fraction between UM206-treated and Control-MI swine (Table 2), due to the 

large variation in IM. However, IMFU was linearly related to LV ejection fraction (not 

shown), which may suggest that the IM reduction by UM206 could result in improved 

LV function. Hemodynamics, as measured under anesthesia, were similar between 

groups (Table 3), although heart rate was slightly lower in vehicle-treated swine. This 

was most likely the result of anesthesia, as awake heart rates were not different 

between groups (not shown). 

In agreement with previous observations in mice, MI resulted in the occurrence of 

myofibroblasts in the infarct area, activation of the Wnt/Fzd pathway, inflammation, 

and increased expression of ECM proteins in the infarct area. Interestingly, this 

occurred not only in the infarcted myocardium but also in the remote myocardium. 

Table 2 | Echocardiographic parameters  

Days post-MI Sham Control-MI UM206 

Day 1          

    EDA (mm2) 778 ± 49 851 ± 75 902 ± 84 

    ESA (mm2) 359 ± 22 448 ± 86 456 ± 60 

    EF (%) 53 ± 2 49 ± 6 50 ± 3 

Day 21          

    EDA (mm2) 860 ± 50 1389 ± 76* 1266 ± 81* 

    ESA (mm2) 360 ± 41 843 ± 67* 693 ± 61* 

    EF (%) 58 ± 4 39 ± 4* 45 ± 4* 

Day 35          

    EDA (mm2) 1052 ± 33 1781 ± 110* 1428 ± 103*† 

    ESA (mm2) 471 ± 53 1010 ± 95* 789 ± 113* 

    EF (%) 56 ± 4 44 ± 3* 45 ± 5 

EDA, end diastolic area; EF, ejection fraction; ESA, end systolic area; MI, myocardial infarction. Data are 
expressed as mean ± s.e.m. *P<0.05 vs. sham; †P<0.05 vs. Control-MI.  
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mRNA for Wnt3a was reduced in the remote, non-infarcted myocardium as compared  

with sham-operated swine, and was increased in the infarcted area as compared with 

the remote area (Table 4). mRNA for both Fzd2 and Fzd4 was increased in remote 

non-infarcted myocardium as compared with sham, and while expression of Fzd2 

tended to be more increased (P = 0.06) in the infarcted area, Fzd4 mRNA expression 

was less in infarcted as compared with the remote area (Table 4). mRNA expression of 

the Fzd co-receptor LRP5 was increased, whereas mRNA expression of the co-

receptor LRP6 was decreased in remote as well as in infarcted myocardium as 

compared with sham-operated animals. TGF-β1 and collagen-3 were increased in 

remote and infarcted myocardium of swine with MI, whereas collagen-1 was slightly 

lower in remote myocardium of swine with MI as compared with sham-operated 

animals, but was increased in the infarcted myocardium in comparison with remote 

myocardium (Table 4). Moreover, LOX, one of the enzymes responsible for collagen-

crosslinking, as well as tenascin-C, a glycoprotein that is expressed in the ECM 

following injury, were increased in the infarcted myocardium as compared with 

remote tissue. In the downstream part of the Wnt/Fzd signaling pathway, axin and 

APC were unaltered in either remote or infarcted myocardium, whereas β-catenin 

was increased in remote and infarcted myocardium of both Control-MI swine and 

swine treated with UM206 as compared with sham-operated swine. 

Table 3 | Hemodynamic parameters under anesthesia  

              Sham Control-MI                   UM206 

Heart rate (b.p.m) 99 ± 3 83 ± 7* 103 ± 7 

Aorta pressure (mm Hg) 92 ± 5 103 ± 7 103 ± 2 

LVSP (mm Hg) 103 ± 4 118 ± 8 115 ± 2 

LVEDP (mm Hg) 13 ± 2 15 ± 3 13 ± 2 

dP/dtmax (mm Hg/s) 1620 ± 140 1690 ± 180 1590 ± 160 

dP/dtmin (mm Hg/s) -1600 ± 140 -2100 ± 140 -2100 ± 170 

CO (l/min) 3.9 ± 0.3 3.4 ± 0.5 4.2 ± 0.3 

CO, cardiac output; dP/dtmax, maximal rate of rise of left ventricular pressure; dP/dtmin, maximal rate of 
decrease in left ventricular pressure; LVEDP, left ventricular end diastolic pressure; LVSP, left ventricular 
systolic pressure; MI, myocardial infarction. Data are expressed as mean ± s.e.m. *P<0.05 vs. sham. 
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The infarct reduction by UM206 was accompanied by changes in infarct composition 

and expression of genes involved in ECM remodeling and Wnt/Fzd signaling. 

Histological assessment of α-SMA-positive cells in the infarcted myocardium 

revealed a significantly lower presence of myofibroblasts in the UM206 group (Figure 

2a), which when also corrected for infarct mass at baseline was corroborated by a 

trend towards a reduction in α-SMA mRNA expression (P= 0.076). Interestingly, the 

amount of myofibroblasts present correlated very well with the change in IM over 

time in the Control-MI group, but not in the UM206-treated group (Figure 2b). In 

accordance with their role in ECM turnover, the reduced presence of myofibroblasts 

resulted in a decrease in TIMP-1 (Figure 2c) and a trend towards a decrease in MMP-9 

mRNA (P= 0.085; Figure 2d) in the UM206-treated group as compared with the 

Control-MI group 5 weeks after induction of MI. The effects of UM206 treatment on 

local TIMP-1 and MMP-9 expression were not reflected in significant changes in MMP-

9 and TIMP-1 in circulating plasma. TIMP-1 levels were below the detection limit of 

the assay in most plasma samples and were not different between Control-MI and 

UM206-treated swine. MI resulted in a significant increase in plasma MMP-9 one day 

post-MI before the start of UM206 treatment (15 ± 5 ng/ml at day 1 vs. 8 ± 4 ng/ml 

just before initiation of MI) but was not different between groups. This increase in 

plasma MMP-9 tended to wane over time, being 6 ±1 ng/ml at 5 weeks follow-up (P= 

0.10 vs. day 1), but serial assessment of plasma MMP-9 did not show any differences 

between Control-MI and UM206-treated swine. 

Interestingly, mRNA expression of Fzd4 was significantly higher in the infarcted 

myocardium of the UM206-treated animals (Table 4). This higher expression of Fzd4, 

a receptor thought to be involved in angiogenesis, was accompanied by a tendency 

towards a higher expression of VEGF in the infarcted myocardium of UM206-treated 

animals as compared with Control-MI, whereas expression of the VEGF receptors 

Flt1 and KDR was reduced in infarcted area as compared with remote myocardium, 

but not further affected by UM206 treatment.  
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mRNA for the Fzd co-receptors LRP5 (P = 0.06) and LRP6 (P<0.05) was higher in the 

remote myocardium of UM206-treated animals as compared with Control-MI (Table 

4), which was accompanied by a trend towards a lower TIMP-1 expression (P = 0.07), 

suggesting that UM206 treatment may directly affect remodeling of the remote 

myocardium as well.  

                               

Figure 2 | Effect of UM206 treatment on infarct remodeling and expression of markers for myofibroblast 
presence and extracellular matrix remodeling. 
UM206 reduced myofibroblast presence as assessed with immunohistochemistry in the infarcted area (a, 
1.53 ± 0.43% in UM206 vs. 3.38 ± 0.61% in Control-myocardial infarction (MI)). Myofibroblast presence 
correlated with the change in infarct mass (IM) over time, with higher myofibroblast presence being 
associated with a larger reduction in IM in Control-MI swine (b). The lower myofibroblast presence in 
UM206-treated swine suggests that myofibroblast-induced IM reduction was already completed in this 
group. The reduced presence of myofibroblasts was associated with a decrease in tissue inhibitor of 
metalloproteinase-1 (TIMP-1) (c) and a trend towards a reduction in matrix metalloproteinase-9 (MMP-9) 
(d). *P<0.05, **P<0.10 UM206 treatment vs. Control-MI.  
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Discussion 

In the present study, the effect of UM206, a modulator of Wnt/Fzd signaling, was 

investigated on infarct remodeling and LV function in a clinically relevant large animal 

model. The most important findings in the present study are that treatment with 

UM206 for 5 weeks after acute MI, resulted in (I) IM reductions and (II) reduced dilation 

of the LV, which was accompanied by (III) changes in the expression of genes involved 

in ECM remodeling and Wnt/Fzd signaling. The implications of these findings will be 

discussed below. 

Myofibroblasts and LV remodeling after MI 

MI results in dilation and remodeling of the left ventricle. Although this process is 

aimed at maintaining pump function, dilation of the left ventricle has been shown to 

be an initiating factor in the process leading to heart failure. Infarct size and 

composition of the scar tissue, replacing the infarcted myocardium, are important 

determinants of the outcome of the LV remodeling process. To assess accurately the 

effect of treatment, in a study with relatively few animals, it is important to not only 

measure infarct size at the end of the study but also at baseline, and to correlate 

findings at the end of the study to the factor that initiated the remodeling process. In 

a recent study, we found that hFABP, when measured in blood at 50 min of 

reperfusion, correlated linearly with infarct mass as determined by TTC staining 

following killing of the animals(18). In the present study, hFABP correlated well with the 

clinical marker high-sensitive troponin I (r = 0.72), further confirming the validity of 

our estimation of infarct mass at baseline. IMbaseline, estimated by measuring hFABP, 

did vary between individual animals, but overall was similar between Control-MI and 

UM206-treated groups. 

Infarct healing occurs in three partly overlapping phases: an initial inflammatory 

phase, followed by a proliferative phase and maturation of the scar. (Myo)fibroblasts 

have different roles in the different phases(4,10). In the initial phase, the fibroblasts act 

as local immune modulators and are the main effectors of fibrogenesis(1,4–6,20). In the 

subsequent proliferative phase of healing, fibroblasts further differentiate into 
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myofibroblasts that not only have an augmented matrix-synthetic phenotype but 

also express the contractile protein α-SMA. Both the increased ECM production and 

the contractile properties of the myofibroblasts have been proposed to be key 

factors in strengthening the infarct and limiting infarct expansion, thereby reducing 

LV dilation(1,4,9,21) and therefore constitute a target to modulate infarct remodeling. 

Administration of UM206 promotes migration of fibroblasts to the infarcted area by 

inhibition of Wnt/Fzd signaling, and thereby modulates the scar formation in the 

infarcted area(11). In accordance with our recent study in mice(11), we found in the 

present study that treatment with UM206 for 5 weeks reduced infarct mass as 

compared with its baseline measurement. This reduction in infarct mass was 

accompanied by a decreased LV dilation, as measured in awake animals with 

echocardiography, between 3 and 5 weeks after MI in swine treated with UM206. 

Interestingly, IMFU correlated very well with ejection fraction measured at 5 weeks 

follow-up, which may suggest that, although there was no overall difference in 

ejection fraction between Control-MI and UM206-treated swine because of variation 

in infarct size, by promoting infarct reduction, UM206 treatment may improve cardiac 

function. 

In both the canine(22) and the porcine(10) heart, myofibroblast presence peaks between 

5 and 21 days after MI, after which myofibroblast numbers gradually decline. This has 

led to the concept that during the phase of infarct maturation, when the infarct is 

filled with matrix, myofibroblast proliferation is suppressed, and myofibroblasts 

become quiescent and undergo apoptosis(4). In the present study, we found that the 

presence of myofibroblasts, as indicated by immunohistochemistry (in which we 

excluded blood vessels) as well as mRNA expression (that may in part reflect α-SMA 

from blood vessels) for α-SMA, was higher in the infarcted tissue as compared with 

remote tissue and correlated not only with IMbaseline but also with the estimated 

change in IM over time in the Control-MI group, suggesting that, indeed, 

myofibroblasts contribute to infarct contraction. In contrast to our previous study in 

mice, in which UM206 treatment increased myofibroblast presence in the infarcted 

area(11), myofibroblast presence was lower in the infarcted myocardium of UM206- 
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treated swine as compared with Control-MI, particularly in swine with a large MI, 

despite the observation that the reduction in IM was larger. It should be noted, 

however, that infarct size as a percentage of the left ventricle in mice is much larger 

than the infarct size in swine in the present study, and therefore mechanical stress 

within the murine infarcts is expected to be larger. As myofibroblast differentiation is 

promoted by mechanical stress(23), it is likely that the UM206-induced infarct 

remodeling earlier after MI attenuated mechanical stress 5 weeks after MI, and 

thereby reduced myofibroblast presence. This is in accordance with a recent study in 

swine showing that, in control infarcts myofibroblasts presence increased between 7 

and 21 days of infarct, whereas treatment with a biocomposite material resulted in an 

increased myofibroblast presence 7 days after MI, while myofibroblasts were lower at 

21 days, at a time when LV dilation was reduced compared with control infarcts(10). 

Importantly, it has been suggested that persistent myofibroblast presence in the 

injured heart, particularly in the remote non-infarcted myocardium, may be 

detrimental as it may lead to excessive fibrosis and contribute to heart failure(1,24). It is 

therefore important to also evaluate changes in the remote myocardium. MMP-9 was 

decreased while TIMP-1 and collagen-3 were increased in the remote myocardium 

after MI, which is suggestive of increased interstitial fibrosis(1,13), but UM206 

treatment did not modulate this expression. 

In humans, LV dilation was shown to correlate with circulating MMP-9 levels(25,26). In 

our study, however, biological activity of early myofibroblast presence was not 

reflected in circulating levels of MMP-9 and TIMP-1, typical markers for collagen 

turnover. It is possible that the surgical trauma in combination with the chronic 

instrumentation of our animals evoked inflammatory and reparative processes that 

influenced the plasma levels of MMP-9, which may have masked the effect of the MI. 

Moreover, plasma levels of MMP-9 do not only reflect the increased expression of 

MMP-9 in the infarcted area but are also influenced by the decreased expression of 

MMP-9 in the remote-non-infarcted myocardium. Thus, it is likely that local measures 

for wound healing more accurately assess the wound-healing process as compared 

with circulating ones. Indeed, in contrast to the unaltered circulating plasma levels of 
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MMP-9, MMP-9 mRNA tended to be higher in the infarcted myocardium of Control-MI 

as compared with UM206-treated swine 5 weeks after MI and correlated with infarct 

size, which is in accordance with the increased presence of myofibroblasts, and their 

role in modulation of the ECM. In combination with our observation that expression of 

collagens 1 and 3 was unaltered by UM206, the increased levels of MMP-9 in the 

Control-MI swine may have resulted in enhanced degradation of the ECM, which 

could have contributed to the LV dilation that occurred between 3 and 5 weeks after 

MI. 

Almost all Fzd members have been identified in the healthy heart tissue but signaling 

in the adults is silent(20,24). The Wnt/Fzd signaling pathway is activated in wound 

healing after MI(21,27). In the present study, Wnt3a as well as Fzd receptor expression 

patterns were indeed different in remote vs. infarcted myocardium. Most of our 

findings regarding changes in activation of Wnt/Fzd signaling are in accordance with a 

recently published study in swine in which gene expression was evaluated using 

microarrays(28). Thus, Fzd2 was increased, whereas Fzd4 was decreased in infarcted 

myocardium as compared with remote myocardium. Wnt3a was upregulated in the 

infarcted myocardium in the present study but downregulated in this previous study 

at 3 weeks after MI(28), whereas unchanged at 6 weeks after MI(28). Also, downstream 

targets in the Wnt/Fzd signaling cascade were similarly affected by MI; Axin2 was 

decreased, whereas APC was unaltered(28). UM206 treatment reduced the 

upregulation of Wnt3a in the infarcted tissue. As Wnt3a promotes myofibroblast 

differentiation(29), this observation is in accordance with the presence of 

myofibroblasts that is reduced in UM206-treated as compared with Control-MI 

swine. 

Although, in the present study, we focused on the effect of altering Wnt/Fzd signaling 

in myofibroblasts, it is possible that altering signaling in other cell types within the 

myocardium may have contributed to the beneficial effects of UM206. Wnt signaling 

has also been related to inflammation and angiogenesis(7), and expression of Fzd4, a 

receptor that has been shown to be involved in stabilization of microvessels, was 
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higher in animals treated with UM206 as compared with Control-MI. As microvessel 

stabilization is protective against microvascular regression in the maturation phase 

of MI, the increased expression of Fzd4 may have contributed to the improved infarct 

healing. 

Conclusion 

Administration of the peptide fragment UM206 attenuates the dilation of the left 

ventricle after MI in a translationally relevant swine model of ischemia–reperfusion. 

From this observation, we conclude that inhibition of Wnt/Fzd signaling has a 

beneficial effect on the wound healing after MI, resulting in reduced adverse 

remodeling of the heart. Although the effects on cardiac function were limited at the 

5-week time point, it is attractive to speculate that prolonged administration of 

UM206 will prevent the deterioration of the cardiac performance that is frequently 

observed after infarction. 
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Supplementary Material 

 

  

Table S1 | Primer sequences and annealing temperatures used in the RT-qPCR 

Sus Scrofa 
gene 

Forward primer Reverse primer 
Annealing 
Temperature 
used (oC) 

β-Catenin ATTGAAGCTGAGGGAGCCAC ACTCCTAAAGGATGATTTACAGGTC   62 

Fzd2 ATAGGCACGTCCTTCCTCCT GACGGGTGTAGAACTTCCTCC   62 

Fzd4 ACATGGGGCATTTCCAGGAG TACAAGTCGCCTGGGTGAAC   65 

LRP5 ACGTGATCGAGTTTGGCCTT TGTTGTGCATGCAGTCGTTG   65 

LRP6 CGTGCCAGTTGGAGGTTTTG TCCGAAGGCTGTGGATAGGA   62 

APC ACAAAACTGGAAACTGAGGCAT CGGAGGGACATTTTTGACCG   63 

AXIN2 CAAACCCATGCCTGTCTCCT CGGAAGAGATAAGCCCCGTC   65.5 

α SMA GGACCCTGTGAAGCACCAG GGGCAACACGAAGCTCATTG   66.4 

VEGF-Α GACCAGAAACCCCACGAAGT AAATGCTTTCTCCGCTCCGA   58 

LOX TCCAAGCTGGCTATTCGACG AGGATTGTACGGGTCATCGC   65	  

Tenascin-C CACCCCGGTACTTGTTCCAT CCTCGAAGGTGACAGTTGCT   57 

TGFβ1 GTGGAAAGCGGCAACCAAAT CACTGAGGCGAAAACCCTCT   65 

TGFβ2 TGCCTGCGTCCACTTTACAT AGCTGAGAACCCTGCTATGC   62 

TGFβ3 ATGGAGAAGAAACCCAGAGCTT TCCGACTCGGTGTTTTCCTG   63.5 

Col1a1 AGACATCCCACCAGTCACCT TCACGTCATCGCACAACACA   62 

Col3a1 GCTCCCATCTTGGTCAGTCC CCATCATTACCTCGAGCCCC   63.5 

MMP-2 GCAGTGATGGCAAGTTGTGG TTGACATCGTCGTGGGACAG   65 

MMP-9 ACTTCGGAAACGCAAAAGGC AAGAGTCTCTCGCTAGGGCA   62 

TIMP-1 CTGGTCATCAGGGCCAAGTT GGTCTGTCCACAAGCAGTGA   63.5 

Cyclophilin AGACAGCAGAAAACTTCCGTG AAGATGCCAGGACCCGTATG   63.5	  

APC = adenomatous polypolis coli; Axin = axis inhibition protein; αSMA = alpha smooth muscle actin; Col = 
collagen; Fzd = frizzled; LOX = lysil oxidase; LRP = low-density lipoprotein receptor-related protein; MMP = 
matrix metalloproteinase; RT-qPCR = reverse transcriptase quantitative polymerase chain reaction; TGF = 
transforming growth factor; TIMP = tissue inhibitor of metalloproteinases. VEGF-A = vascular endothelial 
growth factor A. 
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Abstract 

An inadequate wound healing following myocardial infarction (MI) is one of the main 

causes of heart failure. Therefore, interventions aimed at improving this process may 

help in preserving cardiac function after MI. In this overview, we compared the results 

of eight studies in which the effect of administration of a peptide fragment of Wnt5a, 

UM206, on infarct healing was investigated in a mouse model of MI. In the first two 

studies, beneficial effects on cardiac dimensions, ejection fraction and lung weight 

were observed in UM206-treated mice when compared to saline treatment. 

However, in the following studies no differences between UM206- and saline-treated 

mice could be detected for these parameters. Variations in dose of UM206, genetic 

background of the mice and the manufacturer of UM206 did not result in a restoration 

of the phenotype. An in-depth analysis of the data sets revealed that the absence of a 

protective effect of UM206 could be attributed to a lack of adverse cardiac 

remodeling and heart failure development in all experimental groups, including the 

saline-treated mice. This change in the phenotype of the MI model appeared to 

coincide with a transition of the housing of the mice from open cages to individually 

ventilated cages (IVC). This was likely to result in a lower exposure of the mice to 

inflammatory stimuli, because the exchange of micro-organisms between the cages 

and the environment was eliminated. There is increasing evidence that low-grade 

inflammation is a strong determinant of the outcome of many cardiovascular 

diseases, including MI. Therefore, the change in housing conditions is the most likely 

explanation for the disappearance of the heart failure phenotype in the MI model, 

thereby eliminating the potential for UM206 to show its beneficial effect on adverse 

cardiac remodeling. This conclusion is further supported by the beneficial effects 

observed for UM206 in a swine model of ischemia/reperfusion (Chapter 4 of this 

thesis) where the animals were housed under traditional housing conditions, similar 

to the first two mouse studies.  
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Introduction 

Heart failure is a devastating condition that frequently results from myocardial 

infarction (MI). The development of heart failure is generally thought to be the 

consequence of adverse cardiac remodeling(1). Although the initial remodeling of the 

infarct area after MI is generally considered to be advantageous, excessive 

remodeling leads to dilatation of the entire left ventricle, having a negative effect on 

cardiac function(2). This has resulted in the concept that interventions during / 

targeting wound healing after MI can be beneficial for cardiac function. 

In the past decades, massive efforts have been made to study the wound healing 

process after MI, in order to identify novel therapeutic targets. Several pathways 

have been identified and tested in animal models(2). Our lab has a longstanding 

interest in the role of Wnt signaling in cardiac remodeling following MI and the 

potential of this pathway for interventions to improve the wound healing. Following 

the initial description of the activation of Wnt signaling after MI(3), several studies 

from other research groups and ourselves have shown beneficial effects of Wnt 

signaling-related interventions on the wound healing post-MI(4), please refer also to 

Chapter 2 of this thesis. Our group has published data on an intervention with a 

peptide fragment of Wnt5a named UM206 in a mouse MI model(5). In this study, 

subcutaneous administration of the peptide via an osmotic minipump resulted in 

smaller infarcts and higher myofibroblast numbers in the infarct area, when compared 

to saline infusion. This resulted in smaller end-diastolic volumes, improved cardiac 

function and decreased lung weights, all indicating that heart failure development was 

prevented in this relatively large group of animals.  

Following this successful study, we decided to test variations in the dosage regimen 

and thus gain more insight into the cellular target(s) of UM206 and the phase(s) of the 

wound healing where the compound displays the most activity in order to shed more 

light on the exact mechanism. As described in this manuscript, we initially observed 

that interventions with UM206 starting at 2 weeks post-MI were almost as successful 

as administration of UM206 for five weeks following MI. However, after two positive 
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studies the beneficial effect of UM206 appeared to be lost. In this manuscript we 

provide an overview of all available experimental data regarding the variable effects of 

UM206 on infarct healing. In the Discussion section, we address the possible causes 

of the loss of the phenotype of UM206 and provide recommendations for future 

experiments. 

Materials & Methods 

Materials 

UM206 was produced either by ChemPep Inc., Miami FL, USA (study A-D, G) or by 

Pepscan, Lelystad, The Netherlands (study E, F, H). UM206 is a 13 amino acid long 

peptide derived from an area of high homology between multiple Wnt molecules. It 

has a molecular weight of 1427 Da and the following sequence: Ac-

CNKTSEGMDGCEL-NH2. In previous experiments, this peptide was found to inhibit 

the Fzd-1 and -2 mediated canonical Wnt signaling induced by Wnt3a in vitro(5). As can 

be deduced from this sequence, the two Cys residues present at position 1 and 11 

can form a disulfide bond under oxidative conditions. This so-called ‘circular’ UM206 

was found to have no inhibitory effect on the Fzd-1 and -2 mediated canonical Wnt 

signaling.  

Animal surgery and administration of UM206 

An overview of the executed studies can be found in Figure 1. Male Swiss mice were 

used (10-12 weeks of age at the start of the study) in all studies with the exception of 

study F where male BALB/c mice were used. The animals were supplied by Charles 

River, Leiden, The Netherlands, but in study D Swiss mice from Charles River and 

Harlan (Horst, The Netherlands) were compared to each other. Animals had free 

access to food and water. The UM206 compound was administrated via an osmotic 

minipump (Alzet 2002 or 2006 for 2 or 5 weeks of treatment, respectively; Durect, 

Cupertino, CA, USA). MI was induced, under isoflurane gas anesthesia (2.0-3.0%) 

using a stereomicroscope (Leica MZ FL III, Leica Switzerland). For this purpose, 

animals were placed on a heating pad in supine position, endotracheal intubation was 
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performed under direct laryngoscopy and mechanical ventilation was maintained with 

a small animal respirator (Hugo Sachs, MiniVent, tidal volume: 180-250 μl, rate: 200-

250 breaths/min, depending on the strain). After thoracotomy, the lateral branch of 

LCA was ligated with a 6-0 prolene just proximal to the main bifurcation. Successful 

ligation was verified by visual inspection of the LV apex for myocardial blanching 

indicating interruption of the coronary blood flow. The chest cavity and skin were 

closed in layers with 5-0 polysorb sutures. Animals were gradually weaned from the 

respirator. All experimental procedures were approved by the Committee for Animal 

Research for Maastricht University. 

Echocardiography 

Left ventricular (LV) dimensions and function were assessed under isoflurane 

anesthesia. B-mode echocardiographic recordings were made in midpapillary short-

axis and parasternal long-axis using a Vevo2100 imaging platform (Visualsonics, 

Toronto, Canada). Data were derived from images in end diastole and peak systole 

and average values over at least three different cycles were used. From the long-axis 

images LV area (LVA), as well as the length of the LV lumen from base to apex (LVL) 

were determined. The end-diastolic volume (EDV) and end-systolic volume (ESV) 

were calculated from the area and length measurements as (8×LVA2) / (3π×LVL) in 

diastole and systole, respectively. Furthermore, ejection fraction (EF) was calculated 

as 100 × ((EDV–ESV)/EDV) (Description adapted from(6)). 

Hemodynamics 

Hemodynamic measurements were performed as described previously(7). Briefly, 

mice underwent urethane anesthesia (2.5 mg/kg i.p.), then a high-fidelity catheter tip 

micromanometer (Mikro-tip 1.4F; SPR-671, Millar Instruments, Houston, TX, USA) 

was inserted through the right carotid artery into the left ventricular cavity. The heart 

was then stimulated by an i.v. ramp infusion of dobutamine (Sigma Aldrich, Saint 

Louis, MO, USA) using a microinjection pump (model 200 Series, Kd Scientific, 

Boston, MA, USA). Every 2 min the infusion rate of dobutamine was increased by 2.5 

ng × (g body weight)−1 min−1 up to 20 ng × (g body weight)−1 min−1.  
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Histological analysis 

Histological analysis of the infarcted hearts was performed as previously described(8). 

Briefly, the mouse hearts were longitudinally cut in half perpendicular to the septum, 

fixed in 4% paraformaldehyde solution for 24 hrs and embedded in paraffin. Sections 

(4 µm) were cut and stained with the AZAN technique. Infarct size (percentage of the 

left ventricular length) was measured using a computerized morphometry system 

(Qwin, Leica). Alpha smooth muscle actin (αSMA) monoclonal antibody (Sigma, 

dilution 1:1000) was used to identify myofibroblasts in the infarct area. The relative 

myofibroblast area was determined using the Qwin morphometry system with 

manual exclusion of vascular smooth muscle cells and expressed as myofibroblast 

area/total tissue area (%).  

Statistical analysis 

Data are represented as mean ± SEM. For comparisons of individual groups, 

Student’s t-test was used. A P-value <0.05 (two-sided) was considered to be 

statistically significant. Comparisons of multiple groups were performed using one-

way ANOVA with Dunnett’s post-hoc test. Again, P-values <0.05 (two-sided) were 

considered to be statistically significant. All statistical analyses were performed using 

GraphPad software (version 5). 

Results 

Overview of the studies 

In this overview, we present the results from eight different studies in which the 

effect of UM206 on infarct healing was assessed. UM206 was administered 

subcutaneously via an osmotic minipump at a dose of 6 µg/kg day, with the exception 

of study H where a higher dose was used. The dose of 6 µg/kg day was calculated by 

means of the half-life of 84 ± 2 minutes, determined previously in mice(5). In all studies 

except for study F, Swiss mice were used as they show a strong tendency to develop 

LV dilatation and heart failure after MI(8). In all studies, the administration of UM206 

started either directly or after a specified period following the induction of MI. The 
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dosage regimens are graphically represented in Fig. 1 where the UM206-treatment 

periods are shown in grey bars and the saline-treatment periods in light blue bars. In 

study A, infarct healing was followed for 5 weeks and UM206 was administered either 

for this entire period or during the first 2 or last 3 weeks. In study B and C, infarct 

healing was followed for 8 weeks with UM206 administered for the final 5 weeks (first 

3 weeks were treatment-free). In study D, Swiss mice from two different suppliers 

(Charles River and Harlan) were subjected to a 5 week UM206 treatment (starting 

shortly after MI induction). In study E, the oxidized (circular) form of UM206 was 

administered whereas in all other studies the linear (reduced) form was applied. In 

study F, the influence of the genetic background was explored by using BALB/c rather 

than Swiss mice. Because UM206 obtained from different sources was used in the 

previous studies, UM206 from the supplier of study A and B (ChemPep) was used in 

study G. Finally, in study H UM206 was administered at a maximally soluble 

concentration of 150 µg/kg/day. 

 
Figure 1 | Schematic overview of the included studies.  
This illustrates the treatment protocols with either UM206 (orange bars) or saline (blue bars). Periods 
where no treatment is administered are represented by grey bars. In total, data from 8 different studies 
were included in this overview. The dates of the studies, the specific subject of each study and the source 
of UM206 are indicated in the respective columns. 
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Effects of UM206 treatment on mortality and biometrical characteristics 

One of the most remarkable effects of the UM206-treatment in study A was the 

complete prevention of mortality post-MI. In Swiss mice, mortality due to heart 

failure is typically around 30% after 5 weeks(8), a figure that was confirmed in the 

saline-treated group in study A. An overview of the survival of the mice in all eight 

studies is provided in Table 1. 

Heart and lung weight are two important indicators of the development of heart 

failure: An increased heart weight is an indicator for cardiac hypertrophy whereas an 

increased lung weight is the result of fluid retention in the lungs, a sign for a 

decreased pumping capacity of the heart. As shown in Fig. 2, a small but statistically 

significant decrease in heart weight was observed in the UM206-treated group 

compared to saline-treated controls in study A. However, this difference was only 

observed in the continuously treated animals, whereas both early and late treatment 

groups did not show this difference. In studies B-H, however, no differences in heart 

weight were observed. UM206 treatment also yielded significant reductions in lung 

weight in studies A and B, albeit that these differences were only observed in the full 

5-week treatment group in study A. Remarkably, in studies C-H the weights of hearts 

and lungs in the saline-treated groups were significantly lower than those observed in 

study A, often even lower than the values observed in the UM206-treated animals in 

Table 1 | Overview of the mortality of mice in all eight studies 

Study 
% Saline treated 

(dead/total) 
% UM206 treated 

(dead/total) 
% Before treatment 

(dead/total) 

A 35%  (6/17) 0%  (0/26) NA 

B 0%  (0/6) 0%  (0/9) 44%  (11/25) 

C 0%  (0/6) 14%  (2/14) 9%  (2/22) 

D NA 5%  (1/20) NA 

E 0%  (0/10) 13%  (1/8) NA 

F 15%  (2/13) 0%  (0/13) NA 

G 0%  (0/7) 0%  (0/4) NA 

H 0%  (0/6) 0%  (0/8) 18%  (3/17) 

NA: Not applicable 
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studies A and B. Similar results were obtained when heart and lung weight were 

corrected for the body mass of the animals (data not shown). This suggests that only 

the animals in studies A and B showed overt heart failure development, whereas the 

other animals (studies C-F) remained in a compensated state during the course of the 

experiment. 

Overview of the echocardiographic data 

In all of the studies, 2D echocardiography was used to determine end-diastolic and 

end-systolic volumes (EDV and ESV, respectively) as well as the ejection fraction (EF). 

An overview of all the experimental data is provided in Fig. 3. In study A, a significantly 

reduced ESV and EDV was observed in animals treated either for the full 5 weeks or 

the last 3 weeks following MI, whereas administration at the first two weeks after MI 

did not result in significant improvements. A similar statistically significant beneficial 

effect of UM206 treatment on ESV, EDV and EF was observed in study B. In study C, 

however, the values for EDV and ESV in the saline-treated group were close to the 

UM206-treated values in study A and B. In studies D-H, EDV and ESV were similar to 

 
Figure 2 | Overview of the heart weights (A) and lung weights (B) observed in the different studies.  
Data are presented as mean ± SEM. In study A, UM206 only induced a significant reduction in heart and lung 
weight when administered for the entire duration of the protocol (5 weeks). A significant decrease in lung 
weight, but not in heart weight, was also observed in study B. Similar differences were observed when the 
organ weight was corrected for body weight. *: P<0.05; **: P<0.01; ***: P<0.001. Please note the gradual 
decline of heart and lung weight in the saline groups over time (one-way ANOVA: P<0.01) 
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the levels observed in the UM206-treated animals in study A in both saline and 

UM206-treated groups. 

Significant improvement of the EF was observed in UM206-treated animals in studies 

A and B. To our surprise, the EF was even significantly higher in the saline-treated 

group than in the UM206-treated group in study C. In studies D-H, no significant 

effects of UM206 were observed when compared to saline treatment. 

Hemodynamic measurements 

In all experiments, an assessment of the hemodynamic characteristics was 

performed at the end of the study, just before sacrificing the animals. Hemodynamic 

 

Figure 3 | Echocardiographic analysis of the left 
ventricular ESV and EDV.  
In study A and B, UM206 treatment induced 
significant reductions in both ESV (A) and EDV (B) 
whereas the ejection fractions (EF) were 
significantly increased (C). Unexpectedly, the EF 
in study C showed the opposite pattern, whereas 
in studies D-H no significant differences were 
observed in any of the parameters. *: P<0.05; **: 
P<0.01; ***: P<0.001. 
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characteristics were determined under baseline conditions (dP/dt baseline) and in the 

presence of increasing concentrations of dobutamine (dP/dt max), the maximal 

change in these parameters due to dobutamine administration is shown in Fig. 4. A 

significant improvement was observed for the change in +dP/dt max in the UM206-

treated group in study A, whereas study C showed the opposite effect. No significant 

differences were observed in the -dP/dt values in any of the studies. 

Infarct characteristics 

For all animals included in this manuscript the infarct length was determined 

histologically and expressed as a percentage of the total ventricle area or 

circumference, respectively (Fig. 5). In none of the studies a difference in the % 

infarct area was observed between UM206- and saline-treated animals. However, % 

infarct length was smaller in the full UM206 treatment group in study A, indicating a 

reduced dilatation of the infarct. This observation could not be confirmed in any of 

the other studies. In study A, the smaller % infarct length was accompanied by a ~4-

fold increase in the relative myofibroblast count (in the infarct area) in the group 

treated with UM206 for the full 5 weeks. Significant increases in this parameter were 

 
Figure 4 | Hemodynamic characteristics of the mice, maximally stimulated with dobutamine. 
The bars represent the effect of dobutamine on the dP/dt corrected for the baseline value (dP/dt max - 
dP/dt baseline) of the -dP/dt (A) and +dP/dt (B). Please note that UM206 treatment only resulted in a 
significant increase in +dP/dt in study A, whereas in study C the opposite effect was observed. *: P<0.05. 
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found in the groups that were treated for the first two or the last three weeks in study 

A, albeit the increases in this parameter were relatively small compared to the full 5-

week treatment. The relative myofibroblast area was also determined in studies B 

and D-H but in none of these studies significant differences were observed for this 

parameter between UM206- and saline-treated animals. 

Discussion 

In this manuscript we provide an overview of eight consecutive studies on the effects 

of UM206 on the wound healing after MI, performed in our laboratory. In the first 

study (study A), a strong protective effect of this treatment was observed on adverse 

cardiac remodeling, as illustrated by less dilatation of the left ventricle, improved 

cardiac function and lower lung weights as well as improved survival(5). This beneficial 

effect of UM206 treatment on infarct healing could be confirmed in study B, although 

the increase in myofibroblast numbers could not be reproduced. From study C on, no 

significant differences have been observed in the infarct healing UM206-treated 

groups compared to saline-treated controls. In this context, it is of interest to note 

that both in rat (unpublished observations) and porcine models of myocardial 

 
Figure 5 | Effect of UM206 treatment on the histological characteristics of the infarcts. 
In study A, UM206 treatment resulted in a significant decrease in infarct length (A), paralleled by a profound 
increase in the % myofibroblasts in the infarct area (B). These results could not be confirmed in the other 
studies. *: P<0.05. 
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infarction, beneficial effects on infarct size and geometry have been observed; the 

results obtained in the porcine MI model are presented in Chapter 4 of this thesis. 

In the original data set from study A, 6 out of 26 animals that received the full 5 week 

UM206 treatment did not show macroscopic signs of myocardial damage at sacrifice. 

At that time, we attributed this to the effect of the intervention with UM206 on infarct 

healing, because all of the 13 saline-treated controls did show macroscopically visible 

infarcts. Therefore, the data of these 6 animals were included in the statistical 

analysis of the effects of UM206 treatment on echocardiographic and hemodynamic 

parameters are shown in Fig 2-4. A re-evaluation of the dataset from which these 6 

animals are excluded revealed that a significant effect of UM206 treatment was still 

observed for heart weight, lung weight, EF, ESV and EDV; however, exclusion of these 

data resulted in loss of statistical significance for positive and negative dP/dt. 

Irreproducibility of experimental data is a major issue in biomedical sciences. 

Researchers from the pharmaceutical companies Bayer and Amgen have 

systematically investigated this issue and found that the results of 75-91% of 

published experimental studies could not be reproduced in their own laboratories(9,10). 

This illustrates that we are dealing with a considerable number of variables that are 

difficult to control, but that are of paramount importance for the outcome of an 

experiment. It is quite evident that when one is confronted with a discrepancy 

between subsequent studies, a scrutinous comparison of the experimental 

conditions is executed to identify potential differences. First of all, the surgical team 

that performed the operations is highly experienced and has not changed over the 

years so this is an unlikely factor. Originally, the Swiss mice were obtained from 

Charles River, but in order to exclude a possible effect of the genetic background we 

also tested Swiss mice from Harlan (study D) as well as BALB/c mice (study F), with 

similar results. This excludes the animals and the surgery as a plausible source of the 

variation in the effects of UM206. 

Another variable that we addressed was the source of UM206. In studies A-D and G, 

we made use of UM206 produced by ChemPep (Miami, FL, USA) but we also tried 
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UM206 produced by Pepscan (Lelystad, the Netherlands) in studies E, F and H. No 

consistent differences in effects were observed between the peptides produced by 

these two companies, which is in agreement with the identical analytical data sheets 

provided with the compounds. 

Since UM206 is a peptide of 13 amino acids with two Cys residues located at positions 

1 and 11, the peptide can form an internal disulfide bond when it is placed under 

oxidative conditions. Alternatively, dimeric or even multimeric complexes can also be 

- theoretically - formed, although this obviously is more likely when the compound is 

dissolved at a high concentration. Given the low concentration of UM206 in the 

minipumps, the formation of multimers is unlikely. In vitro incubation of UM206 in 

osmotic minipumps under oxidative conditions revealed that virtually all of the 

UM206 will have formed disulfide bonds, mostly the internal variant, within 24 hours 

(personal communication Dr. Nicolas Dailly and Dr. Peter Timmerman, Pepscan 

Lelystad). In previous in vitro studies, we have found the oxidized form of UM206 to 

be inactive as an antagonist, so this could explain the lack of effect observed in 

studies C-H. However, then the question remains unanswered how the compound 

was administered in the active form in studies A and B as well as in the rat and swine 

studies, but in the inactive form in studies C-H.  

A third issue is the position of the UM206 peptide in the Wnt/frizzled complex. The 

crystal structure of the XWnt8/Fzd8 cysteine-rich domain was published recently(11), 

showing that it is unlikely that the loop of the Wnt protein where UM206 is derived 

from is in direct physical contact with the frizzled protein (fig. 1 in Chapter 2 of this 

thesis for details). This finding obscures the pharmacological mechanism of action of 

this peptide. In the meantime, several researchers have provided evidence that Wnt 

and frizzled interact in a complex with other proteins, including the co-receptor 

LRP5/6(12), and it is quite likely that UM206 interferes somehow with this complex 

formation. We cannot exclude that variations in the components involved in the 

formation of this complex determine the effectiveness of UM206, but it is unclear 

how this could have changed over time.  
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A remarkable observation in the current set of experimental data is that the lung 

weights in the saline-treated animals in studies A and B are considerably higher than 

the lung weights in studies C-H, despite similar infarct lengths (see Fig. 5a). This 

suggests that overt heart failure induced by myocardial infarction was only present in 

the first two studies, but that the cardiac remodeling was less severe in the latter six 

ones. It is quite obvious that a therapy aiming at preventing adverse cardiac 

remodeling is ineffective when this adverse remodeling does not take place. This 

raises the question whether there have been any changes in the experimental 

conditions between the first two and the latter six studies that could explain these 

deviating outcomes. In this respect, the transition from housing of the mice in open 

cages to housing in individually ventilated cages (IVC) that took place between study 

B and C could be of relevance. IVC housing of rats was shown to reduce the exposure 

to ammonia and CO2 and to improve the integrity of the airway epithelium(13). When 

translated to our experimental situation, this change in housing conditions may mean 

that exposure to pro-inflammatory stimuli is reduced under IVC conditions. It is 

generally accepted that cardiac ischemia invokes an inflammatory response in the 

infarct area(14). Toll-like receptors can recognize the presence of pathogens in the 

body, but also play an essential role in the sterile inflammatory response following 

cardiac injury(15), suggesting an amplifying effect of exposure to external pathogens 

on adverse cardiac remodeling after MI. Recent studies have confirmed that the low-

grade inflammation present in e.g. periodontal disease has a marked adverse effect 

on the cardiac remodeling after MI(16,17). This may imply that the reduced exposure to 

pro-inflammatory stimuli of IVC-housed mice attenuated the development of heart 

failure post-MI, thereby eliminating the potential therapeutic gain that could be 

obtained with UM206. In this context it is relevant to note that the housing conditions 

of the rat and swine studies that showed beneficial effects of UM206 best resembled 

the open cage housing conditions used in the first mouse studies. Due to the 

institutional policy of our Animal Facility, repeating the experiment in open cages can 

be performed no more. 
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Alterations in phenotypes of animal models due to changes in housing conditions 

have been reported by other authors. Ventilated caging systems have been shown to 

reduce the ambient oxygen concentration for up to 0.5%, which is associated with 

alterations in blood cell composition that is indicative for chronic exposure to 

hypoxia(18). Effects on mouse social behavior have also been reported and 

demonstrate that IVC housing increases anxiety related behavior(19,20). In addition, 

severity of the anxiety related behavior seems to be variable across different IVC 

systems, depending on the amount of air changes per hour(21). These observations 

underscore the importance of the housing conditions on the phenotype of animal 

models and that it can cause a serious bias in research data between different 

studies. 

In conclusion, the most plausible explanation for the discrepancies in effectiveness of 

UM206 between the different studies included in this overview is that a change in the 

housing conditions has modified the characteristics of the animal model that was 

used to investigate the therapeutic benefit of this compound. This raises the 

fundamental question how one should choose the conditions for animal experiments 

in order to be predictive for human disease. Standardization with respect to age, 

gender, genetic background and housing was generally believed to reduce 

experimental ‘noise’ and improve reproducibility. However, it has now become 

increasingly clear that the translation of data from such standardized studies to the - 

heterogeneous - clinical practice may be complex or even impossible. This has 

induced a counter-movement towards more variation in animal models to provide 

much higher relevance for clinical practice(22). In this respect, the trend of animal 

facilities towards an as-low-as-possible and strongly standardized pathogen status 

should be monitored with caution as this deviates more and more from the daily 

clinical practice that the animal models aim to reflect.  
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Abstract 

Wnt signaling is involved in various developmental processes but is usually silent in 

healthy adult tissues. However, a reactivation of this signaling pathway is generally 

observed during pathological conditions such as cardiovascular diseases or cancer. 

Compounds that can interfere between Wnt and its receptor Frizzled (Fzd) are 

potential therapeutics to treat such diseases. The crystal structure of Xenopus Wnt8 

in complex with the cysteine rich domain (CRD) of Fzd8 demonstrates that Wnt 

contacts the Fzd CRD at two opposing sites via its β-loop extensions also known as 

the thumb (which is palmitoylated at the tip) and index finger. These β-loop 

extensions are stabilized by several intra-loop disulfide bonds between conserved 

cysteines. Based on this knowledge, a library of peptides, derived from the native 

human Wnt3a and Wnt5a sequences, was synthetically produced and cyclized via a 

CLIPS scaffold to mimic these β-loop extensions. Peptide mimics of both thumb and 

index finger were able to inhibit Wnt3a induced Wnt/Fzd signaling in an in vitro 

reporter assay with an IC50 in the micromolar range. The sequence length of the 

peptide as well as palmitoylation of the thumb fragment on the native Ser209 position 

(in Wnt3a) and finally the presence of a synthetic CLIPS scaffold all influenced the 

antagonistic potency of these peptides. Mutation of the conserved cysteines also 

affected the antagonistic capacity in a positive or negative way. In an attempt to 

improve the antagonistic effect, thumb and index finger peptides were administered 

simultaneously; this only resulted in an additive rather than a synergistic effect. 

These findings demonstrate that peptides derived from the Wnt-sequences that are 

known to interact with the Fzd CRD can form the basis for antagonists to inhibit 

Wnt/Fzd signaling. 
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Introduction 

Wnt signaling is involved in many processes, such as control of cell division, tissue 

patterning and cell fate specification during embryonic development(1). It is 

mainly silent in healthy adult tissues, but a reactivation of Wnt signaling is often 

observed during pathological conditions. Signaling is commonly activated by 

binding of Wnt to Frizzled (Fzd), which initiates multiple (complex) downstream 

signaling pathways. At least three different Wnt signaling pathways have been 

described, i.e. the calcium, the Rho/c-jun N-terminal kinase, and the – best 

studied – β-catenin pathway, which is also known as the canonical pathway and 

uses β-catenin as second messenger (see Chapter 2 for further details). Wnts are 

350-400 amino acids in size and have a conserved pattern of 22-24 cysteines. 

They are post-translationally palmitoylated on a serine residue at the N-terminal 

side that makes them hydrophobic. This modification is critical for both the 

secretion and signaling activity of the protein(2-4). The crystal structure of 

Xenopus Wnt8 in complex with the cysteine-rich domain (CRD) of Fzd8 

demonstrates an exceptional architecture of the Wnt protein, in which disulfide 

bonds between the conserved cysteines play an important role (Figure 1). The 

structure of Wnt resembles the outline of a hand with a thumb and index finger 

grasping the Fzd CRD at two opposing sites. This unusual three-dimensional 

structure is unknown for any other ligand-receptor interaction. The thumb at the 

N-terminal site contains a palmitic or palmitoleic acid at the tip that engages a 

groove on the CRD. The index finger at the C-terminal domain is characterized by 

a 38 amino acid long β-strand hairpin, which is stabilized by several disulfide 

bonds between conserved cysteines, including a vicinal disulfide bond at the tip of 

the finger. The index finger forms a strong hydrophobic contact with a groove on 

the opposite side of the CRD(2). This interaction between Wnt and the CRD of Fzd 

leaves a gap with conformational plasticity in the center of the complex that 

could be involved in dimerization of Fzd proteins or binding to the LRP co-
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receptors and therefore might be important for the activation of Wnt/Fzd 

signaling as well(5,6). 

To date several compounds have been identified to target Wnt/Fzd signaling at 

different levels of the pathway(7,8), although to our knowledge no substance has 

been described that interferes with the interaction between Wnt and Fzd. 

Previously, our lab has developed a peptide fragment of Wnt5a, named UM206, 

that was able to block Fzd-1 and -2 signaling both in an in vitro and in vivo model(9). 

However, aligning this peptide sequence with the crystal structure of Wnt 

demonstrates that Wnt does not interact with Fzd at this site (Figure 1), and 

therefore its exact mechanism of action has not been established yet. 

                                             
Figure 1 | Crystal structure of Xenopus Wnt8 bound to the cysteine rich domain (CRD) of Fzd8. 
The shape of the Wnt protein mimics the palm of a hand with an index finger at the C-terminal domain and a 
thumb and the N-terminal domain. The index finger and the palmitic acid both are in contact with the CRD. 
Aligning the sequence of UM206 with the native protein illustrates that it does not interact with the Fzd 
CRD. (Adapted from(2,10)) 
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In search for new antagonists that can block the interaction between Wnt and 

Fzd, we synthesized peptide loops mimicking the ends of the thumb and index 

finger of the Wnt3a/5a protein, with the rationale that these peptides can 

compete with the binding site of Wnt3a/5a on the CRD of Fzd-1/2. In the current 

study it was therefore hypothesized that these peptides can serve as antagonists 

of canonical Wnt signaling in vitro. 

Materials & Methods 

Synthesis of the Wnt mimicking peptides 

Abbreviations  

ACN: acetonitrile; Acm: acetamidomethyl; CLIPS: chemical linkage of peptides onto a 

scaffold; Dap: 2,3-diaminopropionic acid; DMF: N,N-dimethylformamide; DMSO: 

dimethylsulfoxide; DTT: 1,4-dithiothreitol; Fmoc/tBu: 9-fluorenylmethoxycarbonyl/ 

tert-butyl; HPLC: high performance liquid chromatography; SS-bond: disulfide bond; 

TFA: trifluoroacetic acid; TCEP: tris(2-carboxyethyl)phosphine; UPLC-MS: ultra 

performance liquid chromatography coupled to mass spectrometry. 

General 

The peptides (Table 1) were synthesized at Pepscan Therapeutics B.V. in Lelystad, 

The Netherlands. Every peptide was characterized by its molecular weight and its 

reverse-phase UPLC retention time. The molecular weights of the peptides were 

determined by Electro Spray Ionization Mass Spectrometry (ESI-MS), and does not 

include the associated TFA counter-ions. 

Synthetic approach 

For the synthesis of the SS-folded CLIPS-cyclized Wnt3a- and Wnt5a-derived 

peptides, a non-regioselective approach was followed. In this approach, the Acm 

group was employed to protect those Cys to be connected via an SS-bond. The 

approach involved 3 steps. First, the linear precursor of the target peptide was 

prepared by automated Fmoc/tBu solid-phase peptide synthesis. Next, this linear 
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precursor was cyclized via Cys-attachment onto the bivalent CLIPS scaffold. Finally, 

the Acm groups were removed under oxidative conditions (I2). In this last synthetic 

step, all the SS-bonds of the peptide are formed concomitantly, which can offer 

several SS-bond isomers of unknown SS-bond pattern. For every target peptide, the 

SS-bond isomeric products formed were isolated to be tested separately. 

Instrumental methods 

UPLC-MS analysis was performed on a Waters instrument comprising a reverse-

phase C18 column (50x2.1 mm1.7 µm particle size), an automatic injector, a 

separation module, a photodiode array detector, and an ESI mass detector. Typically, 

the sample to be analyzed was dissolved in either DMSO, H2O, ACN, or any possible 

mixture of these solvents, and injected into the machine. A linear gradient of ACN 

(+0.05% TFA) into H2O (+0.05% TFA) was run with an 0.1 mL/min flow rate, starting at 

5% ACN and with an increase of 25% ACN/min. Such linear gradient was run for 2 or 3 

min. UV detection was performed at 215 nm. MS data was acquired using the positive 

ion mode. Data were managed with Waters MassLynx software. Preparative HPLC 

purification was performed on a Waters' instrument comprising a reverse-phase C18 

column, a manual injector, a separation module, a UV detector, and a potentiometric 

recorder. Depending on the amount of crude peptide to be purified, a smaller (150×20 

mm) or a larger (120×40 mm) C18 column was used. The smaller C18 column was 

used for purifying crude products in less than 100 mg amount, whereas the larger C18 

column was used for purifying crude products in more than 100 mg amount. Typically, 

the sample to be purified was dissolved in DMSO, in H2O, or in a DMSO/H2O mixture, 

and injected into the apparatus. A linear gradient of ACN (+0.05% TFA) into H2O 

(+0.05% TFA) was run at a of 30 or 60 mL/min flow rate (depending on the column 

used). Such linear gradient was run for 20 min, and the % ACN was increased at a rate 

of 25% ACN/min. UV detection was performed at 215 nm. The collected fractions 

were analyzed by UPLC-MS, and those of interest were lyophilized. Lyophilized 

fractions were pooled together (depending on their purity), and lyophilized again. 
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Synthetic procedures 

Synthesis of the bivalent CLIPS scaffold was performed as described previously(11). 

General procedure for cyclizing the peptide onto the bivalent CLIPS scaffold. The 

linear peptide (1.0 equiv.) was dissolved in ACN/H2O 1:3 at a 0.5 mM concentration. 

The resulting solution was sonicated for 10 min. Then, the bivalent CLIPS scaffold 

(1.25 equiv., withdrawn from a 0.1 M solution in ACN/H2O 1:1) was added, followed by 

NH4HCO3 (300 equiv.,). The pH of the resulting mixture was checked to be above 7.8. 

After stirring for 1 h at room temperature, the mixture was analyzed by UPLC-MS. If 

starting material was still present, TCEP (1.0 equivalent), and an additional 1.0 

equivalent of bivalent CLIPS scaffold were added, and the mixture was stirred for 

another 1 h. Once the reaction was complete (UPLC-MS), it was quenched by adding 

10% TFA until pH < 4. The mixture was frozen and lyophilized. The crude product was 

purified by preparative HPLC. [Note: For certain linear peptides that were not soluble 

in ACN/H2O mixtures, the reaction was performed in DMF/H2O]. 

General procedure for Cys(Acm)-removal with concomitant SS-bond formation. The 

peptide (1.0 equiv.) was dissolved in DMSO at 10 mM concentration, and 8 volumes of 

MeOH were added (affording a 1.1 mM peptide solution in DMSO/MeOH 1:8). To this 

solution, I2 (1.3 equiv., withdrawn from a 34 mg/mL I2 solution in MeOH) was added, 

and the pH of the mixture was checked to be <6. The reaction was allowed to proceed 

at room temperature. To monitor the reaction by UPLC-MS, an aliquot of the reaction 

mixture was taken, DTT (withdrawn from a 7.2 mg/mL DTT aqueous solution) was 

added until the solution became colorless, excess of a 200 mM NH4HCO3 solution was 

added, and the resulting solution was analyzed. Upon completion, the reaction was 

quenched as described above. The solvent was removed under reduced pressure, and 

the resulting residue was purified by preparative HPLC. The main SS-bond isomeric 

products formed were separated by prep. HPLC and all isolated in order to be tested 

separately. 
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Table 1 | Peptide Library 

 # Wnt3a # Wnt5a 

T
hu

m
b 

Fr
ag

m
en

ts
 

N 199MHLKCKCHGLSGSCEVKTCWWSQ221 N 234ADVACKCHGVSGSCSLKTCWLQL256 

T1 Ac-CHLKCKCHGL2GSCEVKTCWWSC-NH2 T15 Ac-CDVACKCHGV2GSCSLKTCWLQC-NH2 

T2 Ac-CHLKCKCHGLSGSCEVKTCWWSC-NH2 T16 Ac-CDVACKCHGVSGSCSLKTCWLQC-NH2 

T3 Ac-CLKCKCHGL2GSCEVKTCWWC-NH2 T17 Ac-CVACKCHGV2GSCSLKTCWLC-NH2 

T4 Ac-CKCKCHGL2GSCEVKTCWC-NH2 T18 Ac-CACKCHGV2GSCSLKTCWC-NH2 

T5 Ac-CKAKCHGL2GSCELKTAWC-NH2 T19 Ac-CCKCHGV2GSCSLKTCC-NH2 

T6 Ac-CKCKAHGL2GSAELKTCWC-NH2 T20 Ac-CKCHGV2GSCSLKTC-NH2 

T7 Ac-CKSKSHGL2GSSEVKTSWC-NH2 T21 Ac-CKCHGVSGSCSLKTC-NH2 

T8 Ac-CKSKSHGL2GSSEVKTSWC-NH2 T22 Ac-CKCHGV2GSCSLKTC-NH2 

T9 Ac-CKCHGL2GSCEVKTCC-NH2   

T10 Ac-CKCHGL2GSCEVKTC-NH2   

T11 Ac-CKCHGLSGSCEVKTC-NH2   

T12 Ac-CKCHGL2GSCEVKTC-NH2   

T13 
 

Ac-CLCKEH2TGCVSKGC-NH2   

T14 Ac-CLC2KEHTGCVSKGC-NH2   

In
de

x 
fi

ng
er

 fr
ag

m
en

ts
 

N 324REKCRCVFHWCCYVSCQECT343  N 349TVQTERCHCKFHWCCYVKCKKCTEIV374 

I1 Ac-CEKCRCVFHWCCYVSCQECC-NH2 I11 Ac-CVQTERCHCKFHWCCYVKCKKCTEIC-NH2 

I2 Ac-CARCVFHWCCYVSCQEC-NH2* I12 Ac-CQTERCHCKFHWCCYVKCKKCTEC-NH2 

I3 Ac-CRCVFHWCCYVSCQC-NH2 I13 Ac-CTERCHCKFHWCCYVKCKKCTC-NH2 

I4 Ac-CRAVFHWCCYVSAQC-NH2 I14 Ac-CERCHCKFHWCCYVKCKKCC-NH2 

I5 Ac-CRCVFHWAAYVSCQC-NH2 I15 Ac-CAHCKFHWCCYVKCKKC-NH2* 

I6 Ac-CRSVFHWSSYVSSQC-NH2 I16 Ac-CHCKFHWCCYVKCKC-NH2 

I7 Ac-CRSVFHWSSYVSSQC-NH2 I17 Ac-CCKFHWCCYVKCC-NH2 

I8 Ac-CCVFHWCCYVSCC-NH2 I18 Ac-CKFHWCCYVKC-NH2 

I9 Ac-CVFHWCCYVSC-NH2 I19 Ac-CKFHWCCYVKC-NH2 

I10 Ac-CVFHWCCYVSC-NH2   

# = Peptide number is indicated by either a 'T' or 'I', referring to the thumb or index finger respectively; N = 
human native sequence; S = Palmitoylated Serine; 2 = Palmitoylated Dap; C = Cysteine connected via 
CLIPS; C = Cysteine connected via an SS-bond; C = Blocked Cysteine; S = Serine instead of cysteine; A = C 
replaced by alanine; * = Shortening of the peptides resulted in a free cysteine. This was replaced by an 
alanine in order to prevent interaction with another peptide. 
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Wnt Reporter Assay 

3T3 mouse fibroblast cell line 

An engineered 3T3 mouse fibroblast cell line (Leading Light® Wnt Reporter Assay, 

Enzo Life Sciences, Farmingdale, NY, USA) was used to test the Wnt pathway 

modulating capacities of the peptides. These cells express the firefly luciferase 

reporter gene under the control of Wnt-responsive promoters (TCF/LEF). Cells were 

cultured in 75 cm2culture flasks (Corning, New York, NY, USA) in Dulbecco’s modified 

essential medium supplemented with high glucose, GlutaMAX™, HEPES (Life 

Technologies, Carlsbad CA, USA), 12% growth medium concentrate (Enzo Life 

Sciences) and 1% Penicillin-Streptomycin (Life Technologies). Cells were plated in 

48-wells plates (Corning) at a density of 25.000 cells per well. After 24 hours, 

canonical Wnt signaling was induced by stimulation with Wnt3a conditioned medium 

(Wnt3aCM), obtained from Wnt3a producing L-cells (ATCC, Manassas, VA, USA). 

Simultaneously, the synthesized peptides were administered at different 

concentrations. As a control for Wnt/Fzd signaling inhibition, mouse Dickkopf-1 

(DKK1) (R&D Systems, Minneapolis MN, USA) was added to Wnt3a stimulated cells at 

a concentration of 250 ng/ml. 24 Hours after stimulation the cells were lysed and 

firefly luciferase activity was measured with the use of a luciferase assay system 

(Promega, Madison WI, USA) according to manufacturer’s protocol. All individual 

experiments were performed in duplicate.  

Human Embryonic Kidney (HEK) 293 cell line 

Cells were cultured in 75 cm2 culture flasks (Corning) in Dulbecco’s modified essential 

medium supplemented with high glucose, GlutaMAX™, HEPES (Life Technologies), 

10% Fetal Bovine Serum (Sigma Aldrich, Saint Louis, MO, USA) and 1% Penicillin-

Streptomycin (Life Technologies). HEK293 cells were transiently transfected with a 

TCF/LEF-responsive firefly luciferase construct, constitutively expressing renilla 

luciferase (Cignal TCF/LEF Reporter (luc) Kit, Qiagen, Hilden, Germany) and 

pcDNA3.1 hFzd1, according to the manufacturer’s protocol. In brief, cells were plated 

in 96 wells plates (Corning) at a density of 40.000 cells per well and were concurrently 
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transfected (reverse transfection) with the aforementioned constructs. 24 Hours 

after transfection, the subsequent protocol was similar to the Leading Light cell line 

described above, with the exception that besides firefly luciferase, renilla luciferase 

was measured as well with the use of the Dual-Glo luciferase assay system 

(Promega). 

Statistical Analysis 

All values are shown as mean ± SEM. Statistical analysis was executed with the use of 

GraphPad Prism software (version 5.02). Differences between experimental 

conditions were tested for significance with one-way ANOVA and Bonferroni post-

hoc analysis. A p-value <0.05 was considered to be statistically significant. 

Results 

Reference experiments with Wnt3aCM 

To activate canonical Wnt signaling the 3T3 mouse fibroblast cells were stimulated 

with Wnt3a conditioned medium (Wnt3aCM) obtained from Wnt3a producing L-cells 

in a 1:1 dilution with ENZO culture medium. Typical absolute values for luciferase in 

these experiments were around 3x106 light units when stimulated with Wnt3aCM, a 

~10-fold increase compared to untreated cells (Figure 2). This maximum response is 

normalized to 1.0 in all experiments. The natural canonical antagonist Dickkopf1 

(DKK1) that interacts with the low-density lipoprotein receptor-related protein (LRP) 

(see chapter 2 for further details) was able to inhibit this signaling to baseline levels. 

                                                                                                                                                                                         
Wnt3a    

DKK1 250 ng/ml    
 

Figure 2 | Induction of canonical Wnt signaling by Wnt3aCM.  
Wnt signaling is ~10-fold upregulated in the 3T3 mouse fibroblast 
cell-line by addition of Wnt3aCM compared to untreated cells. DKK1 
(250 ng/ml) was able to inhibit signaling to baseline levels. Data are 
presented as mean ± SEM (n=3). *** p<0.001 compared to Wnt3aCM 
stimulated cells. Addition of Wnt3aCM or DKK1 is indicated by a black 
box.	   
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Fixing the 3D-conformation of the index finger and thumb peptides 

To address the question whether Wnt signaling can be inhibited with peptide 

fragments of Wnt proteins, a library of peptides was synthesized (Table 1) that either 

resembled the thumb or index finger. Since in the native Wnt protein these parts are 

looped structures, peptides were cyclized using a bivalent CLIPS scaffold that 

connects two cysteines placed at the outer ends of the peptide in order to fix their 

three-dimensional conformation in a native fashion (Figure 3). Similar to the native 

protein, these loops were stabilized by formation of disulfide (SS)-bonds between the 

conserved cysteines (Figure 3). Equivalent to the native Wnt protein, the thumb 

fragment-derived peptides contain also a palmitoylation at the tip of the loop in 

addition to two conserved SS-bonds (Figure 3). However, in the native protein a 

serine residue is palmitoylated but due synthetic limitations the serine is substituted 

by a Dap in our peptides.  

  

 
Figure 3 | Schematic representation of the peptide fragments. 
The peptides are cyclized via a bivalent CLIPS scaffold and further stabilized by formation of native SS-
bonds between the conserved cysteines. On the left, an illustration of a thumb fragment with a 
palmitoylation at the tip. On the right, the index finger fragment with its conserved vicinal disulfide bond at 
the tip. 
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Both thumb and index finger-derived peptides have antagonistic potencies  

In the in vitro assay, peptide fragments derived from the Wnt3a and Wnt5a thumb 

sequences (green) were found to possess significant antagonistic activities towards 

canonical Wnt signaling at a concentration of ~10 μM (Figure 4). Peptides containing 

23 amino acids displayed the strongest antagonistic effect of all, with the Wnt5a-

                                                                                                                                       
T1 Ac-CHLKCKCHGL2GSCEVKTCWWSC-NH2      
T3 Ac-CLKCKCHGL2GSCEVKTCWWC-NH2      
T4 Ac-CKCKCHGL2GSCEVKTCWC-NH2      
T9 Ac-CCKCHGL2GSCEVKTCC-NH2      
T1

 
Ac-CKCHGL2GSCEVKTC-NH2      

2 = Palmitoylated Dap; C = Cysteine connected via CLIPS; C = Cysteine 
connected via an SS-bond 

                                                                                                                                      
T1

 
Ac-CDVACKCHGV2GSCSLKTCWLQC-NH2      

T1
 

Ac-CVACKCHGV2GSCSLKTCWLC-NH2      
T1

 
Ac-CACKCHGV2GSCSLKTCWC-NH2      

T1
 

Ac-CCKCHGV2GSCSLKTCC-NH2      
T2

 
Ac-CKCHGV2GSCSLKTC-NH2      

2 = Palmitoylated Dap; C = Cysteine connected via CLIPS; C = Cysteine 
connected via an SS-bond 

Figure 4 | Peptide length of the thumb-derived sequences affects antagonistic potency.  
Both Wnt3a (A) and Wnt5a (B) thumb-derived sequences demonstrated inhibition of canonical Wnt 
signaling when administered at a concentration of 10 μM. Decreasing the length of the peptides decreased 
their antagonistic potency. Data are presented as mean ± SEM (n=3). ** p<0.01, *** p<0.001 compared to 
Wnt3aCM stimulated cells (1.0). 

A 
 
 
 
 
 
 
 
Wnt3a sequence 

B 
 
 
 
 
 
 
 
Wnt5a sequence 
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derived peptide (T15) (Figure 4B) being more potent compared to the Wnt3a-derived 

peptide (T1) (Figure 4A). Decreasing the peptide length to 15 amino acids lowered the 

antagonistic potency by ~40% at this concentration for both the Wnt3a (T12) and 

                                                                                                                                                                
I1 Ac-CEKCRCVFHWCCYVSCQECC-NH2      
I2 Ac-CARCVFHWCCYVSCQEC-NH2      
I3 Ac-CRCVFHWCCYVSCQC-NH2      
I8 Ac-CCVFHWCCYVSCC-NH2      
I9 Ac-CVFHWCCYVSC-NH2      

C = Cysteine connected via a CLIPS; C = Cysteine connected via an SS-bond; A = 
C replaced by alanine 

                                                                                                                    
I11 Ac-CVQTERCHCKFHWCCYVKCKKCTEIC-NH2         
I12 Ac-CQTERCHCKFHWCCYVKCKKCTEC-NH2         
I13 Ac-CTERCHCKFHWCCYVKCKKCTC-NH2         
I14 Ac-CERCHCKFHWCCYVKCKKCC-NH2         
I15 Ac-CAHCKFHWCCYVKCKKC-NH2         
I16 Ac-CHCKFHWCCYVKCKC-NH2         
I17 Ac-CCKFHWCCYVKCC-NH2         
I18 Ac-CKFHWCCYVKC-NH2         

C = Cysteine connected via a CLIPS; C = Cysteine connected via an SS-bond; A = C replaced by alanine 

Figure 5 | Complex relationship between peptide length of the index finger and antagonistic activity.  
Both Wnt3a (A) and Wnt5a (B) index finger derived sequences inhibited canonical Wnt signaling when 
administered at a concentration of 10 μM. Decreasing the length of the peptides decreased the 
antagonistic potency. Data are presented as mean ± SEM (n=3). * p<0.05, *** p<0.001 compared to 
Wnt3aCM stimulated cells (1.0). 

 

A 
 
 
 
 
 
 
 
                                                   Wnt3a sequence 
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Wnt5a sequence 



Chapter 6 

	  164 

Wnt5a-derived (T20) fragments, demonstrating that peptide length of the thumb-

derived loop matters with regards to inhibition of Wnt signaling. 

Similar to thumb-derived sequences of Wnt3a and Wnt5a, the index finger peptides 

(purple) also inhibited canonical Wnt signaling when administered at 10 μM (Figure 5). 

Reducing the peptide length of the index finger affected the antagonistic potency in a 

negative way. However, there was a difference between Wnt3a- and Wnt5a-derived 

sequences. The shortest Wnt3a-derived (I9) peptide containing 11 amino acids still 

demonstrated to be significantly active (Figure 5A), whereas its Wnt5a-derived 

counterpart (I18) lost its antagonistic effects completely (Figure 5B). We were not 

able to test peptides longer than 20 amino acids for the Wnt3a-derived sequence due 

to difficulties during the synthesis process. Nonetheless, Wnt5a peptides longer than 

20 amino acids did not demonstrate a stronger antagonistic potential when 

administered at the same concentration. Overall, Wnt3a index finger-derived 

sequences were more active compared to their Wnt5a analogues at a concentration 

of 10 μM.  

Dose response plots for both the thumb and index finger fragments of Wnt3a and 

Wnt5a demonstrated sigmoidal curves with IC50 values approximately ranging 

between 3 and 5 μM (Figure 6).  

 

Figure 6 | Dose response relationship for thumb and index finger fragments on canonical Wnt signaling. 
Dose response curves for both the thumb (green) and index finger (purple) fragments administered at 
concentrations ranging from 1 to 30 μM. Data are presented as mean ± SEM (n=3). 
 

● T4 Ac-CKCKCHGL2GSCEVKTCWC-NH2 Wnt3a 

▲ T1
 

Ac-CACKCHGV2GSCSLKTCWC-NH2 Wnt5a 

● I3 Ac-CRCVFHWCCYVSCQC-NH2 Wnt3a 

▲ I16 Ac-CHCKFHWCCYVKCKC-NH2 Wnt5a 

2 = Palmitoylated Dap; C = Cysteine connected via 
CLIPS; C = Cysteine connected via an SS-bond 
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One striking observation was the inhibition of Wnt signaling below unstimulated 

baseline levels of ±0.1 normalized Wnt signaling activity with the longest Wnt5a 

derived thumb fragments (T15 & T17). A closer look at the cells revealed cell 

detachment from the surface of the well and a loss of cells in these conditions. To 

address whether the reduced luciferase readouts were not only due to cell death but 

also the result of substantial Wnt signaling inhibition, the peptide offering the lowest 

readout (T15) was tested in another Wnt activity assay that corrects for cell viability. 

To this end, HEK293 cells were used that were transiently transfected with a 

TCF/LEF-responsive firefly luciferase construct and a constitutively expressed renilla 

luciferase. In addition, hFzd1 was co-transfected ensuring canonical Wnt signaling 

activity. Firefly luciferase readout values indicating Wnt signaling activity were divided 

by renilla luciferase values as a measure for cell viability. In this way, true Wnt signaling 

activity that is insensitive for cell loss is measured. In figure 7, it is demonstrated that 

in HEK293 cells canonical Wnt signaling was activated when Wnt3aCM was added. In 

concordance with the 3T3 mouse fibroblast cell-line, Wnt signaling was significantly 

inhibited when DKK1 was co-administered at a concentration of 250ng/ml. Now, 

                                                                                                                                        
Wnt3a     

DKK1 250 ng/ml     
T15 Ac-CDVACKCHGV2GSCSLKTCWLQC-NH2     

2 = Palmitoylated Dap; C = Cysteine connected via CLIPS; C = Cysteine 
connected via an SS-bond 

Figure 7 | Significant inhibition of Wnt signaling with thumb-derived peptides when normalized for cell 
viability in HEK293 cells. 
HEK293 cells were transiently transfected with constructs for TCF/LEF-responsive firefly luciferase, a 
constitutively expressing renilla luciferase and hFzd1. Addition of the longest Wnt5a thumb fragment at a 
concentration of 10 μM still inhibited Wnt signaling after correction for cell viability. Data are presented as 
mean ± SEM (n=3). *** p<0.001 compared to Wnt3aCM stimulated cells (1.0). 
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when peptide T15 was added at a concentration of 10 μM, a significant inhibition of 

±80% could still be observed, indicating that the inhibitory effect of this peptide is not 

solely due to cell loss. In contrast to the thumb-derived peptides, issues with cell 

viability were not observed at all for the index finger-derived peptides. 

Palmitoylation of the thumb fragment is essential for antagonistic activity 

Wnt proteins are post-translationally modified with a palmitoleic or palmitic acid 

attached to a serine residue at the tip of the thumb(2). Due to limitations during 

synthesis, our peptides contain a palmitoylated Dap instead of a palmitoylated serine. 

Thumb fragments were shown to exert antagonistic effects when a palmitic acid was 

present (T1, -10, -15 and -20 in Figure 4). To demonstrate the importance of this 

modification at the tip of the thumb, the shortest and longest peptide fragments of 

both Wnt3a and Wnt5a derived sequences were synthesized without having a 

palmitic acid. As shown in figure 8A, non-palmitoylated analogues of both the Wnt3a 

and Wnt5a derived sequences completely lost the antagonistic activity, underscoring 

the importance of this modification. However, the palmitoyl group by itself did not 

exert any antagonistic activity, as shown by non-activity of two scrambled thumb-

derived peptides (T13 and T14) in figure 8B.  

Mutations in the peptides affect the inhibitory capacity 

To answer the question whether the SS-bonds between the conserved cysteines are 

a prerequisite for the activity of the peptides, mutated Wnt3a-derived peptides were 

synthesized in which each pair of SS-connected cysteines was replaced by either 

alanine or serine residues (orange color). As shown in Figure 9, inhibition of Wnt 

signaling was present when the native peptides (T4 and I3) were added, however both 

thumb (T7 and T8) and index finger (I6, I7) peptides with cysteines mutated to serines, 

with either a CLIPS or not, did not show any inhibitory effect on canonical Wnt 

signaling. This suggests that either the presence of the bivalent CLIPS scaffold and 

the native SS-bonds between the conserved cysteines, or both, are necessary to 

inhibit canonical Wnt signaling activity. Mutation of the cysteines closest to the tip of 

the thumb to alanines (T6) did not decrease the inhibitory effect, but rather 
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demonstrated a trend towards an improved inhibitory potency, whereas alanine 

mutation of the cysteines proximal to the CLIPS either reduced (thumb, T5) or 

eliminated (index finger, I4) the inhibition of Wnt signaling. 

                                                                          

 

T2 Ac-CHLKCKCHGLSGSCEVKTCWWSC-NH2     

 

    
T1 Ac-CHLKCKCHGL2GSCEVKTCWWSC-NH2         

T11 Ac-CKCHGLSGSCEVKTC-NH2         
T10 Ac-CKCHGL2GSCEVKTC-NH2         

 

T16 Ac-CDVACKCHGVSGSCSLKTCWLQC-NH2     

 

    
T15 Ac-CDVACKCHGV2GSCSLKTCWLQC-NH2         
T21 Ac-CKCHGVSGSCSLKTC-NH2         
T20 Ac-CKCHGV2GSCSLKTC-NH2         

2 = Palmitoylated Dap; C = Cysteine connected via CLIPS; C = Cysteine connected via an SS-bond 
                       

                                                                                                                                                                                            
T10 Ac-CKCHGL2GSCEVKTC-NH2   

 
  

T13 Ac-CLCKEH2TGCVSKGC-NH2    
T14 Ac-CLC2KEHTGCVSKGC-NH2    

2 = Palmitoylated Dap; C = Cysteine connected via 
CLIPS; C = Cysteine connected via an SS-bond 

Figure 8 | Palmitoylation and native amino acid sequence are both essential for antagonistic activity of the 
thumb-derived peptides. 
Non-palmitoylated (A) and scrambled (B) analogues of the thumb lost their antagonistic potency when 
administered at a concentration of 10 μM. Data are presented as mean ± SEM (n=3),** p<0.01, *** p<0.001. 
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The CLIPS scaffold significantly improved the antagonistic potency of the peptides 

The synthesized peptide fragments were cyclized by the means of a bivalent CLIPS 

scaffold as shown in Figure 3. To demonstrate that the presence of this scaffold 

improved the antagonistic potential, peptides lacking a bivalent CLIPS scaffold were 

synthesized as well. In Figure 10, it is shown that the presence of a scaffold 

significantly improved the antagonistic potency of both the thumb (T10, T20) and 

index finger (I9) fragments. However, the Wnt5a index finger peptide I18 did not 

exhibit an improved antagonistic potency when the scaffold was present, although 

longer peptides did exert an antagonistic effect (Figure 5) indicating that this peptide 

(I18)	  is too short to act as an antagonist. This nicely illustrates that the CLIPS by itself 

does not have antagonistic properties but potentiated the antagonistic potential of 

the peptides by constraining their structure. 

                                                                                       
T4 Ac-CKCKCHGL2GSCEVKTCWC-NH2            
T5 Ac-CKAKCHGL2GSCELKTAWC-NH2           
T6 Ac-CKCKAHGL2GSAELKTCWC-NH2           
T7 Ac-CKSKSHGL2GSSEVKTSWC-NH2           
T8 Ac-CKSKSHGL2GSSEVKTSWC-NH2           
I3 Ac-CRCVFHWCCYVSCQC-NH2            
I4 Ac-CRAVFHWCCYVSAQC-NH2           
I5 Ac-CRCVFHWAAYVSCQC-NH2           
I6 Ac-CRSVFHWSSYVSSQC-NH2           
I7 Ac-CRSVFHWSSYVSSQC-NH2           

2 = Palmitoylated Dap; C = Cysteine connected via CLIPS; C = Cysteine connected via an SS-bond; A = C 
replaced by Alanine; S = C replaced by Serine; C = Blocked Cysteine 

Figure 9 | Mutations of cysteines affect the inhibition of Wnt signaling.  
In both Wnt3a thumb (green) and index finger (purple) peptides mutations of cyteines to alanines or serines 
significantly affects the inhibition of Wnt signaling. Peptides were administered at a concentration of 10 
μM. Data are presented as mean ± SEM (n=3), *** p<0.001. 

  Wnt3a sequence 
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Effect on Wnt signaling upon simultaneous administration of thumb and index 

finger fragments 

As shown in Figure 1, the native Wnt ligand has two extremities (thumb and index 

finger) that are involved in binding to the Fzd CRD. In all previous experiments, the 

effect of only a single mimicked extremity was assessed at a time. This brought up 

the idea that thumb and index finger fragments could work synergistically when 

added simultaneously. Since the peptides T4 and I3 both caused a strong inhibition 

when administered at 10 μM, the individual concentration in this experiment was set 

at 1 μM to obtain a mild inhibition. This concentration did not result in a significant 

inhibition of Wnt signaling (Figure 11). However, when thumb and index finger 

fragments were added simultaneously, each at a concentration of 1 μM (total 

concentration of 2 μM), a significant Wnt signaling inhibition was observed, albeit not 

in a synergistic fashion. When both fragments were added at 0.5 μM each (total 

concentration 1 μM), significant inhibition of Wnt signaling could not be observed. 

                                                                                                      

Wnt3a 
T10 Ac-CKCHGL2GSCEVKTC-NH2            
T12 Ac-CKCHGL2GSCEVKTC-NH2         

Wnt5a 
T20 Ac-CKCHGV2GSCSLKTC-NH2            
T22 Ac-CKCHGV2GSCSLKTC-NH2         

Wnt3a 
I9 Ac-CVFHWCCYVSC-NH2            

I10 Ac-CVFHWCCYVSC-NH2         

Wnt5a 
I18 Ac-CKFHWCCYVKC-NH2            
I19 Ac-CKFHWCCYVKC-NH2         

2 = Palmitoylated Dap; C = Cysteine connected via CLIPS; C = Cysteine connected via an SS-bond 

Figure 10 | Presence of a CLIPS scaffold increases the antagonistic potential of thumb and index finger-
derived peptides. 
Both thumb (green) and index finger (purple) peptides reveal an increased antagonistic potency when a 
CLIPS scaffold is present. Peptides were administered at a concentration of 10 μM. Data are presented as 
mean ± SEM (n=3), *** p<0.001. 
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This indicates that simultaneous addition of the two fragments does not act 

synergistically, but rather causes an additive effect on the inhibition of Wnt signaling. 

Discussion 

Wnt proteins interact with the Fzd CRD by means of two extensions also known as 

the thumb and index finger. We described for the first time the inhibition of canonical 

Wnt signaling in an in vitro assay by using thumb and index finger-derived peptides of 

Wnt3a/5a. We observed that the presence of multiple conformational constraints 

(both CLIPS-scaffold and at least one SS-bond) turned out to be crucial for activity as 

well as the presence of a palmitoylated serine residue in the thumb-derived 

fragments. 

Wnt ligands are proteins containing highly conserved cysteines and a lipid group at 

the tip of the thumb(2). This lipid group is post-translationally attached to a serine by 

porcupine acyl transferase. Reduced expression levels of porcupine results in 

diminished palmitoylation and secretion of Wnt protein(12). Furthermore, targeted 

mutation of this serine to alanine, glycine or cysteine impairs secretion of the protein 

as well(13), suggesting that a serine is required for palmitoylation at this residue. The 

impaired secretion is most likely the consequence of the lack of Wnt recognition by 

                                                                                                                                    
T4 Ac-CKCKCHGL2GSCEVKTCWC-NH2 1μM - 1μM 0.5μM 

I3 Ac-CRCVFHWCCYVSCQC-NH2 - 1μM 1μM 0.5μM 

Figure 11 | Dual administration of both a thumb and index finger fragment displays an additive, but not a 
synergistic effect.  
Thumb (green) and index finger (purple) peptides were administered at a dose of 1 μM. When added 
simultaneously (total concentration 2 μM; left mixed bar), a significant inhibition of Wnt signaling was 
observed. However, this did not create a synergistic effect, but rather an additive effect. Data are 
presented as mean ± SEM (n=3), * p<0.05 compared to Wnt3aCM stimulated cells (1.0). 

 

               Wnt3a sequence 
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the transmembrane protein Wntless/Evi that is involved in trafficking of Wnt 

proteins(14). As these mutated forms of Wnt are not secreted, it is obvious that Wnt 

signaling is not activated when they are overexpressed(3) and thus gives no resolution 

on their capability to activate Wnt signaling.  

The vast amount of conserved cysteines in the Wnt protein are assumed to be pivotal 

for the disulfide bridges that embody the secondary structure of the protein(15). Both 

the thumb and index finger-derived peptide fragments contain disulfide bonds 

between cysteines. For stimulation of Wnt signaling the importance of these disulfide 

bonds in the ‘fingers’ has been emphasized by the reduced or even vanished 

activation of Wnt signaling when individual or disulfide bond connected pairs of 

cysteines were mutated to alanines in these domains(13). In our peptides, paired 

disulfide-bonding cysteines were mutated to either alanines or serines which resulted 

in a reduction or a complete loss of antagonistic potency in most of the peptides, 

suggesting a role of these paired cysteines in the positioning and maintenance of the 

hairpin structure of the peptides. A remarkable observation was the trend towards an 

improved antagonistic potency when the central pair of cysteines was substituted by 

alanines, in both thumb and index finger-derived peptides. First, substitution of 

cysteines by alanines will affect the tertiary structure of the peptides, which can have 

an effect of the interaction with the CRD. Second, cysteines and alanines both are 

hydrophobic amino acids, which could imply that the mutated peptides were still able 

to fit in the hydrophobic binding pockets and block the engagement of Wnt3a to Fzd 

and thereby inhibit signaling. Besides, cysteines are less hydrophobic and more 

related to alanine when bound via a disulfide bond(16), which is the case in the thumb 

and index finger peptides. In contrast, serine is a polar amino acid with less 

hydrophobicity. This implies that peptides containing serine mutations are repelled 

from the hydrophobic binding pockets and thereby do not inhibit Wnt3a induced 

signaling. 

Designing peptides that mimic functional domains of natural proteins can be very 

challenging since it can involve the folding of the protein in for example β-sheets, β-
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turns or hairpins. The synthesized peptides in this manuscript adopt a hairpin-like 

structure, in which a bivalent CLIPS scaffold was used resulting in cyclization of the 

peptides(17). The presence of this scaffold in our peptides is favorable over a normal 

disulfide bond between two cysteine residues considering the significant increase in 

Wnt signaling inhibition. This indicates that cyclization via this scaffold generates 

better peptide mimics than traditional disulfide bonds, possibly by a superior 

constraint of the peptide due to the CLIPS scaffold and/or by an additional interaction 

with the target. 

In order to find out whether palmitoylation is only needed for secretion of Wnt or also 

for the binding to its target, a recent study on Notum, an inhibitor of Wnt signaling for 

which the exact mechanism of action was recently discovered by Kakugawa et al.(18), 

is of interest. Notum specifically cleaves the fatty acid from serine209 (located at the 

tip of the thumb) on hWnt3a and pretreatment of mWnt3a with recombinant Notum 

resulted in almost no activation of Wnt signaling by the residual mWnt3a(18). Although 

in the present study we are looking at inhibitory mechanisms, these data support our 

findings that non-palmitoylated thumb fragments do not exert antagonistic effects, 

which underscores the essence of this modification for interaction between Wnt and 

the CRD of Fzd. In addition, we have demonstrated that the peptide sequence is also 

critical for activity of the peptide. 

The Wnt signaling pathway regulates many key developmental processes such as cell 

division, differentiation, migration and survival(1,19). Aberrant regulation of the Wnt 

signaling pathway by, for example, mutations in downstream genes such as APC, Axin 

and β-catenin, frequently results in tumorigenesis(20). Furthermore, the expression of 

Fzd7 is increased in many different tumors compared to normal tissues and 

stimulates proliferation and progression of the tumor(21). Targeting the Fzd7 

receptor, either with siRNA or specific antibodies to block signaling, inhibits cell 

growth and induces apoptosis in cancer cells(22,23). The reduced cell viability that we 

observed with the longest peptide fragments (T15 & T17) can therefore be a 

physiological result of potent Wnt signaling inhibition that induces apoptotic signaling 
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and ultimately loss of cells. However, we cannot affirm that this occurred by inhibition 

of Fzd7 or through other Fzd receptors involved. 

The Wnt-inhibiting peptides described in this manuscript were all derived from either 

the human Wnt3a or Wnt5a native sequences. Wnt3a and Wnt5a share a sequence 

identity of 44% and are both known to have an effect on canonical Wnt signaling albeit 

that Wnt5a can act as an endogenous antagonist for Wnt3a and can stimulate 

canonical signaling depending on the receptor context(24). The divergence in affinities 

of Wnt3a and Wnt5a proteins for Fzd CRDs has been reported recently by means of 

binding experiments. It turned out that Wnt3a had slightly lower KD values (in the nM 

range) for the Fzd CRDs that were examined (Fzd1, -2, -4, -5, -7, -8)(25). Both our 

thumb and index finger-derived fragments from Wnt3a and Wnt5a were able to inhibit 

canonical Wnt signaling, although the potency of inhibition was more profound for the 

Wnt5a thumb-derived peptides as compared to the equal-length Wnt3a thumb 

fragments, whereas for the index finger mimetics it appeared to be the other way 

around. The sequence identity between the Wnt3a and Wnt5a-derived peptides 

tested here is between 65% and 84%, depending on the fragment. Peptide I8 (Wnt3a-

derived) and I19 (Wnt5a-derived) differ only two amino acids in their sequence, while 

there is a substantial difference in the inhibition of Wnt signaling. This confirms that 

minor differences in amino acid sequence between Wnt3a and Wnt5a peptides result 

in distinctly different antagonistic potencies.  

Janda et al. have reported on the binding affinity of a 90 amino acids long 'mini-Wnt', 

that only contains the index finger domain, to Fzd CRDs(2). The KD of this mini-Wnt for 

Fzd5 and Fzd8 was 3.65 μM and 2.41 μM respectively(2). Although not entirely 

comparable, these values are in the same range as the IC50 values (≈3 to 5 μM) that 

could be deducted from the dose response curves presented in this manuscript. For 

in vitro research, these concentrations are reasonable to work with. However, when 

advancing to in vivo research, it will be necessary to increase further the antagonistic 

potencies of these peptides, preferably within the nanomolar range. To address this 

issue, thumb and index finger fragments were co-administered to investigate a 
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potential synergistic effect. Unfortunately, this solely resulted in an additive effect on 

the inhibition of canonical Wnt signaling. Therefore, additional research is required in 

order to find other ways to decrease the IC50. 

Conclusions 

The development of Wnt signaling modulators is of importance as Wnt signaling is 

implicated in a wide array of diseases. In particular, cardiovascular diseases and 

cancer are two disease areas in which the role of Wnt signaling is progressively 

established. We systematically investigated the antagonistic characteristics of novel 

peptide fragments derived from human Wnt3a and Wnt5a sequences on canonical 

Wnt signaling. We evidently demonstrated that both thumb and index finger-derived 

peptides can antagonize Wnt3a-induced Wnt signaling. The length of the peptides as 

well as the presence of the bivalent CLIPS scaffold and also palmitoylation of the 

thumb fragment at the native Ser209 residue (Wnt3a) are all factors that significantly 

affect the antagonistic potency of the peptides. These novel peptide fragments can 

serve as a new tool to inhibit Wnt signaling in various diseases. Nevertheless, further 

studies are still needed to investigate the specificity of the peptides for the different 

Fzd receptors and to also improve their affinities and efficacies, before being able to 

advance towards in vivo studies.  
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General Discussion  

Wnt/Frizzled signaling has gained an increasing amount of interest over the past 

decade and its implications in cardiovascular development and disease are becoming 

more and more evident. Despite this, the complex signaling pathways are still not 

unraveled into detail and many pieces of the puzzle are still missing to fully 

understand the signaling mechanisms. The aim of this thesis was to study the role of 

this pathway in the wound healing process after MI and to characterize the inhibitory 

potential of peptide fragments of Wnt proteins. To this end, we 1) characterized the 

expression of members of the Wnt/Frizzled signaling pathway in myocardial 

infarction (MI) in animal models and humans, 2) targeted this signaling pathway with 

the previously identified peptide UM206 in a mouse and swine model of MI in order to 

improve the wound healing and 3) identified new peptides that can antagonize 

canonical Wnt signaling. 

As described in Chapter 2, Wnt signaling is involved in multiple cardiac conditions 

including myocardial infarction, cardiac hypertrophy and arrhythmias. Animal models 

of these diseases frequently show inconsistent results as to whether the pathway 

should be activated or inhibited. In order to identify the regulation of Wnt/Frizzled 

signaling following MI, we provided a gene expression overview of Wnt/Frizzled 

signaling components in four different mouse strains in Chapter 3. Expression 

profiles of Frizzled receptors and Wnt ligands in the infarcted area were different 

between mouse strains. In particular, the expression of these genes was significantly 

increased in C57BL/6 and FVB, but this elevated expression was absent in Swiss mice. 

Moreover, we found an inverse relationship between Wnt expression and end 

diastolic volumes (EDV) for two strains (C57BL/6 and FVB), suggesting that Wnt 

signaling contributes to the regulation of wound healing in these strains 

Administration of UM206 (a peptide fragment derived from Wnt5a) was beneficial 

following MI in mice(1). In order to follow up on these experiments in mice, Wnt 

signaling was inhibited by UM206 following reperfused MI in a clinically relevant swine 

model, as demonstrated in Chapter 4 of this thesis. Adverse remodeling of the 
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infarcted area was halted in the UM206-treated animals whereas a progressive 

dilation of the left ventricle was observed in the untreated swine between three and 

five weeks after MI. Effects on cardiac function were only minimal at five weeks 

following reperfusion, which may be attributed to the relatively small injury of the 

heart in all groups. However, it is tempting to speculate that UM206 administration 

for an extended duration will offer a superior cardiac function in treated swine 

compared to saline-treated swine. In Chapter 5 we demonstrated an overview of 

studies in which UM206 was administered to mice following experimental MI. Initial 

experiments demonstrated a beneficial effect of this peptide on cardiac function and 

wound healing. However, from a specific point in time this effect could not be 

reproduced anymore, which led to the initiation of a series of experiments aimed to 

uncover the cause of this phenomenon. Source of manufacturing and dosage of 

UM206 as well as changing to another mouse strain did not rescue the phenotype 

that we observed earlier. A lack of lung weight increase both in saline and UM206 

groups after the turning point suggested absence of overt heart failure in these mice, 

thereby eliminating the potential therapeutic gain that could be obtained with 

UM206. This is likely the result of the transition of housing conditions from open 

cages to individually ventilated cages (IVC) at the turning point.  

In Chapter 6 a systematically designed peptide library was screened for the ability to 

inhibit Wnt3a stimulated canonical Wnt signaling in vitro. This peptide library 

consisted of peptide fragments derived from Wnt3a or Wnt5a, which were selected 

based on the sites of interaction between Wnt and Frizzled as can be observed in the 

crystal structure of this complex. These peptide fragments were found to inhibit 

canonical Wnt signaling with an IC50 in the micromolar range. Variations in amino acid 

composition and tertiary structure defined the minimal requirements for frizzled CRD 

interaction.  
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In summary these findings led to the following conclusions, which will be further 

discussed in the following sections: 

1) Wnt/Frizzled signaling plays a modulatory role in the structural adaptation in 

the diseased heart and especially following MI. 

2) Different animal models can be used to study the role of Wnt/Frizzled signaling 

although experimental conditions appear to be crucial for the phenotype in 

mice. 

3) Molecular analysis of a ligand-receptor complex provides a good basis for 

development of peptidergic antagonists of the Wnt/Frizzled pathway. 

The importance of Wnt/Frizzled signaling following MI 

Wnt signaling plays a modulating role in several factors that influence adverse 

remodeling following MI. These factors include inflammation, angiogenesis and 

presence of myofibroblasts. Inflammation following MI is a complex process that is 

necessary for infarct healing but it also has adverse effects on the remodeling of the 

infarct depending on the type of inflammatory mediators. The involvement of Wnt 

signaling in the inflammatory response following MI was demonstrated by 

overexpression experiments. Overexpression of sFRP1 in mice reduces early 

leukocyte infiltration following MI(2). When sFRP1 was conditionally overexpressed in 

cardiomyocytes or endothelial cells, this effect was not observed. However, 

transplanted bone marrow-derived cells overexpressing sFRP1 (to drive expression in 

leukocytes) reduced leukocyte infiltration following MI, and resulted in improved 

infarct healing. This reduced infiltration was mainly achieved by altering the pro- and 

anti-inflammatory cytokine balance(3). More recent evidence demonstrated 

deteriorated left ventricular function and infarct healing following knockout of 

Dickkopf-3 (DKK3), which was attributed by increased apoptosis and inflammation. 

The opposite phenotype was observed in DKK3 overexpressing mice(4). sFRP1 and 

DKK3 are both inhibitors of Wnt signaling that, when overexpressed, reduce the 

inflammatory response following MI. This indicates that active Wnt signaling is pro-

inflammatory and can therefore be targeted in order to reduce the inflammatory 
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response in infarct healing. Moreover, these interventions apparently can target the 

negative aspects of inflammation after MI without affecting the positive aspects, 

implicating superiority of these interventions over general anti-inflammatory 

therapy. 

Wnt signaling plays an important role in the embryonic development of the vascular 

system(5,6) but following MI it is also implicated in formation of new vessels in adults. 

Previous work from our lab demonstrated Dvl1 and cytoplasmic β-catenin expression 

in endothelial cells of the newly formed blood vessels in the infarcted area following 

MI(7). Overexpression of sFRP1 has been linked to increased capillary density in the 

infarcted area(8). DKK2 administration in the infarcted heart results in similar effects(9). 

Both DKK2 and sFRP1 are inhibitors of Wnt signaling suggesting increased vessel 

formation when Wnt signaling activity is reduced. This suggestion is supported by the 

increased amount of vessels in the infarcted area upon treatment with the Wnt 

signaling antagonist UM206(1). On the contrary, Wnt10b overexpression in 

cardiomyocytes robustly increased the vascular density in the infarcted zone leading 

to improved ventricular function(10). As a Wnt ligand is regarded as an agonist, it is 

possible that Wnt10b targets another sub-pathway of Wnt than DKK2 and sFRP1, and 

thus explains these conflicting data on inhibition and stimulation of Wnt signaling. 

However, this calls for specificity of the inhibitory ligands, allowing to therapeutically 

intervene in one specific sub-part of the Wnt signaling pathway in order to achieve 

the desired effect. 

Myofibroblasts in the infarcted heart fulfill an important role in optimizing the wound 

healing process following MI. By having both contractile and ECM producing 

capabilities myofibroblasts can prevent excessive left ventricular dilatation and 

stabilize the scar, respectively(11). Presence of myofibroblasts is seen for many years 

after MI in well-healed human infarct whereas these cells are lost in dilated infarcts(12). 

This underscores the importance of these cells in maintaining left ventricular 

dimensions and function. Wnt signaling has been linked to differentiation of 

myofibroblasts in vitro and is influenced by different combinations of Wnt ligands and 
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Frizzled receptors(13). Following MI, myofibroblasts show an upregulated Frizzled 2 

expression(14) and active canonical Wnt signaling(15). Strategies targeting Wnt 

signaling in vivo in order to increase myofibroblast content in the infarcted area are 

beneficial for the wound healing process and cardiac function. An active Wnt1/β-

catenin signaling pathway improves infarct healing by increased fibroblast 

proliferation and ECM production, whereas the opposite is observed when this 

specific pathway is inhibited(16). Also in rats, the beneficial effect of an active β-

catenin signaling pathway was confirmed as proven by increased fibroblast numbers 

and transdifferentiation to myofibroblasts, leading to an improved cardiac function 

and a suppressed infarct area(17). UM206 (identified as a Frizzled antagonist) 

administration dramatically increased myofibroblast numbers in the infarct area in 

mice, which was identified to be the decisive factor for its cardio-protective effect 

following MI(1). As shown, modulation of Wnt signaling can result in increased 

myofibroblast presence in the infarcted area, contributing to an improved cardiac 

function following MI. However, this can be achieved through different interventions 

in the signaling pathway proposed to be either stimulatory or inhibitory. This 

underscores the complexity of Wnt/Frizzled signaling in the induction of 

myofibroblast differentiation.  

In Chapter 3 a significant difference in expression of Wnt signaling components 

between four mouse strains is described, although no marked differences were 

observed in cardiac dimensions and volumes. This creates a platform to study 

whether a certain intervention in Wnt/Frizzled signaling in either of these strains has 

different effects on cardiac remodeling, or that Wnt/Frizzled gene expression is not a 

suitable parameter to determine the nature of cardiac remodeling post-MI. The 

deviating expression levels between different mouse strains and the opposing results 

on whether to stimulate or inhibit Wnt signaling following MI, as described in Chapter 

2, raise the question whether the Wnt pathway is an appropriate target in order to 

improve wound healing following MI. Current therapies for heart failure target 

pathways such as the renin-angiotensin-aldosterone system (RAAS) or the 

adrenergic system(18). During the development of heart failure, signaling activity 
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through these pathways is upregulated due to increased presence of ligands rather 

than to increments in receptor density(19,20). This is also in accordance with the 

perception of classical pharmacology where the concentration of drug is used as 

variable rather than the concentration of receptors. In Chapter 3, however, both 

ligands and receptors are upregulated following MI especially in the C57BL/6 and FVB 

strains. This might change at a later stage when heart failure is established but further 

investigation will be needed to confirm this.  

In human heart failure patients, secreted frizzled related protein (sFRP) -3 and -4 

were shown to be upregulated and tended to correlate negatively with cytoplasmic β-

catenin levels in failing myocardium compared to control myocardium, although 

sFRP1, -2 and Frizzled 2 expression was not altered in these hearts(21). Moreover, 

increased circulating sFRP3 levels have been associated with adverse outcome in 

heart failure(22). It is known that sFRPs have other functions besides acting on Wnt 

signaling(23) and thus do not necessarily reflect Wnt signaling inhibition. As described 

in Chapter 3, post-mortem human expression data in infarcted hearts demonstrated 

a trend towards increased expression of Wnt/Frizzled genes one to two three weeks 

post-MI. However, expression levels were very low and variable in these samples, 

which was likely due to the use of the formalin-fixed tissue in this study. Therefore, in 

view of development of drugs acting on Wnt signaling activity in humans, more 

research is needed to accurately determine whether Wnt signaling needs to be 

targeted and in which types of patients. Personalized medicine might be applicable 

here in the near future by identifying Wnt/Frizzled expression profiles and adapt 

treatment accordingly.  

On the basis of these results it is clear that Wnt/Frizzled signaling plays a modulatory 

role in the process of adverse remodeling following MI. As described in Chapter 2 of 

this thesis, studies are inconsistent as to whether the Wnt/Frizzled pathway should 

be activated or inhibited following MI. This inconsistency can be the consequence of 

the use of various animal models and different treatment regimens. However, as 
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described in Chapter 5, even when using identical models research outcome can be 

conflicting. This will be further discussed in the next section. 

Experimental conditions are crucial for the phenotype of mice following MI 

Reproducibility of preclinical experiments is a serious issue in biomedical sciences. Of 

the published studies, 51-89% cannot be reproduced leading to delays and increasing 

costs of drug development(24). In Chapter 5 we described the effects of UM206 in 

mice following MI that could not be reproduced anymore after a certain point. After 

deduction of the possible factors causing this irreproducibility it was concluded that 

the most plausible cause is the transition from open cages to individually ventilated 

cages (IVCs). 

Air composition in IVCs is known to be different compared to open cages. IVC 

housing reduced exposure to ammonia and CO2 and improved the integrity of the 

airway epithelium(25). This may in addition implicate that exposure to pro-

inflammatory stimuli is reduced in IVCs, suggesting a reduced basal inflammatory 

state in mice housed in IVCs. Recent studies confirmed that low-grade inflammation, 

such as periodontal disease, has a considerable adverse effect on cardiac remodeling 

following MI(26,27). The reduced inflammatory state of mice housed in IVCs suggests 

that development of heart failure post-MI is attenuated in these mice, thereby 

erasing the potential gain to be obtained with UM206 treatment. UM206 showed 

beneficial effects in rat (unpublished data) and swine (Chapter 4) models of MI 

performed with housing conditions that resemble the open cage housing of the initial 

mouse studies, thereby strengthening the hypothesis that the change in housing 

conditions is a crucial factor in the absence of heart failure development after MI. A 

possible method to bypass this reduced inflammatory state of mice would be to inject 

mice with minimal amounts of Porphyromonas gingivalis lipopolysaccharide (Pg-LPS) 

to induce low systemic inflammation(28). 

Current animal experiments are performed in healthy young mice under conditions 

that are as much standardized as possible. Standardization with regards to gender, 

genetic background, age and housing is believed to reduce variation and to create an 
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optimal environment to provide a clear answer to a research question. Since the aim 

of this environment is to exclude factors that could affect the research outcome, 

translation of the results to the clinical practice is often complex due to the 

heterogeneity of the human population. More recently a trend has developed to use 

mice with comorbidities in the experimental setup to simulate a more real life 

situation of the patient. However, this type of experiments is extremely expensive 

and thus the majority of the experimental animal experiments are still executed in 

healthy young mice. This jeopardizes the predictability of these experiments for 

clinical practice and often leads to failure of early clinical trials. The observations 

described in this thesis emphasize the effect of housing conditions and 

standardization on the phenotype of animal models and can cause serious bias 

between different studies. 

Crystal structure of a ligand receptor complex serves as a good basis for the 

development of peptidergic antagonists 

Our lab was the first to describe a peptide derived from Wnt (UM206) that was aimed 

at interfering with the interaction between Wnt and frizzled. The amino acid sequence 

of UM206 was determined on the basis of regions of high homology between Wnt3a 

and Wnt5a. Further requirements were the presence of at least two cysteines and 

regions necessary for secretion or posttranslational modification were excluded. This 

yielded three peptides with UM206 having the highest affinity. However, back then 

the crystal structure of the Wnt ligand was not known and it now has turned out that 

the peptide loop of the native Wnt protein that represents UM206 is not in contact 

with the Frizzled cysteine rich domain (CRD) (Chapter 6, Figure 1)(29).  

The current knowledge on the location of UM206 in the native Wnt protein questions 

the working mechanism of UM206. As seen in Figure 1 in Chapter 6, the sequence is 

located in a loop stabilized by two cysteines, which suggests that it protrudes from 

the protein and is able to interact with another structure. Furthermore, it is 

appreciated that a gap is present between the receptor and the Wnt ligand that can 

harbor another protein or a complex of proteins. Frizzled CRDs can form dimers that 
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can be important for binding of Wnt and initiation of the signaling pathway(30,31). It is 

possible that UM206 acts on these CRD dimers and thereby prevent binding of Wnt 

and subsequent signaling activation. An interference of UM206 between the co-

receptor LRP and the Wnt/Frizzled complex is unlikely since it was reported that the 

region where UM206 is derived from in the native Wnt protein, is not involved in 

binding to LRP6(32). 

The presentation of the crystal structure has offered new insights in the binding sites 

of Wnt to Fzd(29) and led to the development of looped/constrained peptide mimetics 

of Wnt as described in Chapter 6. These peptides were able to inhibit canonical 

Wnt/Frizzled signaling with an IC50 in the micromolar range. Length of the peptides as 

well as palmitoylation of the thumb fragment and finally the presence of a synthetic 

CLIPS scaffold all influenced the antagonistic potency of these peptides. These 

results demonstrate that crystal structures of ligand-receptor complexes offer highly 

valuable information on the targetable regions of a receptor. Regions of the ligand 

that interact with the receptor can be mimicked in order to target these interaction 

sites. Recently, low molecular weight compounds targeting the index finger site of 

Wnt/frizzled interaction have been described(33). This underscores the importance of 

this binding pocket for activation of Frizzled by Wnt proteins. 

The use of peptides as drugs is emerging in the area of drug development and offers 

advantages over the use of small non-peptidergic molecules, but is also associated 

with traditional disadvantages when considering peptides as a medicine. The main 

advantages are the high potency and selectivity, which result in fewer undesirable 

side effects. Disadvantages are rapid plasma clearance, poor membrane permeability 

and low oral bioavailability(34). However, there are approaches that could potentially 

increase the in vivo half-life time of a peptide. Circulating albumin can serve as carrier 

protein for peptides and there are strategies that aim for binding to this protein in 

order to extend half-life of the peptide. Furthermore, enzymatic cleavage of the 

peptide can be reduced by substituting amino acids or by enhancing the secondary 

structure by for example clipping of the peptide(35). Oral peptides often have low 
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bioavailability due to acidic and enzymatic degradation in the gastrointestinal tract 

and when crossing the intestinal mucosa, therefore parenteral administration is 

commonly used. Increased bioavailability can be achieved by stabilizing the 

secondary structure by the afore mentioned method or stapling of peptides, N-

methylation and formation of intramolecular hydrogen bonds(35). However, when 

such changes are introduced it can impact the in vivo effect of the peptide and reduce 

its specificity, thereby causing undesirable side effects. For that reason the 

inconvenience of daily injections should be outweighed with the severity of the 

disease that one is suffering from. When reflecting this to our peptides and its 

indication it can be said that a daily injection would be preferred over the 

development of heart failure. 

Future perspectives 

Up to recently, there were no pharmacological tools available that target the binding 

site of Wnt on Frizzled. This made it difficult to specifically target the Frizzled 

receptor in order to modulate Wnt/Frizzled signaling. In experimental conditions, 

genetic interventions can be used to modulate Wnt/frizzled signaling, although this is 

more challenging in in vivo models. In this thesis, we have shown the beneficial effect 

of UM206 on wound healing after MI in different animal models. However, because 

both the site of interaction with the Wnt/frizzled complex and the exact therapeutic 

target(s) are not clear at present, more research will have to be carried out on these 

topics before this compound can be moved towards the direction of a therapeutic 

agent. The novel peptides that we have developed specifically target the sites of 

interaction between Wnt and frizzled, thereby offering a more predictable 

pharmacological working mechanism. However, the binding affinities of the current 

peptides are adequate for in vitro use, but are too low to be used in in vivo models of 

cardiovascular disease. Therefore, further peptide optimization is needed to improve 

the affinities. The use of these improved peptides can be envisioned as a therapeutic 

agent in in vivo models of cardiovascular diseases. However, since Wnt signaling is 

implicated in a wide array of diseases the use of these peptides can be extended to 
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many more applications such as treatment of cancer, correcting disorders of bone 

metabolism or inhibition of stem cell differentiation. In addition, when modified with 

an imaging marker they can be used as a diagnostic agent to visualize cells that 

express an elevated density of Frizzled receptors under pathological conditions. As 

there are 19 Wnt and 10 Frizzled members, these peptides can inhibit multiple 

signaling pathways at once which can be an undesired side effect in some cases. For 

this reason, the selectivity of these newly developed peptides for the different 

members of the Frizzled family will have to be determined.  
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Summary 

Myocardial infarction (MI) is a condition that affects many people worldwide. The lack 

of supply of oxygen and nutrients to parts of the vital myocardium leads to 

myocardial damage, evoking an inflammatory reaction. This is the start of the wound 

healing process, which is known as a very complex sequence of events. The quality of 

this process is important for maintaining the cardiac function as poor wound healing 

can ultimately result in the development of heart failure. 

In wound healing, multiple signaling pathways are involved. One of these is the 

Wnt/Frizzled signaling pathway on which the research in this thesis is focused. This 

complex signaling pathway is still not completely unraveled and many pieces of the 

puzzle are still missing to fully understand it. The aim of the research described in this 

thesis was to investigate the role of this pathway in the wound healing process 

following MI and to characterize the inhibitory potential of peptide fragments of Wnt 

proteins. 

Research on Wnt/Frizzled signaling is intensified and evidence of the involvement in 

cardiovascular disease has grown robustly in the last years. In Chapter 2 we provide 

an overview of the involvement of Wnt/Frizzled signaling in a wide range of cardiac 

conditions including MI, cardiac hypertrophy and heart failure. Interventions in 

Wnt/Frizzled signaling, either genetic or pharmacological, have been shown to 

influence the disease process. Results are sometimes inconsistent as to whether the 

pathway should be stimulated or inhibited, which may be attributed to differences in 

the animal models that were used. Variation in response to interventions can be 

attributed to the method of disease induction, gender and genetic background.  

Our lab has previously demonstrated that the genetic background of mice is a critical 

factor for infarct healing following MI. To investigate a potential link between this 

divergent infarct healing and the activity of the Wnt/Frizzled signaling pathway we 

subjected four different mice strains (BALB/c, C57BL/6, FVB and Swiss) to MI, 

determined the expression profile of Wnt/Frizzled pathway components in the 

infarcted myocardium and correlated them to parameters that are indicative for (the 
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development of) heart failure (Chapter 3). We found that gene expression profiles of 

Frizzled proteins and Wnt ligands in the infarcted myocardium were different 

between the mouse strains. In particular, Wnt/frizzled gene expression was 

significantly increased in C57BL/6 and FVB mice, but this elevation was absent in 

Swiss mice. Moreover, we found an inverse relationship between Wnt expression and 

end diastolic volumes in two strains (C57BL/6 and FVB), suggesting that Wnt 

signaling contributes to the regulation of wound healing in these strains. 

Furthermore, we analyzed gene expression patterns in human post-mortem infarct 

samples from different stages post-MI. This revealed a gene expression pattern that 

resembles the cellularity of the infarcted myocardium over time. However, 

expression levels of the analyzed genes were very low and variable, which was 

probably due to the formalin fixation of the tissue. Therefore, no firm conclusions can 

be drawn from these observations on human post-mortem infarct samples. 

To target the Wnt/Frizzled pathway in a clinically relevant swine model of reperfused 

MI, we used a peptide fragment of Wnt5a – UM206 – that was previously shown to be 

beneficial for wound healing following MI in mice. In Chapter 4 we present evidence 

that adverse remodeling of the infarcted area was halted in the UM206-treated 

animals whereas a progressive dilation of the left ventricle was observed in the 

untreated swine between three and five weeks after MI. In the treated animals, infarct 

mass was significantly decreased, whereas it remained stable in the control group. 

Gene expression analysis only demonstrated significant increments for Frizzled4 and 

LRP5 expression. No further evidence was found that could explain the results 

mentioned above. We therefore believe that at five weeks post-MI we might have 

missed these significant differences in gene expression levels in the early stage of 

wound healing. Effects on cardiac function were limited at this stage, although it is 

tempting to speculate that UM206 can prevent deterioration of the cardiac 

performance at a later stage. 

In Chapter 5 we compared the results of eight individual studies in which the effect of 

UM206 on infarct healing was investigated in a mouse model of MI. In the first two 
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studies we demonstrated beneficial effects of this peptide on cardiac dimensions, 

ejection fraction and lung weights. After these two initial studies, the beneficial effect 

of this peptide was lost. This led to a series of experiments aimed at unraveling the 

cause of this phenomenon. The effectiveness of UM206 was analyzed in relation to 

dose, timing, source of UM206 and genetic background of mice. In contrast to the 

first two sets of experiments, increased lung weights were absent in both saline and 

UM206 groups in the later experiments, suggesting that overt heart failure 

development was absent in these mice. The therapeutic gain that could be obtained 

with UM206 was thereby eliminated. We believe that this change in phenotype can be 

explained by the transition of housing conditions of the mice from open cages to 

individually ventilated cages at the turning point, which resulted in reduced exposure 

of the mice of inflammatory stimuli. Increasing evidence demonstrates that the 

inflammatory status has a distinct influence on the outcome of many cardiovascular 

diseases. Therefore we think that this change in housing conditions explains the loss 

of the heart failure phenotype and eliminated the capability of UM206 to show its 

beneficial effect on adverse cardiac remodeling. This demonstrates that the 

experimental conditions for research with animals can highly influence the outcome 

and complicates the translation to clinical practice. 

The recent publication of the crystal structure of the Wnt/Frizzled complex gave new 

insights on the interaction between the Wnt ligand and the Frizzled cysteine rich 

domain (CRD). From this crystal structure, it could be deduced that UM206 has no 

direct interaction with the CRD. This questioned the working mechanism of UM206 

and led to the development of novel peptide fragments, based on the two predicted 

sites of interaction between Wnt and the Frizzled CRD. In Chapter 6 we screened a 

systematically designed peptide library for the inhibition of Wnt3a induced canonical 

signaling in cells. Synthetically produced peptide fragments derived from the so-

called ‘thumb’ and ‘index finger’ of Wnt were able to inhibit this signaling with an IC50 in 

the micromolar range. The design of the peptide library allowed us to investigate the 

effect of peptide length, palmitoylation of the ‘thumb’ fragment and the presence of a 

synthetic CLIPS scaffold. All these factors significantly influenced the antagonistic 
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potency of the peptides. Simultaneous administration of both ‘thumb’ and ‘index 

finger’ peptides only resulted in an additive rather than a synergistic inhibitory effect. 

Our results demonstrate that these novel peptide fragments can serve as a new tool 

to inhibit Wnt signaling. 

In conclusion, this thesis contributes to the ongoing efforts to resolve the complex 

mechanism of Wnt/Frizzled signaling by demonstrating the modulatory role in the 

structural adaptation following MI. Furthermore, it provides new directions for the 

development of Wnt/Frizzled antagonists that can be used in a wide array of diseases 

in which Wnt/Frizzled signaling plays a role. 
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Samenvatting 

Wereldwijd worden veel mensen getroffen door een hartinfarct. Een onderbreking in 

de toevoer van zuurstof en voedingsstoffen naar de vitale delen van het myocardium 

leidt tot schade aan het hart en brengt een ontstekingsreactie op gang. Dit is het 

begin van het wondhelingsproces, dat bekend staat als een zeer complexe reeks van 

cellulaire processen. De kwaliteit van het wondhelingsproces is belangrijk voor het 

behoud van de hartfunctie. Als dit proces slecht verloopt kan dit uiteindelijk leiden tot 

het ontwikkelen van hartfalen. 

Meerdere signaaltransductiewegen zijn betrokken bij wondheling. Eén daarvan is de 

Wnt/Frizzled signaaltransductieweg waar het onderzoek in deze thesis op is 

gefocust. Deze complexe signaleringscascade is nog niet helemaal ontrafeld en er 

missen nog veel puzzelstukken om het mechanisme helemaal te kunnen begrijpen. 

Het doel van het onderzoek dat in deze thesis wordt beschreven was het 

onderzoeken van de rol van deze signaleringscascade in het wondhelingsproces dat 

optreedt na een hartinfarct. Bovendien hebben we het remmende effect op de 

Wnt/Frizzled signalering onderzocht van peptide fragmenten die afgeleid zijn van Wnt 

eiwitten.  

In de laatste jaren is het onderzoek naar Wnt/Frizzled signalering in diverse 

aandoeningen toegenomen. Dit heeft veel gegevens opgeleverd over de 

betrokkenheid hiervan in hart- en vaatziekten. In Hoofdstuk 2 geven we een 

overzicht van de betrokkenheid van Wnt/Frizzled signalering in verschillende 

cardiovasculaire aandoeningen waaronder het hartinfarct, hypertrofie van het hart en 

hartfalen. Interventies in Wnt/Frizzled signalering, zowel genetisch als 

farmacologisch, hebben aangetoond het ziekteproces the beïnvloeden. De resultaten 

laten zien dat er soms tegenstrijdigheid heerst over de vraag of de 

signaaltransductieweg moet worden gestimuleerd of juist geremd. Dit kan wellicht 

worden verklaard door de verschillen in de dierenmodellen die zijn gebruikt. Variaties 

in de respons op de interventies kunnen worden toegeschreven aan de methode van 

ziekteopwekking, geslacht en genetische achtergrond. 
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Ons lab heeft eerder aangetoond dat de genetische achtergrond van muizen een 

bepalende factor is voor het wondhelingsproces na een hartinfarct. Om te 

onderzoeken of er een mogelijke link aanwezig is tussen dit verschil in wondheling en 

de activiteit van de Wnt/Frizzled signalering hebben we vier verschillende 

muizenstammen (BALB/c, C57BL/6, FVB en Swiss) blootgesteld aan een hartinfarct 

(Hoofdstuk 3). Hierbij hebben we het expressieprofiel van verschillende Wnt/Frizzled 

signaleringsgenen in het infarctgebied bepaald en gecorreleerd aan parameters die 

een indicatie geven voor (de ontwikkeling van) hartfalen. Tussen de muizenstammen 

was er een verschil in genexpressie van Frizzled eiwitten en Wnt liganden in het 

infarctgebied. Met name in de C57BL/6 en FVB muizen werd er een significant hogere 

expressie gevonden van deze genen. Deze verhoogde expressie was echter afwezig 

in de Swiss muizen. Bovendien vonden we een omgekeerde evenredige relatie tussen 

Wnt genexpressie en het linker ventrikel volume in diastole (eind diastolisch volume) 

in twee muizenstammen (C57BL/6 en FVB). Dit suggereert dat Wnt signalering 

bijdraagt aan de regulatie van wondheling in deze muizen stammen. Verder hebben 

we genexpressie patronen geanalyseerd in humane post-mortem infarct samples van 

verschillende stadia van het wondhelingsproces. Dit gaf een genexpressiepatroon 

weer dat overeenkomt met het verloop van de cel dichtheid van het infarctgebied na 

het optreden van een hartinfarct. Echter, genexpressieniveaus van de geanalyseerde 

genen waren zeer laag en variabel. Dit is waarschijnlijk het gevolg van de 

formalinefixatie van het weefsel. Daarom kunnen er geen concrete conclusies worden 

getrokken over deze waarnemingen in humane post-mortem infarctsamples. 

 In een klinisch relevant varkensmodel hebben we een peptide fragment van Wnt5a – 

UM206 – gebruikt om in te grijpen op de Wnt/Frizzled signalering. In dit model werd 

een infarct opgewerkt door gedurende twee uur een kransslagader af te sluiten en die 

vervolgens weer te openen, waarbij de huidige klinische praktijk van de behandeling 

van een hartinfarct zo goed mogelijk wordt nagebootst. Voorheen is in muizen 

aangetoond dat behandeling met dit peptide gunstig is voor de infarctheling. In 

Hoofdstuk 4 tonen we aan dat de uitrekking van het infarctgebied werd geremd in 

varkens die waren behandeld met UM206. Onbehandelde varkens lieten een verdere 
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uitrekking van het linker ventrikel zien tussen drie en vijf weken na het induceren van 

het infarct. In de behandelde dieren nam de infarctmassa significant af over de tijd ten 

opzichte van de controle groep. Genexpressie analyse liet alleen significante 

verhogingen zien voor twee receptor eiwitten van Wnt namelijk, Frizzled4 en LRP5. Er 

kon geen ander bewijs worden gevonden dat de eerder genoemde resultaten kon 

verklaren. Daarom denken we dat deze mogelijke verschillen in genexpressieniveaus 

eerder tijdens de infarctheling hebben plaatsgevonden waardoor we ze op het tijdstip 

van opofferen gemist hebben. Verder waren de effecten op de hartfunctie beperkt in 

dit stadium. Het is echter aantrekkelijk om te speculeren dat UM206 de 

verslechtering van de hartfunctie kan voorkomen in een later stadium. 

In Hoofdstuk 5 hebben we de resultaten van acht individuele studies vergeleken 

waarbij het effect van UM206 op infarctheling werd onderzocht in muizen waarin een 

hartinfarct werd geïnduceerd. In de eerste twee studies hebben we gunstige effecten 

van dit peptide laten zien op ventrikelvolumes, ejectiefractie en longgewichten. Na 

deze eerste twee studies zagen we dit effect niet meer terug. Dit heeft geleid tot een 

aantal experimenten om de onderliggende oorzaak hiervan te vinden. De effectiviteit 

van UM206 werd onderzocht in relatie tot de dosis, tijdsbestek van behandeling, bron 

van UM206 en de genetische achtergrond van de muizen. In tegenstelling tot de 

eerste twee studies waren verhoogde longgewichten afwezig in zowel controle als 

UM206 behandelde muizen in de rest van de studies. Dit suggereert dat de duidelijke 

ontwikkeling van hartfalen afwezig was in deze muizen. Het therapeutische voordeel 

dat behaald kon worden met UM206 was daardoor afwezig. We denken dat deze 

fenotypische verandering kan worden verklaard door verandering in de huisvesting 

van muizen. In de periode tussen de tweede en derde studie is de manier van 

huisvesting veranderd van open kooien naar individueel geventileerde kooien. Dit 

resulteerde in een verminderde blootstelling van de muizen aan inflammatoire 

stimuli. Er komt steeds meer bewijs beschikbaar dat laat zien dat de inflammatoire 

status een duidelijk effect heeft op de uitkomst van veel cardiovasculaire ziekten. 

Daarom denken we dat de verandering in huisvesting ertoe heeft geleid dat er geen 

ontwikkeling van hartfalen meer plaatsvindt. Dit heeft als gevolg dat de potentie van 
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UM206 om een gunstig effect uit te oefenen op de wondheling is verdwenen. Dit 

benadrukt dat de experimentele condities voor onderzoek met dieren een grote 

invloed heeft op het resultaat en het bemoeilijkt de translatie naar de kliniek. 

De recente publicatie over de kristalstructuur van het Wnt/Frizzled complex gaf 

nieuwe inzichten over de interactie tussen het Wnt ligand en het Frizzled cysteine rijk 

domein (CRD). Er bleken twee lusvormige interactiedomeinen te zijn die in de 

literatuur worden aangeduid als ‘duim’ en ‘wijsvinger’. Van deze kristalstructuur kon 

worden afgeleid dat UM206 geen directe interactie aangaat met het CRD. Hierdoor 

werd het onwaarschijnlijk dat UM206 werkt als een directe inhibitor van de interactie 

tussen Wnt en Frizzled. Dit heeft geleid tot de ontwikkeling van nieuwe peptide 

fragmenten die gebaseerd waren op de twee voorspelde interactieplaatsen tussen 

Wnt en het Frizzled CRD. In Hoofdstuk 6 hebben we een peptidencollectie die is 

ontworpen vanuit dit uitgangspunt gescreend voor de remming van Wnt3a 

geïnduceerde signalering via β-catenine. Synthetisch geproduceerde peptide 

fragmenten die afgeleid zijn van de zogenoemde ‘duim’ en ‘wijsvinger’ van Wnt waren 

in staat om deze signalering the inhiberen met een IC50 in het micromolaire bereik. De 

peptiden die waren gesynthetiseerd stelden ons in staat om het effect van variaties in 

peptidelengte, palmitoylatie van het ‘duim’ fragment en de aanwezigheid van een 

synthetische brugstructuur aan het uiteinde van de lus, de zogenaamde CLIPS 

scaffold, te onderzoeken. Deze factoren hadden een significante invloed op het 

antagonistische effect van de peptiden. Gelijktijdige toediening van zowel de ‘duim’ 

als de ‘wijsvinger’ fragmenten resulteerde alleen in een additief effect in plaats van 

een synergistisch remmend effect. Onze resultaten laten zien dat deze nieuwe 

peptide fragmenten kunnen worden gebruikt om Wnt signalering op een nieuwe 

manier te remmen. 
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Concluderend kunnen we zeggen dat dit proefschrift bijdraagt aan de voortdurende 

inspanningen om het complexe mechanisme van Wnt/Frizzled signalering beter te 

begrijpen. Dit wordt benadrukt door de modulerende rol van deze signalering in de 

structurele adaptatie van het hart na een infarct. Verder biedt het nieuwe 

aanwijzingen voor de ontwikkeling van Wnt/Frizzled antagonisten die kunnen worden 

gebruikt in een groot scala van ziekten waarin Wnt/Frizzled signalering een rol speelt.



 

 

 

 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 



 

	  

 



 

 209 

 

   Chapter 8 
 
 
 

Summary 
Samenvatting 

Valorisatie addendum 
Dankwoord 

Curriculum Vitae 
List of publications 

 



Chapter 8 

	  210 

Valorisatie addendum 

Jaarlijks sterft een groot aantal mensen als gevolg van hart- en vaatziekten. Onder 

vrouwen is dit zelfs de meest voorkomende oorzaak van overlijden. Het 

veelvoorkomende hartinfarct en het ontwikkelen van hartfalen dat hiermee gepaard 

kan gaan heeft hier een groot aandeel in. Alhoewel tegenwoordig veel mensen de 

acute fase van een hartinfarct overleven door de progressie die wordt gemaakt in de 

behandeling hiervan, ontwikkelen veel mensen uiteindelijk toch hartfalen. De 

prognose voor mensen met hartfalen is met een 5-jarige overlevingskans van 50% 

vrij slecht. Dit laat zien dat de huidige farmacotherapeutische behandeling tekort 

schiet en er behoefte is aan nieuwe therapeutische middelen. Het werk in dit 

proefschrift draagt bij aan de verkenning en ontwikkeling van nieuwe therapeutische 

middelen. Verder is de impact van hartfalen op de zorgkosten enorm. Met de 

toenemende levensverwachting en populatie zal dit in de toekomst alleen maar 

blijven stijgen, vooral als therapeutische middelen die hartfalen kunnen voorkomen 

achter blijven. 

Het doel van het onderzoek in dit proefschrift was om de Wnt/Frizzled 

signaaltransductieweg als therapeutisch target voor het voorkomen van hartfalen 

verder te onderzoeken. Mocht dit leiden tot nieuwe therapieën voor het behandelen 

of voorkomen van hartfalen, dan is dit bijzonder interessant voor de 

gezondheidszorg. Indien de nieuwe peptiderge antagonisten, beschreven in dit 

proefschrift, verder worden ontwikkeld zodat ze in vivo kunnen worden toegepast, 

dan zijn ze ook toepasbaar voor andere ziektebeelden waar de Wnt/Frizzled 

signaaltransductieweg eveneens een rol in speelt. Dit zijn onder andere kanker, 

osteoporose, neurologische aandoeningen zoals dementie en andere hart- en 

vaatziekten. 

Het gebruik van peptiden als medicijn in de gezondheidszorg is nog niet gebruikelijk 

maar komt wel steeds vaker voor; een voorbeeld hiervan is insuline bij diabetes type 

2. Het heeft een aantal voordelen maar ook nadelen ten opzichte van niet-peptiderge 

moleculen. Voordelen zijn dat ze vaak specifieker werken en in een lagere dosis 
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kunnen worden toegediend. Dit komt met name doordat ze een deel van het 

natuurlijke eiwit nabootsen en daardoor minder aspecifieke bindingen aangaan en dus 

minder bijwerkingen teweeg brengen. Het voornaamste nadeel is dat ze vaak snel 

worden afgebroken in het lichaam en daardoor maar een korte werkingsduur hebben. 

Ook is de orale beschikbaarheid meestal laag waardoor deze manier van toediening 

niet geschikt is en men dagelijks een dosis zou moeten injecteren om het gewenste 

effect te bereiken. Echter, als men zou moeten kiezen tussen het ontwikkelen van 

hartfalen of een dagelijkse injectie die dit zou kunnen voorkomen, dan zou het laatste 

de voorkeur hebben voor de grote meerderheid van de patiënten. Dit onderzoek laat 

zien dat peptiden, die afgeleid zijn van een natuurlijk eiwit, een goede bron kunnen zijn 

voor ontwikkeling van medicijnen en dat hiervoor zeker een toekomstperspectief is. 

Er zijn enkele antagonisten bekend die de Wnt signaleringscascade kunnen remmen. 

Het aangrijpingspunt van deze antagonisten ligt veelal voor of na het punt dat het 

Wnt ligand een interactie aangaat met de Frizzled receptor. Dit houdt in dat ze niet 

specifiek op de Frizzled receptor werken. Aangezien de Wnt/Frizzled 

signaaltransductieweg zeer gecompliceerd is en downstream componenten ook 

betrokken zijn bij andere signaleringswegen, is het mogelijk dat deze antagonisten 

niet specifiek ingrijpen op de Wnt/Frizzled signalering. De nieuwe peptiden 

beschreven in dit onderzoek zijn ontworpen om specifiek aan de Frizzled receptor te 

binden op de plaatsen waar het natieve Wnt ligand ook bindt. Hoewel we niet 

specifiek hebben aangetoond dat ze ook daadwerkelijk een interactie aangaan met de 

Frizzled receptor, is deze manier van Wnt/Frizzled inhibitie innovatief. 

In de toekomst moet de binding van deze nieuwe peptiden aan Frizzled receptoren 

worden bevestigd om zeker te zijn dat ze Wnt/Frizzled signalering remmen via de 

beoogde manier. Verder zullen ze geoptimaliseerd moeten worden om in vivo 

gebruikt te kunnen worden en zo het effect op het ziekteproces the testen. 

Aangezien er negentien Wnt liganden en tien Frizzled receptoren bekend zijn zal ook 

de specificiteit voor de verschillende receptoren moeten worden gedefinieerd om zo 

een overzicht te krijgen welke delen van de Wnt/Frizzled signalering worden 

beïnvloed.
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Dankwoord 

Met het schrijven van het dankwoord ben ik aangekomen bij het laatste stukje van het 

‘boekje’. Hier wil ik dan ook een aantal mensen persoonlijk bedanken voor de vele 

leermomenten, de hulp bij het doen van mijn onderzoek, de ‘koffie-gesprekken’ en 

niet te vergeten de gezellige borrels!  

Het begon allemaal in 2011 direct na mijn afstuderen aan de Universiteit in Maastricht, 

toen Matthijs mij de kans gaf om een promotieonderzoek te doen. Matthijs, jou wil ik 

dan ook als eerste bedanken. Dankzij jou heb ik mijn wetenschappelijke kennis 

aanzienlijk verbreed, vele nieuwe technieken geleerd, cursussen kunnen volgen en 

een aantal mooie congressen mogen bezoeken (ook mede dankzij de Hartstichting). 

Verder wil ik je ook bedanken voor de nieuwe inzichten die je me gaf. Waar ik vaak te 

moeilijk dacht, kwam jij met een makkelijke oplossing voor iets. Ook van je grote 

kennis over autotechniek heb ik een aantal keer gebruik mogen maken, waarvoor 

nogmaals bedankt! 

Naast Matthijs ben ik ook mijn promotor Harry zeer dankbaar voor het tot stand 

komen van mijn proefschrift. De overkoepelende blik die je had bij het onderzoek gaf 

me altijd een gevoel van vertrouwen. Verder vond ik de begeleiding die je me gaf zeer 

waardevol en onze gesprekken gaven me altijd weer een goed beeld waar we stonden 

met het onderzoek. 

Ook wil ik mijn dank uitspreken aan mijn 2e promotor Peter. Alhoewel je niet vanaf het 

begin af aan betrokken was bij mijn onderzoek wil ik je bedanken voor de zeer goede 

input bij het peptidenstuk. Ik ben dan ook blij dat we uiteindelijk nog een mooie draai 

aan mijn thesis hebben kunnen geven door het innovatieve peptidenwerk. 

Dan wil ik graag de mensen bedanken die me hebben geholpen met het praktische 

werk. Lily, bedankt voor de vele coupes die je voor me hebt gesneden, gekleurd en 

geanalyseerd, zonder jou had ik dat nooit allemaal kunnen bolwerken. Peter, jij ook 

bedankt voor de ondersteuning die je me regelmatig gaf bij het celwerk. Daarnaast wil 
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ik de collega’s van het dierenlab, Jacques, Peter, Agnieszka en Helma ook heel erg 

bedanken voor het vele werk dat ze voor mij hebben verricht voor de 

proefdierstudies. Ook de collega’s in Rotterdam, André, Daphne en Dirk, wil ik 

bedanken voor de samenwerking. 

Evangelos, a.k.a Vagelis, Vango etc., thanks for all your help during my project and for 

being part of the team. We had a lot of fun on the lab but we also produced some nice 

papers together. Enjoy your ‘little’ family and I hope we can drink some Belgian 

‘biertjes’ together in the near future! Verder wil ik de oud collega-aio’s, Thijs, Bart, 

Raffaele, Jelly & Pamela bedanken voor de gezellige momenten. Ger, Goor (Gregorio) 

en Paul, bedankt voor de leuke babbels en lunches. Ook de rest van de farmacologie 

collega’s wil ik bedanken  voor de fijne samenwerking. 

Toen farmacologie en toxicologie samengingen kreeg ik een hoop mede-aio’s erbij. 

Misha, Kristien, Charlotte, Mireille, Alie, Rianne, Carmen, Timme, Quan en Gesiele, ik 

vond het fijn dat ik jullie heb leren kennen. Bedankt dan ook voor de gezellige praatjes, 

koffiebreaks en niet te vergeten de borrels. Roger & Misha, bedankt voor het 

organiseren van deze gezellige borrels en uitjes, maar ook voor de mooie gesprekken 

waarbij we flink hebben kunnen lachen. Ook de andere collega’s van toxicologie 

bedankt voor de prettige sfeer! 

Remo & Brecht, het was fijn om af en toe even te relativeren en om te horen dat niet 

alleen mijn onderzoek af en toe wat frustraties met zich meebracht. Bedankt voor de 

lunches, diners en gesprekken, en succes met jullie nieuwe baan! 

Verder wil ik mijn nieuwe collega’s bij Medtronic en in het bijzonder van het ‘Micra-

team’ bedanken voor de fijne sfeer. Vanaf de eerste dag voelde ik me al helemaal 

welkom. Robin: hoewel we na vijf jaar samen te hebben gestudeerd in eerste instantie 

ander vervolg gaven aan onze loopbaan, wil ik je bedanken voor de gezellige lunches 

op de uni en vooral voor de aanbeveling bij Medtronic! 
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Mam, bedankt voor de steun tijdens mijn promotietraject. Je stond altijd voor mij 

klaar voor wat dan ook. Het was dan ook altijd fijn om elke maandagavond aan te 

schuiven bij het eten en om de week weer even door te nemen. Ook wil ik mijn 

schoonouders bedanken voor de vele etentjes, bbq’s etc. waarbij ik altijd even af kon 

schakelen. 

Lieve Joy, mijn laatste dank gaat uit naar jou. Je hebt me altijd gesteund tijdens de 

totstandkoming van dit proefschrift. Als ik weer eens te lang achter mijn laptop bezig 

was, was jij degene die ervoor zorgde dat ik toch even een momentje rust nam. Ik vind 

het heerlijk om met je te gaan uiteten, op vakantie te gaan of gewoon lekker onderuit 

op de bank te liggen. Ik hoop dat ik nog lang van je mag genieten op ons eigen stekkie. 
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