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Introduction 

Signal transduction pathways play crucial role in cell proliferation, differentiation, 

tissue development and metastasis and in the regulation of apoptosis. Aberrant signalling 

through communication pathways may result in diseases like diabetes, neurodegenerative 

disorders and cancer. Signalling pathways transmit signals arriving from the surroundings of 

the cells into the cells, where the gene expression pattern is shaped according to the signal, 

determining the further fate of the cell. Discovering the mechanism of these pathways and 

describing both the structure of their components and the molecular background of their 

interactions could lead to treatments, even personalised ones, for these diseases. 

 

Background 

Wnt proteins are large cysteine-rich, glycosylated, palmitoylated extracellular growth 

factors that are present throughout the animal kingdom. In mammals 19 different Wnt 

proteins have been identified, but even the fruit fly has seven orthologues (Mehta et al. 2021).  

The two-domain structure of Wnts resembles a hand, where the N-terminal and C-

terminal domains provide the ‘‘thumb” and ‘‘index” fingers that grasp the Wnt receptor 

Frizzled at two distinct binding sites. At the tip of the N-terminal “thumb”, on a conserved 

serine is the lipid group that is indispensable for the activity of the morphogen (Janda et al. 

2012). 

Wnt signalling pathways play crucial roles in embryonic development and stem-cell 

proliferation. Dysregulation of the pathways plays a central role in the pathogenesis of a wide 

variety of malignancies: most tumours display aberrant Wnt pathway activity, which mediates 

proliferation, migration, immune microenvironment regulation and drug resistance (van Andel 

et al. 2019; Xu et al. 2020). 

The expression, secretion, migration, signal transduction and activity of Wnts are 

regulated and mediated by a number of factors and mechanisms. 

Wnt inhibitory factor 1 (WIF1) is an extracellular regulator of the Wnt signalling, 

composed of a WIF-domain and five EGF (epidermal growth factor) repeats. WIF1 binds 

directly to Wnts, inhibiting the formation of the Wnt - receptor complexes and in turn the Wnt 

signal transduction (Kawano and Kypta, 2003).  

In assays for Wnt inhibition, the WIF-domain of human WIF1 was as effective as the 

full-length protein, suggesting that this domain is primarily responsible for Wnt binding 

(Hsieh et al. 1999). EGF domains have a role in extracellular localisation of WIF1. 

In tumours the wif1 gene is rarely mutated, but the gene’s methylation is significantly 

more frequent compared to that in adjacent normal tissues. Epigenetic silencing of wif1 is 

associated with aberrant activation of the Wnt pathways in a variety of cancers, indicating that 

WIF1 acts as a tumour suppressor (Romero-Garcia et al. 2020). Restoration of its expression 

inhibits tumour progression. 

Application of WIF1 in tumour therapy is limited by the fact that the activity of 19 

different Wnts is inhibited by a single WIF1. Specific targeting a certain Wnt pathway, 
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without affecting the other, normally functioning Wnts requires the discovery of the 

molecular background of the interactions between WIF1 and the different Wnts. 

Our research group, in collaboration with an NMR-group first determined the three-

dimensional structure of the WIF domain of Wnt inhibitory factor 1. These studies have 

shown that the WIF-domain of Wnt inhibitory factor 1 has an alkyl-binding site and they 

suggested that this site may be involved in binding Wnts activated by fatty acid modification 

(Liepinsh, Bányai, Patthy, Otting, 2006). 

The domain architecture of shifted (Shf) protein, the Drosophila orthologue of the 

WIF1, is equivalent to those of vertebrate WIF1 proteins. It has been shown, that vertebrate 

WIF1 protein serves as a negative regulator of Wnt signalling, while the Shf protein is 

required for the stability and normal levels of the hedgehog (Hh) protein and to control the 

diffusion of lipid-modified Hh in the extracellular matrix as a positive modulator (Glise et al. 

2005; Gorfinkiel et al. 2005; Sánchez-Hernández et al. 2012; Avanesov et al. 2012). It 

remained unclear, however, whether the human WIF1 protein is highly specific for human 

Wnts or if it also has a significant influence on the signalling activity of human Hhs. 

In mammals, hedgehog signalling plays a role in the development of a number of 

organs, in tissue regeneration and in homeostasis. Irregular activation of the pathways may 

lead to carcinogenesis. 

Hedgehog proteins are covalently coupled to two lipids: a palmitoyl group at the N-

terminus and a cholesteroyl group at the C-terminus. These lipid-moieties of the morphogen – 

just like in the case of Wnts – are essential for their activities (Qi et al. 2018; Rudolf et al. 

2019). 

Several similarities between the Hh and Wnt pathways argue for their common 

evolutionary origin (Kalderon et al. 2002; Nusse 2003). The features they share include, 

amongst others, the crucial role of lipid modification of these morphogens in their signalling 

activity, similar receptor structures, the use of the same regulators for the proteolysis of their 

key transcriptional effectors (β-catenin in the Wnt pathway, GLI in the Hh pathway), Ca2+ 

influx, the role of cytoskeleton remodelling in signalling and the role of heparin-sulfate 

proteoglycans in the transport of both Wnts and Hh proteins. However, there are also 

differences between the two pathways. The most significant one is, that Wnts bind directly to 

their receptors, initiating signalling, while Hhs activate the pathway indirectly by binding to a 

membrane protein (patched), which is the inhibitor of the key initiator receptor (smoothened) 

of signal transduction. 

In fruit flies, Shifted is required for the diffusion of lipid modified Hh proteins. Shf 

interacts with heparin-sulfate proteoglycans of the extracellular matrix as well, stabilizing the 

binding between the Hhs and proteoglycans. Based on this, Drosophila Shifted is considered 

as an extracellular proteoglycan-dependent modulator of Hh signalling, while the vertebrate 

WIF1 is assumed to be a Wnt binding and regulating protein. 

Studies of chimera construct carried out to identify the structural elements of 

Drosophila and human WIF1 responsible for Wnt and Hh specifity have shown that WIF 

domain of Drosophila Shf and the vertebrate WIF1 can both interact with Hh proteins, but 
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only the WIF domain of vertebrate WIF1 has affinity to Wnt proteins (Glise et al. 2005; 

Gorfinkiel et al. 2005; Sánchez-Hernández et al. 2012; Avanesov et al. 2012). It is still a 

question to be answered, whether the vertebrate WIF1 binds hedgehog proteins and has an 

effect on their signalling activity.  

 

Objectives  

My thesis work had two main objectives. 

In the first part of my work my goal was the characterization of the interactions between 

the WIF domain of Wnt inhibitory factor 1 (WIF1) and the Wnt proteins. My aim was to 

determine the kinetic parameters of the interaction between the different Wnt proteins and the 

WIF domain of WIF1; to test the hypothesis whether the alkyl-binding site identified on the 

WIF domain’s surface in our research group’s earlier studies was involved in binding the 

essential palmitoleil groups of Wnts; and to examine the possibility of Wnt binding the WIF 

domain at two distinct binding sites in analogy with the complex of XWnt8 and the Fz 

domain of Frizzled-8 (Janda et al. 2012). 

In the second phase of my work the objective was to analyse and characterise the 

interaction between the human Wnt inhibitory factor 1 (WIF1) and the human sonic hedgehog 

(Shh) protein as well as between the WIF domain of WIF1 and the Shh, and to study the 

effect of the interaction on the biological activity of the Shh in cell culture. 

 

Applied methods 

The vectors containing the DNA fragment that encodes the WIF domain of Wnt 

Inhibitory Factor 1 (WIF1), the mutant WIF domains or the C-terminal domains of Wnt5a or 

Wnt7a (Wnt5aCTD and Wnt7aCTD) were constructed using standard recombinant DNA 

protocols. Structure-guided site-directed mutagenesis of the WIF-domain was performed with 

the QuikChange Lightning site-directed mutagenesis protocol (Agilent Technologies, Inc.). 

Recombinant proteins were expressed in Pichia pastoris GS115 yeast cells, and were 

harvested and purified from the supernatants using Ni-chelate chromatography and gel 

filtration methods. The structural integrity of the recombinant proteins was verified by N-

terminal sequence analysis and CD spectra measurements. The human and mouse Wnt 

proteins, the full length human WIF1 and the Shh were purchased from commercial sources. 

Homology models of Wnt5a, Wnt7a, Wnt5a-CTD, Wnt7a-CTD were generated with the 

protein structure homology modelling server SWISS-MODEL Version 8.05 

(http://swissmodel. expasy.org). Protein docking was performed with ClusPro 2.0 server 

(http://cluspro.bu.edu/login.php), and the YASARA software (version 14.12.2) was used to 

visualize protein complexes. 

Interactions of WIF1 or WIF domains with Wnt or Shh proteins were assayed by 

surface plasmon resonance (SPR) on a Biacore X-100 instrument with CM5 sensor chips, in 

direct or solution-competition experiments. Kinetic parameters were determined for each 

interaction using BIAevaluation 4.1. software. 
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Besides SPR techniques, I performed pull-down experiments to examine the 

interactions between WIF1 or WIF domains with Shh protein. The proteins bound to the 

columns were analysed by Western blotting using antibodies specific for the WIF1 or Shh 

proteins. 

The signalling activity of human sonic hedgehog and the hedgehog antagonist activities 

of WIF1 and WIF domain proteins were assayed on the Gli Reporter-NIH3T3 cell line 

containing the firefly luciferase gene under the control of Gli responsive elements, stably 

integrated into NIH3T3 cells. The mammal hedgehog proteins activate the Gli transcription 

factors through hedgehog signal transduction, leading to the expression of hedgehog target 

genes. Activation of the hedgehog pathways correlates with the expression level of luciferase. 

Luminescence was measured on EnSpire plate reader. 

 

Results and discussion 

1. Characterisation of Wnt-WIF interaction 

Studies on the interaction of Wnts (Wnt3a, Wnt4, Wnt5a, Wnt7a, Wnt9b and Wnt11) 

with WIF-domain by surface plasmon resonance (SPR) spectroscopy revealed that all these 

Wnts had high affinity for the inhibitor. The observation that the equilibrium dissociation 

constants of the WIF-Wnt interactions are in the 10-8 M - 10-10 M range for all Wnts suggests 

that the inhibition of the wild type WIF protein for Wnts does not present any Wnt specificity. 

The structure-guided site-directed arginine scanning mutagenesis combined with 

solution competition SPR assays performed to test the role of alkyl-binding site of WIF 

domain in Wnt binding resulted in altered affinity of WIF domain in binding to Wnts in 

several cases. The substitution of some amino acids (Ile49, Phe51 and Phe66) by arginine 

resulted in a marked decrease in the affinity for Wnt5a. Surprisingly, there were a few 

residues (Tyr37, Trp39 and Leu56), of which substitution with arginine increased the affinity 

of the WIF domain for Wnt5a. It is interesting to point out that Tyr37, Trp39, Ile49, Leu56 

and Phe66 were shown to be involved in interactions with the detergent Brij-35 that was used 

during protein refolding in our research group’s earlier studies. The residues listed above are 

all part of the groove on the surface of WIF domain (Fig.1.), and are most probably involved 

in Wnt binding.  

Based on these results it can be concluded that the surface of the WIF-domain, 

identified as its alkyl-binding site, is critical for Wnt-binding. 
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Fig.1. Surface of the WIF domain involved in its interaction with Wnt5a, modelled on the 

structure of the WIF domain (PDB 2YGN). Residues whose substitution with arginine resulted in 

weaker binding (yellow; Ile49, Phe51, Phe66) and those that resulted in increased affinity (green; 

Tyr37, Trp39, Leu56) for Wnt5a are highlighted. Note that Ile49, Phe51 and Phe66 surround a deep 

groove with Met77 (highlighted in red) at the bottom. (Met77 is partially buried at the entrance to the 

lipid-binding cavity, and in the mutagenesis studies performed by Malinauskas and his colleagues 

(Malinauskas et al, 2011) substitution of Met77 led to a significant reduction in the ability of the WIF-

domain to inhibit Wnt3a signalling.) The image was generated by YASARA version 7.10.31. (Bányai, 

Kerekes, Patthy; 2012)  

 

It seems possible that the subregion of the Wnt-binding site defined by Ile49, Phe51 and 

Phe66 may bind the palmitoleil group. In this interpretation the introduction of hydrophilic 

arginine side-chains weakens the hydrophobic interaction with the lipid moiety of Wnts.  

The other subregion defined by residues Tyr37, Trp39 and Leu56, however, is unlikely 

to be involved in palmitoleil-binding since their substitution with arginines actually increased 

their efficiency to compete with wild type WIF. It seems more likely that these residues are 

critical for interactions with amino acid sidechains of Wnt5a. This interpretation is supported 

by the fact that the effect of these mutations on WIF-Wnt interactions seems to vary with 

Wnt. For example, in competition assays the Trp39Arg mutation of the WIF-domain 

increased its affinity for Wnt5a by a factor of 5, whereas it decreased its affinity for Wnt3a by 

a factor of 7, i.e. it caused a 35-fold shift in specificity for these two Wnts, suggesting that 

these residues may define the specificity spectrum of WIF for Wnts. These results can be used 

for the more specific targeting of Wnt family members in various forms of cancer. 

Our mutation studies confirmed that the alkyl-binding site of the WIF domain is critical 

for its interaction with Wnts: substitution of residues known to interact with the aliphatic 

moiety of the alkyl-ligand resulted in significantly decreased affinity for Wnts.  

Nevertheless, none of these mutations resulted in complete elimination of the binding of 

the WIF domain to Wnts, suggesting that Wnts may bind to the WIF domain at additional 

sites. We have tested this hypothesis using C-terminal domains of Wnt5a and Wnt7a (Wnt5a-

CTD and Wnt7a-CTD) and arginine-scanning mutagenesis of the WIF domain. Our studies 

suggest that whereas the N-terminal, lipid-modified domains of Wnts interact with the alkyl-

binding site of the WIF domain, the C-terminal domains bind to a surface on the opposite side 

of the WIF domain. 

Met77 

Tyr37 

Phe66 

Trp39 

Phe51 

Ile49 

Leu56 
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The affinities of these Wnt-CTDs (C-terminal domain of Wnt) for immobilized WIF are 

significantly lower than the affinities of the corresponding full length Wnt5a and Wnt7a. This 

observation confirms that, although the C-terminal “finger” domains of Wnts do contribute to 

the Wnt-WIF interaction, the N-terminal regions of Wnts are also critical for the high affinity 

WIF-Wnt interaction.  

As a further test of the assumption that the surface around the alkyl-binding site of the 

WIF domain interacts with the N-terminal part of Wnts, we have studied the interaction of 

Wnt5a-CTD and Wnt7a-CTD with some alkyl-binding site mutants of the WIF domain. These 

studies have shown that the mutations that significantly lowered the affinity of the WIF 

domain for full-length Wnts (Ile49Arg, Phe51Arg and Phe66Arg) had practically no effect on 

the interaction of WIF with Wnt5a-CTD and Wnt7a-CTD. This observation suggests that the 

WIF-Wnt interaction mediated by Wnt-CTDs does not involve the alkyl-binding site of the 

WIF domain. 

In the experiments, from the mutations distant from the alkyl-binding site, substitution 

of residues Leu123, Ile155 and Ile172 by arginine resulted in a detectable decrease in the 

affinity for Wnt5a, the most significant effect being observed in the case of the Ile155Arg 

mutant.  

Our competition assays revealed that the Ile155Arg mutation impaired the ability of the 

mutant protein to compete with immobilized wild type WIF domain for both Wnt5a-CTD and 

Wnt7a- CTD. No interaction could be detected by SPR between Wnt5a-CTD and Ile155Arg 

mutant WIF domain, and although the mutation caused some increase in the Kd for the 

interaction with full-length Wnt7a, the decrease in affinity for Wnt7a-CTD was more 

dramatic (10-9 M  10-7 M). 

Our observation that the Ile155Arg mutation of WIF results in elimination of detectable 

binding to Wnt5a-CTD, whereas Wnt7a-CTD retains some affinity for the mutant, suggests 

that in the case of Wnt7a-CTD additional side chains contribute significantly to the 

interaction. 

I created double mutant WIF variants, which carried mutations on both the alkyl-

binding site and the Wnt-CTD binding site of the WIF domain. These WIF variants with 

double mutations (e.g. Ile155Arg-Ile49Arg) have more drastically reduced affinity for Wnt5a, 

in harmony with the notion that both binding sites of the WIF domain are essential for the 

high affinity of Wnts for WIF. Protein-protein docking provided some insight into the 

possible structures of the Wnt5a-WIF and Wnt7a-WIF complexes that are consistent with the 

results of our mutagenesis and protein-protein interactions studies: Wnts most probably grasp 

the WIF domain of WIF1 at two distinct sites. 

 

2. Human Wnt inhibitory factor 1 and the WIF domain of WIF1 bind human Shh with high 

affinity and are potent antagonists of the signalling activity of human Shh. 

In pull-down and surface plasmon resonance spectroscopy experiments, WIF1 and the 

WIF domain form stable complexes with Shh protein. Analyses of the SPR response curves 

have shown that the stability of the Shh-WIF domain complex (Kd= 1.18 ± 0.3 nM) is similar 
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to that of the Shh-WIF1 (Kd of 2.06 ± 0.9 nM) complex, indicating that the WIF domain of 

WIF1 is primarily responsible for the Shh-WIF1 interaction. 

In order to assess the biological significance of the interaction of human WIF1 and 

human Shh, I have used a reporter assay to monitor the effect of WIF1 and its WIF domain on 

the signalling activity of Shh.  

The studies on the influence of human WIF1 and the WIF domain of WIF1 on the 

signalling activity of Shh have revealed that they are potent antagonists of Shh. Analyses of 

the data of reporter assays have shown that human WIF1 protein inhibits the signalling 

activity of rhShh with an EC50 value of 2.45 ± 0.032 nM, and the WIF domain with an EC50 

value of 2.75 ± 0.135 nM. The similarity of the two values indicates that the WIF domain is 

primarily responsible for the hedgehog antagonist activity of human WIF1. 

 

 

Thesis points 

1. I have shown that the Wnt proteins bind to WIF domain with high affinity, and the 

interactions of different Wnt proteins with the WIF domain can be characterized with 

similar association and dissociation constants. (P IV.) 
 

2. I have presented evidence that the alkyl-binding site earlier identified on the surface of 

WIF domain of WIF1 plays a role in the interaction with the Wnt proteins, and most 

probably binds the palmitoleil group on the N-terminal domain of the morphogen. (P IV.) 
 

3. I have identified on the surface of the WIF domain a second Wnt binding site. I have 

shown that this binding surface interacts with the C-terminal domain of Wnt proteins, 

which supports the assumption that Wnts most probably grasp the WIF domain of WIF1 at 

two distinct sites. (P III.) 

 

4. I have identified several positions on the surface of the WIF domain that define the 

specificity spectrum of WIF for Wnts. (P III.) 
 

5. I have demonstrated that WIF1 protein and the WIF domain of WIF1 form stable 

complexes with sonic hedgehog (Shh) protein. Both interactions fall into the nanomolar 

range that indicates that the WIF domain is primarily responsible for the hedgehog 

antagonist activity of human WIF1. (P I., P II.) 
 

6. I have shown that WIF1 protein and the WIF domain of WIF1 bind Shh protein in 

biological systems as well, and are potent antagonists of the signalling activity of human 

Shh. (P I., P II.) 
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Potential applications  

The WIF domains specific for different Wnt proteins can lead to the development of 

specific inhibitors targeting Wnt signalling, and to specific tumour therapies with fewer side 

effects. 

The finding that WIF1 is a potent inhibitor of Shh may call for the reinterpretation of 

some of the earlier WIF1 loss or gain experiments that have considered WIF1 only as a Wnt-

specific inhibitor. This has some medical relevance, since WIF1-based therapies targeting the 

Wnt pathway may have significant, undesirable side effects if they also affect the Hh 

pathway. 
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