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Abstract 

The Wnt/β-catenin signaling is a highly conserved signaling pathway that controls the organism development and 

tissue homeostasis. This pathway plays a pivotal role in regulating cell differentiation during the cell’s growth. 

Any abnormal signal transductions in this pathway have been linked to tumor initiation, growth, and malignant 

transformation. There are three DIX protein domains in this pathway: Disheveled, Axin, and Ccd1. Each serves 

distinct roles and functions in the initiating and controlling of the downstream Wnt signaling. This paper will 

review and summarize the effect of formation of homo- or heterodimers with the DIX domain and its role in 

regulating the inhibition or activation the downstream Wnt signaling. This paper also aims to address the on-

going research strategies to identify the formation mechanism of such dimers and characteristics of the 

interactions between the protein and the DIX domains. In hope such study will pave the research direction for 

therapeutic approaches to address aberrant Wnt/β-catenin signaling associated with various diseases, including 

cancer. 
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I. Introduction 

The Wnt signaling plays a vital role in early embryonic development, organogenesis, tissue regeneration, 

and other physiological processes of animal embryos. This pathway, discovered decades ago for its critical role in 

development, has since emerged as a central player in the broader landscape of physiological regulation. However, 

its intricate molecular mechanisms, particularly those revolving around the Disheveled (Dvl) and Axin disruption 

complexes, have remained a subject of intense scrutiny and fascination. Mutations in key protein within this 

signaling pathway can trigger abnormal signal activation downstream, and create cascading problems, leading to 

a spectrum of disorders, including cancer, tumorigenesis, and developmental anomalies. At the heart of the Wnt 

signaling pathway lies a delicate balance between to key protein complexes: the Axin Disruption Complex and 

the Disheveled (Dvl) Signaling Complex, which exhibit opposing activities critical for Wnt signaling dynamics 

[1].  

The role of Axin Disruption Complex will deactivate and degrade the downstream effector β-catenin 

protein, while the role of Disheveled (Dvl) Signaling Complex will inhibit Axin protein, resulting in the β-catenin 

protein stabilization and subsequently transcriptional activation within the nucleus. These complexes are 

assembled through dynamic head-to-tail polymerization of the DIX domains that are present in either Axin or Dvl, 

respectively. This will enhance their affinity for signal effectors, the β-catenin protein. It is interesting to point out 

that Axin itself also utilizes the DIX domain to interact with Dvl, which further complicates the intricate balance 

of molecular interactions. Moreover, a third protagonist, Coiled-Coiled-Dix (Ccd1) protein in the Wnt pathway 

featuring DIX domains can interact with both Dvl and Axin to activate the Wnt signaling pathway. However, the 

precise mechanisms governing the formation of these dimers and the characteristics of protein-DIX domain 

interactions remain areas of ongoing research. 

This paper will systematically explore and review the assembly mechanisms governing homologous or 

heterologous polymers formation among Dvl, Axin, and Ccd1. The aim is to shed some lights on the intricate 

interaction entails the underlie Wnt signaling regulation and to unravel the enigmatic complexities of three 

proteins and the pathway. This prospect not only advances our fundamental understanding of Wnt signal 

transduction but also opens new avenues for drug research and development, holding promise for the treatment 
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of various diseases, including those with a prominent Wnt signaling component. 

 

1 Wnt/β-catenin signaling pathway 

1.1 Wnt signaling 

In 1982, Nusse made a groundbreaking discovery when he identifies the Wnt gene in mouse mammary 

carcinoma [2]. This gene’s activation was found to be dependent on the insertion of a mouse mammary carcinoma-

associated viral gene and was named the Int1 gene, denoted as “integration 1”. Subsequent studies revealed a 

critical role played by the Int1 gene in normal mouse embryonic development. Interestingly, it was observed that 

the introduction of Int1 gene could induce Drosophila to exhibit characteristics reminiscent of the wingless 

phenotype during their normal embryonic development. Hence the combination of word “Wingless” with “Int1 

gene” created a new word of the “Wnt” gene [2].  

During delicate embryonic development, the Wnt pathway emerges as an important signaling system that 

is intricately regulated by the Wnt gene. To date, nearly 100 Wnt genes have been isolated across various 

organisms, ranging from nematodes and humans. Within the human genome, a total of 19 Wnt genes have been 

identified, all of which encode for the secretory lipoproteins. These lipoproteins play a fundamental role in 

controlling cell size, cell-cell interactions, stem cell self-renewal, and tissue patterns during embryonic 

development [3]. This Wnt gene encodes a secretory glycoprotein of 350 to 400 amino acids with one or more 

glycosylation sites and 23 to 26 conserved cysteine residues [4]. The Wnt gene functions as the growth-stimulating 

factor. Unlike other growth factors, the Wnt gene distinguishes itself by allowing growth tissue to target 

differentiation while inducing cell proliferation. Through its dynamic influence, the Wnt pathway has the 

remarkable capacity to induce the differentiation of new cells, culminating in the formation of distinct tissues [5]. 

The Wnt signaling pathways can be generally divided into three types according to their molecular 

mechanisms: the Wnt/β-catenin signaling pathway, often referred to as the classical Wnt pathway, while the two 

non-classical Wnt signaling pathway, the Wnt/PCP signaling pathway and Wnt/Ca2+ signaling pathway. All three 

Wnt signaling pathways require the interaction with Frizzled, a transmembrane supracellular receptor essential 

for binding to the secretory glycoprotein Wnt. Frizzled is a 7-transmembrane protein with a cysteine-rich structural 

domain (CRD) located at the extracellular N-terminal end, serving as the binding site for Wnt molecules [6].  

Activation of the Wnt signaling pathway occurs through the binding of extracellular Wnt ligands to 

membrane receptors, either through autocrine or paracrine process. This interaction initiates a cascade of events 

leading to the stable accumulation of β-catenin, followed by its translocation to the nucleus. Within the nucleus, 

β-catenin can then regulate the gene express, ultimately influencing the critical cellular processes such as 

proliferation, survival, differentiation, and migration. The intricate orchestration of these molecular events 

underscores the significance of Wnt signaling in cellular and developmental biology. 

The classical Wnt signaling pathway comprises key components crucial for its functionality. These 

components include the Wnt protein, the transmembrane receptor protein known as Frizzled (Fz), low-density 

lipoprotein receptor-related protein 5/6 (LRP5/6), dishevelled protein (Dvl), intracellular casein kinase 1 (CK1), 

scaffolding protein also known as axin (Axin), glycogen synthase kinase 3β (GSK3β), colonic adenomatous polyp 

protein (APC), and β-catenin. Among these variety proteins, the classical Wnt/β-catenin pathway is activated by 

specific WNT1, WNT3, WNT3a, WNT7a, and WNT8. This pathway plays a pivotal role in cellular transformation. 

 

1.2 Mechanism of canonical Wnt signaling pathway 

The β-catenin protein is a central molecule within the Wnt signaling pathway, exerting direct control over 

the expression of target genes in the nucleus. It is regarded as the "switch molecule" of the Wnt signaling pathway 

[7]. When Wnt signal is missing, a series phosphorylation processes take place. First, CK1 phosphorylates Trp45 

of β-catenin, followed by GSK3β phosphorylating Ser33, Ser37, and Thr47 of β-catenin. Once fully 

phosphorylated, β-catenin can be recognized and labeled by E3 ubiquitin ligase (β-TrCP), making it for 

degradation through the proteasome. This process ensures that the intracellular β-catenin levels remain low, 

preventing its entry into the nucleus. This marks the Wnt/β-catenin pathway is at the "off" State.  

During the phosphorylation of β-catenin, Axin acts as a scaffolding protein and simultaneously interacts 

with APC, CKI, GSK3β, and β-catenin in the cytoplasm. This results in the formation of a large multi-protein 

complex known as the Axin disruption complex. Axin’s presence in this complex brings GSK3β and β-catenin 

into spatial proximity, which significantly improves the phosphorylation process. In turn, it would improve β-

catenin degradation proceeds. 

Upon stimulation by Wnt signaling, the Wnt ligand binds to the Cysteine-Rich Doman (CRD) of the 

transmembrane receptor Fz and LRP5/6. Such binding triggers a conformational change in the membrane receptor 

that leads to phosphorylation of LRP5/6 to form the Wnt-Fz-LRP5/6 signaling complex. Phosphorylation of 

LRP5/6 leads to migration of the Axin destruction complex to the cell membrane near the Fz and LRP receptors. 

Meanwhile, Dvl in the cytoplasm is also recruited to the subcellular membrane by interacting with Fz. Dvl can 

phosphorylate GSK3β to detach it from Axin, preventing the formation of Axin destruction complex. Thus, the 
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degradation of β-catenin is blocked, allowing a large amount of free β-catenin to accumulate in the cytoplasm and 

enter the nucleus. This signifies activation of the Wnt/β-catenin pathway effectively turned "on".  

The entry of β-catenin into the nucleus triggers the activation of downstream components of the Wnt 

signaling, primarily involving the transcription factors such as Lymphoid Enhancer Factor (LEF) and T-Cell 

Factor (TCF). LEF/TCF represents a class of transcription factors with bidirectional regulatory functions. In the 

absence of β-catenin, they form a repressor complex along with the transcriptional repressor Groucho and 

histonedeacetylase (HDAC), thereby suppressing the expression of Wnt target genes. In contrast, when β-catenin 

enters the nucleus, it directly replaces Groucho and binds to LEF/TCF instead. This allows LEF/TCF to be 

repressed and the expression of Wnt target genes [8]. These target genes encompass critical molecules such as 

oncogene Myc, cell cycle protein D1, and others. The expression of these genes plays an important role in various 

biological processes, including tumorigenesis, development, and metastasis. 

The Wnt signaling pathway is subject to regulations by extracellular proteins, which adds another layer 

of complexity to its role. Outside the cell, the antagonistic proteins that modulate the Wnt signaling pathway are 

typically divided into two categories: sFRP (Frizzled Related Protein) and DKK (Dickkopf). The sFRP class 

includes sFRP family members, WIF1 (WNT Inhibitory Factor 1), and Cerberus. They directly bind to the Wnt 

ligands, preventing them from binding correctly to the receptor. In sessence, sFRPs and related proteins act as 

molecular roadblocks, preventing Wnt ligands from engaging with their receptros. On the other hand, the DKK 

proteins operate by binding directly to the membrane receptor LRP5/6. Such binding disrupts the mutual 

recognition of Wnt ligands and their receptors [9]. In this manner, DKK proteins function as key players in 

inhibiting Wnt signaling by intercepting the interaction between Wnt ligands and the receptors LRP5/6. 

 

1.3 Models of Wnt pathway initiation 

Currently, there are three prevailing models regarding the initiation of Wnt signals, each offering distinct 

insights into the intricacies of this critical pathway 

The first model, known as the initiation-amplification model, proposes a sequence of events starting with 

the binding of Dvl to the membrane receptor and interact with Axin [10]. This attracts GSK3β to the vicinity of 

the membrane where LRP5/6 is phosphorylated. The phosphorylated LRP5/6, in turn, binds to Axin, further 

leading to form more Axin-GSK3β complexes. This process creates a positive feedback loop and promoting self-

phosphorylation process. Additionally, CK1 can also phosphorylate the LRP5/6, and further enhances the 

interaction between LRP5/6 and GSK3β. This model suggests that the membrane receptors Fz and LRP5/6 play 

different roles in transmitting Wnt signals: Frizzled is mainly responsible for initiating the signal through Dvl, 

while LRP5/6 amplifies the extracellular signal through a series of phosphorylation processes.  

The second mechanism model, known as the receptor-clustering model [14], suggests that Dvl forms 

multimers near the membrane through the DIX structural domain, which promotes the polymerization of Wnt 

receptor Fz and LRP5/6 on the membrane surface. It can significantly increase the local concentration of the 

protein and enhance the weak interactions between signaling molecules. In turn, it can directly and effectively 

promote the phosphorylation process of membrane receptors. Schwarz-Romond et al., through their 2007 resolved 

crystal structure of the Axin-DIX structural domain, showed that Axin-DIX and Dvl-DIX are dynamic multimers, 

that Axin and Dvl form the characteristic structure of an oligomeric puncta in the cell through the DIX structural 

domain. This puncta is also dynamic in that it is in the process of constant cytoplasmic protein exchange [11-13]. 

It is worth mentioning that Bilic et al. found that Fz, LRP5/6, Dvl, Axin, and GSK3β formed large complexes 

called 'Signalsome' on the cell membrane surface under Wnt-3a stimulation by cellular localization and other 

methods. This finding provides a model for receptor polymerization a solid experimental basis for the receptor 

aggregation model [15].  

A third mechanism model suggests that the role of Phosphatidylinositol 4,5-bisphosphate (PIP2) in 

mediating receptor multimerization. In this model, Dvl binds to and activates PI4K IIα and PIP5K I near the cell 

membrane through its DIX and PDZ structural domains. Activation of PIP5K I generates PIP2, which promotes 

receptor oligomerization and signals [16]. 

 

II. Research progress of the Dvl-DIX domain 

The first Dvl gene was discovered and cloned in 1959 by Fahmy in his study of mutants in Drosophila 

[17]. Dvl proteins constitute a highly conserved class of cytoplasmic proteins, exhibiting variations in sequence 

and function across the evolutionary spectrum, from lower nematodes and Drosophila to higher mammals. 

Members of the Dvl protein family include Dvl1, Dvl2, and Dvl3 where Dvl2 accounts for 80%-95% of total Dvl 

protein expression. Dvl2 is generally considered as the most critical Dvl molecule for signaling. Nevertheless, if 

Dvl1 and Dvl3 were knocked out, the intracellular Wnt signal transmission would have been greatly affected [18]. 

Therefore, it is believed that Dvl1 and Dvl3 have unique means to promote the Wnt signal pathway.  

Dvl proteins typically contain 600-700 amino acids and are structurally divided into three highly 

conserved structural domains: an N-terminal DIX domain, a central PDZ domain, and a C- terminal DEP. Dvl acts 
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as a critical intermediate signaling molecule to activate different Wnt signaling pathways. The DIX and PDZ 

structural domains are required for Dvl to activate the classical Wnt signaling pathway, while PDZ and DEP 

activate the non-classical Wnt signaling pathways [19]. 

On the other hand, the DIX domain contains a ubiquitin-like fold consisting of five β chains (β1-β5) and 

an α helix. DIX interacts with neighboring molecules through the β bridge between β2 and β4 and forms filaments 

in crystals through head-to-tail self-interactions of the β bridge. It is noted that purified DIX structural domains 

self-associate in vitro and gradually polymerize reversibly in a concentration-dependent manner to form fibers. 

One mechanism of Wnt signaling, namely reversible polymerization signaling, is that the DIX structural domain 

mediates the formation of a dynamic interaction platform with a high local concentration of transient signaling 

ligand binding sites [20]. That is, if the binding of a ligand to a protein depends on the polymerization of that 

protein, and if the polymerization, in turn, depends on the concentration of the protein, the binding between that 

protein and the ligand will be highly concentration-dependent. Dvl polymers are highly dynamic, and the DIX 

domain of Dvl2 mediates dynamic polymerization, which is required for the signaling activity of Dvl2 and 

highlights the potential mechanistic principle of "signaling by reversible polymerization [11]. "Overexpressed Dvl 

tends to form large polymers in the form of cytoplasmic puncta, whereas biologically active Dvl forms low 

molecular weight oligomers [21]. 

 

III. Research progress of the Axin-DIX domain 

Axin is a somatic axis repressor that was discovered in 1997 [22]. Axin proteins are widely present in all 

types of organisms, from nematodes to humans, and are likewise highly conserved. It is also widely expressed in 

various tissues and organs of the organism and is actively involved in physiological processes such as growth and 

development and tumorigenesis. The Axin protein is 862 amino acids in length, with an N-terminal RGS domain, 

a C-terminal DIX domain, and a GSK3 kinase binding site [23]. Axin plays a dual role in the regulation of Wnt 

signaling: on the one hand, Axin acts as a scaffolding protein with multiple structural domains to form a β-catenin 

disruption complex (APC-Axin-GSK-3β), which promotes β-catenin degradation and effectively regulates β-

catenin, keeping it at a low concentration in normal cells, thereby inhibiting Wnt signaling. On the other hand, 

Axin interacts with LRP5/6 and promotes GSK3 recruitment to the plasma membrane to facilitate LRP5/6 

phosphorylation and Wnt signaling [24]. Axin binds directly to APC through its N-terminal RGS structural 

domain, which contains a DIX structural domain at its C-terminus that mediates Axin homodimerization and is 

also required for the interaction of Axin with Dvl. Two members of the Axin family, Axin (Axin1) and the 

homolog Axil (Axin-like, also known as Conductin or Axin2), were found to have 44% homology with Axin [22]. 

Recent studies have shown that Axin 2 has a lower inhibitory activity on Wnt signaling than Axin 1 [25]. 

In the presence or absence of the Wnt stimulus, excessive degradation of Axin will lead to abnormal 

activation of the Wnt/β-catenin signaling pathway. In contrast, efficient assembly of the β-catenin disruption 

complex and β-catenin degradation require homologous aggregation of Axin mediated by head-to-tail aggregation 

of its C-terminal DIX structural domain[26]. We note that some studies have proposed a model of Axin's self-

inhibition, which can be mediated by the interaction between its N- and C-terminal domains, suggesting that self-

inhibition is an effective mechanism for Axin to regulate its function in Wnt/ beta-catenin signaling [27]. 

Overexpressed Axin typically forms highly dynamic cytoplasmic patches during polymerization-mediated 

processes of its C-terminal DIX structural domain [11] [28]. Compared to Axin2, Axin1 can polymerize more 

efficiently, leading to the formation of axin spots. The Axin1 RGS domain allowed Dix-mediated polymerization, 

while the Axin2 RGS domain prevented polymerization [25] 

 

IV. Research progress of the Ccd1-DIX domain 

Ccd1 is a new gene identified and isolated from zebrafish embryonic brain tissue in 2003, and its 

homologous protein is only found in vertebrates and is highly conserved [29]. Structural domain analysis revealed 

that a Coiled-Coil domain of about 120 amino acids is located at the N-terminal end of Ccd1. In contrast, the DIX 

domain is located at its C-terminal end, making Ccd1 the third protein in the Wnt signaling pathway containing a 

DIX domain.  

The most crucial structural domain of Ccd1 is the DIX domain, which regulates typical Wnt signaling 

by interacting with Dishevelled and Axin to form a heterodimeric complex [29]. The DIX domain is involved in 

the Wnt signaling pathway and in the function of Ccd1 to inhibit JNK signaling. ccd1-DIX binds to Dvl and 

inhibits Dvl-activated JNK. The DIX and Coiled-Coil domains of Ccd1 synergize to bind Axin and thus block the 

interaction of Axin with MEKK1 and MEKK4. Therefore, Ccd1 is a promoter of the Wnt signaling pathway and 

a suppressor of the JNK signaling pathway [30]. Notably, Ccd 1 forms a heterodimeric complex with Dvl through 

the "head" of Dvl-DIX and the "tail" of Ccd 1DIX to depolymerize Dvl homodimers, thus controlling the size of 

Dvl multimers [21]. 
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V. Advances in DIX domain research 

5.1 Dynamic features of the DIX domain 

The DIX structural domain is located at the N-terminal end of Dvl 1/2/3, while the Ccd1 and Axin 1/2 

structural domains are located at the C-terminal end. To indicate the distinction, the DIX structural domain of Dvl 

is referred to as DIX, the DIX structural domain of Axin is referred to as DAX, and the DIX structural domain of 

Ccd1 is referred to as DIXDC1 in the following. Both DIX and DAX are polymers in vitro. Density gradient 

centrifugation of DIX expressed in vitro shows that the molecular weight of the polymer increases with the 

increase of protein concentration, suggesting the deepening degree of DIX's self-polymerization. This also 

suggests that the self-oligomerization mediated by the DIX domain is not a stable state but a dynamic and 

reversible process [11-13]. 

The DIX structural domain mediates the self-association of Dvl and Axin and participates in the 

interaction between Dvl, Axin, and Ccd1. Although DIX alone cannot interact with DAX in vitro, DIX is critical 

for the mutual recognition of Dvl and Axin. Dvl and Axin cannot be combined without DIX, but they can still be 

combined without DAX[31]. In contrast, the interaction between Dvl and Ccd1 is much simpler, and the 

interaction is carried out directly through heterodimerization of the DIX structural domain[29][30]. In the crystal 

structure, the DIX structural domains from Axin and Dvl form head-to-tail helical polymers [21][32]. Dvl DIX 

has been observed to form thin filaments in negative-staining electron microscopy[11].   

A structural study showed that the hetero complex has a stronger affinity than the homodimer DAX-

DAX (KD = 45 μM) (KD 9 μM and 24 μM for DIX-DAX and DAX-DIX, respectively). The DAX-DIX interface 

shows two contact sites, one formed by hydrophobic interactions (involving Y 787 and F801 for DAX and Y27) 

and the other formed by hydrogen bonding between charged residues (involving K789 and K821 for DAX and 

D23, D24 and T25 for DIX) [1]. However, Wei et al. showed that DIX forms antiparallel double-stranded 

oligomers in vitro, whereas intracellular Dvl forms oligomers of typically less than ten molecules at the 

endogenous expression level; DAX can form small single-stranded oligomers through the head-to-tail interface, 

but is more self-associative than DIX [33]. They found that the affinity of the heterotypic DIX-DAX interaction 

was the same as that of DIX-DIX. In contrast, the homotypic DAX-DAX interaction was approximately one order 

of magnitude more substantial than the DIX-DIX or DIX-DAX interaction, contrary to the estimate previously 

reported by Yamanishi et al. In this way, stronger DAX-DAX homotypic interactions could prevent Dvl from 

disrupting the degradation complex in the absence of Wnt signaling compared to DIX-DAX; Dvl DIX 

oligomerization may increase the affinity of Dvl for binding to Axin, which would be required to overcome 

stronger homotypic DAX-DAX interactions and thus recruit the disrupted complex to the activated receptor [33]. 

 

5.2 Dvl and Axin polymerize themselves through the DIX domain 

Dvl tends to form distinct cytoplasmic patches through its DIX structural domain, also known as "signal 

vesicles," that contribute to forming multimers and possible phase separation, containing multiple copies of the 

receptor complex and its associated cytoplasmic components [34][35]. Wnt-activated Fzd recruits Dvl to the 

membrane and activates Dvl oligomerization as the first step in signaling vesicle formation[36-38]. FRAP 

experiments show that they represent highly dynamic proteomes whose formation depends on the DIX structural 

domain of Dvl, i.e., punctate Dvl coexists with diffuse Dvl and is in rapid exchange, thus undergoing a process 

similar to phase separation [39][40]. Like Dvl, the DIX domain of Axin is also required for Axin polymer and 

spot formation [41-43]. 

The binding affinity between the two DIX structural domains is low (in the moderate micromolar range), 

and the cellular concentration of Axin is well below the micromolar concentration, which means that monomeric 

Dvl does not bind properly to Axin in cells [22]. However, it has been shown that the ability of the DIX structural 

domain of Dvl to dynamically and reversibly self-associate in vitro and in vivo is essential for the signaling activity 

of Dvl2 and is critical because Dvl2 polymerization generates a fluid interaction platform with a high local 

concentration of ligand binding sites, thereby increasing the affinity of Dvl2 for its low-affinity ligand [26]. This 

suggests that when Wnt signals bind to their receptors, it triggers or stimulates DIX-dependent Dvl polymerization, 

increasing its local concentration and, thus, its binding affinity for Axin. This promotes effective interaction 

between the two proteins and the recruitment of Axin degradosomes to the receptor complex [22]. This explains 

the need for Dvl polymerization during Wnt signaling. 

 

5.3 Role of DIX domain in Dvl-Axin mutual recognition 

DIX and DAX are essential in mediating the Dvl-Axin interaction, which is required for Wnt/ β-catenin 

signaling [26] [42][44][45]. Deleting the DIX structural domain would severely affect their binding. However, no 

direct interaction occurs between DIX alone. Hence, the DIX structural domain's function will likely promote 

interprotein recognition by mediating its multimerization and significantly increasing the local protein 

concentration. Meanwhile, besides the DIX structural domain, the C-terminal region of Dvl-DIX and the N-

terminal region of Axin-DIX may also play a vital role in the overall recognition process [34][36]. It has been 
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shown that after Wnt signaling, Dvl self-conjugates through dimerization of its DIX structural and DEP structural 

domains and is subsequently recruited through co-polymerization of DIX and DAX structural domains into 

filamentous oligomers [44][46]. 

Fiedler et al. showed that upon stimulation with Wnt signaling, Dvl interacts with Axin to recruit Axin 

to the plasma membrane, where Dvl assembles a stable signaling vesicle that stimulates phosphorylation of 

multiple motifs in the cytoplasm of the LRP6 co-receptor tail [26]. One of these phosphorylated motifs acts as a 

direct competitive inhibitor of GSK3β, blocking its activity on β-catenin and thus allowing unphosphorylated β-

catenin to accumulate in the nucleus and operate the transcriptional switch. They suggest that DIX-dependent 

aggregation of Dvl may be triggered or stimulated by Wnt-induced dimerization or aggregation of Frizzled 

receptors with their LRP6 co-receptors [26]. At the same time, the DAX structural domain of Axin also blocks 

DIX aggregation in vitro and Dvl2 self-assembly in vivo. It attenuates signalosome assembly at the plasma 

membrane and phosphorylation of the LRP6 cytoplasmic tail. 

In addition to using its DIX structural domain to stimulate LRP6 phosphorylation and signalosome 

assembly to inhibit GSK3β, Dvl could also use this structural domain to interfere with the effector function of 

Axin by competing with its polymerization. Thus, it is proposed that Dvl could act as a "natural" dominant 

inhibitor, interfering with the self-assembly of Axin by binding to the polymerization interface of the DIX 

structural domain in Axin, thereby blocking its effector function [1][26]. 

5.4 Drug therapy strategies targeting the WNT/β-catenin pathway through the DIX domain 

Given the correlation between aberrant Wnt/β-catenin signaling, the pathogenesis of multiple cancers, 

and the occurrence of Wnt pathway-related gene mutations in many cancers, this pathway has emerged as an 

important target for cancer drug discovery [47]. The N-terminal DIX structural domain is required for 

concentration-dependent auto-oligomerization of Dvl, leading to cytoplasmic speckling, and for Axin recruitment 

to Dvl and proper Wnt signaling. Dvl and Axin oligomerization and the Dvl-Axin oligomeric structure may be 

potent targets for regulating the Wnt pathway [26][48]. Analysis of the DIX structural domain provides a possible 

mechanistic basis for the disruption of Axin polymerization by Dvl oligomers and offers the possibility of 

developing novel small molecules to disrupt the DAX-DIX complex by exploiting the structural properties of the 

interface and its differences from the DAX-DAX and DIX-DIX homotypic interfaces; Dvl forms a heterodimeric 

complex through the DIX structural domain and the DAX structural domain of Axin, the hydrophobic interactions 

and hydrogen bonding and other forces formed at the DAX-DIX contact interface provide a structural basis for 

the development of small molecule drugs, but the dynamic process of Dvl-Axin interactions needs to be further 

revealed [47][49]. 

Investigating these dynamic interactions is complex and generally requires traditional structural biology 

methods, such as X-ray crystallography and NMR, which are usually time, energy, and money-consuming, and 

the efficiency is not apparent. However, artificial intelligence has shown great promise in medicine, biology, and 

pharmaceuticals in recent years, especially in protein design, such as the recent sensational AlphaFold source code 

in life science and human proteome three-dimensional structure data disclosure, two significant events [50][51]. 

AlphaFold, for example, has provided structural biologists with a convenient and efficient alternative to 

crystallography, cryoelectron microscopy, and NMR to uncover the molecular mechanisms by which biological 

macromolecules function [52]. The field of AI drug development is growing at a rapid pace, although the impact 

of AI in drug discovery has yet to be evaluated. 

 

VI. Conclusion 

The Wnt signaling pathway is closely related to cell genesis, development, growth, and differentiation and 

controls many life processes. Among currently known cancers, more than a dozen high-incidence carcinomas 

arise from dysregulation of Wnt signaling [53]. Therefore, studying critical regulatory proteins in Wnt signaling 

can provide new drug directions for the clinical treatment of tumors. Despite the variety of Wnt/β-catenin-targeted 

therapies, there are still many challenges, such as off-target effects and toxic side effects, with the continuous 

development of targeted drugs and combination drug strategies [49]. Therefore, further exploration is needed to 

identify attractive novel drug molecular targets that inhibit aberrant classical Wnt pathways in tumors without or 

with minimal adverse effects. Here, the state of research on the interaction mechanism of Disheveled, Axin, and 

Ccd1 in the Wnt/β-catenin signaling pathway is reviewed and summarized, and we can better understand the 

additional structural possibilities of dynamic complexes in the Wnt pathway through the DIX domain assembly 

mechanism itself and the way the DIX identify each other. 

In conclusion, the binding events between the DIX structural domains of the three proteins (Axin 1/2, 

Dishevelled 1/2/3 and Coiled-coil-DIX1) are critical for the mechanism of action downstream of Wnt signaling. 

Describing protein-protein interactions and specificity is a matter of key importance for understanding the 

mechanism of action of Wnt signaling. Domains are structural and functional regions of proteins that play 

important roles during protein interactions. And the study of protein-protein interactions is important not only for 

elucidating the mechanism of regulation of life activities, but also for disease prevention, diagnosis and drug 
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design. The analysis of DIX structural domains helps us to better understand the mechanism of action regarding 

dynamic complexes in the Wnt/β-catenin signaling pathway, such as Dvl-Axin interactions, which can be used to 

precisely design relevant targeting inhibitors in conjunction with drug studies of protein-protein interactions. 

Although effective drugs targeting and regulating Wnt signaling through the DIX domain have not been prepared 

yet, given the critical role of the DIX domain in the Wnt signaling pathway, it is essential to study the structural 

biology of the DIX domain, especially the interaction between DIX domains. It also can provide some important 

implications for promoting or inhibiting the Wnt signaling pathway. 
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