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Abstract

Dishevelled (Dsh) is a key component of Wnt-signaling pathways and possibly also has other 

functional requirements. Dsh appears to be a key factor to interpret Wnt signals coming via the 

Wnt-receptor family, the Frizzled proteins, from the plasma membrane and route them into the 

correct intracellular pathways. However, how Dsh is regulated to relay signal flow to specific and 

distinct cellular responses upon interaction with the same Wnt-receptor family remains very 

poorly understood.

The molecular cloning and initial analysis of Drosophila dishevelled (dsh), now more than 

20 years ago (Klingensmith, Nusse, & Perrimon, 1994), was back then a routine cloning 

paper of a gene linked to the Wg-signaling pathway. It was shortly followed by the 

molecular characterization of mouse and Xenopus homologs (Sokol, Klingensmith, 

Perrimon, & Itoh, 1995; Sussman et al., 1994), and a slew of papers addressing the potential 

roles of Dishevelled proteins (Dsh or Dvl in mammals) in canonical Wnt signaling, 

Wnt/PCP (planar cell polarity) signaling, and many other contexts from Drosophila and C. 
elegans to mice and humans (reviewed in Boutros & Mlodzik, 1999; Wallingford & Habas, 

2005; Wynshaw-Boris, 2012), but as of today we still do not really know how Dsh is 

regulated, how it is “activated” (if such a term is permissible in the Dsh context), and what 

its functions really are. Its molecular sequence and domain features are highly conserved, 

suggesting that pooling molecular information from different species should be synergistic; 

see earlier reviews for the sequences and molecular features of the Dsh/Dvl protein family 

(Boutros & Mlodzik, 1999; Wallingford & Habas, 2005).

Complications in the functional analyses come from the facts that (1) Dsh proteins usually 

act maternally (the RNA and protein required for early functions are deposited into the 

developing eggs by the mother) and (2) issues of redundancy, as there are three Dvls in mice 

and human, at least two in Xenopus, two in C. elegans, and >four in zebrafish. The specific 

problems of functional dissection and associated complications, functional diversity and 

potential mechanistic insight I will try to discuss below. As this is an essay, it is driven by 

personal ideas, bias, and attempts at “understanding” Dsh’s function(s). It is neither all 

inclusive nor all data driven (and I also apologize for missing some of the references). I hope 

it is nonetheless informative and inspiring.
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 1. THE MANY FUNCTIONS OF DISHEVELLED’S

Understanding the molecular basis and specificity for signal transduction pathways during 

pattern formation, development, and cell fate specification is of general importance in 

biology and disease mechanisms. The associated activation of intracellular signaling 

pathways leads to highly specific responses, ranging from cell proliferation to cell fate 

induction and terminal differentiation. Erroneous signaling can lead to cellular 

transformation and ultimately to diseases like cancer. The tight regulation of the “response 

system(s)” is therefore among the most important elements that govern the development and 

homeostasis of multicellular higher eukaryotes. Importantly, in response to different 

upstream signals, cells often use the same signaling molecules for different purposes. 

Conversely, the activation of the same signaling protein can lead to the activation of distinct 

downstream pathways and cascades. A well-documented example for the first scenario is the 

activation of small GTPase of the Ras family in cellular processes. For example, Ras can be 

activated by different extracellular stimuli and then relay the signal to different effector 

pathways that can lead for example to activation of transcriptional responses and 

cytoskeletal rearrangements (Drosten, Lechuga, & Barbacid, 2013). Dsh family members 

can be considered as a classic example of the second category, with different activation 

processes/pathways use the same molecule. Yet how the effector proteins know in which 

context to bind what, and relay specific information remains unclear in many contexts and, 

certainly, in the case of Dsh it is still unresolved. Nonetheless, the outcome of the Dsh-

mediated signaling events in vivo is and must be very specific.

Dishevelled (Dsh, Dvl in mammals, where there are three equivalent Dvl genes) is a 

signaling molecule that functions in distinct contexts and (at least) two signaling pathways 

(see below), and it appears to have several other biological functions as well. The original 

dishevelled (dsh) mutant allele identified in Drosophila, dsh1, is a viable allele (Fahmy & 

Fahmy, 1959), with defects in the arrangement of bristles on the body wall and wings, and 

hence the gene’s name. Null alleles turned out to be embryonic lethal, and when lacking 

both maternal and zygotic function (Perrimon & Mahowald, 1987), and had phenotypes 

identical to wingless (Wg, the Drosophila founding member of the Wnt family) and 

armadillo (Arm, Drosophila beta-catenin; e.g., Nüsslein-Volhard & Wieschaus, 1980; 

Perrimon & Mahowald, 1987), the classical embryonic Wg/Wnt-signaling defects in flies. 

Together, these observations indicated early on that dsh has a function in (at least) two 

biological contexts.

Subsequent work confirmed that Dsh and Dvls are required for the transmission of Wg/Wnt 

signals in the canonical Wnt pathway and also for signaling during the establishment of PCP 

(polarity of epithelial cells perpendicular to their apical–basolateral axis and also cellular 

polarity in mesenchymal cells in several contexts; Adler, 2012; Goodrich & Strutt, 2011; 

McNeill, 2009; Peng & Axelrod, 2012; Seifert & Mlodzik, 2007; Simons & Mlodzik, 2008; 

Singh & Mlodzik, 2012; Strutt, 2003; Wallingford, 2006; Wallingford, Fraser, & Harland, 

2002; Wang & Nathans, 2007) in vertebrates as well (reviewed in Boutros & Mlodzik, 1999; 

Wallingford & Habas, 2005). Dsh acts downstream of Fz family receptors in both pathways, 

although the receptor complexes and Fzs used, and other proteins that associate with Dsh are 

distinct in the two pathways, raising the question or problem of how a single protein, Dsh 
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(the three mammalian Dvls are equivalent and all have the same potential as Drosophila 
Dsh), downstream of related receptors, specifically activates distinct effector pathways 

(Axelrod, Miller, Shulman, Moon, & Perrimon, 1998; Boutros, Paricio, Strutt, & Mlodzik, 

1998). As this is not all what Dsh/Dvls biologically regulate the situation is more 

complicated.

Currently, Dsh family members have been linked to the following cellular functions. Besides 

its two main and best-described functional requirements, (1) downstream regulator of Fz-

LPR5/6 receptor complexes in canonical Wg/Wnt signaling and (2) core component of Wnt–

Fz PCP signaling, there are several additional biological roles reported: Dsh proteins have 

been linked to (3) nuclear functions (e.g., Collu et al., 2012; Itoh, Brott, Bae, Ratcliffe, & 

Sokol, 2005; see also below), although the role of Dsh in the nucleus remains controversial, 

(4) function in anchoring and/ or localizing ciliary basal bodies in multiciliated cells (Park, 

Mitchell, Abitua, Kintner, & Wallingford, 2008; this function is vertebrate specific as 

Drosophila does not have multiciliated cells), (5) a potential antagonistic function to Notch 

signaling (Axelrod, Matsuno, Artavanis-Tsakonas, & Perrimon, 1996; Collu et al., 2012), 

and (6) last not least, a potential role in cell viability, as the mDvl1,2,3 triple knockout cells 

are cell lethal ((Wynshaw-Boris, 2012), this potential role cannot be explained by a link to 

either Wnt pathway and suggest a novel function).

 2. MOLECULAR FEATURES AND INTERACTIONS OF DISHEVELLED

The two original Dsh functions in canonical Wnt signaling and Wnt–Fz/PCP signaling have 

been studied and the longest and several regulatory interactions and domain requirements 

have been identified. Importantly, the Drosophila dsh gene encodes a 623 amino acid protein 

of 70 kd with no obvious similarities to proteins with catalytic functions, although all its 

domains and general features are highly conserved (reviewed in Boutros & Mlodzik, 1999; 

Wallingford & Habas, 2005; see Fig. 1 for cartoon presentation of Dsh domains). Although 

as a whole the primary sequence of Dsh does not hint at biochemical functions, several 

domains are highly conserved, giving some clues about its potential molecular functions.

All Dsh genes share three highly conserved domains, an N-terminal DIX (Dishevelled-Axin) 

domain, which is also found in Axin and binds to both to the Axin DIX domain or itself 

(required also for Dsh aggregation; Schwarz-Romond, Merrifield, Nichols, & Bienz, 2005), 

a central PDZ domain, which interacts with many proteins and also mediates Dsh–Fz 

interactions (Wong et al., 2003), and a C-terminal DEP domain (based on its original 

presence in Dishevelled-EGL-10-Pleckstrin), which has been linked with the PCP function 

of Dsh (Axelrod et al., 1998; Boutros et al., 1998; Jenny, Reynolds-Kenneally, Das, Burnett, 

& Mlodzik, 2005) and also physically binds to membrane lipids (Simons et al., 2009; see 

also review by Wallingford & Habas, 2005 for additional references). Functional studies in 
vivo and in cell culture have suggested that the DIX and PDZ domains and associated 

sequences (the N-terminal 2/3 of the protein) are critical and sufficient for canonical Wnt 

signaling, whereas the PDZ and DEP domains and associated protein regions are essential 

and sufficient for Wnt–Fz/PCP signaling (Boutros et al., 1998; Wallingford & Harland, 

2002; Wallingford et al., 2000; reviewed in Boutros & Mlodzik, 1999; Wallingford & Habas, 

2005). Consistently, the original dsh1 allele and other PCP-specific dsh alleles (e.g., dshA3) 
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are point mutations that map within the DEP domain, the PCP establishment specific region 

of the protein (Axelrod et al., 1998; Boutros et al., 1998; Penton, Wodarz, & Nusse, 2002). 

All three conserved domains have been shown to interact with many proteins in several 

biochemical and yeast two-hybrid assays (Wallingford & Habas, 2005), and strikingly Dsh is 

currently one of the proteins with the most described molecular interactions. Yet, many of 

these remain functionally and physiologically unresolved and unclear. So while the domain 

requirements for the two pathways seem resolved, the dissection of the regulatory input to 

signaling specificity and pathway-specific protein complex formation remains a challenging 

task.

The oversimplified view for the Dsh complexes specific to two Wnt pathways looks as 

follows:

1. For canonical signaling, Dsh forms a complex with Axin (via DIX domain), Fz 

(via PDZ), and Wnt coreceptor LRP5/6 (arrow in Drosophila; via Axins 

interaction with the coreceptor) and this is triggered by Wnt-mediated 

(co)receptor activation; these interactions pull Axin out of the beta-catenin 

“destruction”-complex (reviewed in Clevers & Nusse, 2012) and at the same 

time the Dsh–Axin multimerization leads to the formation of the so-called 

signalosomes (Bilic et al., 2007; Zeng et al., 2008); it is likely that this 

complex also contains other factors from the “destruction”-complex including 

several of the kinases (Taelman et al., 2010).

2. In Wnt–Fz/PCP signaling, the situation is less clear, although specific 

interactions are documented. Dsh binds to Fz via the PDZ domain and this 

membrane-associated protein complex is stabilized through the (acidified) lipid 

interaction of the DEP domain. The PCP factor Diego (Dgo, Inversin, and 

Diversin in vertebrates) stabilizes this PCP-specific complex. It is assumed that 

other proteins are also part of this complex, including Fmi (a.k.a. Stan in 

Drosophila, Celsr in mammals), several kinases, and Rho family GTPases and 

their activators, including GEFs and Daam1/Formin (see PCP-specific reviews: 

e.g., Adler, 2012; Goodrich & Strutt, 2011; McNeill, 2009; Peng & Axelrod, 

2012; Seifert & Mlodzik, 2007; Simons & Mlodzik, 2008; Singh & Mlodzik, 

2012; Strutt, 2003; Wallingford, 2006; Wallingford et al., 2002; Wang & 

Nathans, 2007). The potential role of the kinases proposed to partake in this 

will be discussed below.

While these two complexes are the “stable end result” of the involved protein interactions, 

during PCP establishment Dsh can physically bind other core PCP factors, namely, Van 

Gogh (Vang, Vangl in vertebrates; a.k.a. Strabismus/Stbm in Drosophila) and Prickle (Pk). 

These interactions should however be less stable and transient, as they serve to antagonize 

the formation of a Vang–Pk complex on the Fz–Dsh side of planar polarization (see PCP-

specific reviews for more details: Adler, 2012; Goodrich & Strutt, 2011; McNeill, 2009; 

Peng & Axelrod, 2012; Seifert & Mlodzik, 2007; Simons & Mlodzik, 2008; Singh & 

Mlodzik, 2012; Strutt, 2003; Wallingford, 2006; Wallingford et al., 2002; Wang & Nathans, 

2007). The interactions of Dsh in the proposed other biological contexts are less well 

defined and will be discussed at the end.
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 3. KINASES ASSOCIATED WITH Dsh

Dsh proteins contain many potential phosphorylation sites and are known to be heavily 

phosphorylated. For example, in Drosophila Dsh out of the 623 amino acids more than 100 

are S/T residues (most of them conserved) and another 11 conserved tyrosines, suggesting 

that more than 1/6 amino acids is or could be phosphorylated (for sequence alignments, see 

Boutros & Mlodzik, 1999; Wallingford & Habas, 2005). Actually, many of these sites are 

indeed phosphorylated as determined by mass spectrometry studies, in vitro assays, and in 
vivo confirmations (see, for example, Klein, Jenny, Djiane, & Mlodzik, 2006; Schertel et al., 

2013; Serysheva et al., 2013; Singh, Yanfeng, Grumolato, Aaronson, & Mlodzik, 2010; 

Strutt, Price, & Strutt, 2006; Yanfeng et al., 2011 and others). However, only a few sites 

have been functionally confirmed as physiologically essential (Singh et al., 2010; Strutt et 

al., 2006). Many of the S/T residues are functionally clustered and thus a certain level of 

redundancy is expected, which applies for example to the S/T cluster just N-terminal to the 

PDZ (Klein et al., 2006; Strutt et al., 2006). In other regions of Dsh however, redundancy is 

less apparent and phosphorylation has been confirmed, and yet mutations in the specific 

residues do not appear to be functionally important (Yanfeng et al., 2011). A striking 

example for this scenario is the sole conserved Y residue within the PDZ domain, which is 

an F residue in most other PDZs and is phosphorylated in Drosophila in vivo (as 

documented with phospho-specific antibodies). Yet when mutated to a nonphosphorylatable 

residue the respective mutant Dsh allele fully rescues all detectable functions of the gene in 

Drosophila (Yanfeng et al., 2011).

Despite these complications, several individual residues and S/T-clusters have been 

identified as functionally critical and the respective kinases have also been shown to act on 

Dsh and have a Dsh-related function in vivo. This applies to an S/T cluster N-terminal to the 

PDZ domain in Dsh that has been linked with CK1 family phosphorylation PDZ (Klein et 

al., 2006; Strutt et al., 2006) and a single conserved Y residue within the C-terminal region 

of the DEP domain (Y473 in Drosophila) linked to Abelson (Abl) kinase phosphorylation 

(Singh et al., 2010). While the Abl–Y473 connection has been shown to push Dsh function 

toward Wnt–Fz/PCP signaling, the CK1 phosphorylation in the S/T cluster has been linked 

to both pathways (Klein et al., 2006; Strutt et al., 2006), and there is evidence for 

redundancy among different CK1 family members, in particular CK1ε/dco, CK1α, and 

CK1γ /gish (Gault, Olguin, Weber, & Mlodzik, 2012; Strutt et al., 2006; Zhang et al., 2006). 

A twist to the CK1ε/dco requirement(s) is that it appears that the CK1ε protein is sufficient 

even as a kinase dead isoform to rescue phosphorylation event, possibly due to complex 

formation with other CK1 family members or other kinases (Klein et al., 2006; Strutt et al., 

2006).

So far, two Dsh phosphorylation-associated kinases presumed specific to canonical Wnt-

pathway signaling have been reported. The first, Wnk is an S/T-kinase that lacks the K 

residue in the standard ATP-binding pocket and hence its name Wnk (standing for “with no 
K”). There is one family member in Drosophila, dWnk, and four in mammals (it is a more 

common kinase subfamily in plants). dWnk was identified in a Drosophila cell-based screen 

for kinases required for Fz-induced Dsh phosphorylation (Serysheva et al., 2013). 

Accordingly, dWnk mutants specifically affect canonical Wg/Wnt signaling in vivo and 
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cause a marked reduction of Dsh phosphorylation. However, despite its clear requirement in 

Wnt signaling, the specific phos-phorylation target residues in either Dsh or other coreceptor 

complex proteins have not yet been identified (Serysheva et al., 2013; Serysheva, Mlodzik, 

& Jenny, 2014). The second S/T-kinase in this context is Nek2, which was identified in a 

Drosophila gain-of-function screen (Schertel et al., 2013), and has been linked to aspects of 

cell-cycle regulation previously. Nek2 phosphorylates both, N- and C-terminal S/T residues 

and is suggested to promote Dsh activity toward canonical signaling (Schertel et al., 2013). 

The physiological role of Nek2 remains unclear as no mutant phenotypes have been reported 

yet.

There are several other kinases that have been suggested to act on Dsh or with Dsh, PKC 

family members, for example, yet in many cases the link to Dsh is still speculative or too 

vague to allow suggestive functional modes. And, while PKC family members and PKCδ in 

particular appear involved in Dsh regulation toward the PCP side of signaling (Kinoshita, 

Iioka, Miyakoshi, & Ueno, 2003), many others are too speculative to be discussed here. One 

aspect is shared by most of the kinases discussed here and others linked to Dsh, namely that 

Dsh needs to be first recruited to the membrane, which is mainly mediated by Fz receptor 

family members, before it interacts with a kinase and gets phosphorylated. It is clear that 

there remains a lot to be discovered at the interplay between kinases and Dsh. See Fig. 2 for 

a summary of suggested links between specific kinases and Dsh.

 4. CELLULAR LEVELS OF Dsh AND REDUNDANCY IN THE MOUSE 

MODEL

Studies in Drosophila suggest that the cellular levels of Dsh are critical for its roles in either 

pathway or other functions. Strikingly, there are huge amounts of Dsh protein and RNA 

deposited in the egg during Drosophila oogenesis by the mother (Perrimon, Engstrom, & 

Mahowald, 1989; Perrimon & Mahowald, 1987) and hence the zygotic null dsh mutants, 

originating from a dsh+/− mother, survive and look largely normal all the way to third instar 

larval stages and some even beyond that. This suggests that either the Dsh protein is very 

stable which has not been addressed thoroughly yet, but seems unlikely as several ubiquitin-

linked enzymes and associated proteasome degradation have been lined to Dsh regulation 

(for example, Chang et al., 2015; de Groot et al., 2014; Madrzak et al., 2015; Strutt, Searle, 

Thomas-Macarthur, Brookfield, & Strutt, 2013), or that the dsh RNA is particularly stable 

and maintained throughout embryogenesis to later developmental stages. As such, only 

maternal-zygotic double mutant dsh− embryos display the classical Wg/Wnt-signaling 

canonical defects comparable to wg itself or arm/β-catenin (Perrimon et al., 1989; Perrimon 

& Mahowald, 1987). Nonetheless, at later developmental stages in Drosophila, the 

maintenance of correct Dsh levels is critical for the function of both pathways, canonical 

Wnt signaling and the Wnt–Fz/PCP pathway.

As such, during larval stages when Wg signaling is critical for the growth and patterning of 

all imaginal discs and adult tissues, as well as for the subsequent or overlapping process of 

PCP establishment, too little or too much Dsh is equally deleterious to the tissue and animal. 

For example, in all assays reported the overexpression of Dsh (driven via components of the 
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Gal4/ UAS system; Brand & Perrimon, 1993) is lethal, and similarly reducing dosage of dsh 
very often enhances the lethality of weak Wg-signaling alleles or is a strong suppressor of 

gain-of-function scenarios in either pathway. The sensitivity to Dsh levels is also observed 

when a larger than wild-type fraction of Dsh is pushed toward PCP signaling; such scenarios 

not only cause dominant PCP defects but also cause mild Wg-signaling defects, as the Dsh 

levels available to canonical Wnt signaling are then too low. A perfect example is the 

overexpression of Dgo, which locks Dsh in the PCP complex, not only causes gain-of-

function PCP defects (Weber, Gault, Olguin, Serysheva, & Mlodzik, 2012), but also leads to 

loss-of-Wg signaling (Wu, Jenny, Mirkovic, & Mlodzik, 2008). In that context, for example, 

removing one genomic copy of Dsh (dsh+/−) further enhances the canonical Wg-signaling 

defects, as there is now even less Dsh available for the canonical pathway (while the dsh+/− 

scenario suppresses the PCP gain-of-function defects; Weber et al., 2012; Wu et al., 2008). It 

is thus surprising that the embryo can easily cope with the huge maternal load of Dsh protein 

and RNA.

In vertebrate contexts, the levels of Dsh or the sensitivity of the pathways to the protein 

levels has not been addressed carefully. In Xenopus, nevertheless, the protein levels seem to 

matter as injections of early frog embryos with either wild type of mutant isoforms of xDsh 

RNA causes strong phenotypes that are readily obtained. The “ease” of such manipulation of 

Dsh levels and function in Xenopus (Itoh & Sokol, 1997; Rothbächer et al., 2000; 

Wallingford et al., 2000) has been instrumental in shedding light on its functional roles and 

domain requirements in vertebrate development, which basically confirmed the Drosophila 
data.

The genetic dissection of the Dvl proteins in mice suggests a strict redundancy for canonical 

signaling and specific roles in the PCP context (Wynshaw-Boris, 2012, see this review by 

Anthony Wynshaw-Boris for mouse Dvl work-associated references, as these would be too 

many to list here). In brief, single or double mutants of mDvl1, 2, and 3 display only Wnt–

Fz/PCP-associated defects, and some single mutants are even viable with subtle defects in 

specific organs like the cochlea. Studies of double knockouts revealed more severe 

phenotypes (or even novel phenotypes) as compared to single knockouts suggesting 

overlapping or redundant functions of the mDvl genes. The double mutants are generally 

lethal and associated with PCP-associated developmental defects. As all three Dvl genes are 

widely expressed, the obvious issue of redundancy is expected to play a significant role here, 

yet some phenotypes are associated with single mutants and it is not yet clear if all of the 

single mutant defects are PCP associated. For example, single knockout of mDvl1 leads to 

viable mice that show social behavior defects and neuronal abnormalities; it remains to be 

seen how if at all this function can be linked to PCP-associated signaling (Lijam et al., 1997; 

Wynshaw-Boris, 2012). Nonetheless, largely all of the phenotypes displayed by the mouse 

Dvl mutants appear to be caused by PCP pathway-associated functions, and, importantly, not 

of the canonical Wnt pathway. These data suggest that the Wnt–Fz/PCP pathway is sensitive 

to reduction of Dvl Ievels, but only one mDvl allele (of the six present in the genome, two 

each for the three genes) appears to be sufficient for canonical Wnt-signaling pathway 

function. This is a rather striking observation and raises many questions on level 

requirements of the Dsh/Dvl protein family in the individual pathway contexts.
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 5. A CILIARY FUNCTION OF Dsh

Several quite recent studies have suggested a link between Dsh and ciliogenesis and ciliary 

positioning. In principle, one can easily link Dsh to ciliary positioning, as it appears to be a 

key function of Wnt–Fz/PCP signaling to localize cilia to the appropriate region of a cell in 

vertebrate cells. As such, the Fz–Dsh PCP complex performs (yet not well defined) 

“functions” to localize the primary cilium to its side near the apical surface of the respective 

cell, for example, on the posterior side in neural plate cells (e.g., Borovina, Superina, 

Voskas, & Ciruna, 2010). These data suggest that Dsh is not per se required for ciliogenesis 

(at least its PCP signaling-associated function) as cilia form independently of the Wnt–

Fz/PCP core pathway, albeit they are mispositioned. However, the situation is more 

complicated, as Dsh is found at the base of cilia, associated with the basal body (at least by 

light microscopy studies) and is also required for apical positioning of the basal bodies (Park 

et al., 2008). Moreover, in multiciliated cells, every single of the many (often >100) cilia 

present in such cells does have Dsh localized at its base, suggesting a critical role of Dsh in 

(at least) apical positioning of cilia and specific trafficking to the ciliary base. In these cells, 

Dsh levels need to be amplified as the number of cilia and thus basal bodies needs to be 

massively increased over regular cells with a single, primary cilium. As such the protein 

levels of the core factors for ciliogenesis and Dsh need to be coordinated (Park et al., 2008).

Additional links to a potential function of Dsh in ciliogenesis come from the observation that 

one of the key Dsh interactors in Drosophila, Dgo, is the homologue of vertebrate Inversin, 

the product of Nephronophthisis type II gene, which acts in several ciliopathies contexts 

including kidney (Simons et al., 2005). Inversin has been identified as a key component of 

the ciliary transition zone protein complexes (Reiter, Blacque, & Leroux, 2012), suggesting 

that an Inversin/Dgo–Dsh link might serve ciliary functions independent of the Wnt–Fz/PCP 

contexts.

 6. OTHER FUNCTIONS OF Dsh FAMILY MEMBERS?

Of the proposed functions for Dsh family proteins, a direct involvement and function inside 

the nucleus is controversial and the least well defined. Despite several studies documenting 

shuttling of Dsh/Dvl into the nucleus and a potential requirement there in canonical Wnt 

signaling (e.g., Gan et al., 2008; Itoh et al., 2005), and direct interactions with nuclear 

transcription factors (Barry et al., 2013; Wang et al., 2015), the idea of a nuclear role of 

Dsh/Dvl has not really caught on. The most recent papers on this subject identify direct 

interactions between Dvl with members of the YAP/TAZ family (nuclear effectors of the 

Hippo pathway) (Barry et al., 2013) and FoxK transcription factors (members of the 

Forkhead transcription factor family) (Wang et al., 2015) in mammalian contexts. As there is 

no evidence for nuclear Dsh action in Drosophila, it is possible that this aspect is an 

evolutionary addition to the functions of Dsh/Dvl in vertebrates.

Dsh has also been proposed to antagonize Notch signaling both genetically in Drosophila 
(Axelrod et al., 1996) and molecularly in breast cancer cell lines (Collu et al., 2012). While 

the genetic effects in Drosophila can be explained via general signaling pathway interplay, 

Wnt signaling and the Notch pathway often act antagonistically, the proposed molecular 
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mechanism for Dsh Notch antagonism in breast cancer cells via Dsh/Dvl binding directly to 

the Su(H)/CSL nuclear effector/transcription factor of the Notch pathway (Collu et al., 2012) 

is highly intriguing and deserves further attention.

As a final thought, it is worth mentioning that Dsh/Dvl family proteins might also more 

directly affect cell growth and/or survival, independent of Wg/Wnt signaling. This idea is 

supported by two general observations. Overexpression of Dsh in Drosophila generally 

causes cell death, and although this has not been “officially” published it is a common 

observation by several labs, and usually discussed at meetings and conferences informally. 

Whether it is a physiological effect or an artifact of overexpression remains to be seen. 

Similarly, the observation that a triple knockout of all three Dvl genes in the mouse appears 

cell lethal (Wynshaw-Boris, 2012) is also not easily explained via canonical Wnt-signaling 

effects. As such, it seems that there is still a key role of Dsh/Dvl to be discovered.

 7. CONCLUDING REMARKS

The mechanism by which Dsh routes information into the different intracellular pathways 

and its functional requirements in general may lie in its domain composition (Fig. 1). Using 

in vivo structure–function approaches and mutant rescue experiments, it has been 

established for quite sometime which regions and which domains of Dsh act in the 

respective pathways (Axelrod et al., 1998; Boutros et al., 1998), and these observations have 

been confirmed in vertebrate models (Itoh & Sokol, 1997; Rothbächer et al., 2000; 

Wallingford & Habas, 2005; Wallingford & Harland, 2002; Wallingford et al., 2000). The 

molecular nature of the PCP-specific dsh alleles further supported these conclusions 

(Axelrod et al., 1998; Boutros et al., 1998; Penton et al., 2002). The dissection of the distinct 

domain requirements suggested that a functional understanding is in grasp, yet that was over 

15 years ago and we still do not understand Dsh/Dvl regulation much better than that. The 

addition of regulatory input by kinases has not yet been helpful, possibly because there are 

so many and because of possible redundancy.

When the domain requirements were established in 1998, it seemed that the lack of 

knowledge of the respective physical interaction partners was hampering our understanding 

of how Dsh/Dvl signals. We know many interaction partners now, most likely too many, as 

Dsh/Dvl proteins have pulled down a vast set of molecular interactors, of which many 

remain questionable. Thus, although we understand the basic principles of signal routing, 

like the DIX domain interaction with Axin being required for canonical Wnt signaling (e.g., 

reviewed in Clevers & Nusse, 2012), the PDZ domain interacting with the Fz receptor 

family members (Axelrod, 2001; Boutros, Mihaly, Bouwmeester, & Mlodzik, 2000; Wong et 

al., 2003), or the interaction of the DEP domain with membrane lipids and Diego locking 

Dsh into PCP complexes (Jenny et al., 2005; Simons et al., 2009), we still do not know how 

these are regulated in a temporal or spatial manner. Most importantly, these signaling events 

often happen simultaneously in individual cells, e.g., in the Drosophila eye (Mlodzik, 1999), 

and so a tight regulatory mechanism has to be present. At this point, there are still many 

gaps remaining, too many, in the understanding of Dsh/Dvl function and regulation in the 

respective Wnt-signaling pathways or other Dsh/Dvl functional requirements. Hopefully, we 

will not have to wait for another 20 years to have this puzzle solved.
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Figure 1. 
Domain organization of Dishevelled (Dsh) proteins and pathway-specific requirements and 

interactions. Dsh (in Drosophila 623 aa long) is shown in blue with its three main and highly 

conserved domains, DIX, PDZ, and DEP, labeled accordingly. The color scheme is “red” for 

canonical Wnt/β-catenin signaling and “black” for Wnt–Fz/PCP signaling. The three 

domains have their “main” pathway-specific interactors shown in the respective color and 

the red and black bars below Dsh indicate the approximate extent of requirements for signal 

relay to the respective pathways. Frizzled receptors directly interact with the PDZ domain 

and as this interaction is needed for both signaling outcomes it kept in blue. See text for 

details.
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Figure 2. 
Domain organization of and kinases associate with Dsh function. Color scheme is the same 

as in Fig. 1. Kinases that are known to directly phosphorylate Dsh are shown in pathway-

specific colored solid boxes or in blue (if generally required for Dsh function, e.g., the CK1 

family). Some of the more speculative kinases linked to Dsh function and phos-phorylation 

(but not direct phosphorylation of Dsh) are shown as white boxes with pathway-specific 

colored labels. Only a very limited number of kinases that have been linked to Dsh signaling 

are shown to reflect a conceptual (over)simplified view. See text for details.

Mlodzik Page 15

Curr Top Dev Biol. Author manuscript; available in PMC 2016 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. THE MANY FUNCTIONS OF DISHEVELLED’S
	2. MOLECULAR FEATURES AND INTERACTIONS OF DISHEVELLED
	3. KINASES ASSOCIATED WITH Dsh
	4. CELLULAR LEVELS OF Dsh AND REDUNDANCY IN THE MOUSE MODEL
	5. A CILIARY FUNCTION OF Dsh
	6. OTHER FUNCTIONS OF Dsh FAMILY MEMBERS?
	7. CONCLUDING REMARKS
	References
	Figure 1
	Figure 2

