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Abstract 

Transcription factors of the Zic family play important roles during animal development 

and their misregulation has been implicated in several human diseases. Zic proteins 

are present in nematodes and their function has been mostly studied in the model 

organism C. elegans. C. elegans possesses only one Zic family member, REF-2. 

Functional studies have shown that this factor plays a key role during the 

development of the nervous system, epidermis and excretory system. In addition, 

they have revealed that the C. elegans Zic protein acts as an atypical mediator of the 

Wnt/β-catenin pathway. In other animals including vertebrates, Zic factors are also 

regulators of nervous system development and modulators of Wnt signaling, 

suggesting that these are evolutionary ancient functions of Zic proteins.   

 

 

Keywords 
Zic, nematodes, C. elegans, transcription, development, nervous system, Wnt 

signaling   

 

  



	 2	

1 Introduction  

 

The phylum Nematoda is a very large and diverse group of animals that belongs to 

the clade Ecdysozoa. It contains both free-living and parasitic animals including 

human pathogens. The most studied nematode is Caenorhabditis elegans. Since the 

late 70s it has become a major model organism for research in various fields 

including genetics, molecular biology, development and neurobiology. Because of its 

short life cycle, it is a powerful model to conduct genetic screens (Brenner 1974). In 

addition, with its transparency, small number of somatic cells (959 in the adult 

hermaphrodite) and fixed lineage, it is an excellent system to study development in 

vivo at single cell resolution (Sulston and Horvitz 1977; Sulston et al. 1983).  

 The sequencing of the C. elegans and human genomes has revealed that 60 

to 80% of human genes have a homolog in C. elegans, and C. elegans has been 

extensively used to characterize the function of many of these conserved gene 

families (Kaletta and Hengartner 2006). A single member of the Zic transcription 

factor family is present in C. elegans, making it easy to study. This family plays key 

roles during the development of various animals including vertebrates. In addition, 

misregulation of Zic factors is involved in several human diseases. Here, we will 

review the studies that have been conducted on the C. elegans Zic factor. We will 

first present its structure, then describe its function during development of the 

nervous system, the epidermis and the excretory system. Finally, we will present its 

role as mediator of Wnt signaling.      

   

 

2 Structure of the Zic gene of C. elegans, ref-2 

 

 C. elegans has only one Zic family gene, ref-2 (Alper and Kenyon 2002; Aruga 

et al. 2006). The name ref-2 (regulator of fusion-2) corresponds to the phenotype of 

the first mutant identified for this gene, which presents a defect in the fusion pattern 

of ventral epidermal cells (Alper and Kenyon 2002). An analysis of several other 

nematode species for which the genome is available (Brugia malayi, Onchocerca 

volvulus, Pristionchus pacificus, Panagrellus redivivus, Strongyloides ratti) suggests 

that they also possess only one Zic family gene. In C. elegans, the Zic protein REF-2 
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presents two isoforms: a short isoform REF-2a (303 amino acids) and a long isoform 

REF-2b (315 amino acids) (Fig. 1A). They result from the use of alternative 

transcription start sites, REF-2b having 12 additional amino acids at the N-terminal 

end. The most abundant isoform is REF-2a. The C. elegans REF-2 proteins possess 

the five C2H2 type zinc fingers characteristic of the Zic protein family (Fig. 1B). The 

degree of conservation of the zinc fingers 2 to 5 is very high while zinc finger 1 is less 

conserved. Some Zic family proteins in various animal species also contain two 

additional conserved domains: ZOC (Zic/Odd-paired conserved) and ZF-NC (zinc 

finger N-terminal flanking conserved). The ZOC domain is only present in the long 

isoform of the C. elegans protein (REF2-b), while the ZF-NC domain is absent in both 

isoforms (Aruga et al. 2006; Layden et al. 2010). 

 Several mutations in the ref-2 gene have been isolated. The first mutation 

isolated, mu218, is a gain of function mutation in a cis-regulatory element located just 

3’ to the coding region (Fig. 1A) (Alper and Kenyon 2002). This mutation leads to an 

ectopic expression of ref-2 in some ventral epidermal cells. Two loss of function 

mutations have subsequently been identified: ot327 is a point mutation in zinc finger 

4 that converts a key cysteine into a tyrosine and is predicted to result in a loss of 

DNA binding activity for zinc finger 4 (Fig. 1A,B), gk178 is a deletion resulting in a 

frame shift that removes the five zinc fingers and is likely a null allele (Fig. 1A) 

(Bertrand and Hobert 2009). Both loss of function alleles give identical phenotypes 

(Bertrand and Hobert 2009).           

 

 

3 Role of REF-2/Zic during C. elegans development 

  

 3.1 nervous system development 

 

 Functional studies have demonstrated that the C. elegans Zic gene ref-2 plays 

an important role during the development of the nervous system. In C. elegans, the 

nervous system is composed of 302 neurons in the hermaphrodite (Hobert 2016). 

Most of them are generated during embryogenesis by a series of invariant 

asymmetric divisions (Sulston et al. 1983). In the embryo, REF-2 is expressed in 

many (but not all) neuronal precursors before their terminal divisions (Bertrand and 

Hobert 2009). The REF-2 protein subsequently disappears from most neuronal 
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lineages and its expression is restricted to only a few postmitotic neurons at larval 

and adult stages. 

 In ref-2 loss of function mutants the global organization of the nervous system 

is normal. While many neuronal subtypes are correctly specified, the generation of a 

few subtypes is defective (Bertrand and Hobert 2009). For example there is a defect 

in the specification of the interneurons AIY and AVK. The mode of action of REF-2 

has been best characterized in the case of the AIY cholinergic interneuron (Fig.2) 

(Bertrand and Hobert 2009; Bertrand et al. 2011; Murgan et al. 2015). The identity of 

the AIY neuron is specified by two terminal selector transcription factors of the 

homeodomain family: TTX-3 (a LHX2/9 ortholog) and CEH-10 (a CHX10 ortholog) 

(Hobert et al. 1997; Altun-Gultekin et al. 2001; Wenick and Hobert 2004). TTX-3 and 

CEH-10 are expressed in the postmitotic AIY neuron throughout the life of the 

animal, where they directly activate and maintain the expression of a large battery of 

AIY-subtype-specific terminal differentiation genes such as specific neurotransmitter 

receptors or ion channels (Wenick and Hobert 2004). In ref-2 mutants, the AIY 

neuron still expresses pan-neuronal markers but looses its specific subtype identity 

(Bertrand and Hobert 2009). The expression of TTX-3, CEH-10 and the battery of 

AIY-specific terminal differentiation genes is lost. During embryonic development 

REF-2 is transiently expressed in the mother cell of the AIY neuron before its 

terminal division but then disappears from the AIY lineage after the terminal division. 

REF-2 directly activates the expression of ttx-3 in the mother cell of AIY by binding to 

a Zic site present in the ttx-3 cis-regulatory region. To activate ttx-3 expression, REF-

2 cooperates with several proneural bHLH transcription factors (HLH-2, HLH-3 and 

HLH-16) that bind bHLH sites close to the Zic site in the ttx-3 cis-regulatory region 

(Bertrand and Hobert 2009; Bertrand et al. 2011; Murgan et al. 2015). ttx-3 then 

activates ceh-10 expression in the postmitotic AIY neuron, and ttx-3 and ceh-10 

subsequently automaintain their expression throughout the life of the neuron. 

Therefore, the Zic factor REF-2 acts transiently in a neuronal precursor to initiate a 

neuronal subtype-specific differentiation program. 

 Interestingly, Zic factors also play a role in the development of the nervous 

system in many animal species. Zic genes are expressed in the developing nervous 

system in deuterostomes (vertebrates, amphioxus, ascidians) (Aruga 2004), 

protostomes (Drosophila, annelids) (Cimbora and Sakonju 1995; Takahashi et al. 

2008; Layden et al. 2010) and cnidarians (Lindgens et al. 2004; Layden et al. 2010). 
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Thus, the role of Zic factors in neuronal specification observed in nematodes may 

reflect an ancient metazoan feature.                     

 

 3.2 epidermis development 

 

 The Zic gene ref-2 was initially isolated in a genetic screen for mutants 

affecting the fusion of the Pn.p ventral epidermal cells (Alper and Kenyon 2002). In 

the C. elegans larva, some of the ventral epidermal cells fuse with a large epidermal 

syncytium (hyp7) while some others don’t fuse. REF-2 is expressed in the ventral 

epidermal cells and its expression last longer in cells that do not fuse. When ref-2 

function is reduced using RNA interference all ventral epidermal cells fuse. 

Conversely, an overexpression of REF-2 using a ubiquitous driver or a gain-of-

function mutation in the ref-2 cis-regulatory regions (mu218) prevents ventral 

epidermal cells from fusing. Therefore, the REF-2 protein keeps ventral epidermal 

cells from fusing. A stronger reduction of ref-2 function using higher concentrations of 

double stranded RNA leads to defects in the generation of the ventral epidermal 

cells. The ref-2 gene genetically interacts with two Hox genes, lin-39 and mab-5, to 

modulate ventral epidermal cell fusion (Alper and Kenyon 2002). However, the 

detailed molecular mechanism through which the REF-2 protein regulates cell fusion 

remains to be determined.    

 

 3.3 excretory system development 

 

 The C. elegans Zic factor REF-2 also plays a role during the development of 

the excretory system (Bertrand and Hobert 2009). The excretory system of C. 

elegans is composed of three cell types: the excretory cell, the duct cell and the pore 

cell (Sundaram and Buechner 2016). This system ensures the osmotic balance as 

well as the elimination of waste from the body. The excretory cell collects fluids that 

are then sent outside by the duct cell and the pore cell. During development three 

different cells successively fulfill the function of pore cell (G1, G2 and then its 

daughter G2p). REF-2 is expressed during development in G1 and in the G2 lineage 

(Bertrand and Hobert 2009). In addition, ref-2 loss of function mutants die at early 

larval stages with a phenotype characteristic of defects in the function of the 

excretory system (the pseudocoelome fills with fluid) (Bertrand and Hobert 2009; 
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Nelson and Riddle 1984). Two gland cells, the excretory gland cells, are associated 

with the excretory system (Sundaram and Buechner 2016). These cells are not 

required for the viability of the animal and their function remains obscure. REF-2 is 

expressed in the excretory gland cells and is needed for the expression of the 

excretory gland marker lim-6 (Bertrand and Hobert 2009). Therefore, REF-2 seems 

required for the correct development and function of the excretory system but the 

detailed molecular mechanism awaits further characterization.  

   

     

4 Role of REF-2/Zic in Wnt signaling 

 

The Wnt/β-catenin signaling pathway plays key roles during animal development 

(MacDonald et al. 2009; Clevers and Nusse 2012). This pathway is present in all 

animals from sponges to human. When this pathway is active, the transcriptional 

coactivator β-catenin is stabilized and interacts with a transcription factor of the T-cell 

factor (TCF) family. This β-catenin:TCF complex activates the transcription of 

“classic” target genes of the pathway via TCF binding sites present in their cis-

regulatory regions (Fig. 3). When the pathway is inactive, β-catenin is degraded and 

TCF represses the expression of the “classic” target genes. While most direct target 

genes follow this “classic” type of regulation, a few other direct target genes have 

been observed to follow an “opposite” type of regulation. These “opposite” target 

genes are repressed by the β-catenin:TCF complex and activated by TCF in the 

absence of β-catenin (Fig. 3) (Hoverter and Waterman 2008; Cadigan 2012; Murgan 

and Bertrand 2015). Interestingly, it has been recently observed in C. elegans that 

REF-2 is involved in this atypical regulation by TCF during the asymmetric divisions 

of neuronal precursors in the embryo (Murgan et al. 2015). 

 In the C. elegans embryo several asymmetric divisions oriented along the 

antero-posterior axis are regulated by a variant of the Wnt/β-catenin cascade named 

the Wnt/β-catenin asymmetry pathway (Kaletta et al. 1997; Lin et al. 1998; Mizumoto 

and Sawa 2007; Phillips and Kimble 2009; Sawa and Korswagen 2013; Bertrand 

2016). This pathway regulates transcription via the formation of a complex between a 

TCF transcription factor named POP-1 and a β-catenin named SYS-1. Following 

asymmetric division, this pathway is active in the posterior daughter cell but not in the 
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anterior daughter cell. The expression of the ttx-3 transcription factor gene is 

activated in the AIY mother cell (anterior daughter cell), where the Wnt/β-catenin 

pathway is inactive, but not in the posterior daughter cell, where the pathway is 

active. This “opposite” regulation by the Wnt/β-catenin pathway of the ttx-3 target 

gene is mediated by REF-2 (Fig. 3) (Murgan et al. 2015). In the anterior daughter 

cell, the TCF protein forms a complex with the REF-2 protein and this TCF:REF-2 

complex activates ttx-3 expression via a Zic binding site present in its cis-regulatory 

regions. In the posterior daughter cell, β-catenin binding to TCF blocks the activation 

by the TCF:REF-2 complex. This is an atypical mode of action for a TCF transcription 

factor and whether other “opposite” target genes are regulated in a similar manner 

remains to be determined. 

 Interestingly, Zic factors have been shown to interact with the Wnt/β-catenin 

pathway in other organisms as well. In vertebrates, Zic proteins bind TCF proteins 

(Zic2 binds TCF4, and Zic3 binds TCF1 and TCF3) (Pourebrahim et al. 2011; Fujimi 

et al. 2012). In addition, Zic factors block the expression of classic target genes of the 

Wnt/β-catenin pathway in mammalian cell cultures and in Xenopus embryos 

(Pourebrahim et al. 2011; Fujimi et al. 2012). The mechanism of repression has been 

characterized for Zic2 (Pourebrahim et al. 2011). Zic2 binds the TCF-4:β-catenin 

complex at the level of cis-regulatory elements containing TCF sites, and this Zic2 

binding blocks the ability of the TCF-4:β-catenin complex to activate transcription. 

Although this mechanism occurs on TCF sites, it is reminiscent of the situation 

observed in C. elegans on Zic sites: in both cases the Zic:TCF:β-catenin association 

is unable to activate transcription. Interestingly, it has been recently observed that in 

ascidian also a Zic protein physically interacts with a TCF factor (Oda-Ishii et al. 

2016). This suggests that modulating the response to the Wnt/β-catenin pathway via 

a direct interaction with TCF is a general function of Zic factors in animals.                              

   

 

5 Conclusion 

 

 For many years C. elegans has been used as a model organism to 

characterize the function of several conserved gene families (Kaletta and Hengartner 

2006). C. elegans has one Zic family member and so far only few functional studies 
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have been conducted to determine its role during development. However, these 

studies have revealed several interesting properties that seem to be shared with 

other animals. The C. elegans Zic factor plays an important role during nervous 

system development, a property conserved in many animals from cnidarians to 

vertebrates, suggesting that it represents an ancient function of Zic factors. In C. 

elegans, Zic is not required for the generation of neurons in general, but it plays a 

role in the specification of some neuronal subtypes. Its mode of action has been 

characterized in one specific cholinergic lineage where it acts transiently in the 

neuronal precursor to initiate the terminal differentiation program. It will be interesting 

to determine whether Zic acts at a similar step in the specification cascade of the 

other neuronal subtypes that it regulates.  

 C. elegans studies have also revealed that Zic directly interacts with TCF and 

plays a role in the transcriptional regulation by Wnt/β-catenin signaling. Zic factors 

bind TCF and modulate the activity of the Wnt/β-catenin pathway in other animals as 

well, pointing towards an ancestral property of Zic proteins. In C. elegans, Zic 

interacts with TCF to regulate the expression of “opposite” target genes of the Wnt 

pathway. This atypical mode of action for TCF has so far only been observed for one 

target gene. It will be important to determine whether a similar mechanism regulates 

the expression of other “opposite” target genes in C. elegans and if this mode of 

action is conserved in other animals. 
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Figure legends 

 

Figure 1 Structure of the C. elegans Zic gene ref-2. 

A) Organization of the ref-2 locus. B) Alignment of the zinc finger region of the REF-2 

protein with the corresponding region of the five human Zic proteins.  
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Figure 2 Role of the C. elegans Zic protein REF-2 in the initiation of the terminal 

differentiation program of the AIY cholinergic interneuron. 

In the AIY mother cell, REF-2 cooperates with proneural bHLH factors (HLH-2, HLH-

3 and HLH-16) to initiate the expression of the terminal transcription factor TTX-3. 

After terminal division, TTX-3 activates the expression of the terminal transcription 

factor CEH-10 in the postmitotic AIY neuron. TTX-3 and CEH-10 then activate and 

maintain the expression of a battery of terminal differentiation genes throughout the 

life of the AIY neuron. 

 

Figure 3 Role of the C. elegans Zic protein REF-2 in the response to Wnt signaling. 

Classic target genes are activated by the TCF:β-catenin complex and repressed by 

TCF in the absence of β-catenin. Opposite target genes are activated by a REF-

2:TCF complex and this activation is blocked by β-catenin.   
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