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Abstract 

Formation of the neural tube, from which the central nervous system develops, depends on 

convergent extension (CE) movements that constrict and elongate neuroepithelial tissue. Genetic 

regulators of CE include components of inositol phosphate metabolism, the caudal CDX 

transcription factor family, and the non-canonical WNT/planar cell polarity (PCP) pathway. To 

better understand the genetic mechanisms underlying CE, we examined the assembly of the C. 

elegans ventral nerve cord (VNC), which undergoes CE during its formation. This process 

involves the coordination of multiple neuron subtypes and is regulated by the PCP pathway. 

However, the genetic regulation of VNC assembly and the morphogenetic processes involved 

remain poorly understood. 

This dissertation explores the roles of two conserved regulators of embryonic nerve cord 

assembly in C. elegans: the inositol phosphate (IP) pathway and the transcription factor PAL-

1/CDX. We found that disruption of the central IP kinase IPPK-1 caused defects in initial contacts 

between left and right VNC motor neurons and delayed the resolution of multicellular rosettes, 

which are critical for driving anterior-posterior junction extension. These defects impaired CE, 

leading to persistent cell contacts later in embryogenesis and resulting in the mispositioning of 

neurons. Additionally, we identified a region approximately 10 kb upstream of the pal-1 start site 

that is required for its expression in DA and DD neurons. Loss of the nuclear hormone receptor 

SEX-1 produced a similar phenotype and exacerbated pal-1 defects in compound mutants. 

Mutation of both ippk-1 or pal-1 and the PCP component vang-1/Van Gogh, similarly increased 

severity in neuron positioning defects. This work highlights the regulatory network underlying 

VNC assembly, which involves tissue-specific transcription factor cascades and coordinated cell 

movements. Moreover, it demonstrates that nematode VNC assembly shares genetic pathways, 

mechanisms, and defects with neurulation, suggesting that the VNC serves as a valuable model for 

further investigation. 
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1.1 Embryogenesis, Collective Cell Movements and Convergent Extension  

1.1.1 The Importance of Collective Cell Movements to Early Neural Development  

During early embryo development, aggregates of cells transition from relatively simple 

clusters into more complex morphologies, composed of increasingly distinct and diverse cellular 

populations. Collective movements are involved in facilitating this transition, which requires 

coordination between cell migration, proliferation and rearrangement (Ciruna et al., 2006; Keller 

et al., 2000). The resulting changes alter the shape of tissues during morphogenesis, thinning, 

elongating or narrowing cellular populations. Collective cell movements are important in the 

development of the nervous system at different stages and scales. During early development, 

movements coincide with specification of the body axis, where they help to maintain the patterning 

of tissue (Vroomans et al., 2015). This includes a prominent role for mechanisms that converge 

and elongate tissues during gastrulation, coordinate development of the neural plate and eventually 

shape the neural tube, which forms the underlying structure for the central nervous system (Ybot-

Gonzalez et al., 2007; Williams et al., 2014; Araya et al., 2016; Bénazéraf, 2018). Additional 

movements are required later in development to facilitate morphogenesis of specific cells 

populations. This includes the sensory epithelium of the cochlea and regions of the mammalian 

forbrain, including the neocortex (Chacon-Heszele et al., 2012; Driver et al., 2017; Werner et al., 

2021; Xie and Bankaitis, 2022). Failure of these movements, resulting from genetic or 

environmental factors can have severe consequences on development. Dysregulation of signaling 

mechanisms during morphogenesis of the neural tube for example, leads to embryonic lethality or 

developmental abnormalities (Verbsky et al., 2005; Ybot-Gonzalez et al., 2007; Lesko et al., 

2021). 

1.1.2 Classification of Collective Cell Movements 

A diverse set of cell movements underlie the development of multiple tissues during 

embryogenesis (reviewed in Sutherland et al., 2020). Cell shape changes for example, can drive 

expansion of a tissue in combination with and without cell rearrangement during Drosophila 

melanogaster imaginal disk elongation or neurulation in chick embryos (Condic et al., 1991; 

Nishimura et al., 2012). In tissues where cells are actively dividing, polarized cell divisions can 

also drive growth (Fischer et al., 2006). Radial intercalation (RI) involves the intercalation of cells 

orthogonally to the extending axis (Szabó et al., 2016; Shook et al., 2022). This movement drives 
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tissue thinning and is widely involved during gastrulation, mammary duct development and 

epithelial to mesodermal transitions in the central lumen of the mouse embryo (Bensch et al., 2013; 

Neumann et al., 2018; Gredler and Zallen, 2023). Given that the direction of intercalation is 

orthogonal to the plane of extension, RI movements favor multilayered tissues (Szabó et al., 2016). 

It can drive both unbiased expansion of tissue, such as in the animal cap of Xenopus laevis or 

biased expansion along a single axis (Shih and Keller, 1992; Szabó et al., 2016). Convergent 

extension, in contrast to unbiased radial intercalation or convergent thickening, is the process by 

which a tissue narrows along one axis and elongates in a perpendicular direction (Shindo, 2018). 

It is critical for the development of various tissues, including notochord and neural tube 

development in Xenopus, zebrafish and mammals, in addition to germband extension in 

Drosophila (Irvine and Wieschaus, 1994; Wallingford and Harland, 2002; Kida et al., 2007; Ybot-

Gonzalez et al., 2007).  

While differences between movements are reflective of the diversity during developmental, 

mechanisms which facilitate and regulate tissue growth are largely shared. Mechanisms that 

establish and maintain polarity are important in many examples of collective cell movements 

(Ossipova et al., 2015; Shi, 2024). Similarly, both medial-lateral and radial intercalations are 

driven by common cellular mechanisms that form multicellular rosettes (Trichas et al., 2012; 

Williams et al., 2014; Gredler and Zallen, 2023). In certain tissues, including the developing neural 

tube, changes in tissue shape, cell rearrangement during convergent extension and polarized cell 

divisions are coupled to produce more elaborate morphologies (Davidson and Keller, 1999; 

Werner et al., 2021; Christodoulou and Skourides, 2022). The remainder of this review will focus 

primarily on convergent extension, as it is one of the most essential morphogenetic processes and 

is ubiquitous across many organisms and tissue types.  

1.2 Convergent Extension  

Work over the past 3 decades has provided multiple lines of evidence that highlight the 

importance of convergent extension. These studies have shown that gastrulation, notochord 

development and neurulation in chordates require convergent extension movements and have 

established them as essential models (Keller et al., 1985; reviewed in Tada and Heisenberg, 2012; 

Sutherland et al., 2020). Studies in zebrafish show that failed cell intercalation during convergent 

extension leads to a broad undeveloped neuroepithelium (Ciruna et al., 2006). Similar phenotypes 
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can be observed in mice and Xenopus with mutations affecting convergent extension (Greene et 

al., 1998; Wallingford and Harland, 2002; Goto and Keller, 2002). This work has also uncovered 

shared and divergent molecular mechanisms which are required during development. 

Neural tube defects (NTDs) are a group of heterogenic developmental defects caused by 

improper closure of the neural tube (reviewed in Greene and Copp, 2014; Lee and Gleeson, 2020). 

In general, disruption in multiple mechanisms that occur during both primary neurulation, the 

initial bending and fusion of the neural plate, and secondary neurulation, in which mesenchymal 

cells undergo tubulogenesis in the caudal neural tube, are sufficient to induce NTDs. This includes 

disruption of bending of the neural plate at the medial or dorsal hinge regions, failure of neural 

fold fusion or apical constriction, cell proliferation imbalances and somite development (Copp et 

al., 1988; Pyrgaki et al., 2011; Greene and Copp, 2014; Nychyk et al., 2022). Failure in these 

processes can collectively lead to openings in the neural tube which can expose the developing 

tissue, including central nervous system, to the extracellular environment (Greene et al., 2009; 

Nikolopoulou et al., 2017). Based on the etiology, genetics and site of closure disruption, neural 

tube defects can present with a range of characteristics and severities. Open NTDs, the most severe 

variations of the defect, arise from a failure in primary neurulation and include disrupted 

mechanisms during convergent extension (Greene and Copp, 2014). The most common defects 

associated with the open NTD group are craniorachischisis, where both the cranial region and 

spinal cord remain exposed, anencephaly, where the cranial portion of the neural tube fails to close, 

and open spina bifida, where a portion of the spinal cord remains exposed. Closed NTDs, are 

relatively milder and result from failures in secondary neurulation (Greene and Copp, 2014). These 

broadly lead to skin covered protrusions or gaps in the spine. 

 NTDs remain one of the most common groups of embryonic defects, affecting 

approximately 1 in 1000 Canadians (Greene et al., 2009; De Wals et a., 2007). These individuals 

suffer from a range of symptoms including compromised motor function, incontinence, balance 

issues, hydrocephalus and impaired cognitive function (Greene and Copp, 2014). A current 

mitigating strategy is to prevent NTDs through nutritional folate supplementation; this has been 

effective in most of the population, though some folate-resistant etiologies contribute to their 

continuing prevalence (Greene and Copp, 1997; De Wals et al., 2007; Cavalli and Ronda, 2017).   
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The cellular movements which comprise convergent extension require multiple cellular 

and molecular mechanisms to facilitate patterned intercalations (reviewed in Shindo, 2018; 

Sutherland et al., 2020). These mechanisms show slight variation across different models and 

tissue lineages. Over the past decade, work in different model organisms has uncovered two 

cellular behaviors by which convergent extension can be achieved (Figure 1.1). The first is defined 

by a cell-crawling movement, that is mediated by bipolar membrane protrusions (Keller, 2002). 

Originally observed in the mesoderm derived cells of Xenopus, the protrusions provide traction as 

cells cross the extra cellular matrix and intercalate with each other (Keller et al., 1985). A second 

movement is seen in neuroepithelia and the Drosophila germband (Irvine and Wieschaus, 1994; 

Bertet et al., 2004; Zallen and Wieschaus, 2004). Here, cell-cell boundaries contract along the 

dorsoventral axis and expand along the anterior-posterior axis in an ordered manner to achieve 

convergent extension, transitioning from a series of V-shaped junctions to a set of T-junctions. 

During convergent extension by junction contraction in the developing neural tube and epithelium, 

transient multicellular rosette structures that share a common vertex are formed (Blankenship et 

al., 2006; Lienkamp et al., 2012; Williams et al., 2014; Gredler and Zallen, 2023). These require 

contractile forces generated by actomyosin that drive the shrinking and elongation of cell-cell 

junctions (Harding et al., 2014; Zhou et al., 2022). Sequential assembly of rosettes is thought to 

coordinate junctional exchanges throughout collective cell movements (Christodoulou et al., 2018; 

Gredler and Zallen, 2023). 

  Recent work by several groups have shown that while the two behaviors can function 

independently, efficient intercalation in many tissues requires both cell-crawling and contraction-

based mechanisms (Sun et al., 2017; Weng et al. 2022). During convergent extension in the 

germband of the developing Drosophila embryo, cells first extend via their bilateral protrusions 

before meeting, after which their cell-cell boundaries contract and form rosettes as in the later 

model. This work has been supported in both Xenopus mesoderm and mouse neural epithelia tissue 

(Shindo and Wallingford, 2014; Williams et al., 2014). Both movements require asymmetric 

distribution of actin. During cell crawling, actin is enriched at the mid-cell body and protruding 

cell boundaries in a similar manner to lamellipodia (Skoglund et al., 2008; Kim and Davidson, 

2011). Likewise, during cell-cell junction contraction, two populations of actomyosin becomes 

asymmetrically localized (Martin et al., 2009; Munjal et al., 2015). The more superficial 

population forms a “node and cable” network, while a second population of actin extends along 
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contracting medial-lateral junctions (Skoglund et al., 2008; Kim and Davidson, 2011; Weng et al. 

2022). The dynamics of these three populations of actin regulates the rate and overall force 

required for intercalation. Although both behaviors require asymmetric actin dynamics, they are 

regulated independently. Cell-crawling requires the GTPase RAC and the kinase SRC42A, while 

junctional contraction requires myosin II (Sun et al., 2017). Tension-based feedback between cells 

and contracting junctions is required for the coordination of behaviors (Weng et al. 2022). This is 

controlled by the expression of adhesive proteins within intercalating tissues. During Xenopus 

gastrulation, for example, Arvcf catenin is required for efficient convergent extension within 

mesodermal cells without effecting individual behaviors that only require crawling or contraction 

(Huebner et al., 2022; Weng et al. 2022). 

1.3 Regulation of Collective Cell Movements  

The diverse and complex contexts which many collective cell movements take place 

suggest that tight regulation of the process is required. Given the importance of cytoskeletal 

movements to collective cell movements, and specifically convergent extension. Specifically, 

several ligand mediated pathways and transcription factor cascades influence the localization of 

actomyosin contraction, either at a subcellular or regional level, or its timing in relation to 

milestones during embryonic development. These subsequent pathways will be discussed in terms 

of their relation to influencing the timing, subcellular localization or regionalization.  

1.3.1 Canonical WNT Signalling  

Previous study of CE has shown that WNT signalling, intracellular pathways that are 

initiated through a set of secreted WNT ligands, play important roles across several models of CE 

(Rochard et al., 2016; Zhao et al., 2022). These pathways are activated under physiological 

contexts in which ligands bind and activate the transmembrane receptor Frizzled (Fz) (reviewed 

in Liu et al., 2022; Hayat et al., 2022). WNT signaling can be divided into two main branches 

based on participation of the transcriptional cofactor β-catenin (Figure 1.2). The canonical 

signalling  
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Figure 1.1: Convergent extension is predominantly driven by two cellular behaviors. In the 

first or “cell crawling model,” cells exert traction upon each other and the extracellular matrix 

through actin rich protrusions (1). This drives intercalation between the cells (2). In the “junctional 

exchange model”, the engagement of actomyosin machinery at specified medial-lateral junctions 

(1) contract cells to a common vertex (2). These then resolve as a relative anterior-posterior is 

expanded to rearrange cells (3). In most modern integrated models, these movements are 

commonly coincidental. Green structures indicate actin rich protrusions, while the red lines 

indicate contracting actomyosin. 

 

pathway utilizes β-catenin, while non-canonical signalling, the planar cell polarity (PCP) or 

WNT/Ca2+, does not. In the absence of WNT ligand binding cytoplasmic β-catenin is targeted by 

a destruction complex assembled from Axin, glycogen synthase kinase 3 (GSK3), adenoma 

polyposis coli (APC) and casein kinase 1 (CK1) (Schaefer et al., 2018; Lui et al., 2022). The 

complex binds and phosphorylates β-catenin, which targets it for degradation and keeps it from 

accumulating in the nucleus. Binding of WNT ligands, alleviates this block. WNT ligands 

produced from either local or distant sources reach the cell membrane where they bind to Frizzled, 

along with pathway specific co-receptors including ror/ryk and LDL receptor-related proteins 5 or 

6 (LRP5/6) (Schaefer et al., 2018; Ren et al., 2021). In the presence of WNT ligands, Frizzled 

induces a conformational change that phosphorylates the cytoplasmic protein Dishevelled 

(Dsh/Dvl). Dishevelled then recruits the destruction complex, preventing β-catenin degradation 
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(Stamos and Weis, 2013; Mukherjee et al., 2018; Schaefer et al., 2018). This allows the cytosolic 

β-catenin to transpose into the nucleus where it binds and recruits the T-cell factor (TCF)/lymphoid 

enhancer factor 1 (LEF1) transcriptional complex (Behrens et al., 1996; Cadigan and Waterman, 

2012). Nuclear β-catenin may also act independently of TCF/LEF1, diversifying its targets 

(Doumpas et al., 2019; Mukherjee et al., 2022).  

Canonical WNT/β-catenin signaling plays a diverse range of roles during development, 

including in cell proliferation, fate decisions and morphogenesis (Hayat et al., 2022). This includes 

a well-established role during of axial establishment in the neuroectoderm (Hierholzer and Kemler, 

2010; Range et al., 2013; Shi et al., 2024). Previous studies have shown that several components 

of the canonical pathway facilitate convergent related defects. This includes leucine zipper tumor 

suppressor 2 (LZTS2), WNT co-receptor LRP6 and LEF transcription factors XLEF-1 and XTCF-

3 (Kühl et al., 2001; Li et al., 2012; Zhao et al., 2022). Loss of Lzts2, Xlef-1 and Xtcf-3 during 

Xenopus gastrulation results in shorter dorsalized embryos (Kühl et al., 2001; Li et al., 2012). 

LZTS2 regulates activity of the canonical pathway by reducing nuclear pools of β-catenin (Li et 

al., 2012). This, in-turn, leads to mis regulation of BMP and STAT3 signaling, reduced levels of 

the canonical effectors Squint/Cyclops and the non-canonical WNT ligands Wnt5 and Wnt11. 

XLEF-1 and XTFC-3 are LEF/TCF family members which facilitate different transcriptional 

responses to β-catenin (Kühl et al., 2001). XLEF-1, like its murine homolog LEF-1, promote 

expression of canonical pathway genes, while XTCF-3 acts as a transcriptional repressor (Pukrop 

et al., 2001). Injection of RNA for XTCF-3 or one if its target genes, the TGF-β component, Xnr-

3 is sufficient to alleviate defects in a dominant negative copy of LEF-1 (LEFΔβBD) (Kühl et al., 

2001). XTCF-3 RNA cannot rescue LEFΔβBD but does have an inhibitory effect on convergent 

extension. Similarly, LRP6 is required during mouse neurulation to facilitate closure of the 

neuropore (Zhao et al., 2022). Maternal supplementation with a β-catenin agonist is sufficient to 

reduce spinal NTDs caused by the conditional ablation of LRP6. The role that canonical WNT 

signalling plays during convergent extension may involve crosstalk with non-canonical WNT/PCP 

pathways, consistent with antagonistic interactions which have previously been described (Sato et 

al., 2010). This includes inhibition of non-canonical WNT activity by β-catenin-mediated BMP 

signaling or the canonical WNT co-receptor LRP6 (Bryja et al., 2009; Li et al., 2012). During 

Xenopus gastrulation, WNT/β-catenin signaling through XLEF-1 and XNR-3 is also antagonised 

by WNT/Ca2+ activation (Kühl et al., 2001). 



9 
 

 

 

 

 

Figure 1.2: Simplified WNT signaling pathways involved in convergent extension. 
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1.3.2 Non-Canonical WNT/PCP Signalling  

The non-canonical branch of WNT signalling, includes several pathways which do not 

include β-catenin; however, few are as ubiquitous as the planar cell polarity (PCP) pathway 

(reviewed in Hayat et al., 2022; Qin et al., 2023). First characterised in Drosophila wing hair 

development, this pathway is conserved throughout the eukaryotes and plays roles in epithelial 

development, collective cell migration, ciliogenesis and cell fate (Gubb and Garcia-Bellido, 1982; 

Cui et al., 2013; Hayes et al., 2013; B öttcher et al., 2021). Work in the Drosophila epithelium has 

highlighted that the PCP pathway mediates asymmetric signalling through a core set of five 

conserved proteins (Tissir and Goffinet, 2010; Davey and Moens, 2016; Wang et al., 2019). These 

include the proteins: Frizzled, Dishevelled, Van Gogh (Vang), Prickle (Pk) and the cadherin-like 

receptor Flamingo (Fmi/Celsr). During WNT signalling, binding of a WNT ligand to the frizzled 

leads to the recruitment and phosphorylation of Dishevelled and activation of downstream 

effectors including those that regulate cytoskeletal dynamics (Hayat et al., 2022). These include 

Rac1, Profilin and RhoA (Tanegashima et al., 2008; Lindqvist et al., 2010; Dworkin et al., 2011; 

Cavanaugh et al., 2020). This recruitment is regulated through inhibition by Vang, its co-receptor 

PTK7 and Prickle (Jenny et al., 2005).  

PCP has a well described role in regulating convergent extension across multiple models 

including gastrulation and neural tube development (Walck-Shannon and Hardin, 2014; Shindo et 

al., 2018; Wang et al., 2019). To date, most human mutations that cause defects in primary 

neurulation target PCP genes (reviewed in Murdoch et al., 2014; Wang et al., 2019). Mutation of 

multiple PCP components results in disrupted convergent extension, characterised by shortened 

neural tubes and defective embryo morphology in mice (Curtin et al., 2003; Lei et al., 2019). 

Similarly, in Xenopus, mutations in WNT ligands or the Vang, Prickle and Dishevelled homologs 

all lead to convergent extension defects and failure of the neural tube to develop properly (Hamblet 

et al., 2002; Wallingford and Harland, 2002). Control of cell intercalations appears to be facilitated 

by the polarized distribution of PCP components. In Xenopus, WNT mediated phosphorylation 

and Vangl2 anterior polarization in the neural tube is required for its closure (Ossipova et al., 

2015). A similar pattern is observed in the chicken neuroepithelium, where Celsr1 asymmetry in 

is needed to properly coordinate myosin (Nishimura et al., 2012; Ossipova et al., 2015). Several 

key factors are downstream of PCP signalling and likely play a  
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Figure 1.3: Polar arrangement of WNT/PCP pathway components during cell intercalation. 

(A) Schematic of tissue undergoing cell intercalations and formation of a multicellular rosette, 

PCP components preferentially associate with contracting junctions and rosette foci. Green and 

red highlight polarized PCP components. (B) Schematic of a cell undergoing intercalation. Grey 

highlights three population of actin: actin-rich protrusions, the “node and cable” system and 

medial-lateral actomyosin. Asymmetric distribution of WNT/PCP components and is facilitated 

by other proteins like the septins, which mediates the activity and distribution of both the “node 

and cable” and medial-lateral actin populations. 

 

role in convergent extension, including the Rho/ROCK pathway, Rac, Src and Shroom (Marlow 

et al., 2002; Habas et al., 2003, Tahinci and Symes, 2003; Jenny et al., 2005; Chen et al., 2018; 

Andreeva et al., 2014; McGreevy et al., 2015). 

Studies into PCP components suggest that the pathway regulates convergent extension 

through both cell autonomous and non-autonomous mechanisms, which include patterning of 

asymmetric junctional components and activation of contractile activity (Shindo and Wallingford, 

2014; Devitt et al., 2024; Weng et al., 2025) (Figure 1.3). During Xenopus gastrulation, 

mesodermal cells express a medial-lateral and superficial “node and cable” population of actin, 
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which facilitate intercalation (Shindo and Wallingford, 2014; Devitt et al., 2024). Both populations 

are polarized in different regards. At shortening junctions, PCP components colocalize with 

actomyosin and are required for properly timed contractions (Shindo and Wallingford, 2014; 

Butler and Wallingford, 2018). The “node and cable” population displace an anterior-posterior 

polarization which is lost when Vangl2 expression is perturbed (Devitt et al., 2024). These roles 

are in-part facilitated by the septins, a family of cytoskeletal-like proteins which are similarly 

polarized (Shindo and Wallingford, 2014; Devitt et al., 2024). This maintains the function of the 

pathway in establishing polarity within Drosophila epithelial cells (Mitchell et al., 2009).  

The regulatory role that PCP components exert over collective cell movements also reflect 

their widespread and varied crosstalk, both regulating and being regulated by other pathways. PCP 

signaling regulates several other signalling cascades, including the canonical WNT signalling 

pathway, WNT/Ca2+ pathway and the apicobasal polarity (ABP) pathway (Kühl et al., 2001; Choi 

and Ham, 2002; Murdoch, 2003; Montcouquiol et al., 2003; Bryja et al., 2009; reviewed in Qin et 

al., 2023). PCP components are frequently regulated by factors that influence regional identity, 

temporal dynamics and establish gradients within developing tissues. This includes an important 

role for the CDX family of caudal transcription factors, which establish the axis of the developing 

embryo and coordinate cell-fate and morphogenesis (van den Akker et al., 2002; Zhu and Lohnes, 

2022). As part of this role, CDX1 and 2 are required for convergent extension and play a role in 

promoting the expression of PTK7 (Savory et al., 2011).    

1.3.2.1 PCP Interacting Pathways 

Several studies have indicated that fibroblast growth factor (FGF) signalling, which 

involves extracellular FGF ligands and tyrosine kinase FGF receptors, may regulate CE during 

neurulation. This includes observations that a reduction in FGF signaling during Xenopus and 

Drosophila gastrulation, either through ligand reduction or overexpression of FGF antagonists, 

leads to embryonic defects (Nutt et al., 2001; Chung et al., 2005). FGF is likewise required for 

early convergent extension movements in the chick embryo (Lee et al., 2022). These activities 

intersect with many components of the cytoskeleton directly or through other signaling pathways. 

Loss of FGF signaling during early embryogenesis is associated with decreased cell protrusions, 

consistent with a role in the crawling mode of cell intercalation (Chung et al., 2005). FGF activity 

is associated with the regulation of neurotrophin NRH, the ankyrin repeats domain protein 5 

https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#ref-1
https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#ref-85
https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#ref-85
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(Anr5), paraxial protocadherin (Papc) and is regulated by the TGF-β protein XNR3 (Chung et al., 

2005). Regulation by XNR3 suggests that FGF signalling is at least partially influenced by the 

WNT/β-catenin pathway (Kühl et al., 2001). Similarly, multiple lines of evidence link FGF activity 

with the WNT/PCP pathway. FGF expression is required for the correct localization of Dishevelled 

during notochord formation in Ciona intestinalis (Shi et al., 2009). Papc functions through the PCP 

effectors Rho A and JNK (Unterseher et al., 2004; Chung et al., 2005; Kraft et al., 2012). Taken 

together, FGF signaling may help regulate WNT signaling during early convergent extension 

movements, including those that utilize cell crawling.  

 The finding that FGF and canonical WNT/β-catenin signaling both involve Xnr3, suggest 

that Nodal/TGF-β may act as a central hub for communication between FGF signaling and the 

different routes of WNT signalling (Kühl et al., 2001). This aligns with data suggesting that 

Nodal/TGF-β and WNT/PCP signaling function together during CE in Zebrafish gastrulation 

(William and Solnica-Krezel, 2020). TGF-β is required both cell-autonomously and non-

autonomously, in part, though asymmetric signaling. Similar phenotypes result from loss of 

transcription factor Zic3, which functions upstream of the TGF-β ligand Nodal and is required for 

left-right asymmetry (Cast et al., 2013). Asymmetric signaling promote cell polarity, which 

together with WNT/PCP, extend the neural plate and blastoderm explants.  

BMP signalling and its effectors have been found in studies of convergent extension 

primarily during gastrulation (Myers et al., 2002; Tucker et al., 2008; Yoon et al., 2021). Mutation 

of BMP ligands, the receptor Alk8 or BMP agonist chordin, disrupt convergence and extension 

movements and lead to gastrulation defects (Myers et al., 2002; Tucker et al., 2008). The pathway 

functions through the establishment of both temporal and special activity gradients. BMP signaling 

functions downstream of WNT/Ca2+, where it is inhibited by β-catenin activity and interacts with 

certain heparan sulfate proteoglycans during gastrulation movements in Xenopus (Ohkawara et al., 

2003). This pathway results in the differential transcription of Smad target genes; including 

negative regulation of the non-canonical PCP Wnt11 and Wnt5a, as the Xenopus Rho GEF 

Arhgef3.2 (Myers et al., 2002; Yoon et al., 2021).  

A similar role has been reported for the JAK/STAT signaling cascade, which requires the 

transiently activated transcription factor signal transducer and activator of transcription (STAT) 

(Gu et al., 2020). Xenopus embryos with disrupted Stat3 activity develop defects during 
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gastrulation including a shortened anteroposterior axis, characteristic of CE (Yamashita et al., 

2002). Drosophila embryos similarly show defects in germband extension (Bertet et al., 2009). 

JAK/STAT signaling has been shown to intersect with multiple mechanisms which are important 

for regulation of CE. It is unclear if it connects the same mechanism across multiple tissue types 

or models. WNT/β-catenin activity regulates Stat3 signaling during Xenopus gastrulation, placing 

it downstream of the canonical pathway (Liu et al., 2017). Similarly, during gastrulation in 

Zebrafish, STAT3 activates non-canonical/PCP signaling through its effector RhoA (Miyagi et al., 

2004). In epithelial cells during Drosophila germband extension, JAK/STAT regulates actomyosin 

localization through recruitment of myosin II (Bertet et al., 2009). This function requires both Rho 

and the cytoskeletal associated protein WASP. 

 The Shroom family comprises a group of 4 members (Shroom1-4) which contain a PDZ 

domain and bind to actin (Liu et al., 2024). Previous work has shown that Shroom proteins, 

particularly Shroom3 in mammals, are required in several models to facilitate CE and apical 

constriction (Hildebrand and Soriano, 1999; Haigo et al., 2003; Bolinger et al., 2010). These two 

activities are required for neurulation and subsequent loss of Shroom3 in mice results in failure of 

neural tube closure and subsequent cranial NTDs (Hildebrand and Soriano, 1999). The activities 

of Shroom proteins function predominantly through the cytoskeleton and junctional proteins which 

are responsible for cell adhesion. During neural tube closure, Shroom3 displays asymmetric 

localization dependent upon interaction with Dishevelled2 (McGreevy et al., 2014). This activity 

requires PCP signaling, with loss of Shroom3 and Vangl2 or Wnt5a increasing CE related defects. 

Shroom3 then binds to the Rho kinase Rock, and recruits phosphorylated myosin (Hildebrand, 

2005; Nishimura and Takeichi, 2008). The relationship between Rock and Shroom is also observed 

to regulate actomyosin and rosette dynamics in Drosophila (Simões et al., 2004). This activity 

synergises with additional interactions between Shroom proteins and F-actin or junctional 

components including E-cadherin (Hildebrand and Soriano, 1999; Hildebrand, 2005; Bolinger et 

al., 2010).  As Shroom3 expression is limited to limited to the neuroepithelium in both Xenopus 

and mice, these functions may be tissue specific (Hildebrand and Soriano, 1999; Lee et al., 2009).  

 The E3 ubiquitin ligase Mindbomb1 plays a canonical role in Notch/Delta signaling by 

controlling the amount of Delta/Serrate/Lag2 (DSL) ligand through endocytosis (Borgne et al., 

2005; Cao et al., 2024). Injection of a Mib1 morpholino disrupts CE and reduces the extension of 
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Zebrafish gastrulation, leading to a widened notochord (Saraswathy et al., 2019). This role may be 

independent of Notch/Delta signaling and instead seems to require the WNT/PCP pathway. 

Expression of RhoA has been shown to rescue Mib1 morpholino defects. Mib1 genetically 

interacts with Wnt5b to regulate the PCP pathway through Ryk endocytosis. 

Convergent Extension-Independent Regulation of Neural Tube Development 

The above mechanisms function in parallel to additional non-convergent extension roles 

of PCP signalling within the developing embryo. For example, glycosaminoglycan (GAG) 

synthesis genetically interacts with PCP components in the developing murine neural tube 

(Nychyk et al., 2022). Disruption of GAG synthesis when paired with heterozygous Lp, resulted 

in failure of primary neurulation events and the presence of cranial NTDS. These defects, however, 

do not reflect the failure in neuroepithelial convergent extension found in homozygous Lp mutants 

as midline extension and the length-to-width ratio of embryos remaining normal. Rather the NTDs 

appear to result from altered neural plate morphology and somite development, which affect neural 

fold bending (Nychyk et al., 2022). Similarly, the PCP effectors Inturned and Fizzy are involved 

with neurulation, with loss of either resulting in NTDs (Heydeck and Lui, 2011). Mutation in either 

of these two genes, however, reflects a role for the effector in ciliogenesis rather than convergent 

extension (Heydeck and Lui, 2011; Vogel et al., 2012; Zilber et al., 2013). This demonstrates the 

diversity of processes which the PCP pathway regulates.   

1.3.3 WNT/Ca2+ signaling 

 In addition to signaling through the PCP pathway, WNT activity can facilitate CE through 

a non-canonical mechanism that involves internal Ca2+ stores (reviewed in Hayat et al., 2022; Qin 

et al., 2023). Unlike canonical WNT or non-canonical WNT/PCP signaling, the WNT/Ca2+ 

signalling is primarily activated by a single WNT/Frizzled pair, Wnt5a and the Frizzled receptor 

Fzd2 (Slusarski et al., 1997). Activation of Fzd2 recruits a G protein subunit which is responsible 

for promoting the activity of phospholipase C (PLC) (McQuate et al., 2017). The roles of 

WNT/Ca2+ signaling are predominantly mediated through the activity of PLC, which generates 

inositol triphosphate (IP3) and diacylglycerol (DAG) (Brown et al., 2008; Vazquez-Manrique et 

al., 2008). IP3 binds to an inositol triphosphate receptor and triggers intracellular Ca2+ release from 

the endoplasmic reticulum (Berridge, 1993). These intermediaries bind and activate a set of 

mechanisms. DAG and Ca2+ stimulate the activity of protein kinase C (PKC) which triggers actin 
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polymerization through the GTPase cell–division cycle 42 (CDC42) (Choi and Han, 2002; 

Schlessinger et al., 2007). Changes to Cdc42 expression block CE movements in Xenopus 

embryos undergoing gastrulation (Choi and Han, 2002). This may involve changes to cell 

adhesion, though Cdc42 has additional functions which could facilitate its role (Choi and Han, 

2002; Walck-Shannon et al., 2016; Schlessinger et al., 2007). Intracellular Ca2+ levels also drive 

transcriptional responses, though the impact of these on convergent extension is less certain. As 

Ca2+ is released it binds to calcineurin and CAMKII. Calcineurin activates the transcription factor 

nuclear factor of activated T cells (NFAT), which promotes transcription but has not been 

associated with convergent extension (Heit et al., 2006). CAMKII stimulates a pathway which 

results in phosphorylation and inhibition of TCF, which antagonizes canonical WNT signaling 

during CE (Kühl et al., 2001). A mechanism, which involves the protease Calpain2 and Dact 

scaffolding proteins also regulates convergent extension (Zanardelli et al., 2013; Carroll et al., 

2024). Pharmacological or genetic inhibition of Calpain activity is sufficient to impair medial-

lateral intercalations and animal cap elongation in Xenopus (Zanardelli et al., 2013).  

The roles that WNT/Ca2+ signaling plays during convergent extension suggest that tight 

regulation of the pathway is required. During Xenopus gastrulation either overexpression of WT 

Cdc42 or a dominant negative construct are both able to interfere with the process (Choi and Han, 

2002). Similarly, Wnt5a and Calpain2 show a reciprocal relationship that is often associated with 

highly regulated mechanisms (Zanardelli et al., 2013). This aligns with previous research, showing 

that junctional contractions during CE are patterned by transient Ca2+ oscillations (Cogram et al., 

2004; Politi et al., 2006; Mound et at al., 2017).  Disruption of Ca2+ signalling is sufficient to 

decreased axial elongation and convergent extension (Wallingford et al., 2001; Westfall et al., 

2003). Thus, WNT/Ca2+ signaling may play a role in propagating the tightly regulated Ca2+ 

oscillations which are required for collective cell movements.  

1.3.4 PCP Independent Regulation of Collective Cell Movements  

One notable exception to the importance of PCP regulation during CE, is found during 

germband extension in Drosophila. Here, loss of Frizzled receptors or Dishevelled is insufficient 

to significantly disrupt extension of the tissue, suggesting that CE is regulated independently of 

PCP activity (Zallen and Wieschaus, 2004). Instead, this process is believed to be mediated 

through the Pair-wise family, as well as the receptors toll-2, toll-6 and toll-8 (Irvine and 
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Wieschaus, 1994; Zallen and Wieschaus, 2004; Paré et al., 2014). Expression of Pair-wise family 

members and Toll receptors creates a positional code which patterns Myosin II and PAR-3 to direct 

convergent extension. Given that the PCP pathway still regulates polarity and asymmetry of 

junctional proteins, this data supports that the idea that the PCP pathway may regulate mechanisms 

of CE in parallel to tother mechanisms (Warrington et al., 2013; Kong et al., 2017).  

Nuclear Hormone Receptors 

Nuclear hormone receptors (NHRs) are a group of transcriptional regulators that facilitate 

diverse roles throughout development, this includes roles in cell migration proliferation, 

gastrulation and mammalian neurulation (Duncan et al., 1997; Wendling et al., 1999; Chomez et 

al., 2000; Barreto et al., 2003; Bhattacharya and Starz-Gaiano, 2024). The activity of most NHRs 

is regulated through the binding of ligands, though a subset of receptors are considered “orphans” 

for which no ligand is known (reviewed in Weikum et al., 2018; Tao et al., 2020). NHRs can be 

grouped into six subfamilies based on sequence conservation and the type of ligands that they bind 

to. These families are incredibly diverse, facilitating cellular responses to steroid and lipophilic 

metabolites as well as signaling pathways through orphan receptors (Weikum et al., 2018). Most 

NHRs from all families share a similar structural composition comprised of 5 domains (Figure 

1.4A). These include a disordered N-terminal domain, DNA binding domain, hinge domain and 

ligand binding domain (Helsen et al., 2012; Rastinejad et al., 2013; Weikum et al., 2018). Within 

the N-terminal and ligand binding domains, two activation function surfaces (AF-1 and AF-2) are 

important to the interaction of NHRs with co-repressors and -activators (Teotico et al., 2008; 

Weikum et al., 2018). Receptors can also be grouped based on common mechanisms (Figure 1.4B). 

Briefly, type 1 receptors normally localize to the cytoplasm but translocate to the nucleus upon 

ligand binding. The other three types of receptors localize to the nucleus and switch between 

repressive and activation of genes based on the binding of their ligands; these types differ in the 

types of complexes they form and the types of sites that they recognize (Weikum et al., 2018). 
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Figure 1.4: Nuclear hormone receptor (NHR) structure and mechanism of action. (A) The 

NHR family shares a core structure which consists of several domains. Within the N-terminal 

domain and ligand binding domain are AF-1/2 motifs which commonly associate with binding of 

coactivators and corepressors. (B) NHRs can work through 4 mechanisms; in the first binding of 

a ligand (ex. androgen) leads to the translocation of a cytosolic NHR, which facilitates its activity. 

In the other three mechanisms, a ligand (ex. retinoic acid) enters the nucleus and facilitates the 

exchange of complexes that regulate receptor activity. Receptors which function through this 

mechanism, can function as monomers, homodimers or heterodimers. 

 

One subgroup of NHRs with important roles in neurulation and CE are the retinoic acid 

receptor (RAR) family. These receptors bind the extracellular metabolite all-trans-retinoic acid 

(conventionally referred to as retinoic acid or RA), which is synthesized from vitamin A 

(Cunningham and Duester, 2015). Inhibition of RA signaling, either through pharmacological or 

genetic disruption of the biosynthetic pathway, results in delayed gastrulation and decreased 

elongation of Xenopus embryos and growth defects in mouse embryos (Mic et al., 2002; Gur et 

al., 2022; Koch et al., 2025). In particular, the neural tube displays morphological defects and 
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mispositioning of cytoskeletal and junctional elements (Wilson et al., 2003). Similar results in 

Xenopus embryos lacking the enzyme short-chain dehydrogenase/reductase 3, which attenuates 

RA synthesis, show that embryos display defective CE (Kam et al., 2013). While retinoic acid 

signaling intersects the noncanonical WNT/PCP pathway, though the molecular mechanism 

through which it mediates gastrulation and neurulation have not been fully described. During both 

gastrulation and neurulation, RAR function includes activation of transcription factors which 

regulates components of WNT/PCP signaling (Houle et al., 2003; Savory et al., 2011; Gur et al., 

2022). This signaling pathway compliments CE-independent functions of RARs, including the 

regulation of hindgut endoderm proliferation and axial segmentation, which contribute to its role 

during development (Chen et al., 1995; Onai et al., 2009; Cunningham and Duester, 2015). 

1.3.5 Inositol Phosphate Metabolism 

Inositol phosphates, a class of metabolites which are derived from the 6-carbon sugar 

inositol, have a wide range of intracellular roles (reviewed in Tsui and York, 2010; Greene et al., 

2017; Tu-Sekine and Kim, 2022). These include participation in prominent intracellular signaling 

pathways and regulation of rRNA synthesis, mRNA export, ciliogenesis, ion channel function and 

vesicle trafficking (Norris et al., 1995; York et al., 1999; Hanakahi et al., 2000; Yang et al., 2001; 

Høy et al., 2002; Brehm et al., 2013; Gao and Wang, 2007; Otto et al., 2007; Sarmah et al., 2007; 

Maag et al., 2011). Intracellular IP derivatives can also act through regulation of cation stores and 

form complexes that modulate metabolism within the cellular environment (Kumar et al., 2010; 

Tu-Sekine and Kim, 2022). Through these roles, inositol derivatives regulate several 

developmental processes, including left-right organ asymmetry in zebrafish, neuronal 

differentiation, migration of the tracheal branches in Drosophila, and mammalian neurulation 

(Sarmah et al., 2007; Frederick et al., 2005; Wilson et al., 2009; Loss et al., 2013; D’Souza et al., 

2020; Ucuncu et al., 2020).  

Inositol is metabolized through biosynthesis pathways, which make use of dietary sources 

of myo-inositol, alternative synthesis from glucose and an elaborate pathway of kinases and 

phosphatases (Figure 1.5). The first or “lipid dependent pathway”, involves incorporation of 

inositol into the lipid phosphotydylinositol (PI) (Shewan et al., 2011). Phosphatidylinositol are 

important intracellular signals on their own and forms the basis of glycosylphosphatidylinositol 

(GPI) anchors (reviewed in Kinoshita and Fujita, 2016; Hammond and Burke, 2020). One 
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important step in the PI biosynthesis is production of the membrane lipid phosphatidylinositol 4,5-

bisphosphate (PIP2), a precursor for phosphatidylinositol 3,4,5-triphosphate (PIP3). Under 

physiological conditions, including during WNT/Ca2+ signalling, PIP2 is cleaved by 

Phospholipase C (PLC) to release inositol triphosphate (IP3) along with diacylglycerol (DAG) into 

the cytoplasm (Brown et al., 2008; Vazquez-Manrique et al., 2008). A second, recently 

characterised “lipid-independent” or “cytosolic” pathway involves direct phosphorylation of myo-

inositol (Desfougeres et al., 2019). Here, glucose-6-phosphate or dephosphorylated myo-inositol 

phosphate can be converted into IP3 through two enzymes, inositol 3-phosphate synthase and 

inositol tetrakisphosphate 1-kinase. This mechanism is favored under conditions that reduce 

inorganic phosphate levels (Desfougeres et al., 2019). IP3 can be further phosphorylated into other 

inositol phosphate species that serve as intercellular signals, including inositol hexaphosphate 

(IP6) and the inositol phyrophosphates (Menniti et al., 1993; Stephens et al., 1993; Fridy et al., 

2007; González et al., 2010; Márquez-Moñino et al., 2024). Catabolism of inositol hexaphosphate 

by Multiple Inositol Polyphosphate Phosphatase (MINPP1), and several 1- and 5-phosphotases 

can subsequently recycle myo-inositol levels (Trung et al., 2022). The most abundant intracellular 

inositol phosphate species is IP6, though exact concentrations can vary between cell types and 

organisms (Letcher et al., 2008; Qui et al., 2020) 

Inositol is a potent regulator of neural tube development, suggesting that it may play a role 

in convergent extension (Figure 1.6). Inositol deficiency leads to cranial NTDs among WT mice 

and is enhanced in curly tail, a genetic model for folate-resistant NTDs which possesses a 

hypomorphic mutation in the grainyhead-like-3 transcription factor (Cockroft et al., 1992; 

Gustavsson et al., 2007; Burren et al., 2009; Leung et al., 2024). Conversely, supplementation of 

curly tail mice with inositol is sufficient to significantly reduce NTDs (Greene and Copp, 1997). 

Several mechanisms currently describe the role of inositol metabolism during neurulation and 

potentially link the pathway to convergent extension. First, neural tube defects appear frequently 

in mice with mutations that disrupt the synthesis of phosphoinositides and proteins with GPI 

anchors (Piedrahita et al., 1999; Jacoby et al., 2009; Lukacs et al., 2019; Voigt et al., 2025).  
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Figure 1.5: The inositol metabolic pathway. Prominent metabolites produced by inositol and 

phosphatidylinositol phosphate kinases are shown. Light and dark orange highlight lipid and 

cytosolic portions of the pathway that produce inositol pentakisphosphate.  

 

These groups have a wide range of functions in regulation of cytoskeletal proteins and roles in 

cell-cell intercalation (Ahrens et al., 2009; Xie and Bankaitis, 2022). This includes regulation of 

actomyosin networks by PIP2 and PIP3 through the kinase AKT, GTPase Rac, Cdc42 and 

trafficking of PCP components (Montero et al., 2003; Miao et al., 2022; Xie and Bankaitis, 2022; 

Hou et al., 2025) (Figure 1.6A). PIP2 and PIP3 additionally interact with other portions of the 

inositol phosphate pathway under various contexts. Inositol polyphosphate multikinase (IPMK) 

can bind and phosphorylate PIP2 (Maag et al., 2011; Blind et al., 2012). Inositol phosphate species, 

including IP6, can competitively bind and inhibit PIP3 interactions or one of its downstream targets 

AKT (Chakraborty et al., 2010; Chen et al., 2017). Secondly, inositol metabolism plays a critical 

role in the WNT/Ca2+ pathway (Figure 1.6B). Hydrolysis of PIP2 at the cell membrane releases 

DAG and IP3. DAG is thought to be a potent stimulator of PKC activity, which in-turn, upregulates 

expression of the retinoic acid receptor β as well as promotes Cdc42-dependent actin 

polymerization (Greene and Copp, 1997; Garcia-Bermejo et al., 2002). Retinoic acid receptor β, a 
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member of the nuclear hormone receptor family, has previously been shown to regulate convergent 

extension and cell proliferation (Yamada, 1994; Chen et al., 1995; Greene and Copp, 1997; Kam 

et al., 2013). The hydrolysis of PIP2 also releases IP3, along with DAG, which binds to its receptor 

and triggers intracellular calcium release from the endoplasmic reticulum (Miyakawa et al., 2001). 

This event is critical to WNT/Ca2+ signalling and, as previously discussed, likely contributes to 

activation of actomyosin and adhesion dynamics at cell junctions (Wallingford et al., 2001). 

 

Figure 1.6: Phosphatidylinositol phosphate and inositol phosphate metabolism interact with 

neural tube development and convergent extension at multiple points. (A-D) Schematic of 

mechanisms which regulate convergent extension, neural tube development or interact with the 

cytoskeleton. Red citations highlight studies which have evidence linking disruption with 

developmental defects. (A) Phosphatidylinositol is a major component of GPIs, PIP2 and PIP3. 

PIP3 has been shown to interact through multiple proteins with the cytoskeleton. (B) PIP2 

hydrolysis during WNT/CA2+ signaling produces both DAG and IP3 which can affect multiple 

pathways involved with convergent extension. (C) Inositol phosphate metabolism requires 

multiple kinases to progressively phosphorylate IP3. Of these IPMK-1/IPK1 has been implicated 

in neural tube defects. 

https://www-sciencedirect-com.proxy.bib.uottawa.ca/science/article/pii/S0012160625001988#bib79
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In addition to the relatively well described mechanisms through which DAG and IP3 

regulate neurulation and convergent extension, if and how more phosphorylated forms of inositol 

regulate the process is still poorly explored. Several lines of evidence suggest that IP5 or IP6 are 

important for neural tube closure. Mice with disruption of inositol metabolism through reduction 

of inositol polyphosphate multikinase (Ipmk) or inositol triphosphate 5,6- kinase (Itpk1) display 

lethality during neurulation (Frederick et al., 2005; Wilson et al., 2009). These two enzymes are 

responsible for the phosphorylation of IP3 species to IP5 (Figure 1.6C). Arrested embryos in these 

mutants show features which are consistent with failed neural tube development, including 

abnormal neural tube morphology, a shortened anterior-posterior axis and exencephaly (Frederick 

et al., 2005; Wilson et al., 2009). Both proteins are also expressed within the developing neural 

tube. Ipmk is expressed throughout the neural tube by E8.5 (Frederick et al., 2005). Similarly, 

analysis of ITPK1 expression between E8.5 and E12.5 shows that it can be found throughout the 

neural tube, including the neural epithelium and paraxial mesoderm (Wilson et al., 2009). Genomic 

characterisation of human populations has also identified single nucleotide polymorphisms (SNPs) 

in inositol triphosphate 5/6- kinase as risk factors for NTDs (Guan et al., 2014; Guan et al., 2023). 

Given the diversity of mechanisms which inositol phosphates participate in and the lack of 

evidence for direct convergent extension defects in these mutants, however, the role of higher 

inositol phosphates during embryogenesis and neurulation remains unclear.  

1.4 The C. elegans VNC as a Model for Convergent Extension 

1.4.1 C. elegans as a Model Organism 

For the past 50 years, the free-living soil nematode Caenorhabditis elegans (C. elegans) 

has been a common model organism for biological and genetic studies (Brenner, 1974). Several 

features contribute to their usefulness, including: a relatively small size, transparent body, large 

number of progeny and short lifespan. Nematodes develop through a series of larval stages (L1-

L4), reaching maturity within 3 days at room temperature (Figure 1.7). In addition, the majority of 

C. elegans are hermaphrodites, which allows for the self-propagation of experimental strains. The 

adult hermaphrodite contains 959 cells, which develop along stereotypical lineages and can be 

tracked from early embryogenesis (Sulston et al., 1983; Aydin et al., 2010; Maduro et al., 2010). 

Of these cells, about a third form the hermaphrodite nervous system (White et al., 1986).  

 



24 
 

 

Figure 1.7: Timeline of C. elegans embryonic development. The major stages and processes of 

embryonic development are shown in from fertilization until hatching. Brightfield images taken 

from a timelapse demonstrate the appearance of the embryo at their relative stages. The time from 

fertilization is indicated in the top right of each image. Scale bar = 20um.  
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Prior research has fully sequenced the nematode genome, provided a complete map of synaptic 

connections and an extensive list of cell fate markers for different populations of neurons (C. 

elegans Sequencing Consortium, 1998; Cook et al., 2019, Yemini et al., 2020; Mulcahy et al., 

2022; Poole et al., 2024). This work has also illustrated that 40% of the worm genome has 

functional orthologs in mammals (C. elegans Sequencing Consortium, 1998). 

Nematodes are particularly amenable to genetic manipulation, through either the 

introduction of transgenic arrays or gene editing. Their genome encodes approximately 19,500 

protein encoding genes (Hillier et al., 2005). Specific genes can be knocked out permanently with 

CRISPR/Cas9 methods or in a conditional, tissue-specific manner using ligand regulated 

degradation systems (Dickinson and Goldstein, 2016; Au et al., 2019; Ashley et al., 2021). 

Similarly, these methods can also be used to express fluorescent proteins to label cellular or sub-

cellular structures (Dickinson and Goldstein, 2016). The transparency of nematodes allows for in-

vivo imaging, such as fluorescence time lapse microscopy. Forward genetic approaches, such as 

mutagenesis screens, are equally essential tools during nematode research (Jorgensen and Mango, 

2002; Lehrbach et al., 2017). These take advantage of the rapid nematode life cycle and large 

amount of progeny to identify alleles of interest. One commonly used protocol involves 

introducing point mutations into germ cells by soaking L4 stage worms in ethyl methanesulfonate. 

The large number of progeny from these mutagenized worms can then be screened to identify 

genes that affect a phenotype of interest. The ease of genetic manipulation and transparency of 

nematodes allows most research to be conducted in-vivo.  

1.4.2 VNC Morphogenesis and Structure 

The ventral nerve cord (VNC) of C. elegans is a tract of neurons that runs along the ventral 

side of worm in an anterior-posterior configuration (White et al., 1976) (Figure 1.8A). The VNC 

is comprised of 22 embryonically derived motor neurons, with an additional 75 that arise post-

embryonically (White et al., 1976; Sulston, 1976; Sulston et al., 1983; Zhen and Samuel, 2015). 

At hatching, this includes three classes of motor neurons, 6 DD, 9 DA and 7 DB (Li et al., 2022). 

DA and DB neurons express the excitatory neurotransmitter acetylcholine, whereas the DD 

neurons express inhibitory GABA. Anterior and posterior located neurons of the VNC form 

ganglia with two main sets of interneurons (Emmons, 2024). DD1, DB1, DB2 and DA1, in the 

anterior are part of the retrovesticular ganglion (RVG), while DD6, DA8 and DA9 in the posterior, 
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are in the pre-anal ganglion (PAG) (White et al., 1976; Sulston et al., 1983; Emmons, 2024). These 

identities are established based on a combination of transcriptions factors, prominently from the 

homeobox (HOX) and NHR families, which segment the anterior, mid-body and posterior domains 

of the nerve cord (Taylor et al., 2021; Smith et al., 2024; Smith and Kratsios, 2024). Most neurons 

in the VNC form motor neuron units (typically comprised of 1 neuron from each sub-class), which 

innervate wall muscles on opposing sides and facilitate sinusoidal motion (Zhen and Samuel, 2015; 

Olivares et al., 2021). Recent molecular characterization and RNA sequencing has shown that by 

the L4 larval stage, VNC neurons can be further classified into 11 subclasses (Taylor et al., 2021; 

Smith et al., 2024). The molecular differences between these subclasses helps to define their 

connectivity, for example slight differences between with the unique synaptic pattern of DA1 

(located in the RVG), DA2-DA5, and DA9 (located in the PNG).  

Most neurons in C. elegans, including those of the VNC, are descendants of the AB 

blastomere (Sulston et al., 1983). This cell eventually divides into the posterior precursor neurons 

ABpl and ABpr, which establish the left and right sides of the VNC. Specification of neuronal 

precursors from these lineages require the activity of proneural transcriptions factors, which 

include the basic Helix-Loop-Helix transcription factor CND-1 and HOX transcription factor 

CEH-13, homologs of NeuroD1 and Labial, respectively (Fox et al., 2005; Aquino-Nunez et al., 

2020; Poole et al., 2024; Smith et al., 2024). Loss of either CND-1 or CEH-13 results in 

misspecification of neurons that become part of the VNC, including a loss of DD neurons (Aquino-

Nunez et al., 2020). Following involution of mesodermal tissue during gastrulation, at around 200 

minutes post-fertilization, morphogenesis of the VNC begins (Figure 1.8C and D) (Shah et al., 

2017). Left and right precursors of the VNC begin to undergo a series of asymmetric cell divisions 

that give rise to the three embryonic subtypes. As the terminal divisions of these neuronal 

precursors finish, their cell bodies begin to move towards the midline of the embryo. Prior to 

reaching the midline, VNC neuron precursors undergo an initial series of junctional contractions 

and cell intercalations. These arrange DA and DD neuron precursors into an alternating pattern; 

wherein DD precursors are flanked by DA neurons toward the outside of the embryo (Figure 1.8D) 

(Shah et al., 2017). Additionally, a subset of the DB precursors become located dorsally to DA 

and DD precursors. Neuronal movements occur at the same time as the  
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Figure 1.8: Ventral nerve cord assembly in C. elegans. (A) Schematic of the larval VNC. (B) 

Ventral view of the VNC using cnd-1::PH::RFP which is expressed within most DD and DA 

neurons. (C-D) Timelapse of VNC development showing (C) brightfield images of the embryo 

and (D) cnd-1::PH::RFP expressing cells. The magenta boxes show the approximate area of the 

VNC. (E) Sequential rosettes mediate VNC development. A hashed green line indicates the site of 

rosettes. Bottom panels: DD neurons express OP395. (F-I) VNC at 1.5-fold stage in WT (F-G), 

vang-1 (H) and a double mutant (I) showing disrupted VNC development. The magenta hashed 

box in (F) indicates the placement of the VNC. (J-M) DD neurons in WT and mutant larvae 

expressing a reporter (ynIs37[flp-13p::GFP]) for DD neurons. Scale bar for embryos = 20um. 

Scale bar for larvae = 20um. 
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migration and constriction of ventral epithelial cells at the midline, which lies ventral to the 

developing neural tissue (George et al., 1998; Wernike et al., 2016). Data suggests that the two 

processes may influence each other (Wernike et al., 2016). Indeed, blocking cell division or 

disruption of non-muscle myosin in neuron precursors alters ventral epithelial development. 

 Upon reaching the midline, neurons of opposing sides undergo a series of coordinated cell-

cell junctional arrangements which constrict mediolateral junctions. This movement allows 

subsets of neuron precursors to form multicellular rosette-like arrangements, where 5 or 6 cells 

meet at a common vertex (Shah et al., 2017). Rosettes form and resolve sequentially along the 

midline from anterior to posterior (Figure 1.8E). The resolution of rosettes helps to dive convergent 

extension and reorient neuronal precursors. As a result, the VNC constricts along the mediolateral 

axis and extends along the anteroposterior axis. As the worm elongates, DB neuroblasts radial 

intercalate into the tract. This latter part of VNC elongation, taking place from 1.5- to 2-fold stage 

onward, occurs during elongation of the embryo, outgrowth of axons and the onset of muscle 

activity (Figure 1.8F-I). By the time of hatching, the VNC consists of a single tract of cell bodies 

with a stereotypical order and spacing (Shah et al., 2017; Saharkhiz et al., 2025).  

 

Table 1.1: Relevant alleles found in a forward genetic screen for VNC neuron distribution (A. 

Colavtia, unpublished). 

 

 

 

 

 

 

Gene Orthologue Alleles Identified Role 

vang-1 VANGL 2 Non-Canonical WNT/PCP Signaling 

prkl-1 PRICKLE 2 Non-Canonical WNT/PCP Signaling 

sax-3 ROBO 2 Non-Canonical WNT/PCP Signaling 

bar-1 Β-Catenin 3 Canonical WNT/Notch Signaling 

pry-1 AXIN 1 Canonical WNT/Notch Signaling 

ippk-1 IPPK/IP5K 1 Inositol Phosphate Metabolism 

pal-1 CDX1/CDK2 3 Homeobox TF 

sex-1 RAR/ROR/REV-ERB 3 Nuclear hormone receptor 
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1.4.3 Regulation of VNC Morphogenesis as a Model to Study Collective Cell Movements 

Two groups of genes are important for the arrangement and spacing of VNC neurons 

during embryonic morphogenesis. The first group of genes regulate rosette-mediated convergent 

extension during the intercalation of VNC precursors at the midline (Shah et al., 2017). These 

include components of the PCP pathway in the VNC assembly process (Shah et al., 2017). Loss 

of the core PCP components VANG-1/Van Gogh and PRKL/Prickle resulted in lengthened 

multicellular rosette lifetimes and delays of terminal cell-cell intercalations (Figure 1.8J-M). 

Rosette lifetime and neuron distribution defects are enhanced by mutation of the Robo homolog 

SAX-3, a receptor that is known for its role in axon guidance (Zallen et al., 1998; Shah et al., 2017; 

Alan et al., 2018). sax-3 and vang-1 double mutants are substantially worse, with central rosettes 

that have a lifetime more than 4-fold longer than that of WT embryos and 2-fold longer then in 

either individual mutant (Shah et al., 2017). These delays produce a significantly shortened VNC 

with most neuronal cell bodies displaced in the anterior half of the worm at hatching. Interestingly, 

while Slit, the ligand for Robo, has been implicated in collective cell movements, including CE 

during zebrafish gastrulation, the extent of a conserved function is unclear (Yeo et al., 2001; Challa 

et al., 2005; Giovannone et al., 2012). Mutation of the Slit homolog, slt-1 fails to perturb VNC 

assembly. This suggests that in nematodes the involvement of SAX-3 is independent of its role as 

a receptor for SLT-1 and functions cooperatively with PCP signalling during VNC assembly. 

Mutation in several genes also suggest that left-right asymmetry of the VNC during 

embryogenesis contributes to neuron arrangement and position (Chan et al., 2025). Mutation in 

the β-catenin homolog bar-1 or the Axin homolog pry-1 leads to displacement of anterior DA, DB 

and DD neuron cell bodies (Figure 1.8J-M) (Evans, 2018; Chan et al., 2025). The role of β-catenin 

during VNC development involves asymmetry, as BAR-1 is only expressed in right-originating 

DA and DD neurons. Rather than functioning through the canonical WNT pathway, BAR-1 is 

instead regulated by Notch dependant expression of PRY-1 in left-originating motor neurons. Loss 

of WNT signalling in the mutant allele of mig-14/Wntless, which is required for the secretion of 

WNT ligands, does not phenocopy bar-1 mutants (Chan et al., 2025). Instead, loss of Notch/LIN-

12 or C Promoter Binding factor (CBF1)/LAG-1, results in decreased PRY-1 and symmetric 

expression of BAR-1 (Chan et al., 2025).  

1.5 Study Objectives and Rational 
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Convergent extension is important in the morphogenesis of the VNC in C. elegans. Early 

VNC development shares multiple commonalities with mammalian neural tube development 

including several components from both the canonical/β-catenin, Notch and non-canonical/PCP 

pathways. Despite these findings, the genetic landscape required for early VNC development and 

convergent extension is still relatively poorly understood in comparison to other models. What 

other signaling pathways and mechanisms pattern canonical and non-canonical WNT signaling 

spatially within the VNC or temporally during late embryogenesis? Utilizing the embryonic VNC, 

this thesis aims to explore regulatory pathways that function during development, with a focus on 

components which may be conserved between nematodes and other models.    

To identify cellular and molecular mechanisms that are required for embryonic 

development of the VNC, a screen for mutants that disrupted the equidistant position of DD 

neurons was performed (Colavtia, unpublished; Table 1.1). This screen identified alleles which 

contain mutations in genes that have previously been associated with VNC morphogenesis. 

Additionally, several alleles found in this genetic screen contain mutations in the genes ippk-1 and 

pal-1. ippk-1 encodes a kinase that is orthologous to the mammalian inositol pentakisphosphate 

kinase 1 (IPPK1/IP5K) (Figure 1.9). Inositol phosphate production has been shown to be involved 

with nematode development and membrane biology, however, in comparison to its mammalian 

homolog the role of IPPK-1 is poorly characterized (Vazquez-Manrique et al., 2008; Lowry et al., 

2015; Yang et al., 2021). pal-1 encodes a caudal homologue with similar roles to the mammalian 

CDX family (Figure 1.10). This includes roles in regulating cell fate determination during early 

embryogenesis and in cell migration (Hunter and Kenyon, 1996; Edgar et al., 2001; Maduro et al., 

2005; Gilbert et al., 2020). The alleles of ippk-1 and pal-1 found in the screen produce robust and 

severe displacement of neuronal cell body positions along the VNC. Disruption of ippk-1 

resembles defects observed in sax-3 and vang-1 loss-of-function mutants. The defects observed in 

pal-1 mutants also resemble another set of alleles found in the genetic screen, caused by mutations 

in the nuclear hormone receptor sex-1, as both severely affect posterior DD type motor neurons. 

Our study seeks to explore the role of the inositol phosphate kinase ippk-1 and caudal transcription 

factor pal-1 play in the developing VNC of C. elegans.  

In line with this rational, this dissertation pursued several objectives: 

1. Characterize the impact of disrupting ippk-1 or pal-1 during VNC assembly. 
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2. Determine if either gene interacts with the PCP pathway or SAX-3. 

3. Explore the role of ippk-1 in neuronal progenitor movements during assembly of the VNC. 

4. Investigate the potential interaction between sex-1 and pal-1. 
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CeIPPK-1               1 MQI----------------------------------------NPPATVLIEPRDYRSFCFR 

XlIPPK-1_lisoform      1 MEP----------------------------------------EK--------MDENEWNYH 

DrIPPK-1               1 MEL----------------------------------------DK--------MDENDWKYH 

MmIPPK-1_isob          1 MRCACRVASHRAASPGMLVLLSGNGGPEAEPGPGPGQHRGKFPEC--------CQPTEWSSA 

HsIPPK-1               1 MEE----------------------------------------GK--------MDENEWGYH 

            

CeIPPK-1              23 GEGRANFVI---------SARHRVSGVRIVWRFAK-----ARKSGLMTVKARSELVNSYMER 

XlIPPK-1_lisoform     15 GEGNKSLVV---------SHAQSCVVLRFL-KFLP----NINKSTEE-VYQHLHNILDFGKH 

DrIPPK-1              15 GEGNKSIVV---------SHLRHCQVLRLL-KVPSEDSAHTRQTAEQ-TLRHILNIMDYSKH 

MmIPPK-1_isoform  b   55 SRNHRAGVLPCCCAVRNGALPQRCVVLRFL-KFPP----NKKKTSEE-ILQHLQNIVDFGKN 

HsIPPK-1              15 GEGNKSLVV---------AHAQRCVVLRFL-KFPP----NRKKTSEE-IFQHLQNIVDFGKN 

                     

CeIPPK-1              71 IVAPFFSDQYLVDMNIVEFDTVDVHQLA-KIPSLPANQKIEKFEDLFELPDEYSFFPLNTFQ 

XlIPPK-1_lisoform     62 IMKPFLGENYVHHGEVVKLPLDFLKSLCLKVQSDRPESRCEKEM--------------DV-S 

DrIPPK-1              66 VMKPLLGEKYVHSGEVVGLPLDFLRQMSLEVQQERPELRCDKVM--------------DTFS 

MmIPPK-1_isoform  b  111 VMKDFLGENYVHCGEVVQLPLEFVKQLCLKIQCERPESRCDKDL--------------DTFS 

HsIPPK-1              62 VMKEFLGENYVHYGEVVQLPLEFVKQLCLKIQSERPESRCDKDL--------------DTLS 

                      

CeIPPK-1             132 RVHGSVIVTNPKRLTSLQMLDATQLPMTVMDSGHSSTITVEIKPKQGFFQRHPNV--D--VP 

XlIPPK-1_lisoform    112 GY--AMCLPNLTR-----------LQ-TFPFLECRPIFCIEIKPKCGFIPSSAHITNEIKKK 

DrIPPK-1             116 GC--GLCLPDLTQ-----------LP-LHHLRDHRPPICVEIKPKCGFLPFSRHMTKECKWK 

MmIPPK-1_isoform  b  161 GY--AMCLPNLTR-----------LQ-TFHFAEHRPILCVEIKPKCGFIPFSNDVTHEMKHK 

HsIPPK-1             112 GY--AMCLPNLTR-----------LQ-TYRFAEHRPILCVEIKPKCGFIPFSSDVTHEMKHK 

                     

CeIPPK-1             194 HCNNCILQIEKSCGQSHFSEMYDFCPLDLFSGNYCRMQKAIHSLFLVPHRNLRIFVDGNQVH 

XlIPPK-1_lisoform    157 VCRFCMHQHLKV-AKGKWKRISKYCPLDLFSGNKQRMHFALMNLLQESQNNLKVFKNGELIY 

DrIPPK-1             162 VCRFCMHQHYKL-ANGKWKRLSRYCPLDLFSGSKQRMYVALKNLLEEPQNNLKIFKGGELIF 

MmIPPK-1_isoform  b  207 VCRYCMHQHLKV-ATGKWKKISKYCPLDLYSGNKQRMHFALRSLLQETQNNLRIFKNGELIY 

HsIPPK-1             158 VCRYCMHQHLKV-ATGKWKQISKYCPLDLYSGNKQRMHFALKSLLQEAQNNLKIFKNGELIY 

                      

CeIPPK-1             252 SDEK---------PLEEKMISEILFPRHDA---------TSEDLISALCLA----------- 

XlIPPK-1_lisoform    218 GCRDDQEHFLDLNELAHN-LKPFFYPASGLISGPQCPKTVVKELIHILTTVLLNNSTDTARA 

DrIPPK-1             223 SCKDDAKQQPDLNNLIQH-LRPYFPHTNGLYNGHQPGKVILNEFIQVICSVLLNNSTDSNRS 

MmIPPK-1_isoform  b  268 GCGDARSPVADLKELAHH-LKPFFFPSNGLASGPHCTKAVIRELVHVITRVLLSS-SEKARA 

HsIPPK-1             219 GCKDARSPVADWSELAHH-LKPFFFPSNGLASGPHCTRAVIRELVHVITRVLLSG-SDKGRA 

                      

CeIPPK-1             296 --------------------------LSGNHSKKKFRLRNSSVLGQILRAQK 

XlIPPK-1_lisoform    289 ANIMPIIPLSQGRNYCEASHFCPHLSN-SKHATEATGLPKGCILYKTLQAQM 

DrIPPK-1             284 GEPRKMHL-SESKPHCEASPFPRDLIRNG-----HHGLPKDSVLAKILQVQM 

MmIPPK-1_isoform  b  329 GALR--LG-LQGPRVCEASPFSRSLHNQGKNTSEHSGLPKGCLLYKTLQVQM 

HsIPPK-1             280 GTLSPGLG-PQGPRVCEASPFSRSLRCQGKNTPERSGLPKGCLLYKTLQVQM 

 

CeIPPK-1             311 VDEIGIIQAHAIYETMDNHVKTSLLDKSALTRAG------LELILEQSSHE---NEELLQQL 

XlIPPK-1_lisoform    330 LDMLDIEGLYPLYKRVEKYLEEFPEERSTLLLDGPYDETFFEKLKDLSLEDDGTISYAVTKI 

DrIPPK-1             329 LDNLDIEGIYPLYKRVEQYLEEFPKERIRLQIDGPYDESFMDTVKSCLNEDDGSVEYAIGKV 

MmIPPK-1_isoform  b  377 LDQLDIEGLYPLYKRVEQYLEEFPEERKTLQIDGPYDEVFYQKLLDLSTEDDGTVAFALTKV 

HsIPPK-1             330 LDLLDIEGLYPLYNRVERYLEEFPEERKTLQIDGPYDEAFYQKLLDLSTEDDGTVAFALTKV 
                    

CeIPPK-1             364 RRYFLAATMKDCSIMISLRRLNSANISNSRREDVVRLPNGLLFAFSIKIVDLDPKTAKNLVN 

XlIPPK-1_lisoform    392 QQYRVAMTAKDCSIMIALSPAVQEECLDPR--SVIRST-TSSFIHSVSILDLDLKPYENIPH 

DrIPPK-1             391 HQYRVAMTAKDCSVMITFAPCEEDE----E--HKLNLE-KPRFTYSVSILDLDTKPYEGIPH 

MmIPPK-1_isoform  b  439 QQYRVAMTAKDCSIMIALSPCLQGTSSDQR--PVIPSS-RSRLAFSVSVLDLDLKPYESIPH 

HsIPPK-1             392 QQYRVAMTAKDCSIMIALSPCLQDASSDQR--PVVPSS-RSRFAFSVSVLDLDLKPYESIPH 
                    

CeIPPK-1             426 SHARFMS----GIKIIRLDQENV--ENERNFKPC------I   

XlIPPK-1_lisoform    451 QYKRDSKIVNHYLKSIKVQEDPL--NLYKKSEDCTLLLQKV   
DrIPPK-1             446 QYKLDSKIVNYYLRSTQAPP-P--SSLYKERQECTLLFHAV   

MmIPPK-1_isoform  b  498 QYKLDSKIVNYYSKTVHAKDDTVRSTRFKEHEDCTLVLHKV   

HsIPPK-1             451 QYKLDGKIVNYYSKTVRAKDNAVMSTRFKESEDCTLVLHKV   

 

Figure 1.9: Sequence Alignment of IPPK-1 in C. elegans (Ce) with its X. lavis (Xl), D. rerio (Dr), 

M. musculus (Mm), and H. sapiens (Hs) homologs. Shading indicates nucleotide similarities. The 

blue line indicates the kinase domain. The red line indicates the motif involved in inositide recognition. 

The blue lines indicate domains involved in ligand binding. Sequence alignment preformed using T-

Coffee v11 (Notredame et al., 2000; Tommaso et al., 2011) and Boxshade v3.3 

(https://junli.netlify.app/apps/boxshade/). Domains were labelled based on González et al., 2010. 
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CePAL-1    1 MSVDVKSDFSENESSSTPSPTT------------------------VPADVTWPHYPMMP 

MmCDX-1    1 MYVGYVLD---KDSPVYPGPARPSS-L---GLGPPT----YAPPGPAPAPPQYPD----- 

MmCDX-2    1 MYVSYLLD---KDVSMYPSSVRHSGGL---N----------LAPQNFVSPPQYPD----- 

MmCDX-4    1 MYGSCLLE---KEAGMYPGTLRSPGGSSTAGVGTSGGSGSPLPASNFTAAPVYPH----- 

           

CePAL-1   37 FMQPHPLREKMLQPTFDPQIYGRWSQMGDTGFYGH---------PDLYPFGLPQLAANGQ 

MmCDX-1   45 -----------------------------FAGYTH------V---EPAPAPPPTWAAPFP 

MmCDX-2   40 -----------------------------YGGYHVAAAAAATANLDSAQSPGPSWPTAYG 

MmCDX-4   53 -----------------------------YVGYPH------MSNMDPHGPSLGAWSSPYS 

         

CePAL-1   88 IP-AVEAVDVKPPLSNG--S---SSSDS---------GMYPSPSDMMT------------ 

MmCDX-1   67 AP-KDDWAAAYGPGPTASAA---SPAPL----------AFGPPPDFSPV----------P 

MmCDX-2   71 APLREDWNGY-APGGAAAAN---AVAHGLNGGSPAAAMGYSSPAEYHAHHHPHHHPHHPA 

MmCDX-4   78 PP-REDWSTYPGPPSTMGTVPMNDMTSP----------VFGS-PDYSTL-GPTSGASNGG 

          

CePAL-1  121 PFPSTSSGAASSSELSAAAAAAA--NYQMRAATCYQQSVWPFMDYQQFQGFSWKMPLGNN 

MmCDX-1  103 APPGPGPG-ILAQSLGAPGAP-------S------------------------------S 

MmCDX-2  127 ASPSCASGLLQTLNLGPPGPAATAAAEQL------------------------------S 

MmCDX-4  125 SLPDAASESLVSLDSGTSGA--------T------------------------------S 

          

CePAL-1  179 HGKDRRSSSDG--KTLPTGPGTNNVRVRTADKYRMVYSDYQRLELEKEFHTSPFITSDRK 

MmCDX-1  125 PGAPRRTPYEWMRRSVAAAGGGGSGKTRTKDKYRVVYTDHQRLELEKEFHYSRYITIRRK 

MmCDX-2  157 PSGQRRNLCEWMRKPAQQS-LGSQVKTRTKDKYRVVYTDHQRLELEKEFHFSRYITIRRK 

MmCDX-4  147 PSRSRHSPYAWMRKTVQ-----VTGKTRTKEKYRVVYTDHQRLELEKEFHCNRYITIRRK 

         

CePAL-1  237 SQLSTMLSLTERQIKIWFQNRRAKDRRDKQKIRL-------------------------- 

MmCDX-1  185 SELAANLGLTERQVKIWFQNRRAKERKVNKKKQQQQQPLPPTQLPLPLDGTPTPSGPPLG 

MmCDX-2  216 SELAATLGLSERQVKIWFQNRRAKERKIKKKQQQQQQQQQQ----QPPQPPPQPSQPQPG 

MmCDX-4  202 SELAVNLGLSERQVKIWFQNRRAKERKMIKKKISQFENTGGS--VQSDSGSISPGE-LPN 

       

CePAL-1      -------------------------------------------- 

MmCDX-1  245 SLCPTNAGLLGTPSPVPVKEE-------------------FLP- 

MmCDX-2  272 ALRSVPEPL----SPVTSLQGSVPGSVPGVLGPAGGVLNSTVTQ 

MmCDX-4  259 AFFTTPSAVRGF-QPIEIQQV-------------------IVSE 

 
Figure 1.10: Sequence Alignment of PAL-1 in C. elegans (Ce), with Cdx1, Cdx2 and Cdx4 in 

M. musculus (Mm). Shading indicates nucleotide similarities. The red line indicates the 

homeobox domain. Sequence alignment preformed using T-Coffee v11 (Notredame et al., 2000) 

and Boxshade v3.3 (https://junli.netlify.app/apps/boxshade/). Domain prediction was preformed 

using NCBI Conserved Domain Search (Wang et al., 2023). 
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Abstract 

Inositol phosphates (IPs) are essential for the development and function of the nervous 

system. Loss-of-function studies, which demonstrate the importance of specific IP isomers, show 

their critical role in proper neural tube formation. In this study, we show that inositol 

pentakisphosphate 2-kinase (IPPK-1), the kinase that phosphorylates IP5 to generate IP6, is 

involved in assembling the ventral nerve cord (VNC) in C. elegans. We show that mutations in 

ippk-1 lead to the mispositioning of motor neurons along the VNC of newly hatched larvae. These 

positioning defects reflect disruption of VNC assembly during embryogenesis, as VNC neuronal 

progenitors in ippk-1 embryos display a more compact organization after arising on the left and 

right sides of the embryo, delays in rosette-mediated convergent extension, and defects in cell 

intercalation. We further show that injection of exogenous IP6 into the gonads of ippk-1 mutants 

can rescue both embryonic and neuron positioning defects. Our findings indicate that IP isomers, 

particularly IP6, are important for ventral nerve cord formation in C. elegans. Along with their role 

in neural tube formation in vertebrates, these results suggests that IP isomers play an ancient role 

in central nerve cord development. 

Introduction 

Inositol phosphates and polyphosphates, groups of metabolites produced through the 

progressive phosphorylation of inositol triphosphate (IP3), are central players in a diverse range 

of cellular processes. These include the regulation of ion channel activity, cell migration, 

mailto:colavita@uottawa.ca
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exocytosis, developmental timing and the establishment of left-right asymmetry (Efanov et al., 

1997; Yang et al., 2001, 2021; Sarmah et al., 2005; Jadav et al., 2016; Rao et al., 2015). These 

functions are essential for proper embryogenesis and organogenesis during development (Yang et 

al., 2021; Frederick et al., 2005; Boitano et al., 1992; Seeds et al., 2015). In the developing nervous 

system, the activity of inositol phosphate and polyphosphate kinases regulate several aspects of 

brain development and function (Loss et al., 2013; Park et al., 2019a, 2019b; Ahmed et al., 2015; 

Wilson et al., 2009). Regulation of inositol phosphate levels, specifically inositol 

pentakisphosphate (IP5) and inositol hexaphosphate (IP6), are important for neuronal survival and 

differentiation (Loss et al., 2013; Ucuncu et al., 2020). Additionally, loss of inositol hexaphosphate 

kinases lead to impaired brain development due to neuronal migration, morphology and synapse 

formation defects (Rojas et al., 2019; Fu et al., 2015, 2017).  

Neural tube defects, caused by a failure of the neural plate to fold, fuse or undergo 

canalization during neurulation, are highly prevalent congenital abnormalities (reviewed in Greene 

et al., 2017; Nikolopoulou et al., 2017). Disrupting inositol phosphate metabolism, either through 

deprivation of dietary inositol or introducing loss-of-function mutations in IP synthesis enzymes, 

results in or exacerbates cranial neural tube defects (NTDs) (Wilson et al., 2009; Cockroft et al., 

1992; Greene and Copp, 1997). Several studies have also described functions for highly 

phosphorylated forms of inositol during neural tube closure. Loss of inositol-tetrakisphosphate 1-

kinase (ITPK1) and inositol polyphosphate multikinase (IPMK), kinases required for the 

production of IP5 and its derivatives, results in lethality around the neurulation stage in mice and 

has been linked to an increase in NTD cases in humans (Wilson et al., 2009; Frederick et al., 

2005; Guan et al., 2014; Verbsky et al., 2005a). 

While numerous genes have been implicated in the development of NTDs in vertebrates, a 

key category are those that encode for proteins involved in convergent extension. This 

morphogenetic process is marked by the constriction of cell-cell junctions and cell intercalation 

that act to narrow a tissue along one axis and lengthen it along another (reviewed in Sutherland et 

al., 2020). Coordination of convergent extension across the neural tube is a prominent driver of 

early neurulation, which depends on the closure of neuroepithelial folds. Failure of this process 

can lead to severe NTDs in vertebrates (Wallingford and Harland, 2002; Goto and Keller, 2002). 

Components of the conserved Wnt-planar cell polarity (PCP) pathway, such as VANGL1/2 and 
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their orthologues, play important roles in coordinating convergent extension in mice (Lei et al., 

2019; Curtin et al., 2003; Murdoch et al., 2003), Xenopus (Wallingford and Harland, 

2002; Williams et al., 2014; Butler and Wallingford, 2018) and zebrafish (Ciruna et al., 

2006; Reynolds et al., 2010). Besides PCP signaling, junctional contraction during convergent 

extension are also controlled by transient Ca2+ oscillations resulting from the interaction between 

inositol triphosphate (IP3) and its receptor (Cogram et al., 2004; Politi et al., 2006, Mound et et 

al., 2017). In support of this, reducing Ca2+ waves through pharmacological or genetic means 

impairs axial elongation and disrupts convergent extension (Wallingford et al., 2001; Westfall et 

al., 2003). However, the role that more highly phosphorylated forms of inositol play during neural 

tube development remains poorly understood. 

In C. elegans, convergent extension movements are involved in the early assembly of the 

ventral nerve cord (VNC) (Shah et al., 2017). The VNC runs along the anterior-posterior (AP) axis 

of the worm and is comprised of three classes of motor neurons (DD, DA and DB) at hatching. 

During embryogenesis, neuronal progenitors born on the left and right sides of the embryo, 

undergo cell-cell intercalations, including processes driven by the formation and resolution of 

multicellular rosettes, to converge toward and extend along the midline. Following this, progenitor 

cell bodies are positioned along the AP axis in a predominantly single-file formation. This process 

involves VANG-1/Van Gogh and SAX-3/Robo-mediated regulation of cell-cell intercalations 

(Shah et al., 2017). Loss of VANG-1 or SAX-3 signaling delays rosette resolution and, 

subsequently, the single-file intercalation of progenitors at the midline. However, simultaneous 

disruption of both pathways leads to a more severe convergent extension defect, which, in the most 

extreme cases, results in the anterior displacement of most motor neuron cell bodies in the VNC 

at hatching (Shah et al., 2017). 

In this study, we explore the role of ippk-1, the gene encoding the worm orthologue of 

mammalian inositol-pentakisphosphate 2-kinase (IPPK/IP5K), in VNC assembly. IPPK is an 

enzyme in the IP biosynthesis pathway responsible for phosphorylating IP5 to generate IP6 

(Verbsky et al., 2002). Our study reveals that the loss of ippk-1 results in the mispositioning of 

motor neuron cell bodies within the VNC of newly hatched worms. Disruption of the worm 

orthologue of IPMK also produces a similar phenotype. Examination of VNC morphogenesis 

in ippk-1 mutant embryos uncovered a more compact organization as VNC neuronal progenitors 
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from the left and right sides migrated toward the midline. Additionally, we observed defects related 

to abnormal convergent extension, including delays in rosette resolution, persistent cell contacts 

after midline intercalation, and reduced VNC extension by the 1.5-fold stage. Motor neuron 

positioning defects in newly hatched worms, a consequence of abnormal VNC development during 

embryogenesis, were rescued by the addition of exogenous IP6. These findings highlight the 

importance of IP biosynthesis pathways and polyphosphorylated IPs in the development of central 

nerve cords. 

Results 

IPPK-1 is required for proper positioning of DD neurons along the VNC 

At hatching, the VNC contains three classes of motor neurons (6 GABAergic inhibitory 

DD, 9 cholinergic excitatory DA, and 7 cholinergic excitatory DB) arranged in repeating DD-DA-

DB motor pools responsible for sinusoidal locomotion (Lu et al., 2022). The cell bodies of these 

neurons are stereotypically positioned along the VNC (Saharkhiz et al., 2024). We have previously 

shown that loss of planar cell polarity genes like vang-1/VANG result in VNC assembly defects 

during embryogenesis which manifest as mispositioned motor neurons in L1 larvae (Shah et al., 

2017). To identify new genes involved in neuron positioning, we performed a genetic screen (A. 

Colavita, unpublished results) using the DD-specific reporter ynIs37[flp-13p::GFP] (a gift from 

Dr. Chris Li, CCNY) and identified zy65. Whole genome sequencing revealed zy65 to be a 

mutation in ippk-1, the sole C. elegans orthologue of inositol-pentakisphosphate 2-kinase (IPPK), 

a kinase in the IP biosynthesis pathway that catalyzes the conversion of IP5 to IP6 (Figure 2.1A 

and B). ippk-1(zy65) contains an A to T nucleotide change in the consensus splice acceptor site of 

exon 6 that is predicted to affect splicing of the ippk-1 transcript (Figure 2.1A). 

IPPK-1 was previously shown to be essential for larval growth and in the maintenance of 

adult germline membrane architecture (Lowry et al., 2015). Our findings indicate an additional 

role in VNC development. In newly hatched animals, DD motor neurons display an approximately 

equidistant spacing along the VNC. In zy65 mutants, DD neurons are located at more anterior 

positions compared to wild type (WT) animals (Figure 2.1C and D). This  
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Figure 2.1: ippk-1 mutants display DD neuron spacing defects. (A) Diagram of the ippk-

1 genomic region labeled with alleles used in this study. (B) Kinase cascade pathway involved in 

phosphorylating IP4 and IP5 to produce IP6. (C) Representative images of DD positions in 

WT, ippk-1 and ipmk-1 mutants, visualized using the DD-specific flp-13p::GFP reporter. 

Arrowheads mark DD neurons. Scale bar = 20 μm. (D) Quantification of DD2–DD6 mean 

positions relative to DD1 in L1 stage WT and mutant worms. Neurons (colour coded as indicated 

along top and numbered in sequence from anterior to posterior) are plotted along the AP axis, 

where DD1 and anus mark the 0 % and 100 % positions respectively. m = maternal, z = zygotic. 

Means and 95 % confidence intervals are indicated for each neuron. Animals scored (N) indicated 

on the right. Statistics: One-way ANOVA with Dunnett's post-hoc test against the corresponding 

WT neuron, except for strains scored at 20 °C, where a two-tailed t-test with Welch's correction 

was used. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Arrows indicate the size of the shift from the WT 

mean for all neurons where p > 0.05. 
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phenotype is temperature sensitive as there is a significant increase in the penetrance of anteriorly 

shifted DD neurons when animals are incubated at 25 °C compared to 20 °C (Figure 2.1D). We 

also found that DD position defects are maternally rescued indicating a role for maternally derived 

IPPK-1 or its product IP6 (Figure 2.1D). To determine if the changes in neuron position are unique 

to DD neurons or shared by other motor neuron classes, we also examined DB neurons using an 

mScarlet knock-in at the vab-7 locus (Saharkhiz et al., 2024) (Supplemental Figure 2.1). DB 

neurons were also mispositioned more anteriorly in zy65 mutants, indicating a more general role 

in motor neuron positioning. 

Two observations confirm that the ippk-1 gene is responsible for the observed motor 

neuron position defects. First, the position defects in ippk-1(zy65) were rescued by expressing 

the ippk-1 cDNA from either the ippk-1 promoter or a heterologous unc-33 promoter 

(Supplemental Figure 2.2). Second, ippk-1(or1572), a temperature-sensitive allele from the Lowry 

et al. (2015) study, also displayed similar anterior shifts in DD cell body positions (Figure 2.1C 

and D). As or1572 exhibited sterility and larval arrest at temperatures above 20 °C, it was scored 

at 18 °C to ensure the production of viable larvae. ippk-1(zy65) worms also displayed sterility and 

epidermal morphology defects, similar to those in ippk-1(or1572), when grown at the restrictive 

temperature. 9.5 % (N = 116) of post-comma stage embryos and 17.4 % (N = 135) of larvae 

displayed epidermal morphology defects characterized by a lumpy appearance, with lumps mostly 

in the posterior (Supplemental Figure 2.3). Notably, loss of upstream components required for the 

generation of inositol triphosphate (IP3) have been reported to show similar defects in both 

embryonic and larval stages (Vázquez-Manrique et al., 2008). 

Since IPPK-1 acts in an IP synthesis pathway with several other kinases, we also asked if 

loss of another kinase in this pathway would also disrupt DD positioning. IPMK phosphorylates 

both IP3 and IP4 to produce IP5 (Saiardi et al., 1999; Odom et al., 2000) (Figure 2.1B). ipmk-1 is 

the only C. elegans orthologue of IPMK. Unlike ippk-1, which is an essential gene, the ipmk-

1(tm2687) deletion allele (Mitani, 2017), a probable null, is viable (Yang et al., 2021). We found 

that tm2687 displayed DD position defects similar to those in ippk-1 mutants (Figure 2.1C and D). 

As human IPPK has been shown to play additional non-catalytic roles unrelated to IP synthesis 

(Brehm et al., 2013), these findings indicate that an intact IP kinase cascade is important for proper 

DD positioning in the VNC. 
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Ippk-1 is expressed at low levels, except in the spermatheca 

To determine where ippk-1 is expressed, we generated a transcriptional reporter and tagged 

the endogenous ippk-1 locus with GFP (Supplemental Figure 2.4). The transcriptional reporter was 

made using approximately 3 kb of ippk-1 promoter fused to GFP (Supplemental Figure 2.4A). 

Expression from a transgenic array was observed in pharynx, intestine, spermatheca, and a subset 

of head, tail and ventral cord neurons (Supplemental Figure 2.4B-D). Two GFP knock-in strains 

were made, with GFP inserted at either the N or C-terminus of ippk-1, using the CRISPR/Cas9 

homology-directed repair approach described in Dickinson et al. (2015). This approach utilizes a 

selection cassette (SEC) containing a GFP reporter, followed by a loxP-flanked stop cassette which 

allows transcriptional read-through past the reporter only upon Cre recombinase-mediated SEC 

excision. The N-terminal insertion can therefore function as a transcriptional reporter prior to SEC 

excision. In contrast to the transcriptional reporter, the ippk-1(zy100[GFP::loxP-stop-loxP::IPPK-

1]) strain, which reflects endogenous promoter activity, showed strong expression only in the 

spermatheca (Supplemental Figure 2.4E). Likewise, both the N-terminal (zy101) and C-terminal 

(zy102) GFP knock-ins appeared to show protein expression only in the spermatheca 

(Supplemental Figure 2.4F). With the exception of the spermatheca, we did not observe expression 

in other areas of the somatic gonad or germline, where we might have expected it, given its role in 

germline architecture and gonad arm morphology (Lowry et al., 2015). These observations 

suggests that ippk-1 expression may be below the detection limit of our methods, which is 

consistent with single-cell transcriptome data showing generally low abundance of ippk-

1 transcripts except in the spermatheca (Taylor et al., 2021; Packer et al., 2019). 

IPPK-1 acts in concert with VANG-1 and SAX-3 to position DD neurons in the VNC 

We previously demonstrated that the PCP pathway protein VANG-1 and the Robo receptor 

SAX-3 function in parallel to ensure proper motor neuron cell body positioning in the VNC of 

newly hatched worms. Simultaneous deletion of both vang-1 and sax-3 leads to the highly 

penetrant displacement of motor neuron cell bodies toward the anterior, which is more  
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Figure 2.2: DD position defects are more severe in vang-1; ippk-1 and sax-3; ippk-1 double 

mutants compared to single mutants. (A) Representative images and (B) quantification of mean 

DD neuron position relative to DD1 in vang-1 and sax-3 single mutants or in combination 

with ippk-1 and ipmk-1 mutants. The vang-1(tm1422) sax-3(zy5) DD position data, included for 

comparison, is from Saharkhiz et al. (2024). Scale bar = 20 μm. Means, 95 % confidence intervals 

and plot format as in Fig. 1D. Statistics: One-way ANOVA with Tukey's post-hoc test. The 

significance of each neuron across all double mutants is shown relative to the position of its 

constituent vang-1(ok1142) or sax-3(zy5) single mutant. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 

Arrows indicate the size of the mean position shift in double mutants compared to the 

relevant vang-1 or sax-3 single mutant where p > 0.05. 
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severe than the defect caused by loss of either gene alone (Figure 2.2) (Shah et al., 2017). This 

striking anterior displacement is the result of a severe disruption of convergent extension 

movements as neuronal progenitors undergo mediolateral convergence and anterior-posterior 

extension to form the VNC during embryogenesis (Shah et al., 2017). To investigate genetic 

interactions between ippk-1 and these pathways, we examined DD neuron positions in ippk-

1 double mutants with vang-1 and sax-3. We found that double mutants containing  ippk-

1(zy65) displayed significantly stronger anterior shifts, at one or more DD neuron cell body 

positions, compared to vang-1 and sax-3 single mutants (Figure 2.2). A similar, albeit milder, 

increase in severity was also observed in vang-1; ipmk-1 and sax-3; ipmk-1 double mutants 

(Figure 2.2). Interestingly, although vang-1 and sax-3 double mutants containing ippk-

1(zy65) displayed similar shifts in DD positions, double mutants containing ippk-

1(or1572) displayed stronger shifts in the vang-1 mutant background than in the sax-

3 background. This difference appeared to be absent in ipmk-1 double mutants, suggesting that 

the zy65 and or1572 lesions disrupt IPPK-1 protein function in different ways, with or1572 likely 

retaining more kinase activity. However, in all cases, ippk-1 double mutants with vang-1 and sax-

3 did not exhibit the more severe anterior displacements found in vang-1; sax-3 double mutants, 

most pronounced in DD6, which are indicative of a major perturbation of convergent extension 

(Figure 2.2B). Overall, these results are consistent with an ipmk-1 and ippk-1 containing IP 

pathway acting, at least in part, in parallel with vang-1 and sax-3 to promote proper motor neuron 

positioning in the VNC. 

Ippk-1 mutants display defective organization of DD and DA progenitors at midline contact. 

During embryogenesis, DD and DA progenitors from both the left and right sides, form 

tightly juxtaposed groups that migrate towards the midline, where they intercalate to establish the 

presumptive VNC (Shah et al., 2017). To begin to understand how ippk-1 regulates VNC 

formation during this stage, we performed time-lapse microscopy using a cnd-

1p::PH::mCherry reporter to label the membranes of DD and DA progenitors (specifically, DD1-

6 and DA1-5) (Figure 2.3A). In ippk-1 mutants, we found that these progenitors appeared more 

disorganized and compact as they moved toward the midline (Figure 2.3B). To quantify tissue 

compactness, we measured the combined area occupied by the progenitors on the left and  
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Figure 2.3: ippk-1 mutants display defective organization of DD and DA neuronal 

progenitors prior to midline contact. (A–B) Time-lapse fluorescence single plane images and 

maximum-intensity projections showing the migration of a subset of DD and DA progenitors, 

labeled (membranes) with cnd-1p::PH::mCherry, from left and right sides toward the midline in 

(A) WT and (B) ippk-1(zy65) embryos. Scale bars = 10 μm. (C) Box plot showing the combined 

area of left and right cnd-1p-labeled VNC progenitors at midline contact. Tails indicate min and 

max. (D) Plot showing the proportion of embryos containing at least one rosette among VNC 

progenitors at midline contact. Error bars indicate SEP. (E) Z-slices arranged from dorsal to ventral 

from a representative WT and zy65 embryo showing cnd-1p-labeled VNC progenitors at midline 

contact, revealing the more compact organization and the presence of a rosette (dotted magenta 

outline) in the zy65 embryo. (E′) 3D reconstruction of VNC progenitors in E. Statistics: (C) Chi-

squared test with Monte Carlo simulation for 10,000 replicates, followed by a pairwise analysis 

using Fisher's exact test with Monte Carlo simulation for 10,000 replicates and adjustments with 

Holm corrections, (D) ANOVA with Dunnett's post-hoc test against WT. ∗p < 0.05, ∗∗p < 0.01, 

∗∗∗p < 0.001. 
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right sides in each embryo at the time of midline contact. We found that in ippk-1(zy65) mutants, 

this area was significantly smaller (119.1 μm2) (N = 12, p < 0.0001) compared to WT (151.8 μm2) 

(N = 13) (Figure 2.3C).  

To ascertain whether the more compact organization resulted from changes in cell number or fate, 

we counted the number of cnd-1 promoter-labeled progenitors at the embryonic bean stage and in 

L1 animals using terminal cell fate markers. We found a slight reduction (p = 0.0131) in the 

number of progenitors at the bean stage, with an average of 20 cnd-1-labeled cells (N = 16) in WT 

and 19 (N = 19) in ippk-1 mutants ( Supplemental Figure 2.5A). However, the number of 

terminally differentiated DD, DA, and DB neurons in L1 animals remained unchanged 

(Supplemental Figure 2.5B), suggesting that the more compact organization in ippk-1 mutants is 

not due to a reduction in progenitor number or cell fate defects. 

Closer examination of the left and right progenitor groups to better understand their 

organization revealed differences in the presence of multicellular rosettes, structures where the 

junctions of five or more cells meet at a common vertex, between ippk-1 mutants and WT. In ippk-

1(zy65) mutants, 75 % of embryos displayed a rosette at the time of midline contact (N = 12, 

p = 0.01294), compared to 15.4 % in WT (N = 13) embryos (Figure 2.3D and E). These ectopic 

rosettes may therefore underlie some aspect of the disorganization and compactness seen in these 

progenitors during their migration to the midline. As progenitor groups in WT embryos typically 

show rosettes prior to midline contact, we cannot rule out that a proportion of these may be 

persistent instead.  These rosettes appear to be a distinct feature of ippk-1 mutants, as vang-

1(ok1142) mutants did not show a greater proportion of rosettes at midline contact (N = 14, 

p > 0.9999) compared to WT (Figure 2.3D). To determine whether ippk-1 plays a role in VANG-

1 localisation, which we have previously shown to be localised to cell junction vertices (Shah et 

al., 2017), we examined an endogenous mNG::VANG-1 knock-in in both WT and ippk-

1 backgrounds but detected no obvious differences in localisation (Supplemental Figure 2.6). 

These observations suggests that IPPK-1 and its product IP6 are important for inhibiting rosette 

formation or promoting rosette resolution prior to VNC progenitor intercalation at the midline. 

Ippk-1 mutants display defects in convergent extension 

Shortly after meeting at the midline, DD and DA progenitors from the left and right 

contribute to the formation of multicellular rosettes (Shah et al., 2017). The resolution of these 
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rosettes sequentially from anterior to posterior is part of the convergent extension process, which 

narrows the tissue along the mediolateral axis and elongates it along the anterior-posterior axis. 

By the 1.5-fold stage, single-cell intercalations result in a stereotypical pattern of DD and DA 

neurons, aligned in a mostly single file along the developing VNC (Shah et al., 2017). 

Our previous study indicated that the loss of PCP pathway components, like VANG-1, 

delays rosette resolution or causes unstable resolution, where rosettes partially resolve and then 

reform. These defects disrupt convergent extension and the normal intercalation of cells at the 

midline (Shah et al., 2017). To determine whether ippk-1 regulates rosette dynamics, we 

performed time-lapse microscopy using our cnd-1p::PH::mCherry membrane marker to label DD 

and DA progenitors and measured the lifetime of the centrally positioned rosette formed when 

these cells meet at the midline. Rosette lifetimes were defined as the time from initial formation to 

resolution. For unstable resolutions, rosette lifetimes were measured from formation to final 

resolution. In WT, the centrally located rosette resolves within 3.3 min (median) after  

 

 

Figure 2.4: ippk-1 mutants display defects in central rosette resolution. (A) Examples of 

rosette resolution dynamics in WT and mutant VNC progenitors labeled with cnd-

1p::PH::mCherry. Cells participating in a rosette are outlined with a dotted magenta line. (B) 

Quantification of central rosette lifetime. Box plot tails indicate min and max. Statistics: Kruskal-

Wallis with Dunn's post-hoc test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bars = 10 μm. 
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formation. In ippk-1(zy65) mutants, the median rosette lifetime increased to 17.1 min (p = 0.0003) 

(Figure 2.4A and B). As a comparison, we also measured rosette lifetime in vang-1 mutants and 

showed that the median resolution time was 9.8 min (p = 0.0082) (Figure 2.4B). 

Interestingly, vang-1(ok1142); ippk-1(zy65) double mutants (17.2-min median) did not show a 

significant increase in rosette lifetime compared to zy65 single mutants (p > 0.9999). This finding 

is consistent with ippk-1 and vang-1 acting in a common pathway to regulate rosette resolution 

dynamics.  

The outcome of single cell intercalation and effects on VNC extension were assessed at the 

1.5-fold stage using unc-30p::GFP to label DDs (cytoplasm) and cnd-1p::PH::mCherry to label 

DD and DAs (membrane). At this stage, most DD and DA progenitors have intercalated into a 

single file with some of DD1-4 and DA2-5 displaying a stereotypical alternating DD DA pattern 

(WT in Figure 2.5A). We defined an embryo with a cell intercalation defect as one containing at 

least one abnormal DD-DD cell contact instead of a DD-DA contact. Not surprisingly, given the 

earlier organization and rosette resolution defects, we found a significant number of single cell 

intercalation defects in ippk-1(zy65) (36.5 %) (N = 52, p = 0.0069) and ippk-1(or1572) (50 %) 

(N = 32, p = 0.0004) mutants compared to WT (7.7 %) (N = 52) (Figure 2.5A and B). ipmk-

1 mutants showed a modest increase at 28.2 % (N = 39, p = 0.0912) in single cell intercalation 

defects compared to WT, although this difference was not statistically significant. 

To determine if loss of ippk-1 affected VNC extension at the 1.5-fold stage, we calculated 

a VNC extension index, defined as the length the VNC extends past the apex of the embryonic 

fold divided by the overall embryo length (Figure 2.5C). In WT animals, this index is 0.17, whereas 

it showed a slight but significant decrease to 0.12 in ippk-1(zy65) mutants (p < 0.0001), indicating 

a shorter posterior extension (Figure 2.5C). However, neither ippk-1(or1572) nor ipmk-

1(tm2687) mutants showed a significant change. Interestingly, within the scored or1572 embryos, 

one exhibited an unusually long posterior extension, though the reason for this remains 

unclear. vang-1 mutants also showed a small but significant decrease in the extension index to 0.14 

(p = 0.0069). In vang-1; ippk-1 double mutants, this index decreased even further to 0.09 

(p < 0.0001) and was smaller than vang-1 (p < 0.0348) but not significantly different than ippk-

1 single mutants (p < 0.9999) (Figure 2.5C). This result is consistent with the rosette lifetime 

findings, suggesting that ippk-1 and vang-1 may function in a common pathway. Together, defects 
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in rosette resolution, single cell intercalation and posterior VNC extension are consistent with the 

involvement of ippk-1 in convergent extension during VNC assembly. 

Septins UNC-59 and UNC-61 are involved in proper positioning of DD neurons 

Septins are a family of GTPase proteins associated with the cytoskeleton that function as critical 

regulators of convergent extension in Xenopus (Shindo and Wallingford, 2014). This, together 

with evidence that septins and IP6 bind each other in vitro (Yin et al., 2016), led us to ask whether 

septins also contribute to proper neuronal cell body positioning in the VNC. The C. 

elegans genome contains two septin genes, unc-59 and unc-61 (Nguyen et al., 2000), both of 

which are expressed in VNC neurons, where they have been implicated in axon guidance (Finger 

et al., 2003). To test their role in neuronal positioning, we examined unc-59(tm1939) and unc-

61(e228), two strong loss-of-function alleles (Nguyen et al., 2000; Jovelin and Cutter, 2016), for 

shifts in mean DD neuron position. Both unc-59 and unc-61 mutants showed disrupted equidistant 

spacing of DD neurons along the VNC (Supplemental Figure 2.7A). However, loss of unc-

59 causes significantly stronger anterior shifts in DD neuron positions than loss of unc-

61 (Supplemental Figure 2.7B). unc-61 mutants do not exhibit significant anterior shifts in the 

mean positions of DD neurons compared to WT, but defects become apparent when assessing the 

distribution of individual neurons along the VNC, particularly the position of DD2 (Supplemental 

Figure 2.7). unc-59 and unc-61 mutants exhibit anterior position shifts similar to those observed 

in ippk-1 mutants, but the defects are much less severe (Supplemental Figure 2.7B). These findings 

are consistent with IP signaling and septins acting together to ensure proper motor neuron 

positioning in the VNC, but further investigation is needed to determine whether septin defects 

reflect impaired convergent extension and whether they function in a shared pathway. 
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Figure 2.5: ippk-1 mutants display neuron intercalation and VNC extension defects. (A) 

Brightfield images of embryos and corresponding deconvolved fluorescence images of the VNC 

at 1.5 fold in WT and mutants, with the cytoplasm of DD neurons labeled with unc-30p::gfp and 

the membranes of DD and DA neurons labeled with cnd-1p::PH::mCherry. The magenta box 

indicates the approximate area of the middle panels. Schematics of the corresponding middle panel 

VNC show DD neurons highlighted in green. (B) Quantification of persistent DD cell contacts in 

WT and mutant embryos. Error bars indicate SEP. Statistics: Chi-squared test, followed by a 

pairwise analysis using Fisher's exact test adjusted with Bonferroni corrections. (C) Quantification 

of the posterior VNC extension index in WT and mutant embryos, relative to total embryo length. 

Tails indicate min and max. Panels show an image and corresponding schematic of a WT embryo 

with magenta lines indicating the lengths measured to calculate index. Statistics: (B) Chi-squared 

test with Monte Carlo simulation for 10,000 replicates, followed by a pairwise analysis using 

Fisher's exact test with Monte Carlo simulation for 10,000 replicates and adjustments with Holm 

corrections, (C) Kruskal-Wallis with Dunn's post-hoc test, significance compared to WT is shown. 

∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bars = 10 μm.  
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Exogenous IP6 is sufficient to rescue ippk-1 defects 

In the IP kinase cascade, IPPK-1 phosphorylates IP5 to generate IP6. As a result, we 

explored whether the introduction of exogenous IP6 could mitigate the phenotypes associated 

with ippk-1(zy65). To examine this, we performed microinjections of either IP6 (phytic acid) or a 

control solution (H2O) into the gonads of ippk-1(zy65) worms and subsequently evaluated their 

progeny for signs of rescued left and right embryonic DD DA organization and larval DD neuron 

cell body position defects. Measurement of IP6 levels in different cells and organisms suggested 

that endogenous concentrations ranged from 10 μM to 100 μM (Szwergold et al., 1987; Freund et 

al., 1992; Veiga et al., 2006). Consequently, we tested both 10 μM–100 μM IP6 concentrations to 

assess their potential to rescue ippk-1 mutants. 

Injection of IP6 into ippk-1(zy65) mutant mothers restored the organization of cnd-1-

labeled left and right-side DD and DA progenitors, as determined by scoring ectopic 

rosettes. zy65 mutants with ectopic rosettes were reduced from 58.1 % (N = 31) to 11.8 % (N = 34) 

(p = 0.0002) in F1 progeny of mothers injected with 100 μM IP6 (Figure 2.6A and B). Similarly, 

exogenous IP6 was able to rescue DD neuron positioning defects in L1 and L2 larvae.  

In WT, the six DD neurons, visualized with a flp-13p::GFP reporter, are typically equidistantly 

spaced along the VNC, whereas in zy65 mutants, they are anteriorly displaced. For simplicity, we 

only assessed the spacing between DD1 and DD2, considering it defective if they were within one 

cell diameter of each other. In F1 progeny, the proportion of zy65 mutants with DD1 DD2 spacing 

defects decreased significantly from 94.1 % (N = 51) to 37.9 % (N = 87) and 23.5 % (N = 68) 

when mothers were injected with 10 μM or 100 μM IP6, respectively (both p < 0.0001) (Figure 

2.6C and D). Injection of IP6 into WT animals did not result in significant ectopic rosette or DD 

spacing defects in their progeny. As a specificity test, we injected 100 μM IP6 into vang-1 mutant 

mothers and observed no rescue of DD1 DD2 spacing defects in the F1 progeny (Figure 2.6D). 

This indicates that exogenous IP6 specifically corrects defects associated with IPPK-1 function. 

These findings show that IP6, the downstream product of IPPK-1, is sufficient to rescue ippk-

1 defects, suggesting that these defects result from an IP6 deficiency. 
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Figure 2.6: Exogenous IP6 is sufficient to rescue ippk-1 VNC defects. (A) Representative 

images of VNC progenitors at the stage of midline contact in ippk-1(zy65) embryos, showing 

rescue of organization defects following injection with either H20 or IP6 (dissolved in H20). Scale 

bar = 10 μm. (B) Plot showing the proportion of embryos in which VNC progenitors form at least 

one rosette at midline contact. (C) Representative images of DD neurons in ippk-1(zy65) larvae 

showing rescue of position defects after injection with IP6. Arrowheads mark DD neurons. Scale 

bar = 20 μm. (D) Quantification of the proportion of WT and mutant larvae displaying a DD1 DD2 

spacing defect. For both B and D, error bars indicate SEP. Statistics: (B) Fisher's exact test. (D) 

Control and treatment groups for WT and vang-1(ok1142) were compared using Fisher's exact 

test. ippk-1(zy65) strains were compared using a Chi-squared test with Monte Carlo simulation for 

10,000 replicates, followed by a pairwise analysis using Fisher's exact test with Monte Carlo 

simulation for 10,000 replicates and adjustments with Holm corrections. 

 

Discussion 

IP molecules, through their regulation of basic cellular processes, play essential roles 

during animal embryonic development (Seeds et al., 2015; Frederick et al., 2005; Sarmah et al., 

2005; Verbsky et al., 2005a). The pathway for IP synthesis involves a cascade of inositol kinases 

that sequentially phosphorylate one of six hydroxyl positions in the inositol ring. It typically 

commences with phospholipase C (PLC) and phosphoinositide phosphatidylinositol (4,5)-

bisphosphate (PIP2)-derived IP3, ultimately leading to the production of IP6, as well as the higher 
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inositol pyrophosphates IP7 and IP8 (Laha et al., 2021; Majerus, 1992). Inositol-

pentakisphosphate 2-kinase (IPPK) is the rate limiting kinase that converts IP5 to IP6, by 

phosphorylating IP5 at the 2 hydroxyl position of the inositol ring (Verbsky et al., 2002, 2005b). 

In this study, we show that the C. elegans orthologue IPPK-1 and its product IP6 are important for 

proper ventral nerve cord (VNC) morphogenesis. 

IPPK-1 in C. elegans has previously been shown to be essential for the formation and 

maintenance of germline membrane architecture (Lowry et al., 2015). We found that IPPK-1 is 

also important for multiple aspects of the morphogenetic process that leads to the narrowing and 

elongation of neuronal progenitor tissue as its constituent cells move towards and intercalate at the 

midline to form the VNC. The loss of ippk-1 disrupts this process in several ways. First, the DD 

and DA progenitor assemblies arising on the left and right sides of the embryo are more compact 

and disorganized as they converge toward the midline. This abnormal tissue morphology may, in 

part, result from a significant increase in ectopic rosettes, structures where five or more cells meet 

at a common vertex, within these assemblies. Second, ippk-1 mutants display delays in resolving 

the multicellular rosettes that form when the left and right VNC progenitors meet at the midline. 

Rosette dynamics are important drivers of convergent extension, as they reorient progenitors from 

the left and right to align along the anterior-posterior axis. And third, defects in midline 

intercalation that result in motor neuron cell body mispositioning along the developing VNC at the 

1.5-fold stage of embryonic development. Collectively, these defects contribute to the anterior 

displacement of VNC motor neurons observed in ippk-1 mutants at hatching. 

In metazoans, IP kinases are classified into four groups: IPK, ITPK, IPPK, and PPIP5K, 

with the IPK group further subdivided into ITP3K, IPMK and IP6K (Laha et al., 2021). Some of 

these kinases, like ITPK and IPMK are multifunctional and phosphorylate more than one IP ring 

position (Odom et al., 2000; York et al., 1999). The C. elegans genome encodes one orthologue 

each of ITP3K, IPMK, IPPK and PPIP5K and three orthologues of IP6K. IPMKs catalyze the 

stepwise phosphorylation of the 6 and 3 hydroxyl positions of IP3 and IP4 respectively to generate 

IP5. Loss of the C. elegans IPMK (ipmk-1) leads to phenotypic traits like those caused by ippk-

1 loss, including intercalation defects and neuron position defects in newly hatched larvae. This 

finding, coupled with the rescue of ippk-1 defects by the exogenous addition of IP6, indicates that 
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VNC defects in ippk-1 mutants are caused by disruption of IP metabolism and not some other 

factor independent of its catalytic activity. 

Surprisingly, the defects in ipmk-1 were generally milder than those of ippk-1, even though 

we used a deletion allele expected to result in a strong loss of function and, therefore, would be 

expected to strongly disrupt IP5 production. In vertebrates, the ability of ITPK, acting through an 

alternative PLC-independent pathway, to sequentially phosphorylate hydroxyl positions on IP1 

through IP4 to generate IP5, could potentially compensate for the loss of IPMK (Desfougères et 

al., 2019). However, in contrast to vertebrates, C. elegans and several other lower species do not 

possess a member of the ITPK family (Laha et al., 2021). One possibility is that in C. elegans, 

another IP kinase has an IP binding pocket that enables it to bind and phosphorylate IP4 molecules. 

A possible candidate for such a multifunctional kinase might be LFE-2, the ITP3K orthologue. 

Supporting this idea, the simultaneous loss of both ipmk-1 and lfe-2 is lethal, even though each 

gene, when mutated individually, does not affect viability (Yang et al., 2021). 

In a previous study, we found that VANG-1 and PRKL-1, core components of the planar 

cell polarity pathway (PCP), and SAX-3, a Robo receptor, act in parallel pathways to regulate 

convergent extension during VNC assembly (Shah et al., 2017). Disruption of these pathways 

individually leads to cell intercalation defects and prolonged rosette resolution times, which may 

contribute to the anterior neuron displacement observed in the mutants. However, simultaneous 

loss of both pathways results in a more severe disruption of rosette-mediated convergent extension. 

For example, in our previous study, we found that in wild type, the central rosette that forms at the 

midline resolves in less than 4 min, compared to approximately 20 min in sax-3 and prkl-1 single 

mutants and greater than 50 min in sax-3; prkl-1 double mutants (Shah et al., 2017). This long 

delay in the double mutant before midline intercalation, during which time the embryo continues 

to undergo elongation into a more wormlike shape, likely explains why, at hatching, nearly all 

motor neuron cell bodies are abnormally positioned in the anterior half, rather than being evenly 

distributed along the VNC. 

Loss of ippk-1, like loss of vang-1, results in defects consistent with impaired convergent 

extension, similar to those of vang-1 mutants, including rosette resolution delays, incorrect cell 

contacts following midline intercalation, and anterior displacement of motor neurons in newly 

hatched worms. We found that the average rosette delay phenotype of vang-1; ippk-1 double 
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mutants was not significantly different from that observed in the single mutants. This suggests 

that ippk-1 and vang-1 may act within a common pathway to ensure timely rosette resolution. 

However, the involvement of independent pathways cannot be excluded, as the ippk-1 mutants 

used in the double mutants likely retain substantial IP5 kinase activity, given that complete loss of 

function is lethal. Consequently, the full extent of ippk-1 involvement in VNC assembly remains 

unclear and we cannot rule out the possibility that a complete lack of IPPK-1 leads to the severe 

disruption of convergent extension observed in PCP and Robo double mutants. 

Interestingly, despite similar rosette lifetimes in embryos, vang-1; ippk-1 double mutants 

exhibited more pronounced anterior shifts in DD neuron cell body positions in larvae compared to 

single mutants. This observation suggests that proper neuronal positioning in the VNC may rely 

on both rosette-dependent and rosette-independent mechanisms. Indeed, much remains to be 

understood about VNC assembly, particularly the molecular and cellular processes that ensure the 

proper spacing and stereotypical organization of the three motor neuron classes, DD, DA, and DB, 

present in the VNC of L1 larvae. 

The role that IPPK-1 plays in VNC development is interesting given the evidence 

highlighting the importance of IP metabolism in neural tube formation. Several studies have shown 

that disruptions in IP kinases are associated with neural tube defects. Notably, loss of mammalian 

ITPK1 leads to embryos that develop neural tube defects of varying severity, including spina bifida 

and exencephaly (Wilson et al., 2009). A similar pattern is observed in mutants for the mammalian 

IPMK/IPK2; although embryos arrest around E9.5, they exhibit multiple morphological 

abnormalities, including abnormal folding of the neural tube (Frederick et al., 2005). ITPK 

polymorphisms have been associated with an increased prevalence of neural tube defects and are 

correlated with lower maternal plasma IP6 levels (Guan et al., 2014). Similarly, reduced maternal 

myo-inositol levels are associated with an increased risk of spina bifida (Groenen et al., 2003). 

However, IPPK has not been directly linked to neural tube defects, as loss of Ippk in mouse models 

leads to early embryonic defects that prevent a thorough analysis of neural tube development 

(Verbsky et al., 2005a). It is important to note, though, that all three genes are expressed in the 

developing neural tube (Wilson et al., 2009; Frederick et al., 2005; Verbsky et al., 2005a), 

consistent with their shared role in IP metabolism. 
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Convergent extension is a key driver of neural tube formation in chordate species. In mice, 

mutations in genes associated with PCP, which are key regulators of convergent extension, are 

closely linked to failed neurulation (Lesko et al., 2021; Williams et al., 2014; Blankenship et al., 

2006). Convergent extension and neural tube development in mice are, in part, driven by the 

regulation of junctional dynamics, including the formation and resolution of multicellular rosettes 

(Williams et al., 2014). In other animals, convergent extension has been shown to depend on 

localised junctional dynamics, which require the asymmetric distribution of PCP proteins (Shindo 

et al., 2019; Butler and Wallingford, 2018). IP6 and its derivatives have been previously shown to 

interact with several membrane and cytoskeletal proteins both in vitro and in vivo during cell 

migration and adhesion (Cheng and Andrew, 2015; Fu et al., 2017; Schröterová et al., 2018; Rojas 

et al., 2019; Bhat et al., 2024). Given the importance of cytoskeleton dynamics in collective cell 

movements, the production of these metabolites may play a role in facilitating membrane 

dynamics. Supporting this idea, loss of ippk-1 disrupts the complex membrane architecture of the 

germline, which relies on membrane remodeling during oogenesis (Lowry et al., 2015). 

Another potential connection between IP6 and convergent extension is the septin family, a 

group of cytoskeletal proteins with GTPase activity that form filamentous structures involved in 

membrane dynamics and cellular organization (reviewed in Woods and Gladfelter, 2021). Septins 

are critical to the distribution, polarity and dynamics of multiple populations of actin within tissues 

undergoing convergent extension (Shindo and Wallingford, 2014; Devitt et al., 2024). They also 

co-localize and function alongside PCP components, including Vangl2 and Prickle2, influencing 

the distribution of actin rich cables along the anterior-posterior axis (Devitt et al., 2024). Evidence 

for a potential physical interaction between septins and IP6 was shown using an IP6-containing 

affinity tag in a colon cancer cell line, which also identified targets associated with intercellular 

transport and the cytoskeleton (Yin et al., 2016). Our finding that loss of the C. elegans septins 

encoded by unc-59 and unc-61, especially unc-59, causes motor neuron cell body positioning 

defects similar to, though less severe than, those in ippk-1 mutants further supports this notion and 

suggests that more research may be warranted to determine whether the IP pathway and septins 

cooperate to regulate convergent extension. 

The production of IP6 may also facilitate convergent extension more broadly through the 

regulation of endocytosis. Several types of inositol phosphates and pyrophosphates bind to 
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components of vesicle transport pathways, including AP-1/2/3, PIP2, and dynamin, where they 

facilitate both exocytosis and endocytosis in diverse situations (Voglmaier et al., 1992; Høy et al., 

2002; Li et al., 2022). Endocytosis is essential for convergent extension movements, as evidenced 

by defects in intercalation and tissue extension when dynamin function is disrupted (Jarrett et al., 

2002; Levayer et al., 2011). One way this occurs is through internalization of Frizzled and Ryk 

receptors during gastrulation, which promotes or redirects PCP signaling to support proper 

convergent extension (Brinkmann et al., 2016; Lee et al., 2016; Saraswathy et al., 2022). 

Conclusions 

Overall, our findings implicate IPPK-1 and its metabolite IP6 in coordinating the 

organization and timing of cell intercalations during VNC assembly. Together with the 

involvement of IP kinases in vertebrate neural tube formation, this suggests that IP metabolism 

plays an evolutionarily conserved role in central nerve cord development. Considering the crucial 

role of convergent extension in this process, it will be important to elucidate the precise mechanism 

through which IP6 or other inositol phosphates regulate this morphogenetic event. 

Materials and Methods 

Strains and culture conditions 

Strains were maintained on NGM plates at 20 °C, except for temperature-sensitive strains, 

which were maintained at 18 °C. The Bristol N2 strain was used as wild type (WT), along with the 

following alleles and transgenes: LGI: unc-59(tm1939). LGII: ippk-1(zy65), ippk-

1(zy100[GFP::SEC::ippk-1]), ippk-1(zy101[GFP::ippk-1]), ippk-1(zy102[ippk-1::GFP]), ippk-

1(or1572), unc-4(syb1658[unc-4::GFP]). LGIII: ynIs37[flp-13p::gfp], vab-7(st12267[vab-

7::GFP]). LGIV: ipmk-1(tm2687). LGV: unc-61(e228). LGX: sax-3(zy5), vang-1(ok1142), 

zyIs36[cnd-1p::PH::mCherry myo-2p::mCherry], zy115[mNG::vang-1]. Unassigned 

linkage: zyIs40[unc-30p::GFP; cnd-1p::PH::mCherry myo-2p::mCherry]. 

Whole genome sequencing and GFP insertion into the endogenous ippk-1 gene 

zy65 was identified in a genetic screen for DD neuron position defects (A Colavita, 

unpublished) and outcrossed at least 3 times. The mutation in the zy65-containing strain was 

identified by whole genome sequencing as described in Noblett et al. (2019). Sanger sequencing 

(performed at OHRI Stemcore) was used to genotype zy65 in single and compound mutants, using 

the primers N22 and N23 (Table S1). 
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Table 2.1: Key resources used in ippk-1 experiments 

Reagent or resource Source Identifier 

Chemicals, Peptides, and Recombinant Proteins 

Phytic acid sodium salt hydrate Sigma-Aldritch P0109; CAS:14306-25-3 

Levamisol hydrochloride Millipore Sigma 31742; CAS:16595-80-5 

Bacterial and Virus Strains 

E. coli: OP50 Caenorhabditis Genetics 

Center (CGC) 

WBStrain00041969 

Experimental Models: Organisms/Strains 

C. elegans: N2 (wild isolate) CGC  

C. elegans: ippk-1(zy65) II This study N/A 

C. elegans: ippk-1(or1572) II CGC, Lowry et al., 2015. EU2908    

WBVar00241916 

C. elegans: ippk-1(zy100[GFP::SEC::IPPK-1]) II This study N/A 

C. elegans: ippk-1(zy102[IPPK-1::GFP]) II This study N/A 

C. elegans: ynIs37[flp-13p::gfp] III CGC NY2037   

WBStrain00029158 

C. elegans: ipmk-1(tm2687) IV Dr. Shohei Mitani, 

National BioResource 

Project (NBRP) 

N/A 

C. elegans: sax-3(zy5) X Shah et al., 2017 N/A 

C. elegans: vang-1(ok1142) X CGC RB1125  

WBStrain00031829 

C. elegans: zyIs36(cnd-1::PH::mCherry; myo-2p::mCherry) 

X 

Antonio Colavita, Shah 

et al., 2017 

N/A 

C. elegans: zyIs40(unc-30p::gfp; cnd-1::PH::mCherry) 

Unassigned linkage 

This study N/A 

Plasmids   

pPD95.77  Andrew Fire Addgene #1000000001 

pDD282 Dickinson et al., 2015 Addgene #66823 

pDD162 Dickinson et al., 2013 Addgene #47549 

pAC422 This study N/A 

pAC425 This study N/A 

pAC426 This study N/A 

pCFJ90 Frøkjær-Jensen et al., 

2008 

Addgene #19327 

Oligonucleotides 

DNA Oligonucleotides Eurofins See Table S1 for 

sequences. 

Software and Algorithms 

Zeiss Zen 3.2 Zeiss https://www.zeiss.com/

microscopy/en/products/

software/zeiss-zen.html 

Graphpad Prism 10 Graphpad Software https://www.graphpad.c

om/scientific-

software/prism/ 

Imaris 10 Oxford Instruments https://imaris.oxinst.com

/ 
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Two separate strains were generated in which GFP was inserted at either the N-terminus 

or the C-terminus of the endogenous ippk-1 gene using the CRISPR/Cas9 homology-directed 

repair (HDR) approach described in Dickinson et al. (2015). Target sites for N-terminal and C-

terminal insertion were generated using the IDT guide RNA design tool at 

idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE. Guide sequences were inserted 

into the Cas9–sgRNA plasmid (pDD162, Addgene #47549) using the NEB Q5 Site-Directed 

Mutagenesis Kit. The HDR plasmid containing ippk-1 homology arms and the GFP and selection 

cassette (pDD282, Addgene #66823) was made using Gibson Assembly as described in Dickinson 

et al. (2015). The mNG::vang-1 knock-in was made using the same approach (pDD268, Addgene 

#132523). All primers, including sgRNA primers, are listed in Table S1. 

Reporter and rescue constructs 

ippk-1p::GFP (pAC420) was made by amplifying a 2974 bp fragment of the ippk-

1 promoter from N2 genomic DNA using primers 18 and 19 (Table S1) and inserting it between 

the SphI and BamHI sites of pPD95.77 (from Dr. Andrew Fire Lab C. elegans Vector Kit). 

GFP::IPPK-1 was made using Gibson Assembly (New England Biolabs) by combining fragments 

from cDNA clones yk1067e07 and yk1209d01 (kindly provided by Yuji Kohara, National Institute 

of Genetics, Japan) and pPD95.77 using primers N12-N17 (Table S1). The resulting construct 

(pAC422) contained a 2246 bp ippk-1 cDNA, which was comprised of a 1365 bp open reading 

frame and an 881 bp 3’ untranslated region, inserted in-frame with GFP. The ippk-

1p::GFP::IPPK-1 construct (pAC426) was made by amplifying the 2974 bp ippk-1 promoter with 

primers N18 and N19 (Table S1) and inserting it between the SphI and BamHI sites of pAC422. 

The unc-33p:GFP::IPPK-1 construct (pAC425) was made by amplifying the 1961 bp unc-

33 promoter from N2 genomic DNA using primers N20 and N21 (Table S1) and inserting it 

between the SphI and BamHI sites of pAC422. Germline transformation was performed using 

standard methods (Mello et al., 1991) by injecting constructs at 1–5 ng/μl along with 2.5 ng/μl 

of myo-2p::mCherry (pCFJ90, Addgene #19327) and pBluescript KS (Stratagene) to a total DNA 

concentration of 100 ng/μl. 

Microscopy and image analysis 

For static and timelapse imaging of live embryos, L4 worms were grown at 25 °C, except 

for ippk-1(or1572) which was grown at 18 °C, until gravid. Static imaging was used to quantify 
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the posterior extension of the VNC, presence of persistence-cell contacts and to determine the 

number of cnd-1 positive VNC progenitors. Embryos were imaged at 63× magnification using a 

Zeiss Imager M2, Colibri7 LED source, AxiocamHR camera and Zen V3.2 software. 

Tissue measurements were taken with a z-projection of 42 slices with 0.25 μm slice width, 

in a zyIs36 [cnd-1p::PH::mCherry] background. Images were processed using a maximum 

intensity projection prior to analysis. The length of each embryo was measured down the midline 

starting at the tip of the mouth to the end of the tail. The posterior portion of the VNC was measured 

starting at the point where it transected the intestinal valve to the end of DD6 (Martin et al., 2016). 

All images were acquired with an RFP exposure time of 700–900ms at 30 % intensity. Images for 

cell determination counts were taken with the same conditions across the width of the VNC using 

a 0.5 μm slice width. All cnd-1 positive neurons within the area of the VNC were counted. A 

representative image of the midline defects was also taken using these settings (Fig. 3E) (Fig. 4C 

and D) and deconvolved using the constrained iterative algorithm on Zeiss Zen V3.2. Persistent-

cell contact images were taken in a zyIs40 (unc-30p::GFP cnd-1p::PH::mCherry) background, 

with a GFP exposure time of 50ms at 15 % intensity and mCherry exposure as above. Images were 

taken over a z-projection of 1-15 slices with 0.5 μm slice width. We defined an embryo with a cell 

intercalation defect as one containing at least one abnormal persistent DD-DD cell contact instead 

of a DD-DA contact. 

Embryos used for time-lapse imaging were collected from plates using a capillary attached 

to glass pipette, mounted in a 3 μL drop of M9 containing approximately fifty 25 μm diameter 

polystyrene beads (Polyscience Inc.) and sealed under a coverslip using Vaseline. Fluorescence 

time-lapse imaging was performed at 63× magnification using the above microscope configuration 

with a Zeiss SVB1 microscope signal distribution box/TTL trigger cable-controlled camera shutter 

to minimize excitation light induced phototoxicity. Images of bean stage embryos were acquired 

at 1.5-min intervals, for approximately 60-min, across a z-projection of 5–15 slices with 0.5 μm 

between slices. 2x2 binning was used to further minimize the required exposure times during 

timelapse for rosette timing measurements. Timelapse images were taken in a zyIs36 [cnd-

1p::PH::mCherry] background, with an mCherry exposure time of 400ms at 10 % intensity. The 

images were deconvolved using the iterative constrained algorithm on Zen 3.2. Measurements of 

VNC area were preformed on maximum intensity projections of the deconvolved images. Rosette 
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duration was determined as performed in Shah et al. (2017). Images included in each figure were 

processed using Zeiss Zen V3.2 and Photoshop. Adjustments were made to the brightness-contrast 

of each image to standardize representative phenotypes to be easily visible. Deconvolution, using 

the iterative constrained algorithm on Zen 3.2, was preformed on a representative image of WT 

and ippk-1(zy65) VNC cells at the midline. 3D reconstructions were made by manually tracing cell 

outlines in Imaris (Oxford Instruments). 

Fluorescence images of mNG::VANG-1 were acquired using a Visitech iSIM, coupled to 

an Olympus IX83 using an Olympus UPLSAPO60XS2 silicone oil immersion objective. The 

objective correction collar was adjusted for a coverslip thickness of 0.17 and embryos were 

mounted on high precision coverslips (Marienfeld) in approximately 2 μL of M9 buffer in which 

20 μm diameter polystyrene microspheres (Polysciences) were diluted to a concentration of 

approximately 100 per μL. Images were acquired using Hamamatsu ORCA-Fusion (C14440-

20UP) cameras and aligned across channels using multicolored fluorescent beads (Invitrogen 

Tetraspeck Microspheres, 0.1 μm). Images were acquired using micro-manager and cropped and 

arranged for visualization, including background subtraction of the median of a 50 × 50 pixel 

neighbourhood placed adjacent to but outside the embryo, using Fiji (Schindelin et al., 2012). 

Quantification of neuron number and position in larvae 

Eight to ten L4 stage larval worms were transferred to seeded NGM plates and grown at 

25 °C overnight with the exception of ippk-1(or1572), which was grown at 18 °C. L1 stage 

progeny from these plates were mounted on 2 % agarose pads using 200 μM levamisole (31742, 

Sigma). DD and DB neuron positions were measured as described in Shah et al. (2017). DD 

neurons were visualized with ynIs37[flp-13p::GFP] and DB neurons with vab-7(zy142[vab-

7::mNG::T2A::mScarlet-I::H2B]) (Saharkhiz et al., 2024). Briefly, neurons were scored by 

measuring the position of each along the worm using the curve (spline) tool (Zen 3.2). These 

positions were then converted into mean percentage locations using DD1 or DB1 as 0 % and the 

anus as 100 %. Each percentage location was plotted using base R, version 4.4.2 (R Core Team, 

2019) and geom_jitter from the ggplot2 suite (Wickham, 2009). 

Individual DD, DA and DB neuron counts were scored at 20× magnification 

using ynIs37[flp-13p::gfp] (a gift from Dr. Chris Li, CUNY), unc-4(syb1658[unc-
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4::GFP]) and vab-7(st12267[vab-7::EGFP] reporters respectively. Zeiss Zen 3.2 was used for 

image analysis. 

Exogenous IP6 rescue 

IP6 (phytic acid sodium salt hydrate, P8810, Sigma) was dissolved in ddH20 to prepare 

0.1 μM, 10 μM and 100 μM solutions. These concentrations were chosen, as they cover a range 

which has been quantified from mammalian and non-mammalian sources (Szwergold et al., 

1987; Freund et al., 1992; Veiga et al., 2006). WT, ippk-1(zy65) and vang-1(ok1142) worms were 

grown at 18 °C (zy65) or 20 °C (WT and ok1142) and transferred to 25 °C at 5–6 h prior to 

injections. Young adult worms were then injected with IP6 solution into both gonad arms and 

allowed to recover for 1 h. Healthy survivors were singled onto seeded NGM plates overnight at 

25 °C. Hatched larvae or embryos were mounted on the subsequent morning on 2 % agarose pads. 

L1 and L2 stage worms were scored for the proximity of two or more neurons within a distance of 

one cell body. Ventral mounted embryos were scored for a shift in the initial meeting of cells 

towards the posterior of the embryo (as described above). Progeny from independent worms were 

pooled for statistical analysis. 

Statistics 

Larval and embryo measurements were compared across populations with the indicated 

number of individuals. Statistical tests and parameters used to determine significance are indicated 

in each figure legend. All non-categorical data was assessed for normality when determining the 

appropriate statistical tests. If the datasets being tested passed the Shapiro–Wilk test, they were 

analyzed using either Welch's T-test or analysis of variance (ANOVA), as appropriate. Groups 

that failed to pass the test were compared using the Mann-Whitney U test or Kruskal-Wallis test, 

as appropriate. Graphpad Prism 10 was used for statistical analysis, with the exception of Chi-

squared tests followed by post hoc analysis which used base R, version 4.4.2 (R Core Team, 2019). 
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Supplemental Figure 2.1: ippk-1 mutants show defects in DB neuron positioning. (A) 

Representative images of DB neuron positions in WT and ippk-1 mutants, visualised using the 

DB-specific vab-7(zy142[vab-7::mNG::T2A::mScarlet-I::H2B]). Arrowheads mark DB neurons. 

Scale bar = 20μm. (B) Quantification of the mean position of DB2-DB7 neurons relative to DB1 

in L1 stage WT and mutant worms. Neurons (colour coded as indicated along top and numbered 

in sequence from anterior to posterior) are plotted along the AP axis, where DB1 and anus mark 

the 0% and 100% positions respectively. Means and 95% confidence intervals are indicated for 

each DB2-7 neuron. Animals scored (N) are indicated on the right. Statistics: Two-tailed T-test 

was used, Welch’s correction. *p0.05. 
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Supplemental Figure 2.2: Rescue of ippk-1(zy65) DD neuron position defects with ippk-1 and 

unc-33 promoter driven ippk-1. (A) Schematic of the transgene (TG) rescue experiment showing 

parental (P) and first (F1) generations, along with the presence or absence of TG maternal rescue 

(MTG+ or MTG-). (B) Representative images of DD positions in ippk-1(zy65) mutants with or 

without an extrachromosomal array carrying the IPPK-1 cDNA transgene and a myo-2p::mCherry 

pharyngeal muscle marker. DD neurons (arrowheads) are labeled using the DD-specific flp-

13p::GFP reporter. Scale bar = 20μm. (C-D) ippk-1(zy65) DD position defects are maternally 

rescued when ippk-1 is expressed from an ippk-1 or pan-neuronal unc-33 promoter. Quantification 

of DD2–4 positions relative to DD1 in L1 worms of the indicated genotype. Neurons (colour coded 

as indicated along top) are plotted along the AP axis, where DD1 and anus mark the 0% and 100% 

positions respectively. Means and 95% confidence intervals are indicated for each DD2-6 neuron. 

Animals scored (N) are indicated on the right. Statistics: One-way ANOVA with Dunnett’s post-

hoc test against the corresponding WT neuron. *p0.05, **p0.05, ***p<0.001. Arrows show the 

size of the shift from the mean DD neuron positions found in a TG- ippk-1(zy65) mutant for all 

neurons where p<0.05. 
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Supplemental Figure 2.3: Epidermal morphology defects in ippk-1(zy65) mutants. (A-B) 

Representative image of (A) WT and (B) an ippk-1(zy65) embryos with epidermal protrusions 

(arrows). Scale bar = 10µm. (C-D) Representative image of (C) WT and (D) an ippk-1(zy65) larvae 

with epidermal protrusions (arrows). Scale bar = 20µm. (E) Quantification of epidermal defects in 

WT and mutant embryo and larvae. 
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Supplemental Figure 2.4: ippk-1 expression. (A) Schematic showing the ippk-1 GFP 

transcriptional reporter and GFP knock-ins into the endogenous ippk-1 gene. (B-D) Representative 

images of expression from an ippk-1p::GFP transgene containing ~3kb of promoter sequence. 

Expression is detected in (B) pharynx, (C) spermatheca, and (D) tail cells. Endogenous ippk-1 

expression in adults from (E) zy100[GFP::SEC::IPPK-1] and (F) zy102 [IPPK-1::GFP] showing 

strong expression in spermatheca (white arrows). Corresponding Nomarski image above 

fluorescence image. Scale bar = 20μm. 
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Supplemental Figure 2.5: ippk-1 mutants do not affect VNC progenitor numbers or terminal 

cell fates. (A) Quantification of the number cnd-1p::PH::mCherry expressing VNC progenitors 

in late bean stage WT and ippk-1(zy65) mutants. (B) Quantification of the number of DA, DB and 

DD neurons in L1 WT and ippk-1(zy65) mutants. Statistics: (A) Mann-Whitney U test. (B) The 

number of larval DD and DA neurons were identical between WT and ippk-1(zy65) and thus no 

p-value can be provided. *p<0.05. 
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Supplemental Figure 2.6: ippk-1 mutants do not affect VANG-1 localisation to cell vertices. 

Representative images of mNG::VANG-1 in a (A) WT and (B) ippk-1(zy65) bean stage embryo 

showing localisation at cell junction vertices (arrow). Cell junctions are labeled with cnd-1p:: 

PH::mCherry. Scale bar = 10μm. 
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Supplemental Figure 2.7: Septin mutants show defects in DD neuron positioning. (A) 

Representative images of DD neuron positions in WT, unc-59(tm1939), unc-61(e228), and double 

mutants, visualised using the DD-specific ynIs37[flp-13p::gfp] reporter. Arrowheads mark DD 

neurons. Scale bar = 20µm. (B) Quantification of DD2-DD6 mean positions relative to DD1 in L1 

stage WT and mutant worms. Neurons (colour coded as indicated along top and numbered in 

sequence from anterior to posterior) are plotted along the AP axis, where DD1 and anus mark the 

0% and 100% positions respectively. Means and 95% confidence intervals are indicated for each 

neuron. Animals scored (N) indicated on the right. ippk-1(zy65) positions from Figure 1 is shown 

in the bottom box for comparison. Statistics: one-way ANOVA with Tukey’s post-hoc test. The 

significance of each neuron is shown relative to WT. *p0.05, **p0.05, ***p<0.001. Arrows show 

the size of the shift from the mean DD neuron positions found in WT for all neurons where p<0.05. 
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Supplemental Table 2.1 - Oligonucleotides used in ippk-1 experiments 

Oligo # DNA Oligos Sequence (5’ – 3’)  Source Use 

N1 AAATGGCCAAATTAAATGCAGTTTTAGAGCTAGAAATAGCAAGT Eurofins sgRNA for ippk-1::GFP knock-in 

N2 CAAGACATCTCGCAATAGG Eurofins sgRNA universal reverse primer 

N3 ACGTTGTAAAACGACGGCCAGTCGCCGGCAGGTCATATTTCGGCG

GATGT 

Eurofins 5’ Repair template for ippk-

1::GFP knock-in 

N4 CATCGATGCTCCTGAGGCTCCCGATGCTCCAATGCACGGCTTAAAA
TTTCGC 

Eurofins 5’ Repair template for ippk-
1::GFP knock-in 

N5 CGTGATTACAAGGATGACGATGACAAGAGATAATTTGGCCATTTTT

TGCATCAA 

Eurofins 3’ Repair template for ippk-

1::GFP knock-in 

N6 GGAAACAGCTATGACCATGTTATCGATTTCAGGAAATTGGAAATG
TACGTGG 

Eurofins 3’ Repair template for ippk-
1::GFP knock-in 

N7 GAGGATTAATCTGCATTTTCGTTTTAGAGCTAGAAATAGCAAGT Eurofins sgRNA for GFP::ippk-1 knock-in 

N8 ACGTTGTAAAACGACGGCCAGTCGCCGGCAGTTTCCGCAGAATCC

CCATC 

Eurofins 5’ Repair template for GFP::ippk-

1 knock-in 

N9 TCCAGTGAACAATTCTTCTCCTTTACTCATTTTCGGGTGGTTTTGGT
GAG 

Eurofins 5’ Repair template for GFP::ippk-

1 knock-in 

N10 CGTGATTACAAGGATGACGATGACAAGAGAATGCAGATTAATCCT
CCTGCA 

Eurofins 3’ Repair template for GFP::ippk-
1 knock-in 

N11 TCACACAGGAAACAGCTATGACCATGTTATCCACGAGGGGCATTT
CAAAT 

Eurofins 3’ Repair template for GFP::ippk-
1 knock-in 

N12 ACTATACAAAATGCAGATTAATCCTCCTG Eurofins GFP:IPPK-1 Fragment 1 

N13 TCCATGTACCCTTTGGAATGTGTTCAGTG Eurofins GFP:IPPK-1 Fragment 2 

N14 CATTCCAAAGGGTACATGGATCGGTTATTG Eurofins GFP:IPPK-1 Fragment 3 

N15 GCCGACTAGTAAAATGCGATATACATTCATTATTG Eurofins GFP:IPPK-1 Fragment 4 

N16 ATCGCATTTTACTAGTCGGCCGTACGGG Eurofins GFP:IPPK-1 Fragment 5 

N17 TAATCTGCATTTTGTATAGTTCATCCATGCCATGTG Eurofins GFP:IPPK-1 Fragment 6 

N18 ATAGCATGCAATACTAAATTAGCCAGAGGCG 

 

Eurofins Amplify the ippk-1 promoter 

N19 TTAGGATCCTTTCGGGTGGTTTTGGTGAGT 

 

Eurofins Amplify the ippk-1 promoter 

N20 ATAGCATGCTAGCAAGAAGCCAGCAAGAAG 
 

Eurofins Amplify the cnd-1 promoter 

N21 TTAGGATCCTTTCCAGTGATGTCCGCCAAC 

 

Eurofins Amplify the cnd-1 promoter 

N22 CATTTTGCTCTTGGAATAACGCA Eurofins Sequence ippk-1(zy65) 

N23 TTTGTCCAGGAGGCTTGTCT Eurofins Sequence ippk-1(zy65) 

N24 GTTGACGTACATCAGCTCGC Eurofins Sequence ippk-1(or1572) 

N25 TGGACACACAGAATAAGCGC Eurofins Sequence ippk-1(or1572) 

N26 TCTCCACCCAAAACTCAGGA Eurofins Genotype ipmk-1(tm2687) 

N27 CACCTCTGAACCTATACCGCT Eurofins Genotype ipmk-1(tm2687) 

N28 ACCCTGCAATATCCGGTTCA Eurofins Genotype ipmk-1(tm2687) 

N29 TTCACCTTGACAACGCCAGA Eurofins Genotype vang-1(ok1142) 

N30 GGCATGATGACTAGCCCACAA Eurofins Genotype vang-1(ok1142) 

N31 TGTGACAGGGAAAAGTGGAC Eurofins Genotype vang-1(ok1142) 

N32 TTCCTGTGATTGTCATTGTTGC Eurofins Genotype sax-3(zy5) 

N33 TCGATCGAGATCGTCTTCCA Eurofins Genotype sax-3(zy5) 
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Abstract 

The regulatory network governed by CDX/Caudal family transcription factors plays critical roles 

in shaping embryonic neural development.  In C. elegans, we found that proper expression of pal-

1, the C. elegans Caudal homologue, is required for correct positioning of motor neuron cell bodies 

in the first larval stage ventral nerve cord (VNC). We identified an upstream regulatory region 

within the pal-1 promoter that drives pal-1 expression in a subset of DD and DA neuronal 

progenitors.  We also show that SEX-1, a nuclear hormone receptor, is required for motor neuron 

positioning in the VNC.  Loss of sex-1 results in neuronal positioning defects similar to those 

observed in pal-1 mutants.  This is in part due to a requirement for SEX-1 in promoting pal-1 

expression in DD and DA neuronal progenitors during VNC assembly. Double mutant analysis 

further suggests that sex-1 also has pal-1-independent functions. Together, these findings define a 

transcriptional hierarchy in which the SEX-1 nuclear hormone receptor regulates the tissue-

specific activity of PAL-1 to promote proper motor neuron positioning in the VNC and highlight 

a conserved role for NHR and CDX/Caudal family proteins in central nerve cord formation.  

Introduction 

The coordination of signaling cascades and positional information through transcriptional 

networks is essential for axial extension during embryonic morphogenesis (Collinet and Lecuit, 

2021). The Caudal family of homeodomain transcription factors, including CDX1/2/4 in mammals 

and their worm homologue PAL-1, play critical roles in posterior patterning and axial extension 

by coordinating pathways involved in cell-fate determination, morphogenesis and regionalization 

(Edgar et al., 2001; van den Akker et al., 2002; Savory et al., 2011; Gilbert et al., 2020). For CDX 

proteins this includes the regulation of neurulation during mammalian development, a process 

where the neuroectoderm folds and elongates to form the neural tube (Savory et al., 2011; Zhao et 

al., 2014). Neurulation is partly driven by convergent extension, a morphogenetic process 

characterized by coordinated cell-cell intercalations along the mediolateral axis and extension 

along the anterior-posterior axis. Mouse embryos with mutations in both CDX1 and CDX2 exhibit 

typical convergent extension defects, including a reduced length-to-width ratio of the neural tube, 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Noblett%20N%5BAuthor%5D&cauthor=true&cauthor_uid=30396999
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roenspies%20T%5BAuthor%5D&cauthor=true&cauthor_uid=30396999
https://www.ncbi.nlm.nih.gov/pubmed/?term=Flibotte%20S%5BAuthor%5D&cauthor=true&cauthor_uid=30396999
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failure of extension, and a broadened midline of the neural plate (Savory et al., 2011). These 

defects lead to embryonic lethality and craniorachischisis, a severe neural tube defect (Savory et 

al., 2011).  

CDX proteins function as a central hub for multiple signaling pathways that regulate 

neurulation (Wilson et al., 2003; Palmer et al., 2021; Zhao et al., 2022). This includes the direct 

induction of CDX1 by retinoic acid receptors (RARs) α1 and γ, two types of ligand dependent 

nuclear hormone receptors, as well as β-catenin, a key component of canonical WNT signaling 

(Houle et al., 2003; Zhao et al., 2014). During neurulation, CDX members have been linked to 

regulation of the Planar Cell Polarity (PCP) pathway, a key pathway involved in convergent 

extension (Savory et al., 2011). PCP components associated with CDX include Scribble and the 

transmembrane receptor PTK7 (Wehner et al., 2011; Hayes et al., 2013; Martinez et al., 2015). 

Both ChIP analysis and transfection assays suggest that CDX proteins directly regulate PTK7 

expression (Savory et al., 2011). 

In C. elegans, PAL-1 is involved in cell fate determination, regional identity, and 

morphogenesis. PAL-1 plays an early role in blastomere cell fate, including a key role in 

establishing the fate of descendants of the C and D blastomeres (producing primarily body-wall 

muscle, hypodermal cells, along with two neurons) and, along with the WNT effector POP-1 and 

the bZIP transcription factor SKN-1, the descendants of the E blastomere (producing intestinal 

cells) (Hunter and Kenyon, 1996; Maduro et al., 2005). Additionally, PAL-1 is involved in non-

cell fate related functions, such as orienting epidermal seam-cell migration and alignment during 

development (Gilbert et al., 2020). Other defects, including delays in ventral enclosure, failed long 

range migration in MS cell descendants, and abnormal cleavage axis in muscle cells suggest that 

additional functions of a pal-1 network remain to be explored (Edgar et al., 2001).    

At hatching, the ventral nerve cord (VNC) in C. elegans, is comprised of 22 embryonically 

born motor neurons, belonging to three classes (6 GABAergic inhibitory DD, 9 cholinergic 

excitatory DA, and 7 cholinergic excitatory DB), that innervate body wall muscle to control 

sinusoidal locomotion (Lu et al., 2022). Progenitors of these neurons are born on the left and right 

sides of the embryo and undergo collective cell movement toward the midline where they 

intercalate to form the VNC.  This process shares several key features with neurulation in 

mammals, including rosette mediated-convergent extension, asymmetric distribution of core PCP 
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components like VANG-1/VangL, and inositol phosphate signaling (Shah et al., 2017; Noblett et 

al., 2025).  

Here, we describe roles for the nuclear hormone receptor (NHR) SEX-1 and the Caudal 

homologue PAL-1 in regulating proper neuronal organization of the VNC. Using alleles with 

tissue-specific effects on gene expression, we identified a role for pal-1 in regulating the proper 

positioning of embryonically derived motor neurons in the VNC. These mutations disrupt a pal-1 

promoter region required for expression in a subset of neuronal progenitors during embryonic 

convergent extension movements that form the VNC.  We found that SEX-1 is required for pal-1 

expression in progenitor neurons, and that restoring pal-1 expression in these cells is sufficient to 

partially rescue the neuronal positioning defects in sex-1 mutants.  These findings show that 

nuclear hormone regulation of Caudal is important for VNC assembly. Given that NHRs and 

CDX/Caudal proteins contribute to neural tube formation in vertebrates (Barreto et al., 2003; 

Savory et al., 2011; Zhao et al., 2014; Koch et al., 2025), our findings highlight the deep 

conservation of mechanisms underlying central nerve cord development. 

Results 

Identification of a pal-1 promoter region involved in neuronal specific expression. 

The VNC at the first larval (L1) stage contains three classes of motor neurons (6 DD, 9 

DA, and 7 DB). We have previously shown that loss of PCP genes, such as vang-1, and the Robo 

encoding gene sax-3 result in VNC assembly defects during embryogenesis, which manifest as 

mispositioned motor neurons in L1 larvae (Shah et al., 2017).  To identify new genes involved in 

neuron positioning, we performed a genetic screen using the DD-specific reporter ynIs37[flp-

13p::GFP] (unpublished results). We identified two mutants, zy43 and zy44, that displayed similar 

DD neuron positioning defects, with DD2 and DD3 positioned closer together than in wild type 

(WT) (Figure 3.1A). Whole genome sequencing revealed these mutations to be single nucleotide 

changes, one nucleotide apart, located 143 and 145 bp upstream of the arl-6 start codon (Figure 

3.1C). To determine if these changes were responsible for the neuron position defects, we used 

Cas9-targetted non-homologous end joining-mediated DNA repair to generate a 44 bp deletion 

(zy117) centered on the mutated region (Figure 3.1C and D).  This mutant displayed similar neuron 

positioning defects (Figure 3.1B).  



83 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: A distal promoter element regulates pal-1 expression in DD and DA progenitors. 

(A-B) Representative images of DD positions in (A) WT, pal-1(zy43), pal-1(zy44) and (B) pal-

1(zy117) mutants. Arrowheads mark DD neurons, which are visualised using flp-13p::GFP. Scale 

bar = 20μm. (C) Diagram of the pal-1 genomic region showing the positions of mutations used in 

this study. (D) The location of nucleotide changes in zy43, zy44 and zy117. Red nucleotides 

highlight the deleted sequence in pal-1(zy117). (E) Representative maximum intensity projections 

of an endogenous pal-1::GFP expression at three stages of embryonic development. Nomarski 

image indicates the morphology of the embryo. A cnd-1p::mCherry ::PH reporter labels the 

membranes of DD and a subset of DA progenitors. Scale bar = 10μm. (F) Representative maximum 

intensity projections show endogenous pal-1::GFP expression in WT and pal-1(zy117) mutant 

backgrounds. The dotted line indicates regions of interest containing expression changes. Number 

of embryos examined: N = 8 for WT and N = 3 for pal-1(zy117) at the bean stage. N = 4 for both 

genotypes at comma stage. N = 7 for WT and N = 6 for pal-1(zy117) at the 1.5-fold stage. Scale 

bar = 10μm. 
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The proximity of zy43 and zy44 to the arl-6 gene led us to examine DD neuron positioning 

in an arl-6 mutant, but we did not observe any defects (data not shown).  These mutations were 

also located approximately 6.5 kb upstream of pal-1 (Figure 3.1C), an essential gene encoding an 

homologue of the homeobox protein CDX/Caudal, within a region known to be required for 

complete rescue of pal-1 embryonic defects (Edgar et al., 2001).  The CDX family of proteins are 

also associated with neural tube defects in mammals, suggesting pal-1 was a good candidate for 

involvement in VNC formation (Savory et al., 2011).   

Because strong pal-1 loss-of-function mutants are non-viable and display severe 

embryonic and larval morphology defects (Baugh et al., 2005), we asked whether the 44 bp zy117 

deletion disrupted a promoter region important for pal-1 expression. To address this, we 

endogenously tagged the pal-1 gene with a C-terminal GFP in both the WT and zy117 background 

(Figure 3.1E). As previously reported, PAL-1::GFP is widely expressed in the nuclei of posterior 

cells from the bean to 1.5-fold stage embryo (Edgar et al., 2001). Using a cnd-1p::mCherry::PH 

reporter (zyIs36) to label the membranes of DD and DA neuronal progenitors, we observed that 

PAL-1::GFP was also expressed in the nuclei of a subset of DD, DA, and DB progenitors, 

specifically those located in the posterior VNC (Figure 3.1E and F). Based on their location, these 

appear to be DD3-6, DA3-6, and DB5-7. Strikingly, in the zy117 promoter mutant, PAL-1::GFP 

expression was completely absent from DD and DA progenitors (Fig Figure 3.1G). Posterior tail 

cells and DB progenitors, which can be identified by their location outside and ventral to cnd-1p-

labeled progenitors at the 1.5-fold stage, were not affected in zy117 mutants. These results indicate 

that zy43, zy44, and the 44 bp zy117 deletion mutant disrupt a pal-1 promoter regulatory element 

required for expression in DD and DA neurons.   

pal-1 promoter mutants exhibit motor neuron cell body positioning defects. 

Our pal-1 promoter mutants were identified based on defects in the positioning of DD 

motor neurons, one of three classes of motor neurons present in the VNC of newly hatched L1 

worms. To quantify these position defects and determine if they extend to the other two classes of 

motor neurons, DA and DB, we utilised a two-colour reporter background in which each neuron 

class was uniquely labeled with a class-specific fluorescent cell fate marker at L1 (Saharkhiz et 

al., 2024). The nuclei of DD1-6 were labeled in red with zySi2[unc-30p::mCherry::H2B], DA1-9 

in green with unc-4(zy123[unc-4::mNG]), and DB1-7 in both red and green, detected as yellow, 
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with vab-7(zy142[vab-7::mNG::T2A::mScarlet-I::H2B]). The unc-4 marker also labels the 

interneurons SABVL, SABVR, and SABD, which are located anterior to DA1.  Neuron positions 

were normalized by setting SABVL as the anterior reference point (0%) and the rectum as the 

posterior reference point (100%), allowing neuron locations to be compared relative to VNC length 

across different animals. When plotted, neurons of each class are numbered sequentially from 

anterior to posterior, regardless of their terminal cell lineage identity, which may be unknown in 

mutant backgrounds.   

DD, DA, and DB motor neurons are stereotypically positioned and arranged in a repeating 

pattern along the VNC. We found that the mean position of most DD neurons in pal-1(zy117) 

showed significant anterior shifts along the VNC compared to WT (Figure 3.2A and B, 

Supplemental Figure 3.1).  Some DA and DB neurons were also mispositioned compared to WT, 

but these shifts were milder than the DD neuron defects and may represent secondary effects 

caused by the mispositioned DD neurons. Indeed, the strongest position shifts affected DD3–6, 

which correlates with pal-1 expression in these neurons, while milder shifts were observed in DD1 

and DD2, where expression is absent. In addition, except for DA8 and DA9, which are located 

opposite each other on the left and right in the preanal ganglia, the neuron classes are arranged in 

an alternating sequence, with no two classes adjacent to each other (Figure 3.2C-E). This pattern 

is significantly altered in zy117 mutants, with some same class cell bodies more frequently adjacent 

to each other (Figure 3.2D and E).  For example, in 21% of zy117 larvae (N=53), the DD2 and 

DD3 cell bodies are adjacent with no intervening cells, compared to 0% in WT (N=51). Notably, 

although pal-1 regulates cell fates (Edgar et al., 2001; Maduro et al., 2005), we did not observe 

any changes in DD, DA, or DB cell numbers that would indicate cell fate defects during our 

analysis.  Overall, these results indicate that pal-1 expression, driven by the DD-DA-specific 

promoter element, is primarily required for proper DD motor neuron positioning. 

PAL-1 acts independently of VANG-1 and SAX-3 to position motor neurons in the VNC. 

We previously showed that the PCP pathway component VANG-1 and the Robo receptor 

SAX-3 act in parallel to regulate motor neuron cell body positioning in the VNC of newly hatched 

larvae. Loss of both vang-1 and sax-3 causes a highly penetrant anterior displacement of motor 

neuron cell bodies, a defect that is synergistically more severe than in either single mutant  
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Figure 3.2: pal-1 is required for proper motor neuron positioning in the VNC. (A) 

Representative images of DD, DA, and DB positions in WT and pal-1(zy117) mutants. DA 

neurons (zy123[unc-4::mNG) are indicated in green, DB neurons (zy142[vab-

7::mNG::T2A::mScarlet-I::H2B]) in grey and DD neurons (unc-30p::mCherry::H2B) in magenta. 

Arrowheads mark the position of DD neurons. Scale bar = 20μm. (B) Quantification of DD, DA, 

and DB mean neuron position relative to the SABVL neuron and the rectum in L1 stage worms. 

Means and 95% confidence intervals are indicated for each neuron. Animals scored (N) indicated 

on the right. Hashed lines indicate the mean position of WT DD neurons. Arrows indicate the size 

and direction of the mean neuron position in pal-1(zy117) from the mean position of their WT 

equivalent. (C) Schematic of neuron organization in the L1 stage VNC. DA neurons in green and 

DD neurons in magenta. (D) Representative images showing neuron organization in WT and pal-

1(zy117) mutants. Scale bar = 20μm. (E) Organization of DA, DB and DD neurons in WT and pal-

1(zy117) worms. Individual boxes show the identity of the neuron in each position along the VNC 

with each row indicating an individual. The top row shows the stereotypical order of neurons in 

WT. Statistics: (B) Weltch’s T-Test. *p<0.05, **p<0.01, ***p<0.001. 
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(Shah et al., 2017). This pronounced anterior shift reflects a major disruption of convergent 

extension movements among tightly juxtaposed neuronal progenitors during embryogenesis.  

From their birth locations on the left and right sides of the embryo, these progenitors converge 

mediolaterally, narrowing the tissue along the medial-lateral axis while elongating the nascent 

VNC along the anterior-posterior axis (Shah et al., 2017).  In vang-1 sax-3 double mutants, 

elongation of VNC progenitors along the anterior-posterior axis is impaired or delayed, leading to 

neuronal cell bodies that are positioned significantly more anteriorly than in WT. 

To investigate genetic interactions between pal-1 and these pathways, we examined the 

VNC positions of DD and DA neurons relative to SABVL and the rectum in pal-1(zy117) double 

mutants with vang-1(tm1422) and sax-3(zy5) (Figure 3.3A).  tm1422 is a deletion allele predicted 

to eliminate VANG-1 activity, whereas zy5 is a nonsense allele expected to produce a SAX-3 

protein with a truncated cytoplasmic domain (Shah et al., 2017).  The zy5 allele is used instead of 

the sax-3 null allele because it exhibits significantly higher viability and fewer body morphology 

defects, which would otherwise interfere with measurements of neuron position. We found that 

the anterior shifts in the mean position of DD3-6 cell bodies along the VNC in pal-1(zy117) 

mutants were substantially more severe than those in vang-1 and sax-3 single mutants (Figure 3.3B 

and Supplemental Figure 3.2). In contrast, the anterior shifts in DA cell bodies were similar across 

all mutants, being relatively mild in each case. vang-1; pal-1 double mutants exhibited 

significantly more severe anterior shifts in mean DD and DA neuron positions compared to either 

single mutant.  Interestingly, in sax-3; pal-1 double mutants, the mean position of DD cell bodies 

showed significantly more severe anterior shifts compared to single mutants, while only DA3 and 

DA4 among the DA cell bodies were significantly different from pal-1 mutants (Figure 3.3B and 

Supplemental Figure 3.3).  These results suggest that, at least for some aspects, pal-1 and vang-1 

act in parallel or independent pathways to position DD and DA cell bodies. This redundancy is 

particularly evident in DA neurons which show a synergistic increase in the anterior shifts of mean 

cell body position compared to the single mutants. The findings also suggest that pal-1 and sax-3 

act in parallel or independent pathways to position DD neurons and a subset of DA neurons.  

Furthermore, the similarity of the vang-1; pal-1 cell body position phenotype to the vang-1; sax-

3 phenotype, in which convergent extension is disrupted, suggests that the downstream 

transcriptional targets of pal-1 may also act to mediate convergent extension.   
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Figure 3.3: Genetic interactions between pal-1, vang-1, and sax-3 during neuronal 

positioning. (A) Representative images of WT, pal-1(zy117), vang-1(tm1422), sax-3(zy5) single 

and double mutants. DA neurons in green and DD neurons in magenta. Arrowheads mark the 

position of DD neurons. Scale bar = 20μm. (B) Quantification of DD and DA neuron position 

relative to the SABVL neuron and rectum in L1 stage worms. Means and 95% confidence intervals 

are indicated for each neuron and animals scored (N) indicated on the right. Hashed lines indicate 

the position of WT DD neurons. Arrows indicate the size and direction of the mean neuron position 

shift in each neuron compared to the mean position of their WT equivalent. Statistics: (B) one-way 

ANOVA with Tukey’s Post-hoc Comparison. *p<0.05, **p<0.01, ***p<0.001. 
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sex-1 mutants exhibit motor neuron cell body positioning defects. 

sex-1 encodes a 534-amino acid nuclear hormone receptor that was originally identified for 

its key role in sex determination (Carmi et al., 1998).  In the same screen that identified pal-1 zy43 

and zy44, we also isolated a sex-1 mutant.  This mutant exhibited abnormally close spacing 

between the DD2 and DD3 cell bodies, similar to the defects observed in pal-1 mutants (Figure 

3.4A). This mutation, sex-1(zy45), introduces a premature stop codon at amino acid W51, 

predicted to result in a severely truncated protein. We confirmed that sex-1 is the causative gene 

by observing similar motor neuron positioning defects in two additional CRISPR/Cas9-generated 

sex-1 alleles: zy130, a 7-nucleotide deletion that causes a frameshift after L54 and is likely a null 

allele, and zy159, a 20-nucleotide deletion that causes a frameshift after V253.  These alleles were 

originally created for an unrelated study (unpublished). Given that pal-1 and sex-1 show a similar 

DD2–DD3 cell body proximity phenotype, we investigated the role of sex-1 in neuronal 

positioning. 

To better understand motor neuron positioning defects in sex-1(zy130) null mutants, we 

used our neuron class-specific reporters to measure the positions of DD and DA cell bodies in the 

newly hatched VNC relative to SABVL and the rectum. sex-1 mutants show significant anterior 

shifts in the positions of both DD and DA cell bodies compared to WT, in contrast to pal-1(zy117) 

mutants, which primarily affect DD neurons (Figure 3.4B and C). These DD and DA cell body 

shifts become significantly more severe in sex-1(zy130); pal-1(zy117) double mutants compared 

to either single mutant (Figure 3.4C and Supplemental Figure 3.4). As in pal-1 mutants, cell body 

position shifts in sex-1 mutants are associated with changes to the stereotypical arrangement of 

motor neurons along the VNC (Figure 3.4D). However, unlike pal-1 mutants, sex-1 mutants also 

display additional organizational defects in the anterior VNC, where cell bodies are frequently 

mispositioned dorsally rather than aligned in a single file (Figure 3.4E and G). The proportion of 

dorsally mispositioned neurons increased from 5.9% in WT to 64.3% in sex-1(zy130) mutants (p< 

0.001) (Figure 3.4G).  Dorsally mispositioned neurons in pal-1(zy117) are not significantly 

different from WT (Figure 3.4G).  Mispositioning defects in sex-1(zy130); pal-1(zy117) double 

mutants appear additive but are not significantly more severe than those in sex-1(zy130) alone 

(Figure 3.4G), consistent with pal-1, or at least its activity in DD and DA neurons, acting in a 

parallel pathway or not being involved in single file alignment.  
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Figure 3.4: sex-1 is required for proper motor neuron positioning in the VNC and genetic 

interactions with pal-1. (A) Representative image of DD neuron positions in sex-1(zy45), 

visualized using flp-13p::GFP. (B) Representative images of WT, pal-1(zy117), sex-1(zy130), and 

double mutants showing DA neurons in green and DD neurons in magenta. Arrowheads mark the 

position of DD neurons. Scale bar = 20μm. (C) Quantification of DD and DA neuron position 

relative to the SABVL neuron and rectum in L1 stage worms. Means and 95% confidence intervals 

are indicated for each neuron. Animals scored (N) indicated on the right. Hashed lines indicate the 

position of WT DD neurons. Arrows indicate the size and direction of the mean neuron position 

shift in each neuron from the mean position of their WT equivalent. (D) Organization DD and DA 

neurons in WT and mutant worms. (E) Schematic showing DD and DA neuron organization along 

the VNC. (F) Representative images of anterior DA and DD neurons in pal-1(zy117), sex-

1(zy130) and double mutants. Asterisks mark dorsally mispositioned neurons. Scale bar = 20μm. 

(G) Quantification of worms with dorsally mispositioned neurons at L1. Statistics: (C) one-way 

ANOVA with Tukey’s Post-hoc Comparisons, and (G) Chi-squared test with Monte Carlo 

simulation for 10,000 replicates, followed by a pairwise analysis using Fisher’s exact test with 

Monte Carlo simulation for 10,000 replicates and adjusted with Holm corrections. *p<0.05, 

**p<0.01, ***p<0.001. 
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Further research will be needed to validate these conclusions with a complete knockdown of pal-

1, perhaps using RNAi. Together, these findings indicate that, at least for some aspects, pal-1 and 

sex-1 act redundantly or independently to position motor neurons in the VNC.  Furthermore, sex-

1 plays an additional role in ensuring the single-file alignment of neurons in the anterior region of 

the VNC. 

SEX-1 regulates PAL-1 expression in DD and DA neuronal progenitors. 

 Motor neuron positioning defects in the VNC of newly hatched worms indicate a disruption 

in the assembly of the VNC that begins at the embryonic bean stage. VNC assembly involves 

several distinct processes, including convergent extension of DD, DA, and DB neuronal 

progenitors, as well as still unknown sorting and spacing mechanisms that establish their 

stereotypical organization (Shah et al., 2017; Saharkhiz et al., 2024). The increased severity of 

neuron positioning defects in sex-1; pal-1 double mutants compared to single mutants suggests 

that sex-1 and pal-1 may act in parallel or independent pathways during VNC assembly, though a 

role in the same pathway for some aspect of this process cannot be excluded.  Given that both sex-

1 and pal-1 encode transcription factors, we tested the possibility that one might regulate the 

expression of the other.   

 We first tested whether pal-1 regulates sex-1 expression. To do this, we knocked 

mNeonGreen (mNG) into the C-terminus of sex-1 and examined its expression in WT and pal-

1(zy117) mutant backgrounds, using our mCherry membrane reporter (zyIs36) to label DD and 

DA neurons.  SEX-1::mNG was broadly expressed through the comma stage, including in the 

nuclei of all DD, DA, and DB progenitors (Supplemental Figure 3.5A). Its expression declined by 

the 1.5-fold stage, with few nuclei still showing detectable signal. No differences in SEX-1::mNG 

expression were observed in the pal-1(zy117) mutant background (Supplemental Figure 3.5B). 

We next tested whether sex-1 regulates pal-1 expression. PAL-1::GFP is normally 

expressed and localized to the nuclei of a subset of DD, DA, and DB progenitors.  In the sex-

1(zy130) null background, PAL-1::GFP was absent from DD and DA progenitors but remained 

unaffected in DB progenitors at both the bean and 1.5-fold stages (Figure 3.5A). To confirm these 

observations, we quantified PAL-1::GFP expression based on whether it was co-expressed with 

cnd-1 (DD and DA) or not co-expressed (DB and tail cells). To do this, we used Imaris  
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Figure 3.5: SEX-1 regulates PAL-1 expression. (A) Representative maximum projection images 

of PAL-1::GFP in WT, pal-1(zy117) and sex-1 mutant embryos at bean and 1.5-fold stage. 

Hashed circles indicate regions with altered expression in mutant embryos. (B-C) Quantification 

of the (B) mean intensity and (C) number of nuclei expressing PAL-1::GFP in WT, pal-

1(zy117) and sex-1 mutant embryos. Nuclei were grouped based on their co-expression with cnd-

1+ cells, labelling the VNC. Means and 95% confidence intervals are indicated for each population 

with individual measurements shown. At the bean stage, N = 16, 15, 11 and 15, for WT, pal-

1(zy117), sex-1(zy130) and sex-1(zy159), respectively. At the 1.5-fold stage, N = 19, 13, 13 and 

12, for WT, pal-1(zy117), sex-1(zy130) and sex-1(zy159), respectively. (D) Representative images 

showing pal-1p::GFP transcriptional reporter in WT or sex-1(zy130) background. Number of 

embryos examined: N = 9 for WT and N = 1 for sex-1(zy130). Arrows indicate regions of interest. 

(E) Representative images of DD neuron positions in pal-1(zy117) and sex-1(zy130) mutants with 

or without a bar-1p::PAL-1::GFP transgene. Arrowheads mark the position of DD neurons. Scale 

bar = 20μm. (F and G) Quantification of DD neuron position relative to the SABVL neuron and 
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the rectum in L1 stage (F) WT, (G) pal-1(zy117), and (H) sex-1(zy130) with or without the 

extrachromosomal transgene. Means and 95% confidence intervals are indicated for each neuron 

and animals scored (N) indicated on the right. Hashed lines indicate the position of WT DD 

neurons. Arrows indicate the size and direction of the mean neuron position shift in each transgene 

expressing neuron from the mean position of their non-transgene equivalent. Statistics: (B) one-

way ANOVA with Dunnet’s Post-hoc Comparison, (C) Kruskal-Wallis Test with Dunn’s Post-

hoc Comparisons, (F-G) Weltch’s T-Test. *p<0.05, **p<0.01, ***p<0.001. 

 

tools to segment PAL-1::GFP nuclear expression. These nuclei were then grouped based on 

whether they expressed cnd-1 or not, and the mean sum intensity per cell was compared across 

genotypes. 

We found that the average intensity of PAL-1::GFP in cnd-1⁺ nuclei was dramatically reduced in 

embryos carrying the 44 bp pal-1 promoter deletion and in both sex-1 mutants (Figure 3.5B). In 

contrast, cnd-1⁻ nuclei showed no significant change.  This difference in intensity reflects the 

number of PAL-1::GFP positive nuclei detected in each region (Figure 3.5C). We further showed 

that this regulation occurs at the level of pal-1 transcription by showing reduced GFP expression 

in embryos carrying a transgene driven by the pal-1 promoter (Figure 3.5D). These findings 

indicate that PAL-1 expression in DD and DA neuronal progenitors requires transcriptional 

regulation by SEX-1.  

If PAL-1 functions downstream of SEX-1, then expressing pal-1 from a heterologous 

promoter active in VNC progenitors should bypass the requirement for sex-1 and rescue the defects 

observed in sex-1 mutants. To test this, we constructed a transgene in which the pal-1 coding 

sequence is driven by the bar-1 promoter, which is also active in DD and DA progenitors (Chan 

et al., 2025). This construct successfully rescued zy117 defects and caused only minimal position 

defects when overexpressed in WT animals (Figure 3.5E, F and G). When introduced into a sex-

1(zy130) mutant background, the transgene was able to partially rescue neuronal positioning 

defects (Figure 3.5E, F and H).  These results are consistent with pal-1 acting downstream of sex-

1 and, in agreement with our double mutant analysis, suggest that it is likely one of multiple targets 

through which SEX-1 mediates its effects on neuronal positioning. 

Discussion 
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The integration of multiple signaling pathways is key to proper nervous system 

development. Caudal homeobox (HOX) transcription factors, including the CDX family in 

mammals and PAL-1 in C. elegans, act as key mediators of signaling pathways and are widely 

required for morphogenesis and cell-fate decisions during embryogenesis (van den Akker et al., 

2002; Wilson et al., 2003; Palmer et al., 2021; Zhao et al., 2022). This includes early neural 

development, which depends on gene expression that is activated by retinoic acid, WNT, and HOX 

transcription factors (Nordström et al., 2006; Skromne et al., 2007; Young et al., 2009; Sturgeon 

et al., 2011; Sanchez-Ferras et al., 2016).  In this study, we identify PAL-1/Caudal as a key 

regulator of VNC morphogenesis and show that its function relies in part on SEX-1/NHR-mediated 

regulation of pal-1 expression but also involves SEX-1–independent mechanisms.  

Disruption of a DD/DA progenitor-specific pal-1 promoter element causes neuron position 

defects. 

By examining endogenous pal-1::GFP expression, we found that pal-1 is expressed in a 

subset of DD, DA, and DB progenitors during the bean to 1.5-fold stages of VNC development. 

The pal-1 mutants used in this study, particularly the 44 bp zy117 deletion, disrupt a promoter 

element that specifically drives expression in DD and DA progenitors but does not affect pal-1 

expression in DB progenitors.  Although defects were observed in all three motor neuron classes 

(DD, DA, and DB), loss of pal-1 expression driven by this promoter element primarily resulted in 

anteriorly mispositioned DD cell bodies, without apparent effect on embryonic or larval viability. 

In contrast, complete loss of PAL-1 activity results in embryonic and larval lethality due to defects 

in cell patterning and cell movement during embryogenesis that lead to severe morphological 

abnormalities (Edgar et al., 2001).  Normal expression of cell fate markers and normal numbers of 

DD, DA, and DB neurons indicated that these defects were not due to alterations in cell fate.  

Cdx genes are expressed in a temporally and spatially dynamic manner during early stages 

of mouse development. Gene expression begins in the primitive streak and tail bud early after 

implantation, then expands to neuroectodermal and mesodermal tissues, and gradually declines by 

late gestation (Meyer and Gruss, 1993; Beck et al., 1995; Chawengsaksophak et al., 1997; 

Benahmed et al., 2008).  pal-1 is similarly regulated in a complex temporal and spatial manner 

across multiple cell lineages (Hunter and Kenyon, 1996; Mootz et al., 2004; Edgar et al., 2001; 

Mainpal et al., 2011; Gilbert et al., 2020).  This tightly controlled expression is mediated by 
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multiple regulatory regions, including a fragment of exon 5 that drives pal-1 transcription 

specifically in ventral hypodermal cells (Gilbert et al., 2020).  Our work adds to this regulatory 

complexity by identifying a pal-1 promoter element specific to DD/DA progenitors, suggesting 

that precise spatial control of pal-1 expression in the developing VNC is critical for its role in 

neuronal cell body positioning.  

pal-1/Cdx, vang-1/Vangl, and sax-3/Robo act independently to regulate neuron position. 

We previously proposed that similarities in the cellular and molecular mechanisms 

underlying VNC morphogenesis and vertebrate neural tube formation might reflect an 

evolutionarily conserved process (Shah et al., 2017).  Both involve convergent extension 

movements that narrow tissue along one axis while elongating it along another. They also share 

the formation and resolution of multicellular rosettes, the polarized distribution of PCP 

components such as VANG at cell membranes, and neighbour exchanges driven by actomyosin-

mediated junctional contractions (Doudney et al., 2005; Ciruna et al., 2006; Ybot-Gonzalez et al., 

2007; Williams et al., 2014).  The involvement of the Caudal/CDX family protein PAL-1 in VNC 

assembly provides another point of similarity, as vertebrate CDX family members have also been 

implicated in PCP signaling during neurulation (Savory et al., 2011; Zhao et al., 2014). Consistent 

with this, loss of both Cdx1 and Cdx2 in mice results in the severe neural tube defect 

craniorachischisis (Savory et al., 2011; Zhao et al., 2014).  

The neuronal cell body position defects in pal-1(zy117) are similar to those observed in 

vang-1/Vangl and prkl-1/Prickle mutants, which disrupt components of a PCP-like pathway, or in 

sax-3/Robo pathway mutants (Shah et al., 2017). These defects result from disrupted collective 

cell movements and failed intercalation of progenitor neurons at the midline during convergent 

extension, a process that brings progenitors to the midline and contributes to their single-file 

alignment and anterior-posterior distribution within the VNC.  The vang-1/PCP-like and sax-

3/Robo pathways function in independent, partially redundant pathways to regulate this process.  

Simultaneous disruption of both pathways severely impairs convergent extension, causing DD, 

DA, and DB progenitors to fail to move posteriorly, resulting in a clustering of neurons in the 

anterior VNC at hatching (Shah et al., 2017).  A role for PAL-1 in these morphogenetic events 

would be consistent with its previously characterized functions.  In particular, tissue-specific loss 

of pal-1 in a subset of ventral hypodermal cells disrupts cell migration and intercalation during 
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late embryogenesis (Gilbert et al., 2020), and pal-1 is also required for the migration of several 

dorsal hypodermal cell populations (Edgar et al., 2001). 

Both pal-1(zy117) and the null mutant vang-1(tm1422) exhibit anterior mispositioning of 

DD and DA cell bodies, although the displacement of DD neurons is significantly more severe in 

zy117.  This occurs despite zy117 not being a null allele, but rather disrupting pal-1 expression in 

only a subset of DD and DA neurons.  vang-1; pal-1 double mutants exhibit a striking synergistic 

enhancement of neuronal position defects compared to either single mutant.  This suggests that 

pal-1 and vang-1 act in parallel or independent pathways to regulate neuronal cell body position.  

This finding contrasts with the role of CDX proteins during neurulation, which involves PCP 

signaling through the protein tyrosine kinase PTK7 (Savory et al., 2011), a protein that lacks an 

identified homologue in C. elegans.  However, since the developmental processes underlying VNC 

formation are not fully understood, and likely involve the interaction of several mechanisms, we 

cannot exclude the possibility that PAL-1 contributes to PCP regulation in some context, in 

addition to acting through independent pathways.  A similar conclusion can be drawn from the 

observation that most DD and DA cell bodies are more severely displaced toward the anterior in 

sax-3; pal-1 double mutants compared to either single mutant.  

pal-1/Cdx expression is regulated by SEX-1/NHR in DD and DA progenitors. 

The nuclear hormone receptor (NHR) SEX-1, which functions as a transcription factor, is 

primarily known for its role in sex determination and dosage compensation, acting in part through 

inhibition of the male-inducing transcription factor xol-1 (Skipper et al., 1999; Gladden and Meyer, 

2007; Meyer et al., 2010; Farboud et al., 2013).  We found that SEX-1 is required for pal-1 

expression in DD and DA progenitors, representing a novel function for SEX-1 unrelated to sex 

determination.  sex-1 and pal-1 mutants both exhibit anteriorly mispositioned DD and DA neuron 

cell bodies, although pal-1 primarily affects DD neurons, whereas sex-1 disrupts the positioning 

of both DD and DA neurons. The shared DD defects suggest that sex-1 is important for DD neuron 

positioning, at least in part through its regulation of pal-1 expression.  However, it remains unclear 

whether this regulation involves direct binding of SEX-1 to the DD/DA promoter element in pal-

1.  The severe enhancement of DD and DA position defects in sex-1(zy130); pal-1(zy117) double 

mutants suggest that sex-1 and pal-1 also act in parallel or independent pathways to regulate neuron 

cell body positioning in the VNC.  Since these defects resemble those caused by a strong disruption 
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of convergent extension during early VNC formation, this suggests that both sex-1 and pal-1 

contribute to convergent extension. 

The relationship between SEX-1/NHR and PAL-1/Cdx in VNC formation parallels the 

roles of their homologues in morphogenetic processes involving tissue shape changes or 

convergent extension. CDX family members are regulated by both autonomous and non-

autonomous signals, include the canonical WNT signaling pathway and NHRs (Houle et al., 2003; 

Sanchez-Ferras et al., 2012; reviewed in Bodofsky et al., 2017). Prominent NHR families like the 

retinoic acid receptors (RARs), retinoid X receptors (RXR) and the orphan NHR Xenopus germ 

cell nuclear factor (xGCNF) play key roles in the regulation of neurulation or cellular behaviors 

(Wendling et al., 1999; Mic et al., 2002; Barreto et al., 2003; Kam et al., 2013; Gur et al., 2022; 

Koch et al., 2025). This process may be partly achieved through the regulation of convergent 

extension, which is disrupted by genetic manipulation of retinoic acid signaling or manipulation 

of xGCNF (Barreto et al., 2003; Gur et al., 2022).  Of these families, retinoic acid receptors, and 

their endogenous retinoic acid ligands, as well as thyroid receptors have also been shown to 

regulate cdx gene expression in several different contexts (Plateroti et al., 2001; Houle et al., 2003). 

For example, retinoic acid promotes and maintains cdx expression during the specification of 

multiple mesodermal cell populations, including in early cardiogenesis, zebrafish pronephron 

development, and axial extension during late gastrulation in mice (Houle et al., 2003; Wingert et 

al., 2007; Lengerke et al., 2012).  Interestingly, SEX-1 shares some sequence similarity with the 

NHR1 superfamily, which includes retinoic acid receptors (RARs) (Carmi et al., 1998).  Overall, 

the involvement of NHR and Cdx family members in VNC formation and neurulation points to a 

conserved set of cellular and molecular mechanisms underlying central nerve cord development. 

Materials and Methods 

Strains and maintenance 

All strains were maintained and examined at 20⁰C. The Bristol N2 strain was used as wild 

type (WT), along with the following alleles and transgenes: LGII: unc-4(syb1658[unc-4::GFP]). 

LGIII: pal-1(zy43), pal-1(zy44), pal-1(zy117). LGX: sex-1(zy45), sex-1(zy130), sex-1(zy159), sax-

3(zy5), vang-1(tm1422), zyIs36[cnd-1p::PH::mCherry myo-2p::mCherry].  
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Table 3.1: Key Resources used in pal-1 experiments 

Reagent or resource Source Identifier 

Chemicals, Peptides, and Recombinant Proteins 

Levamisol hydrochloride Millipore Sigma 31742; CAS:16595-

80-5 

Bacterial and Virus Strains 

E. coli: OP50 Caenorhabditis Genetics 

Center (CGC) 

RRID: WB-

STRAIN:WBStrain00

041969 

Experimental Models: Organisms/Strains 

C. elegans: N2 (wild isolate) CGC  

C. elegans: OU792 (unc-4(zy123[unc-4::mNG]) zySi2[unc-

30p::mcherry::H2B::unc-30]; vab-

7(zy142[vab7::mNG::T2A::mScarlet-I::H2B]) 

Saharkhiz et al., 2024  N/A 

C. elegans: OU734 (unc-4(zy123[unc-4::mNG]) zySi2[unc-

30p::mcherry::H2B::unc-30]) 

Saharkhiz et al., 2024 N/A 

C. elegans: pal-1(zy43) III This study N/A 

C. elegans: pal-1(zy44) III This study N/A 

C. elegans: pal-1(zy117) III This study N/A 

C. elegans: sex-1(zy130) X A. Colavita, unpublished N/A 

C. elegans: sex-1(zy159) X A. Colavita, unpublished N/A 

C. elegans: pal-1(zy112[pal-1::GFP]) III This study N/A 

C. elegans: sex-1(zy133[zy133[sex-1::mNG::AID]) X This study N/A 

C. elegans: ynIs37[flp-13p::gfp] III CGC WB Strain: NY2037; 

WormBase: 

WBStrain00029158 

C. elegans: sax-3(zy5) X Shah et al., 2017 N/A 

C. elegans: vang-1(ok1142) X CGC WB Strain: RB1125; 

WormBase: 

WBStrain00031829 

C. elegans: zyIs36(cnd-1::PH::mCherry; myo-2p::mCherry) 

X 

Antonio Colavita, Shah 

et al., 2017 

N/A 

C. elegans: zyIs40(unc-30p::gfp; cnd-1::PH::mCherry) 

Unassigned linkage 

This study N/A 

Oligonucleotides 

DNA Oligonucleotides Eurofins See Table S1 for 

sequences and use. 

Software and Algorithms 

Zeiss Zen 3.2 Zeiss https://www.zeiss.com

/microscopy/en/produc

ts/software/zeiss-

zen.html 

R 4.4.2 R Core Team, 2019 N/A 

ggplot2 Wilkinson, 2011 https://github.com/tidy

verse/ggplot2 

Imaris 10 Oxford Instruments https://imaris.oxinst.co

m/ 
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pal-1 and sex-1 alleles  

pal-1(zy43), pal-1(zy44) and sex-1(zy45) were identified in a genetic screen for DD neuron 

position defects (A. Colavita, unpublished). Whole-genome sequencing, as described in Noblett et 

al. (2019), was used to identify the genes and their associated DNA lesions. Mutants were 

subsequently outcrossed at least three times and reverified by Sanger sequencing (performed at 

OHRI StemCore) using primers N35-N37 for pal-1 (all primers listed in Supplemental Table 1).   

The pal-1(zy117) deletion was generated via DNA repair of CRISPR-Cas9-induced double 

strand breaks (Waaijers et al., 2013). Briefly, the target site (GAATGTCATAATGACCTTTT) 

was identified using the IDT guide RNA design tool at idtdna.com. The sequence was inserted into 

the Cas9-sgRNA plasmid pDD162 (Addgene #47549) using the NEB Q5 Site-Directed 

Mutagenesis Kit to generate plasmid pAC564.  Young adult worms containing the DD reporter 

transgene ynIs37 were injected with a mix of 50 ng/µl of pAC564, 2.5 ng/µl of myo-2p::mCherry 

(pCFJ90, Addgene #19327) and pBluescript plasmid (Stratagene) to a concentration of 100 ng/µl.  

Progeny were screened for DD position defects that resembled those in zy43 and zy44.  Sequencing 

(OHRI StemCore) with primers N35 and N36 was used to identify the deletion. Subsequent 

genotyping was performed using primers N35-N37. 

CRISPR-Cas9-mediated knock-ins 

A GFP::3xFLAG and an mNG::AID::3xFLAG were inserted at the C-terminus of the 

endogenous pal-1 and sex-1 loci, respectively, using the CRISPR-Cas9 self-excising drug selection 

cassette approach described in Dickinson et al. (2015). Target sequences for pal-1 

(GTCGTGACAAACAGAAGATT) and sex-1 (CAAAGGTGGCTAGCAGTGAA) insertions 

were cloned into the Cas9–sgRNA plasmid pDD162 to generate plasmids pAC487 and pAC703, 

respectively. The homology directed repair plasmids for pal-1 (pAC486) and sex-1 (pAC722) were 

constructed using the GFP (pDD282, Addgene #66823) and mNG::AID (pJW1582, Addgene 

#154312) selection cassette plasmids, respectively. The resulting knock-in alleles are pal-

1(zy112[pal-1::GFP]) and sex-1(zy133[sex-1::mNG::AID]).  

Reporter and rescue constructs 

A pal-1p::mNG transcriptional reporter (pAC499) was constructed using Gibson 

Assembly (New England Biolabs). This reporter combines approximately 1.8 kb of distal and 2.4 
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kb of proximal promoter elements upstream of an mNG cassette, with the pPD95.77 vector (a gift 

from Andrew Fire, Stanford) serving as the backbone. Primers N48-N53 were used for the 

assembly (Table S1).   

A promoterless pal-1::GFP minigene plasmid (pAC936) was constructed using Gibson 

Assembly. This construct contains the pal-1 genomic coding region, with introns 3 and 5 removed, 

fused to the GFP::3X Flag cassette from the endogenous knock-in allele pal-1(zy112). Primers 

N54-N61 were used for the assembly (Table S1). The bar-1p::pal-1::GFP rescue construct 

(pAC937) was made by inserting a 4.9 kb bar-1 promoter into pAC936 using Gibson Assembly 

with primers N62-N65 (Table S1).   

pAC499 and pAC936 were each injected at a concentration of 5 ng/µl, along with 2.5 ng/µl 

of myo-2p::mCherry (pCFJ90) and 92.5 ng/µl of pBluescript plasmid. 

 Embryonic Imaging  

For widefield imaging, embryos were prepared as in Bao and Murray (2011). Briefly, 

several embryos were transferred from plates using a capillary attached to a glass pipette and 

mounted in a 3 µL drop of M9 containing approximately fifty 25 µm diameter polystyrene beads 

(Polyscience Inc.). The preparation was then sealed under a No. 1.5 coverslip using Vaseline. All 

widefield imaging was conducted on a Zeiss Imager M2, equipped with a Zeiss SVB-1 microscope 

signal distribution box/TTL trigger cable-controlled camera shutter to reduce phototoxicity. Single 

time-point images were taken across 15-30 0.5 µm slices at 63x (1.4NA). Unless otherwise stated, 

all images were deconvolved prior to analysis using constrained iterative deconvolution on Zen 

3.2 (Zeiss) with a Gaussian algorithm, corrections for background and saturated pixels.  

Quantification of motor neuron position defects in newly hatched larvae 

Quantification of neuron position defects in L1 larvae was performed as follows. First stage 

larvae (L1) were mounted on 2% agarose pads using 200 µM levamisole (#31742, Sigma). Images 

were acquired using a Zeiss Imager M2, Colibri7 LED source, AxiocamHR camera and taken at 

40x (1.4NA) over 5-7 0.5um slices. Brightfield, RFP and GFP channels were acquired.  Images 

were measured on FIJI/Image J software, version 2.14. Using the segmented line tool, the position 

of each DD, DA and DB neuron (or only DD and DA neurons in OU734) was measured along the 

worm. These positions were then converted into percentage locations using SABVR = 0% and the 
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anus = 100%. Each percentage location was plotted using base R, version 4.4.2 (R Core Team, 

2019) and geom_jitter from the ggplot2 suite (Wilkinson, 2011).  

Quantification of PAL-1 expression 

Embryonic imaging of pal-1(zy112[pal-1::GFP]) and sex-1(zy133[sex-1::mNG::AID]) 

was conducted on a DM16000B Quorum Spinning Disk (Leica) with a EMCCD (Hamamatsu) 

camera. Single time-point images were taken at 63x (1.4NA) with a pinhole size of 50um. Images 

were acquired with a Brightfield exposure of 223ms, at FITC exposure of 500ms and a Cy3 

exposure of 700ms, across 12 0.5um slices.  

Intensity measurements of pal-1(zy112[pal-1::GFP]) were conducted using Imaris 10 

(Bitplane) after data was processed using Fiji/ImageJ. Briefly, Z-stacks were opened in their native 

format in Fiji/ImageJ. Both red and green channels were merged to form a composite color image, 

which was converted into RGB before exporting as a TIFF. Data was then imported into Imaris. 

Semi-automated spot detection was used to identify GFP nuclei with a XY diameter of at least 

1.15 µm and a quality above 42. Spots were classified using the Imaris machine learning tool based 

upon the RFP channel and their proximity to the RFP labelled VNC cells. After spot creation was 

complete, the original GFP image was used to remove false positive spots which were outside the 

embryo boundary. Spots details including class and SUM Intensity were exported for statistical 

analysis and graphing.   

Statistics 

Tests and the number of samples for each dataset are indicated in individual figure legends. 

Parametric data was analyzed using Weltch’s T-Test or an analysis of variance (ANOVA), as 

appropriate.  Proportional data was compared using a Chi-squared test with Monte Carlo 

simulation for 10,000 replicates. When this returned a significant result, a pairwise analysis was 

conducted using Fisher’s Exact Test with Monte Carlo simulation for 10,000 replicates, adjusted 

with Holm corrections for multiple comparisons. Statistics were conducted using base R, version 

4.4.2 (R Core Team, 2019), and the “multicomp” package for Dunnett’s Multiple Comparison Test 

(Bretz et al., 2011). Measurements related to embryonic phenotypes (expression pattern and order 

measurements) were scored blind to genotype using the Blind Analysis Tools plugin for 

Fiji/ImageJ (https://imagej.net/plugins/blind-analysis-tools). 
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Supplemental Figure 3.1: Distribution of all DD, DA, and DB positions used to plot mean 

positions in Figure 2. (A-C) Quantification of (A) DA, (B) DB and (C) DD neuron position 

relative to the SABVL neuron and rectum in L1 stage worms. Data shows individual samples for 

the data presented in Figure 2. Neurons are plotted along the AP axis, where SABVL and the 

rectum mark the 0% and 100% positions respectively. Black bars represent the means and 95% 

confidence intervals. 

 

https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#F2
https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#F2
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Supplemental Figure 3.2: Distribution of all DD and DA positions used to plot mean positions 

in Figure 3 and 4. (A-B) Quantification of (A) DA and (B) DD neuron position relative to the 

SABVL neuron and rectum in L1 stage worms. Each graph shows individual samples for the data 

presented in Figures 3 and 4. Neurons are plotted along the AP axis, where SABVL and the rectum 

mark the 0% and 100% positions respectively. Black bars represent the means and 95% confidence 

intervals. 

 

https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#F3
https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#F4
https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#F3
https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#F4
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Supplemental Figure 3.3: Comparison of pal-1(zy117) double mutants with vang-

1(tm1422) and sax-3(zy5). (A-B) Each graph shows the mean position of DD and DA neurons in 

larvae as presented in Figure 3. Neurons are plotted along the AP axis, where SABVL and rectum 

mark the 0% and 100% positions respectively. Means and 95% confidence intervals are indicated 

for each neuron and animals scored (N) indicated on the right. Hashed lines indicate the mean 

position of WT DD neurons. Arrows indicate the size and direction of the mean neuron position 

shift in the double mutant from the mean neuron position in (A) pal-1(zy117), (B) vang-

1(tm1422) or sax-3(zy5) single mutants. Statistics: one-way ANOVA with Tukey’s Post-hoc 

Comparisons. *p<0.05, **p<0.01, ***p<0.001. 

 

https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#F3
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Supplemental Figure 3.4: Comparison of sex-1(zy130); pal-1(zy117) double mutants to single 

mutants. (A-B) Each graph shows the mean position of DD and DA neurons in larvae as presented 

in Figure 4. Neurons are plotted along the AP axis, where SABVL and the rectum mark the 0% 

and 100% positions respectively. Means and 95% confidence intervals are indicated for each 

neuron and animals scored (N) indicated on the right. Hashed lines indicate the mean position of 

WT DD neurons. Arrows indicate the size and direction of the mean neuron position shift in the 

double mutant from the mean neuron position in (A) pal-1(zy117) or (B) sex-1(zy130) single 

mutants. Statistics: one-way ANOVA with Tukey’s Post-hoc Comparisons. *p<0.05, **p<0.01, 

***p<0.001. 

 

 

 

 

 

 

 

 

Supplementa1 Figure 3.5: Loss of PAL-1 does not affect the expression of endogenous SEX-

1::GFP. Representative maximum projections of an endogenous SEX-1::mNG in WT (A) 

and pal-1(zy117) embryos (B). At the bean stage, N = 15 for both WT and pal-1(zy117). At the 

1.5-fold stage, N = 14 for WT and N = 15 for pal-1(zy117). No visual changes are observed. 

Posterior cnd-1p::RFP::PH expression marks DD and DA neurons. The white hashed outline 

marks the embryo. Scale bar = 10μm. 

https://www.biorxiv.org/content/10.1101/2025.03.02.641102v3.full#F4
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Supplemental Table 3.1: Oligonucleotides used in pal-1 experiments 

Oligo # DNA Oligos Sequence (5’ – 3’)  Source Use 

N34 GAATGTCATAATGACCTTTTGTTTAAGAGCTATGCTGGAA Eurofins SGRNA for the deletion found in pal-
1(zy117) 

N35 ACAACCTCAAGTACATACTGC Eurofins Sequence pal-1(zy117) 

N36 ACTACAACGATGTTCACATCC Eurofins Sequence pal-1(zy117) 

N37 CAATAATCTGACAGATGGTTGG Eurofins Sequence pal-1(zy117) 

N38 GTCGTGACAAACAGAAGATTGTTTAAGAGCTATGCTGGAA Eurofins SGRNA for PAL-1::GFP 

N39 ACGTTGTAAAACGACGGCCAGTCGCCGGCACACTCGCATGTTAAAGGGAG Eurofins Repair template for PAL-1::GFP 

N40 CATCGATGCTCCTGAGGCTCCCGATGCTCCTAGACGAATCTTCTGTTTGTCACGA Eurofins Repair template for PAL-1::GFP 

N41 CGTGATTACAAGGATGACGATGACAAGAGATAAGTACTCATCTACTTACAAAGAAAATGTAC Eurofins Repair template for PAL-1::GFP 

N42 GGAAACAGCTATGACCATGTTATCGATTTCGCAACTACCAGCGACTTAC Eurofins Repair template for PAL-1::GFP 

N43 CAAAGGTGGCTAGCAGTGAAGTTTAAGAGCTATGCTGGAA Eurofins SGRNA for the SEX-1::mNG::AID 

N44 ACGTTGTAAAACGACGGCCAGTCGCCGGCATATGGATCATTGGCGGACGA Eurofins Repair template for SEX-1::mNG::AID 

N45 CATCGATGCTCCTGAGGCTCCCGATGCTCCGCAGTGAACGGGAGTCTGTT Eurofins Repair template for SEX-1::mNG::AID 

N46 CGTGATTACAAGGATGACGATGACAAGAGATAGCCACCTTTGTCAGATTCT Eurofins Repair template for SEX-1::mNG::AID 

N47 GGAAACAGCTATGACCATGTTATCGATTTCTTCTGATAGAGGTCGACGG Eurofins Repair template for SEX-1::mNG::AID 

N48 ACAACTTGGAAATGAAATACTGCTTGAGATGCAAAGCGA Eurofins pal-1p::mNG fragment 1 

N49 CGATCAGAGCTATCGAGTAC Eurofins pal-1p::mNG fragment 1 

N50 GTACTCGATAGCTCTGATCGGTCAAGTCTGCCGTTGTTC Eurofins pal-1p::mNG fragment 2 

N51 TCTAGAGTCGACCTGCAGTGGTTGCAGCATCTTTTCTCTG Eurofins pal-1p::mNG fragment 2 

N52 CTGCAGGTCGACTCTAGA Eurofins pal-1p::mNG fragment 3 

N53 TATTTCATTTCCAAGTTGT Eurofins pal-1p::mNG fragment 3 

N54 ACAACGATGGATACGCTAACATGTCGGTCGATGTCAAG Eurofins promoterless pal-1::GFP fragment 1 

N55 ATCCCTGAAACTGTTGATAATCCATAAACGG Eurofins promoterless pal-1::GFP fragment 1 

N56 TTATCAACAGTTTCAGGGATTCTCGTGG Eurofins promoterless pal-1::GFP fragment 2 

N57 CTTTGCACGCCTATTTTGAAACCAAATCTTGATTTG Eurofins promoterless pal-1::GFP fragment 2 

N58 TTCAAAATAGGCGTGCAAAGGATCGTCG Eurofins promoterless pal-1::GFP fragment 3 

N59 CCGACTAGTGGGCAGATCTTACTGGATAGTTAATCTCATCAATTTCTGC Eurofins promoterless pal-1::GFP fragment 3 

N60 AAGATCTGCCCACTAGTC Eurofins promoterless pal-1::GFP fragment 4 

N61 GTTAGCGTATCCATCGTTG Eurofins promoterless pal-1::GFP fragment 4 

N62 ATACGCTAACATCGAGTTGAATCCTCTGGC Eurofins bar-1p::pal-1::GFP fragment 1 

N63 CATCGACCGAGATCCAGGCCATCCCAGTTTTC Eurofins bar-1p::pal-1::GFP fragment 1 

N64 GGCCTGGATCTCGGTCGATGTCAAGTCG Eurofins bar-1p::pal-1::GFP fragment 2 

N65 TCAACTCGATGTTAGCGTATCCATCGTTG Eurofins bar-1p::pal-1::GFP fragment 2 
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The development and genetics of the ventral nerve cord (VNC) has been an area of interest 

for nematode researchers since Brenner, White, and Sulston first characterized their stereotyped 

lineage (Sulston et al., 1983; White et al., 1986). This includes all three subtypes of embryonically 

born motor neurons (DA, DB and DD), motor neuron subtypes which are born post hatching and 

interneurons which interconnect the motor neuron circuit required for sinusoidal movement. Over 

the past 50 years, research has expanded knowledge of the complexity within this relatively simple 

population of cells. Recent studies have identified a complex combinatorial code of HOX 

transcription factors required for motor neuron diversification, a continuing role for terminal 

factors in maintaining neuron identity, and extensive remodeling of synapses post-hatching (Kerk 

et al., 2017; Feng et al., 2022; Mulcahy et al., 2022). Similarly, embryonic development of the 

VNC has been shown to depend on collective cell behaviors including, convergent extension and 

multicellular rosette dynamics, which contribute to VNC specific anteroposterior positioning and 

spacing of motor neuron cell bodies (Shah et al., 2017).  

As opposed to earlier events which are critical to embryonic development, such as 

polarization of the embryo or cell fate decisions, the regulatory mechanisms that influence 

collective cell movements during morphogenesis in C. elegans are poorly understood. This 

includes the question of how broader regulatory mechanisms, which coordinate the timing and 

directionality of intercalations, function across multiple tissues. Similarly, how these movements 

differ between tissue types, and which regulatory pathways facilitate these differences requires 

further study.   

Research on defects in morphogenesis can be technically challenging due to the number of 

essential proteins involved in early embryonic development and the complex morphology of 

certain tissues. Thus, it is not surprising that the extent to which mechanisms during convergent 

extension and central nerve cord formation are conserved between nematodes and other models 

remains limited. While previous work from several groups has suggested that cellular mechanisms 

and role of the PCP pathway during cell intercalations are conserved (Shah et al., 2017; Williams 

et al., 2014; Sullivan-Brown et al., 2016; Xu et al., 2023), the specifics of these models remain 

underexplored. Here, we expand on our understanding of VNC morphogenesis to examine genetic 

regulation of collective cell movements. This dissertation specifically examines the inositol 

phosphate pathway, through its essential kinase IPPK-1 (Chapter 2), and the Caudal homolog 
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PAL-1 (Chapter 3). This chapter will discuss the overall findings in this study, the concepts that 

they raise and how they fit into current literature. It will also address several limitations of the 

study and raise some additional questions that may be examined in future research. 

Spatial and Temporal Contributions of IPPK-1 and PAL-1 to VNC Assembly 

Chapter 2 presents an investigation of inositol phosphate metabolism during VNC 

assembly, highlighting evidence for multiple stages of cell movements, complex interactions 

among studied regulators, and potential conservation between nematodes and chordates. We 

demonstrated using the zy65 allele of the inositol pentakisphosphate kinase ippk-1, a strong 

temperature-sensitive hypomorph, that the gene is required for rosette-mediated convergent 

extension. As a result of the mutation in ippk-1(zy65), the equilaterally distributed cell bodies of 

DD neurons are displaced towards the anterior of the worm. The DD and DA neuron subtypes are 

descended from neuroblasts born on opposite left and right lineages during embryogenesis. As the 

embryo develops, the lateral migration of these neuronal progenitors brings neurons from each 

side into contact at the midline. A series of rosette-mediated intercalations then aligns DA and DD 

neuronal progenitors into a single file with an alternating pattern. Within this pattern, neurons of 

left and right origin also alternate. The displacement caused by the loss of IPPK-1 results in an 

abnormal distribution of DD neurons, with alternating pairs of cell bodies positioned closer 

together. This could suggest that correct medial-lateral intercalation during convergent extension 

may be required to arrange the positioning of left and right originating neuronal progenitors.  

Previous work has shown that embryonic development of the VNC relies on rosette-

mediated convergent extension (Shah et al., 2017). The research presented in this dissertation 

suggests that IPPK-1 is also involved in rosette dynamics. Mutation of ippk-1(zy65) delayed the 

resolution of a central rosette. Our data also suggests that IPPK-1 may interact with the PCP 

component VANG-1 during rosette timing. Rosette timing is not enhanced in vang-1(ok1142); 

ippk-1(zy65) double mutants, in contrast to previous research which showed that rosettes in vang-

1(ok1142); sax-3(zy5) double mutants persist longer than in either single mutant. While this 

observation is interesting, the zy65 allele of ippk-1 is not a null mutation and so further research 

will be needed to confirm the interaction.   

The findings also introduce the importance of inositol phosphate metabolism to early 

development of the VNC, prior to the intercalation of DD and DA neurons at the midline. ippk-
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1(zy65) mutants show disorganization among cnd-1/NeuroD-labelled neuronal progenitors during 

their movement toward the midline. This disorganisation appears to begin around the period when 

DA and DD progenitors undergo their terminal divisions. It is characterised by the disrupted 

arrangement of neuron progenitors on either side of the embryo, incorrect cell-cell junctions and 

ectopic rosettes. This resembles the disordered germline membrane architecture in adult ippk-

1(zy65) mutants and may also resemble ectopic contacts that form between embryonic epithelial 

cells with disrupted IP3 signalling (Vazquez-Manrique et al., 2008; Lowry et al., 2015). These 

defects differ from those found when PCP signaling is disrupted in vang-1(ok1142)/Vangl and 

prkl-1(ok3182)/Prickle mutants. This may indicate that IPPK-1 functions independently of the 

PCP pathway during early development to ensure proper organisation of the cells. Several 

mechanisms could explain this disorganisation. IPPK-1 and its product IP6, for example, could 

function to prevent ectopic rosettes or the incorrect contraction of certain junctions. Likewise, it 

could be influencing the timing of junctional contractions needed to quickly resolve rosettes. The 

study can not rule out that disrupted timing or orientation of terminal cell divisions may also 

contribute to the phenotype. The orientation of cell divisions has been found to contribute to 

convergent extension during elongation of the Drosophila germband (da Silva and Vincent, 2007).   

Collective cell movements like convergent extension require positional, temporal and 

metabolic information. In many models, including neurulation, this information is integrated 

through complex transcription factor cascades (Montell et al., 2012, van der Spuy et al., 2023). 

Chapter 3 investigated transcriptional regulation during VNC assembly, highlighting an 

interaction between the caudal homolog PAL-1 and the nuclear hormone receptor SEX-1. We 

found that the zy117 allele of pal-1, which disrupts an enhancer region approximately 6.5kb 

upstream from the ATG start, results in a loss of PAL-1 expression in DD and DA neurons. These 

mutants display anterior displacement of DD and DA cell bodies, suggesting that the transcription 

factor is required to regulate the placement of neuronal progenitors during development of the 

VNC. This role reflects previously described functions of PAL-1 within several populations of 

cells that rely on migration during morphogenesis (Edgar et al., 2001; Gilbert et al., 2020). This 

includes ventral epithelial cells, which migrate to enclose the embryo at the end of gastrulation, 

and the posterior migration of muscle or dorsal epidermal cells during embryonic elongation. 

Likewise, PAL-1 is required in other ventral epithelial cells during mid to late embryogenesis to 

facilitate their migration and correct alignment, suggesting a broader role in morphogenesis 
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(Gilbert et al., 2020). Our work, however, also demonstrates that PAL-1 and IPPK-1 may act 

through independent mechanisms, reinforcing that collective cell movements can be differentially 

regulated. For example, pal-1(zy117) mutants display greater shifts in posterior neurons (DD3-

DD6), whereas ippk-1(zy65) mutants show consistent displacement across both anterior and 

posterior cell body position.  

The restricted expression of PAL-1 in mid to posterior DA and DD neuronal progenitors, 

which is lost in the pal-1(zy117), suggests that specific control over the spatial distribution of PAL-

1 is important. Consistent with this, PAL-1 expression in the posterior DB neurons is largely 

unaffected in pal-1(zy117), suggesting that multiple regulatory elements are needed for its full 

activity in the VNC. This data aligns with the complex regulation of pal-1 promoter activity within 

embryonic populations of epithelial, muscle, and neuronal cells which require multiple 

transcription cofactors to regulate cell fate decisions (Hunter and Kenyon, 1996; Mootz et al., 

2004; Edgar et al., 2001; Mainpal et al., 2011; Gilbert et al., 2020). It is currently unclear why and 

how the expression of PAL-1 is specified in this tissue-specific manner. Future work may require 

utilizing a method to deplete PAL-1 in DB neurons, such as auxin-mediated protein degradation 

(Divekar et al., 2021).  

A significant finding of this study was that PAL-1 expression within DA and DD neurons 

is dependent on the activity of the nuclear hormone receptor SEX-1. The nuclear hormone receptor 

(NHR) family are regulatory factors with widespread roles in development, including cell 

differentiation and morphogenic processes which require collective cell movements (Bhattacharya 

and Starz-Gaiano, 2024; reviewed in Bodofsky et al., 2017). NHRs represent a large family in the 

C. elegans genome with 289 genes compared to 48 in mammals (Miyabayashi et al., 1999; 

reviewed in Kostrouchova and Kostrouch, 2015; Bodofsky et al., 2017; Tao et al., 2020). Only a 

small number, however, display clear conservation between species. In C. elegans, NHRs are 

critical during embryogenesis through regulation of processes such as epidermal development, 

embryo elongation, and muscle cell fate specification (Asahina et al., 2000; Ludewig et al., 2004; 

Brožová et al., 2006; Simeckova et al., 2007). SEX-1 is considered an orphan NHR1 receptor as 

no endogenous ligand for it has been identified (Carmi et al., 1998). It has a well described 

canonical role in nematode sex determination and dosage compensation activity, where it directly 

inhibits expression of the male fate promoting transcription factor XOL-1 (Skipper et al., 1999; 
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Gladden et al., 2007; Farboud et al., 2013). SEX-1 is structurally related to the NHR1 family in 

mammals, with a well conserved DNA binding domain, ligand binding domain, and activated 

function-2 (AF-2) motif, which typically bind to transcriptional coactivators (Lee et al., 2001). 

SEX-1 shares approximately 50-70% of its sequence with the NHR1B subfamily, consisting of 

retinoic acid receptors (RARs), as well as other orphan NHR1 subfamilies (Carmi et al., 1998; 

Bonnelye et al., 1994; Gold et al., 2003; Ikeda et al., 2019). These include REV-ERBβ (NHR1D), 

RORα (NHR1F) and E78A in Drosophila. E78A, which shows the highest similarity to SEX-1, is 

a nuclear hormone receptor with sensitivity to the insect steroid ecdysone (Stone and Thummel, 

1993; Carmi et al., 1998). The receptor regulates several developmental functions, including 

gastrulation, the timing of metamorphosis and establishing germline stem cell populations during 

female reproduction (Fisk and Thummel, 1995; Ables et al., 2015). The inhibitory role of SEX-1 

is consistent with its similarity to NHR1 members like REV-ERB (Carmi et al., 1998). Unlike 

REV-ERB however, SEX-1 contains a conserved AF-2 motif. These are more often associated 

with NHRs, such as RARs, which display ligand-dependant activation (Lee et al., 2001; 

Kostrouchova and Kostrouch, 2015; Weikum et al., 2018). These differences could reflect 

additional roles for SEX-1, including its role in VNC development (Davis et al., 2022).  

Spatial restriction of NHRs is a common feature of the family, observed in both mammals 

and nematodes, including glucocorticoid and retinoic acid receptors in mouse and NHR-2 or NHR-

40 in nematodes (Strähle et al., 1992; Taneja et al., 1997; Sluder et al., 1997; Brožová et al., 2006). 

NHR expression is controlled by a variety of mechanisms, dependant upon cellular and metabolic 

contexts, including ligand binding, alternative splicing, post-translational modification and 

cofactor activity (Leroy et al., 1991; Folkers et al., 1998; Lefebvre et al., 2002; Mahony et al., 

2011; Xie et al., 2023). Coactivator and corepressor activity is critical to the function of nuclear 

hormone receptors (reviewed in Bulynko and O’Malley, 2013; Talukdar and Chatterji, 2023). 

SEX-1 is broadly expressed during early embryogenesis, consistent with its role in sex 

determination (Carmi et al., 1998). However, it activates PAL-1 expression only in DA and DD 

progenitors, not in DB progenitors, despite being expressed in those cells (Packer et al., 2019). 

Given the importance of transcriptional coactivators, investigation of proteins that bind to its 

upstream regulatory region using a purification method like reverse-ChIP could provide additional 

details on the activity of SEX-1 (MacKenzie et al., 2023).  
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Separate or Shared Mechanisms for DD, DA, DB Neuron Positioning 

While loss of PAL-1, SEX-1, PCP components such as VANG-1, or IP pathway members 

lead to displacement in motor neuron cell body positioning in the VNC, these defects are not 

always shared uniformly between classes of motor neurons. ippk-1(zy65) mutants display 

noticeable displacement in DD neurons but show only minimal defects in DB neuron placement. 

Similarly, pal-1(zy117) mutants show strong displacement of DD neurons compared to their DA 

or DB counterparts. Differential effects are also observed in pal-1(zy117) double mutants with 

either vang-1(tm1422) or sax-3(zy5). vang-1(tm1422); pal-1(zy117) double mutants display strong 

shifts in DD and DA cell body positions, whereas DA neurons are relatively unaffected in sax-

3(zy5); pal-1(zy117) double mutants. These observations raise the possibility that movements in 

DA, DB or DD neurons may be independently regulated.  

Several explanations may account for these class-specific differences. DB progenitors 

intercalate into the developing VNC later then their DA or DD counterparts and therefore may be 

spatially restricted by the placement of existing cell bodies or subjected to sorting mechanisms that 

direct their intercalation. It is also notable that intercalation of DB neurons occurs around the same 

time as the onset of muscle activity and embryo twitching, which could subject the developing 

VNC to additional mechanical force. Differences in the susceptibility of motor neuron classes to 

positional shifts may also reflect broader differences in adhesive complex components. Adhesion 

is required to promote proper intercalation and may facilitate convergent extension driven 

intercalation in the developing VNC (Weng et al., 2022; Lien and Wang, 2023). Adhesive 

components, such as cadherins or the LCAM homolog SAX-7, may be required to coordinate cell 

positions during the extension of the VNC between the 2-fold stage of embryogenesis and hatching 

(Bénard et al., 2012; Barnes et al., 2020; Majeed et al., 2025).  Recent work has shown that while 

the expression of cadherins supports their broad roles within the nervous system, they still exhibit 

some variability in temporal and spatial patterning (Majeed et al., 2025). It is possible therefore, 

that some variation across cell adhesion molecules could account for some of these class specific 

differences.  

Conservation of Mechanisms during C. elegans VNC assembly and Neurulation 

 Neurulation and notochord development are essential steps in embryogenesis that establish 

the basis of the vertebrate central nervous system. Despite lacking a notochord or neural tube, the 



122 
 

collective cell movements that comprise nerve cord assembly in nematodes and vertebrates involve 

conserved cellular and molecular mechanisms. Both processes require the regulation of cell 

intercalation during convergent extension (Ybot-Gonzalez et al., 2007; Shah et al., 2017). 

Similarly, they both rely on tissue-shape changes that are driven by actomyosin-dependant 

junctional contractions, which involve the formation of multicellular rosettes, and are influenced 

with non-canonical Wnt/PCP components such as Vangl/vang-1 (Williams et al., 2014; Shah et 

al., 2017; Butler and Wallingford, 2018).  

Inositol metabolism, which produces IP molecules, helps to establish the intercellular 

environment during developmental processes including neurulation (Watson and Walhout, 2015; 

Greene et al., 2017; Tu-Sekine and Kim, 2022). Our study demonstrates that the function of IPPK-

1 during VNC development aligns with mammalian IP function during neurulation. The activity 

of IPPK-1 suggests a broader role for inositol phosphate metabolism, consistent with analysis of 

the upstream kinase IPMK-1 or rescue by exogenous IP6. ipmk-1(tm2687) mutants display milder 

defects compared to ippk-1(zy65), which may reflect the presence of other kinases that are involved 

in phosphorylating IP3 to IP4 and IP5. Few studies have implicated highly phosphorylated forms 

of inositol with intercalation, despite strong evidence of neural tube development defects in mice 

with disrupted production of IP5 and IP6 (Frederick et al., 2005; Verbsky et al., 2005). We 

demonstrated that IPPK-1 and its product IP6 regulate the resolution dynamics of multicellular 

rosettes, which are important for the proper intercalation of DD and DA progenitors and 

convergent extension during VNC formation. 

The CDX family of Caudal transcription factors have partially overlapping roles in cell 

fate determination, regionalization and axial extension (Chawengsaksophak et al., 2004; Skromne 

et al., 2007; Savory et al., 2011; Zhu and Lohnes, 2022). This includes the regulation of PCP 

signaling during neurulation, through transcription of the co-receptor PTK7 (Savory et al., 2011). 

PAL-1 plays similar roles during embryonic development, including regulating cell fate decisions 

and spacing of cells within the VNC (Baugh et al., 2005). Its posterior expression pattern also 

reflects that of CDX family members (Meyer and Gruss, 1993; Baugh et al., 2005). However, our 

study was limited in assessing the role of PAL-1 in individual cellular movements. Further work 

directly analyzing development of the embryonic VNC will be needed to confirm the role in 

convergent extension. Analysis of both Van Gogh/vang-1 and β-catenin/bar-1, also suggest that 
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some interactions with the CDX family during neurulation are absent in C. elegans. The neuron 

displacement phenotype in vang-1(tm1422); pal-1(zy65) double mutants was stronger then either 

mutant, suggesting that PAL-1 functions in parallel with PCP signaling. This is not entirely 

unexpected, as nematodes lack the direct target of CDX transcription during neurulation, PTK7 

(Savory et al., 2011). Additionally, while the zy117 allele results in the loss of PAL-1 expression 

within DA and DD neurons, the protein is still expressed within DB neurons and cells posterior to 

the VNC. The allele therefore may not faithfully recapitulate a null phenotype for the purposes of 

genetic analysis.  

Future Directions 

While this work has described how neural cells contribute to VNC assembly, several 

broader questions remain about the specifics of cellular movements and the regulation of different 

aspects of this process. This includes how VNC assembly interacts with or involves additional 

tissues. Tissues which undergo dynamics movements surrounding the VNC may be of particular 

interest for future research. This includes ventral epithelial cells, which flank the VNC on the left 

and right and undergo ventral enclosure, as well as rectal cells to the posterior of the VNC. These 

posterior cells may be of particular interest as their posterior migration is disrupted in pal-1 

mutants (Edgar et al., 2001), potentially contributing to a broader role for the gene. For example, 

embryo elongation during Drosophila germband extension requires force generated by posterior 

migration (Collinet et al., 2015).  

While our study has identified several regulatory mechanisms of VNC assembly, the 

specific sub-cellular mechanism targeted by these individual pathways will require further 

investigation. Inositol phosphates are versatile metabolites with broad effects on a range of cellular 

mechanisms, including chromatin modification, intracellular signalling and vesicle trafficking 

(Høy et al., 2002; Watson et al., 2016; Kapral et al., 2017; Marcum and Radhakrishnan, 2019; Li 

et al., 2022; Rameh et al., 2025; reviewed in Kim et al., 2024). As a result, defining a clear direction 

for future work is challenging. One exception is a subset of targets that regulate cytoskeletal 

dynamics (Rao et al., 2015; Cheng and Andrew, 2015; Fu et al., 2017; Schröterová et al., 2018; 

Rojas et al., 2019; Bhat et al., 2024). In particular, the septins, a group of hetero-oligomers which 

associate with actin have been found to physically interact with IP6 in-vitro (Shindo and 

Wallingford, 2014; Yin et al., 2016; Devitt et al., 2024). Another potential group of interest are 



124 
 

targets that bind with phosphatidyl inositol biphosphate (PIP2) and triphosphate (PIP3). 

Phosphorylation of PIP2 to PIP3 is an important step in insulin-like signalling, which recruits and 

activates targets that are involved with the cytoskeleton (Hopkins et al., 2020). Activation of the 

kinase AKT and the GTPase RAC are involved in remodeling of actin filaments, apical 

constriction and cell intercalation (Khayat et al., 2000; Miao et al., 2022). The activity of these 

membrane lipids is influenced by both Ipmk, which can phosphorylate PIP2 to PIP3, and inositol 

phosphate metabolites, which can competitively bind with PIP3 (Takeuchi et al., 1997; Blind et 

al., 2012; Chen et al., 2017). Given that the cytoskeleton underlies the activity of PCP components 

and intercalation behavior more generally, investigating the effects of IPPK-1 loss on these targets 

may prove useful. 

Another challenge will be to identify PAL-1 targets that are involved in VNC development. 

Caudal homologs have diverse targets which span different cell lineages and roles (Baugh et al., 

2005; Foley et al., 2019). This includes genes that are regulated through epigenetic mechanisms 

(Foley and Lohnes, 2022). Given that much of the literature surrounding CDX and PAL-1 involves 

non-neuronal cell lineages, it is possible that investigating the nematode neuronal transcriptome 

using ChIP or ATAC-seq methods could provide novel results (Buenrostro et al., 2013; Araya et 

al., 2014). Additionally, several results from previous research on regulation by PAL-1 are of 

particular interest due to their importance in embryo morphogenesis. These include the T-box 

transcription factors tbx-8 and tbx-9, homeobox transcription factors ceh-16, mab-21 and vab-7, 

and NHRs nhr-25 and nhr-60 (Chow et al., 1995; Chen et al., 2004; Pocock et al., 2004; Cassata 

et al., 2005; Baugh et al., 2005; Šimečková et al., 2007; Sawyer et al., 2011; Gilbert et al. 2020). 

Conclusions 

This study has expanded on our knowledge of VNC formation, showing that convergent 

extension related cell-cell intercalation integrates inositol biosynthesis, a SEX-1/NHR and PAL-

1/Caudal transcription cascade, and PCP signalling. I found that production of IP6 is required for 

the convergent extension movements of neuronal progenitors during VNC formation. Inositol 

phosphate signalling acts independently from PCP signaling during multicellular rosette mediated 

intercalations. I found that tissue specific expression of the caudal homolog pal-1 is controlled by 

the nuclear hormone receptor SEX-1. Features of embryonic VNC morphogenesis are shared 
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among several mammalian models of convergent extension, suggesting that this model may help 

facilitate future work in delineating critical pathways. 
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