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Highlights 

• C. elegans vulva apical extracellular matrix is cell-type specific 

• Broadly transcribed Zona Pellucida domain proteins assemble in specific matrices 

• The Pax2/5/8 homolog EGL-38 promotes assembly of the 1˚ vulva cell matrix 

• EGL-38 expression and 1˚ cell matrix assembly depend on EGFR signaling 

 
Abstract 
   
The surface of epithelial tissues is covered by an apical extracellular matrix (aECM). The 

aECMs of different tissues have distinct compositions to serve distinct functions, yet how a 

particular cell type assembles the proper aECM is not well understood. We used the cell-type 

specific matrix of the C. elegans vulva to investigate the connection between cell identity and 

matrix assembly. The vulva is an epithelial tube composed of seven cell types descending from 

EGFR/Ras-dependent (1˚) and Notch-dependent (2˚) lineages. Vulva aECM contains multiple 

Zona Pellucida domain (ZP) proteins, which are a common component of aECMs across life. ZP 

proteins LET-653 and CUTL-18 assemble on 1˚ cell surfaces, while NOAH-1 assembles on a 

subset of 2˚ surfaces. All three ZP genes are broadly transcribed, indicating that cell-type 

specific ZP assembly must be determined by features of the destination cell surface. The paired 

box (Pax) transcription factor EGL-38 promotes assembly of 1˚ matrix and prevents 

inappropriate assembly of 2˚ matrix, suggesting that EGL-38 promotes expression of one or 

more ZP matrix organizers. Our results connect the known signaling pathways and various 

downstream effectors to EGL-38/Pax expression and the ZP matrix component of vulva cell fate 

execution. We propose that dedicated transcriptional networks may contribute to cell-

appropriate assembly of aECM in many epithelial organs. 
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Introduction 

A common feature of epithelial cells is an apical extracellular matrix (aECM) which 

covers their exposed surfaces. Molecularly distinct aECMs such as the cornea tear film, the 

vascular glycocalyx, the gut mucin lining, and the cochlea tectorial membrane have distinct roles 

in the protection, function, and/or development of the respective tissue (Butler et al., 2020; 

Goodyear and Richardson, 2018; Gustafsson and Johansson, 2022; Martinez-Carrasco et al., 

2021). Whether it is produced by the epithelial cells themselves or secreted by specialized cells 

such as goblet cells or glands (Gustafsson and Johansson, 2022; Martinez-Carrasco et al., 

2021), assembling and maintaining the proper aECM is an important aspect of epithelial cell 

function. Defects in the aECM contribute to many human diseases, including allergic 

conjunctivitis, atherosclerosis, deafness, and irritable bowel disease (Butler et al., 2020; 

Goodyear and Richardson, 2018; Gustafsson and Johansson, 2022; Martinez-Carrasco et al., 

2021). How particular epithelial cells control assembly of the correct matrix components on their 

apical surfaces is not well understood, particularly given that relevant matrix factors sometimes 

originate from other tissues or cell types. 

 C. elegans is an excellent model to study the connection of epithelial cell identity to its 

aECM. It has an invariant lineage, with at least 30 different epithelial cell types, each of which 

can be viewed at single cell resolution (Sulston and Horvitz, 1977). Additionally, the aECMs 

covering these epithelia contain many types of conserved proteins, including collagens and 

zona pellucida domain (ZP) proteins (Sundaram and Pujol, 2024). These matrix proteins are 

arranged in distinct domains on the surface of different epithelial cell types and are dynamic as 

the worm develops (Adams et al., 2023; Cohen et al., 2020b; Katz et al., 2022; Serra et al., 

2024). The worm’s epidermis and interfacial tubes are covered by a collagenous matrix called 

the cuticle. At each larval stage, the worm builds a fresh cuticle and molts the old one. 

Construction of the cuticle is influenced by the pre-cuticle, a ZP-rich aECM that is endocytosed 

prior to molting (Birnbaum et al., 2023; Katz et al., 2022; Serra et al., 2024; Vuong-Brender et 

al., 2017). These dynamic, tissue- and cell type-specific aECMs present multiple avenues to 

study the connection between cell identity and matrix. 

Here we focus on a particular epithelial tube, the vulva, and its aECM. The vulva 

connects the uterus to the external epithelia and is used for egg laying and mating. There are 

seven vulva cell types (vulA, B1, B2, C, D, E and F), with two or four cells of each type for a 

total of 22 cells (Figure 1A, B) (Sharma-Kishore et al., 1999; Sulston and Horvitz, 1977). During 

the final (L4) larval stage, these cells invaginate to form a lumen and cells of the same type 

meet and in some cases fuse with each other to produce seven stacked rings (Sharma-Kishore 
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et al., 1999) (Figure 1A). The vulva aECM is dynamic during development. The vulva lumen 

initially fills with a chondroitin proteoglycan-rich matrix promoting inflation (Herman et al., 1999; 

Hwang et al., 2003).  Multiple pre-cuticle factors then assemble on the surface of different cell 

types and contribute to shaping of the developing vulva (Cohen et al., 2020b). This pre-cuticle is 

ultimately replaced by the final adult cuticle.  

 The vulva has been extensively studied as a model for signaling and cell type 

specification (Shin and Reiner, 2018). Vulva cells arise from a group of six equipotent vulva 

precursor cells (VPCs) that adopt different fates in response to signaling mediated by the 

Epidermal Growth Factor receptor (EGFR)-Ras-ERK and Notch pathways (Figure 1B). The 

anchor cell releases a LIN-3/EGF signal received by LET-23/EGFR on the nearest VPC, 

causing it to adopt the primary (1˚) cell fate. The 1˚ VPC then produces Delta/Serrate/Lag2 

(DSL) ligands and signals through LIN-12/Notch for the two adjacent VPCs to adopt the 

secondary (2˚) cell fate (Figure 1B). These three VPCs then divide in a stereotyped pattern to 

produce the 1˚ lineage-derived cells vulE and F and the 2˚ lineage derived cells vulA, B1, B2, C, 

and D (Figure 1B). The additional VPCs are not induced to become vulval and instead divide 

once and fuse with the hypodermis (3˚ fate). Mutations in signaling genes cause VPC cell fate 

transformations and either loss or gain of 1˚ and/or 2˚ vulva lineages, resulting in Vulvaless (Vul) 

or Multivulva (Muv) phenotypes.  

 While the specification of VPC lineage fate is well understood, it is less clear how each 

fate is executed and how the expression of downstream genes is controlled in each of the 7 

distinct cell types. Many transcription factors are expressed in the vulva (Figure 1B), but unlike 

signaling mutants, these transcription factor mutants don't have clean cell fate transformations 

but instead lose (or mis-express) only a subset of known cell fate markers in one or more cell 

types (Fernandes and Sternberg, 2007; Gupta et al., 2012; Inoue et al., 2005). This suggests 

that each vulva cell type's identity is controlled by a combination of transcription factors that 

work together.  

EGL-38, a Pax2/5/8 related transcription factor, controls some aspects of vulE/F 

development (Chamberlin et al., 1997). EGL-38 is expressed in the 1˚ lineage from soon after 

VPC specification through mid-L4, as well as faintly in vulD (Mok et al., 2015; Webb Chasser et 

al., 2019). egl-38 mutants have a normal vulva cell lineage but defects in vulE/F lumen shape, 

consistent with EGL-38 playing a role in some aspect of fate execution (Chamberlin et al., 1997; 

Trent et al., 1983). One target of EGL-38 in the vulva is lin-3/EGF, which is required for signaling 

to specify uterine uv1 cells (Chang et al., 1999; Rajakumar and Chamberlin, 2007). EGL-38 is 

not required for proper vulE or vulF cell fusion or for expression of other known vulE/F markers 
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such as zmp-1 and bam-2 (Inoue et al., 2005; Rajakumar and Chamberlin, 2007), but it does 

function redundantly with other transcription factors to prevent vulE/F from expressing 

inappropriate 2˚ fate markers (Fernandes and Sternberg, 2007). Further study has been limited 

by the few known markers of vulva cell type biology. 

 Here we use aECM as a marker to assess the contribution of multiple transcription 

factors to vulva cell identity. We find that ZP protein gene transcription patterns are much 

broader than the observed cell-type specific patterns of ZP protein localization, indicating that 

each cell recruits the proper matrix to its surface. Using mutants in EGFR effector genes, we 

find that vulva cells' matrix identity is separable from their identity as assessed by lineage. We 

find EGL-38 is required for the aECM identity of vulE/F. Overall these data suggest a model 

where EGL-38 promotes the transcription of one or more matrix organizers that promote the 

assembly of the proper ZP matrix.  

 

Results 

Pre-cuticle and cuticle ZP proteins show cell-type specific localization patterns in the vulva 

First identified as components of the mammalian egg coat, ZP proteins are common 

components of aECMs across organisms (Plaza et al., 2010). ZP domains are polymerization 

modules whose assembly can be influenced by proteolysis and/or interactions with matrix 

partners (Figure 1C) (Bokhove and Jovine, 2018; Jovine et al., 2002)). In C. elegans, ZP 

proteins are required to shape the body and multiple interfacial tubes, including the vulva (Gill et 

al., 2016; Sapio et al., 2005; Vuong-Brender et al., 2017). We previously found two pre-cuticle 

ZP proteins (LET-653 and NOAH-1) were closely associated with the aECM on specific vulva 

cell surfaces (Cohen et al., 2020b; Gill et al., 2016), making them ideal candidates to study the 

connection between cell identity and aECM. In addition, we used published single cell RNA 

sequencing data (Taylor et al., 2021) to identify CUTL-18 as an additional ZP protein likely 

present in the vulva and other L4 interfacial tubes. Like LET-653 and NOAH-1, CUTL-18 has 

multiple PAN domains followed by a ZP domain. Like NOAH-1, but unlike LET-653, CUTL-18 

has a C-terminal transmembrane domain (Figure 1C). All three proteins have predicted 

cleavage sites immediately following their ZP domains (Figure 1C). 

We observed the localization of these three vulva-expressed ZP domain proteins using 

fluorescently-tagged proteins expressed from transgenes (LET-653) or from the endogenous 

loci (NOAH-1 and CUTL-18) (Figure 1C). Consistent with previous findings, LET-653(ZP) is 

enriched on the surface of the 1˚ lineage descendants vulE/F at mid-L4 (Gill et al., 2016, Figure 
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1D).  NOAH-1 is present on the surface of all 2˚ lineage descendants, but strongly enriched on a 

matrix “spike” on vulC in later (L4.7/8) L4 larvae (Cohen et al., 2020b) (Figure 1D).  

We found CUTL-18 is an additional component of the 1˚matrix and is also present faintly 

on the 2˚-derived cells vulB1/B2 (Figure 1D). Unlike the pre-cuticle components LET-653 and 

NOAH-1 (Cohen et al., 2020b; Vuong-Brender et al., 2017), CUTL-18 persists as a component 

of the adult cuticle where it lines the adult vulva, excretory duct, and the junction between the 

rectum and intestine (Supplementary Figure 1). CUTL-18 was not observed in the body cuticle 

and therefore is a tube-specific cuticle component. We conclude that vulva cuticle assembly 

begins as early as the L4.4 stage, concurrent with pre-cuticle assembly, and that both pre-

cuticle and cuticle ZP proteins have cell-type specific assembly patterns. 

 

LET-653 and CUTL-18 independently localize to 1˚ matrix 

ZP domains can interact with each other and, in some cases, ZP proteins depend on 

each other for proper secretion or assembly (Bokhove et al., 2016; Chu and Hayashi, 2021; 

Drees et al., 2023; Ghosh and Treisman, 2024; Vuong-Brender et al., 2017). Since CUTL-18 

and LET-653 both localize to the 1˚ cell matrix, we tested whether sfGFP::LET-653(ZP) or 

mNG::CUTL-18 localize normally  in the vulva of worms mutant for the other gene. For let-653, 

we used a null mutation (cs178) rescued to viability with an excretory tube-specific transgene 

(Gill et al., 2016). For cutl-18, we used a splice acceptor mutation (gk516154) predicted to lead 

to a frameshift and premature stop (Thompson et al., 2013). Neither ZP protein gene was 

required for the other protein’s localization (Supplementary Figure 2).  

 

Specificity of ZP protein localization is not determined by patterns of ZP gene transcription 

We tested whether the cell-type specific localization of these ZP proteins could be explained 

by cell-type specific transcription. To capture the full transcriptional regulatory context of the ZP 

protein genes, we generated endogenous reporters by CRISPR/Cas9 genome editing.  At each 

locus, mCherry::HIS-44(H2B) was expressed in an operon with the ZP protein gene using the 

SL2 spliced leader sequence (Figure 2A). Given the irregular three-dimensional shape of vulva 

cells, these nuclear-localized reporters allowed clearer cell type identification than cytoplasmic 

reporters. 

The endogenous let-653 and noah-1 reporters were transcribed broadly in external epithelia, 

including in all vulva cells by the beginning of the L4 stage (Figure 2B).  In contrast, the cutl-18 

reporter appeared tube-specific; in the vulva it was first detected in mid L4 (L4.4/5) and was 

transcribed in most vulva cells but not vulC (Figure 2B). All three ZP protein genes were 
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transcribed in multiple cell types that did not have that protein in their aECM.  Consistent with 

broad expression, translational fusions also revealed ZP protein production within multiple cell 

types that did not have that protein in their aECM (Figure 2C,D). In the case of LET-653(ZP) 

transgenes, expression and protein accumulation were detected only within 2˚ cells despite 

matrix assembly on 1˚ cells (Figure 2C). In the case of NOAH-1, endogenous protein was 

detected within all 2˚ cells (Figure 2D) despite surface enrichment only on vulC (Figure 1D). 

Therefore, ZP matrix assembly does not match sites of ZP gene transcription or protein 

expression and must depend on some other feature of the destination cell type. 

 

Lineal origins and ZP matrix assembly are separable components of vulva cell identity 

Signaling by LET-23/EGFR and LIN-12/Notch specifies VPC fates (Shin and Reiner, 

2018) (Figure 1B, 3A). Whether a VPC adopts the 1˚ or 2˚ fate is traditionally assessed by the 

pattern of divisions it undergoes after induction (lineage cell type) (Sternberg and Horvitz, 1986) 

and/or by properties of its descendants such as expression of specific marker transgenes 

(Gupta et al., 2012; Inoue et al., 2005). A limitation in the field has been the small number of cell 

identity markers available. Our data indicate that ZP matrix assembly is another marker of cell 

identity, so we focused on these three ZP proteins to investigate how the matrix on 1˚ cells is 

specified as distinct from the matrix on the 2˚ cells. Proper 1˚ matrix should include LET-653(ZP) 

and CUTL-18 and exclude NOAH-1. 

 In the absence of lin-12/Notch, all induced VPCs adopt a 1˚ fate as assessed by lineage. 

By the same metric, gain of function lin-12/Notch mutations instead cause all VPCs to adopt a 

2˚ fate (Greenwald et al., 1983).  Previously we reported that a lin-12(-) vulva (only 1˚ cells) had 

LET-653(ZP) on all cell surfaces while a lin-12(d) vulva (only 2˚ cells) excluded LET-653(ZP) 

from all cell surfaces (Cohen et al., 2020b). The 2˚ matrix protein NOAH-1 had the opposite 

behavior. We observed the localization of CUTL-18 in the same lin-12 mutants. Consistent with 

its wild-type pattern of strong enrichment on 1˚ descendants vulE/F and weak enrichment on 2˚ 

descendants vulB1/B2, CUTL-18 was strongly enriched on the surfaces of lin-12(-) vulvas and 

weakly enriched on the ventral-most cells of lin-12(d) vulvas (Figure 3B). Thus, when cell fate 

specification is disrupted by lin-12/Notch mutations, the matrix and lineage cell type are in 

agreement. 

 However, we found that this relationship breaks down in mutants for the EGFR pathway 

effectors LIN-1 and SUR-2, which have more complex effects on VPC identity. LIN-1 is an Ets 

domain transcription factor and key substrate of MPK-1/ERK that both inhibits and promotes 

different aspects of 1˚ VPC identity (Figure 3A) (Beitel et al., 1995; Jacobs et al., 1998; Tuck 
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and Greenwald, 1995). lin-1 mutants are Muv with alternating 1˚ and 2˚ lineages as assessed by 

cell divisions (Beitel et al., 1995). Nevertheless, we observed that many more lin-1 vulva cells 

than expected behaved like vulE/F and assembled LET-653(ZP) and CUTL-18 on their surface, 

whereas few cells recruited NOAH-1 (Figure 3C). Therefore, the matrix identity of lin-1 vulva 

cells is distinct from the fate assessed by lineage, with some 2˚ lineage descendants having a 

1˚-like matrix identity (Fig. 3C). An endogenous LIN-1::GFP reporter (Kudron et al., 2018) was 

expressed in all VPCs and their immediate descendants, but expression then decreased and 

was barely detectable in the vulva by mid-L4 (Supplemental Figure 3A). We conclude that LIN-1 

likely functions at an early step of lineage specification to repress 1˚ matrix identity (Figure 3C).  

 Another effector of the EGFR signaling cascade is the mediator subunit SUR-2/Med23, 

which promotes some aspects of 1˚ VPC identity, including the transcription of DSL genes to 

signal adjacent cells to adopt the 2˚ fate through LIN-12/NOTCH (Singh and Han, 1995; 

Underwood et al., 2017; Zhang and Greenwald, 2011)(Figure 3A). sur-2 mutants are either 

completely vulvaless or have a single induced VPC that divides in the 1˚ pattern, resulting in 8 

vulva cells (Singh and Han, 1995). Nevertheless, only some of the vulva cells in sur-2 mutants 

had LET-653(ZP) or CUTL-18 on their surface, while some had NOAH-1 on their surface, 

suggesting that mutant cells have a hybrid identity (Figure 3C). We conclude that SUR-2 

promotes 1˚ vs. 2˚ matrix identity, likely by acting with unknown transcription factors (Figure 3A), 

and that matrix assembly is separable from lineage division pattern and other aspects of cell 

identity.   

 

LIN-11/LIM and COG-1/Nkx are not required for 1˚ vulva cell matrix assembly 

Transcription factors LIN-11 and COG-1 are expressed in all vulva cells (Palmer et al., 

2002) (Supplementary Figure 3B). Though lin-11 mutants originally were identified based on 

defects in 2˚ cell fate (Ferguson et al., 1987), both LIN-11 and COG-1 are required for different 

aspects of both 1˚ and 2˚ cell fate execution (Gupta et al., 2003; Palmer et al., 2002). We tested 

whether either was required for LET-653(ZP) localization to 1˚ matrix. Although lumen shape 

was greatly disrupted, both lin-11 null and cog-1(sy275) missense mutants had LET-653(ZP) 

enriched on vulva cell surfaces at the apex of the vulva (Supplementary Figure 3C). Although 

the cog-1 allele is not null, it affects a critical rescue within the DNA binding domain and has 

been shown to disrupt 1˚ fate execution (Palmer et al., 2002). This suggests that LIN-11 and 

COG-1 are not required for 1˚ matrix identity. 

 

EGL-38/Pax expression correlates with 1˚ vulva cell matrix assembly 
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The paired box transcription factor EGL-38 is expressed in the vulD, E and F cells and is 

required for vulE/F lumen shape but not all aspects of 1˚ fate execution (Mok et al., 2015; Webb 

Chasser et al., 2019) (Figure 4B).  We assessed the expression of EGL-38::GFP in lin-12/Notch 

and EGFR effector mutant vulvas. Consistent with it being a robust marker of the 1˚ lineage and 

vulE/F identity, EGL-38::GFP was present in all vulva nuclei of lin-12(-) mutants (Figure 4A, 

B,E). Furthermore, most vulva cells in lin-1 mutants expressed EGL-38::GFP (Figure 4C,D,E). 

Only some of the vulva cells in sur-2 mutants expressed EGL-38::GFP (Figure 4C,D,E). We 

conclude that LIN-1 represses, and SUR-2 promotes EGL-38 expression and that EGL-38 

expression correlates well with 1˚ matrix identity (Figure 4F). 

Surprisingly, EGL-38 was not present in any vulva nuclei in lin-12(d) mutants, though it was 

present in the 2˚ lineage descendant vulD in wild type (Figure 4B,E). This suggests that EGL-38 

expression in vulD may depend on the specification of the 1˚ lineage. 

 

EGL-38/Pax promotes 1˚ vulva cell matrix assembly 

We next tested whether egl-38 is required for 1˚ cell matrix gene expression. An egl-38 null 

mutation is lethal shortly after hatch (Chamberlin et al., 1997; Clark, 1990). Two missense 

mutations in the DNA-binding paired box domain (sy294 and n578) have a normal 1˚ cell 

lineage division pattern (Trent et al., 1983), but cause vulva morphology defects (Figure 4A) 

(Chamberlin et al., 1997; Rajakumar and Chamberlin, 2007). We focused on the allele (n578) 

with higher penetrance of the vulva defect. In egl-38(n578) mutants, the let-653 and noah-1 

transcriptional reporters were still expressed in all vulva cells (Supplementary Figure 4), but the 

cutl-18 reporter showed reduced expression specifically in vulE/F (Figure 5C,D). Therefore, 

EGL-38 does promote cutl-18 expression as one aspect of vulE/F matrix identity execution. 

We observed the localization of tagged ZP proteins in wild type and egl-38 mutant vulvas 

and quantified their enrichment on apical cell surfaces (Figure 5E-H, Supplementary Figure 5A-

F). In egl-38(n578) mutants, both LET-653(ZP) and CUTL-18 showed severely reduced 

enrichment on 1˚ cells (Figure 5E, G, H), while NOAH-1 showed aberrant recruitment to 1˚ cells 

(Figure 5E, Supplementary Figure 5E). This pattern was independent of the LET-653(ZP) 

transgene tested (Figure 5G, Supplementary Figure 5A). CUTL-18 and NOAH-1 still localized to 

specific 2˚ cell surfaces in egl-38 mutant vulvas; however, their level of enrichment changed 

from wild type, suggesting there may be a finite pool of protein that can move between cell 

surfaces (Figure 5E, Supplementary Figure 5C, F). We tested whether the absence of proper 1˚ 

matrix was linked to the failure of vulF cells to separate in egl-38 mutants. While the majority of 

egl-38(sy294) worms have normal vulva morphology (Rajakumar and Chamberlin, 2007), we 
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found these mutants have the same LET-653 and NOAH-1 localization defects as in egl-

38(n578) (Figure 5G, Supplementary Figure 5A, E, F).  We conclude that egl-38 is required to 

promote 1˚ vs. 2˚ matrix assembly and that its targets are likely to include factors that recruit or 

modify specific ZP proteins. 

 

Discussion  

 All epithelial cells are covered by aECMs that play important roles in tissue shaping and 

barrier functions, but how cells assemble the proper type of aECM is still poorly understood. 

Here we investigated cell-type specific aECM as a feature of epithelial cell identity in the C. 

elegans vulva, where cell fates are controlled by a combination of EGFR and Notch signaling 

and a network of downstream transcription factors. Different ZP domain proteins assemble on 

the surfaces of different vulva cell types, but these patterns do not reflect cell-type specific 

expression of the ZP proteins themselves. Rather, ZP proteins are broadly expressed, and 

unknown features of the destination cell types allow each to recruit and assemble the 

appropriate set of ZP proteins on their surface. LET-23/EGFR-dependent 1˚ vulva cell types 

express the Pax2/5/8 family transcription factor EGL-38, which promotes 1˚ matrix assembly 

(Figure 6) but is not required for other aspects of 1˚ fate execution. Our results connect the 

known signaling pathways and various downstream effectors to EGL-38/Pax expression and the 

ZP matrix component of vulva cell fate execution. We propose that different epithelial subtypes 

may use transcription factors like EGL-38 to turn on batteries of genes controlling their unique 

aECM biology. 

 

How are ZP proteins recruited to specific cell surfaces?  

ZP domain proteins are commonly produced in and localize to the surface of different 

cell types, sometimes separated by large distances. For example, some ZP protein components 

of chicken and fish egg coats are produced in the liver and then travel through the bloodstream 

to reach the oocytes (Bausek et al., 2000; Conner and Hughes, 2003). The mammalian 

intestinal ZP protein GP2 is produced primarily in the pancreas (Kurashima et al., 2021), while 

alpha-tectorin is widely expressed in the sensory, roof, and transitional epithelia of the cochlear 

but assembles into specific patterns in the tectorial membrane (Kim et al., 2019; Niazi et al., 

2024; Rau et al., 1999). Here we found that three ZP proteins were expressed broadly but 

localized to specific cell surfaces in the vulva. How ZP proteins are properly targeted to their 

destination cell surface remains an open question.  
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One contributing factor to ZP protein assembly is cleavage at a site immediately 

following the ZP domain. Many ZP proteins are cleaved at a consensus furin cleavage site 

(RxxR) (Bokhove and Jovine, 2018), although some can also be cleaved at non-RxxR sites by 

other types of serine proteases (Brunati et al., 2015; Niazi et al., 2024). We previously showed 

that the RxxR cleavage site in LET-653(ZP) was required for its assembly in the vulE/F matrix 

(Cohen et al., 2020a); however, the relevant protease(s) acting on this site remain unknown. 

This cleavage is predicted to relieve an intramolecular interaction between the ZP domain and 

the protein C-terminus, allowing the ZP domain to bind to other proteins and assemble in the 

matrix (Jovine et al., 2004). Thus, spatial control of relevant proteases could control spatial 

assembly of ZP matrix proteins. 

Another contributing factor to ZP protein assembly may be the presence of relevant 

binding partners. Some ZP proteins, including LET-653, have no membrane associated domain 

(Figure 1C). Others, including NOAH-1 and CUTL-18, have transmembrane domains or GPI 

anchors that are predicted to be cleaved from the ZP domain (Figure 1C). Consequently, mature 

ZP proteins likely bind to a membrane-associated partner in their target matrix. In the case of 

LET-653, the C-terminal half of the ZP domain is sufficient to confer 1˚ matrix localization, 

suggesting this domain must bind a relevant partner (Cohen et al., 2020a). Some ZP domains 

are known to bind other ZP proteins or collagens, which can affect their localization (Andrade et 

al., 2016; Chu and Hayashi, 2021; Ghosh and Treisman, 2024; Niazi et al., 2024). While we 

found CUTL-18 and LET-653 are not required for each other’s localization to the vulE/F matrix, 

C. elegans has 43 ZP proteins and 173 cuticle collagens (Cohen et al., 2019; Teuscher et al., 

2019; Weadick, 2020), some of which could be binding partners. Alternatively, ZP proteins could 

bind other types of transmembrane proteins (Hölzl et al., 2011; Pfistershammer et al., 2008). 

Relevant candidates could be further narrowed by identifying those with vulva cell-type specific 

expression patterns. Overall, the vulva has a small number of cells, yet multiple cell-type 

specific ZP matrices, making it an ideal model for further study of how ZP proteins localize to the 

proper matrix.  

 

What is the purpose of organizing the aECM into cell-type specific domains?  

 The large number of C. elegans ZP proteins, coupled with their cell type specific matrix 

incorporation (Figure 1)(Cohen et al., 2020a, 2019; Yu et al., 2000), suggests different ZP 

proteins have different matrix functions. For example, different ZP proteins may bind and recruit 

other matrix components or confer different physical properties that affect tissue shaping.  While 

we focused here on matrix within the developing vulva, some ZP proteins (such as CUTL-18) 
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remain as part of the adult cuticle, and even transient pre-cuticle proteins can influence the 

structure of the subsequent cuticle (Cohen et al., 2019; Katz et al., 2022; Mancuso et al., 2012; 

Serra et al., 2024).  In the adult vulva, the apical surfaces of the 1˚ descendants remain internal, 

while the 2˚ descendants are oriented outwards. Some vulva cells attach to the uterine or vulva 

muscles which contract to drive egg-laying. These conditions could require differences in rigidity. 

Components of the cuticle can also affect pathogen resistance and mate attraction (Gravato-

Nobre and Hodgkin, 2005; Weng et al., 2023). let-653 mutants have relatively mild defects in 

late stages of vulva morphogenesis (Cohen et al., 2020b) and we did not observe any obvious 

changes in cutl-18 mutants (Supplementary Figure 2), but it will be important to test for 

ultrastructural, physiological and behavioral changes to understand the contributions made by 

the specific matrices on different vulva cell types. 

 

 How does EGL-38/PAX promote 1˚ matrix assembly and influence vulva lumen shape? 

 Pax family transcription factors can be “master regulators” of cell identity  or they can 

regulate morphogenesis (Shaw et al., 2024; Thompson et al., 2021). EGL-38 appears to 

promote only a subset of vulE/F properties, including matrix assembly, rather than being a 

master regulator of vulE/F identity.  One caveat is that the egl-38 alleles studied are 

hypomorphs since the null is lethal. It is possible that EGL-38 may have a larger role in vulE/F 

identity.  

We propose that EGL-38 promotes the assembly of 1˚ matrix by promoting the expression of 

one or more unknown “1˚ matrix organizers” that contribute to ZP protein assembly, such as 

through proteolysis or binding. Identification of such matrix organizers has been challenging 

given the few known EGL-38 targets and limited information about preferred EGL-38 binding 

motifs (Johnson et al., 2001; Webb Chasser et al., 2019).  Although EGL-38 is a transcriptional 

activator of its few known targets (Johnson et al., 2001; Webb Chasser et al., 2019), it could 

also act as a repressor on some targets, as many Pax transcription factors act as both (Shaw et 

al., 2024). Transcriptomic studies are currently underway to identify egl-38-dependent genes in 

the vulva.  

Given the known roles of aECM in tube lumen shaping (Li Zheng et al., 2020; Sundaram 

and Pujol, 2024), defects in 1˚ matrix assembly could potentially explain the failure of the vulF 

cells to separate properly in egl-38 mutants. However, although we found EGL-38 promoted 

cutl-18 expression in vulE/F and the assembly of both CUTL-18 and LET-653 in the matrix, 

these changes alone are not sufficient to explain the phenotype since vulF still can separate 

when these ZP proteins do not assemble (Supplementary Figure 5A). egl-38 mutants must have 
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additional changes in the 1˚ matrix or in other relevant cellular processes, such as anchor cell 

invasion (Estes and Hanna-Rose, 2009; Kenny-Ganzert and Sherwood, 2024), that remain to 

be discovered. 

 

The vulva as a model for connecting transcription factor networks to cell and matrix biology 

The seven vulva cell types differ in many properties, including cell shape, dorsal vs. ventral 

adhesion, cytoskeletal organization, and matrix organization (Cohen et al., 2020b; Gupta et al., 

2012; Mok et al., 2015; Sharma-Kishore et al., 1999). The transcriptional logic that specifies 

these various differences is just beginning to be deciphered (Farooqui et al., 2012; Fergin et al., 

2022; Sherwood and Plastino, 2018; Underwood et al., 2017). Our data suggest that in 1˚ vulva 

cell types, LET-23/EGFR signaling promotes EGL-38/Pax expression by simultaneously 

relieving LIN-1/Ets-dependent repression and promoting SUR-2/Med23-dependent transcription 

(Figure 6). EGL-38 may then promote expression of gene batteries related to a subset of cell 

properties, such as matrix organization, while other transcription factors such as LIN-11 and 

COG-1 promote other properties.  EGL-38 may also function cooperatively with other 

transcription factors to promote additional aspects of vulE/F biology (Fernandes and Sternberg, 

2007). Notably, EGL-38 is expressed only transiently and disappears from vulva cells by the late 

L4 stage, so it does not fit the classical definition of a "terminal selector" that functions 

continuously to maintain unique aspects of cell identity (Hobert and Kratsios, 2019). Instead, the 

period of EGL-38 expression coincides well with vulva morphogenesis and the times when 

different aECMs are built and remodeled. EGL-38-dependent targets may be less relevant in the 

adult, when distinct transcriptional networks likely take over to maintain cell identity and 

appropriate physiological functions. Going forward, we expect that single cell transcriptomic 

data will reveal key differences in gene expression between vulva cell types and stages, help 

identify candidate matrix organizers and other features of each cell type's unique biology, and 

allow dissection of the transcriptional networks that establish these differences. Just as the C. 

elegans vulva has served as a paradigm for signal-dependent patterning of cell fates (Shin and 

Reiner, 2018), it can also provide a useful model for understanding finer aspects of epithelial 

identity control that may be broadly relevant to other epithelia across organisms. 

 

 

Methods 

Worm strains and maintenance 
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All C. elegans were cultured at 20˚C, according to standard methods (Brenner, 1974). The 

tagged ZP domain of LET-653 (LET-653(ZP)) was expressed from either of two transgenes 

csIs66[let-653pro::sfGFP::LET-653(ZP); let-653pro::PH::mCherry] or csIs96[let-653pro::LET-

653(ZP)::sfGFP; lin-48pro::mRFP], which have identical localization and rescue a let-

653(cs178) null (Cohen et al., 2020a). Novel alleles generated by CRISPR/Cas9 genome 

editing (cutl-18(syb8315), cutl-18 (syb8442), let-653(syb8336), and noah-1(syb8346)) were 

designed using genome and transcript sequences from Wormbase with protein domain 

predictions from SMART and generated by Suny Biotech (Davis et al., 2022; Letunic et al., 

2021). Strains used are listed in Supplementary Table 1. 

 

Microscopy 

L4 substages were identified by size and vulva lumen morphology (Mok et al., 2015). Early 

adults were selected by picking L4 larvae and imaging those worms the following day. For 

confocal microcopy worms were immobilized with 10 mM levamisole in M9 buffer and mounted 

on 5% agarose pads supplemented with 2.5% sodium azide. Images were captured with a Leica 

TCS DMi8 confocal microscope through a 63x HC PL APO objective, Numerical Aperture 1.3, 

with a Z step size of 0.33µm using Leica LasX Software and processed in Fiji (Schindelin et al., 

2012). Laser power and line accumulation settings varied with the tissue and tagged protein 

imaged but were held constant between wild type and mutant worms expressing the same 

tagged protein. The number of worms imaged is noted on the representative micrograph in each 

figure. 

 

cutl-18 transcriptional reporter quantification 

The total intensity of mCh::H2B fluorescence was measured inside a 171 µm2 rectangle 

containing the 1˚ cell nuclei and two 146 µm2 rectangles containing the 2˚ cell nuclei on each 

side of the vulva (total of 292 µm2), without background subtraction. Measurements were 

performed on sum projections of Z stacks through the entire vulva. 

 

Apical enrichment measurements 

Measurements of ZP protein enrichment at vulva cell surfaces were performed based on the 

method previously described (Cohen et al., 2020a), modified to locate the apical surface in the 

absence of protein enrichment. Using the DIC channel of each image to locate the apical cell 

surface, the total intensity in the fluorescent channel was measured in a 10 pixel high by 5 pixel 

wide box on the left and right apical surfaces of the indicated vulva cell and a 10 pixel square in 
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the vulva lumen. Apical enrichment was calculated as the sum of the two apical measurements 

divided by the lumen measurement (Figure 5F, Supplementary Figure 5B, D). All measurements 

are taken from single confocal Z-slices. Final values reported are ratios.  
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Figure 1: Zona Pellucida domain (ZP) protein matrix is cell type-specific  
A) Position of the vulva and L4.5 stage vulva cells visualized with the membrane marker 

MIG-2::GFP (muIs28) (Honigberg and Kenyon, 2000). The seven vulva cell types (vulA-
F) are highlighted by color.  

B) Specification of vulva cells. The anchor cell (AC) releases a gradient of LIN-3/EGF to the 
six equipotent vulva precursor cells (VPCs-ovals). The closest cell receives the strongest 
EGF signal and adopts the primary (1˚) vulva fate, dividing to give rise to vulE/F. The 1˚ 
VPC also expresses Delta/Serrate/LAG-2 (DSL) ligands to activate LIN-12/Notch 
signaling in neighboring VPCs and specify the secondary (2˚) vulva fate, which gives rise 
to vulA/B1/B2/C/D. Transcription factors (TFs) controlling aspects of each cell fate are 
sometimes broadly expressed in the vulva (e.g. LIN-11/LIM, COG-1/Nkx), or expressed 
in specific vulva cells (e.g. EGL-38/Pax). 

C) ZP protein schematics. The LET-653(ZP) fusion consists of the isolated ZP domain and 
was expressed from a transgene (csIs66) (Cohen et al., 2019); full-length LET-653 has 
multiple PAN domains at its C-terminus. NOAH-1 and CUTL-18 fusions were each 
generated by CRISPR-Cas9 genome editing and expressed from the endogenous locus.  

D) ZP proteins localize to the matrix of specific vulva cells. LET-653(ZP) and CUTL-18 are 1˚ 
matrix components on vulE/F. CUTL-18 is also a 2˚ matrix component on vulB1/B2.  
NOAH-1 is a 2˚-specific matrix component, enriched on vulC. Images are medial 
confocal slices at the indicated L4 stages. Scale bar 5 µm. 
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Figure 2: ZP protein localization is not explained by their transcription patterns 
A. Schematic of transcriptional reporters expressed from the endogenous loci of ZP protein 

genes. Sequence inserted immediately after stop codon of each ZP protein gene is 
outlined in red. The gpd-2 3’UTR and trans-spliced leader sequence (SL2) allow the ZP 
protein and mCh::HIS-44 (H2B) to be expressed as an operon. 

B. ZP protein gene expression in early- (L4.1) and mid- (L4.4/L4.5) L4 larvae. Top: diagram 
of approximate position of each vulva nucleus at the indicated stages. Below: Maximum 
projections of confocal Z stacks through entire vulva of worms expressing the indicated 
transcriptional reporter. Vulva nuclei are outlined according to the color code below. 
Lower left: Number of mCherry positive nuclei, (n= number of worms). The cutl-18 
transcriptional reporter varied slightly at the mid-L4 stage; it was present in 
vulA,B1,B2,E, and F (16 total nuclei) in all worms, and also faintly in vulD (18 total 
nuclei) in 11/14 worms.  

C. LET-653(ZP) assembles on the surface of 1˚ cells in absence of its transcription in 1˚ 
cells. Mid-L4 vulvas. Top: epifluorescent image of cytoplasmic GFP expressed from a 
2233bp let-653 promoter fragment (Hunt-Newbury et al., 2007); GFP is present in 2˚ 
cells and faintly in hyp7. Bottom: medial confocal slice of sfGFP::LET-653(ZP) expressed 
from the same promoter fragment is present inside 2˚ cells (orange outline) and 
assembles on 1˚ cell surfaces.  

D. The NOAH-1 C-terminus (Cter) is not secreted or cell-type specific. Top: Since NOAH-
1::sfGFP(Cter) is predicted to be cleaved N-terminal to the transmembrane domain, the 
sfGFP remains inside the cells that produced it (Vuong-Brender et al., 2017). Medial 
confocal slice of L4.5 stage vulva. NOAH-1 C-terminus forms large puncta in all 2˚ vulva 
cells and hyp7. Consistent with the transcriptional reporter, NOAH-1::sfGFP(Cter) signal 
is not distinct between vulC and other 2˚ cells or hyp7. Below: Schematic of NOAH-1 
with sfGFP at its C-terminus, full length (FL), and predicted product after cleavage. 
Domain symbols as are in Figure 1. All scale bars 5µm. 
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Figure 3: Contributions of EGFR effectors to matrix identity 
A) Transcription factors downstream of MPK-1/ERK promote transcription of 1˚ expressed 

genes. In the 1˚ VPC, LET-23/EGFR activates MPK-1/ERK via a Ras signaling cascade. 
MPK-1 phosphorylates LIN-1/ETS to convert it from a repressor to an activator of 1˚ 
identity (Jacobs et al., 1998; Tan et al., 1998). The mediator component SUR-2 acts in 
parallel to LIN-1 to promote some aspects of 1˚ identity, such as expression of DSL 
family ligands that activate LIN-12/Notch to promote the 2˚ fate in neighboring VPCs 
(Singh and Han, 1995; Underwood et al., 2017; Zhang and Greenwald, 2011). 
Unphosphorylated LIN-1 represses 1˚ expressed genes in the 2˚ and 3˚ lineages. 

B) Matrix identity lin-12/Notch mutants aligns with identity assessed by lineage. Top: 
schematic of vulva cell types (as assessed by lineage or matrix) in wild type, loss of 
function (-) lin-12(n137n720) mutants and dominant gain of function (d) lin-12(n137) 
mutants (Greenwald et al., 1983). Bottom: CUTL-18 is strongly enriched on all cell 
surfaces lin-12(-) mutants, consistent with a 1˚ matrix identity, but at faintly on some cell 
surfaces in lin-12(d) consistent with a 2˚ matrix identity. Medial confocal slices of mid-L4 
stage worms.   

C) LIN-1/Ets represses, SUR-2/Med promotes 1˚ matrix identity. Top: schematic of vulva 
cell fates determined by lineage lin-1(n304) and sur-2(ku9) mutants (Beitel et al., 1995; 
Howard and Sundaram, 2002; Singh and Han, 1995). Below: LET-653(ZP)::sfGFP 
(csIs66) and CUTL-18 are enriched on the surface of both 1˚ lineage (orange 
arrowhead) and 2˚ lineage (blue arrow) vulva cells in a lin-1 mutant. Few cells have 
NOAH-1::mCh on their surface in lin-1 mutants.  LET-653(ZP)::sfGFP, CUTL-18 and 
NOAH-1 are all enriched on a subset of 1˚ lineage cells in sur-2 mutants. All scale bars 
5µm. 
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Figure 4: Vulva matrix identity correlates with EGL-38 expression 
A) Schematic of vulva cell types (as assessed by lineage) and summary of matrix assembly 

as in Figure 3 and (Cohen et al., 2020b) in lin-12/Notch mutants. 
B) EGL-38 expression in lin-12/Notch mutants aligns with matrix identity. Maximum 

projections of confocal Z stacks through entire vulva of mid-L4 stage worms. Vulva 
nuclei expressing EGL-38::GFP are circled - vulD in green, vulE in yellow, vulF in red, 
and unknown nuclei descended from a 1˚-like lineage in orange. + indicates uv1 nuclei.  
n= number of worms, number of EGL-38 positive vulva nuclei per worm quantified in C.  

C) Schematic of vulva cell types (as assessed by lineage) and summary of matrix assembly 
as in Figure 3 in lin-1 and sur-2 mutants.  

D) LIN-1/Ets represses, SUR-2/Med promotes egl-38 expression consistent with matrix 
identity. EGL-38::GFP expression in the indicated mutants. Maximum projections of 
confocal Z stacks through entire vulva of mid-L4 stage worms. Consistent with their 
matrix identity, the majority of vulva cells expressed EGL-38 in lin-1 mutants, and only 
some of the vulva cells expressed EGL-38 in sur-2 mutants. n= number of worms, 
number of EGL-38 positive vulva nuclei per worm quantified in E. All scale bars 5µm. 

E) Count of the number of EGL-38-positive vulva nuclei in wild type (WT) and lin-12, lin-1, 
and sur-2 mutants. Presence of EGL-38 was assessed with EGL-38::GFP expressed 
from the endogenous locus (gu253) or EGL-38::TY1::EGFP::3xFLAG expressed from a 
transgene (wgIs171). In wild type worms, EGL-38 was always present in 10 vulva nuclei, 
regardless of method of expression. P values Kruskal–Wallis test. 

F) Contributions of EGFR effectors to egl-38 expression. LIN-1 represses egl-38 
transcription in the absence of EGFR/MAPK signaling.  SUR-2 promotes egl-38 
transcription in the presence of EGFR/MAPK signaling.   
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Figure 5: The Pax transcription factor EGL-38 is required for proper 1˚ cell ZP matrix assembly 
A) Schematic of EGL-38 protein. Red bars indicate the location of hypomorphic missense 

mutations n578 and sy294 in the conserved Paired box (Pax) domain.  
B) In egl-38 mutants the vulF cells remain close to each other, blocking the uterine 

connection. Vulva cells visualized with the membrane marker MIG-2::GFP(muIs28) and 
colored by cell type.  

C) EGL-38 promotes the transcription of cutl-18 in 1˚ descendants vulE/F. Maximum 
projections of confocal Z stacks through entire vulva of mid-L4 of wild type and egl-
38(n578) worms expressing the indicated transcriptional reporter. Vulva nuclei are 
outlined according to the cell colors in A. Lower left: Number of mCherry positive nuclei, 
(n= number of worms). Wild type Ns represent the same worms as in Figure 2. let-653 
and noah-1 transcription were not affected, see Supplemental figure 4. 

D) Quantification of cutl-18 transcriptional reporter fluorescence in 1˚- and 2˚- descendant 
nuclei in wild type and egl-38(n578) mutants. See methods. P values Kruskal–Wallis 
test. 

E) EGL-38 is required for proper 1˚ cell ZP matrix assembly. LET-653(ZP)csIs66, 
mNG::CUTL-18 and NOAH-1::mCherry in wild-type and egl-38(n578) mutants. In egl-38 
mutants the 1˚ matrix (orange arrowheads) does not contain the proper proteins, while 2˚ 
cell specific matrices (blue arrows) are maintained. Medial confocal slices at the 
indicated L4 stages. (n= number of worms). Wild type Ns represent the same worms as 
in Figure 1. See Supplemental Figure 5 for images of additional alleles and fluorescence 
quantification of 2˚ cell surfaces. All scale bars 5 µm. 

F) Apical enrichment of ZP proteins quantified by fluorescence intensity at the vulE/F 
surfaces divided by intensity in a box of the same total size in the lumen. See Methods. 

G and H) Apical enrichment of LET-653(ZP) or CUTL-18 on vulE/F cells. Column labels 
below indicate wild type worms (WT) or egl-38 alleles (n578 and sy294) and LET-
653(ZP) transgenes (csIs66 and csIs96). All P values Kruskal–Wallis test. 
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Figure 6: Model for 1˚ matrix fate execution 
The 1˚ lineage is specified through LET-23/EGFR, triggering a signaling cascade to MPK-
1/ERK. Signaling promotes egl-38 expression through at least two transcription factors, by 
relieving LIN-1/Ets repression through direct phosphorylation and promoting SUR-2/Med activity 
(or that of an unknown partner transcription factor). EGL-38 in turn promotes the expression of 
unknown 1˚ matrix organizer(s) that are present on the surface of primary cells and recruit 1˚ 
matrix proteins LET-653(ZP) and CUTL-18 and exclude 2˚ matrix protein NOAH-1. 
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Strain Genotype Citation
BC10642 dpy-5(e907) I; sEx10642  (let-653pro ::GFP, dpy-5+ ) (Hunt-Newbury et al., 2007)
CM2762 egl-38(gu253[egl-38::gfp]) IV (Web Chasser et al, 2019)
ML2358 noah-1(mc58 [noah-1::sfGFP) I (Vuong-Brender et al., 2017)
ML2482 noah-1(mc68 [noah-1::mCH(int)]) I (Vuong-Brender et al., 2017)
OP171 unc-119(ed3) III; wgIs171 [egl-38::TY1::EGFP::3xFLAG(92C12) + unc-119(+)] (Gernstein et al., 2010) 
PHX8315 cutl-18(syb8315[cutl-18::SL2::mCh::H2B]) V This paper
PHX8336 let-653(syb8336 [let-653::SL2::mCherry::H2B]) IV This paper
PHX8346 noah-1(syb8346[noah-1::SL2:mCh::H2B]) I This paper
PHX8442 cutl-18(syb8442[ss::mNeon::cutl-18]) V This paper
UP3422 csIs66 [let-653pro::SfGFP::LET-653(ZP); let-653pro::PH::mCherry] X (Cohen et al, 2019)
UP3849 csIs96 [let-653pro::LET-653(ZP)::SfGFP; lin-48pro::mRFP] II (Cohen et al., 2020 PLoS Genetics)
UP3995 muIs28 [mig-2::GFP; unc-31+] (Honigberg and Kenyon, 2000)

UP4011
noah-1(mc68 [noah-1::mCh(int)]) I; csIs96 [let-653pro::LET-653(ZP)::SfGFP; lin-48pro::mRFP] 
II This paper

UP4129
noah-1(mc68[noah-1::mCh(int)]) I; csIs96[let-653Pro::LET-653(ZP)::sfGFP; lin-48::pro::mRFP] 
II; egl-38 (sy294) IV This paper

UP4130
noah-1(mc68 [noah-1::mCh(int)]) I; csIs96 [let-653pro::LET-653(ZP)::SfGFP; lin-48pro::mRFP] 
II;  egl-38(n578) mec-3(n3197) IV This paper

UP4162
lin-1(n304) IV/nT1[qIs51] (IV; V); csIs66 [let-653pro::SfGFP::LET-653(ZP); let-
653pro::PH::mCherry] X This paper

UP4200
egl-38(n578) mec-3(n3197) IV; csIs66 [let-653pro::SfGFP::LET-653(ZP); let-
653pro::PH::mCherry] X This paper

UP4268 cog-1(sy275) II; csIs66 [let-653pro::SfGFP::LET-653(ZP); let-653pro::PH::mCherry] X This paper

UP4291
unc-32(e189) lin-12(n137n720) III/hT2 [bli-4(e937) let-?(q782) qIs48](I;III); egl-38(gu253[egl-
38::gfp]) IV This paper

UP4293
dpy-19(e1259) lin-12(n137) III/hT2 [bli-4(e937) let-?(q782) qIs48](I;III); egl-38(gu253[egl-
38::gfp]) IV This paper

UP4301 sur-2(ku9) I; egl-38(gu253[egl-38::gfp]) IV This paper
UP4302 egl-38(n578) mec-3(n3197) IV; cutl-18(syb8315[cutl-18::SL2::mCh::H2B]) V This paper
UP4303 egl-38(n578) mec-3(n3197) IV; cutl-18(syb8442[ss::mNeon::cutl-18]) V This paper
UP4310 noah-1(syb8346[noah-1::SL2:mCh::H2B]) I;  egl-38(n578) mec-3(n3197) IV This paper

UP4311
let-653(cs178)IV; cutl-18(syb8442[mNG::CUTL-18]) V; csEx766(lin48pro::LET-653b::sfGFP + 
myo-2p::GFP) This paper

UP4317
cutl-18(gk516154)( 6X outrcoss) V; csIs66 [let-653pro::SfGFP::LET-653(ZP); let-
653pro::PH::mCherry] X This paper

UP4320 egl-38(n578) mec-3(n3197) let-653(syb8336 [let-653::SL2::mCherry::H2B]) IV; This paper

UP4329
unc-32(e189) lin-12(n137n720) III/hT2 [bli-4(e937) let-?(q782) qIs48](I;III);  cutl-
18(syb8442[ss::mNeon::cutl-18]) V This paper

UP4338
dpy-19(e1259) lin-12(n137) III/hT2 [bli-4(e937) let-?(q782) qIs48](I;III); cutl-
18(syb8442[ss::mNeon::cutl-18]) V This paper

UP4342
lin-1(n304) IV; wgIs171[egl-38::TY1::EGFP::3xFLAG(92C12) + unc-119(+)]  may contain unc-
119(ed3) III; This paper

UP4351 sur-2(ku9)I; cutl-18(syb8442[ss::mNeon::cutl-18]) V This paper
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Supplement 1: CUTL-18 is a cell-type specific cuticle component in multiple interfacial tubes 
A) Diagram of an adult worm. Green indicates the presence of mNG::CUTL-18. 
B) mNG::CUTL-18 localization in day 1 adult worms. Top row are DIC images of the 

indicated tissue. Bottom row are maximum projections of confocal Z stacks through the 
indicated tissue. Arrowheads point to location of mNG:CUTL-18 in both images. Scale 
bar 5 µm. 
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Supplement 2: LET-653 and CUTL-18 do not depend on each other for 1˚ matrix assembly 
A) A) Mid- (L4.4/L4.5) L4 larval stage vulvas of wild type, cutl-18(gk516154) and let-

653(cs178) worms expressing LET-653(ZP):sfGFP(csIs66) or mNG::CUTL-18. cutl-
18(gk516154) is a A>T substitution in the splice acceptor site of exon 4 (Thompson et 
al., 2013), skipping exon 4 would result in a frameshift and premature termination. 
Outcrossed 6x. let-653(cs178) is a null mutation, rescued in the duct by 
csEx766(lin48pro::LET-653b::sfGFP + myo-2p::GFP) (Forman-Rubinsky et al., 2017). 
Medial confocal slices. Scale bar 5 µm. 

B) and C) Apical enrichment of LET-653(ZP) or CUTL-18 on vulE/F cells. See Figure 5F 
and Methods. P values Kruskal–Wallis test. 
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Supplement 3: LET-653(ZP) assembly does not require other 1˚ expressed transcription 
factors. 

A) LIN-1::GFP is expressed in all VPC descendants during the L3 stage, but is not 
detectable in the vulva by L4. DIC + confocal merged images of the VPC descendants 
(circled) during L3 Pn.px and Pn.pxx, and L4.4 stage.  

B) LIN-11::GFP is expressed in all vulva cells. Inverted epifluorescence (top) and DIC + 
epifluorescence merged images (bottom) of the same L4.4 stage vulva at different focal 
planes with the above indicated vulva nuclei in focus. Lower left: number of nuclei 
expressing LIN-11::GFP (total number of mid-L4 (L4.4/L4.5) worms).  

C) LET-653(ZP)::sfGFP csIs66 in mid-L4 vulvas of lin-11(n389) and cog-1(sy295) worms. 
LET-653(ZP) enriched on the surface of 1˚ cells (orange arrowhead) Lower left: N/total 
worms observed. Medial confocal slices at the indicated L4 stages. All scale bars 5 µm. 
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Supplement 4: Transcription of let-653 and noah-1 does not require on egl-38. 
A) Maximum projections of confocal Z stacks through entire vulva of worms expressing the 

indicated transcriptional reporter. Vulva nuclei are outlined according to the adjacent 
color code. Scale bar 5 µm Lower left: Number of mCherry positive nuclei, (n= number of 
worms), wild type Ns represent the same worms as in Figure 2. 
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Supplement 5: EGL-38 requirement for 1˚ matrix is independent of allele and let-653(ZP) 
transgene 

A) Vulvas of wild type and egl-38 mutant worms at the indicated stage expressing LET-
653(ZP)::sfGFP (csIs96) or NOAH-1:mCherry. As with LET-653(ZP)::sfGFP csIs66 and 
egl-38(n578) (Figure 5E), in egl-38 mutants the 1˚ matrix (orange arrowhead) does not 
contain the proper proteins, while 2˚ cell specific matrices (blue arrows) are maintained. 
Medial confocal slices at the indicated L4 stages. Scale bar 5 µm 

B) Apical enrichment of CUTL-18 quantified by fluorescence intensity at the vulB1 surfaces 
divided by intensity in a box of the same total size in the lumen. See Methods. 

C) Apical enrichment of CUTL-18 on vulB1. Column labels below indicate wild type worms 
(WT) or egl-38 alleles (n578).  

D) Apical enrichment of NOAH-1 quantified by fluorescence intensity at the 2˚descendant 
vulva cell surfaces, divided by intensity in a box of the same total size in the lumen. See 
Methods. 

E,F) Apical enrichment of NOAH-1 on the indicated the 2˚ descendant vulva cell surfaces 
Column labels below indicate wild type worms (WT) or egl-38 alleles (n578 and sy294). 
All P values Kruskal–Wallis test. 

 
  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 7, 2024. ; https://doi.org/10.1101/2024.09.04.611291doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611291
http://creativecommons.org/licenses/by/4.0/


References 
 
Adams, J.R.G., Pooranachithra, M., Jyo, E.M., Zheng, S.L., Goncharov, A., Crew, J.R., Kramer, J.M., 

Jin, Y., Ernst, A.M., Chisholm, A.D., 2023. Nanoscale paIerning of collagens in C. elegans 
apical extracellular matrix. Nat Commun 14, 7506. hIps://doi.org/10.1038/s41467-023-
43058-9 

Andrade, L.R., Salles, F.T., GraY, M., Manor, U., Kachar, B., 2016. Tectorins crosslink type II 
collagen fibrils and connect the tectorial membrane to the spiral limbus. J Struct Biol 
194, 139–146. hIps://doi.org/10.1016/j.jsb.2016.01.006 

Bausek, N., Waclawek, M., Schneider, W.J., Wohlrab, F., 2000. The Major Chicken Egg Envelope 
Protein ZP1 Is Different from ZPB and Is Synthesized in the Liver. Journal of Biological 
Chemistry 275, 28866–28872. hIps://doi.org/10.1074/jbc.275.37.28866 

Beitel, G.J., Tuck, S., Greenwald, I., Horvitz, H.R., 1995. The Caenorhabdi0s elegans gene lin-1 
encodes an ETS-domain protein and defines a branch of the vulval inducYon pathway. 
Genes Dev. 9, 3149–3162. hIps://doi.org/10.1101/gad.9.24.3149 

Birnbaum, S.K., Cohen, J.D., Belfi, A., Murray, J.I., Adams, J.R.G., Chisholm, A.D., Sundaram, M.V., 
2023. The proprotein convertase BLI-4 promotes collagen secreYon prior to assembly of 
the Caenorhabdi0s elegans cuYcle. PLoS Genet 19, e1010944. 
hIps://doi.org/10.1371/journal.pgen.1010944 

Bokhove, M., Jovine, L., 2018. Structure of Zona Pellucida Module Proteins, in: Current Topics in 
Developmental Biology. Elsevier, pp. 413–442. 
hIps://doi.org/10.1016/bs.ctdb.2018.02.007 

Bokhove, M., Nishimura, K., BrunaY, M., Han, L., de SancYs, D., Rampoldi, L., Jovine, L., 2016. A 
structured interdomain linker directs self-polymerizaYon of human uromodulin. Proc. 
Natl. Acad. Sci. U.S.A. 113, 1552–1557. hIps://doi.org/10.1073/pnas.1519803113 

BrunaY, M., Perucca, S., Han, L., CaIaneo, A., Consolato, F., Andolfo, A., Schaeffer, C., Olinger, E., 
Peng, J., Santambrogio, S., Perrier, R., Li, S., Bokhove, M., Bachi, A., Hummler, E., 
Devuyst, O., Wu, Q., Jovine, L., Rampoldi, L., 2015. The serine protease hepsin mediates 
urinary secreYon and polymerisaYon of Zona Pellucida domain protein uromodulin. eLife 
4, e08887. hIps://doi.org/10.7554/eLife.08887 

Butler, M.J., Down, C.J., Foster, R.R., Satchell, S.C., 2020. The Pathological Relevance of 
Increased Endothelial Glycocalyx Permeability. Am J Pathol 190, 742–751. 
hIps://doi.org/10.1016/j.ajpath.2019.11.015 

Chamberlin, H.M., Palmer, R.E., Newman, A.P., Sternberg, P.W., Baillie, D.L., Thomas, J.H., 1997. 
The PAX gene egl-38 mediates developmental paIerning in Caenorhabdi0s elegans. 
Development 124, 3919–3928. hIps://doi.org/10.1242/dev.124.20.3919 

Chang, C., Newman, A.P., Sternberg, P.W., 1999. Reciprocal EGF signaling back to the uterus from 
the induced C. elegans vulva coordinates morphogenesis of epithelia. Current Biology 9, 
237–246. hIps://doi.org/10.1016/S0960-9822(99)80112-2 

Chu, W.-C., Hayashi, S., 2021. Mechano-chemical enforcement of tendon apical ECM into nano-
filaments during Drosophila flight muscle development. Curr Biol 31, 1366-1378.e7. 
hIps://doi.org/10.1016/j.cub.2021.01.010 

Clark, D.V., 1990. The unc-22 IV region of Caenorhabdi0s elegans: geneYc analysis and 
molecular mapping (PhD Thesis). Simon Fraser University, Burnaby, BC, Canada. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 7, 2024. ; https://doi.org/10.1101/2024.09.04.611291doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611291
http://creativecommons.org/licenses/by/4.0/


Cohen, J.D., Bermudez, J.G., Good, M.C., Sundaram, M.V., 2020a. A C. elegans Zona Pellucida 
domain protein funcYons via its ZPc domain. PLoS Genet 16, e1009188. 
hIps://doi.org/10.1371/journal.pgen.1009188 

Cohen, J.D., FlaI, K.M., Schroeder, N.E., Sundaram, M.V., 2019. Epithelial Shaping by Diverse 
Apical Extracellular Matrices Requires the Nidogen Domain Protein DEX-1 in 
Caenorhabdi0s elegans. GeneYcs 211, 185–200. 
hIps://doi.org/10.1534/geneYcs.118.301752 

Cohen, J.D., Sparacio, A.P., Belfi, A.C., Forman-Rubinsky, R., Hall, D.H., Maul-Newby, H., Frand, 
A.R., Sundaram, M.V., 2020b. A mulY-layered and dynamic apical extracellular matrix 
shapes the vulva lumen in Caenorhabdi0s elegans. eLife 9, e57874. 
hIps://doi.org/10.7554/eLife.57874 

Conner, S., Hughes, D., 2003. Analysis of fish ZP1/ZPB homologous genes--evidence for both 
genome duplicaYon and species-specific amplificaYon models of evoluYon. 
ReproducYon 347–352. hIps://doi.org/10.1530/rep.0.1260347 

Davis, P., Zarowiecki, M., Arnaboldi, V., Becerra, A., Cain, S., Chan, J., Chen, W.J., Cho, J., Da Veiga 
Beltrame, E., Diamantakis, S., Gao, S., Grigoriadis, D., Grove, C.A., Harris, T.W., Kishore, 
R., Le, T., Lee, R.Y.N., Luypaert, M., Müller, H.-M., Nakamura, C., Nuin, P., Paulini, M., 
Quinton-Tulloch, M., RaciY, D., Rodgers, F.H., Russell, M., Schindelman, G., Singh, A., 
SYckland, T., Van Auken, K., Wang, Q., Williams, G., Wright, A.J., Yook, K., Berriman, M., 
Howe, K.L., Schedl, T., Stein, L., Sternberg, P.W., 2022. WormBase in 2022—data, 
processes, and tools for analyzing Caenorhabdi0s elegans. GeneYcs 220, iyac003. 
hIps://doi.org/10.1093/geneYcs/iyac003 

Drees, L., Schneider, S., Riedel, D., Schuh, R., Behr, M., 2023. The proteolysis of ZP proteins is 
essenYal to control cell membrane structure and integrity of developing tracheal tubes 
in Drosophila. eLife 12, e91079. hIps://doi.org/10.7554/eLife.91079 

Estes, K.A., Hanna-Rose, W., 2009. The anchor cell iniYates dorsal lumen formaYon during C. 
elegans vulval tubulogenesis. Dev Biol 328, 297–304. 
hIps://doi.org/10.1016/j.ydbio.2009.01.034 

Farooqui, S., Pellegrino, M.W., Rimann, I., Morf, M.K., Müller, L., Fröhli, E., Hajnal, A., 2012. 
Coordinated lumen contracYon and expansion during vulval tube morphogenesis in 
Caenorhabdi0s elegans. Dev Cell 23, 494–506. 
hIps://doi.org/10.1016/j.devcel.2012.06.019 

Fergin, A., Boesch, G., Greter, N.R., Berger, S., Hajnal, A., 2022. Tissue-specific inhibiYon of 
protein sumoylaYon uncovers diverse SUMO funcYons during C. elegans vulval 
development. PLoS Genet 18, e1009978. hIps://doi.org/10.1371/journal.pgen.1009978 

Fernandes, J.S., Sternberg, P.W., 2007. The tailless Ortholog nhr-67 Regulates PaIerning of Gene 
Expression and Morphogenesis in the C. elegans Vulva. PLoS Genet 3, e69. 
hIps://doi.org/10.1371/journal.pgen.0030069 

Forman-Rubinsky, R., Cohen, J.D., Sundaram, M.V., 2017. Lipocalins Are Required for Apical 
Extracellular Matrix OrganizaYon and Remodeling in Caenorhabdi0s elegans. GeneYcs 
207, 625–642. hIps://doi.org/10.1534/geneYcs.117.300207 

Ghosh, N., Treisman, J.E., 2024. Apical cell expansion maintained by Dusky-like establishes a 
scaffold for corneal lens morphogenesis. Sci Adv 10, eado4167. 
hIps://doi.org/10.1126/sciadv.ado4167 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 7, 2024. ; https://doi.org/10.1101/2024.09.04.611291doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611291
http://creativecommons.org/licenses/by/4.0/


Gill, H.K., Cohen, J.D., Ayala-Figueroa, J., Forman-Rubinsky, R., Poggioli, C., Bickard, K., Parry, 
J.M., Pu, P., Hall, D.H., Sundaram, M.V., 2016. Integrity of Narrow Epithelial Tubes in the 
C. elegans Excretory System Requires a Transient Luminal Matrix. PLoS Genet 12, 
e1006205. hIps://doi.org/10.1371/journal.pgen.1006205 

Goodyear, R.J., Richardson, G.P., 2018. Structure, FuncYon, and Development of the Tectorial 
Membrane: An Extracellular Matrix EssenYal for Hearing, in: Current Topics in 
Developmental Biology. Elsevier, pp. 217–244. 
hIps://doi.org/10.1016/bs.ctdb.2018.02.006 

Gravato-Nobre, M.J., Hodgkin, J., 2005. Caenorhabdi0s elegans as a model for innate immunity 
to pathogens. Cell Microbiol 7, 741–751. hIps://doi.org/10.1111/j.1462-
5822.2005.00523.x 

Greenwald, I.S., Sternberg, P.W., Robert Horvitz, H., 1983. The lin-12 locus specifies cell fates in 
Caenorhabdi0s elegans. Cell 34, 435–444. hIps://doi.org/10.1016/0092-
8674(83)90377-X 

Gupta, B.P., Hanna-Rose, W., Sternberg, P.W., 2012. Morphogenesis of the vulva and the vulval-
uterine connecYon. WormBook 1–20. hIps://doi.org/10.1895/wormbook.1.152.1 

Gupta, B.P., Wang, M., Sternberg, P.W., 2003. The C. elegans LIM homeobox gene lin-11 specifies 
mulYple cell fates during vulval development. Development 130, 2589–2601. 
hIps://doi.org/10.1242/dev.00500 

Gustafsson, J.K., Johansson, M.E.V., 2022. The role of goblet cells and mucus in intesYnal 
homeostasis. Nat Rev Gastroenterol Hepatol 19, 785–803. 
hIps://doi.org/10.1038/s41575-022-00675-x 

Herman, T., Hartwieg, E., Horvitz, H.R., 1999. sqv mutants of Caenorhabdi0s elegans are 
defecYve in vulval epithelial invaginaYon. Proc. Natl. Acad. Sci. U.S.A. 96, 968–973. 
hIps://doi.org/10.1073/pnas.96.3.968 

Hobert, O., Kratsios, P., 2019. Neuronal idenYty control by terminal selectors in worms, flies, and 
chordates. Current Opinion in Neurobiology 56, 97–105. 
hIps://doi.org/10.1016/j.conb.2018.12.006 

Hölzl, M.A., Hofer, J., Kovarik, J.J., Roggenbuck, D., Reinhold, D., Goihl, A., Gärtner, M., 
Steinberger, P., Zlabinger, G.J., 2011. The zymogen granule protein 2 (GP2) binds to 
scavenger receptor expressed on endothelial cells I (SREC-I). Cell Immunol 267, 88–93. 
hIps://doi.org/10.1016/j.cellimm.2010.12.001 

Honigberg, L., Kenyon, C., 2000. Establishment of leq/right asymmetry in neuroblast migraYon 
by UNC-40/DCC, UNC-73/Trio and DPY-19 proteins in C. elegans. Development 127, 
4655–4668. hIps://doi.org/10.1242/dev.127.21.4655 

Howard, R.M., Sundaram, M.V., 2002. C. elegans EOR-1/PLZF and EOR-2 posiYvely regulate Ras 
and Wnt signaling and funcYon redundantly with LIN-25 and the SUR-2 Mediator 
component. Genes Dev 16, 1815–1827. hIps://doi.org/10.1101/gad.998402 

Hwang, H.-Y., Olson, S.K., Esko, J.D., Horvitz, H.R., 2003. Caenorhabdi0s elegans early 
embryogenesis and vulval morphogenesis require chondroiYn biosynthesis. Nature 423, 
439–443. hIps://doi.org/10.1038/nature01634 

Inoue, T., Wang, M., Ririe, T.O., Fernandes, J.S., Sternberg, P.W., 2005. TranscripYonal network 
underlying Caenorhabdi0s elegans vulval development. Proc. Natl. Acad. Sci. U.S.A. 102, 
4972–4977. hIps://doi.org/10.1073/pnas.0408122102 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 7, 2024. ; https://doi.org/10.1101/2024.09.04.611291doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611291
http://creativecommons.org/licenses/by/4.0/


Jacobs, D., Beitel, G.J., Clark, S.G., Horvitz, H.R., Kornfeld, K., 1998. Gain-of-FuncYon MutaYons 
in the Caenorhabdi0s elegans lin-1 ETS Gene IdenYfy a C-Terminal Regulatory Domain 
Phosphorylated by ERK MAP Kinase. GeneYcs 149, 1809–1822. 
hIps://doi.org/10.1093/geneYcs/149.4.1809 

Johnson, A.D., Fitzsimmons, D., Hagman, J., Chamberlin, H.M., 2001. EGL-38 Pax regulates the 
ovo -related gene lin-48 during Caenorhabdi0s elegans organ development. 
Development 128, 2857–2865. hIps://doi.org/10.1242/dev.128.15.2857 

Jovine, L., Qi, H., Williams, Z., Litscher, E., Wassarman, P.M., 2002. The ZP domain is a conserved 
module for polymerizaYon of extracellular proteins. Nat Cell Biol 4, 457–461. 
hIps://doi.org/10.1038/ncb802 

Jovine, L., Qi, H., Williams, Z., Litscher, E.S., Wassarman, P.M., 2004. A duplicated moYf controls 
assembly of zona pellucida domain proteins. Proc. Natl. Acad. Sci. U.S.A. 101, 5922–
5927. hIps://doi.org/10.1073/pnas.0401600101 

Katz, S.S., Barker, T.J., Maul-Newby, H.M., Sparacio, A.P., Nguyen, K.C.Q., Maybrun, C.L., Belfi, A., 
Cohen, J.D., Hall, D.H., Sundaram, M.V., Frand, A.R., 2022. A transient apical extracellular 
matrix relays cytoskeletal paIerns to shape permanent acellular ridges on the surface of 
adult C. elegans. PLoS Genet 18, e1010348. 
hIps://doi.org/10.1371/journal.pgen.1010348 

Kenny-Ganzert, I.W., Sherwood, D.R., 2024. The C. elegans anchor cell: A model to elucidate 
mechanisms underlying invasion through basement membrane. Semin Cell Dev Biol 154, 
23–34. hIps://doi.org/10.1016/j.semcdb.2023.07.002 

Kim, D.-K., Kim, J.A., Park, J., Niazi, A., Almishaal, A., Park, S., 2019. The release of surface-
anchored α-tectorin, an apical extracellular matrix protein, mediates tectorial membrane 
organizaYon. Sci. Adv. 5, eaay6300. hIps://doi.org/10.1126/sciadv.aay6300 

Kudron, M.M., Victorsen, A., Gevirtzman, L., Hillier, L.W., Fisher, W.W., Vafeados, D., Kirkey, M., 
Hammonds, A.S., Gersch, J., Ammouri, H., Wall, M.L., Moran, J., Steffen, D., Szynkarek, 
M., Seabrook-Sturgis, S., Jameel, N., Kadaba, M., PaIon, J., Terrell, R., Corson, M., 
Durham, T.J., Park, S., Samanta, S., Han, M., Xu, J., Yan, K.-K., Celniker, S.E., White, K.P., 
Ma, L., Gerstein, M., Reinke, V., Waterston, R.H., 2018. The ModERN Resource: Genome-
Wide Binding Profiles for Hundreds of Drosophila and Caenorhabdi0s elegans 
TranscripYon Factors. GeneYcs 208, 937–949. 
hIps://doi.org/10.1534/geneYcs.117.300657 

Kurashima, Y., Kigoshi, T., Murasaki, S., Arai, F., Shimada, K., Seki, N., Kim, Y.-G., Hase, K., Ohno, 
H., Kawano, K., Ashida, H., Suzuki, T., Morimoto, M., Saito, Y., Sasou, A., Goda, Y., Yuki, Y., 
Inagaki, Y., Iijima, H., Suda, W., HaIori, M., Kiyono, H., 2021. PancreaYc glycoprotein 2 is 
a first line of defense for mucosal protecYon in intesYnal inflammaYon. Nat Commun 12, 
1067. hIps://doi.org/10.1038/s41467-021-21277-2 

Letunic, I., Khedkar, S., Bork, P., 2021. SMART: recent updates, new developments and status in 
2020. Nucleic Acids Research 49, D458–D460. hIps://doi.org/10.1093/nar/gkaa937 

Li Zheng, S., Adams, J.G., Chisholm, A.D., 2020. Form and funcYon of the apical extracellular 
matrix: new insights from Caenorhabdi0s elegans, Drosophila melanogaster, and the 
vertebrate inner ear. Fac Rev 9, 27. hIps://doi.org/10.12703/r/9-27 

Mancuso, V.P., Parry, J.M., Storer, L., Poggioli, C., Nguyen, K.C.Q., Hall, D.H., Sundaram, M.V., 
2012. Extracellular leucine-rich repeat proteins are required to organize the apical 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 7, 2024. ; https://doi.org/10.1101/2024.09.04.611291doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611291
http://creativecommons.org/licenses/by/4.0/


extracellular matrix and maintain epithelial juncYon integrity in C. elegans. Development 
139, 979–990. hIps://doi.org/10.1242/dev.075135 

MarYnez-Carrasco, R., Argüeso, P., Fini, M.E., 2021. Membrane-associated mucins of the human 
ocular surface in health and disease. Ocul Surf 21, 313–330. 
hIps://doi.org/10.1016/j.jtos.2021.03.003 

Mok, D.Z.L., Sternberg, P.W., Inoue, T., 2015. Morphologically defined sub-stages of C. elegans 
vulval development in the fourth larval stage. BMC Dev Biol 15, 26. 
hIps://doi.org/10.1186/s12861-015-0076-7 

Niazi, A., Kim, J.A., Kim, D.-K., Lu, D., Sterin, I., Park, J., Park, S., 2024. Microvilli regulate the 
release modes of alpha-tectorin to organize the domain-specific matrix architecture of 
the tectorial membrane. bioRxiv 2024.01.04.574255. 
hIps://doi.org/10.1101/2024.01.04.574255 

Palmer, R.E., Inoue, T., Sherwood, D.R., Jiang, L.I., Sternberg, P.W., 2002. Caenorhabdi0s elegans 
cog-1 Locus Encodes GTX/Nkx6.1 Homeodomain Proteins and Regulates MulYple 
Aspects of ReproducYve System Development. Developmental Biology 252, 202–213. 
hIps://doi.org/10.1006/dbio.2002.0850 

Pfistershammer, K., Klauser, C., Leitner, J., Stöckl, J., Majdic, O., Weichhart, T., Sobanov, Y., 
Bochkov, V., Säemann, M., Zlabinger, G., Steinberger, P., 2008. IdenYficaYon of the 
scavenger receptors SREC-I, Cla-1 (SR-BI), and SR-AI as cellular receptors for Tamm-
Horsfall protein. J Leukoc Biol 83, 131–138. hIps://doi.org/10.1189/jlb.0407231 

Plaza, S., Chanut-Delalande, H., Fernandes, I., Wassarman, P.M., Payre, F., 2010. From A to Z: 
apical structures and zona pellucida-domain proteins. Trends in Cell Biology 20, 524–
532. hIps://doi.org/10.1016/j.tcb.2010.06.002 

Rajakumar, V., Chamberlin, H.M., 2007. The Pax2/5/8 gene egl-38 coordinates organogenesis of 
the C. elegans egg-laying system. Developmental Biology 301, 240–253. 
hIps://doi.org/10.1016/j.ydbio.2006.08.068 

Rau, A., Legan, P.K., Richardson, G.P., 1999. Tectorin mRNA expression is spaYally and temporally 
restricted during mouse inner ear development. J Comp Neurol 405, 271–280. 

Sapio, M.R., Hilliard, M.A., Cermola, M., Favre, R., Bazzicalupo, P., 2005. The Zona Pellucida 
domain containing proteins, CUT-1, CUT-3 and CUT-5, play essenYal roles in the 
development of the larval alae in Caenorhabdi0s elegans. Developmental Biology 282, 
231–245. hIps://doi.org/10.1016/j.ydbio.2005.03.011 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., 
Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D.J., Hartenstein, V., Eliceiri, K., 
Tomancak, P., Cardona, A., 2012. Fiji: an open-source plasorm for biological-image 
analysis. Nat Methods 9, 676–682. hIps://doi.org/10.1038/nmeth.2019 

Serra, N.D., Darwin, C.B., Sundaram, M.V., 2024. Caenorhabdi0s elegans Hedgehog-related 
proteins are Yssue- and substructure-specific components of the cuYcle and precuYcle. 
GeneYcs 227, iyae081. hIps://doi.org/10.1093/geneYcs/iyae081 

Sharma-Kishore, R., White, J.G., Southgate, E., Podbilewicz, B., 1999. FormaYon of the vulva in 
Caenorhabdi0s elegans: a paradigm for organogenesis. Development 126, 691–699. 
hIps://doi.org/10.1242/dev.126.4.691 

Shaw, T., Barr, F.G., Üren, A., 2024. The PAX Genes: Roles in Development, Cancer, and Other 
Diseases. Cancers (Basel) 16, 1022. hIps://doi.org/10.3390/cancers16051022 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 7, 2024. ; https://doi.org/10.1101/2024.09.04.611291doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611291
http://creativecommons.org/licenses/by/4.0/


Sherwood, D.R., PlasYno, J., 2018. Invading, Leading and NavigaYng Cells in Caenorhabdi0s 
elegans: Insights into Cell Movement in Vivo. GeneYcs 208, 53–78. 
hIps://doi.org/10.1534/geneYcs.117.300082 

Shin, H., Reiner, D.J., 2018. The Signaling Network Controlling C. elegans Vulval Cell Fate 
PaIerning. JDB 6, 30. hIps://doi.org/10.3390/jdb6040030 

Singh, N., Han, M., 1995. sur-2, a novel gene, funcYons late in the let-60 ras-mediated signaling 
pathway during Caenorhabdi0s elegans vulval inducYon. Genes Dev. 9, 2251–2265. 
hIps://doi.org/10.1101/gad.9.18.2251 

Sternberg, P.W., Horvitz, H.R., 1986. PaIern formaYon during vulval development in C. elegans. 
Cell 44, 761–772. hIps://doi.org/10.1016/0092-8674(86)90842-1 

Sulston, J.E., Horvitz, H.R., 1977. Post-embryonic cell lineages of the nematode, Caenorhabdi0s 
elegans. Developmental Biology 56, 110–156. hIps://doi.org/10.1016/0012-
1606(77)90158-0 

Sundaram, M.V., Pujol, N., 2024. The Caenorhabdi0s elegans cuYcle and precuYcle: a model for 
studying dynamic apical extracellular matrices in vivo. GeneYcs 227, iyae072. 
hIps://doi.org/10.1093/geneYcs/iyae072 

Tan, P.B., Lackner, M.R., Kim, S.K., 1998. MAP Kinase Signaling Specificity Mediated by the LIN-1 
Ets/LIN-31 WH TranscripYon Factor Complex during C. elegans Vulval InducYon. Cell 93, 
569–580. hIps://doi.org/10.1016/S0092-8674(00)81186-1 

Taylor, S.R., Santpere, G., Weinreb, A., BarreI, A., Reilly, M.B., Xu, C., Varol, E., Oikonomou, P., 
Glenwinkel, L., McWhirter, R., Poff, A., Basavaraju, M., Rafi, I., Yemini, E., Cook, S.J., 
Abrams, A., Vidal, B., Cros, C., Tavazoie, S., Sestan, N., Hammarlund, M., Hobert, O., 
Miller, D.M., 2021. Molecular topography of an enYre nervous system. Cell 184, 4329-
4347.e23. hIps://doi.org/10.1016/j.cell.2021.06.023 

Teuscher, A.C., Jongsma, E., Davis, M.N., Statzer, C., Gebauer, J.M., Naba, A., Ewald, C.Y., 2019. 
The in-silico characterizaYon of the Caenorhabdi0s elegans matrisome and proposal of a 
novel collagen classificaYon. Matrix Biology Plus 1, 100001. 
hIps://doi.org/10.1016/j.mbplus.2018.11.001 

Thompson, B., Davidson, E.A., Liu, W., Nebert, D.W., Bruford, E.A., Zhao, H., Dermitzakis, E.T., 
Thompson, D.C., Vasiliou, V., 2021. Overview of PAX gene family: analysis of human 
Yssue-specific variant expression and involvement in human disease. Hum Genet 140, 
381–400. hIps://doi.org/10.1007/s00439-020-02212-9 

Thompson, O., Edgley, M., Strasbourger, P., FliboIe, S., Ewing, B., Adair, R., Au, V., Chaudhry, I., 
Fernando, L., HuIer, H., Kieffer, A., Lau, J., Lee, N., Miller, A., Raymant, G., Shen, B., 
Shendure, J., Taylor, J., Turner, E.H., Hillier, L.W., Moerman, D.G., Waterston, R.H., 2013. 
The million mutaYon project: A new approach to geneYcs in Caenorhabdi0s elegans. 
Genome Res. 23, 1749–1762. hIps://doi.org/10.1101/gr.157651.113 

Trent, C., Tsuing, N., Horvitz, H.R., 1983. Egg-laying defecYve mutants of the nematode 
Caenorhabdi0s elegans. GeneYcs 104, 619–647. 

Tuck, S., Greenwald, I., 1995. lin-25, a gene required for vulval inducYon in Caenorhabdi0s 
elegans. Genes Dev 9, 341–357. hIps://doi.org/10.1101/gad.9.3.341 

Underwood, R.S., Deng, Y., Greenwald, I., 2017. IntegraYon of EGFR and LIN-12/Notch Signaling 
by LIN-1/Elk1, the Cdk8 Kinase Module, and SUR-2/Med23 in Vulval Precursor Cell Fate 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 7, 2024. ; https://doi.org/10.1101/2024.09.04.611291doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611291
http://creativecommons.org/licenses/by/4.0/


PaIerning in Caenorhabdi0s elegans. GeneYcs 207, 1473–1488. 
hIps://doi.org/10.1534/geneYcs.117.300192 

Vuong-Brender, T.T.K., Suman, S.K., Labouesse, M., 2017. The apical ECM preserves embryonic 
integrity and distributes mechanical stress during morphogenesis. Development 
dev.150383. hIps://doi.org/10.1242/dev.150383 

Weadick, C.J., 2020. Molecular EvoluYonary Analysis of Nematode Zona Pellucida (ZP) Modules 
Reveals Disulfide-Bond Reshuffling and Standalone ZP-C Domains. Genome Biology and 
EvoluYon 12, 1240–1255. hIps://doi.org/10.1093/gbe/evaa095 

Webb Chasser, A.M., Johnson, R.W., Chamberlin, H.M., 2019. EGL-38/Pax coordinates 
development in the Caenorhabdi0s elegans egg-laying system through EGF pathway 
dependent and independent funcYons. Mechanisms of Development 159, 103566. 
hIps://doi.org/10.1016/j.mod.2019.103566 

Weng, J.-W., Park, H., ValoIeau, C., Chen, R.-T., Essmann, C.L., Pujol, N., Sternberg, P.W., Chen, 
C.-H., 2023. Body sYffness is a mechanical property that facilitates contact-mediated 
mate recogniYon in Caenorhabdi0s elegans. Curr Biol 33, 3585-3596.e5. 
hIps://doi.org/10.1016/j.cub.2023.07.020 

Yu, R.Y., Nguyen, C.Q., Hall, D.H., Chow, K.L., 2000. Expression of ram-5 in the structural cell is 
required for sensory ray morphogenesis in Caenorhabdi0s elegans male tail. EMBO J 19, 
3542–3555. hIps://doi.org/10.1093/emboj/19.14.3542 

Zhang, X., Greenwald, I., 2011. SpaYal RegulaYon of lag-2 TranscripYon During Vulval Precursor 
Cell Fate PaIerning in Caenorhabdi0s elegans lag-2. GeneYcs 188, 847–858. 
hIps://doi.org/10.1534/geneYcs.111.128389 

 
 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 7, 2024. ; https://doi.org/10.1101/2024.09.04.611291doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611291
http://creativecommons.org/licenses/by/4.0/

