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Abstract
The cuticle of C. elegans presents the second largest surface area in the soma of worms. We have recently reported that the
permeability barrier in the cuticle is dependent on six permeability-determining (PD) collagens and BLMP-1, a transcription
factor. To identify additional regulators of cuticle permeability, we performed RNA interference for 286 transcription factors
expressed in the C. elegans hypodermis and studied cuticle permeability to Hoechst 33258, a nucleic acid dye. Although the
cuticle of wild type N2 strain is impermeable to this dye, RNAi of lir-1 or T26A8.1 (PDTF-1) caused permeability defect in
the cuticle. LIR- 1 and PDTF-1 positively regulate expression of collagen and/or collagen processing enzymes. As a
consequence, lir-1 and pdtf-1 RNAi also caused enhanced susceptibility to exogenous toxins such as paraquat, levamisole and
ivermectin. Thus, LIR-1 and PDTF-1 are two hypodermis-specific transcriptional regulators of cuticle permeability.
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Figure 1. Transcription factors LIR-1 and PDTF-1 regulate permeability of C. elegans cuticle.: Hoechst 33258
permeability assay in (A) empty vector control (EV), pdtf-1(T26A8.1), and lir-1 RNAi in WT animals. Dashed line outlines
the pharynx. Scale bar, 50 μm. n=3; N≥15. Kaplan Meier survival curves of (B) EV control, pdtf-1, and lir-1 RNAi animals
against 20 mM PQ. n=3; N≥50. Percent paralyzed of EV, lir-1, and pdtf-1 RNAi in WT animals upon (C) 30 minutes exposure
to 125 μM levamisole and, (D) 8 minutes exposure to 50 μM Ivermectin (IVM). n=3; N≥30. Real time PCR analysis of
transcripts for collagens and collagen processing enzymes upon (E) lir-1 RNAi and (F) pdtf-1 RNAi in WT animals compared
to EV control. Pcol-19::GFP expression in (G) EV, pdtf-1, and lir-1 RNAi animals. Areas with disruption of annuli and
furrows are marked. Error bars indicates SEM. *, p≤ 0.05; **, p≤ 0.005; ***, p≤ 0.0005; ns-not significant, significance based
on Student's t test and Mantel Cox test for histograms and survival curves respectively. p value for survival curves are
indicated next to genotypes.

Description
C. elegans skin consists of two layers- cuticle and hypodermis. The cuticle is the outer most layer that is predominately
composed of cross-linked collagens. It acts as a physical barrier against exogenous toxins and helps in locomotion (Page and
Johnstone 2007; Altun and Hall 2009; Sandhu et al. 2021). Cuticle is secreted by the underlying hypodermis, a single cell
layer. In a recent study, we uncovered the role of six collagens- DPY-2, -3, -7, -8, -9 and -10 in maintenance of permeability
barrier function of the cuticle to a nucleic acid dye Hoechst 33258. Lack of any of these collagens or transcription factor
BLMP-1 led to enhanced Hoechst staining and susceptibility to exogenous toxins (Bus et al. 1976; Kass et al. 1980; Bus and
Gibson 1984; Atchison et al. 1992; Sandhu et al. 2021). To see if there were additional regulators of cuticle permeability, we
performed an RNAi screen for 286 transcription factors known to be expressed in the hypodermis (Kaletsky et al. 2018) using
Hoechst 33258 staining assay (Extended Data, Table 1). Animals treated with empty vector RNAi control remained
impermeable to Hoechst stain. As expected, we found that blmp-1 RNAi caused staining (Extended Data, Table 1; Sandhu et
al. 2020). In addition, we found that two transcription factors, lir-1 and T26A8.4, also caused staining (Fig. 1A). We name
T26A8.4 permeability-determining transcription factor PDTF-1. Importantly, RNAi of either lir-1 or pdtf-1 in WT animals
enhanced their susceptibility towards exogenous toxins such as paraquat (PQ), levamisole, and ivermectin (IVM) (Fig. 1, B-
D). This could result from their ability to regulate collagen expression or through other mechanism(s). To test the former, we
examined the effect of lir-1 and pdtf-1 RNAi on COL-19::GFP expression, reporter for adult collagen COL-19 (Thein et al.
2003) expressed in circumferential ridges called annuli in C. elegans cuticle. Furrows delineate the annuli which pattern the
entire C. elegans cuticle. COL-19::GFP showed regular expression in annuli separated by parallel furrows in wild type animals
as expected, whereas its expression was disrupted proximal to alae in both lir-1 and pdtf-1 RNAi animals (marked in Fig. 1G).
To test if permeability determining transcription factors regulate PD collagen expression, we examined level of transcripts for
collagens and collagen processing enzymes in lir-1 and pdtf-1 RNAi animals by qRT-PCR (Fig. 1, E-F). We found that
expression of transcripts for PD collagens as well as DPY-4 and DPY-5 collagens was reduced in lir-1 RNAi animals. pdtf-1
RNAi only altered the expression of transcripts for DPY-5 collagen and PDI-2, a collagen processing enzyme. This is
consistent with our previous study where we showed that pdi-2 knockdown also causes permeability defects (Sandhu et al.
2021). In all, our analysis of transcription factors in the hypodermis indicates that LIR-1 and PDTF-1 are transcription
regulators of cuticle permeability barrier function, collagen expression, and protection of C. elegans from exogenous toxins.

Methods
Request a detailed protocol

Strains used in the study

C. elegans strains used in the study were wild-type N2 (Bristol) and TP12 (Pcol-19::GFP).

RNAi interference

Systemic RNA interference was done as described (Fraser et al. 2000; Kamath et al. 2001). HT115(DE3), an E. coli strain,
expressing double-stranded RNA for the target gene was grown in LB broth containing carbenicillin (50 g/ml), 8 hours, at
37°C. Bacterial culture was plated onto NGM plates containing 50 g/ml carbenicillin and 5 mM isopropyl D-thiogalactoside
(IPTG) and incubated at 25°C for 12 hours before use. Clones were confirmed by sequencing. Gravid adults were allowed to
lay eggs on empty vector control or target RNAi plates. Eggs were allowed to grow at 20°C until L4 stage for RT PCR
analysis or until the young adult stage for survival and Hoechst staining experiments.

Cuticle permeability assay

Cuticle permeability was assessed using Hoechst 33258 stain animals as described (Moribe et al. 2004). Gravid adults were
allowed to lay eggs on empty vector control or target RNAi plates. Eggs were allowed to grow at 20°C until young adult stage.
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Worms were stained with 10 ug/ml Hoechst 33258 for 30 mins at room temperature (RT). Unbound stain was removed by
washing with M9 buffer before visualization and imaging under DAPI filter using Zeiss Apotome.

Quantitative Real-time PCR

Synchronized L4 nematodes grown on control or target RNAi at 20°C were harvested by washing the plates with M9 buffer
and frozen in TRizol reagent at -80°C. RNA was extracted using RNeasy Plus Universal Mini Kit according to the
manufacturer’s instruction (Qiagen). cDNA was prepared using the iScript cDNA synthesis kit (BIO-RAD). qRT-PCR was
conducted using the BIO-RAD TaqMan One-Step Real-time PCR protocol using SYBR Green fluorescence (BIORAD) on an
Applied Biosystems QuantStudio 3 real-time PCR machine in 96-well plate format. Fifty nanograms of RNA were used for
real-time PCR. 10 ul reactions were set-up in two replicates. Relative -fold changes were calculated using the comparative CT
(2 -ΔΔCT) method and normalized to actin-1 (Livak and Schmittgen 2001). Three or more biological replicates were used for
qRT-PCR analysis.

Survival assay

Young adult animals were synchronized on control or target RNAi bacterial plates at 20°C. ≥50 animals were exposed to 20
mM paraquat on NGM plates with OP50 at 20°C for oxidative stress induction. Animals were scored for survival every 6-8
hours (Park et al. 2009; Sandhu et al. 2021).

Paralysis assay

For paralysis experiments, animals were synchronized on control or target RNAi plates until young adult stage at 20°C.
Levamisole assays were done by scoring the number of paralyzed worms after a 30 mins exposure to 125 μM levamisole on
NGM plates with OP50 at RT (Lewis et al. 1980). For ivermectin stress, adult animals were exposed to 50 μM ivermectin in
M9 buffer and scored for paralysis at 8 minutes at RT (Kass et al. 1980).

Statistical analysis

Survival assays were plotted using the PRISM 5.01 (Kaplan-Meier method). Survival curves with p values <0.05 for Mental-
Cox test were considered significantly different. Statistics for survival assays are presented as extended data in Table 2.

Extended Data

Table 1. List of 286 Transcription factors RNAi clones tested for Hoechst 33258 permeability.
https://doi.org/10.22002/D1.2053

Table 2. Statistics for survival assays. https://doi.org/10.22002/D1.2054

Reagents
Reagents used for the study were paraquat (methyl viologen dichloride hydrate) (Sigma, cat#856177), levamisole (Sigma, cat#
1916142), ivermectin (Sigma, cat# 18898), and Hoechst 33258 (Sigma, cat#94403).
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permeability (Version 1.0) [Data set]. CaltechDATA. 10.22002/D1.2053

Singh, V. (2021). Extended Data, Table 2: Statistics for survival assays. (Version 1.0) [Data set]. CaltechDATA.
10.22002/D1.2054

References
Altun ZF, Hall DH. 2009. EPITHELIAL SYSTEM HYPODERMIS ( EPIDERMIS ). In: WormAtlas. p. 1–17. DOI:
http://dx.doi.org/doi:10.3908/wormatlas.1.13

Atchison WD, Geary TG, Manning B, VandeWaa EA, Thompson DP. 1992. Comparative neuromuscular blocking actions of
levamisole and pyrantel-type anthelmintics on rat and gastrointestinal nematode somatic muscle. Toxicol Appl Pharmacol 112:
133-43. DOI: 10.1016/0041-008x(92)90289-5 | PMID: 1310165.

Bus JS, Cagen SZ, Olgaard M, Gibson JE. 1976. A mechanism of paraquat toxicity in mice and rats. Toxicol Appl Pharmacol
35: 501-13. PMID: 1265764.

 

7/27/2021 - Open Access

https://doi.org/10.22002/D1.2053
https://doi.org/10.22002/D1.2054


 

Bus JS, Gibson JE. 1984. Paraquat: model for oxidant-initiated toxicity. Environ Health Perspect 55: 37-46. PMID: 6329674.

Fraser AG, Kamath RS, Zipperlen P, Martinez-Campos M, Sohrmann M, Ahringer J. 2000. Functional genomic analysis of C.
elegans chromosome I by systematic RNA interference. Nature 408: 325-30. PMID: 11099033.

Kaletsky R, Yao V, Williams A, Runnels AM, Tadych A, Zhou S, Troyanskaya OG, Murphy CT. 2018. Transcriptome analysis
of adult Caenorhabditis elegans cells reveals tissue-specific gene and isoform expression. PLoS Genet 14: e1007559. PMID:
30096138.

Kamath RS, Martinez-Campos M, Zipperlen P, Fraser AG, Ahringer J. 2001. Effectiveness of specific RNA-mediated
interference through ingested double-stranded RNA in Caenorhabditis elegans. Genome Biol 2: RESEARCH0002. PMID:
11178279.

Kass IS, Wang CC, Walrond JP, Stretton AO. 1980. Avermectin B1a, a paralyzing anthelmintic that affects interneurons and
inhibitory motoneurons in Ascaris. Proc Natl Acad Sci U S A 77: 6211-5. PMID: 6255481.

Lewis JA, Wu CH, Berg H, Levine JH. 1980. The genetics of levamisole resistance in the nematode Caenorhabditis elegans.
Genetics 95: 905-28. PMID: 7203008.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta
Delta C(T)) Method. Methods 25: 402-8. PMID: 11846609.

Moribe H, Yochem J, Yamada H, Tabuse Y, Fujimoto T, Mekada E. 2004. Tetraspanin protein (TSP-15) is required for
epidermal integrity in Caenorhabditis elegans. J Cell Sci 117: 5209-20. PMID: 15454573.

Page AP, Johnstone IL. 2007. The cuticle. WormBook : 1-15. PMID: 18050497.

Park SK, Tedesco PM, Johnson TE. 2009. Oxidative stress and longevity in Caenorhabditis elegans as mediated by SKN-1.
Aging Cell 8: 258-69. PMID: 19627265.

Sandhu A, Badal D, Sheokand R, Tyagi S, Singh V. 2021. Specific collagens maintain the cuticle permeability barrier in
Caenorhabditis elegans. Genetics 217: . PMID: 33789349.

Thein MC, McCormack G, Winter AD, Johnstone IL, Shoemaker CB, Page AP. 2003. Caenorhabditis elegans exoskeleton
collagen COL-19: an adult-specific marker for collagen modification and assembly, and the analysis of organismal
morphology. Dev Dyn 226: 523-39. PMID: 12619137.

Wheeler JM, Thomas JH. 2006. Identification of a novel gene family involved in osmotic stress response in Caenorhabditis
elegans. Genetics 174: 1327-36. PMID: 16980399.

 

Funding: The Wellcome Trust DBT India Alliance (Grant no. IA/I/13/1/500919)

Author Contributions: Anjali Sandhu: Conceptualization, Formal analysis, Investigation, Methodology, Validation. Riya
Sheokand: Investigation. Varsha Singh: Conceptualization, Funding acquisition, Writing - original draft.

Reviewed By: Anonymous

History: Received February 22, 2021  Revision received July 19, 2021  Accepted July 21, 2021  Published July 27, 2021

Copyright: © 2021 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Sandhu, A; Sheokand, R; Singh, V (2021). LIR-1 and PDTF-1 regulate the permeability barrier function of the C.
elegans cuticle. microPublication Biology. https://doi.org/10.17912/micropub.biology.000434

 

7/27/2021 - Open Access


