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Abstract  

Using Conditional Depletion to Probe the Role of Nuclear Hormone 

Receptors in C. Elegans Development 

Londen Johnson 

Molting is a complex developmental process shared amongst all Ecdysozoans, 

including insects, crustaceans, and nematodes. Studying molting provides an 

opportunity to understand the transcriptional regulation of development and identify 

potential anti-parasitic nematode drug targets. Parasitic nematodes infect over 1 billion 

individuals worldwide. With rising resistance in parasitic nematodes, the search for 

anthelmintic drugs continues to be a priority. Molting and its regulatory pathway are 

novel drug targets. Here I describe my work on nuclear hormone receptors, NHR-23 

and NHR-85, and their role in regulating the C. elegans molt. Using the auxin-inducible 

degradation system I depleted NHR-23 and identified when NHR-23 activity is 

necessary for the completion of a successful molt. I have found novel phenotypes 

following timed depletion of NHR-23 in the soma and propose that the transcription 

factor is a regulator in a large-scale gene oscillatory network coordinating rhythmic 

skin regeneration. In addition, I have tagged both endogenous proteins and imaged their 

expression during the molts.  

 
 



   
 

 

 

vii 

Acknowledgements 
  

I would like to thank everyone who has been a part of my journey thus far.  

I am extremely grateful to my advisor, Jordan Ward, for your mentorship and 

confidence. I am proud to have been one of your first graduate students. Thank you for 

your encouragement over these past years.  

I would also like to thank past and present members of the Ward lab. Matt, 

thank you for answering all of my many questions and for always sharing chocolate 

with the lab. Guinevere, thank you for being my lab sister and sharing this journey with 

me. I am going to miss sitting back-to-back with you. Becca, thank you for joining the 

lab and sharing your positive attitude with us all. Thank you, Max and Anthony, for 

being my morning shift buddies during the rise of the pandemic. I am excited to see 

what great things you both accomplish in science and medicine. 

A special thank you to my lab mentee Joseph, much of your hard work and 

dedication is discussed in this dissertation. I am proud to have been your mentor and 

proud of your many accomplishments. 



   
 

 

 

viii 

I would like to thank my thesis committee members: Joshua Arribere, Susan 

Strome, William (Bill) Sullivan for your support and valuable feedback on my research 

throughout my PhD. To Melissa Jurica, Manny Ares, Needhi Bhalla, Angela Brooks, 

and Karen Ottemann, thank you for your valuable advice and mentorship. I greatly 

valued our conversations and your insights.  

To my STEM Diversity, M.I.N.T., and SSN mentees- Natalia, Esther, Christine, 

Jesse, and Yvonne, I have enjoyed getting to know each one of you over the years. 

Thank you for allowing me to share this experience with you. I can’t wait to see what 

you accomplish in the years to come! 

I would like to thank Yulianna, Xingci, Grace and Teel for their loving support 

over the years. Thank you for believing in me and advocating for me. Your presence in 

this institution is so valuable that it cannot be measured in words. Thank you! 

Dr. Jackie, thank you for your words of encouragement and wisdom. You have made 

my Black experience at UCSC a better one.  

---And now I would like to acknowledge my friends and family--- 

Dearest Liz, thank you for being one of my closest friends. I’ll finally have 

more time to hang out.    

Apple, thank you for always feeding me and bringing the Friday crew together. 

Family dinners with you, Chris, Anna, Guin, Jessie, and Brandon have become a staple 

in my routine and heart. Thanks for the best lines - “Dude, how dope are 

boomerangs!?”  Remember, I will always claim you.   



   
 

 

 

ix 

To Angela and Juliana, thank you for being there for me when I truly needed a 

family. Thank you for reminding me of who I am and what I deserve. I love you.  

To Megan, thank you for beginning my climbing buddy. May we continue to 

inspire others with our squat routine. 

Thank you to the Wildcats for helping me find my voice. Our work as graduate 

students is invaluable to the institution.  

Thank you to all who have joined me on my many hikes and adventures along 

the way. I will cherish each memory.  

  Lastly, I would like to extend my deepest gratitude to my family for their 

support, encouragement, and patience as I navigated higher education these past 13 

years. Thank you for your never-ending prayers. Mom, thank you for believing in me. 

To my brother, Ashton- I love you more.  

 
  



   
 

 

 

x 

The text of this dissertation includes reprints of the following previously published 

material:  

Ashley, G.E., Duong, T., Levenson, M.T., Martinez, M.A., Johnson, L.C., 
Hibshman, J.D., Saeger, H.N., Palmisano, N.J., Doonan, R., Martinez-Mendez, R. and 
Davidson, B.R., 2021. An expanded auxin-inducible degron toolkit for Caenorhabditis 
elegans. Genetics, 217(3), p.iyab006. 
 
 

Johnson L.C., Aguilera J.D., Levenson M.T., Rechtsteiner A., Vo A.A., Ragle 
J.M, Ward J.D.2021. Conditional depletion reveals temporal requirements for the 
oscillating transcription factor NHR-23/NR1F1 in C. elegans larval progression. 
bioRxiv doi:10.1101/2021.10.27.465992 
 
 
The co-authors listed in these publications directed and supervised the research which 

forms the basis for the dissertation. Permission from the co-authors giving their 

approval for the material used in this dissertation has been submitted separately to 

ProQuest. 

  



   
 

 

 

xi 

Dedication 

 

 

 

 

This work is dedicated to my grandfather Bobby Joe Johnson. I miss you. 



   
 

 

 

1 

Chapter 1: Introduction 

I.   Molting  

Molting is a complex process during which animals shed their old exoskeleton while 

rebuilding a new one. This essential process occurs in all Ecdysozoans. The Ecdysozan 

clade is comprised of an estimated total of 4.5 million living species, including 

crustacean, insect, and nematode species. Molting involves the remodeling of the apical 

extracellular matrix (aECM), intracellular trafficking of exoskeleton material, and 

oscillatory gene expression (Lažetić and Fay 2017). The insect molt and its regulator 

networks have been well documented (Thummel 2005, Mazina 2017; de Rosny 2006; 

Ruaud, Lam, and Thummel 2010; King-Jones and Thummel 2005; Lam 1997). In 

contrast to insect molting, the gene regulatory networks controlling nematode molting 

are poorly understood.  

 

Expanding our understanding of nematode molting will provide insight into how 

transcription factors coordinate developmental programs. The nematode exoskeleton, 

known as the cuticle, is collagenous and more similar to mammalian ECMs than the 

chitinous exoskeletons of insects and crustaceans. In addition, studying the nematode 

molt provides an opportunity to identify potential anthelmintic drug targets. The World 

Health Organization predicts that over 1 billion people worldwide are infected with 

soil-dwelling parasitic nematodes (Chan 1997; Bethony 2006). In addition to humans, 

nematodes parasitize crops and livestock leading to reduced food production (Bernard 

2017). Current treatment for parasitic nematode infection includes a combination of 
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drugs such as Ivermectin, Albendazole, and Diethylcarbamazine. However, resistance 

to anthelmintic drugs has been seen in agriculture, increasing the need for the 

development of new targets.  

 

II. Molting in C. elegans 

Many parasites are difficult to culture making it near impossible to study their life 

cycles. C. elegans is a genetically tractable model organism with readily available 

molecular tools making it the best model to study nematode molting. During 

development, C. elegans undergo four periodic larval stages (Figure 1.1).  At the end 

of each stage they molt, shedding their existing cuticle and build a new one (Singh and 

Sulston 1978). The molting process begins with larval animals entering a sleep-like 

stage called lethargus, during this period the pumping of animals’ pharynx ceases and 

animals begin to separate from their old cuticle (apolysis) (Singh and Sulston 1978). 

Animals must then develop a new cuticle. Following the development of the new 

cuticle animals exit lethargus and begin to exhibit specific behaviors to escape the old 

cuticle (Singh and Sulston 1978). These behaviors are distinct to ecdysis, the last step 

of molting. To escape the old cuticle animals begin to flip on their long axis to loosen 

the body cuticle (Singh and Sulston 1978). The flipping motion continues until animals 

break through the anterior half of the cuticle (Singh and Sulston 1978). Animals are 

able to escape their old cuticle through forward-thrusting movement, wiggling their 

way to freedom and a new developmental stage (Singh and Sulston 1978).  
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With the exception of the last molt, inability to complete each larval molt prevents the 

animal from becoming a reproductive adult. Animals may arrest at a larval stage or 

present severe molt-defective phenotypes. A common molt-defective phenotype is 

larval inability to shed the old cuticle from the anterior end. When animals are unable 

to shed their cuticle, they may appear to have a complete cuticle around their head or 

the cuticle could be found constricting the animals near its buccal cavity or below the 

pharynx often called a corset phenotype (Davis 2004). The blister phenotype is also 

associated with disruptive molting (De Melo 2002). With the blister phenotype, animals 

 
 

Figure 1.1 C. elegans life cycle. Adapted from WormAtlas. Animals 
undergo four larval molts before becoming reproductive adults. Under harsh 
conditions animals enter a alternative developmental stage, Dauer. Animals 
remain in this stage until they reach a better environment at which point 
they undergo dauer to L4 adult. 

 

Molt 1
Molt 2

Molt 3

Molt 4
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develop fluid filled blisters disrupting the cuticle structure (De Melo 2002). These 

molting defects are often associated with apolysis and ecdysis as animals are unable to 

fully separate and escape their old cuticles (Davis 2004). 

 

The cuticle of C. elegans is a collagenous extracellular network. It consists mostly of 

cross-linked collagens with insoluble cuticlins and associated glycoproteins and lipids 

(Thein 2003). The cuticle is necessary for locomotion, maintaining the body shape of 

the animal, and acts as a mediator between environmental interactions (Cox 1981). 

Materials for the new cuticle are secreted by underlying epithelial cells, the hypodermis 

and seam cells. In adult animals the hypodermis is composed of a large syncytium, (hyp 

7) a cytoplasmic mass which contains several nuclei, and several smaller hypodermal 

cells found in the head and tail (Singh and Sulston 1978). Seam cells are specialized 

epithelial cells, sometimes referred to as lateral hypodermal cells (Thein 2003). During 

development seam cells divide and daughter cells are fused to the hyp 7 syncytium 

(Thein 2003).  Cuticle development also included the formation of the excretory pore, 

glial socket, and the rectum, though the formation of these cuticles is poorly understood 

(Singh and Sulston 1978). Structure and composition of the adult cuticle is detailed in 

Figure 1.2.  
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A genome-wide RNA-interference (RNAi) screen identified 159 genes essential for 

molting (Frand 2005). Animals were treated with RNAi and screened for any molt 

defects throughout development (Frand 2005). An additional 87 genes were identified 

to have lowly penetrant molting defects when inactivated by RNAi (Frand 2005). The 

genes identified in this study have a wide array of functions including transcriptional 

regulation, intercellular signaling, protein synthesis, secretion of the new cuticle, and 

remodeling of the aECM (Frand 2005). Additionally, many of the identified genes are 

conserved in parasitic nematodes, and some may be targets for anthelmintic drugs 

(Frand 2005). 

 

Nuclear Hormone Receptors involved in molting  

Five nuclear hormone receptors (NHRs) are implicated in the nematode molt, NHR-6, 

NHR-23, NHR-25, NHR-41, and NHR-85 (Antebi 2006; Sluder 1999). NHRs are a 

 
 
Figure 1.2 Structure and composition of adult cuticle. Adapted from 
WormAtlas. (A) The cuticle is the cylindrical outer covering of the animal, lying 
over the hypodermis (hyp) in yellow, seam cells and body muscles in green. 
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class of conserved transcription factors with ligand-binding domains and DNA-binding 

domains (Kumar, Johnson, and Thompson 2004; Tao et al. 2020). The ligand-binding 

domains enable the proteins to bind to ligands and small molecules, though the majority 

of NHRs are orphan receptors with no known ligands. Compared to humans, which 

have 48 hormone receptors, mice with 49, and Drosophila melanogaster (D. 

melanogaster) with 18, nematodes have the largest count of NHRs (King-Jones and 

Thummel 2005; Maglich 2001; Robinson-Rechavi 2005). There are 284 NHR genes 

found in C. elegans and 15 of those, including the five involved in molting, are 

conserved across mammals and insects (Antebi 2006; Sluder 1999). 

 

IV. C. elegans NHR-23 and NHR-85 

This dissertation work focuses on NHR-23 and NHR-85, two of the NHRs found to 

play a role in the regulation of molting. RNAi studies have shown that depletion of 

NHR-23 and NHR-85 cause molting phenotypes, with NHR-23 causing a more severe 

phenotype than NHR-85 (Kostrouchova 1998; Kostrouchova 2001; Gissendanner 

2004). nhr-23 and nhr-85 mRNA oscillate each larval stage (Gissendanner 2004; 

Antebi 2006; Turek and Bringmann 2014). Despite being essential for molting, it is not 

clear how NHR-23 coordinates molting.   

 

nhr-23 is required for proper epidermal development and molting and is expressed 

throughout embryogenesis (Kostrouchova 1998). The homozygous nhr-23 mutant is 

embryonic lethal (Kouns 2011).  Immunofluorescence experiments showed NHR-23 is 
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expressed in the nucleus, consistent with its function as a transcription factor 

(Kostrouchova 1998). An nhr-23 promoter reporter was expressed in seam and hyp 

cells in the tail region (Kostrouchova 1998). RNA-mediated interference (RNAi) of 

nhr-23 resulted in slow growth in larva, Dumpy (short and stout) phenotype, and 

unshed cuticle in the head and tail region (Kostrouchova 1998). qRT-PCR in nhr-23 

RNAi-treated animals showed that the cuticle collagen dpy-7 has a dramatic change in 

mRNA levels when nhr-23 is depleted, decreasing 5 - 11-fold compared to controls 

(Kostrouchova 2001). A large-scale microarray analysis found a further 266 genes that 

were down-regulated following nhr-23 RNAi. These genes included collagens, 

cuticlins, aECM components, signal transduction factors, proteases, and protease 

inhibitors (Kouns 2011).  

 

Less is known about the function of NHR-85 in C. elegans. In a detailed analysis of 

conserved NHRs in C. elegans researchers found that while NHR-85 is not essential 

for the molt it is important for dauer formation and egg laying (Gissendanner 2004). A 

nhr-85p::GFP reporter construct expressed in the developing vulva, hypodermis, and 

the specialized epithelia of the rectum and excretory duct (Gissendanner 2004). Some 

nhr-85 RNAi-treated animals displayed egg-laying defective phenotypes and failed to 

form normal dauers despite environmental cues.  
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Study of NHR-23 and NHR-85 will shed light on the transcriptional roles of these 

conserved transcription factors and the regulatory mechanism behind the nematode 

molt. 

 

 

V. NHR-23 and NHR-85 orthologs  

Both NHR-23 and NHR-85 have mammalian and D. melanogaster orthologs. Each 

ortholog has been found to play a role in multiple regulatory networks and 

developmental processes. Their functions may aid in understanding the role of NHR-

23 and NHR-85 in C. elegans in molting. In mammals, orthologs of NHR-23 and NHR-

85, proteins RAR-related orphan receptor (RORα) and Rev-Erb, are components of the 

molecular circadian clock (Guillaumond 2005). RORα and Rev-Erb work 

antagonistically to regulate the expression of Bmal, an essential regulator of the 

mammalian circadian clock. Rev-Erb represses the transcription of molecular clock 

gene Bmal1 while RORα upregulates the gene and Rev-Erb (Guillaumond 2005). The 

roles of RORα and Rev-Erb are a prime example of transcriptional regulation through 

a feedback loop (Figure 1.3).  
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NHR-23 and NHR-85 are orthologous to the D. melanogaster ecdysone-responsive 

proteins DHR3 and E75, respectively. DHR3 and E75 have also been shown to work 

antagonistically in their regulation of fly molts. DHR3 has also been shown to inhibit 

E75 as well as upregulate a direct activator of E75 (Mazina 2017; de Rosny 2006; 

Ruaud, Lam, and Thummel 2010; King-Jones and Thummel 2005; Lam, Jiang, and 

Thummel 1997). Among many developmental processes, DHR3 and E75 act as part of 

the hormone ecdysone induced signaling cascade which regulates the D. melanogaster 

molt (Mazina 2017; Lam, Jiang, and Thummel 1997; Ruaud, Lam, and Thummel 2010; 

Bialecki 2002). No ecdysone-like hormone or ecdysone receptor homolog has yet been 

found in C. elegans (Chitwood 1999), so it is unclear how similar the regulation of 

insect and nematode molting are. 

 
Figure 1.3 RORa and Rev-erba feedback loop. RORa and Rev-erba both 
recognize the ROR element binding site. RORa induces transcription of clock and 
Bmal1 while Rev-erba competes to repress Clock and Bmal. Rev-erba also 
represses itself by binding to its own element site, REVDR2. 
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VI. Oscillators and regulation of gene expression 

Circadian clocks/rhythms are amongst the best characterized development timers. 

Circadian rhythms synchronize daily behaviors and hormonal and metabolic rhythms 

(Pittendrigh 1967; Kleitman 1939). Synchronization of these rhythms and clocks is 

regulated by a series of positive and negative transcriptional feedback loops with 

transcription factors monitoring gene expression (Reviewed in Gnocchi and Bruscalupi 

2017; Hurley, Loros, and Dunlap 2016). One example of this is regulation of Bmal1 by 

NHR-23 and NHR-85 mammalian orthologs, RORα and Rev-Erb, as discussed earlier 

(Guillaumond 2005). Circadian clocks can also be described as periodic gene 

expression programs driven by biological oscillators. Genome-wide expression studies 

revealed extensive periodic gene expression during C. elegans larval development 

(Hendriks 2014; Meeuse 2020). Over a fifth of expressed genes oscillate during the C. 

elegans larval development (Hendriks 2014). Each molting cycle involves rhythmic 

cellular and animal behaviors linked to the reconstruction of the cuticle. The period 

between each molt is defined as the intermolt, during this period animals are active and 

growing (Locke 1970). Intermolt duration is typically 8-10 hours, with exception of the 

1st intermolt which spans 14-16 hours at 20ºC. Oscillation of essential molting genes 

suggest a possible developmental timer within nematodes. In addition to NHR-

23/RORα and NHR-85/Rev-Erb, many components of the circadian rhythm have been 

conserved across species and even found in C. elegans, though the mechanism behind 
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the developmental timer in C. elegans is not well understood.  

 

VII. Conclusions of Introduction 

The following chapters from this thesis present work from multiple projects that I have 

contributed towards during my time as a graduate student. Chapter 2 describes the use 

of the Auxin-Inducible Degradation system to conditionally deplete proteins and 

contains a collaborative project to develop Auxin based tool kit for the C. elegans 

community (Ashley 2021). Chapter 3 overviews my investigation of NHR-23’s 

regulation of the molt and provides insight into how the recently discovered large-scale 

gene expression oscillator promotes rhythmic skin regeneration in C. elegans. 

Investigation into NHR-85 is discussed briefly in the appendix as depletion of the 

NHR-85 did not show strong molting phenotypes. It is my hope that the reagents I 

generated for NHR-85 will be useful in future projects in the lab. 
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Chapter 2 : Auxin-inducible degradation system and its use for precise temporal 
depletion of NHRs during development 

 
 

I.  Methods to study gene function  

 

Mutant alleles 

Mutations are important tools for discovering a gene’s function. In C. elegans 

mutations can arise as spontaneous point mutations or can be a result of bombardment 

of the genome by cosmic rays (Kutscher and Shaham 2014) or exposure to genotoxic 

chemicals. Identification of a mutant allele is often completed after the observance of 

a phenotype. In cases where a mutant allele causes embryonic or larval lethality in an 

animal, determining the function of a gene after the point of lethality may be difficult. 

Temperature-sensitive alleles allow for temporal assessment of gene activity during 

development; however, these alleles do not exist for every gene (Hartwell et al. 1974). 

Genetic balancers can be used to study lethal or sterile mutations (Greenwald and 

Horvitz 1980). Genetic balancers are genetic constructs or chromosomal 

rearrangements that allow stable maintenance of lethal or sterile mutations as 

heterozygotes (Reviewed in Edgley 2018). The presence of balancers suppresses 

crossovers during meiosis (Herman, Albertson, and Brenner 1976; Edgley 2018).  

 
 
RNAi 
 
Gene function can also be identified through targeted knockdown of RNA using RNA 

interference (RNAi) (Fire 1998). RNAi is a sequence-specific post-transcriptional gene 
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silencing method that allows for the ability to silence a gene and can be performed on 

large population of C. elegans. RNAi can be induced by delivering double stranded 

RNA (dsRNA) through micro injection, feeding, and soaking (Fire 1998; Tabara 1998; 

Timmons 2001). RNAi is beneficial for functional analysis because it allows for the 

knock-down of genes without the need for any genetic crossing.  RNAi has also 

permitted genome-wide screens including the one which identified essential molt genes 

(Frand 2005). There are limitations for use of RNAi in C. elegans. RNAi does not work 

for every gene; specifically, silencing of pharyngeal, vulval, sperm, and neuronal genes 

have been proven to be difficult (Fire 1998). RNAi also causes gene knockdown, not 

elimination of mRNA and therefore does not provide information about null 

phenotypes. These limitations can lead to variability of RNAi penetrance depending on 

the tissue and gene of interest.  

  

Cre and Flp-mediated recombination 

Depletion or disruption of protein function in specific tissues or a specific point during 

development enables analysis of not only the protein’s function but also the 

developmental mechanisms in which they are involved. Tissue-specific inactivation 

can be achieved using tissue-specific RNAi, or the use of recombinase systems such as 

Flp-FRT or Cre-Lox (Qadota 2007; Hubbard 2014). The Flp-FRT and Cre-Lox systems 

use site-specific recombinases to either excise or invert DNA between short target 

sequences. Their action depends on the orientation of the target sequences (Hubbard 

2014). Direct repeats lead to excision of the DNA sequences between target sequences 
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and inverted target sequences cause a reversal of the orientation of inverting DNA (I. 

Sadowski 1988; P. D. Sadowski 1995). These systems are common methods for 

removal of the transcriptional stop site to direct expression of a downstream gene. 

These methods are powerful for disrupting protein function however they can be 

limited by the timing and efficiency of the target excision. For example, if the mRNA 

or protein for which a gene codes are stable, phenotypes would not be manifest until 

the turnover of the mRNA or protein.   

  

Conditional protein depletion and inactivation systems 

The (ZIF) and auxin induced protein degradation (AID) systems allow direct depletion 

of target proteins in specific tissues. The ZIF system takes advantage of an endogenous 

C. elegans protein degradation mechanism. ZF1 is a 36 amino acid PIE-1 C-C-C-H 

type zinc-finger domain which targets endogenous PIE-1 protein for degradation in 

somatic cells of the early embryo (Reese et al. 2000). Target proteins are tagged with 

the ZF1 degron sequence and the adaptor protein ZIF-1 is expressed in target tissue. 

ZIF-1 will target the tagged protein in the tissue in which it is expressed (Armenti 

2014). One limitation to this system is that ZIF-1 is also expressed during 

embryogenesis so ZF1 tagged proteins will also be depleted during embryogenesis. 

This embryonic expression limits one's ability to study proteins which play a role in 

embryogenesis such as NHR-23 (DeRenzo, Reese, and Seydoux 2003; Reese  2000).  
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The auxin-inducible degron system harnesses a plant regulatory system (Zhang  2015; 

Nishimura 2009). In plants, TIR1 regulates diverse aspects of plant growth and 

morphogenesis in response to the plant hormone auxin (Gray 1999; Ruegger 1998). 

TIR1 acts as a substrate recognition for a Skp1–Cullin–F-box (SCF) E3 ubiquitin 

ligase, targeting substances for degradation by the proteasome (Dharmasiri 2005; 

Kepinski and Leyser 2005; Tan 2007). TIR1 recognizes a 44-68aa degron sequence in 

substrates (Tan 2007).  The target proteins are tagged with a degron sequence and the 

plant-specific F-box protein, TIR1 is expressed in target tissue(s). Unlike ZIF-1, TIR1 

also requires the small molecule, auxin, to bind its substrate and trigger ubiquitination. 

Degron-tagged proteins are depleted in target tissues only after the animal has been 

introduced to auxin. This property allows for tissue-specific conditional protein 

depletion in all developmental stages.  

 

II. An expanded auxin-inducible degron toolkit for Caenorhabditis elegans 

The following manuscript describes the collaborative effort to develop tools, strains, 

and reagents that complement the AID system. This work was published in Genetics 

2021 (Ashley 2021). 

 

The original C. elegans AID system employed a TIR1::mRuby2 transgene. While 

useful, the mRuby2 expression hampered imaging of red fluorophores (Zhang 2015). 

In Ashley et al. 2021 we developed a complementary construct containing a 

TIR1::F2A::BFP::AID*::NLS transgene. This transgene acts as a readout for TIR1 
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localization and activity. The blue fluorescent protein (BFP) tag indicates where TIR1 

is expressed, and the AID tag (degron) allows for the BFP to be depleted when in the 

presence of auxin. Our lab has shown that this construct is effective for experiments 

where red FP imaging is desired (Ragle et al. 2020). I contributed to this work by testing 

the depletion efficiency of our new TIR1 transgenes. In a previous study, I compared 

the performance of Indole-3-acetic acid (IAA), the most commonly used form of auxin, 

to K-NAA, a water-soluble synthetic auxin recently introduced to C. elegans (Martinez 

and Matus 2020). For this study, I first tested growth on control, IAA, and K-NAA 

plates to ensure that the new TIR1 transgene did not cause developmental delay. I then 

compared the efficiency of the old and new TIR1 transgenes by monitoring for 

phenotypes following the depletion of NHR-23 and NHR-25. Lastly, I compared the 

phenotypes seen on K-NAA and IAA plates to test which produced a stronger 

phenotype. Results from this work are displayed in Table 2 of the manuscript and 

discussed below.  
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Abstract

The auxin-inducible degron (AID) system has emerged as a powerful tool to conditionally deplete proteins in a range of organisms and cell
types. Here, we describe a toolkit to augment the use of the AID system in Caenorhabditis elegans. We have generated a set of single-
copy, tissue-specific (germline, intestine, neuron, muscle, pharynx, hypodermis, seam cell, anchor cell) and pan-somatic TIR1-expressing
strains carrying a co-expressed blue fluorescent reporter to enable use of both red and green channels in experiments. These transgenes
are inserted into commonly used, well-characterized genetic loci. We confirmed that our TIR1-expressing strains produce the expected de-
pletion phenotype for several nuclear and cytoplasmic AID-tagged endogenous substrates. We have also constructed a set of plasmids for
constructing repair templates to generate fluorescent protein::AID fusions through CRISPR/Cas9-mediated genome editing. These
plasmids are compatible with commonly used genome editing approaches in the C. elegans community (Gibson or SapTrap assembly of
plasmid repair templates or PCR-derived linear repair templates). Together these reagents will complement existing TIR1 strains and
facilitate rapid and high-throughput fluorescent protein::AID tagging of genes. This battery of new TIR1-expressing strains and modular, ef-
ficient cloning vectors serves as a platform for straightforward assembly of CRISPR/Cas9 repair templates for conditional protein depletion.

Keywords: C. elegans; AID system; SapTrap; self-excising cassette; CRISPR/Cas9; Transport Inhibitor Response 1

Introduction
The AID system has allowed rapid, conditional, and tissue-
specific depletion of tagged proteins in a wide range of organisms
and cell types (Nishimura et al. 2009; Holland et al. 2012; Zhang
et al. 2015; Natsume et al. 2016; Trost et al. 2016; Brown et al. 2017;
Chen et al. 2018; Daniel et al. 2018; Camlin and Evans 2019). Since
its introduction to C. elegans (Zhang et al. 2015), it has been
promptly adopted by the community. This system has allowed
for rapid depletion of proteins in tissues that are refractory to
RNA interference approaches, such as the germline (Pelisch et al.
2017; Shen et al. 2018; Zhang et al. 2018b), vulval precursor cells
(Matus et al. 2014), and neurons (Liu et al. 2017; Patel and Hobert
2017; Serrano-Saiz et al. 2018). The system is also powerful for
studying rapid developmental events such as molting (Zhang
et al. 2015; Joseph et al. 2020), organogenesis (Martinez et al. 2020),
developmental timing (Azzi et al. 2020), meiosis (Zhang et al.

2015), and spermatogenesis (Ragle et al. 2020). Improvements to
the auxin ligand have enhanced protein degradation in the
embryo (Negishi et al. 2019) and removed the need for ethanol
solubilization, allowing the auxin derivative to be dissolved in
any aqueous buffer (Martinez et al. 2020). This water-soluble
auxin was shown to be compatible with microfluidic devices,
allowing the coupling of long-term imaging and targeted protein
depletion (Martinez et al. 2020). Auxin-mediated depletion of a
spermatogenesis regulator has been developed to conditionally
sterilize animals, a valuable approach for the C. elegans aging field
(Kasimatis et al. 2018).

The system is comprised of two components. First, the plant
F-box protein Transport Inhibitor Response 1 (TIR1) is expressed
under the control of a promoter with a defined expression pat-
tern (Figure 1). TIR1 can then interact with endogenous Skp1 and
Cul1 proteins to form a functional SCF E3 ubiquitin ligase com-
plex (Figure 1). Second, an auxin-inducible degron (AID) sequence
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from the IAA17 protein is fused to a protein of interest (Figure 1)
(Nishimura et al. 2009; Natsume and Kanemaki 2017). Addition of
the plant hormone, auxin, promotes TIR1 binding to the degron,
leading to the ubiquitination and subsequent proteasome-
mediated degradation of the degron-tagged protein (Figure 1).
Although the full-length IAA17 sequence is 229 amino acids, min-
imal AID tags of 44 amino acids (AID*) and 68 amino acids (mAID)
have been developed (Morawska and Ulrich 2013; Li et al. 2019). In
C. elegans, the Arabidopsis thaliana TIR1, AID*, and mAID sequen-
ces are used (Zhang et al. 2015; Negishi et al. 2019), as this plant
grows at a temperature range more similar to C. elegans, whereas
rice (Oryza sativa)-derived sequences are used in other systems
(Nishimura et al. 2009; Natsume et al. 2016; Natsume and
Kanemaki 2017). The SCF ligase in C. elegans with which TIR1
interacts is thought to be comprised of SKR-1/2, CUL-1, and RBX-
1 (Martinez et al. 2020).

Here, we describe a new set of strains and reagents for C. elegans
that complement the tools originally described by Zhang et al.
(2015). To enable both targeted protein degradation and imaging-
based measurement of depletion, we have generated a set of strains
that express single-copy, tissue-specific TIR1 marked with a

reporter of activity (TIR1::F2A::mTagBFP2::AID*::NLS). Nuclear-
localized mTagBFP2::AID* (hereafter referred to simply as “BFP”)
serves as a reporter for TIR1 expression. TIR1 should degrade BFP in
the presence of auxin, providing a built-in read-out of TIR1 activity.
For many of the tissue-specific promoters driving this construct, we
have created strains with insertions into well-characterized, neutral
target sites on both chromosomes I and II (Frøkjaer-Jensen et al.
2008; Frøkjær-Jensen et al. 2012), to facilitate crossing schemes.
These strains expand experimental possibilities with green and red
fluorescent proteins (FPs) of interest. We have also generated
constructs to introduce FP::AID* tags into genes of interest using
conventional genome editing approaches in C. elegans.

Methods
Molecular biology
In the below constructs, flexible linker sequences ranging from 5-
9 glycine/serine residues are used to separate cassettes within
constructs (i.e., AID*, 3xFLAG, 3xMyc, TEV protease recognition
sites, etc.). Unless otherwise specified, pJW plasmids (Ward lab)
were generated by Gibson cloning using an in-house-made mas-
ter mix, as described (Gibson et al. 2009). For two-fragment
Gibson cloning, 0.63 ml of each DNA fragment was mixed with
3.75 ml of the Gibson master mix and incubated for 1-4 hours at
50!C. Longer reaction times were used for inefficient assemblies.
Reactions were then transformed as described in the supplemen-
tal methods or stored at -20!C. Detailed methods describing con-
struct generation are provided in supplemental methods
(Supplementary File S2). Oligos used to construct plasmids are
listed in Supplementary Table S1. All plasmids used are listed in
Supplementary Table S2. Primer design information for designing
homology arms for Gibson and SapTrap cloning is provided in
Supplementary File S3. Supplementary File S4 contains sequence
files for all plasmids generated for this study.

Caenorhabditis elegans
Caenorhabditis elegans strains were cultured as originally described
(Brenner 1974). All strains used in this study are listed in
Supplementary Table S3. The majority of genome editing was
performed in N2 (wild type), EG9615 oxSi1091[mex-5p::Cas9(smu-2
introns) unc-119"] II; unc-119(ed3) III, or EG9882 F53A2.9
(oxTi1127[mex-5p::Cas9::tbb-2 3’UTR, Phsp-16.41::Cre::tbb-2 3’UTR,
Pmyo-2::nls-CyOFP::let-858 3’UTR " lox2272]) III animals
(Supplementary Table S3). EG9615 and EG9882 (unpublished) sta-
bly express Cas9 in the germline and are gifts from Dr. Matthew
Schwartz and Dr. Erik Jorgensen. TIR1 was isolated by outcrossing
and loss of the Cas9 allele was confirmed by PCR or loss of myo-
2::NLS::OFP expression. The mex-5p, myo-2p and cdh-3p strains
were generated in specialized genetic backgrounds and then the
TIR1 transgene was isolated by outcrossing. The loss of other
alleles in the background was confirmed by PCR genotyping.
Details are provided in Supplemental File 2 and Supplementary
Table S4. Specific details for the TIR1 strains (injection strain,
Cas9 and sgRNA source, number of times outcrossed to an N2
background) are provided in Supplementary Table S4. We note
that we are reporting the final, SEC-excised strains in this table.
We have made the precursor strains containing the SEC available
to the CGC for our mex-5p and eft-3p strains: JDW220 wrdSi10[mex-
5p::TIR1::F2A::BFP::tbb-2 3’UTR"SEC] I:-5.32, JDW222 wrdSi8[mex-
5p::TIR1::F2A::BFP::tbb-2 3’UTR " SEC] II:-0.77, and JDW224
wrdSi22[eft-3p::TIR1::F2A: BFP::tbb-2 3’UTR"SEC] I:-5.32. Following
SEC-excision, chromosome I knock-ins can be PCR genotyped us-
ing oligos 2835" 2836" 3415 (Supplementary Table S1). A wild-

Figure 1 Schematic of the auxin-inducible degron (AID) system. The plant
F-box protein TIR1 is expressed using a promoter of interest with a desired
spatiotemporal expression pattern. TIR1 interacts with endogenous Skp1
and Cul1 proteins to form an SCF E3 ubiquitin ligase complex. An auxin-
inducible degron sequence (AID) is fused to a protein of interest. In the
presence of the plant hormone auxin, TIR1 recognizes and binds the AID
sequence, leading to ubiquitination and subsequent degradation of the
AID-tagged protein. We use a minimal, 44 amino acid degron sequence
(AID*), but a full-length 229 amino acid AID tag or a 68 amino acid mini-
AID (mAID) are used in other systems. In C. elegans, the system is
frequently used with single-copy TIR1 transgenes inserted into neutral
loci, and AID* knock-ins into genes of interest, though extrachromosomal
arrays can also be used. Created with BioRender.com.
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type locus produces a 623 bp band and the TIR1 knock-in produ-
ces an 881 bp band. Chromosome II knock-ins can be similarly
genotyped post-SEC excision by PCR with oligos 273! 274! 3415
(Supplementary Table S1). A wild-type locus produces a 684 bp
band and a TIR1 knock-in produces an 881 bp band.

CRISPR/Cas9-based genome editing
All TIR1 strains were generated through SEC selection-based ge-
nome editing as previously described (Dickinson et al. 2015).
Single-copy transgenes were inserted into the chromosome I and
II loci where the ttTi4348 and ttTi5605 transposons are inserted
for MosSCI (Frøkjaer-Jensen et al. 2008; Frøkjær-Jensen et al. 2012),
respectively. The genetic map positions for these insertions are
provided in the genotype information. In Supplementary Table
S5, we detail the genetic background in which injections were
performed, which Cas9 and sgRNA plasmids were used, and how
many times the strains were outcrossed against an N2 back-
ground. Repair templates were used at 10 ng/ml and Cas9!sgRNA
or sgRNA plasmids were used at 50 ng/ml.

Auxin treatment
The Dickinson and Reiner labs routinely use 1 mM IAA, whereas
the Matus and Goldstein lab routinely use 1 mM K-NAA for
experiments. The Ward lab routinely uses 4 mM IAA as a stronger
NHR-25 depletion phenotype (embryonic lethality) is observed at
4 mM IAA, but not at 1 mM IAA (Zhang et al. 2015). In addition, a
sterility phenotype produced by depleting NHR-23 in the germline
is more penetrant and reproducible on 4 mM IAA compared to
1 mM IAA (unpublished data). Therefore, the western blots
(Figures 3B and 4A) and phenotypic assays (Tables 2 and 3;
Supplementary Tables S5 and S6) were performed using 4 mM
IAA or K-NAA to provide the strongest possible depletion. For
DQM623 imaging (Figure 7), we also used a higher concentration
of auxin (4 mM K-NAA), as we could not detect BFP reporter ex-
pression from the bmd176[cdh-3pTIR1::F2A::mTagBFP2::AID::NLS]
transgene and wanted to design the experiment to achieve the
strongest possible depletion of NHR-25. Controls for experiments
using IAA are NGM plates with an equivalent concentration of
ethanol vehicle. Controls for experiments using K-NAA are NGM
plates.

BFP::AID*::NLS reporter depletion experiments
For Figure 2B, LP630 cpIs103[sun-1p::TIR1-C1::F2A::mTagBFP2-
C1::AID*::NLS ! SEC II:-0.77] II L4 larvae were placed on standard
NGM plates containing 1 mM Auxin or 4% ethanol (control) and
kept at 22"C overnight. Young adults were the mounted on 3%
agar pads containing 10 mM sodium azide as a paralytic. Images
were acquired on a Nikon TiE microscope equipped with a
405 nm diode laser for fluorescence excitation; a 20x air objective
and 1.2x tube lens (total magification of 24x); a CSU-X1 spinning
disk head; and a Hamamatsu ImageEM EM-CCD camera.
Acquisition was controlled by MetaMorph software, and images
were prepared for display by cropping, rotating and adjusting
brightness and contrast using ImageJ. No other image manipula-
tions were performed.

For DV3799 reSi1[col-10p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2
3’UTR I:-5.32], DV3801 reSi3[unc-54P::TIR1::F2A::mTagBFP2::AID*::
NLS::tbb-2 3’UTR I:-5.32], DV3803 reSi5[ges-1p::TIR1::F2A::mTagBFP2:
:AID*::NLS::tbb-2 3’UTR I:-5.32], and DV3805 reSi7[rgef-1p::T
IR1::F2A::mTagBFP2::AID*::NLS::tbb-2 3’UTR I:-5.32] (Figure 6), we
made an auxin (IAA) (Alpha Aesar, #A10556) stock solution
(400 mM in ethanol) that was stored at 4˚C for up to 1 month. A
16 mM auxin working solution was then prepared freshly by

diluting 1:25 in filtered water with 4% ethanol final concentra-
tion. 500 mL of 16 mM auxin was added to 60 mm NGM plates for a
final concentration of 1 mM, with 4% ethanol as vehicle control
(plates contain approximately 8 ml of agar). Plates were then
seeded with OP50. Larvae were grown on NGM plates to the de-
sired stage, then shifted onto auxin or vehicle plates for 3 hours
before imaging. Animals were anesthetized with 5 mM tetrami-
sole and images were acquired on a Nikon A1si Confocal Laser
Microscope using a Plan-Apochromat 40x/1.4 DIC objective and
DS-Fi2 camera. Images were analyzed using NIS Elements
Advanced Research, Version 4.40 software (Nikon).

For JDW221 wrdSi18[mex-5p::TIR1::F2A::mTagBFP2::AID*::NLS::
tbb-2 3’UTR I:-5.32], JDW225 wrdSi23[eft-3p::TIR1::F2A::mTagBFP2::
AID*::NLS::tbb-2 3’UTR I:-5.32], JDW229 wrdSi47[dpy-7p::TIR1
::F2A::mTagBFP2::AID*::NLS::tbb-2 3’UTR I:-5.32] (Supplementary
Figure S4), 1-hour auxin treatments were performed. Animals
were synchronized at the L1 larval stage by sodium hypochlorite
treatment and moved to nematode growth media (NGM) plates
seeded with E. coli OP50. At the young adult stage, JDW221 worms
were either kept on OP50-seeded NGM plates (control) or moved
to plates treated with 1 mM K-NAA (Phyto-Technology
Laboratories, N610) (Martinez and Matus 2020). At the mid-L3 lar-
val stage, JDW225 and JDW229 worms were either kept on OP50-
seeded NGM plates or moved to plates treated with 1 mM K-NAA.
OP50-seeded NGM plates containing K-NAA were prepared as de-
scribed (Martinez and Matus 2020). Images were acquired on a
custom-built upright spinning-disk confocal microscope consist-
ing of a Zeiss Axio Imager.A2 modified with a Borealis-modified
Yokogawa CSU-10 confocal scanner unit with 405 nm lasers and
488 nm lasers and equipped with a Hamamatsu Orca EM-CCD
camera. Images shown for JDW221 (pachytene region) were ac-
quired using a Plan-Apochromat 40x/1.4 DIC objective. Images
shown for JDW225 (uterine and vulval tissues) and JDW229 (hy-
podermal cells) were acquired using a Plan-Apochromat 100x/1.4
DIC objective. MetaMorph software (version: 7.8.12.0) was used to
automate image acquisition. Worms were anesthetized on 5%
agarose pads containing 7 mM NaN3 and secured with a cover-
slip. Acquired images were processed through Fiji software (ver-
sion: 2.0.0- rc-69/1.52p).

For LP869 cpSi171[vha-8p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2
3’UTR I:-5.32], LP870 cpSi172[myo-2p::TIR1::F2A::mTagBFP2::AID*::
NLS::tbb-2 3’UTR I:-5.32], and LP871 cpSi174[myo-3p::TIR1::F2A::
mTagBFP2::AID*::NLS::tbb-2 3’UTR I:-5.32] Supplementary Figure
S4), mixed stage animals were transferred to 1 mM K-NAA NGM
plates for 24 hours. Images were then taken using the 60x objec-
tive on a Nikon TiE stand with CSU-X1 spinning disk head
(Yokogawa), 447 nm, 514 nm, and 561 nm solid state lasers,
ImagEM EMCCD camera (Hamamatsu). Worms were anesthe-
tized and images were processed as described above.

AID*-tagged substrate depletion experiments
To examine depletion of mNG::AID*::PAR-3 in embryos (Figure 2),
young adult worms were treated with either 1 mM IAA or 0.25%
EtOH in standard liquid culture conditions (Stiernagle 2006) for
1 hour. Then, embryos were dissected on polylysine-coated cover-
slips and mounted in egg buffer with 22.8 mm beads as spacers.
Confocal images were captured on a Nikon Ti2 microscope
equipped with 405 nm and 488 nm illumination lasers; a 60x,
1.4 NA oil immersion objective; a Visitech VT-iSIM scan head; and
a Photometrics PrimeBSI camera controlled by mManager soft-
ware. The total amount of mNG::AID*::PAR-3 present in each em-
bryo was measured in FIJI by drawing a box around each embryo,
measuring integrated pixel intensity, and then converting to a
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Figure 2 A new TIR1 expression system allows assessment of TIR1 expression and activity. (A) The new TIR1 expression construct contains a
TIR1::F2A::BFP::AID*::NLS transgene cassette. An F2A skip sequence results in expression of two separate protein products: 1) TIR1, which will interact with
endogenous SCF proteins to produce an E3 ubiquitin ligase complex and can only bind the AID sequence in the presence of auxin; and 2) an AID*-tagged BFP
protein with a c-Myc nuclear localization signal (NLS) that functions as a readout for TIR1 expression and internal control for TIR1 activity. The use of BFP as a
reporter makes this construct compatible with simultaneous green and red FP imaging. Created with BioRender.com. (B) Adult animals expressing
sun1p::TIR1::F2A::BFP::AID*::NLS. A control animal expresses AID*-tagged BFP in the nuclei of germline and embryonic cells (white arrows). When animals are
exposed to 1 mM auxin, BFP expression is undetectable. BFP channel and DIC images are provided for each condition. Note that the fluorescence signal at the
lower right-hand side of each BFP image is due to intestinal autofluorescence. Scale bars represent 50mm. (C) Images of embryos harboring endogenously-tagged
mNG::AID*::PAR-3 and expressing either sun-1p::TIR1::mRuby2 (Zhang et al. 2015) or sun-1p::TIR1::F2A::BFP::AID*::NLS (this study). Both TIR1 transgenes were able to
deplete mNG::AID*::PAR-3 to background levels in the presence of auxin and produced a symmetric first division as expected for loss of PAR-3 function. D)
Quantification of whole-embryo mNG::AID*::PAR-3 fluorescence intensity for the indicated conditions. Wild-type (N2) embryos were measured to account for
autofluorescent background. Data points represent the fluorescence intensity from individual embryos; at least six embryos were imaged for each condition. The
horizontal red bar depicts the mean for each condition.
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fluorescence intensity by subtracting off-embryo background.
Results were plotted using Graphpad Prism software.

To monitor depletion of GFP::AID in the vulval precursor cells
(Figure 4, B and C) CA1202 ieSi57 [eft-3p::TIR1::mRuby::unc-54
3’UTR ! Cbr-unc-119(!)] II; ieSi58 [eft-3p::degron::GFP::unc-54 3’UTR
! Cbr-unc-119(!)] IV and JDW185 wrdSi54[eft-3p: TIR1: F2A:
mTagBFP2: tbb-2 3’UTR, I:-5.32]; unc-119(ed3) III; ieSi58 [eft-
3p::AID*::GFP::unc-54 3’UTR ! Cbr-unc-119(!)] IV animals were
grown on NGM plates until early L3. A subset of animals were im-
aged at timepoint “0 min,” and the remainder were shifted onto
1 mM K-NAA and imaged at the indicated timepoints. Images
were acquired using a Plan-Apochromat 100x/1.4 DIC objective
on a custom-built upright spinning-disk confocal microscope.
This microscope consisted of a Zeiss Axio Imager.A2 modified
with a Borealis-modified Yokogawa CSU-10 confocal scanner unit
with 405 nm lasers and 488 nm lasers and equipped with a
Hamamatsu Orca EM-CCD camera. MetaMorph software (ver-
sion: 7.8.12.0) was used to automate image acquisition. Worms
were anesthetized on 5% agarose pads containing 7 mM NaN3

and secured with a coverslip. Acquired images were processed
through Fiji software (version: 2.0.0- rc-69/1.52p). GFP was quan-
tified as described in Martinez et al. (2020). Measurements of total
fluorescence intensity in the nucleus was measured, and fluores-
cence intensity immediately outside the circumference of the nu-
cleus was also measured to obtain the cytoplasmic value. The
ratio of these intensities is plotted in Supplementary Figure S3.
For Figure 4C, only the nuclear intensity was plotted.

To monitor depletion of nuclear NHR-25::GFP::AID* in the vulval
precursor cells and seam cells using eft-3p::TIR1 transgenes
(Figure 5), JDW71 ieSi57 [eft-3p::TIR1::mRuby2::unc-54 3’UTR, cb-unc-
119(!)] II; unc-119(ed3) III; nhr-25(wrd18[nhr-25::GFP::AID*:3xFLAG]) X
and JDW187 wrdSi23[eft-3p::TIR1: F2A: mTagBFP2:: AID*::NLS: tbb-2
3’UTR, I:-5.32]; wrd52[nhr-25::GFP::AID*::3xFLAG] X animals were grown
to L3 on NGM plates. Animals were auxin treated, and they were im-
aged and analyzed as described above for AID*::GFP depletion

experiments. Experiments measuring NHR-25::GFP::AID* depletion
using DQM623 bmd176[cdh-3pTIR1::F2A::mTagBFP2::AID*::NLS] II; nhr-
25(wrd10[nhr-25::GFP^AID*:3xFLAG]) X were similarly performed
(Figure 7), except animals were imaged one hour after exposure to
control or 4 mM K-NAA plates.

Western blot analysis
For all western blots, animals were synchronized by sodium hy-
pochlorite treatment, moved to nematode growth media (NGM)
plates seeded with E. coli OP50, and grown at 20"C for #40 hours.
L4 animals were collected untreated or exposed to 4 mM auxin
(IAA) or ethanol for the amount of time specified prior to collec-
tion in M9 buffer. Animals were washed several times, pelleted,
and freeze cracked in liquid nitrogen 2X. To each worm sample
was added house-made 4x Laemmli Sample Buffer, followed by
10 minutes boiling at 95"C and centrifugation. The resulting
supernatants were used for western blot analysis. The total pro-
teins were denatured for 10 min at 95"C. Equal amounts of pro-
tein samples were loaded and separated by precast 4-20% Mini-
Protean TGX Stain Free Gels (Bio-Rad) then transferred to polyvi-
nylidene difluoride membranes. The primary antibodies used
were rabbit anti-GFP antibody (Abcam, #ab290) (Figure 4 and
Supplementary Figure S1), and rabbit anti-tRFP (Evrogen, #AB233)
(Figure 3) both diluted at 1:1000. The secondary antibody used
was goat anti-Rabbit-HRP (Kindle Biosciences LLC, #R1006) di-
luted at 1:1000 in all cases. Images were captured with a Bio-Rad
ChemiDoc imaging system.

Phenotypic analysis
For all strains containing nhr-23::GFP::AID* and nhr-25::GFP::AID*
(Table 2 and Supplementary Table S5), experiments were per-
formed as previously described (Zhang et al. 2015). Briefly, adult
hermaphrodites were picked onto MYOB plates seeded with
OP50 and containing 4 mM IAA, 4 mM K-NAA, or EtOH (control).
Adults were permitted to lay eggs for 4 hours at 25"C prior to

Figure 3 The F2A ribosome skip sequence functions efficiently in an eft-3p::TIR1::F2A::BFP::AID*::NLS transgene. (A) L3 larvae expressing eft-3p::
TIR1::F2A::BFP::AID*::NLS. A control animal expresses AID*-tagged BFP in the nuclei of vulval precursor cells (VPCs; white arrows). BFP expression is
undetectable in animals grown on 1 mM K-NAA—a water-soluble, synthetic auxin—for 1 hour before imaging. Scale bars represent 15 mm (eft-3p). (B)
Western blot detecting BFP::AID::NLS. Stain-free (Bio-Rad) analysis of total protein on the blot is provided as a loading control (left). Marker size (in
kilodaltons) is provided. Anti-BFP blot showing background bands (marked with *) and a doublet consistent with the predicted size of BFP::AID*::NLS
(black arrow) at approximately 34.5 kDa, and a smaller band below, likely a BFP degradation product.
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Figure 4 eft-3p::TIR1::F2A::BFP::AID*::NLS depletes AID*::GFP to the same extent as eft-3p::TIR1::mRuby2 but produces a slower rate of degradation. (A)
Western blots detecting AID*::GFP after exposure to IAA or EtOH (control). An AID*::GFP reporter strain was crossed to either eft-3p::TIR1::mRuby2 (left) or
eft-3p::TIR1::F2A::BFP::AID*::NLS (right) and then exposed to 4 mM IAA or EtOH for 0 min, 30 min, 60 min, or 120 min. Anti-GFP blots (top) showing
background band (marked with *) and a doublet at approximately 27 kDa, consistent with the predicted size of GFP. Created with BioRender.com. (B)
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being removed and the resulting progeny were kept at 25!C and
scored daily for larval arrest and gonadal abnormalities for 4
days. For strains containing daf-15::mNG::AID* (Table 3 and
Supplementary Table S6), animals were synchronized at L1 by
sodium hypochlorite treatment and released onto MYOB plates
seeded with OP50 and containing either 4 mM auxin (IAA or K-
NAA), or EtOH (control). Animals were grown at 20!C for 4 days
and scored for larval arrest. Larval arrest stage (L2 vs L3) was de-
termined by animal size and confirmed by imaging a subset of
animals by DIC microscopy and evaluating gonadal develop-
ment.

Statistical analysis
Statistical significance was determined using a two-tailed un-
paired Student’s t-test. P< 0.05 was considered statistically sig-
nificant. **** indicates P< 0.0001.

Data availability
Strains in Figure 6A and Supplementary Table S4 are available
through the Caenorhabditis Genetics Center with the exception of
DQM526 which can be obtained upon request from Prof. David
Matus. Other strains and plasmids can be requested directly
from the authors. The data that support the findings of this study
are available upon reasonable request. The indicated plasmids in
Supplementary Table S2 are available through Addgene.
Supplemental files are available at figshare: https://doi.org/10.
25386/genetics.12280994.

Results
A new TIR1 transgene with a built-in
BFP::AID*::NLS reporter
The initial description of the AID system in C. elegans used an
mRuby2 fusion to monitor the expression of TIR1 (Zhang et al.
2015). This feature was useful to monitor TIR1 localization and
expression level in comparison to depletion of GFP::AID* tagged
proteins. One limitation is that the mRuby2 fusion interferes with
the imaging of factors tagged with red FPs. Blue fluorescent pro-
teins offer an appealing alternative as reporters for TIR1 expres-
sion, as their emission spectra do not significantly overlap with
commonly used green and red FPs (Lambert 2019). To report TIR1
expression and activity, we placed an F2A::BFP::AID*::NLS reporter
downstream of the TIR1 transgene and put the transgene under
the control of a sun-1 promoter, which drives germline and em-
bryo expression (Figure 2A). We used an F2A ribosome skip se-
quence to allow separate TIR1 and BFP::AID*::NLS proteins to be
produced from the mRNA transcript (Ryan and Drew 1994; Ryan
et al. 1999; Donnelly et al. 2001; de Felipe et al. 2003; Ahier and
Jarriault 2014).

Our sun-1p::TIR1::F2A::BFP::AID*::NLS transgene was introduced
in single copy through CRISPR/Cas9 editing and self-excising cas-
sette (SEC) selection into the same neutral locus where MosI
transposon was inserted in ttTi4348 (Dickinson et al. 2015). The
SEC strategy (Dickinson et al. 2015) first produces hygromycin re-
sistant, rolling animals, which is useful for tracking the allele

phenotypically in crosses. The loxP-flanked SEC is then excised
by heat shock, producing the final strain with wild type locomo-
tion. As expected, this sun-1p construct drives nuclear-localized
BFP in the germline and embryos, confirming the expression of
the transgene. We confirmed TIR1 activity by placing adult ani-
mals on 1 mM auxin and observing loss of BFP::AID*::NLS
(Figure 2B). To test the performance of our new TIR1 transgene,
we compared depletion of mNeonGreen (mNG)::AID*::PAR-3 using
the sun-1p::TIR1::F2A:::BFP::AID*::NLS transgene and the original
sun-1p::TIR1::mRuby2 transgene (Zhang et al. 2015). In the absence
of auxin, comparable PAR-3 fluorescence was observed (Figure 2,
C and D). Similarly, exposure to 1 mM auxin resulted in a compa-
rable loss of fluorescence (Figure 2D). Moreover, 100% of auxin-
treated embryos showed symmetric cell division which is the
expected par-3 loss-of-function phenotype (Figure 2C). Together,
these results indicate that our TIR1::F2A::BFP::AID*::NLS transgene
can effectively deplete AID*-tagged PAR-3, a cytoplasmic cell po-
larity determinant.

We planned to insert our constructs into the sites in chromo-
somes I and II, respectively, where the ttTi4348 and ttTi5605
transposons are inserted for MosSCI-based genome editing
(Frøkjaer-Jensen et al. 2008; Frøkjær-Jensen et al. 2012). To facili-
tate genome editing, we created sgRNA and Cas9"sgRNA vectors
targeting these loci containing the “Flipped and extended (F"E)”
sgRNA modifications that improved editing efficiency in mam-
malian cells and C. elegans (Chen et al. 2013; Ward 2015) (Table 1).
We generated sgRNA expression vectors using the two commonly
used U6 promoters in C. elegans as it is currently unclear whether
one promoter is broadly more active (Dickinson et al. 2013;
Friedland et al. 2013; Schwartz and Jorgensen 2016) (Table 1). We
also generated sgRNA vectors targeting the cxTi10882 insertion
site on chromosome IV to support future knock-ins into this locus
(Frøkjaer-Jensen et al. 2008; Frøkjær-Jensen et al. 2012).

The F2A ribosome skip sequence functions
efficiently in an eft-3p::TIR1::F2A::BFP::AID*::NLS
transgene
We tested the efficiency of the F2A peptide in our new TIR1 transgenes,
as inefficient processing could create a TIR1::F2A::BFP::AID*::NLS fusion
protein that could be nuclear localized and degraded, impairing perfor-
mance of the system. The expression of BFP in our sun-1p strain was
quite dim and we were unable to detect it via western blot. We there-
fore generated a new TIR1::F2A::BFP::AID*::NLS construct driven by a
strong ubiquitous promoter (eft-3p) and inserted this transgene in the
same site. We observed somatic BFP which was lost upon auxin expo-
sure, indicating that our TIR1 transgene was functional (Figure 3A). We
performed anti-BFP western blots on this strain (Figure 3B). We ob-
served a doublet in the eft-3p::TIR1::F2A::BFP::AID*::NLS strain which was
not present in N2 control animals. The upper band was consistent
with the predicted size of the BFP reporter (34.5kDa). The lower band is
most likely a degradation product, as tRFP-derived proteins such as
BFP are known to fragment in western blots (Kovacs et al. 2012; Breunig
et al. 2015; Katoh et al. 2016). A similar doublet was also reported in the
product literature for the antibody we used. We never observed a

Figure 4 Continued Representative images of AID*::GFP depletion in animals carrying either eft-3p::TIR1::mRuby2 or eft-3p::TIR1::F2A::BFP::AID*::NLS. For
animals expressing eft-3p::TIR1::F2A::BFP::AID*::NLS, an overlay of DIC and BFP images is provided. DIC and corresponding GFP images of VPCs (brackets)
from L3 larvae at the P6.p 1-cell stage. Animals were treated with 1 mM IAA for the specified time and then imaged to visualize loss of AID*::GFP.
Representative images from additional timepoints can be found in Supplementary Figure S2. Scale bars represent 5 mm. (C) AID*::GFP degradation
kinetics. Rates of degradation were determined by quantifying AID*::GFP levels in VPCs of animals as described above. Animals were exposed to 1 mM
K-NAA or IAA from 0 to 120 minutes at intervals of 30 min. The graph depicts the mean normalized fluorescent intensity from 10 or more animals from
a single experimental replicate. Error bars indicate standard deviation.
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Table 1 Plasmids to support generation of new TIR1 alleles and other transgenes at standardized genetic loci through CRISPR/Cas-based
genome editing

Plasmid name Description Purpose

pJW1838 SapTrap sgRNA (F!E) vector, K09B11.2 U6 promoter
and 3’UTR

Creating new sgRNA (F! E) plasmids)

pJW1839 SapTrap sgRNA (F!E) vector, R07E5.16 U6 promoter Creating new sgRNA (F! E) plasmids)
pJW1836 promoterless SV40 NLS::mScarlet-I (dpi)::PEST::tbb-2

3’UTR vector
Promoter reporter, test new tissue-specific promoters

pJW1841 promoterless SV40 NLS::mScarlet-I (dpi)::tbb-2 3’UTR
vector

Promoter reporter, test new tissue-specific promoters

pJW1849 ttTi4348 site targeting sgRNA (F!E) with K09B11.2 U6
promoter and 3’UTR

CRISPR/Cas9 editing of ttTi4348 insertion site

pJW1850 ttTi5605 site targeting sgRNA (F!E) with K09B11.2 U6
promoter and 3’UTR

CRISPR/Cas9 editing of ttTi5605 insertion site

pJW1851 cxTi10882 site targeting sgRNA (F!E) with K09B11.2
U6 promoter and 3’UTR

CRISPR/Cas9 editing of cxTi10882 insertion site

pJW1882 ttTi4348 site targeting sgRNA (F!E) with R07E5.16 U6
promoter and 3’UTR

CRISPR/Cas9 editing of ttTi4348 insertion site

pJW1883 ttTi5605 site targeting sgRNA (F!E) with R07E5.16 U6
promoter and 3’UTR

CRISPR/Cas9 editing of ttTi5605 insertion site

pJW1884 cxTi10882 site targeting sgRNA (F!E) with R07E5.16
U6 promoter and 3’UTR

CRISPR/Cas9 editing of cxTi10882 insertion site

pJW1947 pes-10D minimal promoter::SV40 NLS::mScarlet-I
(dpi)::tbb-2 3’UTR vector

Promoter reporter, test new tissue-specific enhancers

pJW1948 pes-10D minimal promoter::SV40 NLS::mScarlet-I
(dpi)::PEST::tbb-2 3’UTR vector

Promoter reporter, test new tissue-specific enhancers

pTD77 eft-3p::Cas9, R07E5.16 U6::sgRNA targeting LGI site
where ttTi4348 Mos is inserted

CRISPR/Cas9 editing of ttTi4348 insertion site

pTD78 eft-3p::Cas9, R07E5.16 U6::sgRNA targeting LGII site
where ttTi5605 Mos is inserted

CRISPR/Cas9 editing of ttTi5605 insertion site

Table 2 eft-3p::TIR1::F2A::BFP::AID*::NLS produces comparable depletion phenotypes to eft-3p::TIR1::mRuby2 for depleting nuclear proteins

eft-3p::TIR1 transgene AID-tagged allele Treatment % WT developmental
rate

% Larval arrest % Gonadal abnormalities
among adults

TIR1::mRuby2 n/a Control 100 0 0
TIR1::mRuby2 n/a IAA 100 0 0
TIR1::mRuby2 n/a K-NAA 100 0 0
TIR1::2A::BFP n/a Control 100 0 0
TIR1::2A::BFP n/a IAA 100 0 0
TIR1::2A::BFP n/a K-NAA 100 0 0
TIR1::mRuby2 nhr-23(kry61[nhr-

23::AID*::TEV-3xFLAG])
Control 100 0 0

TIR1::mRuby2 nhr-23(kry61[nhr-
23::AID*::TEV-3xFLAG])

IAA 0 100 0

TIR1::mRuby2 nhr-23(kry61[nhr-
23::AID*::TEV-3xFLAG])

K-NAA 0 100 0

TIR1::2A::BFP nhr-23(kry61[nhr-
23::AID*::TEV-3xFLAG])

Control 100 0 0

TIR1::2A::BFP nhr-23(kry61[nhr-
23::AID*::TEV-3xFLAG])

IAA 0 100 0

TIR1::2A::BFP nhr-23(kry61[nhr-
23::AID*::TEV-3xFLAG])

K-NAA 0 100 0

TIR1::mRuby2 nhr-25(wrd18[nhr-
25::GFP^AID*:3xFLAG])

Control 100 0 0

TIR1::mRuby2 nhr-25(wrd18[nhr-
25::GFP^AID*:3xFLAG])

IAA 39 61 100

TIR1::mRuby2 nhr-25(wrd18[nhr-
25::GFP^AID*:3xFLAG])

K-NAA 100 0 100

TIR1::2A::BFP nhr-25(wrd52[nhr-
25::GFP^AID*:3xFLAG])

Control 100 0 0

TIR1::2A::BFP nhr-25(wrd52[nhr-
25::GFP^AID*:3xFLAG])

IAA 15 85 93

TIR1::2A::BFP nhr-25(wrd52[nhr-
25::GFP^AID*:3xFLAG])

K-NAA 100 0 100

Synchronized animals (n>100) of the indicated genotype were grown on the indicated plates (control, IAA, K-NAA). These animals were scored for developmental
rate (% animals that were L4 or adults following 48 h at 25"C), larval arrest prior to L4 (animals that failed to reach adulthood after 4 days), and gonadal defects.
Data from TIR1::2A::BFP and TIR1::2A::BFP; nhr-23(kry61[nhr-23::AID*::TEV-3xFLAG]) represent two pooled experimental replicates. All other data are from a single
experiment.
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101.5kDa band, which is the predicted size for a
TIR1::F2A::BFP::AID*::NLS fusion protein. Together, these data suggest
that the F2A peptide is being effectively processed to produce a
BFP::AID*::NLS reporter which marks TIR1 expression.

eft-3p::TIR1::F2A::BFP::AID*::NLS is functionally
equivalent to eft-3p::TIR1::mRuby2, but shows
slower kinetics for degradation of substrates
To test the efficiency of our new eft-3p::TIR1::F2A::BFP::AID*::NLS
transgene, we crossed it to an eft-3p::AID*::GFP reporter and com-
pared AID*::GFP depletion level and rate between our new TIR1
strain and the original eft-3p::TIR1::mRuby2 strain (Zhang et al.
2015). TIR1::mRuby2 strongly depleted the AID*::GFP reporter
within 30 minutes of exposure to the natural auxin indole-3-
acetic acid (IAA) used by Zhang et al. (2015). In contrast,
TIR1::F2A::BFP::AID*::NLS took 120 minutes to completely deplete
the AID*::GFP reporter after exposure to IAA. (Figure 4A). Single-
cell imaging of the AID*::GFP reporter in vulval precursor cells
(VPCs) (Figure 4B and Supplementary Figure S2) supported the
western blot data (Figure 4A). We also compared the performance
of IAA to K-NAA, a water-soluble synthetic auxin recently de-
scribed for use in C. elegans (Martinez et al. 2020). The reporter
was strongly depleted 30 minutes after exposure to both IAA and
K-NAA in the TIR1::mRuby2 strain, but took 90 minutes for equiv-
alent depletion in the TIR1::F2A::BFP::AID*::NLS strain (Figure 4C
and Supplementary Figure S2). We also compared the ratio of nu-
clear to cytoplasmic AID*::GFP to test whether there were differ-
ences in sub-cellular depletion rates. We did not observe
differences in the nuclear/cytoplasmic ratio, suggesting that both
TIR1::mRuby2 and TIR1:: F2A::BFP::AID*::NLS are equally effective
at depleting nuclear and cytoplasmic AID*::GFP (Supplementary
Figure S3). IAA and K-NAA performed identically in these experi-
ments (Supplementary Figure S3).

To further test the performance of TIR1::F2A::BFP::AID*::NLS for
depleting an endogenous AID-tagged protein, we compared depletion
in the eft-3p::TIR1::F2A::BFP::AID*::NLS; nhr-25::GFP::AID*::3xFLAG strain
to depletion in the previously described eft-3p::TIR1::mRuby2; nhr-
25::GFP::AID*::3xFLAG strain (Martinez et al. 2020). Similar to the
AID*::GFP experiments, we performed single cell quantitative imaging
experiments (Figure 5). With the eft-3p::TIR1::mRuby2 transgene we
observed undetectable NHR-25::GFP::AID*::3XFLAG in both seam cells
and VPCs within 30 minutes of exposure to IAA or K-NAA (Figure 5
and Supplementary Figure S2). In contrast, we observed differences
in IAA and K-NAA treatment using our eft-

3p::TIR1::F2A::BFP::AID*::NLS; nhr-25::GFP::AID*::3xFLAG strain (Figure 5
and Supplementary Figure S2). K-NAA resulted in more rapid NHR-
25::GFP::AID*::3xFLAG depletion by TIR1::F2A::BFP::AID*::NLS com-
pared to IAA (Figure 5 and Supplementary Figure S2). In VPCs, NHR-
25::GFP::AID* was robustly depleted after 60minutes of exposure to
K-NAA and undetectable after 90minutes (Figure 5B and
Supplementary Figure S2). There appeared to be tissue-specific differ-
ences in depletion rates as NHR-25::GFP::AID*::3xFLAG was undetect-
able in seam cells 60 minutes after exposure to K-NAA (Figure 5C and
Supplementary Figure S2). Depletion rates were slower with IAA, tak-
ing an additional 30 minutes for TIR1::F2A::BFP::AID*::NLS to deplete
NHR-25::GFP::AID*::3xFLAG to undetectable levels (Figure 5 and
Supplementary Figure S2). These results suggest that: i) some ele-
ment of our TIR1::F2A::BFP::AID*::NLS transgene is limiting depletion
rate; ii) we reach the same depletion endpoint using our
TIR1::F2A::BFP::AID*::NLS transgene; iii) there can be tissue-specific
differences in depletion rates; and iv) K-NAA performed equal to or
better than IAA in these depletion experiments. These results suggest
that one should test IAA and K-NAA for depletion efficiency indepen-
dently for each TIR1 expression system and AID*-tagged protein.

eft-3p::TIR1::F2A::BFP::AID*::NLS produces
comparable depletion phenotypes as eft-
3p::TIR1::mRuby2 for depleting both nuclear and
cytoplasmic proteins
Given the slower depletion kinetics we observed in our eft-
3p::TIR1::F2A::BFP::AID*::NLS strain for an AID*::GFP reporter and
NHR-25::GFP::AID*::3xFLAG, we wanted to test the impact of this
slowed depletion rate at the phenotypic level. We first tested the
two TIR1 alleles on our nhr-25::GFP::AID*::3xFLAG strain (Table 2
and Supplementary Table S5). With the TIR1::mRuby2 transgene
and IAA, we observed that 61% of nhr-25::GFP::AID*::3xFLAG lar-
vae arrested, and the remaining 39% of animals that made it to
adulthood had gonadal abnormalities (Table 2 and
Supplementary Table S5). With our TIR1::F2A::BFP::AID*::NLS
transgene, we observed that 85% of larvae arrested, whereas 93%
of animals that reached adulthood had gonadal abnormities
(Table 2 and Supplementary Table S5). Surprisingly, with growth
on K-NAA we did not observe any larval arrests for either strain,
but all adult animals had gonadal defects (Table 2 and
Supplementary Table S5). We next tested the two different TIR1
strains on an nhr-23::AID*::3xFLAG allele (Zhang et al. 2015).
Similar to previous reports (Zhang et al. 2015), we observed a
completely penetrant larval arrest with both the nhr-

Table 3 eft-3p::TIR1::F2A::BFP::AID*::NLS produces comparable depletion phenotypes to eft-3p::TIR1::mRuby2 for depleting cytoplasmic
proteins

eft-3p::TIR1 transgene AID-tagged allele Treatment % WT developmental rate % L2 arrest % L3 arrest

TIR1::mRuby2 daf-15(re257[daf-
15::mNG::AID*])

Control 100 0 0

TIR1::mRuby2 daf-15(re257[daf-
15::mNG::AID*])

IAA 0 100 0

TIR1::mRuby2 daf-15(re257[daf-
15::mNG::AID*])

K-NAA 0 0 100

TIR1::2A::BFP daf-15(re257[daf-
15::mNG::AID*])

Control 100 0 0

TIR1::2A::BFP daf-15(re257[daf-
15::mNG::AID*])

IAA 0 100 0

TIR1::2A::BFP daf-15(re257[daf-
15::mNG::AID*])

K-NAA 0 0 100

Synchronized animals (n!120–240) of the indicated genotype were grown on the indicated plates (control, IAA, K-NAA). Animals were grown at 20"C for 4 days and
scored for larval arrest. Wild-type (WT) developmental rate was determined by scoring animals that reached adulthood after 3 days at 20"C. L2 and L3 arrest were
determined by animal size and gonadal development.
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23::AID*::3xFLAG; eft-3p::TIR1::mRuby2 and nhr-23::AID*::3xFLAG,
eft-3p::TIR1::F2A::BFP::AID*::NLS strains grown on either IAA or K-
NAA. Interestingly, some of the arrested larvae produced by
growth on K-NAA died (Supplementary Table S5), which we did
not see on IAA and is consistent with a stronger phenotype. None
of the strains tested presented any defects on MYOB or ethanol
control plates (Table 2 and Supplementary Table S5). Finally, we

wished to test an additional cytoplasmic AID*-tagged protein for
depletion phenotypes. We chose DAF-15/Raptor, a lysosome-
localized factor which causes larval arrest when depleted (Duong et al.
2020). Both eft-3p::TIR1::mRuby2 and eft-3p::TIR1::F2A::BFP::AID*::NLS
caused a completely penetrant larval arrest in animals carrying
the daf-15::mNeonGreen::AID* (Table 3 and Supplementary Table S6).
Strains grown on IAA arrested at L2, whereas strains grown on K-

Figure 5 eft-3p::TIR1::F2A::BFP::AID*::NLS depletes NHR-25::GFP::AID* to the same extent as eft-3p::TIR1::mRuby2 but also shows a slower degradation rate.
(A) Representative images of NHR-25::GFP::AID* depletion in VPCs of animals expressing either eft-3p::TIR1::mRuby2 or eft-3p::TIR1::F2A::BFP::AID*::NLS.
For animals expressing eft-3p::TIR1::F2A::BFP::AID*::NLS, an overlay of DIC and BFP images were used to show BFP internal control expression in VPCs.
DIC and corresponding GFP images of VPCs (brackets) from L3 larvae at the P6.p 1-cell stage. Animals were treated with 1 mM IAA for the specified time
and then imaged to visualize loss of NHR-25::GFP::AID*. Additional timepoints can be found in Supplementary Figure S2. Scale bars represent 5 mm.
NHR-25::GFP::AID* degradation kinetics in (B) VPCs and (C) seam cells. Kinetics were determined by measuring NHR-25::GFP::AID* levels in L3s (as
described above) exposed to 1 mM K-NAA or IAA. The graph depicts the mean normalized fluorescent intensity from 10 or more animals from a single
experimental replicate. Error bars indicate standard deviation.
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Figure 6 A new suite of TIR1 expression strains for tissue-specific depletion of AID-tagged proteins in C. elegans. (A) Table describing new suite of
TIR1::F2A::BFP::AID*::NLS strains. Strain names, promoter driving TIR1, tissue of expression, genotype, and insertion site are provided for each strain.
The insertion sites are the genomic loci where the MosI transposon landed in the ttTi4348 and ttTi5605 insertion alleles. We note that our knock-ins
were generated using CRISPR/Cas9-mediated genome editing in wild-type animals or in strains stably expressing Cas9 in the germline; there is no MosI
transposon in these loci in these genetic backgrounds. Created with BioRender.com. (B) BFP is detected in the expected nuclei of strains expressing TIR1
cassettes driven by col-10p (hypodermis), unc-54p (muscle), ges-1p (intestine), and rgef-1p (neurons). Representative BFP-expressing nuclei are indicated
by solid arrows. Scale bars represent 20 mm. Note that the fluorescence signal at the bottom of the muscle image and surrounding the nuclei in the
intestinal image is intestinal autofluorescence, indicated by an unfilled arrow with a dashed outline. (C) Functional test of TIR1 activity in a col-
10p::TIR1::F2A::BFP::AID*::NLS strain (DV3799). Hypodermal BFP expression is lost when animals are exposed to 1 mM auxin for three hours, but not
when similarly grown on control plates.
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NAA arrested at L3 (Table 3 and Supplementary Table S6). Based
on previous work (Duong et al. 2020), these results suggests that
K-NAA is producing slower or less complete DAF-15::mNG::AID*
depletion than IAA. For DAF-15::mNG::AID*, IAA appeared to perform
better. For all strains tested, we observed wild-type growth on control
media (Tables 2 and 3; Supplementary Tables S5 and S6). Together,
these results indicated that our eft-3p::TIR1::F2A::BFP::AID*::NLS trans-
gene performs comparably to the original eft-3p::TIR1::mRuby2 with
respect to phenocopying mutant phenotypes of NHR-23, NHR-25,
and DAF-15.

A new suite of TIR1 driver strains compatible
with red/green FP imaging
Having confirmed our TIR1::F2A::BFP::AID*::NLS transgene func-
tioned effectively in both embryos and somatic cells, we wished
to create a suite of strains for tissue-specific TIR1 expression
(Figure 6A). We created chromosome I and II knock-ins express-
ing TIR1 in the germline (mex-5p and sun-1p), hypodermis (dpy-7p
and col-10p), muscle (unc-54p), and intestine (ges-1p) (Figure 6 and
Supplementary Figure S4). We also created chromosome I knock-
ins expressing TIR1 in neurons (rgef-1p), pharynx (myo-2p), body
wall muscle (myo-3p), the anchor cell (cdh-3), as well as the excre-
tory cell, hypodermis, and gut (vha-8p) (Figure 6 and
Supplementary Figure S4). The vha-8 promoter also drove expres-
sion in unidentified cells in the head. Additionally, we generated
a strain expressing TIR1 in the hypodermal seam cells using a
minimal SCMp enhancer (gift from Prof. Allison Woollard) with
the pes-10 minimal promoter (Figure 6A). Although we observed
robust seam cell expression in this strain, we also detected hypo-
dermal expression (unpublished data). We are making this strain
available to the community but encourage careful evaluation be-
fore interpretation.

All of the TIR1-expressing strains that we have deposited in
the Caenorhabditis Genetics Center have detectable BFP expression
that is lost when animals are shifted onto auxin plates, confirm-
ing TIR1 is active (Figures 2B and 6C; Supplementary Figures S2
and S4). However, an unanswered question is the importance of
TIR1 expression levels for effective depletion of AID*-tagged pro-
teins. Motivated by an interest in NHR-25 in gene regulation
(Ward et al. 2013, 2014) and anchor cell (AC) invasion (Matus et al.

2015; Medwig and Matus 2017; Medwig-Kinney et al. 2020), we
generated a strain to study early events in AC differentiation
(DQM623; Figure 7). The cdh-3 promoter drives transgene expres-
sion in the AC but not vulval precursor cells (VPCs) during early
AC differentiation (Matus et al. 2015). The promoter becomes ac-
tive in L4 VPCs and also drives expression in seam cells and neu-
rons (Matus et al. 2015). We generated a cdh-
3p::TIR1::F2A::BFP::AID*::NLS strain, but were not able to detect
any BFP expression. To perform a functional test, we crossed the
nhr-25::GFP::AID*::3xFLAG allele into the strain harboring cdh-
3p::TIR1::F2A::BFP::AID*::NLS. We had previously shown signifi-
cant depletion of NHR-25 in ACs and VPCs using a strongly
expressed eft-3p::TIR1::mRuby2 transgene (Martinez et al. 2020).
Strikingly, we observed auxin-dependent depletion of NHR-
25::GFP::AID*::3xFLAG in the AC but no depletion in the adjacent
VPCs (Figure 7). Thus, even if the presence of TIR1 is undetectable
through BFP reporter expression, there may still be a sufficient
amount of TIR1 to deplete proteins of interest.

Vectors to generate FP::AID* knock-ins
There are two commonly used CRISPR/Cas9 editing strategies
currently used in C. elegans (Dickinson and Goldstein 2016; Nance
and Frøkjær-Jensen 2019). One uses injection of Cas9 ribonucleo-
protein complexes and typically provides linear DNA repair tem-
plates (Paix et al. 2015; Dokshin et al. 2018; Ghanta and Mello
2020). The other approach uses injection of plasmids expressing
Cas9 and sgRNA, and typically provides repair templates as plas-
mids with selectable markers (Dickinson et al. 2013, 2015; Norris
et al. 2015; Schwartz and Jorgensen 2016). We created plasmids to
facilitate assembly of repair templates for both of these genome
editing strategies.

First, we generated a set of vectors to create SEC-selectable
plasmid repair templates. We took a set of vectors which use
Gibson assembly to generate the final repair template (Dickinson
et al. 2015) and introduced AID* sequences upstream of the
3xFLAG epitope. This set of vectors allows for tagging genes with
mNeonGreen, GFP, YPET, mKate2, and TagRFP-T along with
AID*::3xFLAG epitopes (Figure 8 and Supplementary Table S2).
Methods in C. elegans using biotin ligases and biotin acceptor pep-
tides have recently been described for protein affinity purification

Figure 7 NHR-25::GFP::AID*::3xFLAG can be depleted in a cell-specific manner in a strain with undetectable TIR1 expression via a BFP reporter. (A) An
anchor cell (AC)-specific TIR1 transgene (cdh-3p::TIR1::F2A::BFP::AID*::NLS) did not produce observable BFP in the AC. Crossing this strain to an nhr-
25::GFP::AID*::3xFLAG allele resulted in depletion of NHR-25 in the AC when exposed to 4 mM auxin for 1 hr (indicated by white arrow with black
outline). As expected, depletion of NHR-25 was not observed in the neighboring uterine cells or the underlying vulval precursor cells (VPCs). Scale bar
represents 5 mm. (B) Quantification of NHR-25::GFP::AID*::3xFLAG in ACs following auxin (K-NAA) treatment. Individual data points from a single
replicate with more than 10 animals per condition are presented. The horizontal black bar depicts the mean for each condition; **** indicates P< 0.0001
by a two-tailed unpaired Student’s t-test. P< 0.05 was considered statistically significant. Scale bars represent 5mm.
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(Waaijers et al. 2016), proximity labeling (Branon et al. 2018), na-
tive chromatin purification (Ooi et al. 2010), and cell-type specific
nuclei purification (Steiner et al. 2012). To support these
approaches, we have made a set of FP^SEC^BioTag::AID*::3xFLAG
vectors with GFP, TagRFP-T, and mKate2 (Figure 8 and
Supplementary Table S2).

Another approach to generate plasmid repair templates with
detectable markers is a Golden Gate assembly approach known
as SapTrap (Engler et al. 2009; Schwartz and Jorgensen 2016). A li-
brary of SapTrap donor plasmids contain protein tags, selectable
markers, and fluorescent proteins; these tags can be assembled
in a desired order in a one-tube isothermal reaction to allow the
creation of new repair templates (Schwartz and Jorgensen 2016;
Dickinson et al. 2018) (Figure 8D). When trying to create SapTrap
assemblies containing nine fragments, we encountered very poor
cloning efficiencies. We therefore created a series of pre-
assembled “multi-cassettes,” where we combined fragments that
we frequently use (Figure 8E and Supplementary Table S2). These
constructs contain inserts for SapTrap N-terminal and C-termi-
nal connector modules, as described by Schwartz et al. (2016) and
include various combinations of AID* cassettes, and epitopes for
protein purification or detection (3xMyc, 3xFLAG, BioTag). This
approach restored high cloning efficiency. For our most com-
monly used vectors, we have generated constructs containing
full assemblies of the knock-in epitope, lacking only the homol-
ogy arms. PCR amplifying homology arms with SapI sites and ap-
propriate connectors allows high-efficiency generation of repair
templates.

Using Cas9 ribonucleoprotein complexes with linear repair
templates is a common cloning-free approach in C. elegans (Paix
et al. 2014; 2015), and recent refinements have further boosted
editing efficiency (Dokshin et al. 2018; Ghanta and Mello 2020).
We have gave generated repair templates to tag proteins with
GFP, germline optimized mNeonGreen, and germline optimized
mScarlet-I (Fielmich et al. 2018; Zhang et al. 2018) (Figure 9B and
Supplementary Table S2). All plasmids include a Myc or FLAG
epitope for antibody-based detection, and we have versions with
or without an AID* cassette. These vectors are suitable templates
for PCR amplification to generate linear repair templates with
short homology arms. FPs can be easily exchanged to generate
new constructs by PCR linearization and Gibson cloning. Linkers
flanking the FP allow flexibility in targeting genes of interest and
reduce functional interference, permitting N-terminal, C-termi-
nal, or internal tagging.

Discussion
The original C. elegans AID system employed a TIR1::mRuby2
transgene, which was useful for visualizing TIR1 expression and
cellular localization (Zhang et al. 2015). However, for applications
where red fluorescent protein imaging is desired, the mRuby2 ex-
pression could increase background and hamper imaging analy-
sis. We therefore developed a complementary construct
containing a TIR1::F2A::BFP::AID*::NLS transgene (Figure 2A). TIR1
is unlabeled, and nuclear-localized BFP provides a readout for
TIR1 expression (Figures 2, 3, and 6; Supplementary Figure S2).
AID*-tagged BFP is degraded in the presence of auxin, confirming
TIR1 activity via degradation of an internal control (Figures 2 and
3, and Supplementary Figure S2). Recent work from our lab shows
that our new TIR1 strains are effective for experiments where red
FP imaging is desired (Ragle et al. 2020).

Our eft-3p::TIR1::F2A::BFP::AID*::NLS transgenes produced the
same degree of depletion of AID-tagged substrates compared to

an eft-3p::TIR1::mRuby2 transgene (Zhang et al. 2015), but the de-
pletion kinetics were slower (Figures 4 and 5). Initially concerned
about the impact of this slower degradation rate, we tested
whether it impacted the phenotypes observed following depletion
of two AID*-tagged nuclear proteins (NHR-23 and NHR-25) and an
AID*-tagged cytoplasmic protein (DAF-15). In all cases we ob-
served comparable penetrance of expected phenotypes (Tables 2
and 3). Additionally, our sun-1p::TIR1::F2A::BFP::AID*::NLS trans-
gene produced equivalent mNG::AID*::PAR-3 depletion and resul-
tant synchronous cell division as compared to a sun-
1p::TIR1::mRuby2 transgene (Figure 2, C and D). Similarly, using a
mex-5p::TIR1::F2A::BFP::AID*::NLS transgene we observed complete
sterility following NHR-23 or SPE-44 depletion, identical to that
observed using pie-1p or sun-1p::TIR1::mRuby2 transgenes
(Kasimatis et al. 2018; Ragle et al. 2020). However, there may be
cases where depletion rates affect phenotypic preference, so this
point should be taken into consideration when choosing which
TIR1 transgene to use.

One open question is why did our BFP reporter slow the deple-
tion of other AID*-tagged substrates? Inefficient F2A processing
could lead to a TIR1::2A::BFP fusion protein that could be de-
graded. However, we were unable to detect such a fusion protein
by western blotting, arguing against this possibility (Figure 3B).
Another explanation is that some component of the system is
limiting under these conditions. Possible candidates for the limit-
ing factor include TIR1 itself, the SCF ligase with which TIR1
interacts (Martinez et al. 2020), or proteasomal activity. Pan-
neuronal TIR1 expressed from an extrachromosomal array pro-
duced much stronger depletion of an AID*-tagged substrate com-
pared to the equivalent TIR1 construct in single-copy (O. Hobert,
personal communication). Although this observation needs to be
explored further, it supports the idea that TIR1 is limiting in
some cases. Strong expression of both AID*::GFP and
BFP::AID*::NLS could sequester the SCF ligase or proteasome if
they were limiting. This sequestration might be expected to pro-
duce documented reduction-of-function phenotypes such as
defects in cell fate and differentiation, meiotic defects, or embry-
onic lethality (Kipreos et al. 1996; Nayak et al. 2002; Kamath et al.
2003). As we did not observe any such defects, we favor a model
where TIR1 is limiting in our system. Going forward, it will be im-
portant to test this model by boosting TIR1 expression using tools
such as site-specific integration of arrays or recently described bi-
partite gene expression systems (Yoshina et al. 2016; Nonet 2020).
Another approach may be to fuse the Skp1 subunit of the SCF
ubiquitin ligase to TIR1, which has resulted in enhanced degrada-
tion efficiency of AID-tagged proteins (Kanke et al. 2011).
Determining which components of the system are limiting and
boosting TIR1 activity has the potential to address the reported
issue of incomplete degradation of some AID-tagged proteins and
a failure to obtain null phenotypes (Patel and Hobert 2017;
Serrano-Saiz et al. 2018; Duong et al. 2020)

We have compared the performance of natural auxin (IAA)
with a synthetic, water-soluble analog (K-NAA) using quantita-
tive imaging and phenotypic assays. In many cases, they pro-
duced identical results. For NHR-25::GFP::AID*::3xFLAG depletion,
we observed more rapid depletion with K-NAA in two cell types
using our eft-3p:: TIR1::F2A::BFP::AID*::NLS (Figure 5). However, in-
terestingly K-NAA did not produce the larval arrest phenotype in
these animals, whereas IAA did (Table 2). It is unclear what is be-
hind the discrepancy between these results; we will need to deter-
mine in which cells NHR-25 is acting to promote larval
development and how IAA and K-NAA affect its depletion in this
cell type. Additionally, daf-15::mNG::AID*animals grown on IAA
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Figure 8 A collection of vectors to generate FP::AID* knock-ins through Gibson cloning and a suite of new vectors for the SapTrap cloning system. (A)
Schematic of the AID*-containing vectors produced by modifying the set of vectors originally described by Dickinson et al. (2015). An AID* epitope was
inserted downstream of the loxP-flanked SEC. New repair templates for CRISPR/Cas9-mediated genome editing can be produced by restriction digestion
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arrested at an earlier larval stage than animals treated with K-
NAA (Table 3) consistent with faster and/or more robust depletion
(Duong et al. 2020). Our results do not indicate that one form of
auxin is consistently superior, but rather that one needs to empiri-
cally test each auxin, depending on the AID-tagged gene, the TIR1
transgene, and the tissue in which depletion is occurring. As the
community tests IAA and K-NAA on more AID*-tagged factors, it
will be important to look for patterns that might emerge in order
to better predict which auxin will perform better in specific assays.

For many applications, the AID system offers a powerful
method to conditionally degrade proteins in specific tissues and
at specific points in development. However, as the system has
gained popularity, particular challenges have emerged. Although
they do not dampen our enthusiasm for the AID system, it is

important to be aware of them. The first is the previously dis-
cussed issue of incomplete degradation. The second issue is that
auxin-independent, TIR1-dependent degradation of certain AID-
tagged proteins has been documented in both human cells and in
C. elegans (Zasadzi!nska et al. 2018; Sathyan et al. 2019; Martinez
et al. 2020; Schiksnis et al. 2020). Although there are recent solu-
tions to this issue, such as alternate AID systems (Li et al. 2019) or
additional regulatory components that block auxin-independent
degradation of AID-tagged proteins (Sathyan et al. 2019), these
methods are not compatible with existing C. elegans strains using
minimal AID tags. Engineering an improved TIR1 that does not
promote auxin-independent degradation of minimal AID-tagged
proteins would be the preferable solution. A strong candidate are
recently described TIR1 mutations that produce 670-1000x stron-
ger binding to a modified auxin, reducing the amount of auxin re-
quired for target knockdown (Nishimura et al. 2020; Yesbolatova
et al. 2020). This reagent would be compatible with and improve
the performance of the collection of minimal AID-tagged strains,
which the C. elegans community has already generated. Finally,
AID-tagging in rare cases can disrupt protein function. For exam-
ple, an mNeonGreen::AID* tag caused a mild hypomorph of unc-3
in the absence of TIR1 and auxin, suggesting that the presence of
the AID* tag was interfering with protein levels (Patel and Hobert
2017). More examples are required to determine rules for optimal
AID tag placement in both structured and unstructured domains
of proteins. As a precaution, we tend to use long 10-30 amino
acid flexible linker sequences to space the AID* tag away from
the protein of interest.

The ability to rapidly deplete proteins with temporal and cel-
lular resolution allows precise dissection of the roles of gene
products in developmental processes of interest. With the ever-
increasing efficiency of genome editing and continued refine-
ment of the AID system, one can envision creating libraries of
FP::AID*-tagged genes covering the genome and a bank of TIR1
strains to allow depletion in virtually all cell types. Together, this
collection of strains and vectors should facilitate efficient genera-
tion and depletion of new FP::AID*-tagged proteins.
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Figure 8 Continued of the vector and Gibson cloning of PCR-derived 5’ and 3’ homology arms (5’HA and 3’HA), as described (Dickinson et al. 2015).
Counter-selection against the parent vector is provided by ccdB cassettes. Created with BioRender.com. (B) A suite of new FP::AID* SEC plasmids. The
vectors described in Dickinson et al. (2015) have been modified to insert an AID* or 23 amino acid biotin acceptor peptide (BioTag)::AID* cassette
between the SEC and 3xFLAG cassette. (C) SapI is a type II restriction enzyme that cuts one base pair and four base pairs outside of its binding site,
allowing for the generation of programable 3 bp sticky ends. D) SapTrap cloning facilitates single-reaction cloning of multiple fragments, in the correct
order, into a single repair template plasmid. Specific sticky ends are used for specific cassettes as described by Schwartz et al. (2016). Created with
BioRender.com. E) Table of new vectors generated for the SapTrap CT and NT slots. Our initial assembly efficiencies were sub-optimal, and we found
that reducing the number of fragments assembled improved our efficiencies. We have generated a set of multi-cassettes where partial assemblies (CT-
FP, FP-SEC-NT, and CT-FP-SEC-NT) have been cloned, simplifying the SapTrap reactions and reducing the number of fragments required. 5’HA, 5’
homology arm; 3’HA, 3’ homology arm; FP, fluorescent protein; SEC, self-excising cassette; CT, C-terminal connector; NT, N-terminal connector.

Figure 9 A collection of vectors to generate FP::AID* knock-ins using linear
repair templates. (A) Schematic primer design to generate linear repair
templates by PCR. Primers with homology to the cassette and 5’ homology
to the desired integration site are used to amplify a dsDNA repair
template. 35-120 bp homology arms (HA in figure) are recommended, as
previously described (Paix et al. 2014; 2015; Dokshin et al. 2018). Created
with BioRender.com. (B) A set of vectors to generate repair templates for
Cas9 ribonucleoprotein complex (RNP)-based genome editing. FP
(fluorescent protein) and FP::AID* cassettes are flanked by flexible linker
sequences. A 30 amino acid sequence is at the 5’ end of the cassette, and a
10 amino acid sequence is at the 3’ end of the cassette. This design
provides flexibility for designing repair templates for N-terminal, C-
terminal, or internal tagging. GLO!Germline optimized using algorithm
(Fielmich et al. 2018); dpi!silent mutations to remove piRNA binding sites
(dpi) to promote germline expression (Zhang et al. 2018).
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Chapter 3: Conditional depletion reveals temporal requirements for the 
oscillating transcription factor NHR-23/NR1F1 in C. elegans larval progression  
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Abstract 

Nematode molting is a remarkable process where the animals must essentially build a 

new epidermis underneath the old skin and then rapidly shed the old skin. The study of 

molting provides a gateway into the developmental program of many core cellular and 

physiological processes, such as oscillatory gene expression, coordinated intracellular 

trafficking, steroid hormone signaling, developmental timing, and extracellular 

remodeling. The nuclear hormone receptor NHR-23/NR1F1 is an important regulator 

of molting. Imaging and western blot time-courses revealed oscillatory NHR-23::GFP 

expression in the epithelium that closely followed the reported mRNA expression. 

Timed depletion experiments using the auxin-inducible degron system revealed that 

NHR-23/NR1F1 depletion early in a given larval stage caused animals to arrest with 

only weak molting defects, whereas later depletion resulted in highly penetrant severe 

molting and morphological defects. This larval arrest was independent of insulin 



   
 

 

 

44 

signaling. Despite the weakly penetrant molting defects following early NHR-

23/NR1F1 depletion, the epidermal barrier was defective suggesting that NHR-

23/NR1F1 is necessary for establishing or maintaining this barrier. NHR-23/NR1F1 

coordinates the expression of factors involved in molting, lipid transport/metabolism, 

and remodeling of the apical extracellular matrix. We propose that NHR-23/NR1F1 is 

a regulator in a recently discovered large-scale gene oscillatory network coordinating 

rhythmic skin regeneration. 

 

 

Introduction 

 

Molting is a critical developmental process required for the growth of all ecdysozoans, 

a clade comprising an estimated total of 4.5 million living species (Telford et al., 2008). 

Although specific to invertebrates, molting involves conserved processes such as  

apical extracellular matrix (aECM) remodeling, intracellular trafficking, and 

oscillatory gene expression (Lažetić and Fay, 2017). Molting is also a process of 

interest for developing new drugs against parasitic nematodes (Ghedin et al., 2007). 

This group of pathogens infect over one billion humans and devastate crops and 

livestock, yet few drugs exist to counter them and resistance is emerging (Ward, 

2015b). While many genes involved in nematode molting have been identified in C. 

elegans (Frand et al., 2005), little is known about how their gene products are 

coordinated to promote aECM remodeling and the generation and release of a new 

cuticle. 
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Nematodes progress through four periodic larval stages (L1-L4), prior to becoming a 

reproductive adult (Brenner, 1974). The end of each larval stage is punctuated by a 

molt that involves trafficking and secretion of aECM components, assembly of a new 

aECM underneath the old cuticle, followed by separation of the cuticle from the 

underlying aECM (apolysis) and shedding of the old cuticle (ecdysis)(Lažetić and Fay, 

2017). Apolysis coincides with a sleep-like behavior called lethargus (Singh and 

Sulston, 1978). The cuticle is a collagenous exoskeleton secreted by hypodermal and 

seam epithelial cells (Page and Johnstone, 2007). The outermost layer (glycocalyx) is 

rich in carbohydrates and mucins and thought to be secreted by the excretory gland cell 

(Nelson et al., 1983; Singh and Sulston, 1978). Beneath the glycocalyx is the 

glycolipid- and  lipid-rich epicuticle which is postulated to function as a hydrophobic 

surface barrier (Blaxter, 1993; Blaxter et al., 1992). The composition and biogenesis of 

the glycocalyx and epicuticle are poorly understood in comparison to the underlying 

layers composed of collagens and cuticlins.  

 

Nuclear hormone receptor (NHR) transcription factors are key regulators of molting in 

insects and nematodes (King-Jones and Thummel, 2005; Taubert et al., 2011). NHRs 

are characterized by a ligand-binding domain (LBD) which has the potential to bind 

small molecules such as ligands and dietary-derived metabolites (Taubert et al., 2011). 

Not all NHRs have known ligands, though the ancestral proteins from which all NHRs 

descend bound ligands (Bridgham et al., 2010; Eick and Thornton, 2011). NHRs have 
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a canonical zinc finger DNA-binding domain (DBD) with an unstructured hinge region 

between the DBD and LBD that is subject to post-translational regulation (Antebi, 

2015; Campbell et al., 2008; Ward et al., 2013). NHRs can function as homodimers, 

heterodimers, or monomers (Sever and Glass, 2013).  

 

There has been a large expansion of NHRs within nematode genomes, making direct 

comparisons to other organisms challenging (Antebi, 2015; Taubert et al., 2011). 

However, a single, conserved nuclear hormone receptor, NHR-23/NR1F1 (hereafter 

referred to as NHR-23), an ortholog of DHR3 in insects and RORalpha in mammals, 

is a key regulator of C. elegans molting. nhr-23 mutation or inactivation by RNAi leads 

to embryonic lethality, larval arrest, ecdysis defects, and morphology defects (Frand et 

al., 2005; Gissendanner et al., 2004; Kostrouchova et al., 1998; Kostrouchova et al., 

2001). nhr-23 mRNA expression oscillates over the course of each larval stage, peaking 

mid-larval stage and hitting a trough at the molt (Gissendanner et al., 2004; 

Kostrouchova et al., 2001). Experiments with nhr-23 mutants and RNAi have 

demonstrated a role for NHR-23 in all four larval molts (Kostrouchova et al., 1998; 

Kostrouchova et al., 2001), but these approaches didn’t determine when during a given 

larval stage NHR-23 was necessary. Molting must be coordinated with developmental 

timing, though the underlying mechanisms linking these two are poorly understood. 

Uncoupling of the molting and heterochronic pathway through exposure to a nicotinic 

agonist causes death as animals attempt to molt without completing the requisite cell 

divisions and differentiation (Ruaud and Bessereau, 2006). Bacterial diet can alter 
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developmental rate in C. elegans, likely through modification of NHR-23 activity 

(Macneil et al., 2013). The NHR-23 insect ortholog (DHR3) is part of the molting gene 

regulatory network (Lam et al., 1997; Ruaud et al., 2010, 3) and the mammalian 

ortholog (RORα) regulates circadian rhythms, lipid metabolism, and immunity (Jetten, 

2009). 

 

We found that NHR-23 protein oscillates and three distinct isoforms are expressed. 

Using the auxin-inducible degron system for rapid inactivation of NHR-23 during 

development, we discovered distinct phenotypes when NHR-23 was depleted early or 

late in a given larval stage. Early depletion leads to a larval arrest with mild molting 

defects, while later depletion resulted in penetrant molting and morphological defects. 

Analysis of NHR-23 target genes suggests a role in coordinating aECM assembly, 

remodeling, and construction of specific cuticular structures. Our work provides an 

entry point into understanding how NHR-23 coordinates the complex cell biology 

underpinning molting. 

 

Results 

NHR-23 protein oscillates during development 

Expression of nhr-23 mRNA oscillates throughout each larval stage of the C. elegans 

life cycle (Gissendanner et al., 2004; Hendriks et al., 2014; Kostrouchova et al., 2001; 

Meeuse et al., 2020) reaching peak expression mid-intermolt and a trough prior to the 

completion of the next molt (Fig. 3.1A).  However, mRNA expression profiles do not 

always match protein levels (de Sousa Abreu et al., 2009; Vogel and Marcotte, 2012). 
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For example, C. elegans daf-12 mRNA transcripts oscillate during each larval stage, 

but the protein products are constitutively expressed (Antebi, 2015). To determine 

whether NHR-23 protein oscillates, we monitored the expression of the endogenous 

protein, tagged with green fluorescent protein (GFP), over the course of 28 hours. 

During L1, oscillating expression of NHR-23::GFP was observed in the nuclei of seam 

and hypodermal cells (Fig. S3.1). Expression of NHR-23 rises and falls prior to the 

completion of the 1st molt; this pattern is repeated prior to the 2nd molt as well (Fig. 

3.1B,C), similar to the reported mRNA expression (Gissendanner et al., 2004; 

Kostrouchova et al., 2001).  

 

As GFP tags can affect the expression or stability of proteins (Agbulut et al., 2006; 

Baens et al., 2006), we assayed the expression of NHR-23 through western blotting 

time-courses using an nhr-23::AID*::3xFLAG strain (Zhang et al., 2015). These 

experiments confirmed that NHR-23::AID*::3xFLAG also oscillates (Fig. 3.1C), 

similar to our NHR-23::GFP imaging experiments (Fig. 3.1B). We detected three 

distinct NHR-23 bands, consistent with the predicted sizes of nhr-23b/f, nhr-23c, and 

nhr-23e (Fig. 3.1C,D, Fig. S3.2). However, these bands could also reflect post-

translational modification. All observed NHR-23 bands oscillate, though the lowest 

band was expressed more strongly than the other bands (Fig. 3.1C). 
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Figure 3.1:  NHR-23 protein oscillates during development.  (A) A schematic of 
nhr-23 mRNA expression across C. elegans larval development created with 
BioRender.com. The relative abundance of mRNA is based on the qRT-PCR analysis 
by Gissendanner et al., 2004. (B) Representative images from a time course 
monitoring the expression of endogenous NHR-23 protein over the first 28 hours of 
larval development. The appropriate timing of the L1/L2 and L2/L3 molts is indicated. 
nhr-23::GFP::AID*::3xFLAG (B) and nhr-23::AID*::3xFLAG (C)  are previously 
described endogenous knock-ins that produce C-terminal translational fusions to all 
known nhr-23 isoforms (Ragle et al., 2020; Zhang et al., 2015).  
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Distinct phenotypes are observed when NHR-23 is depleted early or late in L1 larvae 

Given that NHR-23 isoforms oscillate, we tested when NHR-23 was necessary for 

molting during the L1 larval stage. We have previously shown that the auxin-inducible 

degron system can rapidly deplete a nuclear hormone receptor (NHR-25), with almost 

complete depletion within 30 minutes (Zhang et al., 2015). In a pilot experiment, we 

consistently found weaker depletion phenotypes using an nhr-

23::GFP::AID*::3xFLAG strain (Ragle et al., 2020) compared to the nhr-

23::AID*::3xFLAG strain (Zhang et al., 2015)(unpublished data). We therefore 

transitioned to using the nhr-23::AID*::3xFLAG strain for all experiments involving 

phenotypic analysis. We first tested NHR-23::AID*::3xFLAG depletion kinetics and 

found near complete depletion within 15 minutes after exposure to 4 mM auxin (Fig 

3.2B).  

  

 
Figure 3.1 legend, continued 
 
(C) Anti-FLAG immunoblot analysis of synchronized nhr-23::AID*::3xFLAG 
animals monitoring the expression of NHR-23 3XFLAG across two time courses, 
4-28 hours and 22-34 hours. Marker size (in kDa) is provided. Stain-free analysis, 
which visualizes total protein on the membrane, is provided as a loading control. 
(D) Cartoons of predicted protein isoforms expressed during larval development 
based on Nanopore direct mRNA sequencing data (Roach et al., 2020). All of the 
predicted isoforms contain a Ligand Binding Domain (LBD) while only two of the 
three have a DNA Binding Domain (DBD). The predicted size of each isoform is 
listed to the right of the structure in amino acids (aa). 
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Figure 3.2: Distinct phenotypes are observed when NHR-23 is depleted early 
or late in L1 larvae. (A) Schematic of the experimental set-up. Synchronized L1 
larvae were grown on control media (light grey bands) and transferred to 4mM auxin 
(dark grey bands) every 2 hours. Animals remained on auxin until they were imaged 
at 20 hours post-release.  (B) Anti-FLAG immunoblot to monitor the speed of NHR-
23 depletion. Synchronized nhr-23::AID*::3xFLAG; TIR1 and TIR1 animals were 
grown on MYOB plates for 12 hours, which corresponded to the peak in L1 
expression from Figure 1C. Animals were then shifted onto control or auxin plates 
and lysates were collected at 15 and 30 minutes post-exposure. Marker size (in kDa) 
is provided. Stain-free analysis, which visualizes total protein on the membrane, is 
provided as a loading control.  
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We then performed timed depletion experiments in the L1 larval stage (Fig. 3.2A),  

similar to those used to determine the role of NHR-23 in spermatogenesis (Ragle et al., 

2020). Experiments were conducted with an eft-3p::TIR1::mRuby2 control strain 

(henceforth referred to as TIR1) and a strain that permits somatic depletion of NHR-23 

in the presence of auxin, (eft-3p::TIR1::mRuby2; nhr-23::AID*::3xFLAG; henceforth 

referred to as  nhr-23::AID; TIR1). Synchronized L1s were shifted onto either 4 mM 

auxin or control plates every two hours (Figure 3.2A). Animals were scored for molting 

defects at 20 hours post-release. 100% of TIR1 control animals shifted onto control or 

auxin plates successfully molted and transitioned into the second larval stage.  nhr-

23::AID; TIR1 animals shifted onto control plates also reached the L2 stage, indicating 

that ethanol does not affect developmental timing in this context. In contrast, nhr-

23::AID; TIR1 animals shifted onto auxin displayed multiple phenotypes including 

larval arrest, molting defects, vacuoles,  developmental abnormalities such as disrupted 

tails and viable animals with a squashed morphology (“splatter”)(Fig. 3.2C). We then 

quantified the molting defects, scoring animals unable to shed their cuticles, or with 

morphological abnormalities (Fig. 3.2D). Vacuoles were observed in both the TIR1 

control and nhr-23::AID; TIR1 strains. This could be a result of exposure to auxin or 

possibly an effect of the imaging process. We did not pursue the vacuole phenotype 

 
Figure 3.2 legend, continued  
 
(C) Representative images of phenotypes observed when nhr-23::AID*::3xFLAG; 
TIR1 animals were exposed to auxin in the first larval stage. (D) Percent of animals 
of the indicated genotypes with unshed cuticles and morphological abnormalities 
following exposure to auxin. The number of animals scored (n) is provided. 
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further. The percentage of nhr-23::AID; TIR1 animals with molting defects were low 

(0-5%) when animals were shifted to auxin between 2-4 hours post release (Fig. 3.2D). 

However when nhr-23::AID; TIR1 animals were shifted 6-12 hours post release we 

observed a higher penetrance of molting defects (28-58%)(Fig. 3.2D). These data could 

suggest that NHR-23 may not be necessary for the initiation of the molt but required 

for completion of the molt. Additionally, the majority of NHR-23::AID; TIR1 animals 

shifted on to auxin at the 14 and 16 hour time points appeared wild type (Fig. 3.2D). 

TIR1 and nhr-23::AID; TIR1 animals grown on control plates developed normally with 

no arrest or morphological defects (N=35 for each strain). We repeated the 16 hour 

shift experiment and scored animals 48 hours later. Based on size, gonadal morphology, 

and vulval morphology, animals arrested in L2 and L3 (Figure S3.3). Thus depletion 

of NHR-23 during the final 2 hours of the L1 larval stage did not disrupt molting, 

suggesting that NHR-23 is not necessary during this window to complete the molt to 

L2. 

 

Tissue-Specific NHR-23 depletion 

We next wanted to explore the observed molting phenotypes and further identify in 

which tissues NHR-23 is necessary for completion of the molt. In addition to being 

expressed in seam and hypodermal cells (Fig. S3.1), single-cell RNA-seq data indicates 

that nhr-23 is also expressed in rectal cells, vulval precursor cells, excretory cells 

(likely duct and pore cells), and glial socket cells (Cao et al., 2017). We performed 

auxin depletion experiments with a panel of recently described tissue-specific TIR1 
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transgenes developed for hypodermal (col-10p), intestinal (ges-1p), neuronal (rgef-1p), 

seam cell (SCMmin enhancer+pes-10delta minimal promoter) and multi-tissue 

depletion (vha-8p: seam cell, hypodermis, gut, excretory cell, unidentified head 

cells)(Ashley et al., 2021). Surprisingly, no phenotypes were observed when NHR-23 

was depleted using hypodermal-, intestinal-, neuronal- or seam cell-specific TIR1 

transgenes. Only depletion using the vha-8p::TIR1 transgene was able to phenocopy 

the pan-somatic TIR1 allele (eftp::TIR1) (Table 3.1). These data could reflect: i) 

incomplete depletion of NHR-23 in hypodermis, intestine, neurons, or seam cells; ii) 

NHR-23 is not necessary in those cell types; iii) NHR-23 activity is required in multiple 

tissues, with single-tissue depletion being insufficient to disrupt molting.  

 

 
Depletion of NHR-23 leads to a defective cuticle barrier 

We next tested the function of the epidermal barrier using an nlp-29p::GFP reporter. 

nlp-29 is an antimicrobial peptide expressed following wounding or exposure to 

particular pathogens (Pujol et al., 2008). Mutations or RNAi that alter the cuticle barrier 

also trigger nlp-29 expression (Dodd et al., 2018; Melo and Ruvkun, 2012; Sandhu et 
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al., 2021; Ward et al., 2014, 25). Given the mild morphological and molting defects 

observed following early NHR-23 depletion in L1 larvae, we reasoned that the cuticle 

barrier might be intact. The TIR1 control only had weak nlp-29p::GFP expression 

which was not noticeably different between control and auxin treated animals (Fig. 

3.3A,B). The nhr-23::AID, TIR1 animals on control media had slightly elevated levels 

of nlp-29p::GFP on control media. In contrast, both early and late exposure of nhr-

23::AID, TIR1 animals to auxin caused the reporter to be overexpressed, suggesting 

hypodermal damage in both cases (Fig. 3.3A,B). We further tested the cuticle integrity 

in a hypo-osmotic shock assay in which animals with defective cuticle barriers rapidly 

die following exposure to water (Kage-Nakadai et al., 2010). As this assay typically 

scores L4s or adults, we grew animals to early L3 (25 hours post-release), shifted 

animals onto control or auxin plates, and tested sensitivity to hypo-osmotic stress. TIR1 

animals grown on control media or auxin were completely viable in water (Fig. 3.3C). 

nhr-23::AID, TIR1 control animals had a weakly penetrant sensitivity to hypo-osmotic 

shock, while the same strain grown on auxin rapidly died following hypo-osmotic 

shock (Fig. 3.3C). Similarly, nhr-23::AID, TIR1 control animals also had mildly 

elevated nlp-29p::GFP expression, which may suggest the strain is a weak hypomorph. 
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Together, the data suggest that NHR-23 is required for maintenance of the cuticle 

barrier. 

 

 

 
 
Figure 3.3: Depletion of NHR-23 leads to a defective cuticle barrier (A and B) 
Animals expressing nlp-29::GFP were crossed to nhr-23::AID*::3xFLAG; 
TIR1  and  TIR1 animals. (A) Representative images of GFP expression in animals 
of the indicated genotype following an early and late shift to control or auxin 
plates.(B) Anti-GFP immunoblot analysis of  nlp-29::GFP expression. Marker size 
(in kDa) is provided. Stain-free analysis, which visualizes total protein on the 
membrane, is provided as a loading control.  (C) nhr-23::AID*::3xFLAG;TIR1  and 
TIR1 animals were added to 20µl of dH20 and viability was assessed every five 
minutes. 10 animals were assayed for each genotype and condition with three 
biological replicates.  
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NHR-23 depletion causes larval arrest 

nhr-23::AID; TIR1 animals exposed to auxin at hours 2 and 4 appeared smaller than 

control animals, suggesting a potential developmental arrest. This arrest was not 

reversed by removing animals from auxin (unpublished data).  Notably, nhr-

23(tm1323) null homozygotes are reported to arrest in L1 and L2, however the 

parameters used to define these arrest points were not defined (Kouns et al., 2011). To 

test whether NHR-23 depletion triggers a developmental arrest, we used an hlh-

8p::GFP promoter reporter to monitor the M lineage (Harfe et al., 1998). Newly 

hatched L1 animals have one M cell which undergoes a stereotypical series of divisions 

to produce 16 M lineage cells by the L1 molt (Fig. 3.4A)(Sulston and Horvitz, 1977). 

To determine whether animals were arresting in the L1 stage, we shifted synchronized 

nhr-23::AID; TIR1 animals carrying an hlh-8p::GFP reporter onto auxin plates at 3 

hours and 9 hours post-release. We imaged animals 24 hours post-release and M cell 

number was scored.  nhr-23::AID; TIR1 animals exposed to auxin 3 hours post-release 

had an average count of  13.45 M cells (95% confidence interval=0.6) while the late 

exposure resulted in an average of 15.55 M cells (95% confidence interval=0.3)(Fig. 

4B). As auxin concentrations of 1 mM and above can slow C. elegans development 

(Zhang et al., 2015), we shifted TIR1, hlh-8p::GFP animals onto auxin at 3 hours and 

confirmed that they had a similar number of M cells to animals grown on control plates 

(Fig. 3.4B). This difference was statistically significant (two-tailed t-test p=8x10-8). 

The nhr-23::AID; TIR1 animals exposed to auxin 9 hours post release did not have 
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significantly different M cell number than any of the controls (p>0.3)(Fig. 3.4B). We 

also observed that the nhr-23::AID; TIR1, hlh-8p::GFP animals exposed to auxin at 

three hours displayed more penetrant molting defects compared to the strain lacking 

the hlh-8p::GFP reporter (unpublished data). This result could indicate that the hlh-

8p::GFP or the dpy-20(+) marker in the integrated transgene may be suppressing the 

larval arrest phenotype caused by early depletion of NHR-23 in L1 larvae. Regardless, 

the M cell reporter data indicates that depletion of NHR-23 3 hours post-release causes 

an L1 arrest.  

 

To test whether this arrest due to early NHR-23 depletion was unique to the L1 stage, 

we performed similar depletion experiments shifting early L3 animals onto auxin and 

monitoring development by scoring vulva morphology 24 hours later (Mok et al., 

2015). While NHR-23 is expressed in vulval precursor cells, we never saw aberrations 

in vulval morphology in nhr-23::AID, TIR animals grown on auxin. The majority of 

TIR1 animals developed to late L4, with auxin causing a slight developmental delay 

evidenced by more animals in mid-L4. nhr-23::AID; TIR1 animals grown on control 

plates also reached late L4 and also displayed a slight developmental delay with a 

fraction of the population in mid-L4. In contrast, when nhr-23::AID; TIR1 animals 

were shifted to auxin, the vast majority of animals were arrested in early L4 with a 

fraction of the population remaining in L3. Repeating the experiment and scoring 

developmental progression 48 hours post shift to control or auxin plates confirmed that 

nhr-23::AID; TIR1 animals grown on auxin were arrested predominantly in L4 
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(representative image in Fig 3.4E). TIR1 animals on either control or auxin plates and 

nhr-23::AID; TIR1 animals on control plates all reached adulthood (unpublished data. 
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These data indicate that NHR-23 activity is required in multiple larval stages for 

developmental progression. 

 

 
 
Figure 3.4: NHR-23 depletion causes larval arrest.  
 
 



   
 

 

 

61 

 Larval arrest following NHR-23 depletion is independent of the insulin signaling 

pathway 

There are well-characterized developmental checkpoints that promote larval arrest in 

the absence of food (Fielenbach and Antebi, 2008; Kaplan and Baugh, 2016). daf-16 is 

a transcription factor which is part of the insulin signaling pathway and is necessary for 

starvation-induced L1, L3, and L4 arrest (Baugh and Sternberg, 2006; Schindler et al., 

2014). Starved daf-16 mutants fail to arrest at these checkpoints and continue 

development (Baugh and Sternberg, 2006; Schindler et al., 2014). We crossed a daf-

16(mu86) null allele into our TIR-1; hlh-8p::GFP and nhr-23::AID; TIR1; hlh-

8p::GFP strains and grew synchronized L1 larvae on control or auxin plates. daf-

16(mu86), TIR1 animals were able to reach adulthood on both control and auxin plates. 

nhr-23::AID, TIR1, daf-16(mu86) animals reached adulthood on control plates, but 

Fig 3.4 legend, continued 
 
(A) Depiction of the M cell mesoblast cell divisions in L1 larvae created with 
BioRender.com. Newly hatched animals are born with a single M cell, which 
undergoes the indicated set of divisions to produce 16 descendents at the L1/L2 
molt. An hlh-8p::GFP reporter can be used to monitor M cell divisions in living 
animals. (B and C) Animals of the indicated genotype were synchronized and 
shifted to either auxin or control plates at either 3 (early shift) or 9 hours (late shift) 
post-release and imaged at 24 hours post-release. (B) Representative images of 
animals of the indicated genotypes on auxin plates. (C) M cell quantification for 
animals of the indicated genotype shifted to control or auxin plates. Mean and 
standard deviation are labeled. The number of animals assayed for each genotype 
and condition is indicated at the top of the graph. (D) Animals of the indicated 
genotype were synchronized and shifted onto auxin at 25 hours post-release and 
imaged 23 hours later (48 hours post-release). Animals were staged based on vulval 
morphology (Mok et al., 2015). L4 larval stages were grouped as Early L4 (4.0-
4.2), Mid L4 (4.3-4.5), and Late L4 (4.6-4.9). The number of animals assayed for 
each genotype and condition is indicated at the top of the graph. (E) In a repeated 
experiment animals were synchronized and shifted onto auxin at 25 hours post-
release and imaged 48 hours post shift. Representative images of vulva stages 
observed in animals for each indicated genotype and condition.  
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were arrested as larvae when grown on auxin. To determine whether this arrest was in 

L1, we repeated this experiment and monitored the myoblast lineage. nhr-23::AID, 

TIR1, daf-16(mu86) animals  shifted onto control plates had similar M cell counts to 

TIR1, daf-16(mu86) animals grown on either control or auxin plates (Fig. 3.5A). These  

M cell counts were consistent with animals having made it to the L1 molt. In contrast, 

nhr-23::AID, TIR1, daf-16(mu86) animals shifted onto auxin averaged 12.85 M cells 

(95%  confidence interval=2), which was significantly different from the controls (two-

tailed t-test p=4x10-7) and indicative of a larval arrest (Fig. 3.5A).  
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Figure 3.5: Larval arrest following NHR-23 depletion is daf-16-independent, 
but partially suppressed by daf-9 overexpression. (A) M cell quantitation for 
synchronized animals of the indicated genotype shifted to auxin plates at 3 hours 
post-release and imaged 21 hours later (24 hours post-release). Mean and standard 
deviation labeled. The number of animals assayed for each genotype and condition 
is indicated at the top of the graph.(B and C) Animals of the indicated genotype 
were synchronized and shifted onto auxin at 25 hours post-release and imaged 23 
hours later (48 hours post-release). Animals were staged based on vulval 
morphology (Mok et al., 2015). L4 larval stages were grouped as Early L4 (4.0-4.2), 
Mid L4 (4.3-4.5), and Late L4 (4.6-4.9). The number of animals assayed for each 
genotype and condition is indicated at the top of the graph. (C) Representative 
images of vulva stages 73 hours post release. 
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Overexpression of the cytochrome P450 gene daf-9 (daf-9::GFP) was shown to act in 

the daf-16 pathway and produce an even more robust bypass of the L3 and L4 

nutritional checkpoint (Schindler et al., 2014). This strain overexpresses daf-9::GFP in 

the two endocrine XXX cells, though under starvation conditions daf-9::GFP will be 

overexpressed in the hypodermis (Gerisch et al., 2001). NHR-23 depletion did not 

trigger daf-9::GFP hypodermal expression, suggesting that animals were not starving 

(Fig. S3.4).  The majority of TIR1; daf-9::GFP animals shifted to control or auxin 

plates in early L3 reached the late L4 stage (Fig. 3.5C). Similarly, nhr-23::AID, TIR; 

daf-9::GFP animals shifted onto control plates reached the late L4 stage (Fig. 3.5C). 

When nhr-23::AID, TIR; daf-9::GFP animals were shifted onto auxin the majority of 

animals were in mid-L4, with a smaller fraction of the population in L3, early L4, or 

late L4 (Fig. 3.5C). When we repeated the experiment and scored animals 48 hours 

after the auxin shift, nhr-23::AID, TIR; daf-9::GFP animals were still in early to mid 

L4 suggesting that we were observing an arrest rather than developmental delay 

(representative image in Fig. 3.5C). Repeating the experiment and scoring animals 48 

hours post-shift onto control or auxin plates confirmed that nhr-23::AID, TIR; daf-

9::GFP animals  were arresting in L4 on auxin plates. While daf-9::GFP 

overexpression allowed animals to progress later in L4 compared to NHR-23 depletion 

alone, these animals never molted into young adults and we classified this phenotype 

as an L4 arrest. These results suggest that the larval arrest caused by NHR-23 depletion 

is independent of the insulin signaling pathway. 
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NHR-23 regulates oscillating genes involved in aECM biogenesis, lipid transport, 

and signal transduction 

To gain insight into how depletion of NHR-23 at different points in larval development 

affects molting, we analyzed the expression of NHR-23-regulated genes by mining 

existing microarray (Kouns et al., 2011) and oscillatory gene expression data (Hendriks 

et al., 2014)(Table S1). Of the 265 NHR-23 regulated genes, 236 (89%) were 

oscillatory (Table S3.1); a similar trend was observed in a recent analysis of these 

datasets (Tsiairis and Großhans, 2021). In contrast, 10-20% of C. elegans genes 

oscillate in expression (Hendriks et al., 2014; Kim et al., 2013; Meeuse et al., 

2020)(Two-tailed Chi-squared test p<0.0001). To test whether these nhr-23-regulated 

oscillating genes were enriched for particular biological functions, we performed gene 

ontology analysis which indicated an enrichment in genes implicated in: i) molting 

and/or cuticle structure; ii) lipid metabolism and transport; iii) protease inhibition; iv) 

cell adhesion; and v) protein autoprocessing (genes related to hedgehog signaling)(Fig. 

S5). Interestingly, while the C. elegans genome encodes 181 collagen genes (Teuscher 

et al., 2019), nhr-23 only regulated 13 collagens but these include all of the furrow 

collagens implicated in epidermal damage sensing (Table S3.1; dpy-2, dpy-3, dpy-7, 

dpy-10)(Dodd et al., 2018). Other regulated collagens have well-described roles in 

body morphology (sqt-1, sqt-2, rol-6)(Kramer and Johnson, 1993). There are also 

several sets of genes involved in apical extracellular matrix biogenesis and remodeling, 

such as lipocalins, proteases, protease inhibitors, fibrillin, PAN and ZP domain-

containing proteins, and leucine-rich repeat proteins. Although not enriched as a gene 
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ontology class, NHR-23 also regulates several transcription factors implicated in 

molting or energy metabolism (peb-1, nhr-91, dpy-20)(Clark et al., 1995, 20; 

Fernandez et al., 2004; Kasuga et al., 2013). Most of the genes in these ontology classes 

have a peak phase following that of nhr-23 (Fig. 3.6C). (modENCODE Consortium et 

al., 2010). As expected, NHR-23 was enriched in the promoter region of genes (Fig. 

S3.6). There was also notable enrichment downstream of the transcriptional end site 

(Fig. S3.6). We then examined whether NHR-23 was enriched near nhr-23-regulated 

oscillating genes. We converted the period to developmental time assuming a 9 hour 

larval stage which makes each hour equivalent to 40º. We separated the genes into three 

groups based on their peak phase. There were low levels of NHR-23 binding in genes 

that peaked in expression between 0 and 3 hours (Fig. 3.6B). For reference, nhr-23 

peaks at 178.11º/4.45 hours (Meeuse et al., 2020).  In contrast, the genes that peaked 

in expression between 3 and 6 hours had much higher NHR-23 binding (Fig. 3.6B). 

The genes peaking in expression later (6-9 hours) had reduced NHR-23 binding, but 

still higher levels than the genes peaking between 0 and 3 hours (Fig. 3.6B). Thus genes 

which peak in expression close to when nhr-23 mRNA levels peak tend to have higher 

NHR-23 levels upstream, downstream, and within their gene bodies (Fig. 3.6B). 
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Figure 3.6: NHR-23 regulates oscillating genes involved in aECM biogenesis, 
lipid transport, and signal transduction. (A) A radar chart plotting amplitude over 
the phase of peak expression of nhr-23-regulated genes from Kouns et al. (2011). 
The dotted circles indicated amplitude, with the innermost circle representing an 
amplitude of 1 and the outermost circle representing an amplitude of 4. (B) Average 
signal from NHR-23 ChIP-seq data for nhr-23-regulated oscillating genes which 
peak phases between 0º-120º (Early), 120-240º (Middle), and 240º-360º. For 
reference, nhr-23 mRNA peaks at 178.11º. The average NHR-23 signal for all 21,600 
C. elegans genes (All genes) and the 20% of genes with the lowest expression (No 
expression) are shown for reference.  
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Discussion 

C. elegans molting is a powerful model to understand how a large-scale gene oscillator 

is integrated into rhythmic epidermal regeneration. In this study, we identify distinct 

windows of NHR-23 activity required for initiation and execution of the molt program 

and formation of the epithelial barrier. 

 

A model for the role of NHR-23 in molting 

Depletion of NHR-23 early in a larval stage before NHR-23 levels start rising produces 

a larval arrest with only weakly penetrant molting defects (Fig 3.2). In contrast, 

depletion after NHR-23 levels have risen produces molting and developmental defects 

(Fig. 3.2). The first larval stage appeared to be most sensitive to NHR-23 depletion, as 

all animals appeared to arrest in the L1 stage. In contrast, depletion at the start of L2 

produced arrests in both L2 and L3 larvae, and depletion at the start of L3 produced 

arrests in L3 and L4 larvae. It is unclear whether these differences are technical, such 

 
 

Figure 3.6 legend, continued  
 
To explore NHR-23 direct targets, we analyze an NHR-23 L3 ChIP-seq dataset. The 
mean signal is plotted with a line and the mean's 95% confidence interval is 
indicated by the shaded area. (C) The data from (A) was plotted as a scatter plot and 
functionally annotated (see Table S1). To provide developmental context, we 
converted the 360º oscillation to developmental timing over a 9 hour larval stage, 
such as the L3 or L4 stage at 20ºC. In this context, 1 hour=40º and this converted 
developmental time is used in B and C. nhr-23 mRNA has a peak phase of 178.11º 
(4.45 hours) with an amplitude of 2.11 (Meeuse et al., 2020).The green shaded area 
represents NHR-23 expression based on RNA-seq (Meeuse et al., 2020), imaging 
(Figure 1B), and western blotting data (Figure 1C). Dotted lines indicate boundaries 
between the early, middle, and late nhr-23-regulated oscillating genes from B. 
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as NHR-23 depletion is more effective in L1 because of smaller animal volume or the 

longer duration of the L1 stage affords more time to deplete NHR-23 below a critical 

threshold. Alternatively, NHR-23 might play a more prominent role in L1 vs other 

larval stages. 

 

Larval arrest following NHR-23 depletion was not suppressed by daf-16 inactivation, 

so is not an insulin/IGF-regulated development checkpoint.  There were no molting 

defects nor arrests observed when animals were exposed to auxin following the NHR-

23 peak in expression, suggesting that these animals were able to molt and arrest in the 

next larval stage. NHR-23 depletion phenotypes might represent defects in molting 

initiation (early depletion) or molting execution (late depletion). The arrest caused by 

early NHR-23 depletion might reflect failure to activate the next tier of a gene 

regulatory program. This model would be consistent with insect molting, in which the 

hormone ecdysone triggers a regulatory cascade driven by nuclear hormone receptors, 

including the NHR-23 ortholog DHR3 (King-Jones and Thummel, 2005; Lam et al., 

1997; Ruaud et al., 2010; Thummel, 1990). Consistent with this model, nhr-23 

regulates peb-1 and dpy-20, transcription factors with known roles in molting (Clark et 

al., 1995, 20; Fernandez et al., 2004, 1). nhr-23 also regulates nhr-91 (Kouns et al., 

2011)(Table S3.1), a nuclear hormone receptor involved in blast cell progression in 

response to nutrients (Kasuga et al., 2013). An alternate, non-exclusive model is that 

physiological defects trigger an arrest. Early nhr-23-regulated genes include a set of 

apical ECM components required to preserve epithelial integrity during morphogenesis 
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(fbn-1, sym-1, let-4, noah-1, noah-2)(Kelley et al., 2015, 1; Vuong-Brender et al., 

2017). An equivalent structure may be required in larvae prior to apical ECM 

remodeling to ensure that the internal turgor pressure does not cause epithelial rupture. 

One intriguing possibility is that the earlier NHR-23-regulated genes may be more 

sensitive to NHR-23 levels. This model would align with E. coli amino acid 

biosynthesis gene regulation where enzymes earlier in the pathway have more 

responsive promoters with higher activity (Zaslaver et al., 2004). Accordingly, there is 

an enrichment for NHR-23 binding flanking and within oscillating genes that peak in 

expression close to the NHR-23 peak in expression (Fig. 3.6B).  However, formal 

testing of this model would require an intensive study involving biochemical 

assessment of NHR-23 affinity for candidate binding sites and experimental 

manipulation in vivo of the candidate binding sites. 

 

Later depletion of NHR-23 might allow the molt to initiate, but the loss or reduction of 

critical aECM components and remodeling factors, signaling proteins, and metabolic 

enzymes could cause the molt to fail resulting in the observed developmental and 

ecdysis defects (Fig. 3.6C). nhr-23 regulates the expression of five lipocalin genes all 

peaking within a 15º period (equivalent to 15 minutes in a 9 hour larval stage)(Table 

S3.1). Two of these lipocalins (LPR-1 and LPR-3) are required for aECM organization, 

with LPR-3 playing an additional role in ecdysis (Forman-Rubinsky et al., 2017). Some 

lipocalins can bind matrix metalloproteases (Leng et al., 2009; Yan et al., 2001). 

Notably, nhr-23 also regulates nas-37, a conserved matrix metalloprotease with roles 
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in ecdysis (Davis et al., 2004) as well as two uncharacterized predicted proteases (nas-

4, spg-7). Metalloprotease activity must presumably be tightly regulated to prevent 

premature ecdysis. mlt-11 is a poorly characterized protease inhibitor with nine Kunitz 

protease inhibitor domains, and peaks in expression prior to these proteases so might 

function to regulate the timing of ecdysis. nhr-23-regulated genes predicted to function 

in lipid metabolism or transport could also contribute to the late NHR-23 depletion 

phenotype. There are a number of hedgehog-related (qua-1, wrt-1, wrt-4) and Patched 

or Patched-related genes (ptc-3, ptr-4, ptr-10, ptr-11, ptr-18), a subset of which are 

implicated in molting or lipid transport (Chiyoda et al., 2021, 4; Cohen et al., 2021, 4; 

Hao et al., 2006; Zugasti et al., 2005).  It has been hypothesized that a sterol ligand 

regulates nematode molting as cholesterol depletion in C. elegans phenocopies nhr-23 

inactivation and insect molting is initiated by a pulse of the steroid hormone 

ecdysone(Lažetić and Fay, 2017; Thummel, 1990); nhr-23 regulates two genes 

predicted to be involved in steroid metabolism (dhs-16, mboa-1)(Kouns et al., 

2011)(Table S3.1). Future analysis of these candidate nhr-23 targets will illuminate 

how collagen secretion, apical ECM remodeling, apolysis, and ecdysis are coordinated 

with developmental progression. 

 

NHR-23 is necessary for epithelial barrier establishment and/or maintenance 

Early NHR-23 depletion caused sensitivity to hypo-osmotic stress and activation of an 

nlp-29p::GFP reporter (Fig 3.3). These data suggest that despite looking superficially 

wild-type that there are cuticular abnormalities. There are numerous nhr-23-regulated 
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genes which are implicated in the epithelial barrier. The cuticle furrow formed by six 

nhr-23-regulated collagens (dpy-2, dpy-3, dpy-7, dpy-8, dpy-9, dpy-10) is thought to be 

monitored by a sensor which coordinates a number of stress responses following 

detection (Dodd et al., 2018). An RNAi screen of 91 collagens found that inactivation 

of only these six collagens caused a barrier defect (Sandhu et al., 2021). Inactivation of 

a subset of the furrow collagens also causes elevated nlp-29p::GFP reporter activity 

(Dodd et al., 2018), consistent with our NHR-23-depletion data (Fig. 3.3). bus-8 is a 

predicted glycosyltransferase that plays a role in the epithelial barrier and is also nhr-

23-regulated and its peak expression follows that of the furrow collagens (Table S3.1). 

Screening nhr-23 regulated genes may find other genes implicated in the epithelial 

barrier and the peak phase could provide insight into how this barrier is constructed.  

 

NHR-23 isoforms 

We detected three bands on our western blots, the size of which are consistent with 

isoforms confirmed by Nanopore direct mRNA sequencing (NHR-23b/f, NHR-23c, 

NHR-23e)(Roach et al., 2020). NHR-23b/f is predicted to contain an N-terminal 

extension with an alpha helix and an unstructured domain not found in NHR-23c (Fig. 

S3.7,S3.8). In many NHRs, unstructured regions in the N-termini, C-termini, or flexible 

region between the DBD and LBD (hinge region) contain co-regulator docking sites 

(Krasowski et al., 2008). It’s possible that these isoforms form different transcriptional 

regulatory complexes. Alternatively, the sequences flanking the DBD can impact 
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binding site preference of NHRs (Li et al., 2017; Simmons et al., 2008), meaning that 

these isoforms could regulate different subsets of genes.  

 

The most robustly expressed isoform is consistent with the size of NHR-23e, which 

peaks prior to an abrupt decrease in all NHR-23 isoforms levels prior to the molt. NHR-

23e lacks all critical residues required for forming a functional DNA-binding domain, 

but contains the hinge region and LBD (Fig. S3.7). A subset of C. elegans NHRs 

(36/278; Tables S3.2,3.3) also have isoforms that lack DNA binding domains. This 

group includes 10 of the 34 functionally characterized NHRs, with several involved in 

nutrient sensing, dietary restriction-mediated longevity, metabolism, and energy 

homeostasis (DAF-12, NHR-23, NHR-25, NHR-49, NHR-62, NHR-68, NHR-91, 

NHR-114)(Antebi, 2015; Gerisch and Antebi, 2004, 12; Gracida and Eckmann, 2013; 

Kasuga et al., 2013; Macneil et al., 2013; Mullaney et al., 2010; Van Gilst et al., 2005a; 

Van Gilst et al., 2005b). While the function of these DBDless isoforms in C. elegans 

has not been determined, they may function as dominant-negative repressors. A well-

characterized transcriptional regulatory mechanism involves transcription factor 

dimerization where one of the monomers lacking a DBD can still heterodimerize but 

serves as a “poison” subunit (Amoutzias et al., 2008).  

 

Is NHR-23 a cog in a gene expression oscillator? 

Recent work has revealed that ~10-20% of the C. elegans transcriptome undergoes 

rhythmic oscillations, peaking each larval stage and likely controlling molting 
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(Hendriks et al., 2014; Kim et al., 2013; Meeuse et al., 2020). This process of rhythmic 

skin regeneration has interesting parallels to postnatal mammalian hair follicle 

regeneration as both involve non-circadian oscillations and are regulated by BLMP-

1/BLMP1 (Hauser et al., 2021; Paus and Foitzik, 2004; Stec et al., 2021). How the C. 

elegans gene expression oscillator functions is only starting to be determined. The 

conserved transcription factor BLMP-1/BLIMP1 shapes oscillatory gene expression 

(Hauser et al., 2021) and acts as a pioneer factor to decompact chromatin (Stec et al., 

2021). NHR-23 is a strong candidate to regulate a subset of molting genes in this 

oscillator. ChIP-seq data indicates that BLMP-1 binds upstream of the NHR-23 

transcription start site (modENCODE Consortium et al., 2010). RNA-seq time courses 

indicate that nhr-23 is one of the earliest expressed transcription factors implicated in 

molting (Hendriks et al., 2014; Meeuse et al., 2020). nhr-23-regulated genes are 

enriched for molting factors (Fig 3.6, Table S3.1)(Kouns et al., 2011), and 236 of the 

265 NHR-23-regulated genes oscillate (89%). The mammalian homolog of NHR-23 

(RORalpha) regulates circadian rhythms, and both NHR-23 and RORalpha proteins 

oscillate (Akashi and Takumi, 2005)(Figure 3.1).  

 

Analysis of the C. elegans oscillator indicates that it operates on a Saddle Node on 

Invariant Cycle (SNIC) bifurcation (Meeuse et al., 2020). An important characteristic 

of a SNIC oscillator is arrest at specific phases, and the C. elegans oscillator can be 

arrested at points corresponding with developmental checkpoints in each larval stage. 

Notably, NHR-23 levels are at their lowest during these arrest points. Meeuse et al. 
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hypothesized that signals linked to metabolism or the nutrition state of the animal 

control the oscillator at these checkpoints. Consistent with NHR-23 playing a role in 

the oscillator, it controls developmental rate in response to diet likely through 

modulation of NHR-23 activity, not levels (Macneil et al., 2013). Consistent with this 

model, the mammalian orthologs of NHR-23 bind various sterol ligands (Kallen et al., 

2002; Kallen et al., 2004; Soroosh et al., 2014) and a ligand has been suggested to drive 

molting (Lažetić and Fay, 2017). A SNIC oscillator is also characterized by interlinked 

positive and negative feedback loops. In addition to the DBD-less isoform, which could 

function as a dominant negative regulator, nhr-23 is negatively regulated by the let-7 

microRNA and also positively regulates this microRNA (Patel and Frand, 2018). This 

feedback loop represents a point where the heterochronic pathway controlling 

developmental timing intersects with the molting program. NHR-23 levels drop during 

the molt and NHR-23-depleted animals shifted off auxin do not resume development, 

suggesting that NHR-23 is not likely responsible for restarting the oscillation during a 

checkpoint but rather promoting epidermal remodeling. Going forward, determining 

the factors that promote nhr-23 expression will be critical for defining how the 

oscillator functions. 

 

Future perspectives 

This work highlights the power of timed protein depletion for dissecting the role of 

oscillating developmental regulators in development. We have found distinct 

phenotypes depending on when we deplete NHR-23 in a given larval stage. Going 
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forward it will be important to determine whether NHR-23 acts cell-autonomously or 

non-autonomously, and identify the critical tissues in which NHR-23 activity is 

necessary. As transcription factors coordinate the expression of batteries of genes in a 

given biological process, future work will reveal how NHR-23 coordinates apical ECM 

remodeling, apolysis, and ecdysis. NHR-23 oscillates in the soma yet is constitutively 

expressed in the germline (Ragle et al., 2020). Exploring the differences between 

oscillatory and constitutive NHR-23 expression could shed light on mammalian gene 

regulation, as several circadian rhythm regulators oscillate in the soma but are 

constitutively expressed in the testes (Alvarez et al., 2008; Kang et al., 2010; Kennaway 

et al., 2012; Morse et al., 2003) 

Materials and Methods 

C. elegans Strains and Culture  

C. elegans strains were cultured as originally described (Brenner, 1974), except worms 

were grown on MYOB instead of NGM. MYOB was made as previously described 

(Church et al., 1995). Animals were cultured at 20ºC for all assays, unless otherwise 

indicated. For general strain propagation, animals were grown at 15ºC according to 

standard protocols.  
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Strains used in this study 

Strain Genotype 

JDW3 
nhr-23(wrd1[GFP^BioTag-degron-3xFLAG]) I; ; ieSi57 [Peft-

3::TIR1::mRuby::unc-54 3’UTR, cb-unc-119(+)] II (Ragle et al., 2020) 

JDW230 
wrdSi40 [SCMp*:TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 +SEC 

II:0.77] (Ashley et al., 2021) 

JDW258 

wrdSi22 [eft-3p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 

3'UTR+SEC, I:-5.32] ; nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG)) I 

(Ashley et al., 2021) 

JDW290 

nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I; 

  re313 [col-10p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 3'UTR] 

II:0.77, II 

JDW291 

nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I; 

  reSi7 [rgef-1p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 3'UTR I:-

5.32], I 

JDW292 
nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I; ieSi61 

  [ges-1p::TIR1::mRuby::unc-54 3'UTR + Cbr-unc-119(+)] II. 

JDW294 
nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I; cpSi171 

  [vha-8p::TIR1::F2A::BFP::AID*::NLS::tbb-2 3'UTR I:-5.32] I 

JDW310 
nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I; wrdSi40 

[SCMp*::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 +SEC II:0.77] 

JDW311 

nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I; wrdSi44 

[SCMp*::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 3'UTR, II:0.77 

ttTi5605] 

JDW348 ieSi57 [Peft-3::TIR1::mRuby::unc-54 3’UTR, cb-unc-119(+?)] II; frIs7 
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[nlp-29p::GFP + col-12p::DsRed] IV 

JDW349 

nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I; ieSi57 

  [Peft-3::TIR1::mRuby::unc-54 3’UTR, cb-unc-119(+?)] II; frIs7 [nlp-

29p::GFP +col-12p::DsRed] IV 

JDW350 
ieSi57 [Peft-3::TIR1::mRuby::unc-54 3’UTR, 

  cb-unc-119(+?)] II; dhIs64 [daf-9p::daf-9::GFP + lin-15(+)] 

JDW351 

nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I; ieSi57 

  [Peft-3::TIR1::mRuby::unc-54 3’UTR, cb-unc-119(+?)] II; dhIs64 

  [daf-9p::daf-9::GFP + lin-15(+)] 

JDW352 
ieSi57 [Peft-3::TIR1::mRuby::unc-54 3’UTR, cb-unc-119(+?)] II; ayIs6 

[hlh-8::GFP fusion + dpy-20(+)] X 

JDW353 

nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I; ieSi57 

  [Peft-3::TIR1::mRuby::unc-54 3’UTR, cb-unc-119(+?)] II; ayIs6 [hlh-

8::GFP 

  fusion + dpy-20(+)] X 

JDW354 
wrdSi60 [eft-3p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2:tbb-2 

  3'UTR, I:-5.32] I; ayIs6 [hlh-8::GFP fusion + dpy-20(+)] X 

JDW355 

wrdSi61 [eft-3p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2:tbb-2 

  3'UTR, I:-5.32] ; nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG)) I; ayIs6 

[hlh-8::GFP fusion + dpy-20(+)] X 

JDW356 

wrdSi59 [eft-3p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 

  3'UTR, I:-5.32], daf-16(mu86) I; ayIs6 [hlh-8::GFP fusion + dpy-20(+)] 

X 

JDW357 

wrdSi59 [eft-3p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 

  3'UTR, I:-5.32], nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG)), daf-

16(mu86) I; 
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  ayIs6 [hlh-8::GFP fusion + dpy-20(+)] X 

 
KRY87 nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I (Zhang et al., 2015) 

KRY88 

nhr-23(kry61(nhr-23::AID*-TEV-3xFLAG))I; ieSi57 [Peft-

3::TIR1::mRuby::unc-54 3’UTR, cb-unc-119(+?)] II  (Zhang et al., 2015) 

 

 

 

Strains provided by the CGC 

Strain Genotype 

AA277 

lin-15B&lin-15A(n765) X; dhIs64 [daf-9p::daf-9::GFP + lin-15(+)] 

(Gerisch and Antebi, 2004) 

PD4666 ayIs6 [hlh-8::GFP fusion + dpy-20(+)] X  (Harfe et al., 1998) 

CA1200 

unc-119(ed3); ieSi57 

  [Peft-3::TIR1::mRuby::unc-54 3’UTR, cb-unc-119(+)] II (Zhang et al., 

2015) 

CA1209 ieSi61 [ges-1p::TIR1::mRuby::unc-54 3'UTR + Cbr-unc-119(+)] II 

CF1038 daf-16(mu86) I (Lin et al., 1997) 

DV3800 

reSi2 [col-10p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 3'UTR 

II:0.77] (Ashley et al., 2021) 

DV3805 

reSi7 [rgef-1p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 3'UTR I:-

5.32] (Ashley et al., 2021) 

JDW118 

wrdSi22 [eft-3p:TIR1:F2A:mTagBFP2:tbb-2 3'UTR+SEC, I:-5.32]  

(Vo et al., 2021) 
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JDW224 

wrdSi22 [eft-3p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 

3'UTR+SEC, I:-5.32] (Ashley et al., 2021) 

LP869 

cpSi171 [vha-8p::TIR1::F2A::mTagBFP::AID*::NLS::tbb-2 3'UTR I:-

5.32] (Ashley et al., 2021) 

 

Auxin treatment 

Control and auxin media/plates were made as described in Ragle et al. 2020. Control 

media consisted of MYOB agar+0.25% ethanol. Auxin media was made by dissolving 

indole 3-acetic acid (Alfa Aesar, AAA1055622) in 100% ethanol to 1.6 M and then 

mixing it into melted MYOB agar at 55°C to a final concentration of 4 mM prior to 

pouring plates. Temperature of the media was monitored with a Lasergrip 1080 infrared 

thermometer gun (Etekcity). Plates were seeded with E. coli OP50 and incubated 

overnight at room temperature. Plates were stored for up to one month at 4ºC prior to 

use. For all auxin treatment experiments, animals were synchronized by alkaline 

bleaching. The collected eggs were incubated in M9 buffer supplemented with 

5mg/mLcholesterol at 20ºC for 24 hours and arrested L1 larvae were released onto the 

indicated type of MYOB plate. 

 

Microscopy   

Synchronized animals were collected from MYOB, control, or auxin plates at the 

indicated time points using 1000µl of M9 + 2% gelatin. Animals were spun at 700xg 

for 1 min. The media was then aspirated off and animals were resuspended in 500µl 

M9 + 2% gelatin with 5 mM levamisole.  12µl of animals in M9 +gel with levamisole 
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solution were placed on slides with a 2% agarose pad and secured with a coverslip. 

Images were acquired using a Plan-Apochromat 40x/1.3 Oil DIC lens on an 

AxioImager M2 microscope (Carl Zeiss Microscopy, LLC) equipped with a Colibri 7 

LED light source and an Axiocam 506 mono camera. Acquired images were processed 

through Fiji software (version: 2.0.0- rc-69/1.52p). For direct comparisons within a 

figure, we set the exposure conditions to avoid pixel saturation of the brightest sample 

and kept equivalent exposure for imaging of the other samples. 

 

Phenotypic analysis 

For the phenotypic analysis in Figure 2, synchronized CA1200 or KRY88 larvae were 

released onto MYOB plates and then shifted onto control or auxin plates every two 

hours up to 16 hours. Animals were collected as described in the Microscopy section 

and imaged by DIC microscopy to score for morphology and shedding of the L1 

cuticles. For the M cell lineage experiments in Figures 4C and 5A, synchronized 

animals of the indicated genotypes were released onto MYOB plates and shifted onto 

control or auxin plates at 3 hours (early shift) or 9 hours (late shift) post-release and 

then imaged at 24 hours post-release, as described in the Microscopy section. M cells 

were counted and recorded. For the L3 shift experiments (Fig. 4D,5B) synchronized 

animals of the indicated genotype were grown on MYOB. At 25 hours post-release, 

they were shifted onto 6-well control or auxin MYOB plates seeded with OP50. 24 

hours later, animals were collected as described in the Microscopy section and imaged 
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by DIC microscopy to stage animals according to vulval morphology (Mok et al., 

2015).  

 

Hypo-osmotic stress sensitivity  

Hypo-osmotic stress sensitivity assays were performed on L4 stage larvae as described 

(Ward et al., 2014), except we used 20µl of dH20. Each strain was assayed in triplicate.  

 

Western Blots  

Animals were synchronized by alkaline bleaching, as described in the Auxin Treatment 

section. For the western blots in Figure 1C and 2B, 6000 KRY88 animals per well were 

transferred onto a 6-well MYOB plate seeded with OP50. Animals were cultured at 

20ºC and collected at the indicated timepoints as previously described by washing 

animals out of the well with M9+0.05% gelatin (VWR, 97062-620), transferring to a 

1.5 ml tube and washing twice more with M9+0.05% gelatin (Vo et al., 2021). Animals 

were pelleted, transferred in a 30 µl volume to a new 1.5 ml tube, and flash frozen in 

liquid nitrogen. For the western blot in Figure 2B, synchronized KRY87 animals were 

grown at 20ºC on MYOB plates, before being washed off in M9+0.05% gelatin. A 0 

minute time point was collected as described above, and then 6000 animals were 

transferred into the wells of a 6-well control or auxin plate seeded with OP50. Samples 

were collected at 15 and 30 minutes following transfer into the well, as described 

above. For the western blots in Figure 3B, 500 animals of the indicated genotype were 

transferred into wells of a 6-well control or auxin plate seeded with OP50. Animals 
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were incubated for 24 hours at 20ºC and collected as described above. To generate the 

lysate for western blot analysis, animals were freeze-cracked twice in liquid nitrogen, 

and Laemmli sample buffer was added to 1X and samples were heated to 95ºC for 10 

minutes. The resulting supernatants were used for western blot analysis, as described 

below.  

 

For the blots in Figures 1C and 2B 10 µl of lysate and 7.5 µl 1:1 mix of Amersham 

ECL Rainbow Molecular Weight Markers (95040-114) and Precision Plus Protein 

Unstained Standards (1610363) was resolved by SDS-PAGE using precast 4-20% 

MiniProtean TGX Stain Free Gels (Bio-Rad). For the blot in Figure 3B, the lysates had 

more variable levels of total protein, particularly the NHR-23 depleted samples that 

produced an early larval arrest. Therefore we quantified the signal of the most intense 

band by Stain Free imaging (Posch et al., 2013) using a Bio-Rad ChemiDoc imaging 

system, and ran a new gel with normalized loading. Proteins were transferred to a 

polyvinylidene difluoride membrane by semi-dry transfer with a TransBlot Turbo (Bio-

Rad). Total protein, pre- and post-transfer, was monitored using the stain-free 

fluorophore as described (Posch et al., 2013; Ward, 2015a). Membranes were washed 

in TBST and blocked in TBST+5% milk (TBST-M; Nestle Carnation Instant Nonfat 

Dry Milk, 25.6-Ounce, Amazon) for one hour at room temperature. Blots were rocked 

in primary antibodies in TBST-M overnight at 4ºC and then washed 4x5min with 

TBST. For primary antibodies conjugated with horseradish peroxidase (HRP) the blots 

were developed after the last TBST wash. Otherwise, blots were incubated with HRP-
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conjugated secondary antibodies in TBST-M for one hour at room temperature 

followed by 4x5min TBST washes and then developed as described below.  

 

The primary antibody used for Figure 1C and 2B was horseradish peroxidase (HRP) 

conjugated anti-FLAG M2 (Sigma-Aldrich, A8592-5x1MG, Lot  #SLCB9703) at a 

1:2000 dilution. Precision Protein StrepTactin-HRP Conjugate (Bio-Rad, #1610381, 

Lot #64426657) was included with the primary antibody at a 1:10,000 dilution to 

visualize the protein size standard during blot imaging. For the blot in Figure 3B, we 

used the following 1º antibodies diluted at 1:2000: rabbit anti-GFP antibody (Sigma 

Millipore, C1544-100µg) and mouse anti-alpha-Tubulin 12G10  (Developmental 

Studies Hybridoma Bank, we used the “-c” concentrated supernatant). The secondary 

antibodies were Digital anti-Rabbit (Kindle Biosciences LLC, R1006) and Digital anti-

mouse (Kindle Biosciences LLC, R1005), both diluted 1:1000. Streptactin-HRP was 

included at 1:1000 with the 2º antibody incubations, similar to the anti-FLAG M2-HRP 

blots. Blots were incubated for 5 minutes with 1 ml of Supersignal West Femto 

Maximum Sensitivity Substrate (Thermo Fisher Scientific, 34095) and the final blot 

were imaged using the ‘chemi high-resolution’ setting on a Bio-Rad ChemiDoc MP 

System. 

 

Bioinformatics 

Figure 6A was generated in R (R Core Team). Phase and amplitude in Table S1 were 

converted to x and y coordinates for each gene by calculating x = amplitude * 
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cos(phase) and y = amplitude * sin(phase). For Figure 6B and S6, L3 NHR-23 ChIP-

Seq data was downloaded from http://www.modencode.org, accession ID 

modEncode_3837. Wig files were converted to bigwig format and loaded into the 

Bioconductor package SeqPlots (cite_SeqPlots)(Huber et al., 2015; Stempor and 

Ahringer, 2016). A bed file with the start and end coordinates of all genes’ CDS was 

generated and loaded into SeqPlots. SeqPlots aligned all genes by the start and end 

position and scaled the coding sequence of each gene to 2 kb. The average signal over 

all aligned genes was calculated in 25 bp windows from 1 kb upstream of the start site 

to 1kb downstream of the end site. For Fig. 6C the phase for the oscillating genes in 

Table S1 was converted to time during the molting cycle by assuming a 9 hour larval 

stage which make each hour=40º. The phase in hours was then plotted along the x axis 

and the oscillating genes’ amplitude was plotted on the y axis.  The gene annotation 

was based on the Concise Description and Automated Description downloaded from 

Wormbase.  

 

Statistical Analysis  

Statistical tests and numbers of animals analyzed are detailed in figure legends. 
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Supplementary Figures  

 
Figure S3.1. NHR-23::GFP expression in hypodermal tissue. Representative 
image of NHR-23 expression in nhr-23::GFP::AID*::3xFLAG; TIR-1 L4 animals. 
NHR-23 expression is seen in the hypodermis and developing germline, as 
described in Ragle et al. 2020.  White arrows to seam cells expressing GFP and 
yellow arrows pointing to hyp cells expressing GFP. 
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Figure S3.2. nhr-23 isoforms detected by Nanopore direct mRNA sequencing. 
Gene model diagrams of the nhr-23 isoforms from the “observed isoforms” track 
on the ENSEMBL genome track. These are isoforms confirmed by direct mRNA 
sequencing (Roach et al., 2020). The top tracks are of the full nhr-23 gene, including 
the nhr-23c isoforms, which contain a large first intron. The middle tracks are a 
zoomed in view starting at the nhr-23b transcription start site. The bottom tracks are 
further zoomed in to depict the alternative 3’ splice site usage that generates nhr-
23b and nhr-23f. 
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Figure S3.3. Late depletion of NHR-23 in L1 leads to a L2/L3 arrest. 
Synchronized nhr-23::AID*::3xFLAG; TIR1 and TIR1 animals were grown on 
MYOB and shifted to auxin or control plates at 16 hours post release. 30 animals 
for each genotype and condition were staged 48 hours post shift as described in 
Figure 4. Percentage of animals in each stage is displayed for each genotype and 
condition. 
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Figure S3.4. Depletion of nhr-23 does not lead to hypodermal expression of daf-
9. Animals expressing allele dhIs64 [daf-9p::daf-9::GFP + lin-15(+)] were crossed 
to nhr-23::AID*::3xFLAG; TIR1 and TIR1 animals. Animals were synchronized 
and expose to auxin and early and late shifts (3 and 9 hours post release). Animals 
were imaged 24 hours post release for expression of daf-9::GFP.  
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Figure S3.5. GORILLA-REVIGO analysis of nhr-23-regulated genes. Analysis 
of enriched biological functions in genes downregulated by nhr-23(RNAi) as 
determined by GORILLA-REVIGO analysis. The list of nhr-23-regulated genes 
was analyzed by Gene Ontology enRIchment anaLysis and visualization tool 
(GORILLA) and visualized by the Gene Ontology visualization tool REVIGO 
which clusters similar functional categories in two-dimensional space. REVIGO 
presents the semantic similarity of the data on the x- and y-axes; bubble color 
indicates p-value derived from the GORILLA and bubble size is proportional to the 
frequency of gene ontology terms in the Gene Ontology Annotation database. 
Colors corresponding to log10 p-value are provided in the legend. 
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Figure S3.6. NHR-23 enrichment around genes. Average signal over all aligned 
genes from two NHR-23 ChIP-seq replicates. The y-axis indicates non-normalized 
read coverage. The mean signal is plotted with a line and the mean's 95% confidence 
interval is indicated by the shaded area. TSS=transcription start site; 
TES=transcription end site. 
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Figure S3.7. NHR-23 isoform alignment with human RORA. An alignment 
produced with Clustal Omega (Goujon et al., 2010; Sievers et al., 2011) and 
visualized with JalView2 (Waterhouse et al., 2009). Protein identity for each row 
and total length in amino acids is provided in the left column. To the left and right 
of the alignment are amino acid position references. The positions of the zinc-finger 
DNA binding domain (red dotted rectangle) and ligand-binding domain (black 
dotted rectangles) are shown. 
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Figure S3.8. Predicted AlphaFold structure of NHR-23a. While there is no 
Nanopore evidence for the nhr-23a isoform, it was the only NHR-23 isoform with 
a structure predicted by AlphaFold (Jumper et al., 2021). A legend with the 
confidence in the model is presented in the top left corner. The positions of the N-
terminus, C-terminus, DNA-binding domain (DBD), ligand-binding domain (LBD), 
and starts of the NHR-23b/f and NHR-23e isoforms are shown. 
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Appendix  
 
Available strains for NHR-85  
 

JDW114 nhr-85(wrd28[nhr-85::GFP^SEC^degron:3xFLAG]) 
JDW115 nhr-85(wrd29[nhr-85::GFP^degron:3xFLAG]) 
JDW116 nhr-85(wrd28[nhr-85::GFP^SEC^degron:3xFLAG]); bmd16 [eft-3>GFP1:10; 

myo2>mCh::loxP] I 
JDW117 nhr-85(wrd30[nhr-85::GFP^degron:3xFLAG]); bmd16 [eft-3>GFP1:10; 

myo2>mCh::loxP] I 
 
  

  

  

 
Figure A1. Expression of NHR-85 in molting animals. Representative image of 
NHR-85 expression in nhr-85(wrd29[nhr-85::GFP^degron:3xFLAG]) animals. Animals 
were synchronized and imaged at 16 hours post release. Expression of NHR-
85::GFP is visible in the hypodermal cells, seam cells, and cuticle lining. The 
imaged animal has completed the first molt and sheathed its old cuticle (arrow).   
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Figure A2. Tagging of NHR-85 may cause a minimal suppression. Animals 
expressing similar morphology to NHR-23 “splatters” were seen while imaging 
NHR-85::GFP expression in nhr-85(wrd29[nhr-85::GFP^degron:3xFLAG]) animals. 
Animals were synchronized and imaged at 16 hours post release. Despite the small 
stature and abnormal morphology NHR-85 expression is still visible in the 
hypodermal cells and cuticle lining.  

 




