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ABSTRACT OF THE DISSERTATION 

 

 

Unifying Mechanisms of Developmental Timing: 

Genetic and Molecular Analysis of the 

Molting Cycle Timer of  

Caenorhabditis elegans 

 

by 

 

Gabriela Carolina Monsalve 

Doctor of Philosophy in Biological Chemistry 

University of California, Los Angeles 

Professor Alison R Frand, Chair 

 

Chronobiologists focus on understanding at least two ways of regulating the time of life: 

biological clocks that anticipate environmental conditions, and temporal switches that regulate 

sequential events. Of the former, the best-characterized biological clocks regulate circadian 

rhythms in metazoans. These self-sustaining oscillators involve transcriptional-translational 

feedback loops that affect the physiology of the organism. In contrast, progression through 

development requires the proper temporal coordination of factors that control sequential events. 

However, the timing mechanisms that coordinate both cyclical and successive events in 

development are not generally well understood. 
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The molting cycle of C. elegans is an example of both a periodic and sequential developmental 

program. Molting of the exoskeleton involves the coordinated synthesis, secretion, and assembly 

of a new skeleton, as well as degradation of the old one. Quiescent behaviors also accompany the 

molting cycle. Worms molt four times, approximately once every eight hours when cultivated at 

room temperature. The molts are coordinated with successive transitions in the temporal fates of 

epidermal stem cells, which are programmed by genes in the heterochronic regulatory network. 

Every molt is a critical developmental transition and mis-coordination of the either the sequential 

or reiterative events can lead to larval arrest and death. 

 

This thesis describes how the C. elegans heterochronic gene lin-42a, homologous to the 

mammalian circadian clock protein PERIOD, is required for cyclical and sequential progression 

of development. The oscillatory expression of lin-42a in the epidermis peaks during the molts. 

Inactivation of lin-42a results in arrhythmic molts and continuously abnormal epidermal stem 

cell dynamics. In contrast, forced expression of lin-42a leads to anachronistic larval molts and 

lethargy in adults. These results suggest that rising and falling levels of LIN-42A allow the start 

and completion, respectively, of larval molts. Ancillary factors of the molting timer likely 

include the conserved nuclear hormone receptors NHR-23/RORα and NHR-25/SF1, and the 

family of let-7 microRNAs. Thus, interconnected positive and negative regulatory interactions 

among LIN-42A, NHR-23 and -25, and let-7 may drive transitions through each molt. I propose 

that these factors regulate molting cycles in much the same way that PERIOD-based oscillators 

drive rhythmic behaviors and metabolic processes in mature mammals. 
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The LIN-42-based timer may synchronize the periodic molts with fluctuations in external or 

internal conditions, in much the same way that circadian clocks synchronize rhythmic biological 

processes of higher metazoans with recurrent fluctuations in zeitgebers. To identify novel factors 

that regulate these molting cues, we designed a forward genetic screen to identify novel factors 

that regulate the timing of the molt. I identified that the LRP-2/Megalin receptor is required for 

the cessation of larval molting cycles. The lrp-2 transcripts are detected predominately in the 

anterior head neurons, suggesting that that major site of action of LRP-2 is in the nervous 

system. LRP-2 may function to sequester neuroendocrine cues from other tissues to control the 

terminal fate of larval molts. 

 

By analyzing the genetic and molecular mechanisms of that regulate the molting cycle, we 

anticipate the discovery of the broader mechanisms that couple biological periodicity and rapid 

development in higher organisms. 
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DEVELOPMENTAL TIMING AND THE MOLTING CYCLE OF C. ELEGANS 

 

Biological timers for linear and cyclical events: Are they one in the same? 

Time is defined as the “indefinite and continuous duration regarded as that in which events 

succeed one another.” In the natural sciences, time is largely regarded as a fixed measurement, 

discounted relative to the biological event being studied. Nevertheless, time itself is a critical 

component in the regulation of many biological processes. The field of chronobiology focuses on 

understanding at least two ways of regulating the time of life: biological clocks that function to 

anticipate and synchronize environmental conditions, and temporal switches that trigger 

sequential events.  

 

The best-characterized biological clocks regulate circadian rhythms in plants, flies, and humans. 

These self-sustaining oscillators involve transcriptional-translational feedback loops, akin to the 

cell cycle, and affect the physiology and behavior of the organism [1]. The circadian clock is 

defined by a central oscillator, which receives physiologic inputs such as light and temperature 

from the environment, and sends signals to the peripheral tissues that affect behavior, including 

metabolism and sleep/wake cycles. The core molecular factors that underlie the circadian clock 

include transcriptional activators and repressors, co-factors, nuclear hormone receptors (NHRs), 

as well as kinases and phosphatases [2]. In total, interactions among these components drive 

regular oscillations within the circadian clock and its outputs. In particular, the core circadian 

clock protein, Period (PER), plays a critical role in regulating the sleep-wake cycles of mammals 

[3]. PER was originally identified in a forward genetic screen for molecules that control 

circadian rhythms in flies [2]. PER levels oscillate from day to night, with the lowest levels in 
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the day and the highest levels at night. Along with the fluctuating levels of PER, translocation 

between the cytoplasm and nucleus of the cells plays a major role in the proper coordination and 

regulation of other clock components, including the transcription factor BMAL [4, 5]. In all, 

PER dictates circadian rhythms in mature animals. However, biological oscillators also underlie 

certain developmental programs. An example of a developmental, periodic program is the 

segmentation clock of vertebrates. During embryogenesis, the signaling cascades of Notch and 

Wnt regulate the expansion of mesodermal body segments. These pathways converge on 

multiple transcription factors that cycle via negative feedback loops; therefore, the episodic 

waves of gene expression form the spatial boundaries of the newly formed somites [6]. The role 

of a circadian oscillator in development is less characterized; although, mutations in the core 

clock machinery, including PER, alter the pace of larval development in flies [7]. 

 

Progression through development requires the proper temporal coordination of sequential events. 

The field of developmental timing has been dominated by studies of progressive temporal 

specification of specific cell types or tissues. For example, B-cell maturation from pluripotent 

hematopoietic stem cells requires a cascade of transcription factors that function at sequential 

steps. The activation of target genes, in a controlled order, results in the terminal differentiation 

of these cells [8]. In the free-living soil nematode, Caenorhabditis elegans, studies of sequential 

temporal specification of the epidermal stem cells, or seam cells, elucidated the mechanisms of 

the heterochronic gene network [9, 10]. The seam cells undergo patterned, asymmetrical 

divisions at every larval stage, and function, in part, to sustain the continued growth of the 

hypodermis and secrete extracellular matrix components during larval development [11]. 
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However, the timing mechanisms that coordinate both cyclical and successive events in 

development are not generally well understood. Nonetheless, the timing of particular 

developmental processes must be coordinated properly, as mis-synchronization can result in 

fatality [11-13].  

 

The molting cycle of C. elegans: A model for a developmental oscillator 

The larval molting cycle of C. elegans is an example of a periodic program. During rapid 

development, worms molt four times, approximately once every eight hours when cultivated at 

room temperature. Molting of the exoskeleton, which is comprised of a collagenous extracellular 

matrix, involves the coordinated synthesis, secretion, and assembly of a new skeleton, as well as 

degradation of the old one. The process of molting occurs during an approximately two-hour, 

sleep-like state (lethargus), late in every larval stage. After escape from the old cuticle (ecdysis), 

the animal completes the molting process and resumes foraging behaviors. After the fourth, and 

last, larval molt, the animal ceases the molting program altogether and enters reproductive 

maturity (Figure 1). 
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Figure 1: Molting is a reiterated process in development. Each molt involves specialized 
cellular programs and animal behaviors. Epithelial cells and syncytia detach from the preexisting 
cuticle and secrete a new cuticle underneath the old one. Larvae are quiescent for approximately 
2 hours while the cuticle is remade (lethargus). Larvae then execute a series of idiosyncratic 
movements to escape the old cuticle (ecdysis); this step takes about 20 min. The entire process is 
repeated four times, every 8–10 hours under favorable culture conditions. The lateral epithelial 
seam cells undergo stem cell-like asymmetric divisions early in every larval stage, but contribute 
to the synthesis of new cuticles during the molts. Reprogramming of the successive, stage-
specific temporal fates of the seam cells occurs around the time of the molts (not shown). 
Reprinted with permission from Landes Bioscience © 2012. Monsalve GC and Frand AR.  
Towards a Unified Model of Developmental Timing: A ‘Molting’ Approach. Worm 2012; 1:0-9; 
http://dx.doi.org10.4161/worm.20874. 
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The behavioral program of lethargus runs concurrently with the molt. The lethargus circuit must 

synchronize the behaviors of the epidermal, nervous, and muscle systems during the molting 

process. One mechanism that likely mediates interactions from the skin to the nervous system to 

regulate lethargus is EGF signaling. The EGF ligand LIN-3 and its receptor LET-23 regulate 

nematode sleep, as ubiquitous over-expression of lin-3 induces behavioral quiescence in mature 

nematodes [14]. LIN-3 is expressed in the pharynx, intestine, hypodermis, and anchor cell of the 

germline, while LET-23 is expressed in the hypodermis, multiple neurons, and vulval precursor 

cells [14-16]. The expression of LET-23 in the ALA interneuron is required for nematode 

lethargus [14]. How the signals from the hypoderm feed into the neuronal circuit that regulates 

lethargus are not well characterized; however, endocrine signaling from the hypodermis to the 

ALA interneuron or other neurons may be a critical requisite for lethargus. Indeed, a recent study 

reported that production of the Notch ligand OSM-11 in the seam cells targets the central 

nervous system to regulate lethargus [17]. The quiescence circuit may also require 

neuroendocrine signaling by APL-1, an amyloid precursor protein (APP) that might regulate 

behavior during the molts [18-20]. During the L4 stage, APL-1 is made in the seam cells as a 

transmembrane protein anchored to the plasma membrane [21, 22]. The function of APL-1 is 

thought to depend on cleavage and release of the extracellular domain, as expression of the N-

terminal extracellular portion of APL-1 in the nervous system is sufficient to restore the essential 

function of the apl-1 gene in molting [19, 20]. Signals from the epidermis, nervous system, and 

musculature converge on the regulation of EGL-4, a conserved cyclic GMP protein kinase that 

regulates sleep in nematodes, flies, and mammals [23, 24]. The receptor for APL-1 in C. elegans 

is unknown, but the extracellular portion of mammalian APP interacts with the lipoprotein 

receptor protein, a broadly conserved mega-receptor [25, 26]. In C. elegans, two genes encode 
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the orthologous lipoprotein receptors: lrp-1 and lrp-2. Of note, LRP-1 is required for molting 

[27]. This thesis defines a novel role for LRP-2 in the cessation of larval molts (Chapter IV). 

Nonetheless, signaling from APL-1 in the hypoderm to the nervous system, and its receptors, 

may add an additional level of regulation to the lethargus program.  

 

The behavioral program of the molting cycle, including periods of feeding and quiescence, 

parallel the cellular proliferation and quiescence events that occur during the construction and 

the maintenance of hair follicles in mammals. Generation of hair exodermal organ and hair 

follicle of mammals involves cycling through periods of growth, quiescence, and regression. 

During hair regeneration, cell loss leads to an enrichment of epidermal stem cells at the bulge of 

the hair follicle. Next, the cells enter a non-proliferative, quiescent state. Finally, the stem cells 

are reactivated and begin to proliferate and initiate hair growth, there in which the cycle begins 

again [28]. Interestingly, recent studies report a critical role for the circadian clock in the 

regulation of hair follicles. The circadian clock proteins BMAL and PER regulate both the 

abundance of epidermal stem cells within the murine hair follicle and the propensity of those 

cells to enter the cell cycle [29, 30]. That the circadian clock underlies a molting-like process in 

mammals raises the intriguing idea that conserved mechanisms also drive the molting cycles of 

C. elegans. 

 

If an underlying biological oscillator controls molting cycles, then, in theory, physiologic inputs 

into the timer would control the onset of the molts, much like light and temperature function as 

environmental zeitgebers in the circadian clock [1]. In insects, hormonal cues drive reiterative 

molting programs. In Drosophila, sterol-based, hormonal signaling cascades control larval 
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molting and metamorphosis. [31]. Pulses in ecdysone, the major hormone driving insect 

metamorphosis, are observed throughout larval development, and the NHR DHR4 is responsible 

for timing the oscillations of this hormone during the molting cycle [32, 33]. In nematodes, the 

hormone that drives the molting cycle remains elusive, although the molecule is believed to be 

sterol-based, as is it in insects, because cholesterol is required for molting in C. elegans [34-36]. 

Moreover, the regulation of neuronal APL-1 requires cholesterol, linking sterol signaling directly 

to the nervous system [37]. While a nematode molting hormone has not yet been identified, the 

anticipated molecule likely binds to at least one of the NHRs required for molting. Two receptors 

required for molting, NHR-23 and NHR-25, are excellent candidates. Both transcription factors 

have distinct ligand and DNA binding domains [38-42], and the mammalian homolog of NHR-

23 binds cholesterol [43, 44]. Therefore, in the presence of a ligand, these NHRs may activate 

the transcription of target genes required for molting. Nutrition is another likely input in the 

molting cycle of C. elegans. In particular, the insulin-signaling pathway of C. elegans regulates 

developmental progression and speed [45, 46]. Therefore, the abundance of particular 

metabolites may play an important role in regulating the pace of larval molting cycles. 

 

The molting cycle of C. elegans: A model for a sequential developmental program 

The sequential division patterns of the epidermal seam cell divisions are coupled to the molting 

cycle (Figure 1). The seam cells divide early after ecdysis, during periods of feeding and growth 

[9, 47]. After cytokinesis, the posterior daughter cell retains the seam cell fate, while the anterior 

daughter differentiates into a hypodermal cell. The continued asymmetric divisions during each 

larval stage add nuclei to the hypodermal syncytium (hyp7) and expand the tissue; this process 

accounts for much of the organismal growth during development (Figure 2). The V1-V4 and V6 
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seam cells divide once at every larval stage, with the exception of the L2 stage, when the cells 

undergo an additional symmetric division (Figure 2). At the L4 molt, the seam cells terminally 

differentiate, fuse to one another, and secrete an adult-specific matrix that includes three 

cuticular ridges (alae) along the longitudinal axis of the animal. Thus, the division patterns 

reflect the temporal identity of the seam cells at specific larval stages. 

 

    Rhythmic Molts        Progressive Epidermal Development 

 

Figure 2: Model for the Temporal Regulation of Molting Cycles and Epidermal 
Development. (Left) The behavioral program of the molting cycle includes periods of foraging 
(white bars), lethargus (gray bars), and ecdysis (red bars) that occur once every 8 hours at room 
temperature. Cues that feed into the putative timer likely regulate extracellular matrix (ECM) 
remodeling and animal behavior during the molting process. (Right) Genes in the heterochronic 
pathway program successive transitions in the lineage of the seam cells. These cells undergo 
asymmetric divisions early in every larval stage, and later contribute to the synthesis of new 
cuticles. H refers to hyp7. Triple bars denote the terminal differentiation mark of the seam cell 
fusion, production of adult-specific alae, and exit from the cell cycle. Modified with permission 
from Elsevier © 2011, Monsalve GC, Van Buskirk C, and Frand AR. LIN-42 Controls the 
Cyclical and Developmental Progression of C. elegans Molts. Current Biology, 2011 Dec 20. 
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21(24):2033-45. 
 

Genes in the heterochronic pathway control the temporal specification of the seam cells. 

Alterations in the heterochronic network can result in the precocious, or skipping of a division 

pattern, versus a retarded, or reiteration of a division pattern at any stage (Figure 2) [9, 10, 48]. 

Most heterochronic genes are expressed during specific developmental stages; the temporal 

regulation of these factors at particular stages accounts for the temporal identity of the seam cells 

[10]. For example, the transcription factor LIN-14 programs the temporal L1 identity of the L1 

stage to the seam cells. Loss-of-function mutations in lin-14 result in the skipping of the L1 

division pattern, leading to precocious differentiation of the seam cells one stage too early. In 

contrast, gain-of-function mutations in LIN-14 cause a reiteration of the L1 program, thereby 

leading to extra divisions and the retarded development of the seam cells [9, 49]. The 

heterochronic lin-4 microRNA (miRNA) targets the 3’UTRs of lin-14 transcripts to repress 

transcription near the end of the L1 stage, just as the lin-4 miRNA peaks in expression [49]. Like 

the gain-of-function of LIN-14, loss-of-function mutations in the heterochronic lin-4 miRNA 

result in a reiteration of the division pattern of the L1 stage. Therefore, early expression of LIN-

14 drives the L1 division program, and repression of lin-14 transcripts by the lin-4 miRNA 

decreases the overall levels of LIN-14, resulting in repression of the L1 program and progression 

into the L2 fate [50-53]. Many other components of the heterochronic pathway, including the 

conserved let-7 family of miRNAs, follow this general paradigm. Collectively, these factors 

drive transitions from one temporal fate to the next. 

 

Expression of the heterochronic gene lin-42, which is homologous to the human circadian clock 

protein PER, does not follow this paradigm. Instead, lin-42 oscillates in phase with molting 
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cycles, with peak expression observed during the time of the molt [11, 54]. Mutations in lin-42 

produce a precocious heterochronic phenotype, wherein the seam cells fuse at the L3, rather than 

L4, molt (Figure 2) [11, 54, 55]. LIN-42 also regulates the temporal development of other 

tissues, including the gonad [56]. Nonetheless, the significance of the temporally reiterated 

expression of lin-42 was not known, because the anticipated periodic functions of lin-42 had not 

been described [56, 57]. 

 

One consequence of mutations within the heterochronic network is the precocious cessation or 

reiteration of larval molting cycles, although the mechanisms that determine the number of 

molting cycles are not well characterized [10, 48, 58]. Although mutations in heterochronic 

genes cause a loss of temporal identity of the seam, these cells continue to divide at the same 

time during each larval stage, immediately following ecdysis [10, 47]. The mechanisms that time 

the divisions of the cells during periods of foraging are not well understood. Nonetheless, both 

mutations that block seam cell specification, and drugs that delay or inhibit the seam cell 

divisions early, cause molting defective phenotypes later at each larval stage [12, 13]. Moreover, 

the extent to which particular heterochronic genes also regulate the molting cycle is not known. 

Undoubtedly, the molting cycle likely integrates both the chronological sequence of epithelial 

fates and cyclical regeneration of the worm cuticle. However, the molecular mechanisms that 

couple progressive, stage-specific specification of the seam cells within the context of a 

reiterative molting program are not well defined. 
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The molting cycle integrates both a reiterated and sequential developmental program. 

I used a candidate gene approach to identify factors that regulate both the periodic and sequential 

programs underlying the rapid development of C. elegans. I found that the heterochronic gene 

lin-42/PER regulates the timing of larval molting cycles and seam cell dynamics at every larval 

stage [11]. Inactivation of LIN-42 uncoupled the development of the hypoderm from the molting 

process, whereas forced expression of LIN-42 resulted in anachronistic molts and lethargy. 

Therefore, LIN-42 links an oscillatory molting timer with sequential development of the 

epidermal seam cells. I propose that cyclical and stage-specific actions of LIN-42/PER 

coordinate these essential, interdependent processes. As this thesis defines LIN-42 as a major 

component of the molting timer, other factors likely comprise this oscillator, including, but not 

limited to, NHR-23, NHR-25, other NHRs, and the let-7 family of miRNAs. Finally, hormonal 

cues likely regulate the timer by controlling the reiterations of the molt; key receptors for these 

cues might include the conserved Megalin-like protein LRP-2. 

 

The following chapters describe the characterization of the core factor that regulates the timing 

of molts, LIN-42 (Chapter II), the examination of ancillary components of the molting timer, 

including NHR-23, NHR-25, and the let-7 family of miRNAs (Chapter III), and the discovery of 

the broadly conserved Megalin receptor, LRP-2, as a major regulator of molting cycles (Chapter 

IV). The final chapter (Chapter V) connects the findings described here in this thesis with results 

from others laboratories, and reflects upon the general molecular and genetic mechanisms that 

regulate the molting cycle of C. elegans. We anticipate that further studies of the molting cycle 

will lead to the discovery of broadly conserved biological mechanisms that couple periodic 

processes with the pace of development in higher organisms. 



  13 

REFERENCES 

1. Bass, J. and J.S. Takahashi, Circadian integration of metabolism and energetics. Science, 

2010. 330(6009): p. 1349-54. 

2. Konopka, R.J. and S. Benzer, Clock mutants of Drosophila melanogaster. Proc Natl Acad 

Sci U S A, 1971. 68(9): p. 2112-6. 

3. Panda, S., J.B. Hogenesch, and S.A. Kay, Circadian rhythms from flies to human. Nature, 

2002. 417(6886): p. 329-35. 

4. Curtin, K.D., Z.J. Huang, and M. Rosbash, Temporally regulated nuclear entry of the 

Drosophila period protein contributes to the circadian clock. Neuron, 1995. 14(2): p. 

365-72. 

5. Sangoram, A.M., et al., Mammalian circadian autoregulatory loop: a timeless ortholog 

and mPer1 interact and negatively regulate CLOCK-BMAL1-induced transcription. 

Neuron, 1998. 21(5): p. 1101-13. 

6. Pourquie, O., The segmentation clock: converting embryonic time into spatial pattern. 

Science, 2003. 301(5631): p. 328-30. 

7. Kyriacou, C.P., et al., Clock mutations alter developmental timing in Drosophila. 

Heredity (Edinb), 1990. 64 ( Pt 3): p. 395-401. 

8. Hardy, R.R. and K. Hayakawa, B cell development pathways. Annu Rev Immunol, 2001. 

19: p. 595-621. 

9. Ambros, V., A hierarchy of regulatory genes controls a larva-to-adult developmental 

switch in C. elegans. Cell, 1989. 57(1): p. 49-57. 

10. Moss, E.G., Heterochronic genes and the nature of developmental time. Curr Biol, 2007. 

17(11): p. R425-34. 



  14 

11. Monsalve, G.C., C. Van Buskirk, and A.R. Frand, LIN-42/PERIOD controls cyclical and 

developmental progression of C. elegans molts. Curr Biol, 2011. 21(24): p. 2033-45. 

12. Ruaud, A.F. and J.L. Bessereau, Activation of nicotinic receptors uncouples a 

developmental timer from the molting timer in C. elegans. Development, 2006. 133(11): 

p. 2211-22. 

13. Koh, K. and J.H. Rothman, ELT-5 and ELT-6 are required continuously to regulate 

epidermal seam cell differentiation and cell fusion in C. elegans. Development, 2001. 

128(15): p. 2867-80. 

14. Van Buskirk, C. and P.W. Sternberg, Epidermal growth factor signaling induces 

behavioral quiescence in Caenorhabditis elegans. Nat Neurosci, 2007. 10(10): p. 1300-7. 

15. Hwang, B.J. and P.W. Sternberg, A cell-specific enhancer that specifies lin-3 expression 

in the C. elegans anchor cell for vulval development. Development, 2004. 131(1): p. 143-

51. 

16. Van Buskirk, C. and P.W. Sternberg, Paired and LIM class homeodomain proteins 

coordinate differentiation of the C. elegans ALA neuron. Development, 2010. 137(12): p. 

2065-74. 

17. Singh, K., et al., C. elegans Notch signaling regulates adult chemosensory response and 

larval molting quiescence. Curr Biol, 2011. 21(10): p. 825-34. 

18. Niwa, R., et al., The expression of the Alzheimer's amyloid precursor protein-like gene is 

regulated by developmental timing microRNAs and their targets in Caenorhabditis 

elegans. Dev Biol, 2008. 315(2): p. 418-25. 

19. Wiese, M., A. Antebi, and H. Zheng, Intracellular trafficking and synaptic function of 

APL-1 in Caenorhabditis elegans. Plos One, 2010. 5(9). 



  15 

20. Ewald, C.Y., D.A. Raps, and C. Li, APL-1, the Alzheimer's Amyloid precursor protein in 

Caenorhabditis elegans, modulates multiple metabolic pathways throughout 

development. Genetics, 2012. 191(2): p. 493-507. 

21. Hada, K., et al., The nuclear receptor gene nhr-25 plays multiple roles in the 

Caenorhabditis elegans heterochronic gene network to control the larva-to-adult 

transition. Dev Biol, 2010. 344(2): p. 1100-9. 

22. Hornsten, A., et al., APL-1, a Caenorhabditis elegans protein related to the human beta-

amyloid precursor protein, is essential for viability. Proc Natl Acad Sci U S A, 2007. 

104(6): p. 1971-6. 

23. Raizen, D.M., et al., Lethargus is a Caenorhabditis elegans sleep-like state. Nature, 

2008. 451(7178): p. 569-72. 

24. Feil, R., et al., cGMP-dependent protein kinase I, the circadian clock, sleep and learning. 

Commun Integr Biol, 2009. 2(4): p. 298-301. 

25. Kounnas, M.Z., et al., LDL receptor-related protein, a multifunctional ApoE receptor, 

binds secreted beta-amyloid precursor protein and mediates its degradation. Cell, 1995. 

82(2): p. 331-40. 

26. Beisiegel, U., et al., The LDL-receptor-related protein, LRP, is an apolipoprotein E-

binding protein. Nature, 1989. 341(6238): p. 162-4. 

27. Yochem, J., et al., A gp330/megalin-related protein is required in the major epidermis of 

Caenorhabditis elegans for completion of molting. Development, 1999. 126(3): p. 597-

606. 

28. Hsu, Y.C. and E. Fuchs, A family business: stem cell progeny join the niche to regulate 

homeostasis. Nat Rev Mol Cell Biol, 2012. 13(2): p. 103-14. 



  16 

29. Janich, P., et al., The circadian molecular clock creates epidermal stem cell 

heterogeneity. Nature, 2011. 480(7376): p. 209-14. 

30. Lin, K.K., et al., Circadian clock genes contribute to the regulation of hair follicle 

cycling. PLoS Genet, 2009. 5(7): p. e1000573. 

31. Riddiford, L.M., Hormone receptors and the regulation of insect metamorphosis. 

Receptor, 1993. 3(3): p. 203-9. 

32. King-Jones, K., et al., The ecdysone-induced DHR4 orphan nuclear receptor coordinates 

growth and maturation in Drosophila. Cell, 2005. 121(5): p. 773-84. 

33. Ou, Q., A. Magico, and K. King-Jones, Nuclear receptor DHR4 controls the timing of 

steroid hormone pulses during Drosophila development. PLoS Biol, 2011. 9(9): p. 

e1001160. 

34. Hieb, W.F. and M. Rothstein, Sterol requirement for reproduction of a free-living 

nematode. Science, 1968. 160(3829): p. 778-80. 

35. Frand, A.R., S. Russel, and G. Ruvkun, Functional genomic analysis of C. elegans 

molting. PLoS Biol, 2005. 3(10): p. e312. 

36. Meli, V.S., et al., MLT-10 defines a family of DUF644 and proline-rich repeat proteins 

involved in the molting cycle of Caenorhabditis elegans. Molecular Biology of the Cell, 

2010. 21(10): p. 1648-61. 

37. Wiese, M., A. Antebi, and H. Zheng, Regulation of neuronal APL-1 expression by 

cholesterol starvation. Plos One, 2012. 7(2): p. e32038. 

38. Gissendanner, C.R. and A.E. Sluder, nhr-25, the Caenorhabditis elegans ortholog of ftz-

f1, is required for epidermal and somatic gonad development. Dev Biol, 2000. 221(1): p. 

259-72. 



  17 

39. Chen, Z., D.J. Eastburn, and M. Han, The Caenorhabditis elegans nuclear receptor gene 

nhr-25 regulates epidermal cell development. Mol Cell Biol, 2004. 24(17): p. 7345-58. 

40. Asahina, M., et al., The conserved nuclear receptor Ftz-F1 is required for 

embryogenesis, moulting and reproduction in Caenorhabditis elegans. Genes Cells, 

2000. 5(9): p. 711-23. 

41. Brooks, D.R., et al., An essential role in molting and morphogenesis of Caenorhabditis 

elegans for ACN-1, a novel member of the angiotensin-converting enzyme family that 

lacks a metallopeptidase active site. J Biol Chem, 2003. 278(52): p. 52340-6. 

42. Kostrouchova, M., et al., Nuclear hormone receptor CHR3 is a critical regulator of all 

four larval molts of the nematode Caenorhabditis elegans. Proc Natl Acad Sci U S A, 

2001. 98(13): p. 7360-5. 

43. Kallen, J., et al., Crystal structure of the human RORalpha Ligand binding domain in 

complex with cholesterol sulfate at 2.2 A. J Biol Chem, 2004. 279(14): p. 14033-8. 

44. Svensson, S., et al., Crystal structure of the heterodimeric complex of LXRalpha and 

RXRbeta ligand-binding domains in a fully agonistic conformation. EMBO J, 2003. 

22(18): p. 4625-33. 

45. Baugh, L.R. and P.W. Sternberg, DAF-16/FOXO regulates transcription of cki-1/Cip/Kip 

and repression of lin-4 during C. elegans L1 arrest. Curr Biol, 2006. 16(8): p. 780-5. 

46. Ruaud, A.F., I. Katic, and J.L. Bessereau, Insulin/Insulin-like growth factor signaling 

controls non-Dauer developmental speed in the nematode Caenorhabditis elegans. 

Genetics, 2011. 187(1): p. 337-43. 

47. Ambros, V. and H.R. Horvitz, Heterochronic mutants of the nematode Caenorhabditis 

elegans. Science, 1984. 226(4673): p. 409-16. 



  18 

48. Rougvie, A.E., Intrinsic and extrinsic regulators of developmental timing: from miRNAs 

to nutritional cues. Development, 2005. 132(17): p. 3787-98. 

49. Ambros, V. and H.R. Horvitz, The lin-14 locus of Caenorhabditis elegans controls the 

time of expression of specific postembryonic developmental events. Genes Dev, 1987. 

1(4): p. 398-414. 

50. Feinbaum, R. and V. Ambros, The timing of lin-4 RNA accumulation controls the timing 

of postembryonic developmental events in Caenorhabditis elegans. Dev Biol, 1999. 

210(1): p. 87-95. 

51. Lee, R.C., R.L. Feinbaum, and V. Ambros, The C. elegans heterochronic gene lin-4 

encodes small RNAs with antisense complementarity to lin-14. Cell, 1993. 75(5): p. 843-

54. 

52. Wightman, B., I. Ha, and G. Ruvkun, Posttranscriptional regulation of the heterochronic 

gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell, 1993. 75(5): 

p. 855-62. 

53. Olsen, P.H. and V. Ambros, The lin-4 regulatory RNA controls developmental timing in 

Caenorhabditis elegans by blocking LIN-14 protein synthesis after the initiation of 

translation. Dev Biol, 1999. 216(2): p. 671-80. 

54. Jeon, M., et al., Similarity of the C. elegans developmental timing protein LIN-42 to 

circadian rhythm proteins. Science, 1999. 286(5442): p. 1141-6. 

55. Abrahante, J.E., E.A. Miller, and A.E. Rougvie, Identification of heterochronic mutants 

in Caenorhabditis elegans. Temporal misexpression of a collagen::green fluorescent 

protein fusion gene. Genetics, 1998. 149(3): p. 1335-51. 



  19 

56. Tennessen, J.M., et al., Novel heterochronic functions of the Caenorhabditis elegans 

period-related protein LIN-42. Dev Biol, 2006. 289(1): p. 30-43. 

57. Tennessen, J.M., K.J. Opperman, and A.E. Rougvie, The C. elegans developmental 

timing protein LIN-42 regulates diapause in response to environmental cues. 

Development, 2010. 137(20): p. 3501-11. 

58. Monsalve, G.C. and A.R. Frand, Toward a unified model of developmental timing: A 

“molting” approach. Worm, 2012. 1(4). 

 

 



  20 

 

 

 

 

 

CHAPTER II 

 

LIN-42 CONTROLS THE CYCLICAL AND DEVELOPMENTAL PROGRESSION OF  

C. ELEGANS MOLTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  21 

LIN-42 CONTROLS THE CYCLICAL AND DEVELOPMENTAL PROGRESSION OF 

C. ELEGANS MOLTS 

 

This chapter is a reprinted with permission from Elsevier © 2011. 

License number: 3014950723012. 

 

Monsalve GC, Van Buskirk C, and Frand AR. LIN-42 Controls the Cyclical and Developmental 

Progression of C. elegans Molts. Current Biology, 2011 Dec 20. 21(24):2033-45. 

 



  22 
 



  23 
 



  24 
 



  25 
 



  26 
 



  27 
 



  28 
 



  29 
 



  30 
 



  31 
 



  32 
 



  33 
 



  34 
 



  35 
 

Current Biology, Volume 21 

Supplemental Information 

LIN-42/PERIOD Controls 

Cyclical and Developmental  

Progression of C. elegans Molts 

Gabriela C. Monsalve, Cheryl Van Buskirk, and Alison R. Frand 

 

Supplemental Inventory 

1. Supplemental Figures 

 Figure S1, related to Figure 1 

 Figure S2, related to Figures 1 and 2 

 Figure S3, related to Figure 3 

 Figure S4, related to Figures 3 and 6 

 Figure S5, related to Figure 5 

2. Supplemental Experimental Procedures 

 



  36 

Figure S1. The lin-42 locus of C. elegans encodes several proteins related to PERIOD, 
Related to Figure 1  
(A) Comparison of the major protein isoforms of LIN-42 and human PER1. PAS domains are 
shaded blue. SYQ and LT sequence motifs are shaded purple. N- and C-terminal sequences 
unique to LIN-42A and C are shaded green and pink, respectively. Accession numbers for these 
sequences are: LIN-42A, gi|15617847; B, gi|51536880; C, gi|1707161; and human PER1, 
gi|6537134.  
(B) The three major transcripts of lin-42 curated in WS227 and confirmed by cDNAs. Accession 
numbers for these isoforms are: a, NM_001027005; b, NM_001027006; and c, NM_001027007. 
Tennessen and colleagues previously described these isoforms as lin-42d, c, and a, respectively, 
and identified a fourth transcript (b) by RACE [23]. Nucleotide positions correspond to C. 
elegans chromosome II. Black boxes represent exons; gray boxes, untranslated sequences. The 
nonsense allele ve11 and the ok2385 and n1089 deletions are indicated. Arrows denote PCR 
primers used to amplify isoform-specific transcripts of lin-42. Dashed lines denote primers that 
crossed exon boundaries and therefore matched cDNA but not genomic sequences.  
(C) Detection of lin-42 transcripts expressed in various lin-42 mutants by RT-PCR. 
Amplification of ama-1 transcripts provided a positive control. *A truncated lin-42b transcript of 
unknown sequence was detected in lin-42(n1089) mutants. 
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Figure S2. Progression of molting cycles in transgenic lin-42(ok2385) larvae and n1089 
mutants, Related to Figures 1 & 2 
(A-D) Each bar depicts the behavior and development of a single larva of the indicated genotype, 
as described in Figures 1 & 2. Related statistical analyses are included therein. 
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Figure S3. Further characterization of epidermal and vulval development in lin-42(ok2385) 
mutants, Related to Figure 3.  
(A) Representative fluorescence micrographs show AJM-1::GFP at the seam cell margins of 
larvae in starvation-induced L1-diapause.  
(B) Distribution plot of the number of scm::gfp-positive nuclei in larvae observed 4, 8 and 12 hrs 
after release starvation. Black lines indicate the means for each population.  
(C) DIC images show how the lumen of the vulva (V) failed to collapse in a representative 
lin-42(ok2385) mutant completing the fourth molt. Detection of cuticle caps (arrows) confirmed 
that the animals were molting. Scale bars correspond to 10 µm. 
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Figure S4. Inactivation of nhr-25 exacerbates developmental delays associated with 
lin-42(ok2385) and lin-42(OE), Related to Figures 3 & 6  
(A-B) Animals were synchronized by starvation-induced L1-diapause and then fed and 
cultivated on bacteria expressing the indicated dsRNAs for either 78 (A) or 48 hrs (B) at 25°C. 
Animals were staged and scored for the Mlt phenotype by visual inspection. Sample sizes are 
indicated in parenthesis.  
(C) Wild-type and nhr-25(ku217) mutants were cultured at 25°C for one generation prior to the 
collection of eggs. Hatchlings were synchronized by starvation-induced L1-diapause and larvae 
were then fed, isolated, and cultivated at 25°C. Animals were staged by size, morphology, and 
counts of shed cuticles, as observed by light microscopy. N=24 for wild-type animals. N≥43 for 
nhr-25(ku217) mutants at all time points.  
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Figure S5. Forced expression of lin-42a affects the behavior and development of L1 larvae, 
Related to Figure 5.  
 

(A-B) Early L1 larvae were synchronized in starvation-induced diapause, then fed and cultivated 
at 25°C. Animals were subjected to an acute HS either 5 or 8 hrs after release from starvation, as 
indicated. Each bar depicts expression of the mlt-10p::gfp-pest reporter in the hypodermis, as 
well as the behavior and development of a single larva, as described for Figure 2. Fluorescent 
larvae were selected at the start of the time-course shown in (A); quiescent larvae were selected 
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for the time-course shown in (B). The life histories of additional larvae observed during each of 
these experiments are depicted in Figure 5.  
(C) Feeding rates of L1 larvae of the indicated genotypes, measured 2 hrs after acute HS. The 
pharyngeal contractions (pumps) of each larva were counted three independent times as the 
observer watched pre-recorded 30 s videos played back at half-speed. All counts were made 
blind to the genotype and experimental conditions. Values represent the mean ± SEM. Forced 
expression of LIN-3/EGF provided a positive control for the inhibition of pumping. Asterisks 
indicate statistically significant differences in feeding rates between two samples (p<0.02 from 
an unpaired, unequal, two-tailed Student’s t-test, and the absolute value of the actual difference 
in the means was greater than the Tukey-Kramer minimum significant difference). Sample sizes 
are indicated in parenthesis.  
 

Movie S1. Forced expression of lin-42a leads to anachronistic molts and lethargy, Related 
to Figure 5.  
 

(A) An early L1-stage aaaEx20[hsp-16p::lin-42a::unc-54] larvae 2 hrs after acute HS. The 
underdeveloped larva attempts to ecdyse; the L1-cuticle is seen detached from the body.  
(B) Forced expression of lin-42a leads to anachronistic behavioral quiescence in young adults. 
Movie shows a representative aaaIs[hsp-16p::lin-42a::unc-54] adult that was immobile for 
several minutes prior to filming. UV light was applied at mark 1:19 of the film and continuously 
thereafter. The animal responded to that stimulus with aversive movements. 
 

Supplemental Experimental Procedures 

This list indicates the names, genotypes and sources of C. elegans strains used in this report. All 
strains designated ARF were generated in the Frand lab.  
N2: wild type (Bristol): CGC 
RB1843: lin-42(ok2385) II: CGC  
MT2257: lin-42(n1089) II: CGC 
MH1955: nhr-25(ku217) X: CGC 
MT1074: egl-4(n479) IV: CGC 
TB528 : ceh-14(ch3) X: CGC 
GR1395: mgIs49[mlt-10p::gfp-pest ttx-3p::gfp] IV: Frand Lab 
RG289 : lin-42(ve11) II: Ann Rougvie  
JR672: wIs54[scm::gfp] V: Joel Rothman 
N.A.: wIs79[ajm-1::gfp scm-1::gfp]: Joel Rothman  
KP3913: nuIs163[unc-129p::snn-1::venus myo-2p::gfp] II: Joshua Kaplan  
PS5628: syIs197[hsp-16-41p::lin-3c myo-2p::dsRed pha-1] V; him-5(e1490): Paul Sternberg  
ARF224: lin-42(ok2385) II, out-crossed 3X  
ARF225: lin-42(n1089) II,  out-crossed 3X  
ARF222: lin-42(ok2385) II; mgIs49[mlt-10p::gfp-pest ttx-3p::gfp] IV  
ARF223: lin-42(n1089) II; mgIs49[mlt-10p::gfp-pest ttx-3p::gfp] IV  
ARF227: aaaEx25[lin-42ap::gfp-pest ttx-3p::gfp]  
ARF228: aaaEx26[lin-42b/cp::gfp-pest ttx-3p::gfp]  
ARF231: lin-42(ok2385) II; wIs79[ajm-1::gfp scm-1::gfp]  
ARF232: lin-42(n1089) II; wIs79[ajm-1::gfp scm-1::gfp]  
ARF219: aaaEx20[hsp-16p::lin-42a myo-2p::gfp]  
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ARF233: aaaEx20[hsp-16p::lin-42a myo-2p::gfp] egl-4(n479) IV  
ARF226: aaaEx20[hsp-16p::lin-42a myo-2p::gfp] ceh-14(ch3) X  
ARF234: aaaEx20[hsp-16p::lin-42a myo-2p::gfp] egl-4(n479) IV; ceh-14(ch3) X 
ARF235: lin-42(ok2385) II; ceh-14(ch3) X  
ARF236: lin-42(ok2385) II; egl-4(n479) IV  
ARF218: aaaEx30[lin-42ap::lin-42a::lin-42a 3'UTR sur-5::gfp] lin-42(ok2385) II 
ARF237: aaaEx30[lin-42ap::lin-42a::lin-42a 3'UTR sur-5::gfp] lin-42(n1089) II 
ARF238: aaaEx34[lin-42cp::lin-42c::lin-42c 3'UTR sur-5::gfp] lin-42(ok2385) II 
ARF239: lin-42(ok2385) II; wIs54[scm::gfp] V  
ARF240: aaaIs1[hsp::lin-42d myo-2p::dsRed], out-crossed 3X  
ARF241: aaaIs1[hsp::lin-42d myo-2p::dsRed]; mgIs49[mlt-10p::gfp-pest  ttx-3p::gfp] IV  
ARF242: aaaIs1[hsp::lin-42d myo-2p::dsRed]; nhr-25(ku217) X 
ARF229: aaaEx24[myo-2p::lin-42a::unc-54 3'UTR sur-5::gfp]; lin-42(ok2385) II 
ARF244: aaaEx29[nhr-72p::lin-42a::unc-54 3'UTR sur-5::gfp]; lin-42(ok2385) II 
ARF245: lin-42(ok2385) II; syIs197 V; him-5(e1490)  
ARF246: nhr-25(ku217), out-crossed 3X  
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GENETIC AND MOLECULAR ANALYSIS OF THE MOLTING CYCLE TIMER 

 

ABSTRACT 

The temporal coordination of reiterative and sequential processes is critical for animal 

development. The larval molting cycle of C. elegans involves the periodic remodeling of cuticles 

that is coupled to successive divisions of the lateral epithelial stem cells (seam cells), which are 

programmed by the heterochronic regulatory network. We recently reported that the 

heterochronic gene and homolog to the mammalian circadian protein LIN-42/PERIOD is 

required for rapid and rhythmic molts. Using genetic and bioinformatic approaches, we have 

uncovered additional evidence that interconnected regulatory interactions among lin-42, the 

conserved nuclear hormone receptors NHR-23 and NHR-25, and the let-7 family of microRNAs 

together compose a novel developmental oscillator that drives larval molting cycles. This clock 

likely couples rapid molts with progressive development of the epidermis in two major ways: the 

heterochronic genes lin-42 and let-7 program the temporal re-specification of the seam cells, and 

the outputs of the clock may regulate the stage-specific expression of heterochronic genes. 

 

 

INTRODUCTION 

The field of developmental timing has been dominated by studies of temporal specification of 

specific cell types. In C. elegans, studies of sequential temporal specification of the epidermal 

stem cells (seam cells) elucidated the mechanisms of the heterochronic gene network. The seam 

cells divide asymmetrically at every larval stage, contribute to the continued growth of the 

hypodermis, and secrete cuticle components as part of the molting cycle. The molting cycle 
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occurs during an approximate two-hour period late in every larval stage. This program repeats 

four times throughout larval development during the sleep-like state of lethargus, and results in 

the synthesis, secretion, assembly, and disassembly of extracellular matrix components. After 

ecdysis, the animal ceases the molting program and resumes foraging behaviors. The sequential 

division of the seam cells is coupled to the reiterative molting program, because mutations that 

block seam cell specification, or drugs that delay or inhibit the divisions of the seam, cause 

molting defective phenotypes [1, 2]. We recently reported that the C. elegans heterochronic 

factor and homolog to the mammalian circadian protein LIN-42/PERIOD (PER) coordinates 

periodic molts with successive development of the epidermis [3]. Therefore, a PER-based 

developmental clock that times molting cycles may represent an ancient feature of ecdysozoans.  

 

One hallmark of a core clock component is that either inactivation or constitutive expression of 

the corresponding gene disrupts the clock-controlled biological rhythm [4]. We reported that a 

strong loss-of-function allele of lin-42, ok2385, was associated with prolonged larval 

development and irregularly timed molts [3]. For example, individual lin-42(ok2385) mutants 

completed the fourth molt up to 24 hours apart, and as long as 96 hours after release from L1-

diapause when cultivated at 25°C. In contrast, wild-type animals completed the fourth molt 

nearly in synchrony, about 42 hours after release from L1-diapause. Further, forced expression of 

lin-42a from an inducible promoter led to anachronistic, fatal molts [3]. 

 

A second distinctive feature of core clock genes is that levels of the corresponding transcripts 

and proteins oscillate in phase with the clock-controlled biological rhythm [4]. Indeed, the 

abundance of lin-42 transcripts rises and falls in phase with the molting cycle [3]. The overall 
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abundance of lin-42 transcripts peak at mid-intermolt [5]; in particular, the activity of the lin-42b 

promoter peaked before activity of the lin-42a promoter [3]. In addition, the lin-42a reporter was 

most robustly expressed in lethargic animals undergoing molts [3]. Taken together, these 

findings provide substantial evidence that LIN-42A functions as a key component of the molting 

timer.  

 

In addition to the transcriptional co-factor PER, nuclear hormone receptors (NHRs) also function 

in the circadian clock of mammals [4, 6-8]. Of note, the mammalian NHR RORα functions in 

the circadian clock by activating expression of the core transcription factor BMAL [9]. 

Therefore, we considered if NHRs might also participate in the regulation of the molting timer. 

Two conserved NHRs were considered good candidates; namely, NHR-23, which is homologous 

to both mammalian RORα and Drosophila DHR3, and NHR-25, which is homologous to both 

mammalian SF-1 and Drosophila FTZ-F1 [10]. Like lin-42, inactivation of either nhr-23 or 

nhr-25 prevents the completion of all four molts, and over-expression of these particular 

receptors results in larval lethality [11, 12]. Further, the abundance of nhr-23 and nhr-25 

transcripts rises and falls in phase with the molting cycle [12]. Based on analysis by semi-

quantitative RT-PCR, Gissendanner and colleagues previously reported that overall levels of 

nhr-23 transcripts also peak at mid-intermolt, but the temporal expression patterns of the six 

distinct nhr-23 isoforms curated in Wormbase (WS229) have not yet been fully characterized. 

Levels of nhr-25α transcripts, which encode the full-length receptor, peak during the molts [13]. 

 

Specific miRNAs may also fine-tune the periodicity of larval molting cycles, by negatively 

regulating the expression of core clock components including LIN-42 and possibly NHR-23 and 
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NHR-25. Primary transcripts of let-7 are also expressed during each of the four molts, but mature 

let-7 miRNAs are only produced in late stage larvae and adults [14]. However, additional 

members of the let-7 family are made in early larval stages [15], and expression of some, if not 

all, paralogs of let-7 might oscillate in phase with the molts. The transcriptional and post-

transcriptional regulatory mechanisms underlying the oscillatory expression of lin-42, nhr-23, 

nhr-25, and let-7 have not yet been characterized, but are likely important for the rapid 

development of nematodes. Using a combination of genetic and bioinformatic approaches, we 

show that interconnected interactions among lin-42, nhr-23, nhr-25, and let-7 drive regular 

molting cycles. 

 

METHODS AND MATERIALS 

Bioinformatic Analysis 

Potential binding sites for NHR-23 and NHR-25 were initially identified by nucleotide sequence 

and then screened for conservation in two or more additional species of nematodes, using 

alignments extracted from the UCSC genome browser. Both NHR-23 and -25 have the capacity 

to bind DNA as monomers in vitro and the consensus binding sites for NHR-23 and -25 have 

been defined, respectively, as TGACCY (where Y is C or T), and XGNCCTTG (where X is T, G 

or A; and N is A or T) [16-20]. By chance alone, these sequences would appear once in every 

3,333 or 17,857 nucleotides, respectively, of the C. elegans genome, which has an overall GC 

content of 36% [21]. The predicted binding sites for NHR-23 in the let-7 promoter do not 

overlap with the established binding sites for DAF-12 [22, 23]. 
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Putative binding sites for the let-7 family of miRNAs were identified based on four criteria: 1) a 

free energy (∆G) of < -19 kcal/mol for base-pairing between the miRNA and a partially 

complementary sequence in the 3’ UTR of the prospective target gene, as calculated using RNA 

Hybrid [24, 25]; 2) the ability of 5 to 7 nucleotides in the conserved “seed” region of the let-7 

family miRNA to base pair with the predicted target site, with the single exception of the 

predicted site in the 3’ UTR of nhr-23; 3) conservation of the target site among the genomes of 

C. elegans, C. briggsae, and C. remanei, as determined by visual inspection of aligned 

sequences; and 4) a difference in free energy (∆∆G) of < -3 kcal/mol between duplex and linear 

forms of the 3’ UTR of the prospective target gene, as calculated using established algorithms 

[26]. 

 

Microscopy and Strains 

The evaluation of behavioral and molting-defective phenotypes of live nematodes was performed 

as previously described [3]. All mutant strains were maintained and analyzed at 20ºC using 

standard methods [27], unless otherwise noted. The visual assessment of mlt-10::gfp-pest 

expression in live animals was performed using a Zeiss M2BioDiscovery microscope and an 

attached UV lamp at 40X magnification. Live animals were anesthetized with 100 mM 

levimasole (tetramisole hydrochloride, Sigma) and placed on fresh 2% agarose pads. Nematodes 

were observed using a Zeiss Axioscope and images captured with an attached Hamamatsu Orca 

ER camera. Fluorescent and Nomarski images were analyzed with Volocity v5.5 (Improvision) 

software package. Images were prepared using Adobe Photoshop and Adobe Illustrator. 

 

The following strains were used in this study:  
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N2 [Bristol] 

ARF224: lin-42(ok2385) II, out-crossed 3X 

GR1395: mgIs49[mlt-10::gfp-pest ttx-3::gfp] IV 

ARF250: mgIs49[mlt-10::gfp-pest ttx-3::gfp] IV, let-7(mg279) mir-84(tm1304) X 

ARF227: aaaEx25[lin-42ap::gfp-pest ttx-3p::gfp] 

GM69: aaaEx25[lin-42ap::gfp-pest ttx-3p::gfp] let-7(mg279) mir-84(tm1304) X. 

 

RESULTS 

To characterize the gene regulatory networks that drive the rapid molting cycles, we first 

analyzed the genetic relationships among lin-42, nhr-23, and nhr-25. Using RNA Interference 

(RNAi) to knockdown each receptor in lin-42(ok2385) mutants, inactivation of either nhr-23 

(Figure 1) or nhr-25 [3] exacerbated the slow development and aberrant ecdyses characteristic of 

lin-42(ok2385) larvae. 

3  

Figure 1: Inactivation of nhr-23 enhances the molting defects of lin-42(ok2385) larvae. 
Animals were synchronized by starvation-induced L1-diapause and then cultivated on bacteria 
that expressed nhr-23 double stranded RNAs (dsRNAs) for 78 hrs at 25°C. Animals were staged 
and scored for the molting-defective (Mlt) phenotype by visual inspection. Sample sizes are 
indicated in parenthesis. Asterisks indicate p < 0.001, Chi-Square Test. 
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The transcript levels of nhr-23 peak early in each stage [11, 16]; this suggests that NHR-23 may 

play a predominant function in timing the early events of each larval stage. Indeed, when 

cultivated on nhr-23(RNAi), all lin-42(ok2385) larvae arrested very early at the L1 stage (data 

not shown). In contrast, lin-42 mutants grown on vector arrested at various developmental stages 

[3]. Taken together, this synthetic enhancement is consistent with the model that NHR-23 and 

NHR-25 function alongside LIN-42 in the molting timer. 

 

To characterize the gene regulatory networks that might drive the molting cycle, we used 

bioinformatic approaches to identify putative binding sites for NHR-23 and NHR-25 in the 

experimentally defined promoters of lin-42, nhr-23 and -25, and let-7 (Figure 2). Prospective cis-

regulatory elements were identified by nucleotide sequence and screened for conservation in 

other nematodes, as described in the legend of Figure 2. Potential binding sites for NHR-23 were 

identified in the shared promoter of lin-42b and c, and a single predicted binding site for NHR-

25 was identified in the unique promoter of lin-42a (Figure 2A). 
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Figure 3: Predicted binding sites for NHR-23 and -25 and let-7 family miRNAs suggest 
gene regulatory feedback loops that might contribute to the molting timer. A) (Left) 
Putative binding sites for NHR-23 and NHR-25 identified in the experimentally defined 
promoters of lin-42 and let-7, and the upstream regions of nhr-23 and nhr-25. The latter 
sequences do not include the regulatory elements of any adjacent genes curated in WS229 [3, 14, 
28]. (Right) Predicted binding sites for let-7 family miRNAs identified in the major transcripts of 
lin-42, nhr-23 and nhr-25 curated in WS229. The let-7 family includes six additional miRNAs: 
mir-48, -84, -241, -793, -794, and -795 [15, 29]. In principle, any one or multiple members of the 
let-7 family might bind these sites. The specific members of the let-7 family and corresponding 
target genes that meet all of the aforementioned criteria are: mir-241 and lin-42a/b; mir-48, 
mir-795 (nucleotides 52-74) and nhr-23a; mir-48/mir-241 (nucleotides 247-275), mir-793 
(nucleotides 334-355) and nhr-25a. The locations of the binding sites are proportional to the size 
of the gene model and are not to a uniform scale. Accession numbers for these sequences are: 
lin-42a, NM_001027005; lin-42b, NM_001027006; lin-42c, NM_001027007; nhr-23a, 
NM_001025804; nhr-25a, NM_001029380; let-7b, NR_000938; mir-48, NR_000793; mir-84, 
NR_001261; mir-241, NR_002403; mir-793, NR_023999; mir-794, NR_023946; and mir-795, 
NR_023943. See methods for criteria. B) Comparison of the two consensus LXXLL motifs 
identified in LIN-42 and the upstream LXXLL motif of PER2 critical for interaction with 
REV-ERB [30]. Blue shading indicates residues that perfectly match the consensus; purple 
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shading indicates residues similar to the consensus. Amino acid positions correspond to the 
primary sequence of LIN-42A. The same residues occur at positions 410-420 and 551-561 of 
LIN-42B. X denotes any amino acid. An LXXLL motif was not identified in LIN-42C. 
Accession numbers for these sequences are: Mouse PER2, NP_035196; LIN-42A, CCD71435; 
LIN-42B, CCD71436; and LIN-42C, CCD71437. 
 

The identification of binding sites for NHR-23 and NHR-25 in the promoters of lin-42 suggests 

that these receptors modulate the temporal expression of LIN-42. Predicted binding sites for 

NHR-23 were also identified in the promoters of let-7 and the paralogous mir-48, -84, and -241 

genes (Figure 2A and data not shown), suggesting that NHR-23 regulates the oscillatory 

expression of primary let-7 transcripts [14]. Finally, some NHR-23 and NHR-25 binding-sites 

are also conserved in the promoters of nhr-23 and nhr-25, raising the possibility that the NHRs 

modulate their own expression.  

 

Post-transcriptional regulation of NHR-23, NHR-25, and LIN-42 may add another level of 

organization to the molting timer, similar to the mammalian circadian clock [4, 6, 30-32]. 

Protein-protein interactions between murine Per and the NHR REV-ERB require a shared 

LXXLL motif [30]. We identified similar motifs in NHR-23, NHR-25, LIN-42A and LIN-42B, 

but not LIN-42C (Figure 2B and data not shown). These motifs may enable LIN-42 to bind 

NHR-25 and NHR-23, and thereby act as a transcriptional co-activator. The presence of a shared 

protein interaction motif among the putative factors of the molting timer suggests that post-

transcriptional control also underlies the temporal regulation of the molting cycle. 

 

Specific miRNAs may also fine-tune the periodicity of larval molting cycles, by negatively 

regulating the expression of core clock components including LIN-42, NHR-23, and NHR-25. 

Mutations in let-7 family of miRNAs are associated with supernumerary molts and reanimation 
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of the mlt-10p::gfp-pest reporter, which can be suppressed by the inactivation of either nhr-23 or 

nhr-25 [33, 34]. Indeed, we identified potential binding sites for the let-7 family of miRNAs in 

lin-42, nhr-23, and nhr-25 transcripts (Figure 2A). Our findings complement and extend 

predictions that were made prior to characterization of the three major isoforms of lin-42 [33]. 

From this analysis, we hypothesize that the let-7 family of miRNAs negatively regulate the 

expression of lin-42a and lin-42b as well as nhr-23 and nhr-25, in both larvae and adults. 

 

Based on the above bioinformatic analysis, we predicted that let-7 mir-84 double mutants would 

express lin-42a as they underwent supernumerary molts, for two reasons: 1) partial inactivation 

of the let-7 family would relieve the proposed direct repression of lin-42a transcripts, and 2) 

expression of nhr-23 and -25 in the juvenile-like hypoderm would result in activation of lin-42 

transcription [34, 35]. Towards evaluating this hypothesis, a fusion gene composed of the lin-42a 

promoter, the gfp-pest coding sequence, and the unc-54 3’ UTR was crossed into let-7(mg279) 

mir-84(tm1304) double mutants (let-7s) [3]. We then scored expression of GFP in the hypoderm 

of animals cultivated for 62 hours after release from starvation-induced L1-diapause. As 

expected, an extra pulse of gene expression was detected in lethargic adults undergoing 

supernumerary molts (Figure 3). 
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Figure 3: Reanimation of the lin-42ap::gfp-pest reporter in let-7s mutants undergoing 
supernumerary molts. A) Representative pairs of fluorescence (top) and DIC (bottom) 
micrographs show expression of GFP in the posterior hypoderm of wild-type and let-7(mg279) 
mir-84(tm1304) adults. Arrowhead and arrow point to the seam and hyp7, respectively. Top 
images were captured with an exposure time of 100 ms and correspond to the regions indicated 
by white boxes on the lower panels. Asterisk labels cuticle dislodged from the head of the let-7s 
mutant.  Scale bars correspond to 10 µm. B) Distribution of GFP expression and lethargy among 
adults of the indicated genotypes, as determined by visual inspection [3]. Expression of GFP 
from the mlt-10 promoter provided an internal control for the occurrence and detection of 
supernumerary molts [34]. Values represent the sum of three independent trials. Total sample 
sizes are indicated in parenthesis. The difference in the frequency of GFP expression between 
let-7s mutants and wild-type adults is statistically significant (p < 0.001, Chi-Square Test). 
 

Many of these mutants bagged because partly shed cuticles obstructed the vulva, causing eggs to 

hatch internally. This observation is consistent with the model that let-7 and related miRNAs 

negatively regulate transcriptional activators of lin-42a in adults that no longer molt. This finding 

further supports the role of LIN-42 in the molting timer and suggests that let-7s miRNAs 

negatively regulate transcriptional activators of lin-42a in adults that no longer molt. 

!"#$%&'()*+)%#,)-.%#,)/0)123425)

!

"

)67&,)89:( !"#$%&'()*&+,!(-.%/0'$(1230,

4"-5%0*677)84%4#9$

433

;3

<3

=3

23

!"#$%&'()*&+,!(-.%/0'$(1230,)67&,>89:(

?
(
.@
(
#
8%
A
(
)"
B)
/
#
7C
%
&$

1D=5 1DD5

*-?)"#)E)&(8F%.A7@

*-?)"#)E)%@87'(

*-?)"BB)E)&(8F%.A7@

*-?)"BB)E)%@87'(

4"-5%0*677)84%4#9$7
4("$%1377)84%4#9$7

G G
G>
>

>

1<25

#$%&'()*

+



  55 

DISCUSSION 

Animal development requires the temporal coordination of repetitive and chronological events. 

We uncovered additional evidence that interconnected regulatory interactions among lin-42, the 

conserved nuclear hormone receptors NHR-23 and NHR-25, and the let-7 family of miRNAs 

together comprise a novel developmental oscillator that drives larval molting cycles. Taken 

together, we propose a model for the molting timer in which an early pulse of nhr-23 and lin-42b 

drives a later pulse of expression of lin-42a and nhr-25 to regulate the cycling of downstream 

target genes (Figure 4) [3]. The family of let-7 miRNAs may act as auxiliary factors to regulate 

the proper temporal profiles of nhr-23, nhr-25, and lin-42 (Figure 4). 
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Figure 4: Model for a molecular oscillator that drives molting cycles. The proposed molting 
timer is composed of interconnected positive and negative regulatory interactions among 
LIN-42A, NHR-23 and -25, and the let-7 family of miRNAs, as described in the text. We 
hypothesize that NHR-23 directly activates the expression of nhr-25 and the let-7 family, and 
that NHR-25 activates the expression of lin-42a, as larvae transition from foraging to lethargus. 
NHR-25 and affiliated co-activators, which may include LIN-42A, then activate the expression 
of target genes that promote extracellular matrix remodeling, stem cell quiescence, and 
behavioral quiescence during the molts. NHR-25 subsequently activates the expression of nhr-
23, completing the positive limb of the feedback loop. When the abundance of nhr-23, nhr-25, 
and lin-42 transcripts peaks, let-7s target the transcripts for degradation or translational 
inhibition, creating the negative limb of the feedback loop. In theory, small molecule ligands 
may also regulate the activity of NHR-23 and possibly NHR-25 (not shown). Modified with 
permission from Landes Bioscience © 2012. Monsalve GC and Frand AR.  Towards a Unified 
Model of Developmental Timing: A ‘Molting’ Approach. Worm 2012; 1:0-9; 
http://dx.doi.org10.4161/worm.20874. 
 

Fluctuations in the intracellular abundance of the receptors, transcriptional co-factors, and small 

molecule ligands may collectively determine the precise time of gene activation. The presence of 

putative binding sites for NHR-23 and NHR-25 in the promoters of the corresponding genes 

further suggests extensive cross- and possibly auto-regulation among these receptors. Consistent 

with this idea, Drosophila DHR3 activates transcription of FTZ-F1 in the prepupal period [36]. 

 

Protein-protein interactions between LIN-42 and NHR-23 or -25 may also play an important role 

in the molting timer. Mammalian PER2 binds to REV-ERB as part of the circadian clock [30]. 

This particular interaction depends on an LXXLL motif in PER2, and the abundance of Per2-

REV-ERB complexes in cultured cells fluctuates in phase with the photoperiod. Various co-

activators of Drosophila FTZ-F1 and Mammalian SF-1 also interact with the receptor through 

LXXLL motifs [37, 38]. We identified two consensus LXXLL motifs in LIN-42A and B (Figure 

2B). Based on the temporal expression profiles of these factors, we favor a model in which the 

abundance of related LIN-42-NHR complexes in epithelial cells fluctuates in phase with the 

molts. Protein-protein interactions between NHR-23 and LIN-42B may occur at early and mid 
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periods of each stage, and may temper the precise time for gene activation of NHR-25 in the mid 

and late stage to promote the transition to lethargus. Accordingly, NHR-25 and LIN-42A may 

also complex to regulate the timed expression of NHR-23 to the beginning of the next larval 

stage. Therefore, LIN-42 may act as a co-factor to NHR-23, NHR-25, or both to drive gene 

transcription of components of the molting timer and other downstream targets (Figure 4). 

Consistent with this idea, LIN-42 interacts genetically and biochemically with the NHR DAF-12, 

and this particular interaction does not depend on the PAS domain that is present in LIN-42B but 

not LIN-42A [39]. 

 

Small temporal RNAs likely temporally fine-tune the expression of core components and targets 

of the molting timer. The let-7 and lin-4 miRNAs both function in the heterochronic pathway 

[33, 40]. In let-7 mutants, the seam cells fail to terminally differentiate at the larval-to-adult 

transition, and undergo an extra asymmetric division in young adults [33]. In lin-4 mutants, the 

seam cells retain the L1-stage temporal identify in perpetuity [40, 41]. Both of these miRNAs 

interact genetically with lin-42, as mutations in lin-42 partly suppress the heterochronic 

phenotypes of let-7(-) and lin-4(-) mutants [28, 42]. Predicted binding sites for lin-4 were not 

identified in lin-42, nhr-23, or nhr-25. Nevertheless, the formal possibility that lin-4 regulates 

other genes important for timely execution of the molts cannot be eliminated at this time. The 

fact that let-7(-) mutants undergo supernumerary molts at predictable, rather than sporadic, times 

indicates that the core time-keeping mechanism operates in this background. However, the extent 

to which let-7 and related miRNAs affect the timing of the larval molts has not been determined 

[3, 43]. 
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The molting timer may represent an ancient paradigm for integrating rhythmic and sequential 

processes in development. Using a combination of biochemical, molecular, and genetic 

approaches, we anticipate that future work will determine the actual mechanisms underlying the 

molting timer. Further studies of the molting cycle may uncover novel but conserved 

mechanisms by which PER-based oscillators control rhythmic cellular processes in both 

developing and mature animals. 
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THE LRP-2/MEGALIN RECEPTOR REGULATES THE CESSATION OF MOLTS 

 

ABSTRACT 

The free-living soil nematode, C. elegans, completes larval development punctuated by four 

larval molts before becoming a reproductive adult. Through a forward genetic screen, we 

identify the broadly conserved, Megalin receptor LRP-2, which regulates the termination of 

larval molting cycles. Mutations in lrp-2 cause a reanimation of the mlt-10 reporter and 

reiteration of the molting cycle in mature animals. Temperature sensitive alleles of lrp-2 reveal a 

requirement for LRP-2 in larval molts. The lrp-2p::gfp reporter was detected predominantly in 

the nervous system, unlike the expression of the paralogous lrp-1 in the hypodermis. This 

suggests that the two major forms of Megalin in nematodes may have distinct roles in the 

regulation and uptake of extracellular ligands, and LRP-2 may function as a receptor for 

neuroendocrine cues underlying the regulation of molts. 

 

 

INTRODUCTION 

During rapid development, C. elegans molt four times, approximately once every eight hours 

when cultivated at room temperature. Molting of the cuticle, which is comprised of a collagenous 

extracellular matrix, involves the coordinated synthesis, secretion, and assembly of a new 

skeleton, as well as degradation of the old one [1]. Molting occurs during an approximately two-

hour, sleep-like state (lethargus) late in every larval stage. Following escape from the old cuticle 

(ecdysis), the animal resumes foraging behaviors. After the fourth, and last, molt, the animal 

exits the molting program altogether and enters reproductive maturity.  
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The molts are coordinated with consecutive transitions in the temporal fates of epidermal stem 

cells (seam cells), which are programmed by genes in the heterochronic network. We recently 

reported that the heterochronic gene lin-42a, which is homologous to the mammalian circadian 

clock protein PERIOD (PER), is an essential component of the molting timer of C. elegans. The 

LIN-42-based molting timer likely synchronizes the periodic molts with fluctuations in 

physiologic cues (hormones), in much the same way that circadian clocks synchronize rhythmic 

biological processes with recurrent fluctuations in zeitgebers [2]. Outputs of the molting timer 

control stem cell dynamics, extracellular matrix remodeling, and animal behavior [3]. Similar 

biological processes are controlled by components of the circadian clock in mammals [2, 4-6]. 

 

The hormone(s) that drives the molting cycle in nematodes remain elusive. However, the 

molecule is likely sterol-based, because cholesterol is required for molting [1, 7, 8]. Nonetheless, 

many candidate receptors, including conserved nuclear hormone receptors (NHRs), have been 

identified [9-14]. One such receptor for the molting ligand is the broadly conserved Megalin 

receptor, LRP-1 [14]. The lrp-1 gene is required for larval molting at all stages, and mutations in 

lrp-1 mimic the molting-defective (mlt) phenotypes associated with cholesterol starvation of 

nematodes [7, 14]. LRP-1 is a single pass transmembrane protein with a large, amino-terminal 

extracellular domain and small carboxy-terminal intracellular domain [14-17]. LRP-1 is 

exclusively expressed in the hypodermis, placing this receptor in the major tissue remodeling 

during the molts [14]. 

 

Through a reverse genetic approach, Frand and colleagues identified multiple genes required for 

molting in C. elegans [1]. Many of these genes encode factors required for the construction and 
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deconstruction of extracellular matrices, factors within cellular signaling cascades, and gene 

regulatory factors [1]. However, the mechanisms that control the number of molts are not well 

understood [18-20]. The heterochronic network plays a role determining the number of molts 

[19-24]. For example, mutations in the heterochronic genes, lin-29, let-7, and mab-10, cause a 

supernumerary molt in adulthood [21, 23, 24]. Interestingly, the extra molts associated with 

mutations in let-7 can be suppressed by the inactivation of the NHRs nhr-23 and nhr-25 [25]. 

However, the extent to which particular heterochronic genes regulate the molting cycle is not 

well understood. Moreover, the mechanisms that regulate putative endocrine inputs to the 

heterochronic network remains elusive. 

 

To identify key regulators of the molting cycle, we employed forward genetic methods to 

identify novel factors that are required for determining the number of molts in C. elegans. Here, 

we define a novel role for the receptor LRP-2, orthologous to LRP-1 and mammalian Megalin, in 

regulating the cessation of larval molts. 

 

METHODS AND MATERIALS 

Genetics and Molecular Biology 

All  strains were maintained and analyzed at 20ºC using standard methods [26], unless otherwise 

noted. 

The following strains were used in this study: 

N2 [Bristol] 

CB4856 [Maui] 

GR1395: mgIs49[mlt-10p::gfp-pest ttx-3::gfp] IV 
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GM13: lrp-2(aaa1 aaa2 aaa3), nuIs125[glr-1p::SNB-1::GFP] I 

GM15: lrp-2(aaa1 aaa2 aaa3) I, backcrossed 3X 

GM16: lrp-2(aaa1 aaa2 aaa3) I, backcrossed 3X; mgIs49 IV 

GM128: aaaEx31[lrp-2(+) sur-5::gfp] lrp-2(aaa1 aaa2 aaa3) I 

GM129: aaaEx31[lrp-2(+) sur-5::gfp] lrp-2(aaa1 aaa2 aaa3) I; mgIs49 IV 

BC12914: sIs10939[lrp-2p::gfp]. 

 

To amplify transcripts of lrp-2, mlt-10, and ama-1, total RNA was extracted from staged 

wild-type (WT) and mutant animals, as previously described [3, 27]. TURBO and 

RETROSCRIPT kits (Ambion) were then used to remove contaminating genomic DNA and 

synthesize cDNAs, respectively. All PCR reactions were conducted with Phusion High-Fidelity 

Polymerase (Finnzymes). The primer sequences used for PCR reactions are available upon 

request. 

 

Construction of genomic libraries and whole genome sequencing (WGS) was performed as 

previously described [28]. We used the MAQGene software to align and analyze multiple 

sequence reads from both parental and mutant genomic DNA libraries [29]. Candidate genes 

were determined to be within the mapping interval, contain SNP within a coding region, of 

which those SNPs tentatively corresponded to missense or nonsense alleles. We obtained ≥ 30X 

coverage for the lrp-2 locus. The rescuing fosmid, WRM0617cA02, was obtained from Source 

Bioscience (Nottingham, UK). 10 ng/ul of the WRM0617cA02 fosmid, along with 40 ng/ul of 

the sur-5::gfp reporter (in a total of 100 ng of DNA), was injected into N2 animals to generate 

the aaaEx31[lrp-2(+) sur-5::gfp] array. 
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Immunofluorescence and Microscopy 

Live animals were anesthetized with 100 mM levimasole (tetramisole hydrochloride, Sigma) and 

placed on fresh 2% agarose pads. Nematodes were observed using a Zeiss Axioscope and images 

captured with an attached Hamamatsu Orca ER camera. Fluorescent and Nomarski images were 

analyzed with Volocity v5.5 (Improvision) software package. Images were prepared for 

publication using Adobe Photoshop and Adobe Illustrator. 

 

RESULTS 

We designed a forward genetic screen to discover novel factors that regulate the timing of the 

molt. We reasoned that mutations in these core factors would result in mistiming of gene 

expression from the mlt-10p::gfp-pest array. Specifically, the mlt-10p::gfp-pest reporter is 

expressed in a pulsed fashion during development, with peak expression observed during all four 

larval molts [8]. In this screen, we employed mutagenesis by ethyl methanesulfonate (EMS) of 

Po mgIs49[mlt-10p::gfp-pest] animals, and then isolated F2 progeny that reanimated the mlt-

10p::gfp-pest expression as adults (Figure 1A). Of the 70 unique F2 animals identified in this 

screen (approximately 112,000 genomes surveyed), 31 of the mutants underwent supernumerary 

molts as gravid adults [30]. We cloned and characterized one of these mutants that continued to 

molt as an adult. This particular mutant grew more slowly than others isolated from the screen 

and was difficult to maintain at temperatures above 20°C. 

 

The genomic region containing the alleles responsible for the supernumerary molt was mapped 

to Chromosome I: 361192 - 4171591 using standard methods [31]. Next, we utilized the Illumina 

platform and whole genome sequencing (WGS) of the parental and mutant genomic DNA 
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libraries to identify single nucleotide polymorphisms (SNPs) that differed between the wild type 

(WT) and mutant libraries, as previously described [28, 29]. This analysis identified three SNPs 

within the mapped interval that correspond two missense alleles and one nonsense allele in the 

coding region of the lrp-2 locus, defined here as aaa1, aaa2, and aaa3 (Figure 1B). 
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Figure 1: A forward genetic screen for animals that molt in adulthood identifies the gene 
lrp-2, required for the cessation of molts. A) A schematic of the forward genetic screen. P0 
animals carrying the integrated mlt-10p::gfp-pest array were exposed to EMS. The subsequent F2 
generation was cultivated for 3 days until adulthood, at which adults that reanimated expression 
from the array were selected (70 gravid adults). 31 of these mutants reinitiated the molting 
program, as observed by the shedding of a fifth cuticle. One of these mutants (below) was further 
mapped and subjected to WGS for gene identification. White arrowhead depicts the 
supernumerary cuticle near the anterior end of the mutant. Late-stage eggs within the gravid 
adult are clearly observed within the body. B) The gene structure of lrp-2, as annotated in 
WS230. Black boxes represent exons; gray boxes represent untranslated sequences. The 
upstream promoter regulatory element of lrp-2 (plrp-2) is indicated. The position of the three 
alleles identified in the coding regions of lrp-2, aaa1, aaa2, and aaa3, are depicted. Solid circles 
represent missense alleles; the asterisk represents the single nonsense allele in this gene. 
Nucleotide positions correspond to C. elegans Chromosome I (gi| 384358972). Accession 
number for lrp-2: NM_058869. C) The predicted, conserved domain structure of LRP-2 of C. 
elegans. The locations of the three alleles are presented. Accession number for LRP-2: 
NP_491270. D) Semi-quantitative RT-PCR of lrp-2, mlt-10, and ama-1 transcripts in mid L4 
staged larvae in WT and mutants animals. – or + indicates the absence or presence of reverse 
transcriptase, respectively. Detection of mlt-10 transcripts was used as a positive control for the 
staging of animals; ama-1 serves as a loading control for the reactions. 
 

The lrp-2 gene encodes a large, single-pass transmembrane protein, homologous to mammalian 

LRP-1/Megalin (Figure 1C). Megalin proteins are sizeable receptors (mass > 280kDa) with a 

large N-terminal extracellular domain, a single transmembrane domain, and a small C-terminal 

intracellular domain. Multiple ligand-binding domains, shared with Megalin, comprise the 

extracellular portion of LRP-2, including the cysteine-rich Low Density Lipoprotein Receptor 

(LDLR) Class A repeats, the Epidermal Growth Factor (EGF) repeats, and YWTD motifs 

(Figure 1C). The combination of these extracellular domains is thought to recruit small 

molecules, like EGF and cholesterol, for endocytosis into the target cell [15]. 

 

We first sought to determine the nature of these alleles. These mutations are tightly linked; 

therefore, we were unable to distinguish among the three alleles identified in this study. The 

mutants were maintained as true-breeding homozygotes, so we first asked if the alleles 
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corresponded to a loss-of-function of lrp-2 or were semi-dominant in nature. We crossed the 

mutants with WT animals and assessed the number of F1 progeny that initiated a supernumerary 

molt. None of the F1 animals underwent a supernumerary molt (n=16); however, approximately 

25% of F2 animals did, reinforcing the notion that these alleles correspond to loss-of-function 

alleles of lrp-2. Next, the transcript levels of lrp-2 in synchronized mid L4 staged WT or mutant 

animals using semi qRT-PCR was determined (Figure 1D). The observed decrease in expression 

of lrp-2 in mutant versus WT animals supports the idea that the aaa1, aaa2, and aaa3 alleles 

correspond to a loss-of-function of the lrp-2 gene. 

 

To determine if the aaa1, aaa2, and aaa3 alleles corresponded to the lrp-2 gene, we introduced 

the WT copy of lrp-2(+) on an extrachromosomal array into mutant animals. The coding region 

alone for lrp-2 is greater than 14500 nucleotides; thus, it was not feasible to PCR amplify these 

region. Therefore, we introduced a fosmid containing the entire genomic fragment of the lrp-2 

gene, which included the introns, the upstream, and the downstream regulatory elements of the 

lrp-2 locus into the mutants. Expression of lrp-2(+) from an extrachromosomal array was 

sufficient to block the mlt-10p::gfp-pest expression of gravid adults in a mixed stage population 

(Figure 2A). In contrast, approximately 29% (n=136) of mutants without the array reanimated 

expression of the mlt-10 reporter as adults. Therefore, the alleles aaa1, aaa2, and aaa3 

correspond to lrp-2, and LRP-2 is required for cessation of molting in reproductively mature 

animals. 
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Figure 2: The lrp-2(+) gene is sufficient to restore normal development of lrp-2 mutants. A) 
The percentage of gravid adults from a mixed stage population were assessed for the reanimation 
of mlt-10p::gfp-pest in lrp-2 mutants with (+) or without (-) the extrachromosomal array 
harboring the lrp-2(+) gene. B) The percentage of dead or molting-defective (mlt) larvae 
cultivated at the restrictive temperature (25ºC), with (+) or without (-) the extrachromosomal 
array carrying the lrp-2(+) gene. A-B) The number in parentheses indicates the number of 
animals. * p < 0.000.1, Chi-Square Test. 
 

Interestingly, when mutants were cultivated at 25ºC, nearly 80% of larvae developed molting-

defective (mlt) phenotypes during development (Figure 2B), indicating that LRP-2 is also 

required for molting before puberty. The lrp-2(+) array was able to suppress the mlt phenotypes 

of first-generation mutant larvae at the restrictive temperature (Figure 2B), confirming that aaa1, 

aaa2, and aaa3 correspond to lrp-2. However, when these populations were maintained at 25ºC 

for subsequent generations, the progeny became mlt, regardless of whether the animals contained 

the lrp-2(+) array (data not shown). The lack of rescue in further generations may be a 

consequence of an insufficient gene dosage of lrp-2(+), gradual gene silencing of the lrp-2(+), 

or mosaicism of the array. 

 

To understand how LRP-2 impinges on the molting timer, we analyzed the expression of lin-42a 

in lrp-2(aaa1 aaa2 aaa3) mutants. In contrast to expression of the mlt-10p::gfp-pest in 

lrp-2(aaa1 aaa2 aaa3) adults, the mutants failed to reanimate lin-42a expression during the 
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supernumerary molt (data not shown). Therefore, lrp-2 is required to inhibit the expression of 

mlt-10, but not lin-42a, in adults. Because the activation of lin-42a does not require lrp-2, LRP-2 

may control downstream signaling from LIN-42A (outputs of the molting timer). However, a 

putative role for LRP-2 in the molting timer, or in the regulation of upstream cues that feed into 

the timer cannot be excluded at this time. 

 

The paralogous LRP-1 receptor is expressed in the hypodermis [14, 32], but the expression 

profiles of lrp-2 were not characterized. To determine the expression pattern of lrp-2, we 

analyzed a transcriptional reporter for lrp-2, which contains an approximate 2 kb fragment 

upstream and the start codon, fused to GFP (Figure 1B). Expression from the lrp-2p::gfp array 

was detected in larvae and adults in the head neurons, ventral cord neurons, and posterior cells of 

unknown identity (Figure 3). Faint expression was also observed in the intestinal epithelia at 

younger, but not later stages (Figure 3A and data not shown). Collectively, the lrp-2p::gfp 

reporter was detected predominantly in the nervous system, suggesting a functional role for 

neuronal LRP-2. 
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Figure 3: The lrp-2 reporter is detected in the nervous system. A) Fluorescent and DIC 
micrographs of early, mid, and late staged L1 larvae. The lrp-2p::gfp array is detected in the 
anterior head neurons, intestinal epithelia, and posterior cells (identity unknown). B) Additional 
micrographs of L2 and L3 molting animals. In addition to the aforementioned tissues, lrp-2::gfp 
was also detected in anterior projections from the head neurons in later stages. A-B) White 
arrowhead depicts the presence of a buccal cap, indicative of a molting animal. Images were 
taken at 40X magnification, with an exposure time of 25 ms (fluorescent) or 1 ms (DIC). 
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DISCUSSION 

This report describes a novel role for the broadly conserved mega-receptor Megalin/LRP-2, in 

regulating the cessation of molting cycles in C. elegans. In a forward genetic screen, we 

identified three mutations in the lrp-2 gene, which together lead to the reiteration of the molting 

program in mature animals. Given that the orthologous mammalian receptor sequesters 

extracellular ligands via endocytosis, LRP-2 may function in a similar capacity by interacting 

with ligands that regulate the molt. Further, LRP-2 plays an essential role in the molting process 

during larval development, much like LRP-1 [14]. 

 

The lrp-2p::gfp reporter was detected predominantly in the nervous system, unlike the 

expression of lrp-1 in the hypodermis [14]. This suggests that the two major forms of Megalin in 

nematodes may have distinct roles in the regulation and uptake of extracellular ligands, and 

LRP-2 may function as a receptor for neuroendocrine cues underlying the regulation of molts 

(Figure 4) [18]. Given that the lin-42a reporter activity was not influenced by lrp-2(-) mutations, 

LRP-2 may function downstream or in parallel to lin-42 and the seam cells, and regulate outputs 

of the molting timer, including the behavior program of lethargus and ecdysis, in the nervous 

system (Figure 4). The intracellular portion of mammalian Megalin is important for endocytosis 

and possibly exocytosis of ligand-bound receptor [15, 33, 34], and ligand-bound form of LRP-2 

may be required for endocytosis and further cellular signaling (Figure 4). 
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Figure 4: Modeling LRP-2 and the Molting Timer. The molting timer may also regulate the 
rhythmic production of endocrine cues that affect animal behavior and execution of the molt. 
Additional signals among the epidermis (orange), the nervous system (red), and body wall 
muscles (green) are expected to regulate progression through the molt. The molting timer resides 
in the seam cells, and regulates outputs by paraendocrine signaling by the ligands APL-1/APP 
and OSM-11/Notch. The LIN-12/GLP-1/Notch Receptors bind to the OSM-11 ligand. LRP-2 is a 
predicted receptor for APL-1 and other small molecules in the nervous system. Signaling from 
the nervous system converges on the musculature and the cyclic GMP protein kinase EGL-4. 
Presumable feedback among the various tissues likely controls this circuit. Modified with 
permission from Landes Bioscience © 2012. Monsalve GC and Frand AR.  Towards a Unified 
Model of Developmental Timing: A ‘Molting’ Approach. Worm 2012; 1:0-9; 
http://dx.doi.org10.4161/worm.20874. 
 

In mammals, the extracellular portion of the transmembrane Amyloid Precursor Protein (APP) 

interacts with Megalin [35, 36]. Interestingly, the APP homolog of C. elegans, apl-1, regulates 

larval molting cycles [37, 38]. APL-1 is made in multiple tissues, including the head neurons, 

arcade cells, ventral cord neurons, and epidermis [37-40]. The role of apl-1 in the regulation of 

the molt is not fully understood [39]; however, the anticipated function of APL-1 is that of a 
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secreted ligand, as expression of the extracellular portion of APL-1 in the nervous system is 

sufficient to restore molting to apl-1 mutants [39, 40]. Other factors, such as the Notch ligand 

OSM-11, are expressed in the seam cells and then are secreted and targeted to the Notch 

receptors GLP-1 and LIN-12 in the nervous system, presumably through the pseudocoelom 

(Figure 4) [41]. Interestingly, apl-1 expression in detected in the seam cells during the L4 stage, 

with increasing levels of expression as the animals enter the final molt [38]. One idea for the role 

of apl-1 in regulating the final molt is that APL-1 generated in the seam cells is cleaved by 

extracellular proteases, and contacts receptors the nervous system, possibly including LRP-2 

itself. Endocytosis of the LRP-2/APL-1 complex may drive downstream signaling that 

terminates the molting process after the L4 stage (Figure 4). In this case, APL-1 acts as a 

reinforcing signal to terminate the molting program after the L4 stage, and not at earlier stages. 

In this model, this signal is dependent on LRP-2. If APL-1 is indeed the major ligand for LRP-2, 

then perhaps sustained, over-expression of neuronal APL-1 might suppress the supernumerary 

molts of lrp-2(-) mutants. Further work using available reagents will test this hypothesis. That 

neuronal expression of apl-1 is regulated by cholesterol [42], further promotes the idea of the 

potential interaction between lrp-2 and apl-1 is modulated by a sterol-ligand that regulates the 

molt. Future work will test the potential physical interaction between LRP-2 and APL-1 using 

biochemical, cellular, and molecular approaches.  

 

The phenotypes of heterochronic mutants have been characterized extensively in regard to the 

timing of stage-specific events. Some of heterochronic factors also control the number of molts, 

including the transcription factors MAB-10 and LIN-29 [19-24]. An extra round of seam cell 

divisions accompany the supernumerary molts of mab-10 and lin-29 mutants [21, 24]. The seam 
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cells therefore seem to play a distinctive role in the regulation of molts. The seam cell dynamics 

in lrp-2 mutants are unknown at this time, but future studies will reveal if a similar reiteration of 

seam cell divisions underlies the supernumerary molt of lrp-2 mutants. Although the lrp-2 gene 

is not a known heterochronic, it may be influenced by the heterochronic network and/or by the 

molting timer. For example, the heterochronic let-7 microRNA functions downstream of apl-1 

[38], and both the heterochronic LIN-42 protein and transcription factor NHR-25 regulate the 

expression of apl-1 [38, 43]. Future analysis will reveal the requirement of the molting timer on 

the regulation of lrp-2. 
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Animal development requires tem-
poral coordination between recur-

rent processes and sequential events,
but the underlying timing mechanisms
are not yet understood. The molting
cycle of C. elegans provides an ideal
system to study this basic problem. We
recently characterized LIN-42, which is
related to the circadian clock protein
PERIOD, as a key component of the
developmental timer underlying rhyth-
mic molting cycles. In this context,
LIN-42 coordinates epithelial stem cell
dynamics with progression of the
molting cycle. Repeated actions of
LIN-42 may enable the reprogramming
of seam cell temporal fates, while
stage-specific actions of LIN-42 and
other heterochronic genes select fates
appropriate for upcoming, rather than
passing, life stages. Here, we discuss
the possible configuration of the molt-
ing timer, which may include inter-
connected positive and negative
regulatory loops among lin-42, con-
served nuclear hormone receptors such
as NHR-23 and -25, and the let-7
family of microRNAs. Physiological
and environmental conditions may
modulate the activities of particular
components of this molting timer.
Finding that LIN-42 regulates both a
sleep-like behavioral state and epi-
dermal stem cell dynamics further
supports the model of functional con-
servation between LIN-42 and mam-
malian PERIOD proteins. The molting
timer may therefore represent a prim-
itive form of a central biological clock
and provide a general paradigm for the
integration of rhythmic and devel-
opmental processes.

Introduction

Once-in-a-lifetime changes, such as meta-
morphosis, and repeated processes, such
as cell division, are both essential for
animal development. However, the timing
mechanisms that coordinate sequential
and recurrent events in developing orga-
nisms are not well understood.

Studies of developmental timing have
focused on hormones and gene regulatory
cascades that trigger specific chronological
events. One prominent example is the
regulation of insect metamorphosis by
the steroid hormone 20-hydroxy-ecydsone
(20-E) and related transcriptional cas-
cades.1 Specific cytokines and transcription
factors that promote the stepwise
maturation of mammalian B-cells from
pluripotent hematopoietic stem cells have
also been well-characterized.2 The use of
C. elegans as a model system led to
the seminal discovery of conserved
microRNAs (miRNAs) and protein-
coding genes that program the successive
temporal fates of the stem cell-like lateral
epithelial seam cells.3-5 These cells divide
asymmetrically early in every larval stage;
undergo one additional symmetric division
in the L2 stage; and ultimately terminally
differentiate, by fusing with one another
and exiting the cell cycle, at the larval-to-
adult transition.5,6 Collectively, the genes
that control these stage-specific patterns
of seam cell division and differentiation
make up the heterochronic gene regulatory
network.7,8

Relatively little is known about biologi-
cal timers that drive temporally reiterated
processes in the context of metazoan
development. One of the best-charac-
terized developmental oscillators is the
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segmentation clock of vertebrates, which
is composed of interconnected positive
and negative regulatory interactions
among components of the Notch and
Wnt signaling pathways. The segmenta-
tion clock drives the rhythmic expression
of master transcription factors, which in
turn program spatial and temporal cell
fates.9 The clock operates in somite
precursors but not mature tissues. In
C. elegans, most epithelial cells and
synctyia of juveniles exhibit rhythmic gene
expression profiles associated with the four
larval molts, as we shall describe.10,11

The best-characterized biological timers
are the circadian clocks of mature animals.
These clocks synchronize daily behavioral,
hormonal, and metabolic rhythms with
predictable fluctuations in environmental
and physiological conditions.12 The mam-
malian clock consists of interlocked posi-
tive and negative feedback loops among
the transcription co-factor PERIOD
(PER), the basic helix-loop-helix (HLH)
transcription factors CLOCK and BMAL,
the nuclear hormone receptors (NRs)
RORa and REV-ERB, and other ancillary
components.12 PER and other core clock
proteins also regulate the cell cycle, and
disruption or misalignment of the cir-
cadian clock leads to tumor progression in
mouse models.13,14 However, the extent to
which the canonical circadian clock or any
other PER-based oscillator coordinates cell
cycles with developmental transitions had
not been examined.

To address these basic questions, we
investigated the molecular mechanism that
times the molting cycles of C. elegans.15

The larval molts involve distinctive cellular
and organism behaviors that together
enable the rapid and repeated reconstruc-
tion of cuticle, which is a collagen-rich
extracellular matrix (ECM) (Fig. 1).16,17

Briefly, the underlying hypoderm detaches
from the preexisting cuticle (apolysis), and
generates a new cuticle underneath the old
one. Various cell-ECM adhesive com-
plexes that collectively tether the cuticle
to the hypoderm, the underlying basement
membrane (BM), and body wall muscles
are also remade during the molts.11,18

Notably, the seam cells repeatedly switch
between proliferative and quiescent
states in phase with the periodic molts.
As described, these cells undergo stem

cell-like asymmetric divisions early in every
larval stage. The posterior daughters retain
pluripotency and proliferative potential.
In contrast, the anterior daughters fuse
with the hypodermal syncytium (hyp7),
increasing the size of the body.19,20 The
pluripotent seam cells are largely quiescent
and contribute to the synthesis of cuticles
during the molts.6 The mechanisms that
coordinate stem cell and ECM dynamics
in this context are not well understood,
but are essential for viability. Indeed, both
genetic mutations that prevent seam cell
specification and drugs that delay seam cell
division cause aberrant, fatal molts.21-24

The rhythmic behaviors associated with
molting cycles include lethargy and idio-
syncratic movements used to escape the
old cuticle (ecdyse). Lethargus has been
used to model mammalian sleep, as this
reversible quiescent state is characterized
by the cessation of food-intake and
locomotion as well as decreased respon-
siveness to external stimuli.25,26 Communi-
cation among neurons, muscles, and
epithelial cells likely coordinates these
behavioral routines with progression of
the molting cycle.15,25-27 Larvae molt four
times, once every 8–10 h under favorable
culture conditions. Although this periodi-
city resembles a harmonic of the circadian
clock, the anticipated pacemaker had not
been characterized.

Using a candidate gene approach, we
identified lin-42, which is related to
PERIOD,28,29 as a key component of the
molting clock that operates in the epithe-
lium of juveniles.15 This LIN-42-based
timer sustains the rhythm of the molting
cycle and synchronizes seam cell dynamics
with the larval molts.15 In addition,
LIN-42 acts in the heterochronic pathway
to program the L3-stage, and possibly
other, seam cell temporal fates.15,30,31

Here, we summarize our recent findings
and further discuss the possible molecular
configurations, environmental and physio-
logical inputs, and systemic outputs of the
molting clock. Several lines of evidence
now support the model of functional
conservation between C. elegans LIN-42
and mammalian PER proteins. The use of
both reiterated and consecutive functions
of LIN-42/PER to regulate developmental
timing in C. elegans may therefore provide
a general paradigm for the integration of

rhythmic and sequential processes in
biology (Fig. 1). Our ongoing studies of
the molting timer will likely uncover novel
mechanisms by which conventional and
unconventional PER-based clocks regulate
biological rhythms throughout the life of
metazoans.

Identifying Components
of the Molting Timer

The genetic basis of the circadian clock
was established by the characterization of
three distinct alleles of Drosophila melano-
gaster period that shortened, lengthened,
or abolished daily rhythms in locomoter
activity.32 Two hallmarks of core clock
components have since emerged. The first
is that either inactivation or constitutive
expression of the corresponding genes
disrupts the clock-controlled biological
rhythm.12 We found that lin-42(ok2385)
mutants molted at unpredictable times.15

Strikingly, individual lin-42(ok2385)
mutants completed the fourth molt up to
24 h apart, whereas wild-type animals
completed the molts virtually in synchrony
(Fig. 2A). Unusually long periods of time
typically elapsed between ecdyses in lin-42
(ok2385) mutants. However, new molts
occasionally began prior to the completion
of earlier ecdyses. These unnaturally short
cycles became evident when larvae shed
two cuticles within an hour, or became
trapped within two incompletely shed
cuticles. Further, forced expression of
lin-42a from an inducible promoter led
to anachronistic and fatal molts, in which
the hypoderm detached from the cuticle
prior to stage-specific developmental
benchmarks.15

We also found that lin-42 was essential
for proper seam cell dynamics throughout
larval development.15 The seam cells were
inappropriately detached from one another
and misshapen in lin-42(ok2385) mutants
undergoing molts. At the L3-to-L4 trans-
ition, some seam cells fused prematurely
and secreted alae, a phenotype that was
previously observed in other lin-42
mutants.30,31 However, at the L4-to-adult
transition, some seam cells failed to exit
the cell cycle and subsequently underwent
supernumerary divisions (Fig. 2B). Thus,
lin-42(ok2385) animals exhibited defining
features of both “precocious” and
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“retarded” heterochronic mutants. Taken
together, our findings suggest that a LIN-
42-based timer synchronizes seam cell
dynamics with larval molting cycles. The
lin-42 gene regulates both the periodicity
and the quality of the molts, as lin-42 also
functions in the heterochronic pathway to
program the L3, and possibly other, seam
cell temporal fates.28 In this context,
reiterated functions of LIN-42 may enable
the reprogramming of seam cell temporal
fates, while sequential actions of LIN-42
and other heterochronic genes select the
fates appropriate for upcoming, rather
than passing, life stages.

Oscillatory activity is the second dis-
tinctive feature of core clock components.
Both transcriptional and post-transcrip-
tional regulatory mechanisms contribute

to these oscillations, which occur in phase
with the clock-controlled biological
rhythm.12 The lin-42 locus is complex
and encodes three major transcripts with
both shared and unique cis-acting regula-
tory elements.29 The overall abundance of
lin-42 transcripts and proteins rises and
falls in phase with the larval molts.28 To
better define the temporal expression
profiles of lin-42a, b and c, we separately
combined both the unique promoter of
lin-42a and the shared promoter of lin-42b
and c with the gfp-pest reporter. Expression
of the corresponding fusion genes in
hyp7 showed that activity of the lin-42b
promoter peaked during the intermolts,
as previously reported.29 However, the
lin-42a promoter was most active toward
the end of every larval stage; GFP was

robustly expressed in lethargic larvae
undergoing molts, and was barely detect-
able about two hours after ecdysis.15

Expression of lin-42a restored both rhyth-
mic molts and proper epidermal develop-
ment to lin-42 mutants, underscoring the
significance of the independent transcrip-
tion of lin-42a.15,29

Taken together, our findings provide
substantial evidence that LIN-42A func-
tions as a central component of the
molting clock. The isolation of missense
alleles of lin-42 associated with consis-
tently shorter or longer, rather than
unpredictable, molting cycles would fur-
ther support this model. In theory, the
molecular identities of related substitu-
tions might identify motifs essential for the
activity of LIN-42A, and possibly sites
of post-translational modifications that
affect the abundance or intracellular
distribution of LIN-42A. Similar appro-
aches uncovered pivotal roles for the
phosphorylation and O-glycosylation of
PER in the circadian clock.33-36 Identifying
the transcriptional regulators and targets of
LIN-42 would also improve our under-
standing of the molting timer. This task is
challenging, in part, because the genome
of C. elegans encodes scores of HLH
transcription factors, none of which are
clearly homologous to CLOCK or BMAL.

Particular conserved NRs are excellent
candidates for additional components of
the molting clock: namely, NHR-23,
which is homologous to both mammalian
RORa and Drosophila DHR3, NHR-25,
which is homologous to both mammalian
SF-1 and Drosophila FTZ-F1, and
DAF-12, which is related to the Vitamin
D receptor.37 Inactivation of either nhr-23
or -25 prevents completion of the molts,
and overexpression of either gene causes
larval lethality.38-41 NHR-23 and -25 also
directly or indirectly activate the expres-
sion of many genes involved in the process
of molting.11,39,42-45 These genes encode
various intercellular signaling molecules,
matrix modification enzymes, and
ECM proteins, including collagens and
MLT-10.46 NHR-25 also regulates seam
cell dynamics.23,24 In addition, we found
that RNAi of either nhr-23 or -25
exacerbated the molting defects of lin-42
(ok2385) mutants.15 DAF-12 regulates the
decision to undergo rapid development or

Figure 1. Molting is a reiterated process in development. Each molt involves specialized cellular
programs and animal behaviors. Epithelial cells and syncytia detach from the preexisting cuticle
and secrete a new cuticle underneath the old one. Larvae are quiescent for approximately 2 h
while the cuticle is remade (lethargus). Larvae then execute a series of idiosyncratic movements
to escape the old cuticle (ecdysis); this step takes about 20 min. The entire process is repeated
four times, every 8–10 h under favorable culture conditions. The lateral epithelial seam cells
undergo stem cell-like asymmetric divisions early in every larval stage, but contribute to
the synthesis of new cuticles during the molts. Reprogramming of the successive, stage-specific
temporal fates of the seam cells occurs around the time of the molts (not shown).
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facultative diapause in L2 larvae.37 In this
context, lin-42 interacts with daf-12 and
ligand-activated DAF-12 induces the
expression of lin-42a when conditions
favor rapid development.47,48 However,
daf-12 is expressed throughout develop-
ment and may regulate the progression of
additional life stages.37

The abundance of nhr-23 and -25
transcripts also oscillates in phase with
the molting cycle.39,49 Overall levels of
nhr-23 transcripts peak midway through
the intermolt, but the temporal expression
patterns of the six distinct isoforms of
nhr-23 curated in Wormbase229 have not
yet been examined. Levels of nhr-25a
transcripts, which encode the full-length
receptor, peak during the molts, whereas
levels of nhr-25! transcripts, which
encode a truncated receptor, peak after
ecdysis.49 Once made, NHR-25! might
interfere with transcriptional activation by

NHR-25a, as the former isoform lacks
a DNA binding domain. Based on the
timing of peak nhr-23 expression and
the annotations of confirmed targets of
the receptor, we hypothesize that
transcriptional activation by NHR-23
enforces a commitment to molt. NHR-
23 might directly promote the expression
of NHR-25, given that Drosophila DHR3
activates the transcription of FTZ-F1.50 In
theory, the expression of various targets of
NHR-25 may then promote completion
of the molt and the start of the next life
stage. The precise temporal expression
pattern of daf-12 has not yet been
characterized.37

The conserved let-7 family of miRNAs
has been predicted to target and down-
regulate both lin-42 and nhr-25,4,51 and
may thereby fine-tune the periodicity of
larval molting cycles. The best-charac-
terized function of let-7 is to promote

terminal differentiation of the lateral
hypoderm by downregulating additional
protein-coding genes in the heterochronic
pathway.4 The seam cells fail to terminally
differentiate at the larval-to-adult trans-
ition in let-7 mutants, and instead undergo
extra divisions in reproductively mature
animals.4 Mutations in let-7 are also
associated with supernumerary molts,
which can be suppressed by knocking-
down either nhr-23 or -25.4,51 The fact
that let-7 mutants undergo supernumerary
molts at predictable, rather than sporadic,
times indicates that the core molting timer
operates in this background. However, the
extent to which let-7 or related miRNAs
affect the duration of specific larval stages
or the synchronicity of the molts has not
yet been determined. Notably, mutations
in lin-42 partially suppress the phenotypes
of let-7 mutants and vice-versa,29,31 but the
mechanism of this co-suppression has not
yet been defined. One interesting possibi-
lity is that lin-42 negatively regulates the
expression of mature let-7 miRNAs.

Primary transcripts of let-7 are also
expressed during each of the four molts,
even though mature let-7 miRNAs are
only produced in late stage larvae and
adults.52 However, additional members of
the let-7 family act during earlier larval
stages,53,54 and the expression of some, if
not all, paralogs of let-7 might oscillate in
phase with the molts. Although the
cyclical expression of lin-42, nhr-23,
nhr-25, and let-7 is critical for larval
development,15,55 the transcriptional and
post-transcriptional regulatory mecha-
nisms that account for these oscillations
have not yet been described.

Modeling the Molting Timer

As depicted in Figure 3A, we postulate
that interlocked positive and negative
regulatory loops involving LIN-42, con-
served NRs, and the let-7 family of
miRNAs compose a developmental oscil-
lator that drives rapid molting cycles. In
the positive limb of the proposed timer,
specific NRs activate the expression of
lin-42a and let-7 family miRNAs, and
levels of the corresponding gene products
begin to rise. The precise time of gene
activation within each larval stage may be
determined by the abundance of the

Figure 2. Molting cycles and seam cell dynamics are temporally misaligned in lin-42 mutants.
(A) Chart shows the asynchronous execution of the fourth molt in lin-42(ok2385) mutants,
compared with wild-type larvae. Each bar represents the behavior of a single animal monitored
from the third to the fourth molt. Larvae were observed for 30 sec of every hour and behavior
scored by visual inspection. The average duration of the L4 stage was 21.8 ± 3.1 (Cn = 0.4) hours
in lin-42(ok2385) mutants, compared with 9.9 ± 0.1 (Cn = 0.05) in wild-type animals. (B) Seam cells
were visualized in lin-42(ok2385) mutants and wild-type animals by fluorescence microscopy, using
the AJM-1::GFP marker for adherens junctions and the scm::gfp reporter for seam nuclei. Seam cells
of lin-42 mutants often underwent precocious homotypic fusion during the third molt (asterisk).
However, some seam nuclei underwent supernumerary divisions in reproductively mature animals
(arrows). The white box indicates one region where alae were detected on the cuticle. “V” indicates
the position of the vulva. Scale bar corresponds to 10 mM. This figure was adapted from Monsalve
et al., LIN-42/PERIOD Controls Cyclical and Developmental Progression of C. elegans Molts, Current
Biology 21, 2033–2045 (2011).
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receptors, affiliated co-factors, and small-
molecule ligands. Consistent with this
hypothesis, there are several half-sites
for NR binding56 in the experimentally
defined promoters of lin-42a and let-
7.15,29,52,57 Further, DAF-12 is known to

induce the expression of lin-42a and let-7
under favorable conditions.47,48,58,59 In
addition, the mammalian NR NF-kB
activates expression of let-7 in tissue
culture.60 Although a high-throughput
screen for transcriptional regulators of the

let-7 family did not uncover NHR-23 or
-25,61 the possibility that one or both of
these receptors periodically activate the
expression of let-7 family miRNAs in
larvae has not been evaluated. In the
negative limb of the proposed timer, let-7

Figure 3. Modeling the Molting Timer. (A) We propose that interconnected positive and negative regulatory interactions among LIN-42, certain NRs, and
let-7 family miRNAs compose a developmental oscillator that operates in the epidermis of juveniles and drives rhythmic molting cycles. This diagram
depicts hypothetical molecular events that might occur in seam cells as animals enter and exit the larval molts. (B) The proposed molting timer may also
regulate the rhythmic production of endocrine cues that affect animal behavior. Additional signals among the epidermis (orange), the nervous system
(red), and body wall muscles (green) are expected to regulate lethargus and ecdysis. See text for additional information about this model.
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family miRNAs target lin-42 and nr
transcripts for translational inhibition or
degradation, contributing to a decline in
levels of the corresponding proteins.
Consistent with this model, let-7 is known
to directly target daf-12 transcripts.58,59

The extent, if any, to which mammalian
let-7 miRNAs downregulate per or other
components of the circadian clock is not
known.

The molecular function of LIN-42A has
not yet been defined, but the protein is
thought to act as a transcriptional co-
factor, similar to larger PER proteins.
Consistent with this model, several
sequence motifs are conserved between
LIN-42A and mammalian PER proteins,
although LIN-42A lacks a Period-Ant-Sim
(PAS) domain.29 Further, LIN-42A was
detected in the nuclei of epithelial cells.15

Per2 was recently found to bind the NR
REV-ERB through an LXXLL motif as
part of the circadian clock.62 Various co-
activators of Drosophila FTZ-F1 and
Mammalian SF-1 also use LXXLL motifs
to bind the receptors.63,64 LIN-42A and B
contain two LXXLL motifs, one or both of
which might enable physical interactions
with NHR-23 or -25. Consistent with this
general idea, initial studies have suggested
that LIN-42B interacts with DAF-12 in a
manner that does not depend on the PAS
domain.48 If LIN-42 does in fact associate
with these particular NRs, then the
abundance of related complexes in epithe-
lial cells might fluctuate during every
larval stage and contribute to the rhythmic
expression of downstream target genes.
Protein-protein interactions between
LIN-42 and these particular NRs may
therefore play a role in timing molting
cycles.

In summary, LIN-42A functions in a
developmental oscillator underlying rhyth-
mic molting cycles. In this context, high
levels of LIN-42A coincide with lethargy,
ECM remodeling, and stem cell quie-
scence, whereas low levels of LIN-42A
coincide with physical activity, stable
matrices, and stem cell divisions. Rising
levels of LIN-42 may allow the reprogram-
ming of seam cell temporal fates; falling
levels of LIN-42 may license the sub-
sequent round of cell division. Reprogram-
ming of seam cell temporal fates may
be achieved, in part, by repressing the

expression of preexisting miRNAs, includ-
ing lin-4 in L1 larvae and the let-7 family
in older larvae. The timer would start
to tick in the epithelium of late-stage
embryos, around the time of synthesis of
the L1-stage cuticle, and cease to operate
when the epithelium terminally differenti-
ates at the larval-to-adult transition.
Anticipated clock-controlled genes include
some components of the heterochronic
network. In theory, the 8-h rhythm of the
molting cycle may represent a harmonic of
a circadian oscillator adapted to support
the rapid growth of nematode larvae.20

Finding that individual lin-42 mutants
complete the larval stages at variable times
underscores the need to account for
progression of the molts, in addition to
the passage of time, when characterizing
mutations that affect developmental
timing and the expression profiles of
corresponding genes. The heterochronic
mutants of C. elegans have been classified
based on the relative timing of either the
symmetric divisions or the terminal differ-
entiation of the seam cells, compared with
development of the reproductive system.65

It has since become standard practice in
the field to synchronize hatchlings by
starvation-induced L1-stage diapause,
cultivate larvae on food for pre-selected
periods of time, and then collect animals
for visual inspection or the extraction of
nucleic acids. Interpretations of related
data often assume that all larvae of a given
genotype developed at a consistent pace,
similar to wild-type animals. Some hetero-
chronic phenotypes may therefore be
attributable to slower, faster, or arrhythmic
molting cycles, rather than the misspecifi-
cation of temporal cell fates.

Potential Inputs
to the Molting Timer

The circadian clocks of mammals bene-
ficially synchronize rhythms in behavior
and metabolism with daily fluctuations in
sunlight, temperature, and the availability
of food.12,66,67 These environmental factors
are typically held constant when nema-
todes are cultivated in the lab, but almost
certainly vary in the natural habitat of the
soil, and may impact the periodicity of
molting cycles in that context. Indeed,
cooler cultivation temperatures reduce the

speed of larval development, and rhythmic
fluctuations in ambient temperature pro-
duce oscillations in the expression of
many C. elegans genes.68 Further, both
the quality and abundance of food affect
the pace of larval development.69

Fluctuating levels of specific nutrients
or metabolites and thresholds in body size
may also provide physiologic inputs to the
molting timer. In general, energy reserves
should increase as larvae feed. However,
because the volume of the body increases
continuously, whereas the volume of the
mouth only increases during molts, the
ratio of food intake to energy expenditure
likely drops when larval reach a critical
size.20 The process of molting then
requires substantial work, at a time when
larvae are unable to feed. Consistent with
the idea that metabolic states influence the
progression of molting cycles, signaling
through the insulin pathway promotes
rapid larval development.70,71 Mechano-
transduction pathways coupled to stress on
the cuticle may also promote molting
when larvae attain critical sizes. These
concepts are consistent with the obser-
vation that the average size of shed cuticles
increases saltationally from one larval stage
to the next.69 We further anticipate that
“checkpoints” on the status of the new
cuticle regulate the transition from lethar-
gus to ecdysis, although the corresponding
circuits have not yet been described.

Fluctuations in the abundance of par-
ticular steroid hormones may also affect
the periodicity of the molts, by modulat-
ing the activity of NRs including NHR-
23, -25, and DAF-12. C. elegans cannot
synthesize cholesterol de novo, and an
exogenous supply of cholesterol is
required for completion of the molts.72,73

Cholesterol is generally thought to serve as
a precursor for the biosynthesis of essential
steroid hormones,74 although 20-E has
not been detected in any free-living
nematode.75 The natural ligand of human
RORa is a derivative of cholesterol,76 and
a related molecule might serve as a
physiologic ligand for NHR-23. Recent
findings have shown that FTZ-F1 func-
tions as a constitutive transcriptional
activator without a small molecule
ligand,63 and NHR-25 might operate in
a similar manner. The endogenous ligand
for DAF-12 was the first steroid hormone
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characterized in C. elegans.77 Both insulin
and TGF-! signaling promote production
of this hormone.37

Endocrine and neuroendocrine cues
coupled to any or all of the aforemen-
tioned environmental and physiological
factors may converge on the regulation
of LIN-42 and other components of the
molting timer. In natural habitats, such
interactions might align the molts with
favorable extrinsic and intrinsic condi-
tions, and thereby decrease the possibility
of injury or death during the molting
process.

Systemic Outputs
of the Molting Timer

As described, molting cycles include the
distinctive behaviors of lethargy and
ecdysis, which are regulated by endocrine
and neuroendocrine circuits.25,27 Both the
onset and duration of lethargus were
irregular in lin-42(ok2385) mutants, and
ecdyses were often aberrant.15 Remarkably,
seam cell-specific expression of lin-42a
restored normal cycles of physical activity
and quiescence to lin-42(ok2385)
mutants, in addition to successful
ecdyses.15 This particular finding implies
that activity of LIN-42 in the seam cells
promotes the rhythmic production or
release of intercellular signals that directly
or indirectly modulate the functions of
various neurons and muscles throughout
the body (Fig. 3B). Several recent reports
have confirmed that neuroendocrine cues
produced by epithelial cells either initiate
or maintain the behavioral quiescence
associated with larval molts. Secretion of
the DOS protein OSM-11 from the seam
cells induces quiescence by activating the
Notch receptors LIN-12 and GLP-1 in the
nervous system.27 In a parallel pathway,
the EGF-like molecule LIN-3 induces
quiescence by activating the EGF receptor
LET-23 in the ALA interneuron.25 The
relevant source of endogenous LIN-3 has
not yet been defined. However, the lin-3
gene is expressed in the pharynx, the
hypoderm, and the intestine, and expres-
sion of lin-3 in some epithelial cells is
activated by NHR-25.78,79 The ectodo-
main of the Amyloid Precursor-Like pro-
tein APL-1, which may be released from

both seam cells and neurons, might also
regulate behavior during the molts.80-82

Moreover, the expression of an apl-1
fusion gene in the seam cells of L4
larvae is induced by nhr-25, and indirectly
repressed by the let-7 family of
miRNAs.45,83 Another key component of
the signaling network that regulates lethar-
gus is the conserved cyclic GMP protein
kinase EGL-4, which is expressed in body
wall muscles, the hypodermis, and head
neurons.26,84,85 Loss-of-function mutations
in egl-4 are associated with increased
physical activity and partly suppress
the behavioral quiescence triggered by
forced expression of lin-42a, osm-11, or
lin-3.15,25,27 Although the events down-
stream of EGFR and Notch Receptor
activation have not yet been characterized,
these pathways likely converge on the
regulated secretion of neurotransmitters at
neuromuscular junctions. In theory, the
molting timer might control behavioral
rhythms by directly or indirectly modu-
lating the activities of OSM-11, LIN-3, or
APL-1. Additional outputs of the molting
timer may affect osmoregulation, metabo-
lism, and other systemic processes that
differ between molting and non-molting
larvae.

The Molting Timer
as a Primitive Biological Clock

In mammals, a master circadian clock
operates in the suprachiasmatic nucleus
(SCN) of the brain. The central clock
resets and synchronizes peripheral clocks
in vital organs, and responds to feedback
from peripheral oscillators.12 The onto-
geny of this system is not well under-
stood.86 When viewed in this context, the
LIN-42/PER-based molting timer, which
operates in epithelial cells and affects
rhythmic behaviors of several other tissues,
may represent a primitive form of a central
clock. Interestingly, the eclosion of insects
and the rhythmic growth of plants are also
regulated by the circadian clock.87-89 The
use of PER-based clocks as developmental
timers may therefore represent an ancient
adaptation of multicellular organisms.

The regulation of sleep-wake cycles is
perhaps the best-characterized function of
human PER proteins, and mutations in

the corresponding genes are associated
with various inherited disorders of
sleep.90-93 Finding that lin-42 regulates
the timing of lethargus further supports
the view that nematode lethargy and
human sleep share an ancient evolutionary
origin. Homologs of several additional
molecules that regulate lethargus also affect
the sleep-wake cycles of mammals. RORa,
which is related to NHR-23, regulates
sleep as a component of the circadian
clock.94 The mammalian EGF receptor
and the EGL-4 homolog PRKG1 also
influence the timing and quality of
sleep.95,96 Further, levels of let-7 increase
in the hippocampus of sleep-deprived rats,
suggesting that the activity of let-7 corre-
lates with sleep-wake cycles.97,98

Another striking similarity between the
function of C. elegans LIN-42 and mam-
malian PER is that both proteins regulate
epidermal stem cell dynamics.15,99 The
epidermal stem cells of mammalian hair
follicles also undergo cycles of proliferation
and quiescence,100 and PER was recently
been found to regulate the overall size of
this stem cell population and the propen-
sity of cells therein to enter the cell
cycle.99,101 This particular function of
human PER may be analogous to the
role of LIN-42 in regulating seam cell
proliferation and temporal specification.15

Recent studies have uncovered the
clinical significance of clock misalignment
or dysfunction in modern epidemics
including obesity, diabetes and age-related
declines in bodily function.12,,102-105

Further basic research on the molting
timer may therefore uncover novel but
conserved aspects of PER-based oscillators
relevant to human development as well as
metabolic syndromes and sleep disorders.
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