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Abstract 

The timing of post-embryonic development is regulated by the heterochronic 

gene pathway in C. elegans. An important member of this pathway is lin-42, the 

worm homolog of the circadian clock gene period. Existing lin-42 alleles have 

implicated this gene in developmental timing, molting, and the decision to enter 

the alternative dauer state. lin-42 is a complex locus, encoding overlapping and 

non-overlapping isoforms, and as a result hypomorphic alleles leave at least one 

isoform intact.  A null allele is needed to understand all of the roles of lin-42 and 

its individual isoforms. To remedy this problem, and discover the null phenotype, 

we engineered an allele that deletes the entire lin-42 protein coding region. lin-42 

null mutants are homozygous viable, but have more severe phenotypes than 

observed in previously characterized hypomorphic alleles. Additional evidence is 

also provided for this conclusion by using the null allele as a base for 

reintroducing different isoforms, showing that each isoform can provide 

heterochronic and molting pathway activities. lin-42 functions in the heterochronic 

pathway to regulate transcription of primary miRNAs, including the let-7 miRNA 

family. One member of the let-7 family is mir-48.  To better understand how mir-

48 fits in the pathway a mir-48 gain-of-function suppressor screen was 

performed. This screen yielded multiple candidates that could function with mir-

48 in the heterochronic gene pathway, as miR-48 target genes, or as regulators 

of miRNA biogenesis and function. Analysis of these mutants should provide 

insights into control of developmental time. 
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CHAPTER 1: INTRODUCTION 

Temporal regulation is important for proper development. 

As an embryo develops into a reproductive adult, each morphological 

change is coordinated by a network of molecular mechanisms.  Spatial cues 

instruct cells about their position and how to behave appropriately, while 

temporal cues ensure developmental events occur in the correct order and at the 

precise time.  Ordering determines the sequence of events (A  B), whereas 

interval timing determines the duration between each event (A….B).  Temporal 

regulation is not well understood and is an important area of study. 

In humans, one example of a temporally regulated developmental 

transition is puberty, in which an individual undergoes physiological changes 

necessary to reach sexual maturity (ROSENFIELD et al. 2009).  Puberty normally 

occurs between the ages of 8 and 13 in girls, and 9 and 14 in boys, and is 

stimulated by the peptide kisspeptin (HARRINGTON and PALMERT 2012; SORENSEN 

et al. 2012; SKORUPSKAITE et al. 2014).  Kisspeptin activates neurons in the 

hypothalamus to release a pulse of gonadotropin-releasing hormone (GnRH) 

(SKORUPSKAITE et al. 2014).  GnRH stimulates the release of luteinizing hormone 

(LH) and follicle stimulating hormone (FSH) from the pituitary gland.  LH and FSH 

then activate secretion of estrogen from the ovaries in females, and testosterone 

from the testes in males, which in turn initiates the appropriate sexual maturation 

program (SIZONENKO 1978).   

Individuals that undergo puberty before the age of 8 in girls, or 9 in boys, 

are considered to have Central Precocious Puberty (CPP) disorder.  Precocious 
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puberty is associated with an increased risk for a number of diseases later in life, 

including cardiovascular disease, cancer, and type 2 diabetes (ELKS et al. 2013; 

PRENTICE and VINER 2013; BODICOAT et al. 2014).  Experiments in primates and 

genome wide association studies in humans have implicated a number of genes 

as possible causes of precocious puberty, including KISS1, KISS1R, and LIN-

28B; however, mutations in these genes are rarely identified in patients, which 

suggests that timing of puberty is complex and likely has multiple origins (BRITO 

et al. 2006; FREITAS et al. 2007; TOMMISKA et al. 2011; SILVEIRA-NETO et al. 2012).  

Thus, additional work is necessary to understand how developmental transitions, 

such as puberty, are regulated.  Since molecular mechanisms in higher 

eukaryotes are complex, a simple biological model can provide the tools 

necessary to investigate mechanisms of developmental timing. 

 

C. elegans is an exceptional model to study timing. 

C. elegans is an exceptional system to study genetic mechanisms that 

regulate developmental timing, because it is a powerful genetic model and has a 

precisely timed developmental program (BRENNER 1974; SULSTON and HORVITZ 

1977).  The worm has a short life cycle of 2.5 days from hatching to adulthood 

which makes it feasible to rapidly perform complex genetic experiments.  C. 

elegans exist as two sexes, self-fertilizing hermaphrodites (XX) and males (XO), 

a feature that is useful in genetic experimentation because homozygous 

hermaphrodites produce genetically identical offspring, and males can be used to 

move mutations between strains.  Furthermore, there are multiple transgenic, 
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RNAi and gene editing approaches to investigate the function of a particular gene 

of interest. 

The precisely timed development of C. elegans makes it an especially 

useful model to study temporal development.  C. elegans development goes 

through embryogenesis and four larval stages (L1-L4) before reaching adulthood.  

Each stage ends with a larval molt, in which the animal becomes lethargic, 

produces a new cuticle, and sheds the old one (SINGH AND SULSTON 1978).  

Molting is a transition in which one developmental program ends and a new one 

begins.  In C. elegans, these stages and transitions occur at precise times in 

development.  Furthermore, the cell lineage of the worm is essentially invariant, 

which makes it possible to track developmental events as specific as a single cell 

division (SULSTON and HORVITZ 1977).  One set of cells that is especially useful to 

track developmental time are the hypodermal seam cells because they execute 

stage specific programs that are easy to identify.  The hypodermal seam cells are 

epithelial stem cells, which are located in two lateral rows along either side of the 

worm and contribute to secreting collagens that form the cuticle (Figure 1A).  At 

the beginning of each larval stage they divide in a stem cell-like division pattern 

(Figure 1C).  Upon each division the anterior daughter exits the seam and fuses 

with the surrounding syncytial hypodermis while the posterior daughter retains a 

seam cell fate.  Two additional events are easy to visualize and are used to track 

developmental time.  The first is at the beginning of the L2 stage, when a subset 

of seam cells divide symmetrically, increasing the total number of seam cells on 

each lateral side from 10 to 16.  The second event occurs at the L4-Adult 
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transition when seam cells terminally differentiate and fuse to form a syncytium 

(Figure 1C).  The syncytium secretes collagens that form an adult specific cuticle 

containing lateral ridges along the length of the worm, called alae (Figure 1B).   

Stage-specific programs, such as the seam cell proliferative division and 

terminal differentiation, are useful because they follow a temporal pattern, and 

mutants can be identified in which these temporal patterns are disrupted.  In 

animals where early temporal events are skipped, subsequent events occur too 

early, and mutants are referred to as “precocious mutants.”  Alternatively, when 

earlier events are reiterated, subsequent events occur too late, or not at all, and 

such mutants are referred to as “retarded mutants” (Figure 1C).   Gene mutations 

resulting in precocious and retarded phenotypes were initially identified and 

organized into a regulatory pathway, now called the heterochronic gene pathway 

(AMBROS and HORVITZ 1984; AMBROS and MOSS 1994; SLACK and RUVKUN 1997). 

 

The heterochronic pathway regulates the timing of C. elegans 

development. 

 The C. elegans heterochronic gene pathway comprises a regulatory 

cascade that ensures developmental programs are executed in the correct order 

and at the precise time.  Each step within the pathway is controlled by key input 

from a specific gene.  The L1-to-L2 transition is regulated by lin-14 (AMBROS and 

HORVITZ 1987), the L2-to-L3 transition is regulated by hbl-1 (ABRAHANTE et al. 

2003; LIN et al. 2003), and the L4-to-Adult transition is regulated by lin-29 (Figure 

2) (ROUGVIE and AMBROS 1995).  Both lin-14 and hbl-1 promote early larval 
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stages and must be down-regulated for animals to execute subsequent larval 

programs (LEE et al. 1993; WIGHTMAN et al. 1993; ABBOTT et al. 2005).  However, 

the L4-to-Adult transition is regulated somewhat differently since lin-29 promotes 

adult programs, and must be up-regulated for development to proceed (ROUGVIE 

and AMBROS 1995).  Because lin-29 is inhibited by lin-41 and hbl-1, 

downregulation of lin-41 and hbl-1 is required to relieve repression on lin-29 and 

allow development to progress (Figure 2) (ABRAHANTE et al. 2003; LIN et al. 

2003). 

Expression levels of lin-14, hbl-1 and lin-41 are each temporally 

downregulated at precise times during development by a miRNA or group of 

miRNAs (RESNICK et al. 2010).  Lin-4 and Let-7, the first two miRNAs discovered, 

were identified in C. elegans because gene mutations resulted in retarded 

heterochronic phenotypes (Figure 1C) (CHALFIE et al. 1981; REINHART et al. 

2000).  lin-4 mutants reiterate early larval stages, while let-7 mutants reiterate 

late larval stages, suggesting they function at different times in development.  

Further studies demonstrated that lin-4 is expressed during the L1 stage to 

down-regulate lin-14, while let-7 expression increases during the L3 stage to 

downregulate lin-41 and promote the transition to adulthood (Figure 2) (LEE et al. 

1993; REINHART et al. 2000).  Later, a group of miRNAs, miR-48/241/84, were 

shown to function redundantly during the L2 stage to downregulate hbl-1 and 

promote the transition to the L3 stage (ABBOTT et al. 2005; LI et al. 2005).   

Before these findings, RNAs this small had not been recognized as 

regulators of gene expression.  miRNAs are small ~21nt RNAs that bind to the 
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3’UTR of mRNAs and cause translational inhibition or mRNA degradation.  Each 

miRNA or group of miRNAs is expressed at specific times to temporally regulate 

their targets.  miRNA expression is regulated through a complex and highly 

regulated process (Figure 3).  miRNA biogenesis has recently been reviewed 

(WINTER et al. 2009; LIN and GREGORY 2015).  Briefly, miRNAs are transcribed as 

long primary transcripts (pri-miRNA) are are processed in the nucleus by an 

enzyme complex called the micro-processor into a 60-70nt stem-loop, or hairpin, 

precursor miRNA (pre-miRNA) (DENLI et al. 2004; GREGORY et al. 2004; LEE et al. 

2004b).  This pre-miRNA is then exported into the cytoplasm and then further 

processed by dicer into a small ~21nt hetero-duplex (PARK et al. 2011).  The 

duplex is then loaded onto RISC (RNA-induced silencing complex), and the 

miRNA complement strand is released from the hetero-duplex through a passive 

mechanism (KAWAMATA et al. 2009).  The miRNA-RISC (miRISC) complex then 

base pairs to the 3’UTR of an mRNA through imperfect pairing and either inhibits 

translation or targets the mRNA for degradation.  Since the interaction is 

imperfect, each miRNA can bind to multiple target sequences.   

miRNAs have since been discovered to be abundant across plant and 

animal kingdoms and function to regulate almost every biological pathway 

(FRIEDMAN et al. 2009).  miRNA levels have been shown to be altered in certain 

diseases, especially cancer, and have the potential to be used for diagnostics or 

disease treatments (WANG et al. 2009; HATA and KASHIMA 2016; HU et al. 2016; 

KATCHY and WILLIAMS 2016; O'REILLY 2016).   
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The precise temporal regulation of miRNA expression, processing and 

function is key to controlling the heterochronic gene pathway, and I was intrigued 

by how this is achieved.  Most of my thesis research centers on the gene lin-42, 

which regulates the expression of miRNA primary transcripts, including let-7 and 

mir-48.  Another aspect of my research specifically investigated the function of 

mir-48.  Interestingly, let-7 and mir-48 are members of the same miRNA family, 

but mir-48 functions to promote the L2-to-L3 transition, while let-7 functions to 

regulate the larval-to-adult transition.  Since lin-42 is expressed during each 

larval stage, it has the opportunity to regulate both miRNAs.   

 

miR-48, miR-241, and miR-84 regulate mid larval programs.  

Let-7 and miR-48 are members of a family of miRNAs that share 

homology in the seed region, which includes nucleotides 2-8 of the miRNA that 

enables miRNAs to recognize and bind to their targets (LAU et al. 2001; LIM et al. 

2003).  miRNAs with a common seed region often have overlapping targets and 

function redundantly, and thus have been grouped into miRNA families.  Three 

members of the let-7 family, mir-48, mir-241, and mir-84, collectively promote the 

C. elegans L2-to-L3 transition (ABBOTT et al. 2005).  Disruption of mir-48, mir-

241, or mir-84 causes little or no phenotype, whereas disruption of all three 

miRNAs has a strong heterochronic defect that results in reiteration of the L2 

stage pattern of seam cell division.  When the L2 stage is reiterated, animals 

have an increased number of seam cells and a delay in alae formation (Figure 
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1C).  mir-48/84/241 function at the L2 stage to down-regulate their targets 

including hbl-1, daf-12, and possibly lin-28 (Figure 2). 

hbl-1 is the homolog of the Drosophila hunchback transcription factor (FAY 

et al. 1999).  C. elegans hbl-1 is essential for embryonic development, but also 

regulates larval development (ABRAHANTE et al. 2003; LIN et al. 2003).  hbl-1 

promotes L2 programs and inhibits L3 programs; therefore down regulation of 

hbl-1 is required for development to proceed to the L3 stage.  hbl-1 is expressed 

in the hypodermis and seam during the L1 and L2 stages but is no longer 

detectable by the L3 stage.  Post-embryonic RNAi depletion of hbl-1 causes L2 

seam cell programs to be skipped, resulting in a decreased number of seam cells 

and precocious alae (ABRAHANTE et al. 2003; LIN et al. 2003).  Consistent with 

hbl-1 as a target, disruption of mir-48/241/84 causes expression of hbl-1 to 

persist, and thus a reiteration of the L2 stage fates in the hypodermis (ABBOTT et 

al. 2005).   

lin-28 functions in opposition to mir-48/241/84 at the L2 stage to promote 

L2 programs (MOSS et al. 1997; VADLA et al. 2012).  lin-28 mutants skip the L2 

stage, as demonstrated by a decreased number of seam cells and the presence 

of precocious alae.  lin-28 promotes L2 programs by supporting hbl-1 expression 

(VADLA et al. 2012), whereas mir-48/241/84 inhibit hbl-1 expression.  lin-28 is 

controlled by lin-66, which is a novel cytoplasmic protein that negatively regulates 

lin-28 post-transcriptionally through its 3’UTR (MORITA and HAN 2006) (Figure 2).  

It is unclear whether lin-28 is also regulated by mir-48/84/241 through binding to 

its 3’UTR.  Disruption of a predicted let-7 family binding site results in 
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misregulation of a lin-28::LacZ reporter (MORITA and HAN 2006).  However, when 

a rescuing lin-28::gfp reporter was expressed in a mir-48/84/241 mutant, its 

expression was not affected (ABBOTT et al. 2005).  Further evidence is needed to 

determine whether the let-7 family regulates lin-28.  Since lin-28 promotes hbl-1 

expression, repression of lin-28 by the let-7 family could help reduce hbl-1 

expression and promote developmental progression (Figure 2). 

 

let-7 functions in late larval stages to promote developmental progression. 

let-7 functions later in development to regulate the final developmental 

transition, a point in which the stem-cell-like seam cells terminally differentiate 

(REINHART et al. 2000; VADLA et al. 2012).  let-7 mutants execute early programs 

normally, but reiterate a later larval stage causing alae to form too late, resulting 

in a retarded phenotype (REINHART et al. 2000; VADLA et al. 2012).   

let-7 miRNA expression quickly increases during the L3 stage (REINHART 

et al. 2000; VADLA et al. 2012; MCCULLOCH and ROUGVIE 2014) and functions to 

target lin-41 (SLACK et al. 2000; VELLA et al. 2004).  lin-41 expression levels begin 

to decrease during the L3 stage in the epidermis and are significantly reduced by 

the L4 stage (SLACK et al. 2000).  let-7 mutants have a retarded defect, executing 

a 5th larval stage before transitioning to adulthood, and conversely, lin-41 

mutants have a precocious defect in which seam cells transition to adulthood one 

stage too early (REINHART et al. 2000; SLACK et al. 2000).  Thus, for wild type 

development, Let-7 levels increase and downregulate lin-41, allowing the 

transition to adulthood.  The regulatory relationship between let-7 and lin-41, is a 
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well-studied model of miRNA gene regulation.  It is an especially fascinating 

relationship because it is conserved between relatives as distant as nematodes 

and humans (PASQUINELLI et al. 2000; LAGOS-QUINTANA et al. 2003).   

The conserved target of let-7, lin-41, encodes an RNA-binding protein that 

belongs to the TRIM-NHL protein family, which contains a RING finger, B-box, 

coiled-coil domain, as well as six NHL repeats (NHL = NCL-1, HT2A2, and LIN-

41) (SLACK et al. 2000).  It has many conserved functions in both worms and 

vertebrates including roles in miRNA processing (RYBAK et al. 2009), translational 

repression, and cell proliferation (CHANG et al. 2012; CHEN et al. 2013; LOEDIGE et 

al. 2013).  In the heterochronic pathway, lin-41 functions, perhaps indirectly, to 

downregulate lin-29, the most down-stream member of the heterochronic 

pathway (SLACK et al. 2000).  LIN-29 is a zinc-finger transcription factor that 

regulates the final seam cell differentiation step (ROUGVIE and AMBROS 1995).  

This larval-to-adult transition requires a reduction in LIN-41 levels, which relieves 

repression on LIN-29 and in turn promotes adult programs. 

Tight regulation of let-7 ensures that lin-41 repression does not occur until 

late larval stages.  One of the most well understood regulators of let-7 is lin-28, 

which was first discovered as a heterochronic gene that promotes L2 programs 

(AMBROS and HORVITZ 1984).  It was later discovered as a regulator of Let-7 

processing in humans (HEO et al. 2008; NEWMAN et al. 2008; RYBAK et al. 2008; 

VISWANATHAN et al. 2008), which was surprising since let-7 was believed to 

function much later in development than lin-28.  Subsequently, lin-28 was 

confirmed to negatively regulate Let-7 miRNA processing in C. elegans 
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(LEHRBACH et al. 2009).  In both nematode and vertebrate systems, LIN-28 

directly binds to the let-7 precursor and recruits a poly(U) polymerase which 

promotes degradation of the let-7 pre-miRNA (HEO et al. 2008; LEHRBACH et al. 

2009).  Further work in C. elegans has shown that lin-28 functions in a two-step 

mechanism to regulate development.  The first step is through a let-7 

independent mechanism in which lin-28 promotes hbl-1 expression.  The second 

step is by regulating let-7 processing to prevent late developmental transitions 

from occurring too early (VADLA et al. 2012).  Growing evidence suggests that a 

two-step role for lin-28 is conserved in vertebrates (TSIALIKAS and ROMER-

SEIBERT 2015). 

lin-28, let-7, and lin-41 are all conserved in vertebrates and play important 

roles to regulate stem cell renewal and differentiation.  lin-28 and lin-41 promote 

self-renewal in stem and progenitor cells, while let-7 promotes embryonic stem 

cell differentiation (FAUNES and LARRAIN 2016).  In vertebrates, let-7 is considered 

a tumor suppressor or differentiation factor, since mutations in let-7 lead to tumor 

formation and over-expression of let-7 causes premature cell cycle exit, similar to 

what is seen in seam cells. 

 

lin-42 is a homolog of period and a member of the heterochronic gene  
 
pathway. 
 

lin-42 genetically interacts with both let-7 and mir-48, and has been shown 

to regulate expression of their primary transcripts (Figure 2) (MCCULLOCH and 

ROUGVIE 2014; PERALES et al. 2014; VAN WYNSBERGHE et al. 2014).  lin-42(lf) 
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mutants have a precocious heterochronic defect in which seam cell terminal 

differentiation and alae formation occurs one stage too early at the L3m (Figure 

1C) (JEON et al. 1999; TENNESSEN et al. 2006).  lin-42 is particularly interesting 

because it has a dynamic expression pattern and complex genomic structure, as 

described in more detail below (Figure 4A&B).  lin-42 is a homolog of period, a 

member of the circadian clock in flies and mammals (JEON et al. 1999).  period 

plays a role in regulating the circadian 24-hour light/dark cycle, which was clearly 

demonstrated by the first period mutants found in Drosophila that either shorten 

(pers), lengthen (perl), or abolish (per0) circadian rhythms (KONOPKA and BENZER 

1971; HARDIN 2005; YU and HARDIN 2006). 

In flies, the circadian clock is regulated by a negative feedback loop in 

which clock and cycle inhibit period and timeless (Figure 5).  During the day, 

CLOCK (CLK) and CYCLE (CYC) heterodimerize to form a transcription factor 

that activates expression of period (per) and timeless (tim) (HAO et al. 1997; 

DARLINGTON et al. 1998; MCDONALD et al. 2001; WANG et al. 2001).  Initially, PER 

and TIM levels remain low because PER is phosphorylated and marked for 

degradation by CASEIN KINASE 2 (CK2) and DOUBLETIME (DBT) (KLOSS et al. 

1998; PRICE et al. 1998; AKTEN et al. 2003; NAWATHEAN and ROSBASH 2004).  TIM 

is destabilized by CRYPTOCHROME (CRY) during the day, however at night 

TIM begins to stabilize because CRY is only active during the day (ASHMORE and 

SEHGAL 2003).  As TIM accumulates, PER and TIM dimerize and form a complex 

with DBT (KLOSS et al. 2001; SAEZ et al. 2007).  Next, TIM is phosphorylated by 

SHAGGY (SGG) and allows the complex to enter the nucleus (MARTINEK et al. 
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2001).  TIM-PER then bind with CLK-CYC, which halts transcription of per, tim 

and other targets (LEE et al. 1999).  The following day, light activates CRY which 

destabilizes TIM, and relieves the repression on CLK-CYC (EMERY et al. 1998; 

LIN et al. 2001; BUSZA et al. 2004; DISSEL et al. 2004).  CLK-CYC can then begin 

the cycle again by re-activate per and tim transcription. 

There are both similarities and differences between clock genes in flies 

and worms.  lin-42 has recently been shown to negatively regulate transcription, 

similar to PERIOD (MCCULLOCH and ROUGVIE 2014; PERALES et al. 2014; VAN 

WYNSBERGHE et al. 2014). In C. elegans, lin-42 genetically interacts with kin-

20/doubletime and tim-1/timeless because the lin-42(lf) precocious defect was 

enhanced when mutants were fed kin-20 or tim-1 RNAi (BANERJEE et al. 2005).  

Additionally, wild type animals fed kin-20 and tim-1 RNAi had a mild precocious 

phenotype, however lin-42 did not interact with kin-20 or tim-1 in a yeast-two 

hybrid assay (Gardner 2005).  Surprisingly, in C. elegans tim-1 expression does 

not oscillate like timeless does in flies, rather its expression increases as 

development progresses and plays a role in regulating chromosome cohesion 

(SEHGAL et al. 1995; JEON et al. 1999; CHAN et al. 2003).  Further investigation is 

needed to better understand the role kin-20 and tim-1 play in developmental 

timing.  Mutations in the C. elegans clock/cycle homolog, aha-1, do not result in a 

heterochronic defect, nor has AHA-1 been shown to interact with other clock 

related genes (BANERJEE et al. 2005).  The reason for this can possibly be 

explained by the difference between a cyclical diurnal clock and a linear 

developmental clock.  A cyclical diurnal clock regulates the expression of the 
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same set of genes during each time interval, whereas development requires 

expression of a unique set of genes at each developmental stage (BANERJEE et 

al. 2005).  Since lin-42, kin-20, tim-1 regulate the linear developmental clock in C. 

elegans, a negative feedback loop may not be necessary. 

LIN-42 and PERIOD have several shared homology domains, including 

the N-terminal PAS domains and the C-terminal SYQ and LT domains (JEON et 

al. 1999; TENNESSEN et al. 2006).  PAS domains (Per-Arnt-Sim) are protein 

interaction domains and required for PERIOD dimerization and nuclear entry in 

both flies and mammals (YAGITA et al. 2000; HENNIG et al. 2009).  SYQ and LT 

are smaller domains that reside in a region that interacts with circadian clock 

proteins, including CLOCK and Casein Kinase Iε, in flies and mammals (CHANG 

and REPPERT 2003; LEE et al. 2004a; SUN et al. 2010).  period in flies and 

mammals is expressed as one transcriptional unit that encodes all of the 

conserved homology domains; however, lin-42 is expressed as three 

transcriptional units and two of the lin-42 transcripts, lin-42a and lin-42c, are non-

overlapping (Figure 4A) (TENNESSEN et al. 2006).  lin-42a encodes a protein 

containing the SYQ and LT domains, while lin-42c encodes a protein containing 

the PAS domains (Figure 4A).  In contrast, lin-42b encodes all conserved domain 

structures, and therefore most closely resembles period (TENNESSEN et al. 2006).   

Similar to PERIOD, LIN-42 is expressed cyclically, however its expression 

cycles with each developmental stage rather than the light-dark cycle.  RT-PCR 

experiments that detected both lin-42b and lin-42c transcripts demonstrate that 

they accumulate during the intermolt and then are degraded so that they are no 
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longer detectable by the molt (JEON et al. 1999).  Since lin-42a is expressed from 

a different promoter than lin-42b/c there is a possibility that their expression 

patterns differ.  Transcriptional reporters were used to compare lin-42a and lin-

42b expression and the results suggest that their temporal expression profiles 

differ, but there is disagreement about the order in which they are expressed 

(MONSALVE et al. 2011; PERALES et al. 2014).  A more stringent analysis is 

needed to look directly at the expression profiles of these transcripts to determine 

whether they indeed differ. 

The three transcriptional units are a unique feature of lin-42 and provide 

the opportunity to study their functions separately.  However, genetic analysis of 

lin-42 is complex because extant hypomorphic alleles leave one isoform intact.  

Upstream mutations affect lin-42b and lin-42c, while downstream mutations 

affect lin-42a and lin-42b (Figure 4A).  Mutations that affect either LIN-42A or 

LIN-42C both result in a precocious heterochronic defect, even though they are 

completely different proteins (TENNESSEN et al. 2006).  Interestingly, LIN-42A can 

rescue upstream and downstream mutations when over-expressed, whereas 

LIN-42C largely can only rescue upstream mutations when over-expressed, 

demonstrating that LIN-42A plays a particularly important role in the function of 

LIN-42 (TENNESSEN et al. 2006).  A lin-42 null allele is a long awaited tool 

required to fully investigate how each isoform functions on its own. 

Although it is clear that lin-42 plays an important role in C. elegans 

development, the argument remains as to whether this nematode has circadian 

rhythms, and whether lin-42 plays a role in regulating those behaviors.  Several 
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studies have looked at behavioral oscillations using video-tracking (KIPPERT et al. 

2002), eye inspection recordings (SAIGUSA et al. 2002), and an automated 

tracking system (SIMONETTA and GOLOMBEK 2007; SIMONETTA et al. 2009).  These 

studies argue that C. elegans has behavioral oscillations in response to light or 

temperature.  Other studies looked at gene expression oscillations during 

adulthood and provided evidence for entrained gene expression cycling (VAN DER 

LINDEN et al. 2010; OLMEDO et al. 2012) during adulthood.  One particular study 

compared behavioral oscillations between wild type and lin-42 mutants beyond 

the L4 stage and argued that the circadian period was lengthened in lin-42 

mutants (SIMONETTA et al. 2009); however the data from this study were not 

robust and results varied between animals/samples.  A role for LIN-42 in 

regulating a circadian clock in adulthood is not likely, since lin-42 mRNA levels 

are low and have not been observed to oscillate past larval development (JEON et 

al. 1999; TENNESSEN et al. 2006; VAN DER LINDEN et al. 2010; TEMMERMAN et al. 

2011; OLMEDO et al. 2012).   

Although it is unlikely that lin-42 regulates circadian behaviors, evidence 

continues to emerge for circadian rhythms in C. elegans.  Recently, one study 

demonstrated that pdf-1 (pigment dispersing factor) is necessary to maintain 

circadian rhythmic movement behaviors in C. elegans, with data that is more 

robust and consistent than previous circadian behavioral studies (HERRERO et al. 

2015).  pdf-1 plays an important role in maintaining circadian locomotor activity in 

D. melanogaster (RENN et al. 1999), and in C. elegans pdf-1 has been implicated 

in regulating locomotion and egg-laying, behaviors that are more advantageous 
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in the daytime when temperatures are elevated (BARRIOS et al. 2012; MEELKOP et 

al. 2012).  Future studies are needed to better understand how circadian rhythms 

are regulated in C. elegans; however it is clear that they are regulated by a more 

primitive clock then higher metazoans such as Drosophila and mice.  Further 

studies using C. elegans could provide insight into the convergence of 

developmental and circadian clocks. 

 

lin-42 regulates miRNA expression.   

lin-42 was believed to be the only heterochronic gene that had a cyclical 

expression pattern, until it was discovered that primary transcripts of lin-4, mir-

48/mir-241/mir-84, and let-7 also cycle (VAN WYNSBERGHE et al. 2011; 

MCCULLOCH and ROUGVIE 2014; PERALES et al. 2014).  These cyclical expression 

patterns were unexpected since the mature form of each miRNA is expressed for 

one block of time.  Since primary transcripts are present at times when the 

mature miRNA does not accumulate, this illustrates the sophisticated regulatory 

mechanisms required to ensure each miRNA is processed and stabilized at the 

appropriate time.  lin-42 is a great candidate for a regulator of miRNA expression 

because its expression pattern cycles with these pri-miRNAs and it genetically 

interacts with lin-4 and let-7 (ABRAHANTE et al. 1998; REINHART et al. 2000; 

TENNESSEN et al. 2006).  

Recently, three studies demonstrated that lin-42 functions as a negative 

regulator of miRNA expression, but is not required for the cycling of primary 

miRNA transcripts.  qPCR, northern blot analysis, and transcriptional reporters 



 

18 
 

demonstrated that levels of both primary and mature forms of let-7 and mir-48 

increase in lin-42 mutants (MCCULLOCH and ROUGVIE 2014; PERALES et al. 2014; 

VAN WYNSBERGHE et al. 2014).  Misexpression of let-7 and mir-48 suggests that 

lin-42 functions upstream in the heterochronic pathway.   

Genetic epistasis analysis was performed between lin-42 and the let-7 family 

miRNAs to investigate their relationships within the heterochronic gene pathway.  

lin-42 null mutants (lin-42(0)) have a strong precocious seam cell defect, and let-

7(0) and  mir-48(0) are the only let-7 family genes to suppress the lin-42(0) alae 

defect (MCCULLOCH and ROUGVIE 2014).  Additionally, lin-42(0) suppresses the 

let-7(0) retarded defect and that suppression is dependent on the increase in 

miR-48, since deletion of mir-48 abrogates the suppression (MCCULLOCH and 

ROUGVIE 2014).  These genetic results support a model in which lin-42 functions 

upstream of let-7 and mir-48 to regulate developmental timing.  Furthermore, 

Plet-7::gfp was shown to be misregulated in a lin-42(lf) mutant, demonstrating 

that lin-42 regulates let-7 transcription. 

Genome wide studies have also linked lin-42 to the regulation of other 

miRNAs (PERALES et al. 2014; VAN WYNSBERGHE et al. 2014). These results 

suggest that lin-42 has a global role in gene regulation outside the heterochronic 

pathway.  ChIP analysis indicates that LIN-42 associates with chromatin near 

putative transcription start sites of both miRNAs and mRNAs (PERALES et al. 

2014).  Since an extensive number of genes oscillate with the molting cycle 

(HENDRIKS et al. 2014), it is possible that lin-42 could contribute to that regulation.  

One hypothesis is that lin-42 controls oscillating expression patterns, since 
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period maintains cyclical expression of circadian genes in other systems (HARDIN 

et al. 1990; HARDIN et al. 1992).  Surprisingly, heterochronic pri-miRNA transcript 

levels oscillate in lin-42 mutants (MCCULLOCH and ROUGVIE 2014). Future genetic 

and molecular studies will be important to determine the degree to which lin-42 

regulates gene expression.   

 

lin-42 promotes development through the molting pathway.   

Developmental timing mechanisms regulate the sequence, spacing, and 

rhythmicity of biological events.  lin-42 was first identified because the order of 

development was altered in lin-42(lf) mutants (ABRAHANTE et al. 1998; JEON et al. 

1999), but more recently, lin-42 has also been shown to be important to regulate 

the rhythmic behavior of molting (MONSALVE et al. 2011). 

Molting is a characteristic of ecdysozoan development in which animals 

synthesize a new exoskeleton and shed the old one (AGUINALDO et al. 1997).  

Molting occurs in a series of steps in which the worm decreases activity and 

stops feeding (lethargus), the old exoskeleton is released from the animal 

(apolysis) and the worm emerges (ecdysis) to complete the process (Singh and 

Sulston 1978).   

Wild-type animals molt at precise times during development and complete 

each molt in 1-2 hours.  However, lin-42(ok2385) mutants have delays entering 

and exiting each molt (MONSALVE et al. 2011).  For instance, wild-type animals 

take an average of 6.6 hrs to complete the L2 stage and 1.7 hrs to complete the 

L2 molt, whereas lin-42(ok2385) mutants take ~12.6 hrs to complete the L2 stage 
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and ~5.1 hrs to complete the molt.  Additionally, more than half of the larvae 

arrested development and were often found to be trapped in one or more 

cuticles, supporting the hypothesis that lin-42 is required to complete the molting 

process.  The lin-42(ok2385) allele deletes lin-42a, which includes the SYQ and 

LT domains, and leaves only lin-42c intact.  Overexpression of lin-42a from a 

multi-copy array is sufficient to suppress the molting defect (MONSALVE et al. 

2011).  This molting phenotype has only been observed when lin-42a is deleted 

and not when lin-42c is disrupted, suggesting that lin-42a plays a role in molting.  

A null allele that deletes all lin-42 transcripts would be helpful to determine if lin-

42a contributes to the role lin-42 plays in molting.  Additionally, isoform specific 

rescue experiments of a null allele would also be useful to delineate isoform 

specific contributions to the role lin-42 plays to regulate molting. 

In arthropods, molts are triggered by a pulse of ecdysone which is 

converted to the 20-hydroxyecdysone steroid hormone (THUMMEL 1996; GILBERT 

et al. 2002).  Neither ecdysone nor its receptors have been detected in 

nematodes (CHITWOOD 1999), however two nuclear hormone receptors, NHR-23 

and NHR-25, which are homologous to ecdysone-responsive gene products 

DHR3 and Ftz-F1, are found in C. elegans and have been shown to be critical 

molting regulators (KOSTROUCHOVA et al. 1998; ASAHINA et al. 2000; 

GISSENDANNER and SLUDER 2000; KOSTROUCHOVA et al. 2001).  nhr-23(RNAi) 

larvae have been reported as being small, having difficulties shedding old 

cuticles after molts, and developmentally arresting as larvae (KOSTROUCHOVA et 

al. 1998).  nhr-25(RNAi) larvae have arrested growth phenotypes and difficulties 
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shedding cuticles (GISSENDANNER and SLUDER 2000).   nhr-23(RNAi) and nhr-

25(RNAi) phenotypes resemble molting defects observed in lin-42(ok2385) 

mutants (MONSALVE et al. 2011).  Additionally, mutations in nhr-25 enhance both 

the heterochronic and molting phenotypes found in lin-42(lf) mutants, suggesting 

it may act in parallel to or downstream of lin-42 to coordinate larval molts (HADA 

et al. 2010; MONSALVE et al. 2011).  Further analysis is needed to understand the 

nature of their relationships. 

  

lin-42 functions with daf-12 to regulate dauer entry. 

lin-42 plays multiple roles during development to ensure animals progress 

to adulthood rapidly through its role in regulating molting and miRNA expression.  

lin-42 also controls the decision to enter a stress-resistant alternative larval 

stage, called dauer, and pause development if environmental conditions are not 

favorable for reproduction (TENNESSEN et al. 2010).  The nuclear hormone 

receptor daf-12 modulates the decision to continue or pause development by 

either promoting or inhibiting mir-48/mir-241/mir-84 expression (BETHKE et al. 

2009).  In favorable environmental conditions the DAF-12 ligand, dafachronic 

acid (DA), is abundant and binds DAF-12.  Ligand bound DAF-12 promotes mir-

48/mir-241/mir-84 expression, which in turn promotes developmental 

progression.  In unfavorable environmental conditions DA concentrations are low 

and DAF-12 binds to its co-repressor DIN-1 (LUDEWIG et al. 2004).  DIN-1 bound 

DAF-12 negatively regulates let-7 family miRNAs (BETHKE et al. 2009; HAMMELL 

et al. 2009a) and promotes dauer formation (ANTEBI et al. 1998; ANTEBI et al. 
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2000).  To ensure development continues during favorable conditions, miR-

48/241/84 feeds back to inhibit daf-12 and prevent a developmental pause 

(HAMMELL et al. 2009a). 

lin-42 has been shown to antagonize daf-12 during both continuous and 

discontinuous development (TENNESSEN et al. 2006; TENNESSEN et al. 2010).  

During continuous development, daf-12(lf) mutants have a retarded seam cell 

defect while lin-42(RNAi) animals have a precious alae defect, and both defects 

are suppressed in daf-12(lf); lin-42(RNAi) animals (TENNESSEN et al. 2006).  

These results suggest daf-12 and lin-42 function antagonistically in parallel, since 

there is mutual suppression.  Since ligand bound DAF-12 promotes mir-

48/241/84 expression, while lin-42 inhibits mir-48 expression, their function likely 

converges through the let-7 family miRNAs (BETHKE et al. 2009; HAMMELL et al. 

2009a; MCCULLOCH and ROUGVIE 2014; PERALES et al. 2014; VAN WYNSBERGHE 

et al. 2014). 

The antagonistic relationship between lin-42 and daf-12 is maintained 

when environmental conditions are unfavorable.  During mildly stressful 

conditions, lin-42(lf) mutants have a high incident dauer phenotype, whereas daf-

12(lf) mutants have a dauer-defective phenotype (TENNESSEN et al. 2010).  These 

results demonstrate that lin-42 promotes continuous development during mildly 

stressful conditions while DIN-1 bound DAF-12 promotes discontinuous 

development.  DAF-12 functions as a sensor of environmental conditions, while 

LIN-42 functions to inhibit dauer entry.  Together LIN-42 and DAF-12 fine-tune 
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the decision between continuous and discontinuous development and ensure 

animals develop and reproduce during favorable or mildly stressful conditions. 

 

Impact of studying C. elegans heterochronic genes lin-42 and mir-48 

 lin-42 is an intriguing heterochronic gene that plays multiple roles 

throughout C. elegans development as a regulator of the heterochronic, dauer 

and molting pathways (JEON et al. 1999; TENNESSEN et al. 2006; TENNESSEN et al. 

2010; MONSALVE et al. 2011; MCCULLOCH and ROUGVIE 2014; PERALES et al. 

2014; VAN WYNSBERGHE et al. 2014).  Because lin-42 was found to regulate the 

expression of heterochronic pri-miRNAs, and possibly miRNA and mRNA 

transcripts more globally, further investigations into the function of lin-42 are vital 

to determine how lin-42 regulates its miRNA targets and whether lin-42 has a 

global role in gene regulation (MCCULLOCH and ROUGVIE 2014; PERALES et al. 

2014; VAN WYNSBERGHE et al. 2014).  Up until now, genetic analysis of lin-42 has 

used hypomorphic alleles that all leave one isoform intact, making phenotypic 

and genetic analysis more difficult to interpret.  A null lin-42 allele is a key 

reagent that is missing to fully explore the role lin-42 plays to regulate C. elegans 

development.   

In chapter 2, I describe the work done to generate a lin-42 null allele and 

analyze the null phenotype.  Since extant lin-42 alleles leave at least one isoform 

intact, I wanted to determine if null mutants have a more severe phenotype or 

any novel phenotypes.  The lin-42(0) has precocious heterochronic defects, as 

well as molting defects, that occur at a higher penetrance then either upstream or 
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downstream hypomorphic alleles.  This demonstrates that LIN-42A and LIN-42C 

isoforms, which are expressed in lin-24(ok2385) and lin-42(n1089) respectively, 

have some level of function.  Rescue analysis of the lin-42(0) supports these 

results, since over-expression of lin-42a, lin-42b, or lin-42c rescue the null allele 

to some degree.  However, because lin-42a and lin-42b strongly rescue the null, 

whereas lin-42c only mildly rescues the null, these results demonstrate that 

SYQ/LT domain containing isoforms are key to LIN-42 function.   

Another important question I set out to investigate is the temporal 

expression profile of each transcript.  lin-42a is expressed from a different 

promoter than lin-42b and lin-42c, and transcriptional reporters suggest that lin-

42a is expressed at a different time than the other transcripts, however there is 

disagreement as to the order in which they are expressed.  To more fully 

examine the expression patterns I performed stringent qPCR analysis and 

demonstrated that lin42a and lin-42b are expressed at the same time during 

each larval stage, despite being expressed from two different promoters. 

lin-42 regulates the expression of the let-7 family miRNA transcripts, 

including mir-48.  mir-48 is another interesting member of the heterochronic 

pathway that functions redundantly to promote the L2-to-L3 transition.  To identify 

genes that interact genetically with mir-48, an over-expression suppressor screen 

was performed.  In chapter 3, my goal was to identify suppressors of mir-48 over-

expression.  This approach is expected to identify heterochronic genes, miR-48 

target genes, and miRNA biogenesis and function genes.  Five alleles of the 

heterochronic gene lin-66 were identified, which validates the approach.  Four 



 

25 
 

suppressors were linked to chromosomes and sequenced, however suppressors 

were yet to be identified.  Information gathered from analyzing the mir-48 

suppressors will be useful for future investigations. 
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Figure 1: Heterochronic genes regulate seam cell development.  A. The 

hypodermal seam cells are located on the lateral midline on either side of the 

worm.  B.  The adult cuticle contains ridges, called alae, along the length of the 

animal on each side.  Terminal differentiation of hypodermal seam cells, 

executed at the L4-molt in wild type, is required for alae synthesis.  C.  Seam cell 

lineages of wild type and heterochronic mutants.  Precocious mutants: lin-42(lf) 

and hbl-1(lf) result in precocious alae formation at the L3-molt (ABRAHANTE et al. 

1998; ABRAHANTE et al. 2003; LIN et al. 2003); lin-28(0) mutants skip the L2 

proliferative division and form alae at the L3-molt (AMBROS and HORVITZ 1984).  

Retarded mutants: lin-4(0) mutants reiterate the L1 stage division pattern 

throughout larval development and undergo an extra molt(s) (AMBROS 1989); let-

7(0) mutants reiterate the L3 stage and form alae after a 5th molt (REINHART et al. 

2000; VADLA et al. 2012); mir-48(0) mir-241(0); mir-84(0) mutants reiterate the L2 

proliferative division (ABBOTT et al. 2005). 
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Figure 2: The C. elegans heterochronic pathway.  Arrows indicate activation 

and blunt ends indicate suppression.  Interactions are supported by genetic and 

biochemical data, except when indicated by a question mark, and are not 

necessarily direct.  Note, daf-12 interactions included in this pathway are with the 

ligand bound daf-12 which promotes continuous development. 
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Figure 3: Highly processed miRNAs regulate post-transcriptional gene 

expression.  A diagram of miRNA processing and function.  miRNAs are 

transcribed by Pol II as long primary transcripts that are capped and poly-

adenylated.  These pri-miRNAs are then cleaved in the nucleus by the 

microprocessor to produce a pre-miRNA.  The pre-miRNA is exported into the 

cytoplasm where it is further processed into a short ~21nt miRNA duplex.  The 

duplex is incorporated into the RISC and the miRNA complement is release.  The 

miRISC binds to the 3’UTR of an mRNA target through imperfect paring between 

the miRNA and mRNA and inhibits translation or targets mRNAs for degradation. 
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Figure 4.  The lin-42 locus is complex and produces three transcripts.  A.  

The lin-42 locus produces three transcripts that encode three LIN-42 isoforms.  

Two transcripts, lin-42a and lin-42c, do not overlap.  lin-42a encodes a protein 

containing the SYQ and LT domains, while lin-42c encodes a protein containing 

the PAS domains.  lin-42b is a full length transcript that encodes SYQ, LT, and 

PAS domains.  n1089 deletes the upstream region and leaves lin-42a intact, 

while ok2385 deletes the downstream region and leaves lin-42c intact.  ox461, 

analyzed in this thesis, deletes the entire coding region.  B.  A representation of 

lin-42 mRNA expression as reported in Jeon et al.  Primers used detected lin-42b 

and lin-42c (JEON et al. 1999). 
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Figure 5.  The Drosophila melanogaster circadian clock is regulated by a 

negative feedback loop.  Shown is a simplified version of the period/timeless 

feedback loop that regulates the Drosophila circadian clock. See text for details. 

PERIOD (PER), TIMELESS (TIM), casein kinase 2 (CK2), DOUBLETIME (DBT), 

CRYPTOCHROME (CRY), CLOCK (CLK), CYCLE (CYC).   
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SUMMARY 
  
 The C. elegans heterochronic gene pathway regulates the relative timing 

of events during post-embryonic development. lin-42, the worm homolog of the 

circadian clock gene period, is a critical element of this pathway. lin-42 function 

has been defined by a set of hypomorphic alleles that cause precocious 

phenotypes, in which later developmental events, such as the terminal 

differentiation of hypodermal cells, occur too early. A subset of alleles also 

reveals a significant role for lin-42 in molting; larval stages are lengthened and 

ecdysis often fails in these mutant animals. lin-42 is a complex locus, encoding 

overlapping and non-overlapping isoforms. Although existing alleles that affect 

subsets of isoforms have illuminated important and distinct roles for this gene in 

developmental timing, molting, and the decision to enter the alternative dauer 

state, it is essential to have a null allele to understand all of the roles of lin-42 and 

its individual isoforms. To remedy this problem, and discover the null phenotype, 

we engineered an allele that deletes the entire lin-42 protein coding region. lin-42 

null mutants are homozygous viable, but have more severe phenotypes than 

observed in previously characterized hypomorphic alleles. We also provide 

additional evidence for this conclusion by using the null allele as a base for 

reintroducing different isoforms, showing that each isoform can provide 

heterochronic and molting pathway activities. Transcript levels of the non-

overlapping isoforms appear to be under coordinate temporal regulation, despite 

being driven by independent promoters. The lin-42 null allele will continue to be 
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an important tool for dissecting the functions of lin-42 in molting and 

developmental timing. 

 

INTRODUCTION 

C. elegans is a powerful system for studies of developmental time control 

because of the invariance and precise temporal orchestration with which its cell 

division patterns are programmed as development proceeds (SULSTON and 

HORVITZ 1977; KIMBLE and HIRSH 1979; SULSTON 1983). C. elegans develops 

through embryogenesis and four larval stages, each with a characteristic set of 

cell divisions and morphogenetic events, prior to becoming reproductively 

competent adults. Genes that provide temporal cues necessary to specify the 

appropriate sequence and timing of these postembryonic cell divisions have 

been identified and termed heterochronic genes (ROUGVIE and MOSS 2013). 

When heterochronic genes are mutated, specific larval programs are skipped or 

reiterated causing subsequent events to occur too early or to be delayed, 

respectively. For example, mutations in the heterochronic gene lin-42 cause a 

precocious phenotype, as demonstrated by terminal differentiation of hypodermal 

cells occurring one stage too early, during the L3, rather than L4, stage 

(ABRAHANTE et al. 1998; JEON et al. 1999; TENNESSEN et al. 2006). In wild-type 

animals, lin-42 temporally restricts this differentiation event, at least in part, by 

acting as a negative transcriptional regulator of certain miRNA genes, including 

let-7 family miRNAs that have prominent roles in the heterochronic gene pathway 
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(REINHART et al. 2000; ABBOTT et al. 2005; LI et al. 2005; MCCULLOCH and 

ROUGVIE 2014; PERALES et al. 2014; VAN WYNSBERGHE et al. 2014). 

lin-42 functions more broadly than control of temporal cell fate in the 

hypodermis. One additional role is in mediating responses to environmental 

cues. lin-42 mutants are hypersensitive to entry into the dauer larva stage, a 

reversible diapause state that affords survival when growth conditions 

deteriorate, demonstrating that a wild-type function of lin-42 is to inhibit dauer 

formation (TENNESSEN et al. 2010). Another lin-42 function is in the molting 

pathway: certain lin-42 alleles cause variable delays in the molting cycle and a 

failure of ecdysis, leading to the proposal that lin-42 may coordinate these 

activities with hypodermal development (MONSALVE et al. 2011).  

lin-42 is a particularly intriguing member of the heterochronic gene 

pathway because it encodes the worm homolog of PERIOD (JEON et al. 1999; 

TENNESSEN et al. 2006), a core component of the circadian clock in flies and 

vertebrates, thereby providing a link to another biological timing mechanism. LIN-

42 and PERIOD share several regions of homology, including the hallmark PAS 

protein interaction domains, and smaller SYQ and LT domains that have been 

shown to interact with circadian clock proteins, including CLOCK and Casein 

Kinase Iε, in flies and mammals (CHANG and REPPERT 2003; LEE et al. 2004a; 

SUN et al. 2010). In flies, the circadian clock is regulated by a transcriptional 

negative feedback loop between PERIOD/TIMELESS and CLOCK/CYCLE. 

Activity of a PERIOD/TIMELESS complex mediates repression of 

CLOCK/CYCLE transcriptional activity to drive cyclical gene expression. 
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Interestingly, while PERIOD contains the PAS and SYQ/LT domains in a 

single protein, the lin-42 locus encodes multiple protein isoforms, including non-

overlapping proteins that separate these domains. LIN-42B is the longest protein, 

containing maximal homology to PERIOD proteins as it contains all of the 

conserved domains (Figure 1A). In contrast, LIN-42A and LIN-42C are non-

overlapping and expressed from distinct promoters (TENNESSEN et al. 2010). LIN-

42A contains the SYQ and LT domains, while LIN-42C contains the PAS 

domains. These two non-overlapping isoforms provide the opportunity to 

investigate the function of the PAS and SYQ/LT domains separately. RNA-seq 

data compiled on WormBase provides strong support for expression of lin-42a 

and lin-42b, while support for lin-42c comes from 3'RACE  (Rapid amplification of 

cDNA ends) sequence tags (WormBase release WS252). Moreover, a lin-42 

allele that deletes the PAS domain can be rescued by a genomic fragment 

encompassing the lin-42c transcription unit, indicating that lin-42c expression can 

provide function, but this fragment fails to efficiently rescue a premature stop in 

the LT domain (TENNESSEN et al. 2006). In contrast, lin-42a expression can 

rescue mutations that disrupt either lin-42a or lin-42c, such as n1089, ve11 and 

ok2385 (TENNESSEN et al. 2006; MONSALVE et al. 2011) (Figure 1A). These 

results suggest that the SYQ and LT domain containing isoform is key to LIN-42 

function, whereas the PAS-containing isoforms may play a more regulatory role. 

Supporting this argument is the observation that n1089, the PAS domain 

deletion, and mg152, a premature stop codon predicted to eliminate expression 

of most of the PAS domain, leave Lin-42A intact yet cause a heterochronic 
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phenotype; Lin-42A only rescues these alleles when presumably overexpressed 

from a multicopy array.  

A tool long missing from the lin-42 arsenal is a null allele. A deletion allele 

that eliminates all three isoforms is needed to reveal the lin-42 null phenotype 

and allow functional dissection of individual isoform contributions. To remedy this 

problem and enable further probing of the lin-42 mechanisms of action, we 

generated and characterized a lin-42 null allele using MosDel technology 

(FRØKJÆR-JENSEN et al. 2010) to delete the entire lin-42 coding region. lin-

42(null) mutants are viable, but have more severe molting and developmental 

timing defects than do previously characterized mutants in which one isoform is 

left intact.  

 

MATERIALS & METHODS 

Strains and Nematode Maintenance 

C. elegans were grown and maintained at 20˚ on NGM plates seeded with 

E. coli OP50 as previously described (BRENNER 1974). Full genotypes of strains 

used in this work are listed in Table 1.  

Generation of a lin-42 null allele 

 Mos1-mediated deletion of the lin-42 locus was performed essentially as 

described (FRØKJÆR-JENSEN et al. 2010) using a Mos1 insertion residing 440 bp 

upstream of the first lin-42 exon that was obtained from the nemaGENETAG 

consortium (ttTi42556; (VALLIN et al. 2012) (Figure 1A). The deletion template 

contained an ~1.5kb homology fragment 5' to the Mos1 insertion site, and an 
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~1.4 kb 3' homology fragment from the lin-42a/b 3'UTR (Figure 1B). The 

fragments were amplified from wild-type genomic DNA using the following 

primers that also contain attB sites for Gateway Cloning: 5' homology fragment, 

AB25 5'-ggggacagcagctttcttgtacaaagtggaacctaaaactcctcggt-3'/AB26 5'-

ggggacaactttgtataataaagttgacgaatcatgttccctgt-3'; 3' homology fragment, AB27  

5'-ggggacaactttgtatagaaaagttggactgaaaattggtgtatgaaca-3'/AB28 5'-

ggggactgcttttttgtacaaacttgccgtcttcccgaaaactt-3'. The lin-42 locus flanking 

fragments were assembled into pCFJ66, flanking Punc-122::gfp and C. briggsae 

unc-119, to yield pAB8.  

 To generate transgenic animals, a mixture of pALB8 (50 ng/µl), pJL43.1 

(Pglh-2::transposase 50ng/µl), pGH8 (Prab-3::mCherry 10 ng/µl), Pmyo-

2::tdTomato (2.5 ng/µl), and pCFJ104 (Pmyo-3::mCherry 5 ng/µl) was injected 

into RG1514 ttTi42556; unc-119(ed3). Broods of animals containing 

extrachromosomal arrays of these plasmids were screened for unc-119(+) 

animals that had lost the extra-chromosomal array and thus lacked red 

fluorescence. These candidate deletion animals were allowed to reproduce and 

then were genotyped by PCR. DNA sequencing confirmed the appropriate 

junction fragments using the following primer sets: 5' junction: AB45 5'-

gtaccctcaagggtcctcct-3'/AB46 5’-cccagactttgcatcgaaat-3'. 3' junction: AB35 5’-

cgaaaatttcaaaaagctcgt-3'/AB37 5'-caattcatcccggtttctgt-3'. In each set, one primer 

lies within the Punc-122::gfp/C. briggsae unc-119(+) insertion, while the other 

primer resides in the genome outside of the homology arms. Two independent 

lin-42(0) strains were identified, EG15911 lin-42(ox461); unc-119(ed3) and 
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EG15910 lin-42(ox460); unc-119(ed3). Each strain was outcrossed three times to 

generate RG1590 lin-42(ox461) and RG1591 lin-42(ox460), respectively. 

Generation of a lin-42b minigene and transgenic animals 

 pCP2 is a lin-42b minigene made by subcloning a 5.5 kb Lin-42b/c 

promoter fragment from pHG82 (TENNESSEN et al. 2010) onto a lin-42b cDNA 

with gfp coding sequence added just prior to the stop codon and containing the 

unc-54 3'UTR. pCP2 [Plin-42b/c::lin-42b::gfp::unc-54] (5 ng/µl) and str-1::gfp 

(100 ng/µl) were injected into N2 hermaphrodites to generate transgenic lines 

bearing extrachromosomal arrays which were crossed into lin-42(ox461) for 

analysis. The Lin-42c expressing arrays were made similarly by injecting 

genomic clone pMJ13 (JEON et al. 1999) at 5 ng/µl together with str-1::gfp (100 

ng/µl) or sur-5::gfp (75 ng/µl) as a transformation marker. 

Phenotypic analysis 

lin-42(ox461) animals are egg-laying defective, causing adult 

hermaphrodites to die following the internal hatching of eggs (the so-called "bag-

of-worms" phenotype). Because lin-42 mutant animals are sensitive to growth 

conditions and their heterochronic phenotypes can be suppressed by starvation 

(ABRAHANTE et al. 1998), eggs were isolated from lin-42(ox461) animals by 

hypochlorite treatment, washed in M9 buffer and plated at low density onto 

seeded plates so that they would hatch into optimal growth conditions. To 

monitor postembryonic development starting at the L1 molt, newly hatched larvae 

were monitored using a Kramer FBS10 microscope until they stopped pumping 

and entered the first molt, at which time they were singly-picked to seeded 30 
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mm plates. lin-42(0) animals were monitored every 2 hrs for pumping and 

ecdysis for 5 days, whereas wild-type control animals were checked hourly until 

they reached adulthood. Similarly, to quantify the proportion of larval arrest in lin-

42 mutant populations, L1 larvae were singly picked to seeded plates and 

monitored daily for growth. Animals that failed to reach adulthood by eight days 

were classified as arrested. Heterochronic phenotypes were scored at the 

appropriate developmental stage in animals hatched at low density on seeded 

plates. 

qPCR analysis 

 Synchronized populations of worms were generated by hypochlorite 

treatment of gravid adults to isolate eggs, which were then hatched overnight in 

M9 buffer. Starved L1s were then plated at a density of 5,000 to 10,000 animals 

per 10 cm plate. Animals were plated twice, 12 hours apart, to stagger collection 

times. At each timepoint, animals were washed off plates with M9, pelleted and 

flash frozen in liquid nitrogen. Biological replicates were derived from 

independent starting populations and performed on different days. 

 RNA was extracted using Trizol (Life Technologies) and 425-600 μm glass 

beads (Sigma) to aid in disrupting the cuticle. Total RNA (5 µg) was treated with 

DNAse I (Ambion Turbo DNAse kit) to remove any genomic DNA, and then 1 µg 

was reverse transcribed with 10 U Roche Transcriptor using random primers (0.5 

µg; Promega Corp.). qPCR reactions with 12.5 ng of reverse transcribed sample 

were run in triplicate as directed (Roche) on an Eppendorf Realplex 

Thermocycler using 96-well plates. The following Roche Universal Probe Library 
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(UPL) probe and primers were used for each assay: lin-42a, probe #10/TE55 5’-

gtacgatcttgcagagccagt-3’/TE56 5’-gaggcttgagtgatggtggt-3’; lin-42b, probe 

#10/TE65 5’-ctttcgaggatgagctgagaa-3’/TE68 5’-ctgatccttgaggcttgagtg; lin-42c, 

probe #146/TE59 5’-aattagacggcgcgagagt-3’/TE60 5’-gccagcatgtgtactttttgc-3’; 

mlt-10, probe #115/TE61 5’-ggcgttgaagaagttcaagag-3’/TE62 5’-

cggaacttttcggcttcag-3’; ama-1, probe #165/TE72 5’-ggatggaatgtgggttgaga-

3’/TE73 5’-gttgtcggtgaggtccattc. Data was collected and analyzed using Realplex 

2.0 software. Each time-point was normalized to an ama-1 internal control, and 

each plate was normalized to the 0 hr or 6 hr sample within each time-course as 

indicated. Data was analyzed using the ΔΔCt method in Microsoft Excel (LIVAK 

and SCHMITTGEN 2001). Reactions performed on samples where the reverse 

transcription step was omitted failed to result in detectable signals (data not 

shown). 

Introduction of LIN-42(W258E) mutation using CRISPR-Cas9  

The W258E mutation was introduced using the CRISPR-Cas9 gene editing 

approach (DICKINSON et al. 2013; PAIX et al. 2014).  The pTBE21 sgRNA was 

engineered as described (DICKINSON et al. 2013).  Briefly, the targeting sequence 

was introduced into pDD162 using the Q5 Site-Directed Mutagenesis Kit (NEB), 

forward primer TE85 5’-

gagcgcctacgtgaatccaGTTTTAGAGCTAGAAATAGCAAGT-3’ (targeting 

sequence is in lowercase), and reverse primer TE86 5’-

CAAGACATCTCGCAATAGG-3’.  Wild-type animals were injected with sgRNA 

pTBE21 (50 ng/µl), a repair oligo containing the mutated codon (which also 
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disrupted the PAM site) TE89 [5’-

acggatcgatcctccgatgccagaccgaatggagcgcctacgtgaatccaGAGacccgaaaaatggagct

agtcgtcgccagacaccgtatctgctccctt-3’] (50 ng/µl), and pCFJ104 [Pmyo-2::mcherry] 

(4 ng/µl).  Transgenic F1 animals and their siblings were screened by amplifying 

the region that contained the mutation using TE90 5’-aggcttcagcgtaggtttca-3’ and 

TE91 5’-aggcgcagagataaaagtgc-3’, and digesting the product with Hpy188III 

(NEB).  Mutants were sequenced to confirm they contained the correct sequence 

mutation. 

Reagent availability 

Strains and plasmids used in this work are available upon request. 

 

RESULTS & DISCUSSION 

Generation of a lin-42 null allele 

 Genetic analysis of lin-42 has been complicated by the presence of non-

overlapping isoforms and the lack of a null allele (TENNESSEN et al. 2006). To 

remedy this situation, the Mos1-mediated transposon system (MosDel; 

(FRØKJÆR-JENSEN et al. 2010)) was used to delete the lin-42 coding region. The 

Mos1 insertion ttTi42556 (VALLIN et al. 2012), 440 bp upstream from the ATG 

start site (Figure 1A), was targeted by the Mos1 transposase to generate a 

double-strand break that was then repaired from a template plasmid containing 

homology arms outside the lin-42 coding region (Figure 1B). Two lin-42(null) 

alleles were isolated and confirmed by PCR and sequencing: lin-42(ox460) and 

lin-42(ox461). The two deletions are identical, removing 10,226 bp of genomic 
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DNA spanning the lin-42 coding region and replacing it with C. briggsae unc-

119(+) and a Punc-122::GFP transgene (Figure 1B). Following three outcrosses 

to wild-type, the strains appeared indistinguishable. lin-42(ox461) was chosen for 

detailed analysis and is hereafter referred to as lin-42(0) for simplicity.  

 

lin-42(0) is homozygous viable but causes highly penetrant molting defects 

lin-42 is expressed in late stage embryos (JEON et al. 1999) raising the 

possibility that a null allele could cause embryonic lethality. However, lin-42(0) 

animals can be maintained in a homozygous state, and the vast majority of 

embryos hatch (98%; n=52), indicating that lin-42 is not essential during 

embryogenesis.  

To further characterize the lin-42(0) phenotype, we compared it to the 

phenotypes of two representative hypomorphic alleles, lin-42(n1089) and lin-

42(ok2385), which each delete one of the two non-overlapping transcription 

units. lin-42(n1089) deletes the majority of lin-42c including the PAS domain (and 

the corresponding portion of lin-42b), but leaves lin-42a intact (TENNESSEN et al. 

2006). Conversely, lin-42(ok2385) removes lin-42a and the SYQ and LT 

domains, while leaving lin-42c intact and truncating lin-42b (MONSALVE et al. 

2011). Of these two alleles, lin-42(n1089) causes the mildest phenotype, largely 

restricted to heterochronic defects in the hypodermis, while lin-42(ok2385) is 

notably more severe, with animals also exhibiting larval arrest and molting 

defects(MONSALVE et al. 2011).  
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lin-42(0) mutants exhibit larval arrest, developmental delays, and molting 

defects. When the development of individual animals was tracked, 75% of lin-

42(0) animals failed to reach adulthood; they arrested at an early larval stage 

(Figure 2A). This phenotype is similar to that of lin-42(ok2385) animals, but has a 

statistically higher penetrance, indicating the upstream region contributes some 

function (P=0.003, Fisher’s Exact Test). Strikingly, the larval arrest phenotype is 

observed in lin-42(0) and lin-42(ok2385), but not lin-42(n1089) mutants (Figure 

2A) as previously noted (MONSALVE et al. 2011), indicating that the PAS domain 

is dispensable for larval stage progression when lin-42a is intact. Arrested 

animals were often seen trapped in the previous stage cuticle indicating an 

inability to ecdyse (Figure 2B), suggesting that molting errors are a causal factor 

in the larval arrest phenotype.  

The lin-42(0) molting defect appears to result in a growth arrest, perhaps 

as a consequence of reduced nutrition, rather than a complete developmental 

arrest in some tissues. Arrested animals exhibited developmental progression 

based on expression of the motor neuron marker del-1::gfp (WINNIER et al. 1999). 

In wild-type animals, del-1::gfp expression comes on in the VB motor neurons in 

the early L2, but is repressed in the VA motor neurons, which are establishing 

synaptic inputs during the L2 stage. From the late L2 to the adult, del-1::gfp 

expression is progressively established in the VAs, appearing in an anterior-to-

posterior wave. In arrested lin-42(0) animals, del-1::gfp expression was initially 

observed in the 11VB motor neurons, and was progressively activated in the VAs 

such that by day five post-hatching, 16/20 arrested animals exhibited expression 



 

49 
 

in all VA and VB motor neurons, with the remaining four lacking expression in 

one or two posterior VAs. In addition, vulval and gonadal development was 

observed in a small number of arrested animals (Figure 2B, right inset), 

indicating that these tissues could also developmentally progress. However, the 

rarity of these animals has so far precluded a thorough analysis of this 

phenotype.  

To understand better the temporal dynamics of postembryonic 

development in lin-42(0) mutants, we tracked individual animals beginning at the 

L1 molt (see Materials and Methods). Animals were hatched in the presence of 

food and synchronized by monitoring entry into L1 lethargus (Figure 2C), a 

characteristic behavior lasting approximately 2 hrs at the end of each larval 

stage, in which the worms cease movement and pharyngeal pumping as a new 

cuticle is synthesized prior to ecdysis. When compared to wild type, L1 lethargus 

of lin-42(0) mutants was lengthened by about 1 hr, but more than 90% of animals 

examined completed ecdysis as evidenced by shed cuticles (Figure 2C and data 

not shown, n=62). The developmental delays and molting defects became more 

severe as animals progressed through later larval stages; the population became 

increasingly more asynchronous and a large percentage of animals failed to shed 

cuticles. Most lin-42(0) animals that bypassed early larval arrest executed the 

third larval molt about 2.5 days after hatching. The fourth larval stage exhibited 

the longest delay, with animals requiring at least 24 hrs after the L3 molt before 

entering the final period of lethargus (data not shown). These phenotypes mimic 

those previously described for lin-42(ok2385) (MONSALVE et al. 2011).  
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To compare the relative developmental delay caused by the different lin-

42 alleles, the time required to reach adulthood was assessed for animals that 

escaped larval arrest. lin-42(0) mutants had the most severe delay with a 

majority of animals requiring five days to mature (Figure 2D) while most lin-

42(ok2385) mutants became adults on day four. A few lin-42(0) and lin-

42(ok2385) animals required 6 to 8 days to reach adulthood; these animals were 

observed to temporarily arrest in an early larval stage before eventually escaping 

from their cuticle and continuing through development. In contrast, lin-42(n1089) 

animals, which have a deletion of the 5' end of the locus that encodes the PAS 

domain, exhibit only a mild developmental delay, with ~70% of animals maturing 

on day 3, similar to wild-type animals. This analysis reinforces the idea that the 

SYQ/LT-containing isoforms play a major role in control of molting; however, the 

enhanced severity of lin-42(0) relative to the hypomorphic alleles indicates a 

contribution from the conserved PAS domains encoded by lin-42b/c transcripts. 

The three lin-42 alleles examined also form an allelic series with respect to 

an egg-laying defective (Egl) phenotype: ox461 > ok2385 > n1089 > wild-type 

(Table 2). All lin-42(0) animals that became fertile adults were egg-laying 

defective (Egl), compared to 78% of lin-42(ok2385) and 18% of lin-42(n1089) 

mutants. The proportion of egg-laying competent animals presumably mirrors the 

relative ability of animals to shed the L4 stage cuticle, thereby allowing eggs to 

exit through the vulva. A corresponding decrease in average brood size was 

observed in each strain, likely due to internal hatching of embryos, which 
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eventually leads to death of the hermaphrodite parent, as well as a minor 

uncharacterized reduction in fertility (Table 2). 

 

lin-42(0) heterochronic defects are more severe than those caused by 

hypomorphic alleles 

lin-42 was defined by mutations with a precocious heterochronic 

phenotype in which hypodermal seam cells terminally differentiate and produce a 

characteristic adult cuticle with alae one stage too early at the L3 molt (L3m) 

(ABRAHANTE et al. 1998; JEON et al. 1999) (Figure 3A,B). In order to score this 

phenotype in a population of lin-42(ox461) animals, which develop 

asynchronously through the larval stages, it was necessary to reliably identify L3 

stage animals. Tracking of individual animals revealed that in lin-42(0) animals 

that did not arrest, vulval divisions occurred during the L3 stage as in the wild 

type, and vulval morphogenesis had proceeded to the invagination stage by the 

L3m, appearing at least superficially wild-type (Figure 3C). Vulval morphology 

was thus used to identify L3m lin-42(0) animals from roughly staged populations 

of animals. 

Partial or complete precocious alae was observed in all lin-42(0) animals 

at the L3m. This defect is significantly stronger than that of either lin-42(n1089) or 

lin-42(ok2385) mutants (P<0.0001, Fisher’s Exact Test), with a larger proportion 

of animals forming complete alae at the L3m (Figure 3B,C). The observation that 

lin-42(0) is more severe than either lin-42(n1089) or lin-42(ok2385) suggests the 
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isoform present in each hypomorphic allele contributes some level of function, 

even though they are distinct proteins. 

 In addition to defects in the timing of seam cell terminal differentiation, 

several heterochronic mutants have altered seam cell number due to the 

skipping or reiteration of the proliferative division normally observed at the 

beginning of the second larval stage in wild-type animals (Figure 3A), when seam 

cell number is increased from 10 to 16 on each lateral side (SULSTON and 

HORVITZ 1977). Prior results that link lin-42 activity to control of the proliferative 

division prompted assessment of seam cell number in lin-42(0) animals. Notably, 

lin-42 negatively regulates expression of mir-48 (MCCULLOCH and ROUGVIE 2014; 

PERALES et al. 2014; VAN WYNSBERGHE et al. 2014), a miRNA that when over 

expressed results in reduced seam cell number (LI et al. 2005). In addition, when 

grown at the permissive temperature of 15˚, lin-14(n179ts); lin-42(n1089) animals 

skip the L2 stage proliferative division, a phenotype not observed in either single 

mutant (LIU 1990). We used the Pelt-5::his-24::mCherry (LIU et al. 2009) 

hypodermal marker as an aid in scoring seam cell number. lin-42(0); Pelt-5::his-

24::mCherry animals hatch with a wild-type number of seam cells on each lateral 

side (9.95±0.22) that proliferate appropriately, resulting in adults with the full 

complement of 16±0.56 (Table 2). Thus, lin-42 activity is not essential for seam 

cell specification or proliferation. 

 Pelt-5::his-24::mCherry was used to monitor seam cell number rather than 

scm::gfp, a standard tool used in the assessment of seam cell number and 

morphology in heterochronic mutants (ANTEBI et al. 2000; LEHRBACH et al. 2009; 
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HADA et al. 2010; CHU et al. 2014), because the latter reporter strongly 

suppressed the lin-42(0) precocious alae phenotype (Table 2). The observed 

suppression was not specific to the integrated scm::gfp transgene used (wIs51 

[scm::gfp + unc-119(+)]); similar suppression was also observed in animals with 

an integrated mlt-10::gfp reporter (mgIs49 [Pmlt-10::gfp-pest + Pttx-3::gfp]) 

(HAYES et al. 2006). One commonality between these transgene reporters is that 

Pmlt-10::gfp and scm::gfp are both expressed in the hypodermis, although 

primarily in distinct cells. Pmlt-10::gfp has a cyclical expression pattern in hyp7, 

the main body hypodermal syncytium, peaking ~4 hours prior to ecdysis (MELI et 

al. 2010), whereas scm::gfp is predominantly expressed in the hypodermal seam 

cells throughout the larval stages (TERNS et al. 1997; MOHLER et al. 1998; 

KOPPEN et al. 2001). One possibility is that given the multicopy nature of the 

transgene arrays, the scm::gfp and Pmlt-10::gfp promoters may titrate out a 

factor whose precocious expression is required for alae synthesis at the L3 molt. 

Although the mechanism of suppression is not clear, caution should be used 

when scoring heterochronic phenotypes in mutants containing these reporters. 

Even though Pelt-5::his-24::mCherry is expressed in seam and hyp7 cells during 

larval stages and maintained in adult seam cells, suppression was not observed 

in animals with this reporter (Table 2).   

 

Each isoform can provide some lin-42 activity 

Previous studies showed that expression of the SYQ/LT domain encoding 

isoform Lin-42a from multicopy arrays can rescue both lin-42(ve11), a premature 
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stop in lin-42a (Figure 1A), as well as the lin-42c deletion lin-42(n1089), whereas 

expression of lin-42c only rescues lin-42(n1089) efficiently (TENNESSEN et al. 

2006). The availability of a null allele afforded us the opportunity to more fully test 

the ability of each isoform to rescue the heterochronic, larval arrest, and egg-

laying phenotypes (JEON et al. 1999; TENNESSEN et al. 2006). Transgenic 

expression of lin-42a strongly rescued both the heterochronic and larval arrest 

phenotypes of lin-42(0) animals (Table 2), indicating that this isoform is sufficient 

to control these processes. However, there is likely to be a contribution from 

overexpression at play, because the n1089 and mg152 alleles result in 

heterochronic defects, demonstrating that endogenous lin-42a, although 

sufficient for allowing larval progression, is insufficient to regulate the timing of 

hypodermal fates. 

 To test the rescuing ability of lin-42b, it was first necessary to construct a 

lin-42b minigene by fusing the lin-42b/c promoter to a lin-42b cDNA with gfp 

inserted prior to the stop codon. Use of a lin-42b cDNA omits the 3.6 kb intron 

between exons 5 and 6 which harbors the lin-42a promoter and thus prevents 

independent expression of lin-42a (Figure 1A). Plin-42b/c::lin-

42b(cDNA)::gfp::unc-54 3’UTR expression rescued both the heterochronic and 

molting defects of lin-42(0) animals at least as well as did lin-42a expression 

(Table 2). Moreover, this result indicates that the essential spatial and temporal 

enhancers that drive lin-42b/c expression are located upstream of the lin-42 

coding region and/or reside in exons. 
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 The ability of lin-42c expression to rescue the null was less robust than 

was observed for either lin-42b or lin-42a (Table 2). lin-42c only weakly rescued 

the precocious alae phenotype, and four of five lines tested showed little, if any, 

rescue of the larval arrest phenotype. As in non-transgenic null mutants, the 

arrested animals were often observed to be trapped in a previous stage cuticle, 

indicating failure to rescue molting defects. The effects on egg-laying ability, 

fertility, and brood size were also greatly dampened relative to the rescuing 

abilities of lin-42b or lin-42a. We have not ruled out the possibility that the lin-

42b/c promoter itself contributes to the minimal rescue observed with lin-42c. We 

note that the extent of rescue among lin-42c lines appeared somewhat more 

variable than for lin-42a or lin-42b rescue, and the variability does not correlate 

with the co-injection marker used (str-1::gfp vs sur-5::gfp; see Tables 1, 2). 

Another possibility is that the variable rescue could reflect a requirement for an 

optimal expression range that may vary for the different phenotypes scored. For 

example, GFP is readily detected in ox461; veEx658 animals, which show rescue 

of the alae phenotype but not larval arrest, and conversely, GFP is not detected 

in ox461; veEx321 animals which show significant rescue of the larval arrest 

phenotype, but less extensive rescue of precocious alae. Regardless of the 

reason underlying the lin-42c results, the rescue experiments clearly 

demonstrate that the lin-42c-expressing construct is dramatically less efficient 

than either lin-42a or lin-42b at providing function. 

 

lin-42 transcripts have similar accumulation patterns 
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 lin-42a is expressed from a different promoter than are lin-42b and lin-42c 

(TENNESSEN et al. 2006), raising the question as to whether their temporal 

expression patterns differ. lin-42 expression levels were reported to be oscillatory 

using a PCR approach that would detect both lin-42b and lin-42c (JEON et al. 

1999), with levels peaking in the intermolts and becoming undetectable during 

the molts, and subsequent reports confirmed a pulsatile expression pattern for 

lin-42 using a variety of methods (GISSENDANNER et al. 2004; HENDRIKS et al. 

2014). However, assays of promoter fusions to destabilized fluorescent reporter 

proteins have led to conflicting reports about the relative order of lin-42a versus 

lin-42b expression (MONSALVE et al. 2011; PERALES et al. 2014). As an alternative 

method to address this question, we measured endogenous levels of each lin-42 

transcript, using the Roche Universal Probe Library (UPL) RT-qPCR assay, and 

compared their temporal expression profiles throughout development. The primer 

sets were specific, as they failed to detect a product when the corresponding 

deletion allele was assayed (Figure S1). Primers for lin-42a and lin-42b spanned 

introns and were confirmed to detect mature transcripts; however, an intron-

spanning assay specific to lin-42c cannot be designed, and the assay used could 

also detect an unspliced lin-42b transcript (Figure 4A). Therefore, the most 

informative comparison is between lin-42a and lin-42b message levels. RNA was 

prepared from synchronized populations of wild-type animals collected at two-

hour intervals from 6-36 hrs and transcript levels were assayed, using 

endogenous mlt-10 expression as an internal control to mark developmental time 

and monitor synchrony. mlt-10 message levels also oscillate, peaking ~4 hrs 
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before each lethargus (Figure 4) (FRAND et al. 2005; MCCULLOCH and ROUGVIE 

2014). The expression patterns of the lin-42 transcripts were found to be highly 

similar to each other (Figure 4), peaking at approximately the same time and 

returning to a low basal level before each molt (~4 hours after the mlt-10 peak), 

despite being derived from two different promoters. 

 

Disruption of a conserved Trp residue, important for mPER dimerization, 

does not appear to affect LIN-42 function 

Dimerization of PER is important for its stabilization and translocation to 

the nucleus, where it functions to negatively regulate its targets, CLK and CYC 

(LEE et al. 1999; YAGITA et al. 2000).  PER proteins exist as homo- and 

heterodimers in vivo in mammals, and the PAS domain has been shown in flies 

to function as a dimerization domain (HUANG et al. 1993; YAGITA et al. 2000).  

Crystal structure studies revealed that Drosophila PER dimers are stabilized by 

interaction of a highly conserved tryptophan residue (Trp482) of one molecule, 

and a hydrophobic cleft of the second molecule (YILDIZ et al. 2005).  Mutation of 

the conserved tryptophan residue in mice, W419E, disrupts homodimerization of 

the PAS domain in vivo, since introduction of a negatively charged glutamate 

residue disrupts interaction with the hydrophobic cleft (HENNIG et al. 2009; 

KUCERA et al. 2012).  The tryptophan residue is conserved in LIN-42 (W258), and 

the W258E mutation has been shown to abrogate dimerization of LIN-42 in vitro 

(Carrie Partch, UC Santa Cruz, personal communication).  We introduced the 

W258E mutation into the endogenous lin-42 locus using homology directed 
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repair CRISPR-Cas9 technologies.  Homozygous animals were scored for 

molting and heterochronic defects, including larval arrest (n>100), egg-laying 

(n>100), and L3m precocious alae (n>20) defects.  Surprisingly, no defects were 

observed.  Dimerization hasn't been examined in vivo, so it is possible that LIN-

42 dimerization is stabilized through other residues within the PAS domain, or 

through non-PAS interactions.  Alternatively, dimerization may not be relevant to 

LIN-42 function in vivo. 

Further investigation is necessary to determine if the LIN-42 PAS domain 

functions as a dimerization domain in vivo, because the PAS domain is 

evolutionarily conserved and likely serves an important function.  Analysis of the 

W258E in a more sensitized genetic background, for example in trans to the lin-

42(0) deletion, would be useful in exploring whether W258E confers some 

degree of loss of function.  Furthermore, targeted mutagenesis of other highly 

conserved residues within the PAS domain, or deletion of the entire PAS domain, 

will be useful to examine PAS function.  It has been shown that dimerization of 

mammalian PERIOD, is necessary for the protein to translocate to the nucleus, 

where it functions (YAGITA et al. 2000).  Like PEROID, LIN-42 localizes to the 

nucleus (TENNESSEN et al. 2006) and may also require dimerization for nuclear 

entry.  Our lab recently introduced a fluorescent tag into the endogenous lin-42 

locus using CRISPR, and this allele will be useful in future mutagenesis studies 

to monitor whether the mutant protein is destabilized, and analyze whether 

mutations might affect protein localization.   
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CONCLUSION 

 A longstanding question in the C. elegans developmental timing field has 

been whether complete lack of lin-42/period activity would confer novel 

heterochronic phenotypes. This question has been unanswered due to lack of 

alleles that eliminated all isoforms. We remedied this problem by generating a 

null allele that deletes the entire lin-42 coding region. Phenotypic analysis has so 

far revealed no new heterochronic defects and that the lin-42(0) mutant has 

similar, but more penetrant, heterochronic and molting defects than the 

hypomorphic alleles lin-42(n1089) and lin-42(ok2385). These results 

demonstrate that the two non-overlapping transcription units, lin-42a and lin-42c, 

present in lin-42(n1089) and lin-42(ok2385) mutants respectively, each confer 

some level of function.  

The three lin-42 transcription units appear highly similar in their temporal 

accumulation patterns, peaking at a similar time during each intermolt and 

becoming undetectable during each molt. lin-42a and lin-42b/c maintain cyclical 

expression patterns in lin-42(n1089) and lin-42(ok2385) mutants respectively, 

indicating their dynamic expression patterns do not require the missing 

isoform(s).  

Transgene expression experiments reveal that the most important 

isoforms are lin-42a and lin-42b. lin-42a lacks PERIOD's hallmark PAS domain, 

but contains the smaller conserved SYQ/LT domains, and lin-42b contains all 

three. lin-42a or lin-42b expression strongly rescues lin-42(0) mutants for all 

parameters assessed, whereas PAS domain encoding lin-42c only mildly 
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rescues lin-42(0) heterochronic defects. The strong rescuing ability of lin-42b 

indicates that independent expression of the short isoforms is not absolutely 

required for function.  

Aside from the fact that SYQ/LT domain containing isoforms are key, the 

functions of the conserved motifs in LIN-42 are unclear. Indeed, to date no 

missense alleles of lin-42 have been reported that cause phenotypes; all alleles 

are deletions or result in premature stop codons. The availability of a null allele 

will now facilitate structure function analysis, and in conjunction with Crispr-Cas9 

genome engineering approaches, should allow correlation of functions with 

isoforms, and more precisely, to the domains they harbor and the amino acids 

that comprise them.  

lin-42 has a well defined role as a negative transcriptional regulator of 

miRNA genes, including some that function in the heterochronic gene pathway 

(MCCULLOCH and ROUGVIE 2014; PERALES et al. 2014; VAN WYNSBERGHE et al. 

2014), potentially allowing lin-42 to indirectly coordinate translation of many 

downstream messenger RNAs. Initial chromatin immunoprecipitation coupled to 

sequencing (ChIP-seq) experiments have indeed found LIN-42 associated with 

chromatin at miRNA promoters, but in addition, LIN-42 is found near the 

transcription starts of protein coding genes (PERALES et al. 2014). Key goals for 

the future will be to validate these targets and begin to partition them among lin-

42's various roles, which include the molting, timing, and dauer formation 

pathways, as well as to determine whether the lin-42 isoforms are differentially 

recruited to promoters. Interestingly, levels of LIN-42C present in lin-42(n1089) 
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mutants are sufficient to carry out the molting function, but the not heterochronic 

function, perhaps reflecting a division of labor among isoforms. One possible 

model is that the region spanning the SYQ and LT domains is important for LIN-

42 association with most targets and similar to PERIOD, acts to block the action 

of transcriptional activators. The PAS domain may provide a more regulatory 

function, enhancing the activity of the SYQ/LT region, or allowing it access a 

wider array of target genes. 
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Figure 1:  lin-42(ox461) deletes the lin-42 coding region 
 
(A) lin-42 genomic locus and transcription units. The line with terminal 

arrowheads represents genomic DNA of the lin-42 locus drawn with 5' to the left, 

which is inverted from WormBase. lin-42 alleles and the Mos1 insertion 

(ttTi42556) are indicated above the line. SacI and EcoRI sites are included for 

reference with (B) and (C), but not all recognition sites for these enzymes are 

shown. The lin-42 locus produces three transcription units diagrammed below 

with filled boxes representing exons: lin-42a, lin-42b, and lin-42c. lin-42a and lin-

42c are non-overlapping and expressed from distinct promoters (TENNESSEN et 

al. 2006). Note that the lin-42 nomenclature used here conforms to that adopted 

by WormBase and differs from that of pre-2014 publications from the Rougvie lab 

(e.g. TENNESSEN et al. 2006; 2010). (B) lin-42 deletion alleles. The extent of each 

deletion is noted in brackets. The lin-42(n1089) PASA domain is in brackets 

since a majority of the domain is deleted. (C) The lin-42(ox461) allele deletes the 

lin-42 coding region and replaces it with Punc-122:gfp and C. briggsae unc-

119(+). The fragments used as repair templates in creation of the deletion allele 

are indicated. See Materials and Methods for details. 
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Figure 2: lin-42(0) animals exhibit highly penetrant larval arrest and 

developmental delay phenotypes 

(A) lin-42(0) mutants have a severe larval arrest phenotype. Individually plated 

wild-type, lin-42(n1089), lin-42(ok2385), and lin-42(ox461) mutants were 

monitored for developmental progression. The percent of animals that arrested 

as larvae and failed to attain adulthood by 8 days post-hatching is shown. n ≥ 

100 for each genotype. (B) Micrographs of wild-type and lin-42(ox461) animals 

72 hrs post-hatching. At this time-point, all wild-type animals had reached 

adulthood and were laying eggs, whereas <2% of lin-42(0) mutants were adults, 

and they did not yet contain fertilized eggs, only oocytes. Most lin-42(0) animals 

appeared unable to complete the second larval molt. The left lin-42(0) panel 

contains two animals that are the same chronological age, with an inset showing 

the smaller animal is trapped in an unshed cuticle (white arrow). The right panel 

shows a 96 hr animal that appears arrested by size, but has nevertheless begun 

vulval morphogenesis, marked by the white v in inset. (C) Timing of molts in 

seven representative wild-type animals (top) and lin-42(0) mutants (bottom). 

Each horizontal row represents an individual animal that was monitored for 

pharyngeal pumping, lethargus, and ecdysis. Gray shading denotes animals in 

lethargus and vertical red lines indicate that a shed cuticle was observed on the 

plate. A total of 68 animals were followed for lin-42(ox461) and 10 for wild-type. 

(D) The time of adult onset is delayed in lin-42 mutants. Animals from (A) that 

bypassed larval arrest were scored for the day post hatching that they reached 
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adulthood, and graphed as percent of animals that escaped arrest. n = 20, 125, 

60, 23 for wild-type, n1089, ok2385 and ox461, respectively.  
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Figure 3:  lin-42(0) mutants have a precocious heterochronic phenotype 

(A) lin-42 mutations cause precocious seam cell development. Shown is a 

representative seam cell lineage (V1-V4, V6) diagram in wild-type and lin-42(0) 

mutants. A horizontal line indicates a cell division, and triple horizontal bars 

indicate alae formation. Developmental stages are relative to the molts, and the 

actual intermolt periods of wild-type and lin-42(0) animals are different (see 

Figure 2C). (B) lin-42(0) mutants have a more severe heterochronic defect than 

lin-42(lf) animals. Wild-type, lin-42(n1089), lin-42(ok2385), and lin-42(ox461) 

animals were analyzed at the L3-molt for alae formation. Animals were scored for 

either complete, partial (alae with gaps), or no alae. n≥20 for each strain. 

**P<0.0001, Fisher’s exact test. (C) lin-42(0) animals form precocious alae at the 

L3-molt stage. Micrographs of representative wild-type and lin-42(0) animals at 

the third molt are shown, with an image of cuticle in the top row and vulval 

morphogenesis (v) of the animal below to denote staging. Bar, 10 µm, applies to 

all panels. 
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Figure 4: Levels of three lin-42 transcripts cycle in unison. 

(A) lin-42 transcript diagrams with small boxes above indicating the locations of 

primer sets used in qPCR assays: lin-42a (red square), lin-42b (green triangle), 

and lin-42c (purple X). lin-42a and lin-42b assays are intron spanning and 

recognize a single transcript, whereas lin-42c does not contain a unique intron; 

its primer could also amplify the lin-42b primary transcript. (B-D) Representative 

time courses of lin-42a, lin-42b, and lin-42c accumulation, relative to the time of 

mlt-10 expression, in wild-type and lin-42 mutants. Two independent biological 

replicas for each genotype are shown in Figure S1, along with primer controls. 

(B) Wild-type with time points normalized to 0 hr. (C-D) lin-42a and lin-42c levels 

cycle in lin-42 mutant backgrounds. Time points within each assay are 

normalized to 6 hr. (C) lin-42a message levels in lin-42(n1089) mutants. (D) lin-

42c message levels in lin-42(ok2385) mutants from 6-24 hrs. 
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Figure S1: Biological replicates of lin-42 transcript accumulation patterns. 
 
(A-C) Expression of lin-42a, lin-42b, and lin-42c was measured relative to mlt-10 

in a total of three biological replicates (one replicate is displayed in Figure 4) for 

(A) wild type, (B) lin-42(n1089), and (C) lin-42(ok2385). Time points within each 

assay are normalized to 0 or 6 hr. (B) The decrease in lin-42a expression at 

12hrs in each lin-42(n1089) time course is an artifact of staggering populations, 

since the decrease is not observed when animals were collected continuously 

from 6-16 hrs (third panel). (D) lin-42 gene expression assays are specific to the 

intended target. Transcript levels were measured in mixed-stage populations of 

wild type, lin-42(n1089), lin-42(ok2385), and lin-42(0) to demonstrate the 

specificity of each assay. ΔCt values ([target Ct] – [ama-1 Ct]) are normalized to 

wild type. 
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aFull genotypes are given as appropriate at the first appearance of an allele or transgene 
array. Key components of plasmids are similarly detailed at the first appearance of the 
plasmid. 
 

 

Table 1  Strains used in this study 
Strain Genotypea Reference 
ARF224 lin-42(ok2385) Monsalve et al. 2011 
EG15910 lin-42(ox460 [Punc-122::gfp + Cbr-unc-119(+)]); 

unc-119(ed3) This work 
EG15911 lin-42(ox461 [Punc-122::gfp + Cbr-unc-119(+)]); 

unc-119(ed3) This work 
GR1395 mgIs49 [Pmlt-10::gfp-pest + Pttx-3::gfp] Hayes et al. 2006 
IE42556 ttTi42556 Vallin et al. 2012 
JR667 unc-119(e2498::Tc1); wIs51 [Pscm::gfp + unc-119(+)] Antebi et al. 2000 
MT2257 lin-42(n1089) Abrahante et al. 1998 
N2 Wild type var. Bristol Brenner 1974 
RG1514 ttTi42556; unc-119(ed3) This work 
RG1580 lin-42(ox461); veEx323 [pHG83 (lin-42a(gDNA)) + str-

1::gfp] 
This work; Tennessen 
et al. 2006 

RG1590 lin-42(ox461) This work 
RG1650 lin-42(ox461); wIs51 This work 
RG1665 lin-42(ox461); veEx593 [pHG83 + sur-5::gfp] This work 
RG1739 lin-42(ox461); veEx651 [pCP2 (Plin-42b/c::lin-

42b(cDNA)::gfp::unc-54 3’UTR) + str-1::gfp] This work 
RG1757 lin-42(ox461); veEx652 [pCP2 + str-1::gfp] This work 
RG1758 lin-42(ox461); veEx655 [pCP2 + str-1::gfp] This work 
RG1786 lin-42(ox461); veEx594 [pHG83 + sur-5::gfp] This work 
RG1791 lin-42(ox461); gaIs233 This work 
RG1792 lin-42(ox461); mgIs49 This work 
RG1816 lin-42(ox461); veEx321 [pMJ13 (Plin-42b/c::lin-

42c(gDNA)::gfp::lin-42 3’UTR) + str-1::gfp] 
This work; Tennessen 
et al. 2006 

RG1822 lin-42(ox461); veEx657 [pMJ13 + str-1::gfp] This work 
RG1823 lin-42(ox461); veEx658 [pMJ13 + str-1::gfp] This work 
RG1824 lin-42(ox461); veEx317 [pMJ13 + sur-5::gfp] This work 
RG1825 

lin-42(ox461); veEx319 [pMJ13 + sur-5::gfp] 
This work; Tennessen 
et al. 2006 

SD1434 unc-119(ed3); gaIs233 [Pelt-5::HIS-24::mCherry + 
unc-119(+)] Liu et al. 2009 



 

74 
 

Table 2  lin-42 heterochronic and larval arrest phenotypes 

 
Animals with L3m alae (%)       Animals that reached adulthood 

Genotype Complete Partial None % Arresta 
No. Seam 

cellb   Egl (%) Fertile (%) Brood Sizec 
wild-type 0 0 100 0 nd 

 
0 100 336.7 ± 37.7 

lin-42(n1089) 21 76 3 0 nd 
 

18 100 69.1 ± 67.5 
lin-42(ok2385) 13 83 4 53 nd 

 
78 85 36.5 ± 46.1 

lin-42(ox461) 69 31 0 77 nd 
 

100 72 7.6 ± 5.2 

          Pelt-5::mCherry 0 0 100 nd 15.7 ± 0.75 
 

nd nd nd 
ox461; Pelt-5::mCherry 59 41 0 nd 16.0 ± 0.56 

 
nd nd nd 

Pscm::gfp 0 0 100 nd 16.0 ± 0.00 
 

nd nd nd 
ox461; Pscm::gfp 0 5 95 nd 16.0 ± 0.32 

 
nd nd nd 

Pmlt-10::gfp 0 0 100 nd nd 
 

nd nd nd 
ox461; Pmlt-10::gfp 9 14 77 nd nd 

 
nd nd nd 

          lin-42a rescue 
           ox461; veEx323 0 14 86 0 nd 

 
3 100 147.0 ± 25.3 

  ox461; veEx593 0 28 72 2 nd 
 

1 99 189.3 ± 70.8 
 ox461; veEx594d 0 0 100 4 nd 

 
10 100 106.0 ± 57.9 

lin-42b rescue 
           ox461; veEx651 0 4 96 2 nd 

 
4 100 193.3 ± 71.1 

  ox461; veEx652 0 4 96 2 nd 
 

6 100 208.8 ± 84.2 
  ox461; veEx655 0 6 94 14 nd 

 
16 100 186.5 ± 66.1 

lin-42c rescue 
           ox461; veEx317 17 48 35 59 nd 

 
85 85 12.3 ± 11.7 

  ox461; veEx319 0 67 33 61 nd 
 

76 86 19.5 ± 30.4 
  ox461; veEx321 22 74 4 37 nd 

 
97 81 13.1 ± 25.9 

  ox461; veEx657 0 19 81 83 nd 
 

75 89 20.8 ± 32.1 
  ox461; veEx658 4 68 28 74 nd 

 
46 97 45.3 ± 49.5 
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All animals assayed arose from eggs hatched onto seeded plates at low density. n≥20 for all analyses except brood size of ox461 and 
ox461; veEx657 animals where n=16. 
aPercentage of animals that arrested as young larvae. 
bPelt-5::mCherry strains were scored as young adults, and Pscm::gfp strains were scored during the L3 molt. 
cAverage number of progeny from fertile adults; sterile animals were not included in the calculation. 
dThis strain exhibited some embryonic lethality; non-Egl adults laid an average of 33 ± 23 dead eggs. 
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CHAPTER 3: MIR-48 OVER-EXPRESSION SUPPRESSOR SCREEN 
 
SUMMARY 
 

Heterochronic genes regulate the timing of developmental events in C. 

elegans.  Animals with mutations in these genes either skip or reiterate certain 

events, and are classified as either precocious or retarded mutants, respectively.  

Identification of the relevant mutations of retarded heterochronic mutants led to 

the discovery of the first two miRNAs, lin-4 and let-7.  let-7 belongs to a miRNA 

gene family, including mir-48, mir-241, and mir-84, members of which share 

homology at the 5’end of the mature miRNA product.  Disruption of mir-48, mir-

241, or mir-84 individually results in little or no heterochronic phenotype; 

however, disruption of all three miRNAs results in a strong retarded defect, 

indicating that these three miRNAs function redundantly.  Over-expression of mir-

48 from a multicopy array causes a gain-of-function precocious phenotype and 

also results in a strong egg-laying defect.  To identify genes that interact with mir-

48, we performed a suppressor screen and identified suppressors that restored 

egg-laying.  This screen is powerful because several classes of suppressors are 

expected to be recovered, including new heterochronic mutations, miR-48 target 

genes, as well as general miRNA biogenesis and function genes.  Thirty-six 

suppressors were identified after screening 48,000 haploid genomes, and were 

characterized.   Five alleles of the heterochronic gene lin-66 were identified, 

validating this approach as a way to identify new heterochronic mutations.  miR-

48 levels were measured among the suppressor strains and there were 
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remarkable differences, indicating that different classes of suppressors were 

isolated.  Four suppressors were mapped to chromosomes and subjected to 

whole-genome sequencing, though the relevant suppressor mutations have yet 

to be identified. 

 
INTRODUCTION 
 
 Investigation of the heterochronic gene lin-4 in C. elegans led to the 

finding of the first miRNA in 1993 (CHALFIE et al. 1981; AMBROS and HORVITZ 

1984; LEE et al. 1993). lin-4 was discovered to encode a 21 nt regulatory RNA 

that was predicted to bind multiple partially complementary sites in the lin-14 

3’UTR and regulate its expression  (ARASU et al. 1991; WIGHTMAN et al. 1991; 

LEE et al. 1993; WIGHTMAN et al. 1993).  The second miRNA identified, Let-7, was 

also discovered in C. elegans, and remarkably, is perfectly conserved from 

nematodes to humans (PASQUINELLI et al. 2000; LAGOS-QUINTANA et al. 2003).  

Since then, countless miRNAs have been identified throughout the animal 

kingdom as regulators of virtually every biological process (FRIEDMAN et al. 2009).  

miRNAs are transcribed as long primary transcripts, that go through a series of 

processing steps before they reach their active form (WINTER et al. 2009).  The 

primary transcript is cleaved in the nucleus by the Microprocessor complex into a 

~60nt hairpin structure that is exported from the nucleus into the cytoplasm 

where it is cleaved by Dicer into a ~21nt heteroduplex.  The duplex is loaded 

onto the multi-protein miRNA Induced Silencing Complex (miRISC) and one 
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strand is released.  miRISC then interacts through a partial complementary RNA-

RNA interaction between the miRNA and the 3’UTR of the targeted mRNA to 

inhibit translation or decrease mRNA stability.  The accumulation of a mature 

miRNA is tightly regulated and regulation can occur at any step throughout this 

process. 

C. elegans undergoes four larval stages (L1-L4) before reaching 

adulthood.  Lin-4 functions early in development to promote the L1-to-L2 

transition, while Let-7 functions in the L3 stage to promote developmental 

progression (LEE et al. 1993; REINHART et al. 2000; VADLA et al. 2012).  If these 

miRNAs do not function properly, developmental programs are reiterated, 

causing subsequent stages to occur too late or not at all.  These defects can be 

easily observed in the hypodermal seam cells, which terminally differentiate at 

the larval-to-adult transition.  let-7(lf) mutants reiterate a larval stage which 

causes hypodermal seem cells to terminally differentiate after five larval stages 

(REINHART et al. 2000).   

Let-7 belongs to a family of miRNAs that share a common seed region 

(Figure 1A) (ABBOTT et al. 2005).  The seed region, which consists of nucleotides 

2-8 of the mature miRNA, plays an important role in binding to the target mRNA 

(LAU et al. 2001; LIM et al. 2003).  Three of the let-7 family members, mir-48, mir-

241, and mir-84, function redundantly to promote the transition from the L2-to-L3 

transition in C. elegans (ABBOTT et al. 2005).  If one of the let-7 family miRNAs is 

disrupted there is little to no phenotype, however in the absence of all three 
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miRNAs, animals have a strong retarded defect that results in a reiteration of the 

L2 stage seam cell programs (Figure 1B).  At the L2 stage in wild type, seam 

cells undergo a proliferative division, thus mir-48/241/84(0) animals reach 

adulthood with more seam cells than wild-type animals.   Additionally, seam cells 

in these mutants terminally differentiate one stage later than in wild-type animals.  

miR-48/241/84 collectively regulate the L2-to-L3 transition by down-regulating 

their targets hbl-1, daf-12, and perhaps lin-28 (ABBOTT et al. 2005).  Further 

investigation of miR-48/241/84 may uncover other targets that have yet to be 

identified. 

Because mir-48/241/84 function redundantly, an analysis of their loss-of-

function is complicated.  However, gain-of-function studies can provide additional 

insight.  For example, two mir-48(gf) mutations were isolated from a lin-4(lf) 

suppressor screen (ABRAHANTE et al. 1998; LI et al. 2005).  When analyzed on 

their own mir-48(ve33) and mir-48(ve12) were found to cause precocious 

expression of miR-48, which is sufficient to cause a precocious alae phenotype 

(ABRAHANTE et al. 1998).  Both alleles have mutations in a GC-rich element 

upstream of the mir-48 coding sequence, which suggested that this region was 

important to regulate mir-48 expression (LI et al. 2005).  Over-expression of wild-

type mir-48 from a multi-copy array causes a precocious alae phenotype, as well 

as a mild EGg Laying defective (Egl) phenotype.  However, over-expression of 

mir-48(ve33) from a multi-copy array (veIs48) causes a stronger precocious 

defect and a fully penetrant Egl defect, which is advantageous for a suppressor 
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screen.  Hermaphrodites are unable to lay eggs, therefore the progeny hatching 

inside the parent resulting in a “bag of worms.”   Animals with the veIs48 array 

were mutagenized and suppressors identified by searching for non-Egl animals 

using a dissecting microscope. 

Suppressor/enhancer screens are powerful methods to study a gene of 

interest because they can identify genes that biologically interact with a gene.   A 

mir-48 over-expression suppressor screen could identify mutations in new 

heterochronic genes that function with mir-48 in the heterochronic pathway, 

mutations in miR-48 targets that would prevent miR-48 from binding to and 

downregulating its expression, and finally, mutations in genes that regulate 

miRNA expression and function would reduce the level of miR-48 accumulation 

or impede the ability of miR-48 to regulate its target.  New heterochronic 

mutations could lead to the identification of a new member of the heterochronic 

gene pathway or a new interaction between mir-48 and an existing member of 

the heterochronic pathway.  Identification of genes involved in miRNA biogenesis 

and function could expand upon our limited understanding of such a highly 

regulated process.  Finally, identification of a mirR-48 target would be exciting 

since only a few have been confirmed. 

 

MATERIALS & METHODS 
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Strains and Nematode Maintenance.  C. elegans were grown and 

maintained at 20°C on NGM plates seeded with E. coli OP50 as previously 

described (BRENNER 1974). 

qPCR.  Eggs were isolated by hypochlorite treatment of 6-10 plates of 

gravid adults and then hatched overnight in M9 buffer in 15ml tube.  To harvest 

worms, debris was allowed to settle for 10-15 minutes.  Actively swimming 

worms in the top 5-6 ml were transferred to a new tube.  The original tube was 

filled up to 10ml with M9, and the harvest process was repeated 3 more times.  

Harvested animals were pelleted and flash frozen in liquid nitrogen.  Worm 

samples were processed through three rounds of freezing in liquid nitrogen, 

thawing at 37˚, and vortexing with 425-600 μm glass beads (Sigma) to disrupt the 

cuticle.  RNA was extracted using Trizol (Life Technologies) according to 

manufactures instructions.  RNA (7.5 ng) was reverse transcribed with the 

TaqMan miRNA reverse transcription kit using specific miRNA primers.  

Quantitative Taqman miRNA assays were performed as directed (Life 

Technologies Part# 4427975 AssayID# 208(miR-48), 249(miR-241), 236(miR-

84)).  qPCR reactions were run in triplicate on an Eppendorf Realplex 

Thermocycler using 96-well plates, and data were collected and analyzed using 

Realplex 2.0 software. Each time-point was normalized to miR-1 or miR-58 as an 

internal control.  Data was analyzed using the ΔΔCt method in Microsoft Excel 

(LIVAK and SCHMITTGEN 2001).   
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SNP mapping.  SNP mapping was performed using the method described 

in Davis et al. (2005).  Briefly, mutated strains were backcrossed to the CB4856 

strain, single heterozygous F1 progeny allowed to self-fertilize, producing F2 

animals that were sorted into Egl and non-Egl pools to generate lysates.  

Selected SNPs were PCR amplified using the primers designed in Davis et al. 

(2005) and digested with DraI.  Products were run out on an agarose gel to 

compare digest patterns between the Egl and non-Egl samples.  Since crossing 

the veIs48 array into the the CB4856 strain background enhanced the egg-laying 

phenotype, mapping was performed using strains that contained only one 

chromosome from the CB4856 strain.  WE5236 was used for Ch I, WE5238 for 

Ch III, WE5241 for Ch IV.  When a single chromosome was SNP mapped, 

primers were used for only that chromosome. 

DNA prep for Whole Genome Sequencing.  Suppressed strains were 

backcrossed 4 times to remove any background mutations.  To prep genomic 

DNA, animals were washed in M9 2-3 times, soaked in M9 on a rocker for 2 

hours to remove food from gut, and then washed in M9 2-3 times.  Worms were 

pelleted and flash frozen.  DNA was prepped using the Gentra Puregene kit 

(Qiagen).  Pellet was thawed and resuspended in 3 ml of Cell Lysis Solution 

(Qiagen Gentra Puregene kit).  Worms were disrupted with a sonicator at 

amplitude 20% for 30 sec (pulse: ON for 1 sec, OFF for 1 sec).  15µl of 

Proteinase K (20mg/ml) was added and incubated at 55˚ for 3 hrs, during which 

the tube was inverted periodically.  The lysate was cooled to room temp, 15µl 
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RNase A added, and incubated on rocker for 1 hr.  The lysate was cooled for 3 

min on ice, 1ml Protein Precipitate Solution (Qiagen Gentra Puregene kit) was 

added and samples vortexed for 20 sec. at high speed.  Lysates were 

centrifuged for 10 min at 2000xg, supernatant was transferred to a new tube, 3 

ml isopropanol was added and inverted to mix.  Samples were centrifuged for 3 

min again at 2000xg, supernatant transferred to a new tube, 3 ml of 70% ethanol 

was added and inverted to wash pellet.  Sample was centrifuged for 3 min at 

2000xg, supernatant removed, and pellet air dried.  150 µl of DNA Hydration 

Solution was added to the pellet, resuspended by pipetted up/down, and 

transferred to clean eppendorf tube.  Incubated at 65˚ for at least 30 min until 

DNA was dissolved.   

Whole Genome Sequencing.  Whole-genome sequencing was conducted on 

Illumina GAIIx instrument according to the manufacturer’s instructions by the 

UMN genomics core facility.  The sequencing depth coverages were 41 

(RG1383), 34 (RG1385), 52 (RG1437), 49 (RG1440).  Data were analyzed using 

MAQGene (BIGELOW et al. 2009). 

 

RESULTS 

mir-48 over-expression suppressor screen 

A mir-48 loss-of-function screen is not feasible, since mir-48 functions 

redundantly with mir-241 and mir-84.  mir-48(gf) mutants identified in a lin-4(lf) 

suppressor screen have precocious heterochronic defects, therefore a mir-48 
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over-expression screen was performed to identify genes that interact with mir-48 

(ABRAHANTE et al. 1998).  miR-48 was over-expressed from an integrated multi-

copy array (veIs48) that expressed mir-48(ve33) and sur-5::gfp (LI et al. 2005).  

Animals containing the veIs48 array display a fully penetrant Egl phenotype 

(Figure 1C) since vulval precursor cells divide precociously and cause abnormal 

vulval development.  Animals were mutagenized with EMS and F2 progeny 

screened for restoration of egg-laying, with the expectation that the other 

heterochronic defects would also be restored.  48,000 haploid genomes were 

screened, and 36 suppressors were isolated.   

Suppressors that silence multi-copy arrays are one class of suppressors 

that are likely to come out of this screen; however, they would not provide useful 

information about mir-48 and need to be avoided.  A sur-5::gfp reporter, which is 

expressed at high levels and in all cell nuclei, was included in the multi-copy 

array to monitor expression from the array.  Since multi-copy array suppressors 

should decrease expression of mir-48 as well as the sur-5::gfp array marker, 

selecting arrays with high levels of GFP expression can exclude suppressors that 

silence multi-copy arrays.  

Animals were analyzed by eye on a Nikon fluorescent dissecting 

microscope and given a score from 0-5 in a non-blind analysis, 5 being as bright 

as the original veIs48 array and 0 being undetectable GFP.  ve119, ve126, 

ve135, and ve152 are some of the suppressors that were classified as multi-copy 

array suppressors, whereas ve145 and ve132 expressed GFP at a level 
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indistinguishable from veIs48 (Table 1).  Suppressors with high GFP levels are of 

most interest. 

 

Prioritization of suppressors 

 Suppressors identified in the mir-48 over-expression screen were initially 

scored for penetrance of the suppression, since strong suppressors are more 

likely to lead to the identification of genes that play more central roles.  Five 

strains were analyzed for penetrance of Egl suppression, ve151 had the highest 

level of penetrance since 95% of animals laid eggs, whereas ve150 had the 

lowest penetrance at 35%.  The other three suppressors found in strains ve145, 

ve148, and ve153 were about 70% penetrant (Table 2).  These results 

demonstrate that some of the suppressors are not fully penetrant, and that ve151 

is a suppressor that should be prioritized because it  most efficiently suppresses 

the mir-48 over-expression defect. 

 

Outcross suppressed strains. 

 Animal strains with bright, uniform GFP expression and high penetrance of 

Egl suppression were outcrossed to analyze two key properties: whether the 

suppressor displayed a phenotype in the absence of the mir-48 array and 

whether the suppressor had a maternal effect.   

 Phenotypic analysis of suppressors.  Suppressors that come out of this 

screen may have recognizable phenotypes when separated from the original 
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veIs48 array.  Many heterochronic mutants have vulval defects that cause 

animals to have a protruding vulva (P-vul), explode from the vulva, or have an 

Egl defect.  Mutations in genes that are essential for embryogenesis or larval 

development will cause an embryonic or larval lethal defect, and many known 

heterochronic mutants have a semi dumpy (Dpy) appearance.  These and other 

morphological defects were scored among isolated suppressor alleles. 

Animals from suppressed strains were backcrossed to N2 males, 

individual F1s were allowed to self fertilize, and non-fluorescent F2 progeny were 

analyzed for obvious phenotypes.  A very distinct vulval bursting phenotype was 

observed when five strains were outcrossed: RG1365, RG1366, RG1386, 

RG1424, and RG1436.  These animals burst at approximately the L4 stage, the 

gonad protruded from the vulva, and animals continued to crawl around the plate.  

This phenotype appeared similar to mutants of lin-66, a gene previously reported 

to function in parallel with mir-48 in the heterochronic gene pathway to promote 

the L2-to-L3 transition (MORITA and HAN 2006).  lin-66 was sequenced in each of 

these strains and five new alleles of lin-66 were revealed (Figure 2).  These 

results are exciting because they validate the screening approach to identify 

heterochronic mutations. 

The remaining suppressors that had uniform and bright GFP expression 

were outcrossed and their gfp- F2 progeny were scored as described above for 

egg-laying, protruding vulva, or lethal phenotypes, however no other phenotypes 

were found.  It is possible that some of the suppressors caused mild phenotypes 
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that were not observed through analyses performed using a dissecting 

microscope. 

Analysis of maternal effect.  When strains were backcrossed with N2 

males, bright green (GFP+/+) F2s were single-picked and scored for egg-laying 

to determine if suppressors had a maternal effect, which requires a 

hermaphrodite to be homozygous for the suppressor in order to produce non-Egl 

animals.   If the F2 was Egl, all the F3 offspring were raised on the original F2 

plate and the entire plate was scored for ANY egg-layers, and again the plate 

was scored for any F4 egg-layers.  If a recessive suppressor has no maternal 

effect, 25% of the F2s will lay eggs, 75% of the plates will produce F3 egg layers, 

and the same 75% of the plates will have F4 egg layers.  If there is a maternal 

effect, 0% of the F2s will lay eggs, 25% of the plates will have F3 egg-layers, and 

75% of the plates will have F4 egg-layers.  The ve145 allele behaved like a non-

maternal effect gene, while ve142 and ve143 behaved like suppressors with a 

maternal effect (Figure 3).  Results were a bit different with the ve150 

suppressor.  None of the ve150 plates had F2 or F3 egg-layers, but 77% 

contained F4 egg-layers.  These results could be explained because of the low 

penetrance of suppression observed with this suppressor in addition to having a 

maternal effect.   

 

Measurement of miR-48 levels using qPCR 
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 Heterochronic suppressors that function in parallel to or downstream of 

mir-48 in the pathway are expected to have little effect on miR-48 levels, 

whereas suppressors that contribute to miRNA processing or stability are likely to 

cause a reduction in miR-48 levels.  As a way to analyze and prioritize mir-48 

over-expression suppressors, miR-48 levels were measured in each suppressed 

strain.    

 miR-48 levels were measured using Taqman qPCR assays on RNA 

isolated from arrested L1 animals and miRNA levels were normalized to N2.  The 

original array used in the mutagenesis screen veIs48 (strain RG995) expressed 

levels of miR-48 that were more than 700 fold greater than wild type levels 

(Figure 4).  Levels of miR-48 in the suppressed strains range from 32 to 665 fold 

greater than wild type, demonstrating that there is diversity in the types of 

suppressors isolated.  Some suppressors appear to function by reducing miR-48 

levels, while others function through a different mechanism.  One lin-66 allele 

(ve130) was included in the analysis; this allele did not affect miR-48 levels.  

These results are consistent with lin-66 functioning downstream or in parallel to 

mir-48 in the heterochronic gene pathway. 

As a way to classify and prioritize the mir-48 over-expression suppressors, 

GFP expression levels were analyzed together with miR-48 levels (Figure 4).  

Suppressor strains can then be sorted into three classifications: (1) high GFP 

and high miR-48, (2) high GFP and reduced miR-48, and (3) low GFP and low 

miR-48.  As expected, strains with low GFP expression (≤ 3) also have low miR-
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48 levels compared to veIs48 and are likely multi-copy array suppressors.  

Suppressors with GFP levels ≥4 have a wide range of miR-48 levels.  

Identification of any of these could provide valuable information as to the function 

of mir-48.  Those that are affecting miR-48 levels could be functioning upstream 

either in the heterochronic pathway or in the miR processing pathway of mir-48, 

while suppressors that do not affect miR-48 levels are likely functioning in parallel 

to mir-48 in the heterochronic pathway or as a downstream target of miR-48. 

 

Linkage mapping places three suppressors on Ch X and one suppressor 

on Ch 3 

 To map and identify the gene disrupted, linkage mapping was used to 

narrow down the location of the prioritized suppressors.   Genetic markers were 

chosen that were located near the center of each chromosome and had an 

obvious phenotype that did not interfere with the mir-48 over-expression Egl 

phenotype.  In addition to the Egl phenotype, veIs48 animals had a mild Dpy 

phenotype which made markers with subtle Dpy phenotypes unusable.  Lon 

phenotypes did not work because they were often masked by the veIs48 Dpy 

phenotype.  Generally, Unc markers did not work well since Egl animals often 

had difficulties moving as they filled with embryos.  Fortunately, a few markers 

worked well.  Strong Dpy phenotypes worked the best to map veIs48 

suppressors.  Markers that were used include dpy-5(e61) for Ch I, dpy-17(e164) 

for ChIII, unc-5(e152) for Ch IV, and dpy-11(e224) was used for Ch V. The unc-5 
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phenotype was successful in this analysis because it was a distinct coiling 

phenotype that could be scored during early larval stages.  When suppressors 

were tested for linkage, the ve150 was linked to dpy-5 on Ch I, ve148 was linked 

to dpy-17 on Ch III, and ve143 was linked to unc-5 on Ch IV (Table 3).  The 

veIs48 array is integrated on the X-chromosome, making it rather simple to test 

for linkage to the X-chromosome.  Suppressors that were linked to veIs48 were 

ve129, ve132, ve151 (Table 3).   

 

SNP mapping 

 SNP mapping was used in an attempt to obtain more fine-scale mapping 

information.  Single Nucleotide Polymorphism (SNP) mapping is an efficient way 

to narrow down the location of an unknown mutation, and has made significant 

contributions to genetic mapping studies since its inception to C. elegans in 2001 

(WICKS et al. 2001). In this approach, an N2 (Bristol) strain with an unknown 

mutation is backcrossed to the CB4856 (Hawaiian) strain, single heterozygous 

F1 animals are allowed to self-fertilize, and then F2 animals are segregated into 

two pools: mutants and non-mutants.  Forty-eight sets of primers located across 

the C. elegans genome are used for PCR.  Each set of primers flanks a SNP that 

specifically alters affects a DraI restriction site (DAVIS et al. 2005) so that an 

amplified fragment from either the Bristol genome or the Hawaiian genome will 

be cleaved by DraI, but not both (DAVIS et al. 2005).  PCR products are digested, 

run on a gel, and digest patterns compared between the mutant and non-mutant 
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pools.   Since the mutation originated in the Bristol strain, the region near the 

mutation will be enriched for Bristol SNPs.   

 SNP mapping was performed with two suppressed strains, RG1437 and 

RG1432, using the Davis et al. method summarized above (DAVIS et al. 2005).  

Selecting for suppression required the mir-48 over-expression array to be 

homozygous.  Animals homozygous for the veIs48 array (GFP+/+) had brighter 

sur-5::gfp expression than their heterozygous siblings, so bright GFP animals 

were single picked as young larvae.   Once the animals were young adults, they 

were sorted into Egl and non-Egl pools.  As recessive mutations, 25% of the 

GFP+/+ progeny from a heterozygous parent are expected to be non-Egl.  When 

this was done with two suppressed strains, RG1437 and RG1432, 150 GFP+/+ 

animals were selected and all of the GFP+/+ animals were Egl making it 

impossible to continue the experiment.  This experiment was repeated with 

RG1437, to make sure the first results were not an anomaly.  48 GFP+/+ animals 

were selected and again all were Egl.  The next generation was scored for egg 

laying.  Of the 48 F2s selected, 2 produced F3 animals that laid eggs.  The 

remaining 46 F2s all produced Egl progeny.  These results strongly suggest that 

there are SNPs/mutations in the CB4856 background that enhance the Egl 

phenotype.  The enhancement is not specific to one suppressor since this 

occurred with both RG1437 and RG1432 suppressed strains, and the 

enhancement is not a maternal effect since the enhancement also occurred in 

the F3 generation.  Additionally, for the enhancement to be so highly penetrant 
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there are likely to be multiple veIs48 Egl enhancers in the CB4856 background.  

This approach was discontinued. 

 Since the CB4856 strain is enhancing the egg laying defect, another 

approach to doing SNP mapping is to use strains that contain a single 

chromosome from the CB4856 strain while the remaining chromosomes are from 

the Bristol N2 strain.  This approach may work if the enhancer is limited to a 

certain number of chromosomes.  Linkage mapping results (see above) linked 

the RG1437 suppressor to Ch III.  So I performed SNP mapping of the RG1437 

suppressor using strain WE5238 that only contained the CB4856 Ch III.  nhl-2, a 

known suppressor of veIs48, is located on Ch III, so the strain VT1520 (nhl-

2(ok818); veIs48) was used as a positive control, and since lin-66 is located on 

Ch IV it was used as a negative control.  The strains were crossed to WE5238, 

heterozygous F1s were single picked, and then GFP(+/+) F2s were single 

picked.  From the VT1520 cross, 36 F2s were non-Egl (21%) and 139 F2s were 

Egl (79%).  From the RG1437 cross, 39 F2s were non-Egl (21%) and 148 were 

Egl (79%).  These results show that the Hawaiian Ch III does not enhance the 

Egl phenotype and allowed SNP mapping of Ch III to proceed.  Eight sets of PCR 

primers that amplified regions of Ch III were used for PCR of RG1437 (DAVIS et 

al. 2005), and the products digested with DraI and analyzed on an agarose gel.  

Suppressed animals were compared to unsuppressed animals, and suppressed 

animals were highly enriched for the N2 digest pattern at the -12, -7, and -1 m.u. 



 

93 
 

position on Ch III (Figure 5).  These results indicate that ve148 is on the left arm 

of Ch III.   

 While SNP mapping one chromosome at a time is laborious, suppressors 

that have been linked to a chromosome from the linkage mapping results are 

good candidates for this approach.  One of these candidates is RG1439 which 

was linked to Ch I.  RG1439 was crossed to WE5236 which contains Hawaiian 

Ch I and the remaining chromosomes are from the Bristol N2 strain.  GFP+/+ F2s 

were picked from a heterozygous F1, however only 13% of the F2s were Egl.  

These results were very surprising since most of the effect from the Hawaiian 

background was an enhancement of the Egl phenotype.  Since the non-Egl pool 

of worm contained animals that were not homozygous for the suppressor and 

would confound the results, this experiment was not completed.  In conclusion, 

the Hawaiian Ch I is not a good candidate to SNP map the mir-48 over-

expression suppressors. 

 SNP mapping was performed with RG1386 (lin-66(ve130); veIs48) to test 

whether Ch IV is a chromosome that can be mapped with SNP mapping, using 

WE5241.  Egl and non-Egl pools of worms were isolated, and SNP mapping 

results showed strong linkage to 1, 8, 12, and 14 m.u.  Primers at the 12 m.u. 

position showed the strongest linkage, consistent with lin-66 being located on Ch 

IV at the 10.9 m.u. position.  These results demonstrate that the Hawaiian Ch IV 

can be used to SNP map mir-48 over-expression suppressors. 
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Whole Genome Sequencing 

 Since the cost of Whole Genome Sequencing continues to decrease, it 

has become a more widely used tool for mutation identification.  For optimal 

results, it is useful to have multiple alleles of an unknown gene.  Although it was 

not known whether multiple veIs48 alleles have been isolated, three mapped to 

Ch X (ve129, ve127, ve151) and another was positioned within a small interval 

on Ch III (ve148), so I decided to sequence their genomes as a way to identify 

the suppressors. Importantly, each strain can serve as a control for 

polymorphisms in the RG995 strain relative to the C. elegans reference genome.  

The four strains were sequenced using the Illumina GAIIx sequencing machine 

and data analyzed using MAQGene (BIGELOW et al. 2009).  The list of mutations 

for each strain was filtered for gene mutations on the chromosome of interest and 

not present in all four strains (Table 4).   

Unfortunately, none of the mutations found in the X-linked strain were in 

the same gene.  From the list of suppressor candidates, the most likely 

suppressors were ncr-1 and ain-1 based on known function.  ncr-1 is a 

transmembrane glycoprotein with a patched-like domain that is homologous to 

human NPC1 (LI et al. 2004).  ncr-1 and ncr-2 function redundantly to suppress 

daf-12, and daf-12 promotes expression of mir-42/241/84.  ain-1 is a member of 

RISC which functions with the mature miRNA to downregulate mRNA targets 

(DING et al. 2005).  ain-1 and ncr-1 were tested for their abilities to suppress 

veIs48 using existing alleles ain-1(tm3681) and ncr-1(nr2023). Since these 
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mutations are linked to veIs48, it was first necessary to select recombinants.  The 

alleles were crossed to veIs48.  >200 GFP+/+ animals were selected from 

heterozygous animals, and non-egl animals were never found among their 

progeny.  Either the alleles did not suppress veIs48 or the mutations are tightly 

linked to veIs48.  In addition, RNAi was performed with both ncr-1 and ain-1 in 

veIs48 mutants and there was no suppression of the Egl phenotype.  It is 

important to note, however, that there are a few caveats with RNAi.  The eri-1 

and rrf-3 RNAi sensitization mutations suppress the veIs48 egl phenotype, so 

RNAi was done without these mutations.  Additionally, two known suppressors of 

veIs48, nhl-2 and lin-66, do not suppress the Egl phenotype through RNAi by 

feeding, so RNAi is not the best approach to test for veIs48 suppression. 

The list of ve148 candidate suppressors on Ch III was tested by using 

existing alleles.  Suppression was tested with lon-1(e185), nekl-4(tm4910), wht-

6(ok882) , sdz-15(tm2209), rbf-1 (js232) and mua-3(rh195) but none of these 

alleles tested suppressed veIs48.    

 

DISCUSSION & CONCLUSIONS 

This work set out to identify genes that function with mir-48.  Identifying 

five alleles of lin-66 as suppressors of mir-48 over-expression validated the 

screen as a way to identify new heterochronic mutations.  lin-66 is a novel protein 

that is composed of 627 amino acids.  lin-66 mutants have a retarded 

heterochronic defect, which contrasts with the precocious defect observed in mir-



 

96 
 

48 over-expression mutants.  lin-66 was reported to repress lin-28 post 

transcriptionally (MORITA and HAN 2006).  lin-28 is a heterochronic gene that 

promotes L2 larval program, and may be targeted by let-7 family miRNAs 

(MORITA and HAN 2006).  One possible model for the suppressive relationship 

between lin-66 and mir-48 is that they act in parallel to suppress lin-28.  If high 

levels of mir-48 are down-regulating lin-28, then loss of lin-66 activity could 

relieve some repression on lin-28 and restore L2 programs through hbl-1.  Since 

lin-66 has already been genetically characterized and placed in the heterochronic 

pathway, further work was not pursued.   

Measurement of miR-48 levels within the suppressor strains has provided 

useful information into the types of suppressors identified.  lin-66(ve130) had little 

to no effect on miR-48 levels, which supports the model that they function in 

parallel to promote the L2-to-L3 transition.  Of the unidentified suppressors 

analyzed, ve127 had the highest level of miR-48 expression. The difference in 

miR-48 levels between ve127 and lin-66(ve130) is within the error of the qPCR 

assay and is likely not significant.  Since ve127 does not greatly affect miR-48 

levels it could be a heterochronic gene that functions in parallel or downstream of 

mir-48.  One gene that functions downstream of mir-48 and is a target of miR-48 

in the heterochronic pathway is hbl-1.  ve127 was mapped to the X-chromosome, 

which is the same chromosome hbl-1 is linked to, however whole genome 

sequencing results did not identify an hbl-1 mutation in RG1385.  Of the list of 

candidate suppressors identified from sequencing, a mutation was found in ain-1, 
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which is a member of RISC and necessary to downregulate the targeted mRNA.  

Unfortunately, when an existing allele of ain-1 was tested it did not suppress the 

veIs48 egg-laying defect.   

Interestingly some of the suppressors have about a 50% reduction in miR-

48 levels, including ve131, ve136, ve149, ve129, whereas others have a more 

drastic reduction including ve150, ve145, ve148, ve151, ve132.  Suppressors 

that affect miR-48 levels could function upstream of mir-48 in the hetereochronic 

pathway, for example they could be alleles of daf-12.  daf-12 encodes a nuclear 

hormone receptor which promotes mir-48 expression during continuous 

development.  Another type of suppressor that could affect miR-48 levels 

includes miRNA processing or stabilizing genes.  Since miRNA biogenesis is a 

multi-step process, there are many ways to regulated miRNA accumulation.  One 

regulator of miRNA biogenesis is the heterochronic gene lin-28, which inhibits let-

7 processing by binding to the precursor miRNA (LEHRBACH et al. 2009).  

Surprisingly, most of the suppressors analyzed showed a reduction in miR-48 

levels and therefore could include multiple regulators of miRNA biogenesis. 

miR-48 levels were found to be reduced by 50% in the nhl-2(ok818); 

veIs48 strain.  nhl-2 is a known suppressor of veIs48 and is cofactor of miRNA 

function (HAMMELL et al. 2009b).   This was rather surprising because nhl-2(0) 

does not function to regulate miRNA expression or processing.  Rather, NHL-2 

interacts with the miRISC complex after it is bound to the targeted mRNA and 

has been shown to further silence the targeted mRNA.  However, my results 
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suggest that miR-48 stability is affected when nhl-2 is disrupted.  It is possible 

that the some of the suppressors that reduce miR-48 levels are involved in 

miRNA stability.   

 While a lot of information was gathered about the suppressors, a few 

challenges made it difficult to identify the mutations responsible.  Since most of 

the suppressors did not have an obvious phenotype the veIs48 array was 

required to be in the background, and unfortunately the veIs48 background was 

sensitive to enhancement or suppression.  SNP mapping is a powerful way to 

narrow down the location of an unknown mutation because it is quick and 

inexpensive.   Unfortunately, since mutations in the Hawaiian background 

suppressed and enhanced the Egl phenotype, the way in which SNP mapping 

could be used was limited.  Mapping could be done by using a single Hawaiian 

chromosome or linkage mapping but it was a less efficient process and limited 

the number of suppressors that could be mapped.   

 Identifying genes that interact with and regulate miR-48 remains important 

to study because of it can lead to the identification of new heterochronic 

mutations, genes involved in miRNA regulation and function, and let-7 family 

miRNA targets.  Further analysis of the veIs48 suppressors may still lead to the 

identification of a suppressor.  Alternatively, other approaches may be beneficial 

to explore.  Since mapping suppressors was a challenge, a suppressor screen 

that could lead to the identification of other genes more quickly may be useful.  

Unfortunately, an RNAi screen is not a reasonable alternative since known 
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veIs48 suppressors do not suppress through RNAi, and the RNAi sensitization 

mutations suppress the Egl defect.  Another option that could be explored is a 

transposon-mediated insertional mutagenesis screen.  The technique has been 

developed using a Mos1 transposon that originated in flies and is not 

endogenous to C. elegans (BOULIN and BESSEREAU 2007; FROKJAER-JENSEN et al. 

2014).  Rather than using EMS to cause single nucleotide changes, genes are 

disrupted when a transposon inserts itself in the middle of the gene or an 

important regulatory region.  While the mutation rate is less efficient, it drastically 

cuts down on the time it takes to identify the suppressor, since the gene can be 

sequenced using a primer within the transposon. 

 Through analysis of the suppressors, we’ve learned that mir-48 over-

expression can be suppressed through parallel or downstream mechanisms 

without affecting miR-48 levels, like with lin-66, or through upstream mechanisms 

that affect miR-48 levels.  Future work investigating mir-48 is promising and 

could further our understanding of how miRNAs are regulated and processed.   
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Figure 1: mir-48 is a let-7 family microRNA and functions redundantly with 

mir-241 and mir-84.  A. The Let-7 family of miRNAs share a common seed 

region (highlighted region), which consists of the first 8 nucleotides.  Let-7 is 

perfectly conserved between C. elegans and humans.  B. Seam cell lineages of 

wild type and let-7 family mutants.  mir-48(lf) mutants do not have a seam cell 

defect.  mir-48/241/84(0) mutants reiterate the L2 stage proliferative division.  

Over-expression of mir-48 (mir-48(+++)) causes a precocious defect because the 

L2 proliferative division is often skipped.  C. Animals that over-express mir-48 on 

an integrated multicopy array (veIs48) with sur-5::gfp have an EGg-Laying 

defective (Egl) phenotype.  veIs48 worms were mutagenized with EMS, and 

suppressors (veIs48;sup) identified based on restoration of egg-laying (Non-egl). 

 

 

 

 

 

 

 

 

 

 

 



Wild type
seam cells
V1-V4, V6

L1

L2

L3

L4

A

mir-48(+++)
BB

D
ev

el
op

m
en

ta
l S

ta
ge

mir-48(lf) mir-48/241/84(0)

(                 )
often 
skipped

let-7 RNA        UGAGGUAGUAGGUUGUAUAGUU
miR-48  UGAGGUAGGCUCAGUAGAUGCGA
miR-241  UGAGGUAGGUGCGAGAAAUGA
miR-84  UGAGGUAGUAUGUAAUAUUGUA
miR-793  UGAGGUAUCUUAGUUAGACAGA
miR-794  UGAGGUAAUCAUCGUUGUCACU
miR-795  UGAGGUAGAUUGAUCAGCGAGCUU

Human let-7a RNA UGAGGUAGUAGGUUGUAUAGUU

A

C

Egl
(veIs48)

Non-egl
(veIs48;sup)

EMS

Figure 1

101



 

102 
 

Figure 2.  Five mir-48 over-expression suppressors were identified as 

alleles of lin-66.  A. lin-66 alleles include missense mutations, premature stop 

codons, and a splice acceptor mutation.  B. lin-66 functions in the heterochronic 

pathway to inhibit lin-28 expression.  lin-66 and mir-48 function in parallel 

promote the L2-to-L3 transition. 
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Figure 3.  Maternal effect analysis identifies three suppressors with a 

maternal effect.  A.  Suppressed strains were crossed to WT males, 

heterozygous F1 animals were allowed to self-fertilize, and individual bright 

green F2 animals that were homozygous for the veIs48 array were selected.  F2 

animals were scored for egg-laying.  The entire F3 and F4 generations were 

raised on the same plate as the F2 animal and collectively scored for egg laying.  

If a gene has a maternal effect, an animal will only be non-Egl if the parent is 

homozygous for the suppressor.  25% of F2 animal will be homozygous for the 

suppressor and have an Egl phenotype, but produce non-Egl progeny.  50% of 

F2 animals will be heterozygous for the suppressor and have an Egl phenotype, 

but produce F3 animals that are homozygous for the suppressor.  Those F3 

animals will be Egl but produce non-Egl F4 animals.  Finally, 25% of F2 animal 

will not contain the suppressor and will never produce non-egl progeny.  B. The 

percentage of egg-laying scored at each generation.  Suppression is expected to 

been seen in a non-maternal gene from 25% of the F2s and 75% of the plates 

will have F3 and F4 egg-layers.  Suppression from a maternal gene will be 

expected to be seen in 0% of the F2 generation, 25% of the F3 generation, and 

75% of the F4 generation. 
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Figure 4.  Evaluation of GFP and miR-48 expression among the mir-48 

overexpression suppressors.  All strains contain the veIs48 array which 

expresses mir-48 and sur-5::gfp except for wild type.  Fold change miR-48 was 

measured by Taqman qPCR (see materials and methods).  GFP levels were 

scored by eye on a GFP dissecting microscope on a scale of 0 to 5 (0=no visible 

GFP, 5=GFP expression as bright as the strain containing veIs48 (RG995)). 
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Figure 5.  SNP Mapping places ve148 on Ch III.  Regions flanking a SNP were 

amplified by PCR, digested with Dra I, and analyzed on an agarose gel pictured 

here.  Chromosome III positions analyzed with SNP mapping are indicated at the 

top by map unit (M.U.) position (1 M.U. = 275 kb).  Samples are compared 

between Egl (E) or Non-egl (N) pools of worms.  Genotype for each strain 

analyzed are listed to the left of each gel image.  Linkage is indicated when the 

Bristol product (green star) is more enriched than the Hawaiian product (orange 

square) in the non-Egl sample.  The strain with ve148 is enriched for the Bristol 

product at M.U. positions -12, -7, -1.  nhl-2 (ok818) is known to be located at 

position -2.4 M.U, and as expected SNP mapping results show the strongest 

Bristol enrichment at the -1 M.U. position.  The lin-66(ve130) mutation is on Ch 

IV, and SNP mapping results show no Bristol enrichment on Ch III.  DNA 

fragments that associate with either Bristol (B) or Hawaiian (H) are indicated on 

the lin-66(ve130); veIs48 gel picture.  * indicates a fragment that associates with 

both Bristol and Hawaiian.  
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Table 1: veIs48 suppressor strains

Every strain listed includes veIs48, except N2.
Gene a�ected by suppressor mutations
GFP expression analyzed by eye on a 0-5 scale. 

1

2

3

allele gene2

N2 0
RG995 5
VT1520 ok818 nhl-2 4
RG1364 ve111
RG1365 ve112 lin-66
RG1366 ve117 lin-66
RG1367 ve118
RG1368 ve113
RG1369 ve114
RG1370 ve115
RG1371 ve116
RG1372 ve119 3
RG1383 ve129 4.5
RG1384 ve126 2
RG1385 ve127 4.5
RG1386 ve130 lin-66 5
RG1387 ve128
RG1388 ve131 4
RG1389 ve132 5
RG1420 ve133
RG1421 ve134
RG1422 ve135 1
RG1423 ve136 4.5
RG1424 ve137 lin-66
RG1425 ve138
RG1428 ve139
RG1429 ve140
RG1430 ve141
RG1431 ve142
RG1432 ve143
RG1433 ve144
RG1434 ve145 5
RG1435 ve146 4
RG1436 ve147 lin-66
RG1437 ve148 4
RG1438 ve149 4
RG1439 ve150 4.5
RG1440 ve151 4
RG1441 ve152
RG1442 ve153
RG1443 ve154
RG1444 ve152 3
RG1445 ve151

Suppressor
Strain Name1 GFP expression3
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lin-66(ve130); veIs48

ve129; veIs48

ve132; veIs48

ve142; veIs48

ve143; veIs48

ve145; veIs48

ve148; veIs48

ve150; veIs48

ve151; veIs48

ve153; veIs48

No No

Yes

Yes

Yes
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No
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No

No

NoNo

No

Yes

Yes
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No

No

No
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X
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No

Yes

Genotype
Chromosome

Table 3: Two-factor mapping links suppressors to chromosomes
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CHAPTER IV: PROSPECTUS 
 
SUMMARY 
 The research described in my thesis investigates the role of lin-42 in C. 

elegans development.  I show that the lin-42(0) mutants have a precocious 

heterochronic and molting defect, which is more penetrant than hypomorphic 

alleles.  I also show that over-expression of lin-42a or lin-42b strongly rescues 

lin-42(0) defects, while over-expression of lin-42c mildly rescues lin-42(0) 

defects.  These results indicate that all three lin-42 transcripts provide some level 

of lin-42 function.  I also compare expression patterns of the three lin-42 

transcripts and show that all three transcripts cycle in unison during each larval 

stage.  In this chapter I discuss that significance of this work and propose future 

directions. 

 

PROSPECTUS AND FUTURE DIRECTIONS 

Future investigations with the lin-42(0).  

Now that a null allele of lin-42 exists and has been characterized there are 

many ways it can be used to more thoroughly investigate the role lin-42 plays to 

regulate developmental progression in both the heterochronic and molting 

pathways.  Previous to my work, lin-42 phenotypic and rescue analysis was 

performed with hypomophic alleles that left one LIN-42 isoform intact (Figure 1A).  

I show that the lin-42(0) is more severe than either of the deletion mutants, lin-

42(n1089) and lin-42(ok2385), which demonstrates that the intact isoform 
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present in either mutant performs some level of lin-42 function (Figure 1A).  The 

null provides the premier tool necessary to investigate the function of lin-42. 

 The lin-42(0) is the long awaited tool needed to perform genetic epistatic 

experiments to help place lin-42 in the heterochronic pathway.  lin-42 has been 

shown to play an important role in regulating expression of primary miRNA 

expression (MCCULLOCH and ROUGVIE 2014; PERALES et al. 2014; VAN 

WYNSBERGHE et al. 2014).  Dr. McCulloch, while in the Rougvie lab, used the lin-

42(0) to perform genetic epistatic analysis with the let-7 family miRNAs and 

demonstrated that lin-42 is epistatic to let-7 and mir-48 (MCCULLOCH and 

ROUGVIE 2014).  lin-42 has been suggested to play a more global role in 

regulating miRNA and mRNA expression, and the lin-42(0) can be used to test 

those interactions by measuring expression levels of proposed targets in the 

absence of lin-42 and investigating genetic relationships between lin-42 and 

possible targets. 

 The phenotypic analysis that I performed in my thesis demonstrates that 

the lin-42(0) mutants have a precocious heterochronic defect, as well as a 

molting defect.  lin-42 has been shown to genetically interact with two genes that 

function to regulate molting, nhr-23 and nhr-25 (KOSTROUCHOVA et al. 1998; 

GISSENDANNER and SLUDER 2000; KOSTROUCHOVA et al. 2001; FRAND et al. 2005; 

KOUNS et al. 2011).  One possibility is that nhr-23 and nhr-25 regulate lin-42 

expression because nhr-23 and nhr-25 are nuclear hormone receptors with an 

oscillating expression pattern like lin-42 (KOSTROUCHOVA et al. 2001; 
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GISSENDANNER et al. 2004).  Genetic epistasis analysis will be important to 

determine the relationship between lin-42, nhr-23 and nhr-25 and how they work 

together to regulate molting.  Furthermore, measurement of lin-42 levels in nhr-

23/25 mutants using the qPCR assays I designed in Chapter 2 of my thesis, can 

determine whether nhr-23/25 affects lin-42 expression.  

 In addition to genetic epistasis analysis, lin-42(0) can be used to 

determine which tissues are important for lin-42 function.  I performed a tissue 

specific rescue experiment to determine whether lin-42 functions in the 

hypodermis by over-expressing lin-42a or lin-42b under control the dpy-7 

promoter.  The dpy-7 promoter stimulates expression predominantly in the main 

body hypodermis (hyp7) and occasionally in the hypodermal seam.  Results from 

this experiment suggested that expression in the hypodermal tissues is sufficient 

to rescue the precocious heterochronic defect, whereas the molting defect was 

not rescued.  However, since these results were generated, a caveat was found.  

We observed that over-expression of the Pscm::GFP and Pmlt-10::GFP 

transcriptional reporters suppressed the precocious alae defect observed in the 

lin-42(0) (see Chapter 2).  Both of these promoters promote expression in 

hypodermal tissues: the Pscm::GFP in the seam cells and Pmlt-10::GFP in the 

main body hypodermal syncytium.  It is possible that these promoters are titrating 

out an important factor required for precocious alae formation.  These results 

leave open the possibility that the dpy-7 promoter, which controls expression in 

the hypodermis, may also be sufficient to suppress the precocious alae defect.  A 
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follow-up experiment needs to be done to test whether the dpy-7 promoter alone 

rescues the lin-42(0) precocious alae defect.  These results will determine 

whether the tissue specific rescue of the alae defect is indeed because of lin-42 

or because of an effect of the dpy-7 promoter.  If the dpy-7 promoter has an 

effect of the alae phenotype, then another promoter needs to be used to test for 

hypodermal rescue.  The Pelt-5::his-24::mCherry reporter which is expressed in 

the seam and hypodermis has been shown to not affect the lin-42(0) precocious 

alae defect, thus elt-5 promoter could be used to test for rescue. 

 Over-expression of lin-42a or lin-42b in the hypodermis did not rescue the 

molting defect, therefore further investigation into the tissue responsible for 

control of molting is needed.  One possibility is the neuroendocrine system 

because it has been shown to regulate lethargy and ecdysis (VAN BUSKIRK and 

STERNBERG 2007; SINGH et al. 2011).  The ALA interneurons and ciliated sensory 

neurons are neural cells important for regulating molting, and would be good 

candidates to test for rescue of the molting defect (VAN BUSKIRK and STERNBERG 

2007; SINGH et al. 2011).  The lin-42 molting defect is observed only when the 

downstream region containing the SYQ and LT domains is deleted, as in lin-

42(ok2385) and lin-42(ox461) mutants, and suggests this region plays an 

important role in molting.  It will be important to test both lin-42a and lin-42b for 

rescue of the molting defect in neurons by single copy rescue. 
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 Overall, experiments using the lin-42(0) will be significant in investigating 

the role lin-42 plays in the heterochronic and molting pathways through epistatic 

analysis and rescue analysis.   

 

Structure function analysis of LIN-42 

LIN-42 Protein Expression Analysis.  Not only is the genetic locus of lin-42 

complex in that it expresses two non-overlapping isoforms, but the lin-42 

expression pattern is complex because it cycles with each larval stage.  This 

cycling is similar to the way period cycles with the light-dark cycle.  In my thesis 

work, I investigated the expression pattern of each lin-42 transcript.  Since lin-

42a and lin-42b are expressed from two different promoters there is a possibility 

that their expression patterns differ.  There was also evidence in the field that 

suggested one transcript was expressed earlier than the other, however two 

separate reports disagreed about which one (MONSALVE et al. 2011; PERALES et 

al. 2014).  My thesis work examined the expression pattern of each transcript 

using qPCR and provided a detailed analysis that demonstrated that each 

transcript cycles in unison before each larval molt.   Since PERIOD is known to 

regulate its own transcription through a negative feedback loop, I also looked at 

lin-42 expression patterns in hypomorphic alleles and showed that lin-42a and 

lin-42c expression do not require expression of the other transcripts.  While we 

now have a detailed report of lin-42 mRNA expression, less is known about the 

expression of LIN-42 protein. 
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Whole mount antibody staining using an antibody that recognizes both 

LIN-42A and LIN-42B demonstrated that they cycle with each molt, similar to the 

lin-42 transcripts (TENNESSEN et al. 2006).  Antibody staining also showed that 

LIN-42A and LIN-42B are nuclearly localized and expressed in many tissues, 

including the hypodermis, vulva, somatic gonad, distal tip cell, intestine, muscle 

and neurons.  The information currently available describing LIN-42 expression 

does not provide a comparison between the different isoforms.  Using CRISPR, 

fluorescent tags can be introduced to different locations in the lin-42 locus as a 

way to label different isoforms.   

Analysis of individually tagged isoforms, will allow temporal and spatial 

expression of each isoform to be compared.  Tags that would be useful include 

an N-terminal tag that label the PAS containing isoforms, LIN-42B and LIN-42C, 

as well as an N-terminal tag that labels the non-PAS containing isoform LIN-42A.  

I introduced an N-terminal tag to label LIN-42B and LIN-42C.  Sequence analysis 

confirmed it was inserted correctly into the genome, however fluorescence was 

not visible, possibly because the tag is being masked or cleaved.  Future work 

introducing a tag at the C-terminus of LIN-42C and the N-terminus of LIN-42A 

could differentiate expression of LIN-42C and LIN-42A (Figure 1B).  Additionally, 

a tag to specifically label LIN-42B could be placed in the large intron between 

exon 5 and 6 and engineered to be spliced with LIN-42B.   

I began work to introduce a C-terminal tag which would label LIN-42A and 

LIN-42B, since C-terminal tags have been used successfully in over-expression 
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studies (TENNESSEN et al. 2006).  While a C-terminal tag will not distinguish the 

expression patterns between LIN-42A and LIN-42B, it can determine if 

endogenous expression can be visualized with a GFP tag and used in 

subsequent targeted mutagenesis to ensure protein stability is not affected.  With 

the help of others in the lab, a C- terminal GFP tag was successfully introduced 

into the genome.  The tagged protein displayed a noticeable expression pattern, 

similar to what was observed from antibody staining, and demonstrated that 

endogenous LIN-42 expression can be visualized.  Mutations can now be made 

to the endogenous locus using CRISPR and the fluorescent expression can be 

used to verify that protein function is affected and not just being degraded.   

lin-42 targeted mutagenesis.  Since the development of the CRISPR/Cas-9 

system in C. elegans, it has become rather straightforward to make specific and 

targeted modifications to the genome (DICKINSON et al. 2013; FRIEDLAND et al. 

2013).  The process requires the Cas9 nuclease to be guided to a specific 

genomic locus by a single guide RNA (sgRNA).  The sgRNA can be modified to 

target virtually any location in the genome that has an NGG motif.  Specific 

changes can be made by providing a repair template that can be used to repair 

the double-stranded break (DSB) created by the Cas-9 cleavage enzyme.   

Before CRISPR-Cas9 was developed, specific mutations were often 

tested by over-expressing mutated genes at levels much higher than what is 

found in nature.   In the case of lin-42, over-expression of lin-42a rescued both 

upstream and downstream mutations, in addition to the null allele.  However, at 
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endogenous levels lin-42a is not sufficient, since mutations in the upstream locus 

cause a phenotype (TENNESSEN et al. 2006).  These results demonstrate the 

importance of analyzing lin-42 at endogenous levels.   CRISPR-Cas9 technology 

was developed towards the end of my thesis work and is why my work 

investigated lin-42 through over-expression studies.  CRISPR-Cas9 will be a 

powerful tool to use in the future to analyze specific mutations.  Since the lin-42 

locus has recently been fluorescently tagged (as discussed above) it can be used 

to introduce mutations to the genetic locus and ensure LIN-42 stability has not 

been affected.  The fluorescent tag can also indicate whether mutations affect 

protein localization. 

Surprisingly, not one LIN-42 missense allele has been isolated that has a 

phenotype.  These results have been rather perplexing since missense mutations 

cause phenotypes in PERIOD.   In future experiments, multiple bases should be 

mutated when making targeted changes.  LIN-42 is a homolog of PERIOD and 

they share several homology domains, including the PAS, SYQ and LT domains, 

which are excellent candidates for targeted mutagenesis.   

Since dimerization through the PAS domain is essential for PERIOD 

function (HENNIG et al. 2009), it is important to establish whether dimerization is 

also essential for LIN-42 function.  A single conserved tryptophan in PERIOD has 

been shown to be essential for dimerization.  Disruption of the same Trp residue 

in LIN-42(W258E) has been shown to prevent dimerization in vitro (personal 

communication, C. Partch USC).  To test whether that residue is essential in C. 



 

122 
 

elegans, I made the W258E muation using CRISPR.  Surprisingly, no phenotype 

was observed which suggest that LIN-42 dimerization is not necessary for 

function.  To investigate this further, it is important to test the W258E mutation in 

a sensitized background, for example scoring lin-42(W258E)/lin-42(0) trans-

heterozygotes.  Since lin-42a is not affected in lin-42(W258E) mutations, a 

reduction in endogenous levels of lin-42a may reveal a phenotype.  The 

conservation of this residue, as well as the PAS domain, indicates that they serve 

important functions.  If the W258E mutation does not have an effect on LIN-42 

function, it is possible that other residues in the PAS domain contribute to 

function.  Other highly conserved residues in the PAS domain could be 

simultaneously mutated to alanines, or an in-frame deletion could be introduced.  

The CRISPR sgRNA designed when the W258E mutation was introduced has 

also been used to introduce small deletions with the goal of identifying an in-

frame deletion, however only frame-shift deletions have been identified.  If 

frameshift mutations are not identified using the sgRNA, a targeted deletion could 

be made using a repair template.  Identification of an in-frame deletion that 

affects the PAS domain would help determine whether it is necessary for 

function.  Dimerization through the PAS domain is required for PERIOD nuclear 

localization.  With the fluorescent tag, we could determine whether LIN-42 protein 

localization is also affected in the PAS mutant. 

In addition to the PAS domains, the SYQ and LT domains are also 

conserved between LIN-42 and PERIOD.  The SYQ and LT domains are small 
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conserved domains that can be mutated using CRISPR, by converting the highly 

conserved residues to alanine.  Alternatively, small in-frame deletions could be 

isolated to determine whether this region is important to LIN-42 function.  While 

regions including the SYQ and LT domains have be implicated as protein 

interaction domains in flies and mammals, no function has been directly assigned 

to these domains (CHANG and REPPERT 2003; LEE et al. 2004a; SUN et al. 2010).  

Over-expression of lin-42a can rescue all lin-42 alleles, which indicates that lin-

42a serves an important function (See Chapter 2) (TENNESSEN et al. 2006).  If 

mutations/deletions in the SYQ/LT domain cause a phenotype, it would be 

exciting to compare it to other alleles, such as lin-42(ve11) and lin-42(ok2385) to 

determine whether there are other regions in lin-42a that are important for 

function.   

There is strong evidence that both PAS domain and the region containing 

the SYQ/LT domains are important for function.  Deletion of either the upstream 

or the downstream region of the gene results in a strong defect.  While the PAS 

domain is the region of greatest homology between LIN-42 and PERIOD, LIN-

42A, which does not contain a PAS domain, can rescue lin-42(n1089) and lin-

42(0) when over-expressed.  An interesting question to investigate is whether 

LIN-42A and LIN-42C function without LIN-42B.  We know that lin-42a and lin-

42c can function in the absence of lin-42b when overexpressed, since 

overexpression of lin-42a can rescue lin-42(ok2385) and overexpression of lin-

42c can rescue lin-42(n1089).  In both cases, lin-42b is absent.  However, the 
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collective function of lin-42a and lin-42c, in the absence of lin-42b, has not been 

tested at endogenous levels.  To determine if LIN-42A and LIN-42C can function 

in the absence of LIN-42B, lin-42a could be introduced as a single-copy 

transgene at another genomic location and tested for rescue of the lin-

42(ok2385) allele (Figure 1C).  These results would determine whether lin-42c is 

necessary. 

Another question to investigate is whether LIN-42B is sufficient to function 

without the two non-overlapping isoforms.  We know LIN-42B is sufficient when 

over-expressed (see Chapter 2), however it has not been tested at endogenous 

levels.  To test this, CRISPR can be used to remove the large intron between 

exons 5 & 6 which removes the lin-42a promoter and the second half of exon 5 

required for lin-42c (Figure 1C).  If this deletion rescues, it would indicate that lin-

42b is sufficient.  Since PERIOD is expressed as one protein that contains all 

conserved domains, my hypothesis is that lin-42b is necessary and sufficient.   

My work investigates the role for lin-42 in development through analysis of 

a lin-42(0) allele.  lin-42 plays multiple roles to regulate temporal and molting 

programs, and all three LIN-42 isoforms contribute to LIN-42 function.  Further 

work investigating the conserved domain structures found in each isoform will 

help elucidate the mechanisms of lin-42 function. 
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Figure 1.  lin-42 locus and experimental diagrams.  A. lin-42 locus.  lin-

42(ox461) removes the entire coding region.  lin-42(n1089) removes the 

upstream region of the gene that contains the PAS domains.  lin-42(ok2385) 

removes the downstream region of the gene that removes the SYQ and LT 

domains.  B.  Locations to introduce fluorescent tags.  LIN-42C can be tagged on 

the N-terminus.  LIN-42B can be tagged by inserting a tag in to the large intron 

between exons 5 and 6, and engineered to be spliced.  LIN-42A can be tagged 

on the C-terminus.  A tag has been introduced on the C-terminus that labels both 

LIN-42A and LIN-42B.  C.  Design for rescue experiments.  lin-42a and lin-42c 

can be tested in trans by inserting lin-42a into another location of the genome 

using CRISPR.  To determine if lin-42b is sufficient for lin-42 function, the large 

intron between exons 5 and 6 can been removed.   
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