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Abstract

Alteration in the timing of particular developmental events can lead to major morphological 

changes that have profound effects on the life history of an organism. Insights into developmental 

timing mechanisms have been revealed in the model organism C. elegans, in which a regulatory 

network of heterochronic genes times events during larval development, ensuring that stage-

specific programs occur in the appropriate sequence and on schedule. Developmental timing 

studies in C. elegans led to the landmark discovery of miRNAs and continue to enhance our 

understanding of the regulation and activity of these small regulatory molecules. Current views of 

the heterochronic gene pathway are summarized here, with a focus on the ways in which miRNAs 

contribute to temporal control and how miRNAs themselves are regulated. Finally, the 

conservation of heterochronic genes and their functions in timing, as well as their related roles in 

stem cells and cancer are highlighted.

Introduction

In the development of an organism from a single cell, an intricate sequence of events is 

regulated over developmental time to ensure proper formation of the adult animal. Temporal 

cues act together with spatial and sexual signals to coordinate development throughout the 

body plan. Variations in relative timing of developmental events are thought to contribute to 

morphological diversification and speciation events (Gould, 1992). In addition, disruption of 

temporal programs can cause organism-wide changes in development that can result in 

catastrophic birth defects (Wilson, 1988). One example of a developmentally timed event in 

humans is the onset of puberty, the time at which an individual undergoes a semi-

synchronous set of physiological changes to become a reproductive adult. Several new 

studies identify genetic variations that affect the age of puberty onset (He et al., 2009; Ong 

et al., 2009; Perry et al., 2009; Sulem et al., 2009). One of the genes characterized in these 

reports is Lin28B, the homolog of a known regulator of timing in the nematode C. elegans, 

suggesting that regulation of developmental time may be highly conserved evolutionarily.

C. elegans provides a powerful system for dissecting developmental timing mechanisms 

because of the robust genetic tools available, the ability to visualize tissues in the context of 

a living animal, and its essentially invariant cell lineage, which allows analysis of 

development at the level of individual cellular events (Sulston and Horvitz, 1977). Upon 

completion of embryogenesis, worms hatch and develop through four larval stages (L1-L4), 

each ending with a molt, before becoming a fully-differentiated and reproductively-
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competent adult. A number of stage-specific developmental events in the worm facilitate 

isolation of timing mutants, in which these events occur in the right place (i.e., the correct 

cell lineage), but at the wrong developmental time. For example, the hypodermal seam cells, 

which run laterally along the left and right sides of the worm and contribute to formation of 

the cuticle, execute two hallmark stage-specific events. In the early L2 stage a subset of 

seam cells undergo a proliferative division that increases their number (Fig. 1). Later, at the 

L4-to-adult molt, as seam cells exit the cell cycle and differentiate into their adult form, 

adjacent seam cells fuse and they generate a specialized cuticle with lateral ridges (alae), 

providing a convenient morphological marker of the adult state (Fig. 1). Two types of 

heterochronic mutants have been described: precocious mutants, in which the developmental 

events of a particular larval stage are skipped causing subsequent events to occur too early; 

and retarded mutants, in which the program from a particular larval stage is reiterated 

causing subsequent patterns to be delayed (Ambros and Horvitz, 1984). Heterochronic 

mutations often cause timing defects in other tissues in addition to the seam, including the 

vulva, the nervous system, and the gut.

Study of timing in the nematode has had a major impact on understanding of gene regulation 

and developmental biology through the discovery of microRNAs (miRNAs), a class of non-

coding regulatory RNAs of approximately 22 nucleotides (Lee et al., 1993; Reinhart et al., 

2000). These first-identified C. elegans miRNAs paved the way for discovery of hundreds 

more miRNAs involved in diverse biological processes. Several miRNAs and miRNA-

regulatory genes were first characterized in C. elegans timing research and subsequently 

found to be conserved in mammalian systems where they are important in human 

development and disease. Prominent among these, the let-7 miRNA plays key roles in tumor 

progression and lin-28 regulates stem cell identity through its role in miRNA processing 

(Bussing et al., 2008; Heo et al., 2008; Newman et al., 2008; Rybak et al., 2008; 

Viswanathan et al., 2008). Ongoing research into the roles of miRNAs in the nematode 

heterochronic gene pathway continues to shed light on fundamental biological questions of 

developmental timing and also provides new insights into complex mechanisms of miRNA-

based gene regulatory networks. This review examines our understanding of developmental 

timing in C. elegans, with an emphasis on the roles of miRNAs.

Discovery of miRNAs, in timing and beyond

Two C. elegans heterochronic genes, lin-4 and let-7, provided separate but similar puzzles at 

the time of their characterization (Lee et al., 1993; Reinhart et al., 2000). In many ways they 

were stereotypical regulators of developmental timing; loss-of-function mutations in each 

resulted in retarded phenotypes (Chalfie et al., 1981; Ambros and Horvitz, 1984). The 

mystery arose when these genes were cloned and mutant alleles did not alter protein-coding 

genes. Subsequent analyses revealed that these genes were unlike any that had been 

previously identified: lin-4 and let-7 express short non-coding RNAs, the founding members 

of the miRNA family (Lee et al., 1993; Reinhart et al., 2000). That the first two miRNAs 

were discovered not only in the same organism, but also in the same genetic pathway was 

striking and raised the possibility that tiny RNAs were a phenomenon specific to C. elegans 

and perhaps to temporal control mechanisms. Far from being limited to nematodes, miRNAs 

are now understood to be nearly ubiquitous (Lagos-Quintana et al., 2001; Lau et al., 2001; 
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Lee and Ambros, 2001), found in diverse plant and animal species, and to play an integral 

role in repression of mRNA targets (Filipowicz et al., 2008; Ghildiyal and Zamore, 2009). 

miRNAs are key regulators in myriad biological programs including neuronal development, 

stem cell regeneration, apoptosis, and others; an understanding of the roles of miRNAs is 

expanding rapidly.

A brief summary of the miRNA biogenesis pathway is provided here to establish context for 

understanding miRNA regulation and function with respect to control of developmental 

time. For recent reviews of miRNA biogenesis, see Filipowicz et al. (2008) and Ding et al. 

(2009). miRNAs are transcribed as long primary transcripts (pri-miRNA) that are cleaved to 

generate a precursor form (pre-miRNA) of approximately 70 nucleotides that folds into a 

hairpin structure (Fig. 2). The pre-miRNA then undergoes a second round of processing to 

release a ∼22 nucleotide duplex, which is loaded into the pre-miRISC (miRNA-induced 

silencing complex). The duplex is passively unwound, and the miRNA strand is retained, 

while its complement is released and degraded (Kawamata et al., 2009). The mature miRNA 

then directs the miRISC to partially complementary sites in the 3′ UTR of target transcripts, 

which are negatively regulated through translational repression or mRNA destabilization. 

Many steps in miRNA biogenesis are differentially regulated to allow modulation of 

miRNA levels, including transcription, processing, and degradation of the miRNA itself, 

particularly when it is present in excess of its target mRNAs (Chatterjee and Grosshans, 

2009; Ding et al., 2009).

Nucleotides 2-8 at the 5′ end of the miRNA, termed the seed region, are particularly 

important in recognition of binding sites on target mRNAs. Many miRNAs comprise 

families in which related miRNAs share identity in the 5′ seed region and may target an 

overlapping set of mRNAs. For example, there are six miRNAs that share the same 5′ seed 

sequence with the let-7 miRNA: miR-48, miR-241, and miR-84, whose roles in 

developmental timing are described below, and the less characterized miR-793, miR-794, 

and miR-795 (Abbott et al., 2005; Ruby et al., 2006). There is one miRNA, miR-237, that 

shares a seed sequence with the lin-4 miRNA, but its deletion alone does not cause major 

morphological defects (Miska et al., 2007) and a heterochronic phenotype has not been 

reported.

miRNAs as regulators of developmental timing

Control of developmental timing is achieved through a complex regulatory network (Fig. 4). 

The basic framework of this regulatory system in the seam cell lineage relies on downstream 

transcription factors that direct stage-specific programs. For example, LIN-14 is required for 

execution of L1 cell division patterns, HBL-1 for L2 patterns, and LIN-29 for triggering 

terminal differentiation in the adult. Other heterochronic genes then act to ensure proper 

temporal control of these transcription factors, and among these, miRNAs play key roles. 

Strikingly, each of these heterochronic transcription factors is regulated by stage-specifically 

activated miRNAs (Fig. 3). lin-4 miRNA directly represses lin-14, while miR-48, miR-241, 

and miR-84 together repress hbl-1 expression (Arasu et al., 1991; Lee et al., 1993; 

Wightman et al., 1993; Abrahante et al., 2003; Lin et al., 2003; Abbott et al., 2005). Direct 

miRNA-mediated regulation of lin-29 mRNA is also likely as it physically associates with 
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proteins of the miRISC and reporters fused to the lin-29 3′ UTR show rapid down-regulation 

after the L4-to-adult molt (Zhang et al., 2007), a pattern consistent with miRNA-mediated 

repression after specification of adult patterns. These miRNA-transcription factor 

interactions, together with the additional players in the heterochronic gene network, direct 

precise and reliable transitions between developmental stages. This temporal regulatory 

system also provides an excellent model for analysis of miRNA action, the relationships 

between miRNAs and their targets, as well as the regulation of the miRNAs themselves.

lin-4 and initiation of the heterochronic gene pathway

Transcriptional activation of lin-4 in the mid-L1 is a trigger of temporal progression. The 

lin-4 miRNA accumulates and down-regulates two core developmental timing genes, lin-14 

and lin-28, which are expressed highly at hatching and persist through the L1 and L2 stages, 

respectively (Fig. 4). As mentioned above, lin-14, which encodes a novel nuclear protein, 

directs L1 patterns and when mutated causes the L2 pattern to occur in the first larval stage 

and subsequent events each occur one stage too early (Chalfie et al., 1981; Ambros and 

Horvitz, 1984). lin-28 encodes a predominantly cytoplasmic protein with conserved RNA-

binding motifs (Moss et al., 1997), which has been recently shown to play a role in 

regulation of miRNA biogenesis, as discussed in more detail below (Heo et al., 2008; 

Newman et al., 2008; Rybak et al., 2008; Viswanathan et al., 2008; Lehrbach et al., 2009). 

When lin-28 is disrupted, the L2 proliferative division is skipped, resulting in decreased 

seam cell number and precocious adult cuticle synthesis. Timely down-regulation of lin-14 

and lin-28 requires lin-4, which targets these genes directly through their 3′ UTRs (Lee et 

al., 1993; Wightman et al., 1993; Moss et al., 1997). If lin-4 activation does not occur in 

mid-L1 or if their lin-4 binding sites are deleted, lin-14 and lin-28 expression levels remain 

high. This causes L1 cell division patterns to be reiterated in subsequent larval stages; seam 

cells do not undergo L2 proliferative divisions and extra larval molts are executed (Chalfie 

et al., 1981; Ambros and Horvitz, 1984). Additional layers of regulation are required for 

proper expression of these genes, including a 3′ UTR-mediated positive feedback loop 

between lin-14 and lin-28, in which each promotes expression of the other in a lin-4-

independent manner (Arasu et al., 1991; Moss et al., 1997; Seggerson et al., 2002).

The let-7 family and specification of L2 patterns

One difficulty in the study of miRNA families is the potential for redundancy, such that 

single loss-of-function mutations do not result in robust phenotypes. Indeed, most C. elegans 

miRNAs appear individually dispensable (Miska et al., 2007). Available genetic tools 

facilitate analysis of redundant gene families through construction of multiply mutant loss-

of-function strains and also through identification of rare gain-of-function alleles and 

analysis of over-expression in transgenic animals. Together these studies implicate mir-48, 

mir-241, and mir-84 as important regulators of the L2-to-L3 transition. When mir-48 or 

mir-84 is over-expressed from multi-copy arrays precocious phenotypes are observed, 

including skipping of the L2 proliferative seam cell division and premature adult alae 

synthesis (Johnson et al., 2005; Li et al., 2005). In contrast, although deletion of mir-48, 

mir-241, or mir-84 individually does not cause pronounced heterochronic defects, loss of all 

three genes together results in a strong phenotype opposite to that caused by over-
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expression, reiteration of L2 patterns (Abbott et al., 2005; Esquela-Kerscher et al., 2005; 

Hayes et al., 2006). Thus, these miRNAs function redundantly to promote progression to L3 

identity. The let-7 homologs may also have some specialized individual roles, as suggested 

by variations in transcriptional regulation within the family (Abbott et al., 2005; Esquela-

Kerscher et al., 2005; Li et al., 2005; Bethke et al., 2009). The extent to which the let-7 

family members overlap functionally, the ways in which they may act independently, and 

how much function they share with let-7 itself are interesting questions for further study.

One important target of the let-7 family of miRNAs is hbl-1, the homolog of the Drosophila 

hunchback transcription factor (Fay et al., 1999). Depletion of hbl-1 expression by RNAi 

results in developmental arrest late in embryogenesis (Fay et al., 1999; Abrahante et al., 

2003). However, if RNAi is performed post-embryonically, depletion of hbl-1 expression 

leads to skipping of L2 patterns, resulting in a decrease in seam cell number and precocious 

alae formation (Abrahante et al., 2003; Lin et al., 2003), indicating that hbl-1 is required to 

promote L2 developmental programs. Consistent with this role, hbl-1 is highly expressed 

during L1, and begins to disappear during the L2 stage. By the early L3 stage, hbl-1 reporter 

expression is absent from the seam and hypodermis, though it remains expressed in neuronal 

cells. Disruption of the let-7-family miRNAs causes mis-expression of hbl-1 into the L3 

stage in the hypodermis, resulting in the L2-reiteration phenotype of these mutants (Abbott 

et al., 2005). A similar repeat of L2 patterns is observed in lin-46 mutants (Pepper et al., 

2004). lin-46 acts upstream of hbl-1, and lin-46 loss-of-function (lf) enhances the retarded 

phenotypes of let-7-family mutants (Abbott et al., 2005), suggesting that lin-46 acts in 

parallel with mir-48, mir-241, and mir-84 to regulate L2 programs. LIN-46 is a putative 

scaffolding protein, suggesting that it may act as part of a complex of heterochronic factors 

to mediate hbl-1 activity. Also recently placed upstream of hbl-1 in the regulation of L2 

patterns is sel-7, a transcription factor previously identified as a positive regulator of Notch 

signaling (Xia et al., 2009).

In addition to regulating hbl-1, members of the let-7 family may also target lin-28. The 

lin-28 3′ UTR contains a predicted let-7-family binding site, and LacZ-reporter fusions are 

temporally mis-regulated if this site is deleted (Morita and Han, 2006). However, the 

expression of a rescuing lin-28 fluorescent reporter gene was not disrupted in animals 

mutant for let-7-family miRNAs, mir-48, mir-241, and mir-84 (Abbott et al., 2005), leaving 

open the question of whether endogenous lin-28 is a target. The lin-28 3′ UTR also appears 

to be required for regulation by LIN-66, a novel cytoplasmic protein suggested to act in 

parallel with the let-7 family to inhibit lin-28 post-transcriptionally (Morita and Han, 2006). 

Indeed, mutation of lin-66 gives rise to retarded phenotypes including reiteration of the L2 

proliferative seam cell division, a phenotype that resembles lin-28 gain-of-function (gf) and 

loss of the let-7-related miRNAs.

Finally, specification of L2 patterns may also involve lin-42, an atypical member of the 

heterochronic pathway. Unlike most heterochronic genes, which are expressed for 

contiguous blocks of developmental time (e.g. see Fig. 3), lin-42 is expressed in a cyclical 

pattern with mRNA and protein present at high levels in the intermolts and disappearing at 

the molts (Jeon et al., 1999; Tennessen et al., 2006). This pattern suggests that lin-42 may 

have a reiterative role or multiple functions during larval development. Genetic analyses 

Resnick et al. Page 5

Dev Dyn. Author manuscript; available in PMC 2016 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also imply that lin-42 functions at multiple developmental times. lin-42(lf) mutants execute a 

wild-type seam cell lineage until the L3 molt when the cells precociously exit the cell cycle 

and synthesize an adult-type cuticle (Abrahante et al., 1998). However, loss of lin-42 

function in combination with a weak lin-14 allele causes skipping of the L2 proliferative 

division, a phenotype not observed in either single mutant, suggesting an early redundant 

role for lin-42 in L2 specification (Liu, 1990). Furthermore, lin-42 interacts genetically with 

both early- and late-acting miRNA genes, lin-4 and let-7 (Abrahante et al., 1998; Reinhart et 

al., 2000; Tennessen et al., 2006). Although the mechanism of lin-42 action remains 

unknown, its cyclical expression pattern is particularly striking because lin-42 is the C. 

elegans homolog of the core Drosophila circadian clock gene period, the expression of 

which oscillates over a 24-hour cycle (Hardin, 2005). Indeed, lin-42 has recently been 

implicated in regulating circadian locomotory behavior in C. elegans (Simonetta et al., 

2009), although how its expression pattern relates to circadian behavior remains unclear.

In summary, temporally-specified activation of miRNAs, together with inputs from less-

understood components, decreases LIN-14 and HBL-1 levels in early development and 

thereby directs progression through L1- and L2-stage programs, respectively, to the L3 

stage. A crucial question then becomes, what genes are regulated by these transcription 

factors? Recent studies have made strides in this direction with the identification of potential 

direct targets of the HBL-1 (Niwa et al., 2009; Roush and Slack, 2009), as described below, 

and of LIN-14 (Hristova et al., 2005). The role for miRNAs in temporal programming 

continues in late larval development, when activation of let-7 regulates the transition to the 

adult state.

let-7 and the larval-to-adult transition

let-7 expression is strongly up-regulated in the L3 stage, significantly later in development 

than are its homologs or lin-4, and it plays important roles in timely differentiation of the 

adult tissues (Reinhart et al., 2000). let-7 mutants develop normally until the L4 molt, at 

which time they undergo one extra larval stage before seam cells terminally differentiate. 

let-7 directly represses lin-41, a particularly intriguing member of the heterochronic pathway 

(Slack et al., 2000; Vella et al., 2004). lin-41 encodes a member of the TRIM-NHL family of 

RNA-binding proteins (containing the tripartite motif, which includes RING, B-box, and 

coiled-coil domains; and the NHL domain, named for its inclusion in NCL-1, HT2A, and 

LIN-41) and is highly conserved evolutionarily. Moreover, several recent reports show that 

its let-7-mediated regulation is also maintained in diverse organisms including Drosophila, 

mice, and humans (Lancman et al., 2005; Schulman et al., 2005; Kanamoto et al., 2006; Lin 

et al., 2007; Maller Schulman et al., 2008; O'Farrell et al., 2008).

In addition to being a prominent miRNA target, lin-41 is also emerging as a regulator of 

miRNA function. LIN-41 binds to Dicer, the endonuclease that cleaves pre-miRNAs, in 

worms (Duchaine et al., 2006), and this interaction is conserved in mice (Rybak et al., 

2009). The mouse homolog, mLin41, also binds Argonaute proteins, conserved core 

members of the miRISC; and it localizes to P-bodies, cytoplasmic locales specializing in 

mRNA repression and turnover. Many TRIM proteins function as E3 ubiquitin ligases 

(Meroni and Diez-Roux, 2005) and this activity may also be relevant to the role of LIN-41 

Resnick et al. Page 6

Dev Dyn. Author manuscript; available in PMC 2016 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in miRNA function. mLin41 displays E3 ubiquitin ligase activity, and specifically 

ubiquitylates the Argonaute protein Ago2 (Rybak et al., 2009), suggesting a model in which 

mLin41 inhibits miRNA activity through destabilization of Ago2 and possibly other 

members of the miRISC.

In worms, lin-41 is required for specification of late larval stages, and lin-41 mutants 

execute the larval-to-adult transition precociously at the L3 molt (Slack et al., 2000). LIN-41 

prevents early accumulation of the zinc finger transcription factor LIN-29, which triggers 

the cell cycle exit and cell fusion events associated with seam cell terminal differentiation 

(Rougvie and Ambros, 1995). Insight into whether lin-41-mediated regulation of lin-29 is 

through modulation of miRNA activity, as might be suggested by the recent mammalian 

results, is eagerly awaited. Genetic experiments imply that hbl-1 also contributes to late 

larval pattern specification (Abrahante et al., 2003; Lin et al., 2003) and that it is a let-7 

target in parallel to lin-41. Thus, terminal differentiation of adult tissues is directed by lin-29 

only after let-7 relieves repression by lin-41 and hbl-1.

Regulators of miRNAs in developmental timing

Proper temporal progression through larval stages relies upon strict control of the 

biogenesis, function, and stability of heterochronic miRNAs. Identification of additional 

protein factors required to regulate miRNA expression and activity is an important goal to 

expand our understanding of developmental timing and of miRNA-mediated gene regulation 

in general. The well-characterized requirement for miRNAs in the heterochronic pathway 

makes this system uniquely well-suited for identification and evaluation of such factors. 

Indeed, disruption of core components of the miRISC, which interact broadly with mature 

miRNAs to target and regulate mRNAs post-transcriptionally, results in heterochronic 

phenotypes (Grishok et al., 2001). Depletion of alg-1/2 (C. elegans Argonaute genes) 

expression leads to reiteration of the L2 proliferative seam cell division and retarded alae 

synthesis, which can be explained by impaired activity of let-7-family miRNAs. Similarly, 

other regulators of miRNA function or expression are expected to impact the timing 

mechanism. Recent findings from the developmental timing field that inform our 

understanding of the proteins involved in the activity of miRNAs, the transcriptional 

mechanisms of miRNA expression, and the post-transcriptional regulation of miRNA 

biogenesis are discussed below.

Co-factors regulating miRNA function

Efficient repression of mRNA targets by miRNAs relies on the function of protein cofactors; 

the roles of two such proteins, NHL-2 and CGH-1, have recently been described (Hammell 

et al., 2009b). Genetic analyses demonstrate that nhl-2 and cgh-1 are regulators of 

developmental timing; mutation of either enhances the weak retarded phenotypes caused by 

mutation of certain let-7-family members. Depletion of hbl-1, a principal target of these 

miRNAs, suppresses the timing defects, suggesting that nhl-2 and cgh-1 act together with 

the let-7 family in its established role in the heterochronic pathway, targeting of hbl-1.

NHL-2 is a member of the conserved TRIM-NHL family of proteins that includes LIN-41. 

nhl-2 interacts genetically with cgh-1, which encodes a DEAD-box RNA helicase known to 
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modulate miRNA activity in other systems (Chu and Rana, 2006; Eulalio et al., 2007) and to 

regulate mRNA stability and interact with P-bodies in worms (Navarro et al., 2001; Boag et 

al., 2008; Rajyaguru and Parker, 2009).

Mutation of nhl-2 or cgh-1 does not alter mature miRNA levels, demonstrating that these 

genes do not affect miRNA biogenesis and suggesting that they are required for miRNA 

function in a manner similar to RISC components (Hammell et al., 2009b). Indeed, NHL-2 

and CGH-1 physically interact, and they are present in a complex that includes core 

members of the miRISC, including ALG-1/2, in an RNA-dependent manner. CGH-1 and 

NHL-2 co-localize to cytoplasmic foci in a pattern that partially overlaps with a P-body 

marker. Thus genetic, molecular, and cell-biological approaches all support a model in 

which these two proteins interact with core miRISC components to promote robust miRNA-

mediated inhibition of mRNAs.

The precise mechanism by which nhl-2 and cgh-1 are involved in miRNA function is not yet 

clearly defined. Neither of these factors on its own is essential for miRNA activity; 

individually, nhl-2 and cgh-1 mutants have only a very mild timing defect, but the double 

mutant displays a completely penetrant retarded phenotype. The shared domain structure of 

LIN-41 and NHL-2 raises the possibility that these proteins might functionally overlap. 

Mutation of nhl-2 does not, however, enhance lin-41 mutant phenotypes; instead it 

suppresses these phenotypes, suggesting that the two genes function in opposition to each 

other. Whether NHL-2 functions as a E3 ubiquitin ligase as do mLin-41 and other TRIM 

proteins (Meroni and Diez-Roux, 2005; Rybak et al., 2009), and if so, whether it targets 

regulators of miRNA function, are exciting areas for further research.

One important question about new regulators of miRNA activity is whether they are 

required for all or just a subset of miRNA-mRNA pairs. In the case of NHL-2, its role in 

miRNA function is neither limited to the heterochronic pathway nor to the let-7 family. 

Mutation of nhl-2 enhances a hypomorphic allele of lsy-6, a miRNA involved in neuronal 

fate specification (Johnston and Hobert, 2003). In addition, nhl-2 cgh-1 double mutants 

display partially penetrant lethality, suggesting an effect on other miRNAs beyond the let-7 

family and lsy-6. However, Hammell et al. (2009b) indicate that not all C. elegans miRNA 

mutants show genetic interactions with nhl-2, suggesting there is some specificity to nhl-2 

action. Defining the characteristics that are important for these protein-miRNA interactions 

will provide new insights into miRNA-mediated gene regulation.

Transcriptional regulation of miRNA expression

Although much is known about miRNA function, only recently have studies begun to focus 

on their transcriptional regulation (Martinez and Walhout, 2009; Turner and Slack, 2009). 

This holds true for the heterochronic gene pathway as well, where stage-specific 

accumulation of miRNAs has long been acknowledged as a key regulatory step that guides 

temporal progression. Factors that regulate the transcription of heterochronic miRNA genes 

are just now being identified; some of these transcriptional regulators are previously 

identified members of the pathway, while others are novel factors.
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One known heterochronic gene recently linked to miRNA transcriptional control is the 

nuclear hormone receptor (NR) DAF-12, which acts as a molecular switch by mediating the 

choice between reproductive development and the stress response. daf-12 regulates both 

developmental timing and the decision to enter a stress-resistant alternative L3 stage, the 

dauer diapause (Antebi et al., 1998; Antebi et al., 2000). In this state, the larva is 

developmentally arrested, long lived, and optimized for dispersal and survival (Cassada and 

Russell, 1975). Recent work reveals that DAF-12 can both repress and activate the 

transcription of let-7 family members, some directly, and that these miRNAs also target 

daf-12 in a regulatory feedback mechanism (Bethke et al., 2009; Hammell et al., 2009a).

Similar to other NRs, DAF-12 contains an N-terminal DNA-binding domain (DBD) and a 

C-terminal ligand-binding domain (LBD), and interactions at the LBD regulate DAF-12 

activity (Antebi et al., 2000; Magner and Antebi, 2008). The role of daf-12 in the stress 

response has been studied extensively (Hu, 2007; Fielenbach and Antebi, 2008). In 

favorable environments, insulin and TGFβ signals promote the synthesis of steroid 

hormones that bind to the LBD of DAF-12, and ligand-bound DAF-12 promotes 

reproductive development (McElwee et al., 2003; Murphy et al., 2003; Liu et al., 2004; 

Motola et al., 2006). In conditions of environmental stress, such as lack of food, insulin and 

TGFβ signaling decrease and hormone levels fall. When ligand levels are low, DAF-12 

binds its co-repressor, DIN-1, and directs formation of a dauer larva (Ludewig et al., 2004).

The precise role of daf-12 in developmental timing has long provided an enigma for the 

field: genetic studies revealed that the daf-12(null) heterochronic phenotype is much less 

severe than the timing defects caused by mutations that affect the LBD alone (Antebi et al., 

1998; Antebi et al., 2000). For example, the daf-12(rh61) allele contains a point mutation in 

the LBD that disrupts ligand binding (Motola et al., 2006), and unlike the null, causes severe 

retarded heterochronic defects with an L2 reiteration (Antebi et al., 1998; Antebi et al., 

2000).

Two recent studies have clarified our understanding of how daf-12 regulates developmental 

timing and have helped to explain the genetic complexities of the daf-12 locus. In 

daf-12(null) mutants the levels of several let-7-family miRNAs are somewhat reduced 

(Bethke et al., 2009; Hammell et al., 2009a). In contrast, these miRNAs are strongly down-

regulated in daf-12(rh61) mutants. DAF-12-mediated regulation of at least two family 

members, mir-84 and mir-241, is direct, through response elements in their promoters 

(Bethke et al., 2009). These DAF-12-mediated changes in miRNA expression impact the 

expression of the let-7-family target gene hbl-1; the expression of a hbl-1 reporter persists 

later in development in daf-12(rh61) mutants compared to wild-type animals, and 

importantly, this effect requires the hbl-1 3′UTR. Taken together, these experiments 

demonstrate that ligand-bound DAF-12 contributes to the up-regulation of let-7-family 

miRNAs, which results in down-regulation of hbl-1 and developmental progression. In the 

absence of ligand, the expression of these miRNAs is strongly repressed by the DIN-1/

DAF-12 complex, leading to developmental arrest. These results help explain why the 

daf-12(rh61) mutation results in a stronger heterochronic phenotype than does the null 

allele. The strong repression of the let-7-family genes from a functional DIN-1/DAF-12 

complex in daf-12(rh61) mutants results in persistence of hbl-1 expression later in 
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development, whereas a daf-12(null) mutation eliminates both activating and repressing 

functions, causing a much milder effect.

The regulatory relationship between daf-12 and let-7-family miRNAs is not a simple linear 

pathway. Not only does daf-12 regulate expression of the let-7 family, these miRNAs also 

appear to affect daf-12 expression via a regulatory feedback loop. Animals triply mutant for 

mir-241, mir-48, and mir-84 exhibit enhanced expression of a functional daf-12 fluorescent 

reporter and increased penetrance of some daf-12-dependent phenotypes, indicating that 

these miRNAs may modulate daf-12 expression (Hammell et al., 2009a). let-7 itself also 

targets daf-12 in later larval stages (Grosshans et al., 2005). This cell-autonomous regulatory 

circuit can also be modulated by environmental signaling. Mildly stressful environmental 

conditions, which are not dauer inducing, also affect miRNA levels. let-7-family miRNA 

levels in animals grown in crowded conditions are lower than those in animals from 

uncrowded environments, showing that external cues regulate these miRNAs (Hammell et 

al., 2009a).

These data support a model whereby daf-12 and the let-7 family are part of a negative 

feedback loop in which organism-wide life-history decisions in C. elegans are integrated 

with cell autonomous regulators of developmental progression (Fig. 5; Hammell et al., 

2009a; Bethke et al., 2009). In favorable environments, ligand-bound DAF-12 contributes to 

the activation of miRNAs that promote L3 patterns by down-regulating hbl-1. As let-7-

family miRNAs begin to accumulate, they also contribute to the repression of daf-12, 

locking in commitment to reproductive development. In dauer-inducing conditions, ligand is 

limiting, and the DAF-12 repressor complex then down-regulates the let-7-family miRNAs 

and the animal enters the dauer diapause. The discovery of this regulatory circuit between 

daf-12 and the let-7-family miRNAs places daf-12 more firmly in the heterochronic pathway 

and clarifies its role in mediating the choice between continuous reproductive development 

and dauer formation.

The HBL-1 transcription factor also appears to regulate expression of a developmental 

timing miRNA gene, let-7 (Roush and Slack, 2009). Deletion of a predicted HBL-1 binding 

site from a let-7 reporter fusion results in precocious GFP expression in the seam, and let-7 

levels are elevated in hbl-1(lf) animals compared to wild type. However, let-7 is expressed 

in the seam primarily during later larval stages, times when reporter fusions do not reveal 

hbl-1 expression, so some details of this regulation remain unsolved (Abrahante et al., 2003; 

Johnson et al., 2003; Lin et al., 2003).

In addition to previously identified pathway members, other factors have been discovered as 

transcriptional regulators of the heterochronic miRNA genes. Included among these are the 

C. elegans homologs of the FLYWCH family of transcription factors (Ow et al., 2008), 

which contain a C2H2-type zinc finger domain first described in Drosophila, where the 

family member mod4 was identified through its effect on position-effect variegation (Dorn 

and Krauss, 2003). Of the four described C. elegans FLYWCH genes flh-1, flh-2, and flh-3 

function redundantly to repress embryonic expression of several heterochronic miRNAs 

including lin-4, mir-48, and mir-241 (Ow et al., 2008). Although absence of FLH proteins 

results in precocious miRNA expression during embryogenesis and the early L1 stage, this 
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increase surprisingly does not result in heterochronic phenotypes (Ow et al., 2008). This 

result suggests that the repression of miRNA transcription by the flh genes may not be 

essential to regulation of the developmental clock.

Stage-specific accumulation of miRNAs is one key feature that guides temporal 

development, therefore an important goal is to identify activators that act in concert with the 

repressing activities of the ligand-free DAF-12, HBL-1 and the FLH proteins to instruct 

these expression profiles. One step toward this goal comes from Martinez et al. (Martinez et 

al., 2008) who used a yeast one-hybrid assay to identify more than 300 transcription-factor 

interactions with nematode miRNA promoters, including factors that bind to the promoters 

of the heterochronic miRNA genes. Furthermore, integration of these data with miRNA 

target predictions has begun to reveal the breadth of transcription factor-miRNA regulatory 

networks in C. elegans through prediction of 23 miRNA-transcription factor feedback loops. 

The combination of high-throughput genome-wide analyses with the classical genetic 

strengths of C. elegans provides excellent tools with which to validate these predictions and 

illuminate how miRNA expression is regulated in the heterochronic pathway.

Post-transcriptional regulation of miRNAs

In addition to control of miRNA transcription, recent studies are revealing new layers of 

post-transcriptional regulation of miRNA biogenesis. The conserved heterochronic gene 

lin-28 has been linked to regulation of the let-7 family of miRNAs. In mammalian tissue 

culture systems, Lin28 inhibits processing of the let-7 transcript into the mature miRNA 

form, by preventing cleavage of pri-let-7 and/or pre-let-7 through direct binding to the let-7 

RNA hairpin (Newman et al., 2008; Piskounova et al., 2008; Rybak et al., 2008; 

Viswanathan et al., 2008). Lin28 targets pre-let-7 for terminal uridylation, which prevents 

cleavage by Dicer and promotes degradation of the intermediate form (Heo et al., 2008). The 

enzyme responsible for the uridylation is TUT4/Zcchc11, which binds pre-let-7 in a Lin28-

dependent manner. These interactions have important implications, as depletion of Lin28 

and TUT4 from embryonic stem cells increases the amount of mature let-7 miRNA present 

and hastens the disappearance of pluripotency markers (Hagan et al., 2009; Heo et al., 

2009).

A role for lin-28 in processing of the let-7 miRNA is a conserved function (Lehrbach et al., 

2009). C. elegans let-7 is also regulated post-transcriptionally and levels of the mature form 

are elevated in lin-28 mutants (Fig. 2). However, the loop in the pre-let-7 hairpin is not well 

conserved between worms and mammals, and the loop sequence appears to be dispensable 

for regulation of C. elegans let-7 miRNA by LIN-28, in contrast to the mammalian findings 

(Heo et al., 2008; Newman et al., 2008; Piskounova et al., 2008; Rybak et al., 2008; 

Lehrbach et al., 2009). Interestingly, the let-7 family members, mir-48, mir-241, and mir-84, 

appear not to be regulated by LIN-28, despite the fact that they share homology in the seed 

sequence. If, indeed, neither the seed region nor the loop of the pre-miRNA is the essential 

element responsible for recognition by LIN-28, then the mechanism by which LIN-28 

targets specific miRNAs remains an important topic for further study. The observation that 

LIN-28 does not appear to broadly regulate all miRNAs also raises the question of what 
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proteins influence processing of other miRNAs and whether they do so by a mechanism 

similar to that of LIN-28.

C. elegans LIN-28 also likely targets pre-let-7 for uridylation. A poly(U) polymerase, 

PUP-2, interacts physically with LIN-28 and depletion of pup-2 expression results in 

accumulation of pre-let-7 miRNA (Lehrbach et al., 2009). Additional layers of regulation 

must also contribute to proper temporal expression of let-7, as LIN-28 disappears during the 

L2 stage but mature let-7 miRNA does not accumulate until the L3, and let-7-mediated 

activation of lin-29 does not occur until the L4 (Reinhart et al., 2000). These recent findings 

underscore, once again, the strong conservation of these temporal control mechanisms and 

the importance that findings made in this robust model system can have for some of the 

most pressing questions in mammalian development.

miRNAs and Timing – Beyond Worms

Once thought to be a peculiarity of C. elegans, miRNAs are now the focus of intense study 

across the evolutionary spectrum. Conservation of these and other C. elegans heterochronic 

genes has led to important new insights into the development of diverse species. Some genes 

have conserved roles in timing mechanisms and others have been adapted to regulate related 

developmental events. lin-28 and let-7 are both widely conserved evolutionarily and, as 

described above, recent reports demonstrate that even their regulatory relationship is 

maintained from worms to mammals (Pasquinelli et al., 2000; Moss and Tang, 2003; Heo et 

al., 2008; Newman et al., 2008; Rybak et al., 2008; Viswanathan et al., 2008; Lehrbach et 

al., 2009). Expression patterns of both of these genes also show similarities between 

nematodes and mammalian systems. LIN-28 is highly expressed early and then decreases as 

development progresses in both worms and mammals, whereas let-7 displays the opposite 

pattern, with low levels of let-7 early in development and increasing expression as cells 

differentiate. This reciprocal expression pattern of lin-28 and let-7 is not a coincidence. 

Mammalian Lin28 is instrumental in maintaining pluripotency of embryonic stem cells and 

decreasing Lin28 expression appears to be important for relieving the inhibition on let-7 

miRNA processing, thereby allowing tissues to differentiate. This role for let-7 in 

differentiation parallels the function of C. elegans let-7 in directing differentiation of adult 

tissues, albeit in an earlier developmental window. A paradigm shift in the understanding of 

stem cells occurred in 2006 when somatic cells were first induced to behave like embryonic 

stem cells (Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Yu et al., 2007). Lin28 

is among the genes that can contribute to restoration of pluripotent stem cell characteristics 

(Yu et al., 2007). The therapeutic potential of induced pluripotent stem cells is vast and it is 

the focus of fervent ongoing research.

In addition to its roles in early embryonic differentiation, let-7 mis-expression is an 

important contributor to tumorigenesis in mammals (Jerome et al., 2007; Bussing et al., 

2008). The let-7 miRNA plays a role in regulation of oncogenes, including direct targeting 

and down-regulation of Ras. This connection was first demonstrated in C. elegans and 

subsequently shown in mammalian tissue culture cells (Johnson et al., 2005). Microarrays 

from patient tumors show a correlated decrease in let-7 and increase in Ras expression. In 

addition, let-7 miRNA levels are especially low in cancer cells that display strong tumor-
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formation potential and resistance to chemotherapeutic agents. Impressively, the net result of 

these findings is that let-7, a miRNA identified in the nematode, is now being explored as a 

diagnostic and therapeutic tool for certain forms of human cancer (Bussing et al., 2008).

The general mechanism of regulating the transition from early to late programs through 

miRNAs appears to be a common theme in development, and studies in Drosophila have 

further emphasized that miRNAs are conserved regulators of developmental timing. The 

Drosophila genome contains many homologs of the miRNAs initially characterized in 

worms, and several are developmentally expressed (Pasquinelli et al., 2000; Lagos-Quintana 

et al., 2001; Sempere et al., 2002; Bashirullah et al., 2003; Sempere et al., 2003). Recent 

work has shown that Drosophila let-7 also guides temporal progression. Cells of the wing 

imaginal disc fail to terminally differentiate and exit the cell cycle in let-7 mutants, thus 

retaining juvenile characteristics that result in increased wing cell number and decreased cell 

size (Caygill and Johnston, 2008). Flies mutant for let-7 also fail to complete juvenile-to-

adult remodeling of the neuromusculature, resulting in locomotion defects (Sokol et al., 

2008). These were the first studies to report developmental timing functions of miRNAs in a 

system other than C. elegans.

Finally, regulatory relationships between NRs and microRNAs as exemplified by the recent 

daf-12-let-7-family feedback loop are also emerging as a common theme in diverse systems 

(Varghese and Cohen, 2007; McCafferty et al., 2009). For example in flies, the ecdysone 

receptor and the miRNA miR-14 participate in a feedback loop that ensures proper cell fate 

transitions during development. With the recent findings in worms, regulatory feedback 

between NRs and miRNAs may provide a conserved mechanism for coordinating 

developmental timing networks with environmentally responsive endocrine signals.

Perspectives

The study of developmental timing programs in C. elegans has not only contributed to our 

knowledge of the molecular and genetic basis of temporal progression in animals, but has 

also had impacts in many areas beyond timing, including the critical role of miRNAs in 

development, stem cell biology, and cancer. Many genes that were first isolated as members 

of the C. elegans heterochronic pathway are highly conserved, and some appear to regulate 

developmental timing in these other systems as well. Understanding of miRNAs and their 

roles in developmental biology has expanded rapidly since lin-4 and let-7 were first 

discovered, and the study of the heterochronic pathway in C. elegans has continued to yield 

key insights into miRNA regulation and function. However, many important issues in 

miRNA-mediated gene regulation and developmental timing remain unresolved.

One area in which many questions remain is understanding of how miRNAs identify and 

regulate their target mRNAs in vivo. Tools for prediction of miRNA targets through 

sequence analysis have improved significantly in recent years, with better understanding of 

the roles of the seed region and downstream sequence complementarity, and with analysis of 

evolutionary conservation of target sites. Yet the manner in which miRNAs interact with 

particular targets and direct their precise temporal control in vivo is more intricate, and 

understanding the specifics of this regulation would be an important step forward in the 
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field. One example can be seen in differential regulation of mRNAs by lin-4, which strongly 

down-regulates lin-14 in the L1 stage and not until later, in the L2 stage, does it repress 

lin-28. Determination of whether the number of target sites, the exact pattern of base pairing 

between miRNA and target site, other features of the target's 3′ UTR, or additional proteins 

of the RISC contribute to this specificity will shed light on the complex role of miRNAs in 

their biological context. Another question awaiting further analysis in vivo surrounds the 

manner in which a particular miRNA chooses whether to regulate an individual target 

through translation inhibition, active turnover, or some other mechanism. Identification of 

the sequences and trans-acting factors that mediate the decision between these modes of 

repression is an important and on-going undertaking. This decision is likely a complex one, 

influenced by a variety of factors. For example, a recent report suggests that environmental 

conditions may affect the mechanism of repression (Holtz and Pasquinelli, 2009).

Important goals toward fully understanding the heterochronic pathway remain as well. The 

number of factors that act to time the L2 proliferative division is strikingly large when 

compared to the number of genes identified that control later stages. The reason for this 

difference is unclear; perhaps it is an experimental bias influenced by the ease of scoring the 

double division. Alternatively, it may be a biological consequence of the importance of the 

L2 stage to integrating environmental cues into life-history decisions. Identification of 

markers that clearly distinguish L3 and L4 programs should aid in the discovery of 

additional late-acting factors, potentially including a transcription factor that specifies the 

L3-L4 transition. Furthermore, identification and analysis of additional target genes for the 

transcription factors that regulate stage-specific programs should reveal how changes in 

transcription factor activity result in temporal patterning of the hypodermis. Analyses of the 

roles of individual targets in developmental timing will be of great interest.

Finally, the heterochronic regulatory pathway drawn in Fig. 1 contains (at least) one glaring 

omission relative to timing. If lin-4 is key to triggering the pathway, we need to understand 

how it becomes transcriptionally activated in a stage-specific manner. The FLH transcription 

factors play a role in repressing lin-4 in the embryo (Ow et al., 2008), but their absence does 

not result in timing defects, so some other cue must be required for activation of lin-4 in 

larval development. At least part of the answer seems to reside in nutritional cues, as lin-4 is 

not activated in larvae hatched in the absence of a food source and hypodermal programs do 

not progress (Arasu et al., 1991; Abbott et al., 2005). An interesting piece of the puzzle may 

reside in insulin signaling pathways. daf-16/FOXO is a downstream transcriptional effector 

of insulin signaling in worms, and a lin-4 reporter fusion is inappropriately activated in 

daf-16 mutant animals hatched in the absence of food, conditions in which the reporter gene 

is inactive in wild-type animals (Baugh and Sternberg, 2006). Further investigation into the 

environmental and genetic regulation of lin-4, and therefore the activation of the 

heterochronic pathway, will be critical in broadening our understanding of miRNAs and 

their role in developmental timing. C. elegans provides a beautifully simple system in which 

to study these regulatory networks and reveal how environmental signals regulate miRNAs 

and ultimately developmental timing programs.
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Figure 1. Heterochronic mutations alter the timing of events in the seam cell lineage
A. Seam cell lineages of some heterochronic mutants. Wild type is shown on the left, 

followed by the lineages of selected precocious and retarded mutants. The developmental 

time-scale is indicated at the left with hatch marks representing the molts. In the cell lineage 

diagrams, each cell division is denoted by a horizontal line, with vertical lines indicating 

cells. The larval stages are color coded. The L2 stage is characterized by a proliferative seam 

cell division and the L4-to-adult transition is marked by the formation of alae. L3 and L4 

stages lack hallmark patterns and are harder to resolve, therefore color designations of these 

stages represent the most probable temporal identity.

B. Nomarski DIC image of L3 larval seam cells. Arrows indicate seam cell nuclei.

C. Nomarski DIC image of an adult cuticle, exhibiting characteristic ridges (alae)
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Figure 2. Overview of miRNA biogenesis
miRNAs are transcribed most commonly by RNA polymerase II as long primary transcripts 

that are capped and polyadenylated. The Microprocessor, which includes the 

endoribonuclease Drosha/DRSH-1 and Pasha/PASH-1/DGCR8, cleaves the pri-miRNA to 

generate the ∼70 nucleotide pre-miRNA. This intermediate form is exported from the 

nucleus and cleaved again by the endoribonuclease Dicer to generate a ∼22 nucleotide 

duplex, which is assembled into the pre-miRISC. The duplex is passively unwound and the 

miRNA-complementary strand is released. The resulting miRISC, contains the mature 
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miRNA and proteins including ALG-1/2 (Argonaute) and AIN-1/2 (GW182). The miRISC 

binds mRNAs at sites of imperfect pairing with the miRNA and represses targets through 

translational inhibition or message destabilization. In some cases the seed region is sufficient 

for targeting, though complementarity along the rest of the miRNA can also contribute. 

miRNA biogenesis and activity is regulated at many steps; some important regulators that 

play a role in developmental timing are illustrated and described in the text. XRN-2 is a 5′-3′ 

exoribonuclease that degrades mature miRNAs. Target mRNAs stabilize the mature 

miRNAs, thus XRN-2 has been suggested to regulate the relative levels of miRNAs and 

their targets.
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Figure 3. Alignments and expression patterns of lin-4 and let-7-family miRNAs
A. Alignments of the lin-4-family and let-7-family miRNAs.

B. Developmental expression patterns of lin-4 and let-7-family miRNA genes, shown in 

conjunction with expression profiles of representative targets.
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Figure 4. The heterochronic gene pathway of C. elegans
The heterochronic pathway regulating larval development is shown. The arrows indicate 

activation; bars indicate repression. Regulatory relationships shown here are supported by 

genetic data, but not all are direct. lin-42 is not shown, as its complex expression pattern and 

genetic interactions suggest that it acts at multiple steps in the pathways with different 

genes, and its precise placement is uncertain.
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Figure 5. daf-12 and let-7-family miRNAs regulate each other through a negative feedback loop
A simplified model for daf-12 regulation in the response to environmental cues modified 

from Hammell et al., (2009a) and Bethke et al., (2009). In favorable environmental 

conditions, TGFβ and insulin signaling are up-regulated, resulting in the synthesis of 

dafachronic acids, which bind to DAF-12. Ligand-bound DAF-12 up-regulates the 

expression of let-7-family miRNAs. An as yet unidentified transcriptional activator is 

independently required for expression of these miRNAs, because mature let-7-family 

miRNAs are present in daf-12(null) mutants. As these miRNAs accumulate, they contribute 

to the repression of daf-12, locking in the decision to progress through development.

In unfavorable environments, enzymes required for dafachronic acid synthesis are down-

regulated. In the absence of ligand, DAF-12 binds to DIN-1, a co-repressor, and this 

repressor complex strongly inhibits the expression of let-7-family miRNAs, leading to 

developmental arrest.
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