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Abstract 

Temporal control of Vulval Precursor Cell fate 
patterning in Caenorhabditis elegans 

Ji Li 

Development of a multicellular organism requires precise coordination of 

temporal and spatial cues to ensure that developmental events occur at the correct time 

and place.  C. elegans vulval development offers a convenient experimental system for 

investigating the temporal and spatial regulation of multiple developmental decisions in 

response to different patterning signals. 

In this thesis, I present my studies on the temporal control of Vulval Precursor 

Cell (VPC) fate patterning through analyses of VPC development defects in 

heterochronic mutants.  I show that loss of the miRNA lin-4 inhibits LIN-12/Notch 

activity through persistence of LIN-14, but not LIN-28 or HBL-1.  Persistent lin-14 

blocks LIN-12 activity without interfering with the key events of LIN-12/Notch signal 

transduction, and lin-14 activity in the second larval stage is sufficient to prevent 

premature LIN-12 activation.  I also present evidence that persistent lin-14 activity 

impedes extension of the VPC apical domains, and that ectopic Wnt signaling prevents 

the daughters of uninduced VPCs from fusing with the major hypodermal syncytium in 

lin-4 null mutants.  Finally, through characterization of heterochronic mutants that exhibit 

precocious or delayed vulval induction, I provide clues to possible mechanisms 

underlying the temporal control of vulval induction. 
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Chapter 1.  General Introduction 
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1.  Overview of Caenorhabditis elegans vulval development 

The Caenorhabditis elegans hermaphrodite vulva has been a valuable paradigm 

for investigating cell fate specification and elucidating highly conserved signaling 

pathways.  The vulval developmental process is both spatially and temporally precise.  

Distinct developmental events occur at each C. elegans larval stage.  My thesis work 

mainly focuses on understanding how different signaling events that pattern the Vulval 

Precursor Cell (VPC) fates are temporally controlled.  Therefore, I will introduce C. 

elegans vulval development in general in this section, signaling events that pattern the 

VPC fates in section 2, and C. elegans developmental timers–heterochronic genes–in 

section 3. 

 

1.1.  Generation of the VPCs in the first larval (L1) stage 

In the L1 stage of C. elegans development, twelve ventro-lateral P cells migrate 

into the ventral cord and intercalate to form a single row of cells.  These cells are named 

P1-P12 according to their anterior-posterior position.  Each P cell then divides to give 

rise to an anterior daughter (Pn.a) and a posterior daughter (Pn.p).  Each anterior daughter 

is a neuroblast that contributes descendants to the ventral nerve cord, while each posterior 

daughter is a hypodermal cell.  The posterior daughters of P3-P8 are the VPCs (Fig. 1), 

whereas the posterior daughters of other P cells, except for P12, fuse with the major 

hypodermal syncytium (“worm skin”), named hyp7, by the end of the L1 stage (Sulston 

and Horvitz, 1977). 

The Hox gene lin-39/Sex combs reduced/Deformed is necessary for establishing 

the VPC identity (Clark et al., 1993; Wang et al., 1993; Maloof and Kenyon, 1998).  The 
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VPCs are the only Pn.p cells that express LIN-39 (Maloof and Kenyon, 1998).  In lin-39 

null mutants, P3.p-P8.p fuse with hyp7 in the L1 stage and therefore behave like other 

Pn.p cells (Clark et al., 1993; Wang et al., 1993).  lin-39 prevents fusion of the VPCs by 

repressing expression of eff-1, which encodes a membrane protein essential for cell 

fusion (Mohler et al., 2002; Shemer and Podbilewicz, 2002). 

The VPCs are polarized epithelial cells, the plasma membrane of which is divided 

into an apical domain facing the ventral epidermis of the animal and a basolateral domain 

underlying the gonad and the pseudocoelom.  The apical and basolateral domains are 

separated by C. elegans apical junctions (CeAJ), which are maintained throughout VPC 

development and disappear if the VPCs fuse with hyp7 (reviewed in Labouesse, 2006 and 

Podbilewicz, 2006). 

 

1.2.  Maintenance of VPC competence in the second larval (L2) stage 

The VPCs must maintain their identity—competence—throughout the L2 stage.  

A VPC is considered competent if it can be induced to adopt a vulval fate (see section 

1.3).  Preventing VPCs from fusing with hyp7 is an important aspect of VPC 

competence.  In about 50% of wild-type hermaphrodites, P3.p fuses with hyp7 without 

division in the L2 stage and therefore loses its competence (Sulston and Horvitz, 1977; 

Fig. 1).  The event wherein a VPC fuses with hyp7 without division is referred to as the 

adoption of the F fate (F for “Fused”) by the VPC. 

Both Wnt and LIN-3/EGF signaling contribute to maintenance of VPC 

competence in the L2 stage (Myers and Greenwald, 2007; see section 2).  Mutations that 

reduce activity of the canonical Wnt pathway, such as a null allele of bar-1/β-catenin, 
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lead VPCs to inappropriately fuse with hyp7 in the L2 stage (Eisenmann et al., 1998).  

Forced expression of LIN-39 can prevent VPC fusion with hyp7 in bar-1 null mutants, 

indicating that Wnt signaling promotes competence through maintenance of LIN-39 

expression (Eisenmann et al., 1998).  LIN-3/EGF signaling also plays a significant role in 

preventing VPCs from fusing with hyp7.  Reduction in activity of lin-3 or its receptor let-

23/EGFR, or ablation of the gonad that serves the major source of LIN-3 signal, causes 

more VPCs to fuse with hyp7 in the L2 stage in backgrounds where Wnt signaling is 

compromised (Eisenmann et al., 1998; Myers and Greenwald, 2007). 

 

1.3.  VPC fate specification in the third larval (L3) stage 

Ablation experiments established that P3.p-P8.p form an equivalence group: each 

has the potential to adopt one of three fates (Sulston and White, 1980; Sternberg and 

Horvitz, 1986), which can be recognized by distinct cell division patterns (also called 

lineages) and expression of cell fate markers (reviewed in Sternberg, 2005).  In wild-type 

hermaphrodites, P3.p-P8.p invariantly adopt the same pattern of fates: F/3°-3°-2°-1°-2°-

3° (Fig. 1).  VPCs that adopt the 1° and 2° fates (P6.p and P5/7.p respectively) give rise 

to vulval cells.  The 3° fate adopted by P3.p, P4.p and P8.p is the “nonvulval” fate: these 

cells divide once and then fuse with hyp7. 

The invariant VPC fate pattern reflects the coordinated outcome of two major 

signaling events: EGFR-Ras-MAPK signaling and LIN-12/Notch signaling (see section 

2).  Although many components of the EGFR-Ras-MAPK and LIN-12/Notch pathways 

are already present in the L2 stage (see section 3), VPC fate specification occurs 

precisely at the early L3 stage (Greenwald et al., 1983; Ferguson et al., 1987).  Mutations 
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in certain heterochronic genes, such as lin-14 and lin-28, can cause precocious vulval 

induction in the L2 stage (Ambros and Horvitz, 1984; Euling and Ambros, 1996a; see 

section 3).  However, mechanisms that prevent VPCs from being precociously specified 

are not well understood. 

 

1.4.  VPC fate execution and vulval morphogenesis 

Once the VPCs are specified, they execute their fates and divide in a stereotypic 

pattern to generate the correct numbers and types of descendants (reviewed in Sternberg, 

2005; Fig. 1).  During the fourth larval (L4) stage, the vulval cells migrate, invaginate, 

and fuse to form a stack of seven toroidal rings (Sharma-Kishore et al., 1999; Fig. 1).  

The whole structure then connects with muscles, the uterus, and lateral hypodermal cells, 

and partially everts at the L4 molt to form the mature vulva (Newman and Sternberg, 

1996; Newman et al., 1996; Sharma-Kishore et al., 1999). 

 

2.  Signaling events during VPC fate specification 

A large collection of genes involved in VPC fate specification have been 

identified in genetic screens for Vulvaless (Vul) and Multivulva (Muv) mutants 

(reviewed in Sternberg, 2005).  A Vul phenotype is caused by mutations that lead VPCs 

that normally express the 1° or 2° fate to adopt the 3° fate, whereas a Muv phenotype 

results from mutations that induce VPCs that normally express the 3° fate to adopt the 1° 

or 2° fate. 

Genetic analyses and molecular characterization of the genes involved in VPC 

fate specification have determined that the VPC fates are patterned primarily by two 
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signals. The 1° fate is specified by an inductive signal from the anchor cell (AC) of the 

gonad that is mediated by a EGFR-Ras-MAPK pathway, and the 2° fate is specified by a 

lateral signal produced by the 1° cell that activates LIN-12/Notch signaling (reviewed in 

Sternberg, 2005; Fig. 2).  VPCs that receive neither the inductive signal nor the lateral 

signal adopt the 3° fate.  Wnt signaling is also implicated in VPC fate patterning 

(reviewed in Eisenmann, 2005; Seetharaman et al., 2010).  All three signaling pathways 

are highly conserved (reviewed in Eisenmann, 2005; Greenwald, 2005; Sundaram, 2005).  

In this section I will summarize what is known about these signaling pathways and 

discuss how they are integrated to pattern vulval fates. 

 

2.1.  EGFR-Ras-MAPK-mediated inductive signaling 

Ablation experiments demonstrated that the AC of the somatic gonad is the source 

of the inductive signal (Kimble, 1981).  The AC is necessary and sufficient to induce 

vulval development: ablation of the AC prior to the L3 stage leads the VPCs to adopt the 

3° fate and therefore causes a Vul phenotype, whereas ablation of all gonadal cells but the 

AC leaves the vulva to develop normally (Kimble, 1981). 

The inductive signal is encoded by lin-3, which encodes an EGF-like protein and 

is expressed in the AC at the time of vulval induction (Hill and Sternberg, 1992).  A 

hypomorph of lin-3 causes a Vul phenotype (Horvitz and Sulston, 1980; Ferguson and 

Horvitz, 1985; Ferguson et al., 1987).  By contrast, overexpression of wild-type LIN-3 or 

just the LIN-3 EGF domain is sufficient to induce VPCs that normally express the 3° fate 

to adopt vulval fates, causing a Muv phenotype (Hill and Sternberg, 1992; Katz et al., 

1995).  Inactivation of functionally redundant SynMuv (Synthetic Multivulva) genes 
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leads to de-repression of lin-3 expression in hyp7, resulting in a Muv phenotype too (Cui 

et al., 2006). 

Epistatic analysis placed lin-3 upstream of let-23, which encodes a receptor 

tyrosine kinase (RTK) of the EGF receptor (EGFR) subfamily (Aroian et al., 1990).  

Hypomorphs of let-23 confer a Vul phenotype (Ferguson and Horvitz, 1985; Ferguson et 

al., 1987; Aroian and Sternberg, 1991), whereas a hypermorph of let-23 causes a Muv 

phenotype (Katz et al., 1996).  Genetic mosaic analysis has demonstrated that let-23 acts 

cell-autonomously in the VPCs to promote the 1° fate (Koga and Ohshima, 1995; Simske 

and Kim, 1995).  Subcellular localization of LET-23 is critical for its function (Simske et 

al., 1996; Kaech et al., 1998).  A complex of three PDZ-domain proteins, LIN-2, LIN-7 

and LIN-10, is required for basolateral localization of LET-23, and mutations in lin-2, 

lin-7, or lin-10, cause LET-23 to be mislocalized to the apical membrane and result in a 

Vul phenotype (Ferguson and Horvitz, 1985; Ferguson et al., 1987; Simske et al., 1996; 

Kaech et al., 1998). 

Upon LIN-3/EGF binding, LET-23 dimerizes and autophosphorylates its C-

terminal region (reviewed in Sundaram, 2006).  The resulting phospho-tyrosine residues 

serve as docking sites for an adaptor protein SEM-5, a C. elegans homologue of human 

GRB2 (Clark et al., 1992; Stern et al., 1993).  SEM-5/GRB2 recruits a guanine nucleotide 

exchange factor SOS-1, encoded by let-341, to activate a small GTPase Ras, encoded by 

let-60 (Han and Sternberg, 1990; Chang et al., 2000).  Hypermorphic alleles of let-60 

cause a Muv phenotype (Ferguson and Horvitz, 1985; Ferguson et al., 1987; Beitel et al., 

1990; Han et al., 1990), whereas antimorphic and hypomorphic alleles of let-60 result in 

a Vul phenotype (Beitel et al., 1990; Han et al., 1990; Han and Sternberg, 1991).  Screens 
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for suppressors of the Muv phenotype caused by activated let-60/Ras identified 

downstream kinase genes lin-45/Raf (Han et al., 1993; Hsu et al., 2002), mek-2/MEK 

(Kornfeld et al., 1995; Wu et al., 1995), and mpk-1/ERK (Lackner et al., 1994; Wu and 

Han, 1994), revealing that LET-60/Ras functions through the MAPK cascade. 

Several targets of the inductive signaling pathway have been identified.  Two 

direct targets of MPK-1 phosphorylation are LIN-1, an Ets domain transcription factor 

(Beitel et al., 1995; Jacobs et al., 1998), and LIN-31, a winged-helix transcription factor 

homologous to HNF-3/forkhead (Miller et al., 1993; Tan et al., 1998).  The Hox protein 

LIN-39 is upregulated by activated inductive signaling and may be directly 

phosphorylated by MPK-1 (Maloof and Kenyon, 1998; Wagmaister et al., 2006a; 

Wagmaister et al., 2006b).  Although not known to be direct targets of MPK-1, a 

Mediator complex subunit SUR-2 and a novel protein LIN-25 appear to function together 

downstream of the EGFR-Ras-MAPK pathway and are necessary for vulval induction 

(Singh and Han, 1995; Tuck and Greenwald, 1995; Nilsson et al., 1998; Boyer et al., 

1999; Stevens et al., 2002).  Another nuclear complex, composed of EOR-1, a BTB/zinc 

finger transcription factor homologous to human PLZF, and EOR-2, a novel protein, 

functions redundantly with SUR-2 and LIN-25 to promote the output of inductive 

signaling (Howard and Sundaram, 2002; Howell et al., 2010).  In addition, activation of 

the inductive signaling pathway leads to SUR-2-independent expression of the FGF-

encoding gene egl-17 and SUR-2-dependent expression of the Delta/Serrate/LAG-2 

(DSL) ligands for LIN-12/Notch, such as lag-2, apx-1 and dsl-1: expression of these 

genes serves as 1° fate markers (Burdine et al., 1997; Burdine et al., 1998; Chen and 

Greenwald, 2004; see section 2.2). 
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2.2.  LIN-12/Notch-mediated lateral signaling 

The existence of a lateral signal to inhibit the 1° fate and promote the 2° fate was 

inferred by the observation that when LIN-3 is ectopically expressed from hyp7 due to 

mutations in genes that normally repress its expression, VPCs adopt an alternating 1°-2° 

fate pattern and never express the 1° fate simultaneously (Sternberg, 1988; Cui et al., 

2006).  An important aspect of assuming the 1° fate is expressing the lateral signal 

encoded by the DSL ligands for LIN-12/Notch (Chen and Greenwald, 2004).  Ten DSL 

ligands were computationally identified, and at least three ligands, lag-2, apx-1, and dsl-

1, are functionally redundant components of the lateral signal (Chen and Greenwald, 

2004). 

C. elegans has two Notch proteins, encoded by the lin-12 and glp-1 genes, which 

appear to have arisen from gene duplication (reviewed in Greenwald, 2005).  Although 

LIN-12 and GLP-1 are biochemically interchangeable (Fitzgerald et al., 1993), lin-12 and 

glp-1 mostly mediate distinct cell fate decisions and loss of glp-1 does not affect vulval 

development (reviewed in Greenwald, 2005).  lin-12 is implicated in lateral signaling 

because VPCs never adopt the 2° fate in lin-12 null mutants but always adopt the 2° fate 

in strong lin-12 hypermorphic mutants (Greenwald et al., 1983; Sternberg and Horvitz, 

1989; Struhl et al., 1993). 

LIN-12 is a single-pass transmembrane protein and contains all of the hallmark 

motifs that define the LIN-12/Notch family (reviewed in Greenwald, 2005).  The 

extracellular domain of LIN-12 contains multiple EGF-like motifs, followed by three 

cysteine-rich LIN-12/Notch repeats (LNR).  A spacer region between the LNR motifs 
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and the transmembrane domain has two conserved cysteines.  Drosophila and vertebrate 

Notch proteins are cleaved at a site near the two cysteines (termed “site 1”) by a furin-

like convertase during their maturation through the secretory system, yielding a 

heterodimer composed of the amino- and carboxyl-terminal cleavage products when 

presented on the plasma membrane (Blaumueller et al., 1997; Logeat et al., 1998).  It is 

unclear whether LIN-12 and GLP-1 are also cleaved by furin, but Western blots of GLP-

1 are consistent with this possibility (Crittenden et al., 1994).  Following the 

transmembrane domain, the intracellular domain of LIN-12 contains a RAM (RBP-J 

Associated Molecule) domain, a series of CDC10/Ankyrin repeats (a motif found in yeast 

CDC10, SW16, and Ankyrin), a transactivation domain (TAD), and a PEST motif 

(reviewed in Greenwald, 2005). 

Binding of DSL ligands to LIN-12 triggers its activation through two cleavage 

events (reviewed in Greenwald, 2005; Fig. 3).  Cleavage at “site 2” occurs within the 

spacer region of the extracellular domain and leads to shedding of the LIN-12 

ectodomain.  The site 2 cleavage is mediated by two redundant metalloproteases of the 

ADAM family: SUP-17, a homologue of Drosophila Kuzbanian and mammalian 

ADAM10, and ADM-4, a homologue of mammalian TACE (Tax et al., 1997; Wen et al., 

1997; Jarriault and Greenwald, 2005).  Shedding of the LIN-12 ectodomain causes the 

remaining protein to be constitutively cleaved at “site 3” within the transmembrane 

domain.  The site 3 cleavage, mediated by a membrane protease complex termed “γ-

secretase,” releases the LIN-12 intracellular domain (LIN-12(intra)), which then 

translocates to the nucleus.  SEL-12 and HOP-1, two redundant C. elegans Presenilin 
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proteins, are believed to confer the catalytic activity of the γ-secretase complex (Levitan 

and Greenwald, 1995; Li and Greenwald, 1997; Westlund et al., 1999). 

Once the LIN-12 intracellular domain translocates to the nucleus, it binds to 

LAG-1, a transcription factor of the CSL (mammalian CBF1/RBP-J, Drosophila Su(H), 

and LAG-1) family, converting LAG-1 from a transcription repressor to an activator by 

displacing corepressors and recruiting coactivators (reviewed in Greenwald, 2005; Fig. 

3).  The C. elegans core transcription activation complex is also likely to contain SEL-8 

(also called LAG-3) (Tax et al., 1997; Doyle et al., 2000; Petcherski and Kimble, 2000a).  

Although SEL-8 has no apparent homologues, both SEL-8 and Drosophila and 

mammalian Mastermind have glutamine-rich stretches and form ternary complexes with 

the LIN-12/Notch intracellular domains and the CSL proteins, suggesting that SEL-8 is a 

functional homologue of Mastermind (Petcherski and Kimble, 2000b). 

Several LIN-12 targets involved in vulval development have been identified (Fig. 

2).  lin-11, which encodes a LIM domain transcription factor, is inferred to be a direct 

transcriptional target of LIN-12 based on its role and expression in 2° cells and presence 

of LAG-1 binding sites (LBSs) in its promoter region, although the necessity of LIN-12 

and the LBSs for its expression has not been tested (Freyd et al., 1990; Struhl et al., 1993; 

Gupta and Sternberg, 2002; Gupta et al., 2003).  Many LIN-12 direct transcriptional 

targets that contain clusters of LBSs in their promoter regions are negative regulators of 

the EGFR-Ras-MAPK pathway: ark-1 encodes a tyrosine kinase related to human ACK 

(Hopper et al., 2000); lip-1 encodes a MAPK phosphatase (Berset et al., 2001); dpy-23, 

lst-1, lst-2, lst-3, and lst-4 were computationally identified and experimentally verified, 

and while their exact function is unclear, DPY-23, LST-4 and LST-2 may be involved in 



 

 

12 

LET-23/EGFR trafficking or turnover (Yoo et al., 2004).  mir-61 is a LIN-12 direct 

transcriptional target that promotes lateral signaling; it encodes a microRNA that down-

regulates VAV-1, a guanine nucleotide exchange factor for Rho/Rac family GTPases and 

negative regulator of lin-12 activity (Yoo and Greenwald, 2005).  Finally, another LIN-

12 direct transcriptional target, lst-5, encodes a C2H2 zinc finger protein that may 

positively regulate lin-12 activity (Choi, 2009). 

 

2.3.  Integration of the inductive and lateral signaling pathways 

The inductive and lateral signaling pathways must be spatially integrated to 

ensure precise and robust VPC fate patterning.  Activation of the EGFR-Ras-MAPK 

pathway in the presumptive 1° cell (P6.p) leads to expression of DSL ligands (Chen and 

Greenwald, 2004) and also endocytosis-mediated downregulation of LIN-12 that is 

critical for the DSL ligands to successfully activate LIN-12 in adjacent VPCs (Levitan 

and Greenwald, 1998; Shaye and Greenwald, 2002; Shaye and Greenwald, 2005; Fig. 2).  

To antagonize inductive signaling, activation of LIN-12 in the presumptive 2° cells leads 

to expression of negative regulators of the EGFR-Ras-MAPK pathway to counteract the 

effects of a low level of LIN-3 that reaches these cells from the AC (Hopper et al., 2000; 

Berset et al., 2001; Yoo et al., 2004; Fig. 2) 

Temporal integration of the inductive and lateral signaling pathways has also been 

observed, and VPC fate decisions are prioritized by cell cycle phases (Ambros, 1999).  

Induction of the 1° fate, downregulation of LIN-12, and presentation and reception of the 

lateral signal all occur prior to the completion of S phase (Hong et al., 1998; Ambros, 

1999).  LIN-12 activity in the presumptive 2° cells is also gated by cell cycle: LIN-12 
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functions before the completion of S phase to counteract EGFR-Ras-MAPK activity and 

acts at or after the completion of S phase to promote the 2° fate (Ambros, 1999).  

Coupling VPC fate decisions to cell cycle could be a mechanism for temporally 

coordinating cell fate choices among the equally competent VPCs. 

It is unclear why reactions to the lateral signal at different cell cycle stages lead to 

different outcomes.  One possibility is that a low level of LIN-12 activity is sufficient to 

activate negative regulators of the EGFR-Ras-MAPK pathway but a high level of LIN-12 

activity is required to activate genes that promote the 2° fate.  LIN-12 activity in the 

presumptive 2° cells is likely to increase as cell cycle progresses, because downregulation 

of LIN-12 in the presumptive 1° cell may lead to more efficient and effective presentation 

of the DSL ligands (Shaye and Greenwald, 2002).  It is interesting to note the correlation 

between the function of LIN-12 direct transcriptional targets and the number of LBSs in 

their promoter regions: the promoters of currently identified targets that negatively 

regulate EGFR-Ras-MAPK activity contain at least 4 LBSs (Berset et al., 2001; Yoo et 

al., 2004), whereas the regulatory sequences of mir-61, a target that promotes the 2° fate, 

contain only 2 LBSs (Yoo and Greenwald, 2005).  It is tempting to speculate that more 

LBSs may lead to more efficient transcriptional activation by LIN-12 and therefore 

require less LIN-12 activity. 

 

2.4.  Wnt signaling 

The canonical Wnt signaling pathway is also implicated in vulval development 

(reviewed in Eisenmann, 2005).  Studies in Drosophila and vertebrates have established 

that β-catenin is the key regulated effector of the canonical Wnt pathway (reviewed in 
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Cadigan and Peifer, 2009; van Amerongen and Nusse, 2009).  In cells receiving no 

signal, a “destruction complex,” composed of Adenomatous polyposis coli (APC), Axin, 

glycogen synthase kinase 3β (GSK3β) and Casein kinase I (CKI), sequesters and 

phosphorylates newly synthesized β-catenin, rendering it susceptible to 

polyubiquitination and proteasomal degradation.  Binding of Wnt/Wingless to Frizzled 

(Fz) and low-density lipoprotein receptor-related protein (LRP) inactivates the 

destruction complex, a process requiring Disheveled, and thus stabilizes β-catenin.  β-

catenin then translocates to the nucleus and binds to TCF, converting it to an activator by 

displacing Groucho and recruiting coactivators. 

The role of Wnt signaling in maintaining VPC competence in the L2 stage is well 

established.  bar-1/β-catenin is required to prevent VPCs from fusing with hyp7 in the L2 

stage through maintenance of LIN-39 expression (Eisenmann et al., 1998).  Two major 

Wnt ligands, encoded by cwn-1/Wnt4 and egl-20/Wnt16, were found to regulate the 

process, and multiple tissues, including neurons and muscles, contribute Wnt signal to 

maintain competence (Myers and Greenwald, 2007). 

Two lines of evidence suggested that Wnt signaling might play an active role in 

promoting vulval induction, although this role remains elusive.  First, while in wild type 

P5.p, P6.p and P7.p adopt the vulval (1° or 2°) fates, reduction in Wnt signaling, resulting 

from hypomorphic or null mutations in Wnt-encoding genes (cwn-1, egl-20, and/or lin-

44), Frizzled-encoding genes (lin-17, mom-5, and/or mig-1), or a β-catenin-encoding gene 

(bar-1), causes fewer than three VPCs to adopt the vulval fates (Eisenmann et al., 1998; 

Gleason et al., 2006).  However, VPCs in these mutants fuse with hyp7 in the L2 stage 

and therefore are no longer present to adopt a vulval fate in the L3 stage, making it 
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impossible to assess the role of Wnt signaling in vulval induction (Myers and Greenwald, 

2007).  The second line of evidence comes from negative regulators of the canonical Wnt 

pathway: reduction in pry-1/Axin activity appears to cause VPCs to adopt the 2° fate 

independent of inductive and lateral signaling (Gleason et al., 2002; Seetharaman et al., 

2010); this phenotype is enhanced by simultaneously reducing the activity of other 

negative regulators, such as apr-1/APC, kin-19/CKI, or axl-1/Axin, and is suppressed by 

loss of bar-1 and reduction of pop-1/TCF or lin-39 activity (Gleason et al., 2002; Gleason 

et al., 2006; Oosterveen et al., 2007; Seetharaman et al., 2010).  However, these analyses 

also have a caveat: activation of Wnt signaling by reducing the activity of negative 

regulators may create artificial signaling events as exemplified by de-repression of LIN-

3/EGF signaling caused by removal of SynMuv genes, especially when the cellular focus 

of pry-1 function is unknown (Cui et al., 2006; Myers and Greenwald, 2007).  In 

addition, the function of apr-1/APC suggested by these studies is inconsistent with its 

previously proposed role: redundantly promoting VPC competence with bar-1 through 

maintenance of LIN-39 expression (Hoier et al., 2000). 

It is important to note that although the proposed roles of Wnt signaling converge 

on LIN-39 (Eisenmann et al., 1998; Gleason et al., 2002; Seetharaman et al., 2010), high 

levels of LIN-39 are not sufficient to induce vulval development in the absence of the AC 

or to cause ectopic vulval induction in the presence of the AC, suggesting that LIN-39 

alone is not sufficient to specify vulval fates (Maloof and Kenyon, 1998).  Therefore, if 

Wnt signaling does play a role in promoting vulval induction, it needs to activate other 

critical targets than LIN-39.  Identification of other Wnt pathway targets would help 

elucidate the role of Wnt signaling in vulval induction. 
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3.  Heterochronic genes 

Although much is known about the spatial aspect of VPC fate patterning, less is 

known about the temporal aspect: Why do patterning events happen precisely in the L3 

stage even when the signaling pathways are activated in earlier stages?  For example, 

VPCs are not induced until the L3 stage, even though they respond to LIN-3 produced by 

the gonad in the L2 stage (Ferguson et al., 1987; Myers and Greenwald, 2007).  

Furthermore, LIN-12 is present in the L2 stage (Levitan and Greenwald, 1998), but 

constitutively active LIN-12 does not specify the 2° fate until the L3 stage (Greenwald et 

al., 1983).  In C. elegans, heterochronic genes were found to control developmental 

timing in many tissues (reviewed in Moss, 2007 and Resnick et al., 2010).  Specifically, 

mutations in certain heterochronic genes alter the timing of VPC division, suggesting a 

role for these genes in regulating the temporal aspect of vulval development (Ambros and 

Horvitz, 1984; Euling and Ambros, 1996a).  In this section I will introduce heterochronic 

genes and summarize what is known about their roles in vulval development. 

 

3.1.  Control of developmental timing by the heterochronic gene pathway 

Heterochronic genes control stage-specific developmental events in diverse post-

embryonic cell lineages (reviewed in Moss, 2007 and Resnick et al., 2010).  Their roles 

are best understood in the development of the lateral hypodermal seam cells, which 

contribute to the major epidermis and specialized cuticular structures.  At different 

developmental–including larval and adult–stages, the seam cells express distinct cell 

identities (“temporal fates”) that can be distinguished by stage-specific cell division 
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patterns, gene expression profiles and cuticular structures (reviewed in Rougvie, 2001).  

Mutations in heterochronic genes cause seam cells to adopt fates that are characteristic of 

an earlier (retarded phenotype) or later (precocious phenotype) developmental stage 

(Fig.4).  Based on genetic epistatic analyses, most of the heterochronic genes are 

arranged into a complex genetic pathway (reviewed in Resnick et al., 2010; Fig. 6).  One 

recurring theme of the heterochronic gene pathway is the downregulation of key 

regulators by microRNAs (miRNAs), short noncoding regulatory RNAs that function by 

binding to partially complementary sites in the 3’ untranslated region (3’ UTR) of target 

transcripts, leading to translational repression or mRNA degradation (reviewed in Fabian 

et al., 2010).  In this subsection, I will introduce the heterochronic genes according to the 

miRNA-target paradigm and their time of action during seam cell development (see 

Table 1 for a list of heterochronic genes and the molecular nature of their products). 

 

3.1.1.  lin-4 and the L1-to-L2 stage transition 

Expression of the lin-4 miRNA in the mid-L1 stage triggers progression of seam 

cell fates through developmental stages (Feinbaum and Ambros, 1999).  A null allele of 

lin-4 causes seam cells to reiterate their L1 stage fate at subsequent larval stages (Chalfie 

et al., 1981; Ambros and Horvitz, 1984; Fig. 4), whereas overexpression of lin-4 leads 

seam cells to skip the L1 stage fate and precociously execute the L2 stage fate (Feinbaum 

and Ambros, 1999).  Three transcription factors of the Zn-finger FLYWCH family, FLH-

1, FLH-2 and FLH-3, redundantly repress embryonic lin-4 expression (Ow et al., 2008).  

However, precocious embryonic lin-4 expression caused by loss or reduction of flh gene 

activity surprisingly does not result in a precocious heterochronic defect, suggesting that 
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overexpression of lin-4 during post-embryonic development may be required to cause a 

heterochronic defect and other regulatory mechanisms, including unidentified 

transcription activators, are present to control post-embryonic lin-4 expression (Ow et al., 

2008).  lin-4 is the founding member of the miRNA family (Lee et al., 1993).  

Accumulation of lin-4 downregulates its two confirmed targets, LIN-14 and LIN-28, two 

core components of the heterochronic pathway (Arasu et al., 1991; Wightman et al., 

1993; Moss et al., 1997; Olsen and Ambros, 1999; Bagga et al., 2005; see Fig. 5). 

lin-14 is required for specification of the L1 stage fate in seam cells.  Loss of lin-

14 causes seam cells to execute the L2 stage fate in the L1 stage (Fig. 4) and suppresses 

the retarded phenotype resulted from loss of lin-4 (Ambros and Horvitz, 1984; Ambros, 

1989).  By contrast, hypermorphic alleles of lin-14, caused by deletions of the lin-4 

binding sites in the 3’ UTR, lead seam cells to reiterate the L1 stage fate, a similar 

phenotype to that of lin-4 null mutants (Ambros and Horvitz, 1984; Wightman et al., 

1991; Wightman et al., 1993; Fig. 4).  Temperature shift experiments indicate that lin-14 

acts in the early L1 stage to specify the L1 fate, which may explain why ectopic 

expression of lin-4 only in embryos is insufficient to cause a precocious phenotype 

(Ambros and Horvitz, 1987; Ow et al., 2008). 

LIN-14 is a novel transcription factor that has no apparent homologues outside the 

nematode species (Hong et al., 2000; Hristova et al., 2005).  The carboxyl terminal region 

of LIN-14 is necessary and sufficient for its function in vivo (Hong et al., 2000).  A 

putative LIN-14 binding site (GAACRY) has also been identified to mediate direct 

transcriptional repression of a LIN-14 target, the insulin/insulin-like growth factor gene 

ins-33 (Hristova et al., 2005).  In seam cells, LIN-14 expression peaks at the early L1 
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stage and fades by the L2 stage, correlating well with the increase of lin-4 expression 

(Ruvkun and Giusto, 1989; Feinbaum and Ambros, 1999; Fig. 5). 

The other confirmed lin-4 target, lin-28, is important for L2 stage fate 

specification in seam cells.  Seam cells in lin-28 null mutants skip the L2 stage fate and 

execute the L3 stage fate instead (Ambros and Horvitz, 1984; Fig. 4), whereas an 

engineered hypermorph of lin-28, resulted from a deletion including the lin-4 binding site 

in the 3’ UTR, causes reiteration of the L2 stage program (Moss et al., 1997).  However, 

lin-28 appears not to be required for L2 stage fate specification in seam cells, because 

seam cells can express the L2 stage program in the absence of lin-28 when lin-46, a gene 

encoding a putative gephyrin-like scaffolding protein, is removed (Pepper et al., 2004). 

LIN-28 is a cytoplasmic RNA-binding protein that has been shown to post-

transcriptionally block the biogenesis of let-7 miRNA, but interestingly not other family 

members (Heo et al., 2008; Newman et al., 2008; Rybak et al., 2008; Viswanathan et al., 

2008; Lehrbach et al., 2009).  Expression of LIN-28 is strongest in late embryos and L1 

larvae, and diminishes during the L2 stage (Moss et al., 1997; Seggerson et al., 2002).  

Compared with downregulation of LIN-14, downregulation of LIN-28 by lin-4 seems to 

be less efficient, as it does not correlate well with the increase of lin-4 expression (Moss 

et al., 1997; Feinbaum and Ambros, 1999; Seggerson et al., 2002; Fig. 5).  Several lines 

of evidence suggest existence of downregulation mechanisms independent of lin-4.  First, 

downregulation of LIN-28 occurs in the absence of lin-4 when lin-14 activity is reduced, 

and the lin-28 3’ UTR is still required for this downregulation (Moss et al., 1997; 

Seggerson et al., 2002; see below).  Second, the lin-28 3’ UTR contains a predicted 

binding site for let-7 family members near the lin-4 binding site (Moss et al., 1997; 
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Reinhart et al., 2000), and mutations disrupting both sites cause stronger retarded 

expression of a reporter than mutations in each site alone, suggesting a synergistic effect 

between the two miRNA binding sites (Morita and Han, 2006).  Third, downregulation of 

LIN-28 through its 3’ UTR also requires the activity of lin-66, which encodes a novel 

cytoplasmic protein, and putative lin-66 null alleles lead seam cells to reiterate the L2 

stage program, a retarded phenotype that can be suppressed by loss of lin-28 (Morita and 

Han, 2006). 

The regulation of LIN-14 and LIN-28 is even more complex than described 

above.  lin-14 activity and lin-28 activity are required for each other’s expression in the 

absence of lin-4, suggesting a positive feedback between these two genes (Arasu et al., 

1991; Moss et al., 1997; Seggerson et al., 2002). 

 

3.1.2.  The let-7 family and the L2-to-L3 stage transition 

Three let-7 miRNA family members, mir-48 (also called lin-58), mir-241 and 

mir-84, redundantly govern the L2-to-L3 stage transition.  Seam cells in mir-48 mir-241; 

mir-84 triple null mutants reiterate the L2 stage fate (Abbott et al., 2005; Fig. 4).  By 

contrast, when mir-48 is precociously expressed due to a mutation in its promoter, or 

when mir-84 is overexpressed from a transgene, seam cells exhibit precocious defects 

(Johnson et al., 2005; Li et al., 2005).  One key modulator of the transcription of the let-7 

family members is the nuclear hormone receptor DAF-12, a molecular switch that 

mediates the choice between reproductive development and dauer arrest in response to 

stress (Antebi et al., 1998; Antebi et al., 2000; reviewed in Fielenbach and Antebi, 2008).  

Binding of an endogenous steroid ligand (dafachronic acid) to DAF-12 displaces its 
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corepressor DIN-1, a homologue of human SHARP, and converts it to a transcription 

activator (Ludewig et al., 2004; Motola et al., 2006).  Two recent studies have shown that 

liganded DAF-12 accelerates but unliganded DAF-12 impedes accumulation of certain 

let-7 family members (Bethke et al., 2009; Hammell et al., 2009), which explains why a 

daf-12 allele disrupting ligand binding causes a severe retarded phenotype, whereas a 

daf-12 null allele results in a much milder defect (Antebi et al., 1998; Antebi et al., 2000).  

The regulatory relationship between daf-12 and let-7 family members is not linear: these 

let-7 family members have also been shown to downregulate DAF-12, thereby 

completing a negative feedback loop (Grosshans et al., 2005; Hammell et al., 2009). 

One important direct target of the let-7 family members is hbl-1, which encodes a 

homologue of Drosophila Hunchback (Fay et al., 1999).  Reduction in hbl-1 (also called 

lin-57) activity results in a precocious defect and suppresses the retarded phenotype 

caused by simultaneous loss of mir-48, mir-241 and mir-84 (Abrahante et al., 2003; Lin 

et al., 2003; Abbott et al., 2005).  The hbl-1 3’ UTR contains multiple putative binding 

sites for the let-7 family members and is required for temporal downregulation of a non-

rescuing partial translational hbl-1 reporter, the expression of which is derepressed in 

mir-48 mir-241; mir-84 triple null mutants (Fay et al., 1999; Abrahante et al., 2003; Lin 

et al., 2003). 

So far, I have described multiple inputs that affect L2 stage fate specification (Fig. 

6).  These inputs interact in a complex way.  Loss of lin-46 enhances the retarded 

phenotype of mir-48 mir-241; mir-84 triple mutants, suggesting that lin-46 and the three 

let-7 family members act in parallel (Abbott et al., 2005).  lin-28 and lin-46 mutually 

suppress each other, implying that these two genes affect a common target or process in a 
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non-linear way (Pepper et al., 2004).  Although lin-28 suppresses the retarded phenotype 

of mir-48 mir-241; mir-84 triple mutants, several lines of evidence indicate that lin-28 is 

not a direct target of the three let-7 family members: 1) expression of a rescuing lin-28 

reporter is not altered in the triple mutant background; 2) precocious expression of mir-48 

due to mutations in its promoter enhances the precocious phenotype of lin-28 null 

mutants; and 3) the retarded phenotype of mir-48 mir-241; mir-84 can occur in the 

absence of lin-28 when lin-46 is removed (Abrahante et al., 1998; Abbott et al., 2005; Li 

et al., 2005).  It is not known why lin-28; lin-46 mir-48 mir-241; mir-84 quintuple 

mutants are more retarded than mir-48 mir-241; mir-84 triple mutants, since seam cell 

development in lin-28; lin-46 double mutants are essentially wild-type (Pepper et al., 

2004; Abbott et al., 2005).  Along the same logic, it is also unclear why lin-28; lin-46 

mir-48 mir-241; mir-84 quintuple mutants are as retarded as lin-46 mir-48 mir-241; mir-

84 quadruple mutants, but this observation is consistent with lin-28 being dispensable for 

L2 stage fate specification in seam cells (Abbott et al., 2005).  Reduction in hbl-1 activity 

suppresses retarded defects of lin-46 mutants, mir-48 mir-241; mir-84 triple mutants, or 

lin-46 mir-48 mir-241; mir-84 quadruple mutants, suggesting that hbl-1 acts downstream 

of both lin-46 and the three let-7 family members, and that all inputs that affect the L2 

stage program seem to converge on hbl-1 (Abbott et al., 2005; Fig. 6). 

 

3.1.3.  let-7 and the larval-to-adult stage transition 

As discussed above, two sets of miRNAs, lin-4 and the three let-7 family 

members, respectively initiate the L1-to-L2 and L2-to-L3 stage transition.  It remains 

unknown what genes govern the L3-to-L4 stage transition because of lack of markers that 
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can distinguish the L3 and L4 programs.  However, it is clear that another miRNA, let-7, 

triggers the larval-to-adult stage transition.  let-7 hypomorphic mutants undergo an extra 

larval stage, and this retarded phenotype can be suppressed by loss of lin-41, a direct 

target of let-7 (Reinhart et al., 2000; Slack et al., 2000; Vella et al., 2004).  Loss of lin-41, 

by contrast, causes seams cells to execute the adult stage program precociously (Slack et 

al., 2000).  LIN-41 is a potential RNA binding protein of the TRIM-NHL family 

(“TRIM” stands for the tripartite motif, which includes RING, B-box and coiled-coil 

domains; the NHL domain is recognized in NCL-1, HT2A and LIN-41), and has been 

suggested to be a direct repressor of lin-29, which encodes a zinc-finger transcription 

factor that activates the adult stage program (Rougvie and Ambros, 1995; Slack et al., 

2000).  Besides lin-41, genetic analyses also suggest that hbl-1 is a target of let-7 and acts 

in parallel to repress LIN-29 accumulation (Abrahante et al., 2003; Lin et al., 2003). 

 

3.1.4.  An atypical heterochronic gene lin-42 

An atypical heterochronic gene is lin-42, which encodes a homologue of 

Drosophila circadian rhythm protein Period (Per) (Jeon et al., 1999; Tennessen et al., 

2006).  Unlike most heterochronic genes that are expressed for continuous periods of 

time, lin-42 mRNA and protein levels oscillate relative to the molting cycles (Jeon et al., 

1999; Tennessen et al., 2006).  This expression pattern and genetic analyses suggest that 

lin-42 acts multiple times during seam cell development, although its exact function 

remains elusive (Liu, 1990; Abrahante et al., 1998; Reinhart et al., 2000; Tennessen et al., 

2006). 
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3.2.  Heterochronic genes and VPC development 

The roles of heterochronic genes in VPC development have not been extensively 

studied, although VPC development is affected in many heterochronic mutants.  Euling 

and Ambros pioneered the studies and showed that VPC fate patterning in a lin-14 

hypomorphic or a lin-28 null background is essentially normal, but VPCs in these 

mutants enter S phase and divide precociously in the L2 stage (Euling and Ambros, 

1996a).  Furthermore, they found that VPCs in lin-4 null mutants express lin-3/EGF and 

lin-12/Notch, but not a 2° fate marker lin-11, and appear to fail to divide and respond to 

the inductive signal (Euling and Ambros, 1996a).  Ambros and colleagues therefore 

suggested that a genetic pathway including lin-4, lin-14 and lin-28 controls the length of 

VPC G1 phase–at least in part through regulating a cyclin-dependant kinase inhibitor 

CKI-1–and the timing of VPC competence to respond to the patterning signals (Euling 

and Ambros, 1996a; Hong et al., 1998).  Euling and Ambros also observed that 

precociously committed VPC descendants in lin-28 null mutants can be reprogrammed 

back to the multipotent, signal-sensitive state of VPCs by going through dauer larva 

developmental arrest, although the reprogramming mechanism is unknown (Euling and 

Ambros, 1996b). 

Certain other heterochronic mutants display timing defects in VPC development 

too.  Like lin-14 and lin-28 null alleles, reduction in hbl-1 activity causes VPCs to divide 

precociously in the L2 stage (Abrahante et al., 2003).  By contrast, VPC first division in 

lin-66 putative null mutants is delayed, and this retarded defect can be enhanced by 

reducing the activity of alg-1, which encodes one of the two C. elegans miRNA-specific 

Argonaute proteins that are critical for miRNA function (Grishok et al., 2001; Morita and 
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Han, 2006; Fabian et al., 2010).  Since a lin-28 null allele suppresses the retarded VPC 

division defect caused by loss of lin-66, these observations imply that lin-28 and some 

miRNA targets redundantly block VPC cell cycle progress (Morita and Han, 2006).  

Interestingly, the VPC division delay in lin-66 single or lin-66; alg-1 double mutants does 

not appear to delay 1° fate specification, as these mutants express egl-17, a 1° fate 

marker, at the normal time in P6.p (Morita and Han, 2006).  It is worth investigating 

whether these mutants express any lateral signal genes, such as lag-2 and apx-1, and any 

2° fate markers.  Retarded vulval formation also occurs in the lin-28; lin-46 mir-48 mir-

241; mir-84 quintuple mutants, although vulval development is not retarded in lin-46 

single, lin-28; lin-46 double, or mir-48 mir-24; mir-84 triple mutants (Pepper et al., 2004; 

Abbott et al., 2005).  It is unclear if VPC fate specification is also affected in the 

quintuple mutant background. 

Many heterochronic genes that affect VPC development have been reported to be 

expressed in the VPCs, VPC progenitors or descendants.  LIN-14 is expressed in the VPC 

progenitors, P cells, but undetectable in the VPCs since the L2 stage (Ruvkun and Giusto, 

1989; Hong et al., 2000).  A non-rescuing partial translational hbl-1 reporter is also 

expressed in P cells, but not in the VPCs (Abrahante et al., 2003).  miRNAs lin-4 and let-

7 are transcribed in P5.p, P6.p and P7.p, whereas mir-48 seems to be expressed only in 

P5.p and P7.p, the presumptive 2° cells, in the L3 stage (Esquela-Kerscher et al., 2005).  

In addition, the miRNA mir-84 appears to be transcribed in all the VPCs but P6.p and has 

been reported to target let-60/Ras, although neither loss of all three let-7 family members, 

mir-48, mir-241 and mir-84, causes a Muv phenotype, nor overexpression of mir-84 

results in a Vul phenotype (Abbott et al., 2005; Johnson et al., 2005). 
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4.  Summary of thesis work 

Here I present my studies on the temporal control of VPC fate patterning in C. 

elegans.  In Chapter 2, I show that loss of lin-4 does not cause an overall retarded defect 

in the VPCs, which appear to respond to the inductive signal.  Instead, loss of lin-4 

inhibits LIN-12 activity through persistence of LIN-14, but not LIN-28 or HBL-1.  I 

provide evidence that persistent lin-14 blocks LIN-12 activity without interfering with the 

key events of LIN-12/Notch signal transduction.  I also show that lin-14 activity in the L2 

stage is sufficient to prevent premature LIN-12 activation. 

In Chapter 3, I show my further analyses of VPC development defects in lin-4 

null and many other heterochronic mutants.  I present evidence that persistent lin-14 

activity impedes extension of the VPC apical domains, and that ectopic Wnt signaling 

prevents the daughters of uninduced VPCs from fusing with hyp7 in lin-4 null mutants.  

Through characterization of heterochronic mutants that exhibit precocious or delayed 

vulval induction, I provide clues to possible mechanisms underlying the temporal control 

of vulval induction. 
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Chapter 1.  Figures and Tables 
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Figure 1.  C. elegans vulval development. 

The VPCs are born in the L1 stage and maintain their competence (indicated in purple) in 
the L2 stage.  In about 50% of wild-type hermaphrodites, P3.p fuses with hyp7 in the L2 
stage (indicated by the dashed outline) and loses its competence (indicated in grey).  VPC 
fates are specified in the early L3 stage.  P6.p adopts the 1° fate (shown in red); P5.p and 
P7.p acquire the 2° fate (blue).  P3.p, P4.p and P8.p adopt the “nonvulval” 3° fate (grey): 
they divide once and then fuse with hyp7.  Once the VPCs are specified, they divide in a 
stereotypic pattern to generate the correct numbers and types of descendants (vulA-vulF 
cells).  L denotes longitudinal division (along the antero-posterior axis); T, transverse 
division (along the left-right axis); N, no division.  During the L4 stage, the vulval cells 
migrate, invaginate, and fuse to form a stack of seven toroidal rings that partially everts at 
the L4 molt to form the mature vulva.  Cells are viewed from a dorsal perspective.  
Arrows denote anterior (A), posterior (P), dorsal (D), ventral (V), left (L) and right (R) 
axes.  The length of each larval stage is not drawn to scale. 
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Figure 2.  Major signaling events that pattern the VPC fates. 

The 1° fate is specified by an inductive signal encoded by LIN-3 from the anchor cell 
(AC) of the gonad.  Activation of the EGFR-Ras-MAPK pathway by LIN-3 in P6.p leads 
to SUR-2-dependant downregulation of LIN-12 and expression of a lateral signal, 
encoded by DSL ligands for LIN-12/Notch, to promote 2° fate specification in P5.p and 
P7.p.  At least three dsl ligands, lag-2, apx-1, and dsl-1, are functionally redundant 
components of the lateral signal.  Activation of LIN-12 in P5.p and P7.p leads to 
expression of a set of lst (lateral signal target) genes to counteract the EGFR-Ras-MAPK 
pathway, and expression of mir-61 to downregulate VAV-1, a negative regulator of lin-
12 activity.  The lst genes that negatively regulate the EGFR-Ras-MAPK pathway 
include ark-1, lip-1, dpy-23, lst-1, lst-2, lst-3, and lst-4.  Figure adapted from Yoo and 
Greenwald, 2005. 
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Figure 3.  Mechanism of LIN-12/Notch signaling. 

Binding of DSL ligands triggers LIN-12 activation through two cleavage events.  The site 
2 (S2) cleavage is redundantly mediated by two metalloproteases of the ADAM family, 
SUP-17 and ADM-4, and leads to the shedding of the LIN-12 ectodomain.  The site 3 
(S3) cleavage, mediated by the γ-secretase complex, releases the LIN-12 intracellular 
domain (LIN-12(intra)).  SEL-12 and HOP-1, two redundant Presenilin proteins, are 
believed to confer the catalytic activity of the γ-secretase complex.  Once LIN-12(intra) 
translocates to the nucleus, it binds to LAG-1 and SEL-8, converting LAG-1 from a 
transcription repressor to an activator, and thereby activating target gene transcription. 
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Figure 4.  Mutations in heterchronic genes alter the timing of stage-specific 
developmental events in the seam cells. 

Shown here are seam cell programs of wild-type hermaphrodites and selected 
heterochronic mutants.  WT, wild type; (0), null allele; (gf), gain-of-function allele. 
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Figure 5.  Schematic representation of lin-4, lin-14, and lin-28 activities in the seam cells 
over time. 

Activities of lin-4, lin-14, and lin-28 are inferred from genetic analyses and expression 
data. 
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Figure 6.  A genetic pathway of heterochronic genes in seam cell development in 
favorable conditions. 

miRNAs are highlighted in bold.  lin-42 is not shown, as its precise placement in the 
pathway is uncertain.  See Table 1 for the molecular nature of the gene products.  Figure 
adapted from Resnick et al., 2010. 
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Table 1.  Molecular nature of heterochronic gene products. 

Heterochronic gene Molecular nature of the gene product 

lin-4 miRNA of the lin-4 family 

lin-14 Novel transcription factor 

lin-28 Cytoplasmic RNA-binding protein 

lin-46 Putative gephyrin-like scaffolding protein 

lin-66 Novel cytoplasmic protein 

mir-48 miRNA of the let-7 family 

mir-241 miRNA of the let-7 family 

mir-84 miRNA of the let-7 family 

daf-12 Nuclear hormone receptor 

hbl-1 Drosophila Hunchback homologue 

let-7 miRNA of the let-7 family 

lin-41 Putative RNA-binding protein of the TRIM-NHL family 

lin-29 Zinc-finger transcription factor 

lin-42 Drosophila Period homologue 

Heterochronic genes are listed in order of appearance in the text. 
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Chapter 2.  LIN-14 inhibition of LIN-12/Notch 

contributes to precision and timing of vulval fate 

patterning in Caenorhabditis elegans 

 

The following chapter contains a paper published in Current Biology (Li and Greenwald, 
2010).  We provide evidence that loss of the microRNA lin-4 inhibits LIN-12/Notch 
activity downstream of LIN-12/Notch cleavage and nuclear access events through 
persistent LIN-14.  We also show that loss of lin-14 in the L2 stage permits premature 
constitutive LIN-12 activity.  We propose that LIN-14 may set a high threshold to 
prevent LIN-12 activation prior to vulval fate patterning in the L3 stage. 
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Summary 

C. elegans vulval development has been an important paradigm for investigating 

cell fate specification and elucidating core signaling pathways and modulators (reviewed 

in Sternberg, 2005).  The Vulval Precursor Cells (VPCs) are spatially patterned during 

the L3 stage by the EGFR-Ras-MAPK-mediated inductive signal and the LIN-12/Notch-

mediated lateral signal.  The pattern is both precise and robust (Braendle and Felix, 

2008), due to multiple positive and negative feedback mechanisms underlying crosstalk 

between these pathways (reviewed in Sundaram, 2005).  Signaling is also regulated 

temporally, as constitutive activation of the spatial patterning pathways does not alter the 

timing of VPC fate specification (Greenwald et al., 1983; Ferguson et al., 1987).  The 

heterochronic genes, including the microRNA lin-4 and its target lin-14, constitute a 

temporal control mechanism used in different contexts (reviewed in Moss, 2007 and 

Resnick et al., 2010; Johnson et al., 2009).  We find that lin-4 specifically controls the 

activity of LIN-12/Notch through lin-14, but not other known targets, and that persistent 

lin-14 blocks LIN-12 activity without interfering with the key events of LIN-12/Notch 

signal transduction.  In the L2 stage, there is sufficient lin-14 activity to inhibit 

constitutive lin-12.  Our results suggest that lin-4 and lin-14 contribute to spatial 

patterning through temporal gating of LIN-12.  We propose that in the L2 stage lin-14 

sets a high threshold for LIN-12 activation to help prevent premature activation of LIN-

12 by ligands expressed in other cells in the vicinity, thereby contributing to the precision 

and robustness of VPC fate patterning. 
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Results 

 

Inductive signaling is normal, but lateral signaling is blocked, in a lin-4 null mutant 

The Vulval Precursor Cells (VPCs) are spatially patterned during the L3 stage.  

The LIN-3/EGF inductive signal produced by the anchor cell of the gonad causes the 

closest VPC, P6.p, to adopt the 1° vulval fate and to produce ligands for LIN-12/Notch.  

These ligands constitute a lateral signal that causes the neighboring VPCs, P5.p and P7.p, 

to adopt the 2° vulval fate. 

Heterochronic genes were good candidates for regulating the timing of spatial 

patterning.  In lin-4(e912) null mutants [lin-4(0)], seam cells born in any larval stage 

adopt the fate normally associated only with the L1 stage.  If, by analogy with seam cells, 

VPCs retain an L1 temporal identity, they should not respond to the spatial patterning 

signals in the L3 stage. 

To assess the ability of P6.p to respond to the inductive signal we examined 1° 

fate markers: egl-17, which is expressed in response to EGFR-Ras-MAPK activation in 

the L2 and L3 stages (Myers and Greenwald, 2007), and apx-1 and lag-2, the lateral 

signal genes, which are expressed only in the L3 stage (Chen and Greenwald, 2004; X. 

Karp and I. G., unpublished observations).  All three markers are expressed at their 

normal times in lin-4(0) mutants and, as in wild type, 1° marker expression depends on 

the presence of the gonad (Fig. 1A).  All VPCs are competent to respond to the inductive 

signal, since a 1° fate marker is also expressed in all VPCs in lin-15(n309), in which the 

inductive signal is ectopically expressed in the major hypodermal syncytium (Cui et al., 

2006; Fig. 1B). 



 

 

39 

In contrast, P5.p and P7.p do not appear to respond to the LIN-12/Notch-mediated 

lateral signal, as evident in the lack of expression of 2° fate markers: two direct LIN-12 

transcriptional targets, lst-5 and mir-61 (Fig. 1C), as well as lin-11 (Fig.2A; Euling and 

Ambros, 1996a).  Expression of the lateral signal genes (Fig. 1A) and normal LIN-12 

downregulation (data not shown) suggest that the lateral signal is sent, and most VPCs 

divide at the normal time in lin-4(0) mutants (Fig. S1A,B; Chalfie et al., 1981; Euling and 

Ambros, 1996a), indicating that this block to LIN-12 signaling does not result from 

failure to pass through S phase (Ambros, 1999). 

The ability of VPCs to respond to the inductive signal in lin-4(0) mutants suggests 

that they have an L3 “temporal identity”, and the loss of the 2° fate suggests that lin-4 is 

specifically required for lin-12/Notch activity at this stage. 

 

Loss of lin-4 blocks the effects of LIN-12 activity, but not its cleavage or nuclear 

access 

lin-4 expression begins in the VPCs soon after they are born in the L1 stage 

(Esquela-Kerscher et al., 2005 and Fig. S1C,D) and appears to function autonomously to 

allow lateral signaling to occur (Fig. S1E,F).  To test whether loss of lin-4 activity blocks 

signal sending or signal reception, we assessed whether constitutive LIN-12 activity can 

overcome the lateral signaling defect in lin-4(0). 

After LIN-12/Notch is activated by ligand, proteolytic cleavages in the 

extracellular and transmembrane domains release the intracellular domain, which 

translocates to the nucleus and activates target gene transcription (reviewed in 

Greenwald, 2005).  Constitutive lin-12 activity causes all six VPCs to adopt the 2° fate 
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and results in a Multivulva phenotype (Fig. 2A).  We used three different constitutively 

active forms of LIN-12 to probe the level at which lin-4(0) blocks LIN-12 signaling: 

LIN-12(n137), a missense mutant that requires both extracellular and transmembrane 

cleavages to release the intracellular domain; LIN-12(ΔEΔDTS)::GFP, which requires 

transmembrane cleavage; and LIN-12(intraΔP), which consists of the untethered 

intracellular domain (see Supplemental Experimental Procedures).  lin-4(0) completely 

suppressed all three constitutively active forms (Fig. 2A and data not shown), consistent 

with a block downstream of the cleavage events. 

LIN-12(ΔEΔDTS)::GFP also allows us to visualize the localization of the 

intracellular domain of LIN-12.  Although the Multivulva phenotype was completely 

suppressed, lin-4(0) did not alter the apparent level or nuclear accumulation of GFP (Fig. 

2B).  These results strongly suggest that loss of lin-4 acts downstream of receptor 

cleavage and nuclear import to block LIN-12 activity. 

 

The block to lin-12/Notch signaling in lin-4(0) is due to persistent LIN-14 

Loss of lin-4 causes persistence of its two confirmed targets, LIN-14 and LIN-28, 

and may also cause persistent hbl-1 activity (Lee et al., 1993; Wightman et al., 1993; 

Moss et al., 1997; Abrahante et al., 2003; Lin et al., 2003).  Although the activity of these 

genes must be down-regulated for correct temporal specification of seam cells, we found 

that only LIN-14 appears to be a relevant target for lateral signaling: loss or reduction in 

lin-14 activity, but not of lin-28 or hbl-1, restored expression of the 2° fate in a lin-4(0) 

background (Fig. 3A; Fig. S2A).  Thus, LIN-14 is necessary to block lateral signaling in 

lin-4(0). 
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Persistent LIN-14 is also sufficient to block lateral signaling.  In lin-14(n355) 

hermaphrodites, in which deletion of the lin-4 binding sites in the 3’ UTR results in 

persistent LIN-14 accumulation (Wightman et al., 1991), markers for the 1° fate (Fig. 3B; 

Fig. S2B), but not the 2° fate (Fig. 3B), were expressed.  In contrast, a form of lin-28 

engineered to lack the lin-4 binding site causes a retarded phenotype in lateral 

hypodermis but does not affect expression of a 2° fate marker (Fig. S2C), further 

supporting the inference that persistent LIN-28 does not cause a lateral signaling defect.  

Taken together, these results suggest that LIN-14 inhibits lin-12/Notch signaling and 

must be down-regulated in VPCs by lin-4 to permit 2° fate specification. 

 

Reducing lin-14 activity near the time of 2° fate specification in lin-4(0) permits 

lateral signaling 

The temperature-sensitive period for LIN-12-mediated 2° fate specification is in 

the L3 stage prior to VPC division (Greenwald et al., 1983).  If LIN-14 blocks lateral 

signaling per se, we would expect to be able to reverse this block by lowering lin-14 

activity near this time.  Alternatively, if LIN-14 prevents VPCs from maturing and 

attaining competence to respond to the lateral signal, we might expect that reversing this 

block might require that lin-14 activity be lowered through much of the L2 stage, or even, 

prior to the L2 stage, when lin-14 acts to prevent precocious vulval induction (Euling and 

Ambros, 1996a). 

To determine the temperature-sensitive period for blocking lateral signaling, we 

first attempted to use lin-14(n355n679ts), an allele that encodes a heat-sensitive LIN-14 

protein (due to the n679 missense mutation) that is no longer subject to lin-4 regulation 
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(due to n355, which deletes the lin-4 binding sites) (Ambros and Horvitz, 1987; 

Wightman et al., 1991; Reinhart and Ruvkun, 2001).  However, at 15°C, lateral signaling 

was not affected (Fig. S3), suggesting that the mutant LIN-14(n679) protein is less active 

or less stable and is not sufficiently active to block LIN-12.  By adding lin-4(0) to 

stimulate potential positive feedback from lin-28 (Arasu et al., 1991; Moss et al., 1997), 

we increased lin-14(n355n679ts) activity sufficiently to inhibit lateral signaling at 15° 

(Fig. S3), but the activity was still heat-sensitive such that at 25°C, most lin-4(0); lin-

14(n355n679ts) hermaphrodites have normal lateral signaling (Fig. 4A). 

When lin-4(0); lin-14(n355n679ts) hermaphrodites were shifted from 15° to 25° 

at different times, we found that a shift to 25° prior to the L2 molt permitted lateral 

signaling, but a shift at or after the L2 molt did not (Fig. 4A).  Thus, reducing lin-14 

activity before lateral signaling rescues the defect caused by loss of lin-4, but maintaining 

high lin-14 activity near the time of lateral signaling blocks lin-12 activity.  These 

observations suggest that LIN-14 inhibits lateral signaling per se rather than the 

competence of the VPCs to adopt the 2° fate. 

 

Reducing lin-14 activity in the L2 stage permits premature LIN-12 activation 

Although LIN-12 is present in the L2 stage (Levitan and Greenwald, 1998), 

constitutively active LIN-12 does not specify the 2° fate until the L3 stage (Greenwald et 

al., 1983), indicating that there is a mechanism to prevent premature LIN-12 signaling.  

Since persistent LIN-14 blocks lin-12 activity in heterochronic mutant contexts, lin-14 

might be part of this mechanism.  Although functional LIN-14::GFP fades away rapidly 

after the VPCs are born and cannot be detected in the VPCs in the L2 stage (Ruvkun and 
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Giusto, 1989; Reinhart and Ruvkun, 2001; data not shown), a low level of LIN-14 may 

still be present and detectable in a functional assay. 

To test this hypothesis, we used lin-14(n179ts), a heat-sensitive allele that remains 

subject to regulation by lin-4: at 15° lin-14(n179ts) has relatively normal lin-14 activity, 

but at 25°, activity is reduced (Ambros and Horvitz, 1987; Euling and Ambros, 1996a).  

When we maintained lin-12(n137); lin-14(n179ts) hermaphrodites at 15° until the L1 

molt (to prevent precocious vulval induction; Euling and Ambros, 1996a) and shifted 

them to 25° to reduce lin-14 activity, we found that expression of the lin-12 target gene 

mir-61 is enhanced in the L2 stage (Fig. 4B).  The degree of reporter expression seen at 

the L2 stage in this background is comparable to that seen at the L3 stage in a lin-

12(n137) background (Fig. 4B), suggesting that in wild type, lin-14 negatively regulates 

lin-12 activity at the L2 stage. 

 

Discussion 

In the lateral hypodermis, mutations in heterochronic genes cause seam cells born 

in one larval stage to adopt fates that are characteristic of other larval stages (Ambros and 

Horvitz, 1984).  In particular, lin-4(0) causes seam cells to display a “retarded” 

phenotype, such that seam cells born in subsequent larval stages adopt the fate normally 

found only in the L1 stage.  This retarded phenotype results from the persistence of the 

lin-4 targets LIN-14 and LIN-28 (Ambros, 1989; Moss et al., 1997).  In contrast, we 

found that the VPCs of lin-4(0) mutants do not have an overall retarded phenotype as 

they appear to respond to the inductive signal.  Instead, they have a specific and dramatic 

failure to respond to the LIN-12/Notch-mediated lateral signal.  This failure results from 



 

 

44 

persistence of LIN-14, and does not involve LIN-28 or HBL-1.  We also found that LIN-

14 blocks lin-12 constitutive activity without affecting processing or nuclear import of 

the LIN-12 intracellular domain, implying that signal transduction per se is unaffected.  

As LIN-14 can function as a transcriptional repressor (Hristova et al., 2005), a simple 

model is that LIN-14 acts to antagonize expression of a key target, or targets, of the 

lateral signaling pathway. 

We further observed that the normal level of lin-14 activity present in the L2 stage 

is sufficient to inhibit constitutive LIN-12 activity.  This observation suggests a novel and 

unexpected role for lin-14 in contributing to the precision and robustness of VPC fate 

patterning: inhibiting premature signaling by LIN-12 if inappropriately activated by 

ligands produced by other cells in the local environment (Fig. 4C,D). 

LIN-12/Notch signaling is used in multiple cellular contexts and at multiple times 

during animal development, requiring mechanisms to ensure that desired signaling occurs 

at the correct time and place, and conversely, that undesired signaling does not occur at 

an inappropriate time or place.  The importance of preventing inappropriate activation of 

Notch has been demonstrated in the developing C. elegans gonad, where certain somatic 

gonadal cells effectively form a physical barrier that prevents other somatic gonadal cells 

that express the LIN-12 ligand LAG-2 from inappropriately activating Notch in the 

proximal germline (Seydoux et al., 1990). 

When it is not anatomically possible to isolate cells, there may be analogous 

genetic barriers.  During the L2 stage, the VPCs constitute the ventral hypodermis of the 

mid-body, extending over a large area and in close proximity to many cells known to 

express lag-2 (Takacs-Vellai et al., 2007; X. Zhang and I. G., unpublished observations; 
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see Fig. 4C), and potentially other ligands (Chen and Greenwald, 2004).  This anatomy 

would preclude isolating ligand-expressing cells from the VPCs by a physical barrier as 

in the somatic gonad.  A genetic barrier such as that afforded by LIN-14 would help 

prevent VPCs from adopting the 2° fate outside of the spatial patterning context of the L3 

stage.  When lin-14 activity is further lowered in the L3 stage, potentially by expression 

of other microRNAs (Reinhart et al., 2000; Lau et al., 2001; Lim et al., 2003; Abbott et 

al., 2005; Esquela-Kerscher et al., 2005; Brenner et al., 2010), ectopic activation is less 

likely because lag-2 is no longer expressed in ventral cord neurons (X. Zhang and I. G., 

unpublished observations) and the inductive signal has led to LIN-12 downregulation in 

P6.p (Shaye and Greenwald, 2002). 

Here, we have shown that the microRNA lin-4 is essential for lin-

12/Notch signaling and that it functions downstream of signal transduction by inhibiting a 

new negative regulator of this pathway, LIN-14.  In contrast, in Drosophila, a different 

logical circuit that incorporates microRNAs that act downstream of Notch signal 

transduction has been described: three families of microRNAs inhibit two different sets 

of Notch transcriptional targets, presumably opposing the effects of Notch signal 

transduction (Lai et al., 2005).  These observations illustrate different ways that 

microRNAs can be used to modulate Notch signaling to ensure correct cell fate 

specification during development. 
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Chapter 2.  Figures 
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Figure 1.  The 1° fate is specified normally, but the 2° fate is not, in lin-4(0) mutants. 

Scoring of markers and complete genotypes of strains shown in these figures are given in 
Supplemental Experimental Procedures. 

(A) P6.p adopts the 1° fate in lin-4(0) mutants.  “lin-4 gonad ablated”: the L1 gonad was 
ablated in lin-4(0) mutants. 

(B) All VPCs respond to EGFR-Ras-MAPK signaling in lin-4(0).  The 1° fate marker 
used was ayIs4[egl-17p::gfp].  Note also that the penetrance of 1° marker expression 
increases in P5.p and P7.p, consistent with loss of lateral signaling. 

(C) Direct transcriptional targets of LIN-12, which mark the 2° fate, are not expressed in 
lin-4(0) mutants.  Another 2° fate marker, nIs106[lin-11p::gfp], is also not expressed in 
lin-4(0) (Euling and Ambros, 1996a; see Fig. 2A). 
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Figure 2.  lin-4(0) blocks the effects of constitutive LIN-12 activity, but not cleavage or 
nuclear access of the LIN-12 intracellular domain. 

(A) lin-4(0) suppresses the ectopic expression of the 2° fate marker nIs106[lin-11p::gfp] 
caused by constitutively active LIN-12.  In addition, the Multivulva phenotype caused by 
lin-12(n137) and LIN-12(intraΔP) expressed in VPCs was completely suppressed by lin-
4(0).  For arEx1080, 100% (99/99) of lin-4(+) hermaphrodites had at least one ectopic 
pseudovulva but 0% (0/86) of lin-4(0) had a pseudovulva; for arEx1094, 99% (87/88) of 
lin-4(+) hermaphrodites but 0% (0/35) of lin-4(0) hermaphrodites had a pseudovulva. 

(B) Nuclear accumulation of the GFP-tagged LIN-12 intracellular domain appears to be 
unaffected in lin-4(0) mutants. 
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Figure 3.  LIN-14, but not LIN-28 or HBL-1, is responsible for blocking 2° fate 
specification in lin-4(0) mutants. 

(A) Reduction of lin-14 activity, but not lin-28 or hbl-1 activity, restores expression of 
the 2° fate marker nIs106[lin-11p::gfp] in lin-4(0) mutants. 
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(B) lin-14(n355) hypermorphic mutants exhibit a lateral signaling defect.  1° fate markers 
were expressed in lin-14(n355) mutants, but the 2° fate marker nIs106[lin-11p::gfp] was 
not.  + = lin-14(+). 
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Figure 4.  LIN-14 and temporal gating of LIN-12 activation. 

(A) High lin-14 activity near the time of lateral signaling blocks 2° fate specification.  
lin-4(0); lin-14(n355n679ts) has a highly penetrant lateral signaling defect at 15° that is 
relieved at 25°.  Reducing lin-14 activity up to the L2 molt permits lateral signaling.  See 
Supplemental Experimental Procedures for details.  ***, p < 0.001; N. S., not significant 
(Fisher’s exact test). 

(B) Reduction of lin-14 activity in the L2 stage removes the normal block to constitutive 
lin-12 activity.  A comparable level of arIs107[mir-61p::yfp] expression in the L3-stage 
VPCs in lin-12(n137) mutants was obtained in the L2-stage VPCs when lin-14 was 
reduced by growth at 25° during the L2 stage.  **, p < 0.01; N. S., not significant 
(Fisher’s exact test).  We note that arIs107[mir-61p::yfp] was chosen for this experiment 
because it is specifically expressed in response to the lateral signal in P5.p and P7.p at the 
L3 stage; other markers display more dynamic patterns until the Pn.px stage and hence 
could not be used here. 

(C) Anatomical configuration of lag-2-expressing cells (Takacs-Vellai et al., 2007; X. 
Zhang, X. Karp and I. G., unpublished observations) with respect to the VPCs in the L2 
and L3 stages. 

(D) Representation of the relationship between lin-4, lin-14 and lin-12.  Left, lin-14 
activity in the L2 stage may prevent premature activation of LIN-12 by ligands produced 
by other cells such as neurons in the local environment.  When lin-14 activity is further 
lowered in the L3 stage, LIN-12 can activate its targets upon receiving the lateral signal 
produced by P6.p.  Right, schematic representation of gene activity over time.  lin-14 
activity is represented by a dashed line because we do not know whether it decreases as a 
step function upon lin-4 expression or gradually. 
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Supplemental Data 

 

Figure S1.  lin-4 is expressed continuously in the VPCs and functions autonomously in 
the VPCs to permit lateral signaling. 

(A,B) Most VPCs divide in the L3 stage in lin-4(0).  In (A), we ascertained that P6.p 
divides in the L3 stage by determining that it does not divide precociously in the L2 stage 
(left panel) and has undergone two rounds of division by the time the somatic gonad turns 
in the L3 stage (right panel).  In (B), we ascertained that when P6.p has undergone a 
round of division (P6.px), P5.p and P7.p have also usually undergone a round of division.  
Taken together, these results indicate that most VPCs divide at their normal time in the 
L3 stage, consistent with lineage data shown in Fig. 11 of Chalfie et al., 1981, and Fig. 1 
of Euling and Ambros, 1996a. 

(C,D) Expression of the transcriptional reporter lin-4p::2nls::yfp.  In (C), we show a 
schematic representation of the lin-4 genomic region and the transcriptional reporter.  lin-
4 (black triangle) resides in an intron of F59G1.4.  The 5’ flanking region indicated was 
joined to the 2nls::yfp coding region as detailed in Supplemental Experimental 
Procedures.  The schematic is drawn to scale; note that this reporter contains a longer 5’ 
flanking region than the reporter described by Esquela-Kerscher et al., 2005.  In (D), we 
show representative expression of arEx926[lin-4p::2nls::yfp] in the VPCs in an L1 
hermaphrodite (left); expression continues in VPCs and is also evident in the Pn.px stage 
in an L3 hermaphrodite (right).  Two other transgenic lines, arEx925 and arEx927, were 
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scored and exhibited similar expression patterns.  Full genotypes are given in 
Supplemental Experimental Procedures. 

(E,F) Expression of lin-4 in the VPCs, but not neurons or muscles, restores expression of 
the 2° fate marker nIs106[lin-11p::gfp] in lin-4(0) mutants.  (E) Left, the 2° fate marker 
nIs106[lin-11p::gfp] is never expressed in lin-4(0) but is always expressed in lin-4(+) 
hermaphrodites.  Right, each bar represents an independent transgenic line in which lin-4 
is expressed in different tissues using different regulatory sequences as indicated.  
Expression in the VPCs restored expression of the 2° fate marker.  VNC, ventral nerve 
cord.  (F) Control showing that the transcriptional reporter arEx871[lin-31p::mCherry] is 
expressed in all six VPCs, indicating that lin-31 regulatory sequences used to drive VPC 
expression in (E) are not repressed in lin-4(0) hermaphrodites. 
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Figure S2.  Additional evidence relevant to the conclusion that lin-14, but not lin-28 or 
hbl-1, inhibits lateral signaling. 

(A) RNAi to assess the effect of hbl-1 activity.  All existing alleles of hbl-1 are 
hypomorphs.  Further reduction of hbl-1 activity by RNAi does not restore the 2° fate in 
lin-4(0); hbl-1(ve18) mutants, whereas lin-14(RNAi) does (marker: nIs106[lin-11p::gfp]).  
Both lin-14(RNAi) and hbl-1(RNAi) resulted in precocious expression of maIs105[col-
19p::gfp] in seam cells, indicating that the RNAi worked.  As a negative control, bacteria 
containing empty L4440 feeding vectors (FV) were fed to animals. 

(B) Normal accumulation of LIN-12 in lin-14(n355).  The translational reporter 
arIs41[LIN-12::GFP] is expressed in P5.p and P7.p descendants and is generally 
downregulated in P6.p descendants in lin-14(n355) as in wild type.  Thus, the block in 
lateral signaling does not occur at the level of LIN-12 accumulation.  Staining of 
arIs41[LIN-12::GFP] can also be seen in the descendants of P3.p, P4.p, and P8.p in a 
lin-14(n355) background, as these cells often fail to fuse to major hypodermis in lin-
14(n355).  We did not examine LIN-12::GFP accumulation in a lin-4(0) background 
because of tight linkage between arIs41 and lin-4(0). 

(C) Evidence that persistent LIN-28 does not cause a lateral signaling defect.  Left, 
schematic depiction, drawn to scale, of a lin-28 hypermorphic construct engineered by 
removing the lin-4 binding site in the lin-28 genomic context.  Right, the 2° fate marker, 
nIs106[lin-11p::gfp] was expressed at the presence of transgenes carrying the engineered 
lin-28 hypermorphic allele.  The hypermorphic activity of these transgenes was 
confirmed by showing that hermaphrodites carrying arEx1092 or arEx1093 displayed a 
retarded phenotype in lateral hypodermis: 13/34 animals carrying arEx1092, and 6/30 
animals carrying arEx1093, exhibited no alae or gapped alae.  Viable transgenic lines 
could not be obtained when the 3’ UTR was completely replaced with the unc-54 3’ UTR 
(data not shown). 
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Figure S3.  lin-14(n355n679ts) activity is increased sufficiently to inhibit lateral 
signaling at 15°C by adding lin-4(0) to the background.  nIs106[lin-11p::gfp] was used to 
assess the 2° fate. 
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Supplemental Experimental Procedures 

Strains and genetic analyses.  Caenorhabditis elegans var. Bristol strain N2 was the 

wild-type parent strain of all mutants and markers used.  Key strains used herein were: 

GS4530 ayIs4[egl-17p::gfp] 

GS4566 ayIs4; lin-4(e912) 

GS5100 ayIs4; lin-4(e912); lin-15(n309) 

GS4769 ayIs4; lin-14(n355) 

GS4892 arIs131[lag-2p::2nls::yfp] 

GS4935 lin-4(e912); arIs131 

GS5460 arIs131; lin-14(n355) 

GS3795 dpy-20(e1282); arIs98[apx-1p::2nls::yfp] 

GS4714 lin-4(e912); arIs98 

GS4335 arIs41[LIN-12::GFP] 

GS4876 arIs41; lin-14(n355) 

GS4515 nIs106[lin-11p::gfp] 

GS4561 lin-4(e912); nIs106 

GS5157 lin-12(n137); nIs106 

GS4798 lin-4(e912); lin-12(n137); nIs106 

GS5090 nIs106; arEx1080[lin-31p::lin-12(intraΔP)] 

GS5091 nIs106; arEx1094[lin-31p::lin-12(intraΔP)] 

GS5177 lin-4(e912); nIs106; arEx1080[lin-31p::lin-12(intraΔP)] 

GS5178 lin-4(e912); nIs106; arEx1094[lin-31p::lin-12(intraΔP)] 

GS4570 lin-14(n179) nIs106 
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GS5192 lin-4(e912); lin-14(n179) nIs106 

GS4608 lin-28(n719); nIs106 

GS5158 lin-28(n719); lin-4(e912); nIs106 

GS4541 hbl-1(ve18) nIs106 

GS5295 lin-4(e912); hbl-1(ve18) nIs106 

GS4785 lin-14(n355) nIs106 

GS5522 lin-4(e912); lin-14(n355n679) nIs106 

GS5231 arIs116[lst-5p::2nls::yfp] 

GS4754 lin-4(e912); arIs116 

GS5524 arIs107[mir-61p::2nls::yfp] 

GS5576 lin-4(e912); arIs107 

GS5664 lin-12(n137); arIs107 

GS5739 lin-12(n137); arIs107; lin-14(n179) 

GS5646 arEx1319[lin-31p::lin-12(ΔEΔDTS)::gfp] 

GS5647 arEx1320[lin-31p::lin-12(ΔEΔDTS)::gfp] 

GS5682 lin-4(e912); arEx1319 

GS5676 lin-4(e912); arEx1320 

GS4645 pha-1(e2123); arEx925[lin-4p::2nls::yfp] 

GS4646 pha-1(e2123); arEx926[lin-4p::2nls::yfp] 

GS4647 pha-1(e2123); arEx927[lin-4p::2nls::yfp] 

GS4765 lin-4(e912); nIs106; arEx947[lin-31p::lin-4] 

GS4755 lin-4(e912); nIs106; arEx948[lin-31p::lin-4] 

GS4749 lin-4(e912); nIs106; arEx949[rgef-1p::lin-4] 
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GS4756 lin-4(e912); nIs106; arEx950[rgef-1p::lin-4] 

GS4723 lin-4(e912); nIs106; arEx951[rgef-1p::lin-4] 

GS4858 lin-4(e912); nIs106; arEx997[myo-3p::lin-4] 

GS4878 lin-4(e912); nIs106; arEx1010[myo-3p::lin-4] 

GS5082 nIs106; arEx1092[lin-28p::lin-28::lin-28 3’ UTRlin-4BSmut] 

GS5083 nIs106; arEx1093[lin-28p::lin-28::lin-28 3’ UTRlin-4BSmut] 

GS5558 pha-1(e2123); arEx1273[LIN-14::GFP] 

GS5644 pha-1(e2123); arEx1317[LIN-14::GFP] 

GS5645 pha-1(e2123); arEx1318[LIN-14::GFP] 

GS5688 lin-4(e912); arEx1273 

The following recipients were used for generating transgenes: N2, GE24 pha-

1(e2123), GS4515 nIs106, and GS4697 lin-4(e912)/dpy-10(e128); nIs106.  All strains 

were maintained using standard procedures at 20°C unless otherwise noted.  Strains 

carrying pha-1 rescuing constructs in a pha-1(e2123) background were maintained at 

25°C. 

 

Transgenes.  arEx925-927 were generated by injecting into GE24 pha-1(e2123) fusion 

PCR products of lin-4p::2nls::yfp (10 ng/µL), with pha-1(+) (pBX, 50 ng/µL) and ceh-

22p::gfp (pCW2.1, 20 ng/µL) as co-transformation markers. 

lin-31p::lin-4 (pJL09, 30 ng/µL), rgef-1p::lin-4 (pJL12, 50 ng/µL), and myo-

3p::lin-4 (pJL10, 5 ng/µL) were injected into GS4697 lin-4(e912)/dpy-10(e128); nIs106 

animals with myo-3p::mCherry (p716, 20 ng/µL) as a co-transformation marker to 

generate arEx947-951, arEx997 and arEx1010.  lin-28p::lin-28::lin-28 3’ UTRlin-
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4BSmut (pJL04, 50 ng/µL) was injected into GS4515 nIs106 with myo-3p::mCherry 

(p716, 20 ng/µL) as a co-transformation marker to generate arEx1092 and arEx1093. 

arEx1080 and arEx1094 were generated by injecting into N2 PCR products of lin-

31p::lin-12(intraΔP) (pJL08 as a template, 1 ng/µL) as a complex array using myo-

3p::mCherry (p716, 1 ng/µL) as a co-transformation marker.  arEx1319 and arEx1320 

were generated by injecting into N2 lin-31p::lin-12(ΔEΔDTS)::gfp (pJL34, 1 ng/µL) as a 

complex array with ceh-22p::gfp (pCW2.1, 1 ng/µL) as a co-transformation marker.  

LIN-14::GFP (pJL28, 10 ng/µL) was injected into GE24 pha-1(e2123) as a complex 

array with pha-1(+) (pBX, 1 ng/µL) and ttx-3p::mCherry (pJL17, 1 ng/µL) as co-

injection markers to form arEx1273, arEx1317 and arEx1318. 

 

PCR and plasmid constructions.  Fusion PCR was performed as reported (Hobert, 

2002).  lin-4pF (TGGGCCCATTTGAGAGTATACTAAAG) and lin-4pR 

(agtcgacctgcaggcatgcaagctACAGGCCGGAAGCATAAACTCAT) were used to amplify 

the lin-4 promoter region.  lin-4pF* (TCTGTTCATCTCTACTCTTACACCC) was the 

nested primer used with the D* primer (see Hobert, 2002) for the fusion step. 

Primers NotI_lin-4F (tgcggcggccgcTGAGTTTATGCTTCCGGCCTGTTC) and 

NotI_SacI_lin-4R (gctggcggccgcgagctcTCCATCAGTTGGCGTTAGTGGA) were used 

to amplify lin-4 microRNA from N2 genomic DNA.  The resulting fragment was cloned 

into PB253 (Tan et al., 1998) using the Not I site to generate pJL37 (lin-31p::lin-4::unc-

54 3’ UTR).  pJL09 (lin-31p::lin-4) was constructed by digesting pJL37 with Sac I and 

inserting the lin-31p::lin-4 fragment into pBluescript II KS+ using the Sac I site. 
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To generate pJL10 (myo-3p::lin-4) and pJL12 (rgef-1p::lin-4), lin-4 microRNA 

was first amplified using the primers BamHI_lin-4F 

(tagaggatccCCTGAGTTTATGCTTCCGGCCTGTTC) and PspOMI_lin-4R 

(gaaagggcccTCTCCATCAGTTGGCGTTAGTGGA), and then cloned into p720  (myo-

3p::mcs::unc-54 3’ UTR) and p721 (rgef-1p::mcs::unc-54 3’ UTR) (Myers and 

Greenwald, 2007) using the BamH I and PspOM I sites. 

To construct pJL08 (lin-31p::lin-12(intraΔP)), primers BglIIRAMintraF 

(cgccagatctATGGGAAATCGGACAAGGAAACGTCGA) and NotIintraRw/oPEST 

(gctggcggccgcTCATCGAGAATTGGAAGCTGACTCTT) were used to amplify a 

fragment of lin-12 cDNA from the plasmid p270.  A start and a stop codon were added to 

the fragment by PCR. The fragment was then cloned into PB253 (Tan et al., 1998) using 

the Bgl II and Not I sites, resulting in pJL08 (lin-31p::lin-12(intraΔP)). 

To construct pJL34 (lin-31p::lin-12(ΔEΔDTS)::gfp), a Sac I-Not I fragment from 

PB253 (Tan et al., 1998) was first cloned into pBluescript II KS+ to generate pJL39 (lin-

31p). pDS78 (Shaye and Greenwald, 2005) was then digested with Not I and the lin-

12(ΔEΔDTS)::gfp fragment was inserted into pJL39 using the Not I site, resulting in 

pJL34 (lin-31p::lin-12(ΔEΔDTS)::gfp). 

pJL04 (lin-28p::lin-28::lin-28 3’ UTRlin-4BSmut) was cloned by two steps.  First, 

lin-28p::lin-28 was amplified using the primers EagI_lin-28pF 

(gtggcggccgCTCTTCAAGCTTGAGGGTGCTCTG) and SpeI_lin-28R 

(atccactagtCTCAGTGTCTAGATGATTCTATTCATCA) from N2 genomic DNA, and 

then cloned into pBluescript II KS+ using the Eag I and Spe I sites to generate pJL38 

(lin-28p::lin-28).  Second, the lin-28 3’ UTR with the lin-4 binding site mutated was 



 

 

65 

generated by fusion PCR (Hobert, 2002).  lin-28-3UTRmutF 

(TGATGAATAGAATCATCTAGACACTGAG) and lin-4BSmutR 

(AACAGGTGCAATCAGTTCTATTTGAAAAAAAAAAGAAGAAAGTCTAGTGCA

ATTTGAGGAGGTAGGTGGTAGTATGGTTTAG) were used to amplify the first half 

of the lin-28 3’ UTR.  The second half was amplified using lin-4BSmutF 

(CTAAACCATACTACCACCTACCTCCTCAAATTGCACTAGACTTTCTTCTTTTT

TTTTTCAAATAGAACTGATTGCACCTGTT) and lin-28-3UTRmutR 

(TCTTGCCAAATCCCGCCAACTTGT).  The nested primers SpeI_lin-28 3’ UTRF 

(tgagactagtAATATTGATAGAGAAATAATGGAATATATGGT) and SpeI_lin-28 3’ 

UTRR (ttaaactagtATTGCATGATTCTGTGATAAATATGTATTCA) were used for the 

fusion step.  The lin-4 binding site CTCAGGGA was mutated to AGACTTTC.  The 

resulting fusion product was digested with Spe I and inserted into the Spe I site of the 

construct pJL38, resulting in pJL04 (lin-28p::lin-28::lin-28 3’ UTRlin-4BSmut). 

pJL28(LIN-14::GFP) was generated in a fosmid context using recombineering 

(Tursun et al., 2009).  Briefly, a gfp cassette with flanking sequences homologous to the 

end of lin-14 coding sequence and lin-14 3’ UTR was amplified from pBALU1 using 

primers lin-14gfprecF 

(ttatccgaactaaagtggaatcacaatctcctcctcttcaaggtccacaaATGAGTAAAGGAGAAGAACTTT

TCAC) and lin-14gfprecR 

(aaagtgtaatgaacattgcccgaaggatgactcgaaaaattggcattctaCTATTTGTATAGTTCATCCATG

CCATG), and then recombineered into fosmid WRM0640aE01 by homologous 

recombination.  The galK gene in the gfp cassette was in the end excised out by Flipase. 

All plasmids were verified by sequencing. 
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Cell fate markers.  The following reporters were used as 1° fate markers: ayIs4[egl-

17p::gfp] (Burdine et al., 1998), arIs131[lag-2p::2nls::yfp] (X. Zhang, J.L. and I.G., 

unpublished observations), and arIs98[apx-1p::2nls::yfp] (M.-s. Choi and I.G., 

unpublished observations).  The 5’ flanking regions used for the lag-2 and apx-1 

reporters are as described in Chen and Greenwald, 2004.  Unless otherwise noted, 

expression of 1° fate markers was usually scored after P6.p had divided to ensure 

inductive signaling had occurred.  ayIs4[egl-17p::gfp] starts being expressed in P6.p in 

the L2 stage (Myers and Greenwald, 2007), whereas expression of arIs131[lag-2p::yfp] 

and arIs98[apx-1p::yfp] in P6.p can only be observed in the L3 stage (Chen and 

Greenwald, 2004; X. Karp, X. Zhang, and I.G., unpublished observations).  Expression of 

these markers occurs at the normal time in lin-4(0) hermaphrodites (data not shown). 

The following reporters were used as 2° fate markers: arIs116[lst-5p::2nls::yfp] 

(M.-s. Choi and I.G., unpublished observations), arIs107[mir-61p::2nls::yfp] (Yoo and 

Greenwald, 2005), and nIs106[lin-11p::gfp] (Reddien et al., 2001).  To score arIs116[lst-

5p::2nls::yfp] expression, P5.px and P7.px, the daughters of P5.p and P7.p, were 

examined in the L3 stage to ensure that sufficient time had passed for lateral signaling to 

have occurred.  However, to score arIs107[mir-61p::2nls::yfp], expression in an 

otherwise wild-type background is most evident when VPCs are scored directly in L3 

hermaphrodites grown at 25°C, as expression is transient and begins to be lost at the 

Pn.px stage.  Thus, animals were raised at 25°C and VPCs were scored for arIs107[mir-

61p::2nls::yfp] expression in the L3 stage, except in Fig. 4B, when some scoring was 

performed in the L2 stage as necessitated by the experiment.  For nIs106[lin-11p::gfp], 
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expression is most evident in the granddaughters of P5.p and P7.p, P5.pxx and P7.pxx 

cells, in the L3 stage, and persists in the descendents of P5.p and P7.p in the L4 stage in 

wild-type animals.  In lin-4(e912) and lin-14(n355) mutants, expression of nIs106[lin-

11p::gfp] was scored after P6.p had divided twice in the L3 stage and was also scored in 

the early-mid L4 stage to ensure lack of nIs106 expression was not due to a delay of its 

expression, and in mutants in which the VPCs divide precociously, expression of nIs106 

was scored after P6.p had divided twice in an interval between the L2 molt and the L3 

molt. 

 

Gonad Ablations.  Cell ablations were performed on ayIs4; lin-4(e912) grown at 20°C.  

Newly hatched L1 larvae were placed on 2% agarose pads in M9 with 10 mM NaN3.  Z1-

Z4 were ablated with a laser microbeam.  The absence of a gonad was confirmed by the 

time of scoring. 

 

RNAi experiments.  Feeding RNAi experiments were performed at 20°C as described 

(Timmons and Fire, 1998; Timmons et al., 2001).  Briefly, gravid adults were bleached 

and eggs were placed on plates seeded with HT115 cells expressing dsRNA of interest.  

Expression of T7 polymerase in the HT115 cells was induced with 1 mM IPTG for at 

least three hours at room temperature before eggs were plated.  Animals were scored 

roughly 45 hours after eggs were plated. 

 

Temperature shift experiments.  GS5522 lin-4(e912); lin-14(n355n679) nIs106 was 

used to determine the lin-14 temperature-sensitive period with respect to its ability to 
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block lateral signaling.  At the indicated temperatures, animals were raised, eggs were 

harvested by bleaching, and to ensure tight synchronization, newly hatched larvae were 

picked every hour onto temperature pre-equilibrated plates and maintained thereafter.  

For the upshift experiments, larvae were shifted from 15°C to 25°C either 3 hours before 

the L2 molt or at the L2 molt.  Stages were confirmed by spot-checking before the shifts.  

Expression of nIs106[lin-11p::gfp] in the VPC descendants was scored at the L3 molt. 

To examine the effects of reducing lin-14 activity in the L2 stage on constitutive 

lin-12 activity, GS5664 lin-12(n137); arIs107 and GS5739 lin-12(n137); arIs107; lin-

14(n179) animals were raised at 20°C, as they do not grow well at 15° or 25°C.  Eggs 

were collected by bleaching.  Newly hatched larvae were picked and maintained at 15°C 

until the L1 molt to prevent precocious vulval induction caused by n179 (Euling and 

Ambros, 1996a).  Animals were then shifted to 25°C, in order to reduce lin-14 activity 

and to increase the expression level of arIs107[mir-61p::2nls::yfp], as its expression is 

far more evident at 25°C.  Expression of arIs107[mir-61p::2nls::yfp] in the VPCs was 

scored 5 hours after the shift. 

 

Immunostaining.  Immunostaining was performed as described (Finney and Ruvkun, 

1990).  Cell adherens junctions were visualized by staining with the monoclonal antibody 

MH27 (Francis and Waterston, 1991) and nuclei were stained with DAPI.  Anti-GFP 

(Molecular Probes) was diluted at 1:300, and unpurified MH27 supernatant at 1:20.  All 

fluorophore-conjugated secondary antibodies (Jackson Immunochemicals) were diluted 

at 1:300. 
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Imaging.  Images were acquired and scoring was performed on a Zeiss Axio Imager Z1 

microscope with an ApoTome system and a Hamamatsu ORCA-ER camera, or a Zeiss 

Axio Imager D1 with an AxioCam MRm camera.  Fluorescence illumination was 

provided by an X-Cite 120Q light source (EXFO Photonic Solutions Inc.) with an iris 

diaphragm fully open to allow 100% light transmission, except for scoring of arIs116[lst-

5p::2nls::yfp], where the intensity was attenuated to 12.5% light transmission to “filter” 

out a low level of arIs116 expression in P6.p and its descendants. 

 



 

 

70 

Chapter 2.  Appendix 
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Additional Results 

lin-14(n355n679ts) activity needs to be raised beginning at the early L2 stage to 

block lateral signaling 

I have shown that reducing lin-14 activity by shifting lin-4(0); lin-14(n355n679ts) 

hermaphrodites from 15°C to 25°C prior to the L2 molt, but not at or after the L2 molt, 

permits lateral signaling (Chapter 2. Fig. 4A; redrawn in Fig. A1A-D).  These 

observations suggest that maintaining high lin-14 activity during the majority of the L2 

stage does not block VPC competence to adopt the 2° fate, and that lin-14 activity 

inhibits lateral signaling at the time it occurs. 

I was unable to perform simple downshift experiments, as the n679ts mutation 

reduces lin-14 activity at 25° sufficiently to cause the VPCs to divide precociously at the 

L2 stage.  To prevent precocious VPC division, I maintained lin-4(0); lin-14(n355n679ts) 

hermaphrodites at 15° until the L1 molt before shifting the temperature up to 25° to 

deactivate lin-14.  I then shifted the temperature back down to 15° at different time points 

to raise lin-14 activity.  A shift to 15° 2 hours after the L1 molt blocked lateral signaling 

(Fig. A1G), but a shift 4 or 6 hours after the L1 molt did not (Fig. A1E,F).  The block 

could not be attributed to insufficient deactivation of lin-14, because a 2-hour window at 

25° was enough to reduce lin-14 activity to a level that permits lateral signaling (Fig. 

A1H).  These observations indicate that lin-14(n355n679ts) activity needs to be raised 

beginning at the early L2 stage to block lateral signaling. 

Compared with the data from the upshift experiments (Fig. A1A-D), the results 

from the downshift experiments suggest that increasing lin-14(n355n679ts) activity to 

block lateral signaling takes longer than reducing it to permit lateral signaling.  A simple 
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explanation for this discrepancy is that it may take time for LIN-14(n679) protein or 

activity to accumulate.  An understanding of how LIN-14 functions to block LIN-12 

activity will help better interpret these results (see General Discussion for possible 

mechanisms of LIN-14 inhibition of LIN-12). 

 

Figure A1.  Increasing lin-14(n355n679ts) activity to block lateral signaling takes longer 
than reducing it to permit lateral signaling. 

Temperature shift data in Chapter 2. Fig. 4A are redrawn here in grey (A-D).  
Developmental time at 15°C was converted to developmental time at 25°C using a 
growth rate factor: growth rate at 25° = 2 × growth rate at 15° (Byerly et al., 1976; Hirsh 
et al., 1976).  N. S. denotes not significant (Fisher’s exact test). 
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Expression of a functional fosmid-based LIN-14 reporter 
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Figure A2.  A functional LIN-14 reporter that normally fades away rapidly after the 
VPCs are born persists in lin-4(0) mutants. 

(A) A schematic of a fosmid-based lin-14 translational reporter.  Coding regions are 
shown as boxes, whereas noncoding regions as black lines.  Angled grey lines indicate 
spliced introns.  A gfp cassette was inserted into the fosmid WRM0640aE01 right before 
the lin-14 stop codon.  The schematic is drawn to scale.  Scale bar, 5 kb. 

(B,C) Expression of arEx1273[LIN-14::GFP] in the VPC progenitors, P cells, in the L1 
stage (C).  A corresponding DIC image is shown in (B). 

(D,E) Expression of arEx1273[LIN-14::GFP] could not be detected in the VPCs in the 
L3 stage (E).  A corresponding DIC image is shown in (D). 

(F,G) Expression of arEx1273[LIN-14::GFP] persisted in the VPCs in the L3 stage in a 
lin-4(0) background (G).  A corresponding DIC image is shown in (F). 

arEx1273[LIN-14::GFP] fully rescues a lin-14(ma135) null allele.  Two other transgenic 
lines, arEx1317 and arEx1318, were scored and exhibited similar expression patterns.  
All transgenic lines are in a pha-1(e2123) background unless otherwise indicated. 
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An attempt to determine whether LIN-14 functions as an activator or a repressor in 

the block to LIN-12 signaling 

LIN-14 blocks LIN-12 activity in the VPCs without interfering with the key 

events of LIN-12/Notch signal transduction (Chapter 2 Fig. 2 and 3), consistent with the 

interpretation that LIN-14 inhibits the output of LIN-12 signaling.  However, it is unclear 

by which mechanism LIN-14 exerts this effect.  LIN-14 is a novel transcription factor, 

with no apparent homologues outside the nematode species (Wightman et al., 1991; Hong 

et al., 2000; Hristova et al., 2005).  It has been shown to directly repress transcription of 

one target, ins-33 (Hristova et al., 2005).  Thus, LIN-14 may repress factors that are 

essential for LIN-12 function, or LIN-12 targets that are responsible for executing the 2° 

fate, although it remains possible that LIN-14 may activate certain genes that inhibit LIN-

12 activity. 

To determine whether LIN-14 functions as an activator or a repressor in the block 

to LIN-12 signaling, I attempted to manipulate LIN-14 transcriptional activity by fusing 

it either to the VP16 activation domain (Sadowski et al., 1988; Sze et al., 1997), or to the 

Drosophila Engrailed (En) repressor domain (John et al., 1995).  I first blocked LIN-12 

signaling in the VPCs by expressing LIN-14 under the control of an unc-54 3’ UTR that 

is not known to be regulated by any miRNAs (Fig. A3).  I then tested whether the block 

would be enhanced or relieved by adding the VP16 activation (VP16) or En repressor 

(EnR) domain to LIN-14.  If the block were phenocopied or enhanced by the addition of 

EnR, but relieved by the addition of VP16, it would imply that LIN-14 is likely to act as a 

repressor in the block to LIN-12 signaling.  By contrast, if LIN-14 activity were enhanced 
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by the addition of VP16, but reduced by the addition of EnR, LIN-14 may function as an 

activator. 

Unfortunately, I found that both types of fusion protein caused a block to LIN-12 

signaling, and that the penetrance of the block exhibited in different transgenic lines was 

so variable that the results were not interpretable (Fig. A3).  The negative results were 

likely due to the inherent activity of LIN-14 interfering with the activity of VP16 or EnR, 

as I used a full-length lin-14 cDNA sequence for the fusion constructs, because the 

functional domains of LIN-14 were not well defined (Hong et al., 2000).  Future work is 

needed to further dissect LIN-14 domain functions. 



 

 

77 

 

Figure A3.  Fusion of the VP16 activation domain or the Engrailed repressor domain to 
LIN-14 did not alter LIN-14 activity. 

nIs106[lin-11p::gfp] was used as a 2° fate marker.  Arrays arEx1283 and arEx1284 carry 
the construct pJL29 (lin-31p::lin-14cDNA::unc-54 3’ UTR); arEx1305 and arEx1306, 
pJL30 (lin-31p::lin-14cDNA::VP16::unc-54 3’ UTR); arEx1307 and arEx1308, pJL31 
(lin-31p::lin-14cDNA::EnR::unc-54 3’ UTR).  VP16 denotes the VP16 activation 
domain; EnR, the Engrailed repressor domain. 
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An attempt to determine whether LIN-14 can block LIN-12 in other cell fate 

decisions 

Although LIN-14 blocks LIN-12 activity in the VPCs, it is not yet known whether 

this function of LIN-14 is unique to VPC development or common to other LIN-12-

mediated cell fate decisions.  To answer this question, I assessed whether ectopically 

expressing constitutive LIN-14 in cells or their progenitors, whose fate decisions are 

mediated by LIN-12, would cause cell fate transformations observed in lin-12(0) mutants: 

specifically, transformations of a ventral uterine precursor cell (VU) to an anchor cell 

(AC) (Greenwald et al., 1983), two sex myoblasts (SMs) to two non-muscle 

coelomocytes (CCs) (Greenwald et al., 1983; Foehr and Liu, 2008), and π cells to ρ cells 

in the ventral uterus (Newman et al., 1995).  However, I did not observe any of these cell 

fate transformations (Table A1), likely because the tissue-specific promoters used to 

express LIN-14 are not potent or expressed early enough to allow sufficient LIN-14 

accumulation.  Nonetheless, it remains possible that the VPCs possess unique factors 

essential for LIN-14 inhibition of LIN-12 signaling. 
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Table A1.  Ectopic expression of constitutive LIN-14 did not block other LIN-12-
mediated cell fate decisions. 

Promoter Cells a Array b  Phenotype c n 

    2 AC  

lag-2p d pre-AC/VU pair and AC arEx1309  0% e 28 

  arEx1310  0% 27 

    Loss of π cells  

cog-2p f π cells and precursors arEx1340  10% g 20 

  arEx1341  0% 19 

    Loss of vulval muscles  

hlh-8p h Undifferentiated M lineages arEx1325  0% 37 

a Cells in which constitutive LIN-14 was expressed under the control of indicated 
promoters. 
b Complete genotypes of the strains: GS5616 arIs51[cdh-3p::gfp]; arEx1309[lag-2p::lin-
14::unc-54 3’ UTR (pJL32)], GS5617 arIs51[cdh-3p::gfp]; arEx1310[lag-2p::lin-
14::unc-54 3’ UTR (pJL32)], GS5742 pha-1(e2123); arEx1340[cog-2p::lin-14::unc-54 
3’ UTR (pJL36), cog-2p::gfp], GS5743 pha-1(e2123); arEx1341[cog-2p::lin-14::unc-54 
3’ UTR (pJL36), cog-2p::gfp], GS5683 ccIs4438[intrinsic CC::gfp]; ayIs2[egl-
15p::gfp]; arEx1325[hlh-8p::lin-14::unc-54 3’ UTR (pJL35)]. 
c The following markers were used to assess the phenotypes: an anchor cell (AC) marker 
arIs51[cdh-3p::gfp] (Pettitt et al., 1996); a π cell marker cog-2p::gfp (Hanna-Rose and 
Han, 1999), co-injected with the LIN-14-expressing construct; a vulval muscle (vm1) 
marker ayIs2[egl-15p::gfp] (Harfe et al., 1998). 
d The lag-2 promoter is a 1.1 kb fragment used to drive yfp expression in pXZ9 (X. 
Zhang and I. Greenwald, unpublished observations). 
e Two hermaphrodites each exhibited very dim arIs51[cdh-3p::gfp] expression in a cell 
close to the AC, but the cell morphologically did not appear to be an extra AC. 
f The cog-2 promoter is a 6.4 kb fragment used to drive gfp expression in pWH17Δ18 
(gift of W. Hanna-Rose). 
g Two hermaphrodites did not express cog-2p::gfp, which could be due to mosaicism, as 
the marker was expressed from an extrachromosomal array. 
h The hlh-8 promoter is the same one used in Eimer et al., 2002. 
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Graded expression of mir-61 

 

Figure A4.  Graded expression of mir-61. 

(A) Expression of mir-61 in the L2 stage can sometimes be observed in anterior VPCs, 
but not in posterior ones.  Reduction in lin-14 activity in the L2 stage does not enhance 
the expression or change the graded pattern in an otherwise wild-type background.  
Expression of mir-61 becomes restricted to P5.p and P7.p in the L3 stage.  +, an 
otherwise wild-type background. 

(B) Graded expression of mir-61 is also evident in a lin-12 hypermorphic background at 
both the L2 and L3 stages.  Reduction in lin-14 activity in the L2 stage enhances the 
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expression, but does not alter the graded pattern.  Another LIN-12 target, lst-1, exhibits a 
similar graded expression pattern in lin-12 hypermorphic backgrounds (Appendix Fig. 3).  
These observations will be discussed in Appendix.  ***, p < 0.001 (Cochran-Mantel-
Haenszel test). 
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Chapter 3.  Characterization of VPC development 

defects in heterochronic mutants 
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Abstract 

The C. elegans vulva has been a valuable paradigm for investigating cell fate 

specification and elucidating conserved signaling pathways.  Although much is studied 

about the spatial patterning of the vulval precursor cells (VPCs), less is known about 

temporal control of VPC development.  Here we analyze VPC development defects in 

lin-4 null and many other heterochronic mutants.  We show that persistent lin-14 activity 

impedes extension of the VPC apical domains, and that ectopic Wnt signaling prevents 

the daughters of uninduced VPCs from fusing with hyp7 in lin-4 null mutants.  Through 

characterization of heterochronic mutants that exhibit precocious or delayed vulval 

induction, we provide insight into possible mechanisms of the temporal control of vulval 

induction. 

 

Introduction 

Development of a multicellular organism requires precise coordination of 

temporal and spatial cues to ensure that developmental events occur at the correct time 

and place.  C. elegans vulval development offers a convenient experimental system for 

investigating the temporal and spatial regulation of multiple developmental decisions in 

response to different patterning signals (reviewed in Sternberg, 2005). 

Born in the L1 stage, eleven ventral hypodermal cells, numbered P1.p-P11.p, are 

polarized epithelial cells, with their plasma membranes separated by epithelial junctions 

(C. elegans apical junctions, CeAJs) into apical domains and basolateral domains 

(reviewed in Labouesse, 2006 and Podbilewicz, 2006).  Expression of the Hox gene lin-
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39 sets P3.p-P8.p apart, as other ventral hypodermal cells fuse with the major hypodermal 

syncytium hyp7, leading to disappearance of CeAJs (Clark et al., 1993; Wang et al., 

1993; Maloof and Kenyon, 1998).  These six cells, P3.p-P8.p, are named vulval precursor 

cells (VPCs) because each has the potential to adopt one of three cell fates, 1°, 2° and 3°, 

in the L3 stage.  After birth and before fate commitment, the VPCs must stay unfused 

with hyp7 and maintain their competence throughout the L2 stage, with contribution of 

both Wnt and LIN-3/EGF signaling (Eisenmann et al., 1998; Myers and Greenwald, 

2007). 

The VPC fates are spatially patterned at the early L3 stage by an EGFR-Ras-

MAPK-mediated inductive signal and a LIN-12/Notch-mediated lateral signal (reviewed 

in Sternberg, 2005).  Much crosstalk occurs between the pathways, but the net outcome is 

that the inductive signal specifies the 1° vulval fate in P6.p and the lateral signal 

promotes the 2° vulval fate in P5.p and P7.p (reviewed in Sundaram, 2005).  P3.p, P4.p 

and P8.p, which do not receive the patterning signals, adopt the 3° “non-vulval” fate and 

produce daughters that fuse with hyp7 (reviewed in Sternberg, 2005). 

Although the spatial patterning of the VPCs has been extensively studied, much 

less is known about temporal control of VPC development.  In C. elegans, heterochronic 

genes were found to control developmental timing in many tissues (reviewed in Moss, 

2007 and Resnick et al., 2010).  Specifically, mutations in certain heterochronic genes 

alter the timing of VPC division, indicating a role for these genes in regulating the 

temporal patterning of the VPCs (Ambros and Horvitz, 1984; Euling and Ambros, 

1996a). 
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The roles of heterochronic genes are best understood in the development of the 

lateral hypodermal seam cells, which contribute to the major epidermis and specialized 

cuticular structures.  The seam cells express distinct cell identities (“temporal fates”) at 

different developmental stages (reviewed in Rougvie, 2001).  Mutations in heterochronic 

genes lead seam cells to express identities characteristic of an earlier (retarded 

phenotype) or later (precocious phenotype) developmental stage.  For example, a lin-4 

null allele [lin-4(0)] causes seam cells to reiterate their L1 stage fate at subsequent 

developmental stages, whereas null alleles of lin-14 and lin-28 [lin-14(0) and lin-28(0)] 

lead seam cells to skip the L1 stage fate and L2 stage fate, respectively (Ambros and 

Horvitz, 1984; Ambros, 1989). 

One recurring theme of the heterochronic gene pathway is the initiation of 

developmental stage transitions by microRNAs (miRNAs), short noncoding regulatory 

RNAs that function by post-transcriptionally downregulating their targets (reviewed in 

Resnick et al., 2010).  The miRNA lin-4 triggers the L1-to-L2 stage transition (Lee et al., 

1993; Feinbaum and Ambros, 1999), and it has two confirmed targets: the novel 

transcription factor LIN-14 and the cytoplasmic RNA-binding protein LIN-28 

(Wightman et al., 1993; Moss et al., 1997; Hong et al., 2000; Hristova et al., 2005).  

Three let-7 miRNA family members, mir-48, mir-241 and mir-84, redundantly govern the 

L2-to-L3 stage transition, and simultaneous loss of these three miRNAs leads seam cells 

to reiterate the L2 stage program (Abbott et al., 2005).  A Drosophila Hunchback 

homologue HBL-1 is an important target of the three let-7 family members (Abbott et al., 

2005).  The larval-to-adult stage transition is initiated by the miRNA let-7 (Reinhart et 

al., 2000).  Downregulation of a TRIM-NHL family protein LIN-41 and HBL-1 by let-7 
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permits accumulation of a zinc-finger transcription factor LIN-29 that activates the adult 

stage program (Rougvie and Ambros, 1995; Slack et al., 2000; Abrahante et al., 2003; 

Lin et al., 2003). 

Ambros and colleagues pioneered the studies on the temporal control of VPC 

development.  They found that lin-14 and lin-28 control the length of VPC G1 phase and 

the timing of VPC competence to respond to the patterning signals (Euling and Ambros, 

1996a).  In addition, Ambros showed that VPC fate decisions are prioritized by cell cycle 

phases: the inductive signal specifies the 1° fate before the completion of S phase and the 

lateral signal promotes the 2° fate at or after the completion of S phase (Ambros, 1999).  

Our previous studies suggested that lin-4 and lin-14 contribute to the precision and 

robustness of VPC spatial fate patterning through temporal gating of LIN-12 (Li and 

Greenwald, 2010). 

Here, with new markers and tools available, we have examined VPC development 

defects in lin-4(0) and many other heterochronic mutants.  We show that independent of 

blocking LIN-12 activity, persistent lin-14 activity impedes extension of the VPC apical 

domains in lin-4(0) mutants.  We also present evidence that in lin-4(0) mutants, ectopic 

Wnt signaling keeps the daughters of uninduced VPCs unfused with hyp7.  Through 

characterization of heterochronic mutants that exhibit precocious or delayed vulval 

induction, we discuss how vulval induction may be temporally regulated. 

 

Materials and Methods 

Strains and genetic analyses.  Caenorhabditis elegans var. Bristol strain N2 was the 

wild-type parent strain of all mutants and markers used.  Key strains used herein were: 
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GS4530 ayIs4[egl-17p::gfp] 

GS5200 ayIs4; lin-14(ma135) 

GS4609 lin-28(n719) ayIs4 

GS4580 ayIs4; hbl-1(ve18) 

GS4516 ayIs4; mir-48(n4097) 

GS4517 ayIs4; mir-241(n4136) 

GS4562 ayIs4; mir-48 mir-241(nDf51) 

GS4529 ayIs4; mir-84(n4037) 

GS4565 ayIs4; mir-48 mir-241(nDf51); mir-84(n4037) 

GS4583 ayIs4; let-7(n2853) 

GS4892 arIs131[lag-2p::2nls::yfp] 

GS5984 lin-4(e912); arIs131; mir-48 mir-241(nDf51); mir-84(n4037) 

GS5773 lin-4(e912); arIs131; mir-48 mir-241(nDf51); lin-14(n179) mir-84(n4037) 

GS5774 lin-4(e912); arIs131; mir-48 mir-241(nDf51); hbl-1(ve18) lin-14(n179) mir-

84(n4037) 

GS4515 nIs106[lin-11p::gfp] 

GS5193 lin-14(ma135) nIs106 

GS4608 lin-28(n719); nIs106 

GS4541 hbl-1(ve18) nIs106 

GS4461 mir-48(n4097); nIs106 

GS4463 mir-241(n4136); nIs106 

GS4547 mir-48 mir-241(nDf51); nIs106 

GS4528 mir-84(n4037) nIs106 
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GS4553 mir-48 mir-241(nDf51); mir-84(n4037) nIs106 

GS4564 let-7(n2853) nIs106 

GS4524 arIs99[dpy-7p::yfp] 

GS4441 mig-14(ga62); arIs99 

GS4567 lin-4(e912); arIs99 

GS5234 lin-4(e912) mig-14(ga62); arIs99 

GS4578 lin-28(n719); arIs99 

GS5235 lin-28(n719); mig-14(ga62); arIs99 

GS5115 mig-14(ga62); lin-12(n137); arIs99 

GS4551 lin-12(n137); mir-48 mir-241(nDf51); mir-84(n4037) 

All strains were maintained using standard procedures at 20°C unless otherwise 

noted. 

 

Cell fate markers.  The following reporters were used as 1° fate markers: ayIs4[egl-

17p::gfp] (Burdine et al., 1998) and arIs131[lag-2p::2nls::yfp] (X. Zhang, J. Li and I. 

Greenwald, unpublished observations).  The 5’ flanking region used for the lag-2 reporter 

is as described in Chen and Greenwald, 2004.  Unless otherwise noted, expression of 1° 

fate markers was usually scored after P6.p had divided to ensure inductive signaling had 

occurred.  ayIs4[egl-17p::gfp] starts being expressed in P6.p in the L2 stage (Myers and 

Greenwald, 2007), whereas expression of arIs131[lag-2p::yfp] in P6.p can only be 

observed in the L3 stage (Chen and Greenwald, 2004; X. Karp, X. Zhang, J. Li, and I. 

Greenwald, unpublished observations). 

nIs106[lin-11p::gfp] was used as a 2° fate marker (Reddien et al., 2001).  
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Expression of nIs106[lin-11p::gfp] is most evident in the granddaughters of P5.p and 

P7.p, P5.pxx and P7.pxx cells, in the L3 stage, and persists in the descendents of P5.p and 

P7.p in the L4 stage in wild-type animals.  In mutants in which the VPCs divide 

precociously, expression of nIs106 was scored after P6.p had divided twice in an interval 

between the L2 molt and the L3 molt. 

arIs99[dpy-7p::yfp] was used to mark cells that had fused with hyp7 (Myers and 

Greenwald, 2005).  Expression of arIs99[dpy-7p::yfp] was usually scored after P6.p had 

divided twice around the L3 molt.  In mutants carrying a lin-28(0) allele, expression of 

arIs99 was scored around the L2 molt. 

 

Immunostaining.  Immunostaining was performed as described (Finney and Ruvkun, 

1990).  C. elegans apical junctions (CeAJs) were visualized by staining with the 

monoclonal antibody MH27 (Francis and Waterston, 1991).  Unpurified MH27 

supernatant was diluted at 1:20.  Cy3-conjugated secondary antibodies (Jackson 

Immunochemicals) were diluted at 1:300. 

 

Imaging.  Images were acquired and scoring was performed on a Zeiss Axio Imager Z1 

microscope with an ApoTome system and a Hamamatsu ORCA-ER camera, or a Zeiss 

Axio Imager D1 with an AxioCam MRm camera.  Fluorescence illumination was 

provided by an X-Cite 120Q light source (EXFO Photonic Solutions Inc.). 

 

Results 
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Ectopic Wnt signal keeps the daughters of uninduced VPCs unfused with hyp7 in 

lin-4(0) 

In about 50% of wild-type hermaphrodites, P3.p fuses with hyp7 without division 

in the L2 stage.  In the other 50%, P3.p, along with P4.p and P8.p, divides once in the L3 

stage, and their daughters fuse with hyp7 soon after birth.  Daughters of induced P5.p, 

P6.p and P7.p remain unfused and undergo further rounds of division to generate vulval 

cells.  Wnt signaling prevents VPCs from fusing with hyp7: mutations that reduce 

activity of the canonical Wnt pathway, such as a null allele of bar-1/β-catenin or a 

hypomorph of mig-14/Wntless, lead VPCs to inappropriately fuse with hyp7 in the L2 

stage (Eisenmann et al., 1998; Myers and Greenwald, 2007). 

We have previously shown the 1° fate is induced normally, but 2° fate 

specification is blocked in lin-4(0) mutants (Li and Greenwald, 2010).  We examined 

whether VPCs that are not induced by inductive signaling in lin-4(0) would adopt the 3° 

fate, and found that daughters of these VPCs, such as P3.p, P4.p and P8.p, often remain 

unfused with hyp7 in the L3 stage (Table 1).  The phenotype is most evident for P4.p 

daughters, which always fuse with hyp7 in wild type, but stay unfused in 72% of lin-4(0) 

mutants (Table 1).  We tested whether Wnt signaling keeps these cells from fusing with 

hyp7, and found that P3.p, P4.p and P5.p in lin-4(0) fused with hyp7 without division 

when Wnt signal production was reduced by a mig-14 hypomorphic allele, ga62 (Table 

1).  These observations suggest that Wnt signal is persistent or high in lin-4(0) so that the 

daughters of uninduced VPCs remain unfused.  The resistance of P8.p daughters to fusion 

in lin-4(0) mig-14(ga62) double mutants is consistent with the observation that the 
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anterior VPCs, P3.p, P4.p and P5.p, are more susceptible to fusion in mig-14(ga62) 

mutants (Table 1). 

 

Persistent lin-14 activity impedes extension of the VPC apical domains 

Outlined by the CeAJs, the VPC apical domains are small and oval-shaped at 

birth of the cells, and extend longitudinally during development.  The extension stops 

when the CeAJs of neighboring VPCs contact each other, around the time when the 

VPCs are about to divide in the L3 stage (Liu et al., 2005; Fig. 1A,B).  In lin-4(0) 

mutants, the VPC apical domains often fail to extend sufficiently, leaving gaps between 

the CeAJs before the first round of VPC division (Fig. 1A,C).  We tested which target of 

lin-4 causes this extension defect, and found that reduction in lin-14 activity completely 

restored the contact between the CeAJs in lin-4(0) (Fig. 1A,D), suggesting that persistent 

lin-14 activity impedes extension of the VPC apical domains.  Precocious VPC division 

in lin-28(0); lin-4(0) double mutants prevents us from assessing whether persistent lin-28 

also impedes apical domain extension in the L3 stage.  However, loss of lin-28 does not 

appear to accelerate extension of the VPC apical domains in an otherwise wild-type or a 

lin-4(0) background, as gaps remain between the CeAJs in lin-28(0) single or lin-28(0); 

lin-4(0) double mutants (Fig. 1A,E,F). 

LIN-12 accumulates at the VPC apical domains, suggesting that the apical 

domains may be important for LIN-12 signaling (Levitan and Greenwald, 1998).  In 

mutants lacking plx-1/PlexinA, the VPC apical domains fail to terminate extension after 

the CeAJs make contact, causing defective arrangement of the apical domains and an 

infrequent failure of LIN-12-mediated lateral signaling (Liu et al., 2005).  Previous 
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studies have shown that the VPCs in lin-4(0) fail to respond to the lateral signal (Li and 

Greenwald, 2010).  We wondered whether lack of VPC CeAJ contact might cause 

insufficient activation of LIN-12 by its DSL ligands, and therefore might be the primary 

reason for the failure of lateral signaling in lin-4(0).  However, several lines of evidence 

argued against this hypothesis: 1) lateral signaling completely fails in lin-4(0) even 

though the CeAJs sometimes make contact (Fig. 1A,C); 2) lin-4(0) suppresses LIN-

12(intra), a ligand-independent, constitutively active form of LIN-12; 3) in lin-28(0) 

mutants in which the 2° fate is specified, the VPC CeAJs often fail to make contact too 

(Fig. 1A,E).  Taken together, our results suggest that persistent lin-14 activity impedes 

VPC apical domain extension (this work) and blocks LIN-12 signaling (Li and 

Greenwald, 2010), but these two aspects of VPC development may be regulated 

independently. 

 

The block to LIN-12 activity in lin-4(0) may not be due to elevated Ras pathway 

activity 

Besides blocked lateral signaling and aforementioned VPC development defects, 

lin-4(0) mutants also exhibit elevated Ras pathway activity at both the L2 and L3 stages, 

as reflected by increased expression of a Ras pathway target, egl-17, in P5.p, P6.p and 

P7.p (Fig. 2).  The elevated Ras pathway activity in lin-4(0) appears to still depend on the 

inductive signal from the gonad, as the expression of egl-17 is graded in the VPCs (Fig. 

2; Yoo et al., 2004), and is abolished by gonad ablation (Li and Greenwald, 2010). 

Since it is known that the Ras pathway and LIN-12 signaling antagonize each 

other in the VPCs (Shaye and Greenwald, 2002; Yoo et al., 2004), the block to LIN-12 
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activity in lin-4(0) could be due to the elevated Ras pathway activity, or the elevated Ras 

pathway activity could reflect compromised LIN-12 activity.  We tested these two 

alternative hypotheses by examining egl-17 expression in a lin-4(0); lin-12(n137d) 

double mutant background.  In a lin-12(n137d) background, the LIN-3-expressing anchor 

cell (AC) is transformed to a ventral uterine precursor cell (VU), severely compromising, 

if not abolishing, the inductive signal, but the strong lin-12 activity causes all the VPCs to 

become 2° cells, leading to ectopic expression of 2° fate markers and a Multivulva (Muv) 

phenotype (Greenwald et al., 1983).  We found that egl-17 was not expressed in lin-4(0); 

lin-12(n137d) double mutants (Fig. 2A), but lin-4(0) nonetheless suppressed lin-

12(n137d) (Li and Greenwald, 2010).  These observations suggest that Ras pathway 

activity is significantly reduced in lin-4(0); lin-12(n137d) double mutants, and that the 

block to LIN-12 activity in lin-4(0) may not be caused by elevated Ras pathway activity.  

We therefore favor the hypothesis that the elevated Ras pathway activity reflects 

compromised LIN-12 activity. 

 

Expression of egl-17 and lin-11 is de-regulated in lin-28(0) mutants 

In lin-28(0) mutants, the VPCs are spatially specified by the same patterning 

signals, although VPC division occurs precociously in the L2 stage (Euling and Ambros, 

1996a).  We examined expression of cell fate markers in lin-28(0) mutants and found that 

expression of both a 1° fate marker egl-17 and a 2° fate marker lin-11 was de-regulated: 

egl-17 was ectopically expressed in the daughters of the presumptive 2° cells, P5.p and 

P7.p, at high frequencies; lin-11 was ectopically expressed in the granddaughters of the 

presumptive 1° cell, P6.p, in all lin-28(0) mutants scored (Fig. 3; see Materials and 
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Methods for scoring of these two markers).  Since the descendants of P5.p, P6.p and P7.p 

in lin-28(0) express both egl-17 and lin-11, these results cannot be simply explained by 

loss of lateral signaling or cell fate transformations, especially when another 1° fate 

marker, lag-2, and another 2° fate marker, mir-61, are not ectopically expressed in lin-

28(0) mutants (X. Karp and I. Greenwald, unpublished observations).  The reason for the 

de-regulation of egl-17 and lin-11 expression in lin-28(0) remains unclear. 

 

Effects of Wnt signaling on VPC competence in lin-28(0) mutants 

In lin-28(0) mutants, the VPCs acquire their fates and divide precociously in the 

L2 stage, whereas in mig-14(ga62) mutants, some VPCs lose their competence and fuse 

with hyp7 without division in the L2 stage (Euling and Ambros, 1996a; Myers and 

Greenwald, 2007).  We tested whether precocious fate acquisition in lin-28(0) would 

overcome loss of competence caused by reduced Wnt signaling.  We focused on P4.p, as 

it almost always fuses without division in mig-14(ga62) mutants, but almost always 

adopts the 3° fate, fusion after division, in lin-28(0) mutants.  We found that in lin-28(0); 

mig-14(ga62) double mutants, P4.p fuses 28% of the time (p < 0.001, compared to 96% 

in mig-14(ga62), Fisher’s exact test), and adopts the 3° fate 67% of the time (p < 0.001, 

compared to 91% in lin-28(0), Fisher’s exact test) (Table 1).  The mutual suppression 

between lin-28(0) and mig-14(ga62) suggest that VPC division and VPC fusion in lin-

28(0); mig-62(ga62) mutants do not follow a chronological order. 

It is interesting to note that P6.p fails to be induced in 22% of lin-28(0); mig-

14(ga62) mutants (Table 1; p < 0.05, compared to 2% in mig-14(ga62) or 0% in lin-

28(0), Fisher’s exact test).  A simple possibility is that Wnt signaling contributes to 
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induction in lin-28(0) mutants, but the exact reason for this failure remains unknown.  

The adoption of the 3° fate by P5.p in lin-28(0); mig-14(ga62) mutants is likely caused 

by failure of lateral signaling (Table 1), because P6.p fails to be induced in the same 

hermaphrodites.  The acquisition of the 3° fate by P7.p in lin-28(0); mig-14(ga62) 

mutants may be a compounded effect of failure of lateral signaling and reduced Wnt 

activity, as P7.p already adopts the 3° fate in 14% of mig-14(ga62) mutants (Table 1). 

 

Characterization of VPC fate specification defects in lin-14(0) and hbl-1(ve18) 

mutants 

Loss of lin-14 or reduction in hbl-1 activity causes VPCs to divide precociously in 

the L2 stage (Euling and Ambros, 1996a; Abrahante et al., 2003).  We tested whether a 

lin-14 null allele, ma135, or an hbl-1 hypomorphic allele, ve18, would cause VPC fate 

specification defects. 

In lin-14(0) mutants, the 1° fate marker egl-17 is expressed in P6.p, but its 

expression in P5.p is ectopic (Fig. 4A).  Although LIN-12 signaling antagonizes the Ras 

pathway activity in the presumptive 2° cells (Yoo et al., 2004), the ectopic egl-17 

expression in lin-14(0) may not be simply explained by compromised LIN-12 activity, 

because reduced lin-14 activity leads to decreased LIN-28 expression (Moss et al., 1997; 

Seggerson et al., 2002), and egl-17 expression is de-regulated in lin-28(0) (Fig. 3A).  lin-

14(0) mutants express the 2° fate marker lin-11 (Fig. 3B).  However, VPC descendents 

are arranged abnormally in lin-14(0), which prevents identification of individual cell 

types.  Thus, we were unable to score lin-11 expression in individual lineages and likely 

missed subtle defects in lin-14(0). 
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LIN-12 signaling appears to be compromised in hbl-1(ve18) mutants, since egl-17 

expression in P5.p is increased and lin-11 expression is reduced (Fig. 3C,D).  These 

observations suggest that hbl-1 activity may promote LIN-12 signaling in wild type.  

Alternatively, since VPC fate specification occurs precociously in hbl-1(ve18), 

compromised LIN-12 activity may reflect lin-14 inhibition in the L2 stage (Li and 

Greenwald, 2010).  We did not further test these two hypotheses. 

 

Divisions of P5.p and P7.p are sometimes delayed or blocked in mir-48 mir-241; mir-

84 triple null mutants 

Since let-7 family members mir-48 and mir-84 are expressed in the VPCs, and 

mir-84 has been reported to target let-60/Ras (Esquela-Kerscher et al., 2005; Johnson et 

al., 2005), we tested whether mutations in let-7 family members would cause VPC fate 

specification defects.  We found that the 1° and 2° fates are specified normally in let-

7(n2853ts), mir-48(n4097) null [mir-48(0)], mir-84(n4037) null [mir-84(0)], mir-

241(n4136) null [mir-241(0)] single mutants, and mir-48 mir-241(nDf51) [mir-48(0) mir-

241(0)] double mutants (Fig. 5).  However, divisions of P5.p and P7.p are sometimes 

delayed or blocked in mir-48(0) mir-241(0); mir-84(0) triple mutants: P5.p or P7.p fails 

to divide when P6.p has finished two rounds of division (Fig. 6A).  When P5.p and P7.p 

do divide most of the time, the majority of their granddaughters seem to express lin-11 

(Fig. 6C).  Expression of egl-17 in P6.p appears to be normal, although the production or 

function of the lateral signal may not be efficient in mir-48(0) mir-241(0); mir-84(0) 

triple mutants (Fig. 6B).  The delayed or blocked divisions of P5.p and P7.p suggest a 2° 

fate specification defect in mir-48(0) mir-241(0); mir-84(0) triple mutants.  We tested 
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whether constitutive LIN-12 activity can overcome the defect, and found that mir-48(0) 

mir-241(0); mir-84(0) does not suppress the Muv phenotype caused by lin-12(n137) (Fig. 

6D).  Since LIN-12(n137) is a ligand-independent, constitutively active form of LIN-12, 

this observation suggests that the 2° fate specification defect in mir-48(0) mir-241(0); 

mir-84(0) triple mutants may occur before or at the step of LIN-12 activation. 

 

lag-2 expression is delayed or blocked in lin-4(0); mir-48(0) mir-241(0); lin-

14(n179ts) mir-84(0) quintuple mutants 

Heterochronic genes apparently control the timing of vulval induction, as the 

VPCs divide and express 1° fate markers precociously in lin-14(0), lin-28(0), or hbl-

1(ve18) mutants (Euling and Ambros, 1996a; Abrahante et al., 2003; Fig. 3A; Fig. 4A,C).  

However, the 1° fate appears to be specified normally in retarded heterochronic mutants, 

such as lin-4(0) single or mir-48(0) mir-241(0); mir-84(0) triple mutants (Li and 

Greenwald, 2010; Fig. 6B).  Since miRNAs of one family may function together with 

miRNAs of another family or non-miRNA genes to regulate the same targets or 

biological processes (Brenner et al., 2010), it is possible that functional redundancy 

among genes prevents us from observing any vulval induction defects in these retarded 

mutants. 

Previous observations suggested that VPC divisions are often delayed or blocked 

at least until the L4 stage in lin-4(0); mir-48(0) mir-241(0); lin-14(n179ts) mir-84(0) 

quintuple mutants (X. Karp and V. Ambros, unpublished observations).  We examined 

whether expression of 1° fate markers is also delayed or blocked in this background, and 

found that the quintuple mutants often fail to express a 1° fate marker, lag-2, in the L3 
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stage (Fig. 7).  Since reduction in lin-14 activity causes VPCs to be induced precociously 

(Euling and Ambros, 1996a), we tested whether the failure of lag-2 expression would be 

more frequent in a lin-4(0); mir-48(0) mir-241(0); mir-84(0) quadruple mutant 

background without the temperature-sensitive lin-14 hypomorphic allele, n179ts.  We 

found that the block to lag-2 expression does not occur more frequently in lin-4(0); mir-

48(0) mir-241(0); mir-84(0) quadruple mutants than in lin-4(0); mir-48(0) mir-241(0); 

lin-14(n179ts) mir-84(0) quintuple mutants (Fig. 7).  In addition, we surprisingly 

observed that the block to P6.p division appears to be relieved in the quadruple mutants: 

P6.p divided in 49% (18/37) of lin-4(0); mir-48(0) mir-241(0); mir-84(0) quadruple 

mutants scored, but only in 4% (2/48) of lin-4(0); mir-48(0) mir-241(0); lin-14(n179ts) 

mir-84(0) quintuple mutants scored.  The reason for this relief is still unknown, although 

it is possible that a background mutation may help block P6.p division in the quintuple 

mutants or relieve the block in the quadruple mutants. 

Since hbl-1 is a target of the three let-7 family members, mir-48, mir-84, and mir-

241, in seam cell development (Abbott et al., 2005), we hypothesized that persistent hbl-1 

activity may mediate the block to lag-2 expression in the VPCs.  Indeed, we found that 

the block in the quintuple mutants is relieved by reduction in hbl-1 activity (Fig. 7).  

Further work is required to characterize the block to VPC divisions and lag-2 expression 

in the quadruple and quintuple mutants. 

 

Discussion 

Studies of VPC development defects have provided insight into how temporal and 

spatial patterning signals are coordinated to ensure the precision and robustness of 
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developmental decisions (Euling and Ambros, 1996a; Li and Greenwald, 2010).  Here, 

we have attempted to characterize VPC development defects in heterochronic mutants in 

a systemic way.  We discuss the implications of our results for the role of lin-4 and lin-14 

in regulating the morphology of VPC apical domains, potential LIN-12 function in the L2 

stage, and possible mechanisms of the temporal control of vulval induction. 

 

A retarded defect of the VPCs in lin-4(0) 

After birth, the VPCs in wild-type hermaphrodites keep extending their apical 

domains longitudinally until the epithelial junctions of neighboring VPCs contact each 

other at the early L3 stage.  The VPC apical domains in lin-4(0) at the L3 stage exhibit a 

feature associated with the apical domains in wild type at earlier stages: the apical 

domains are not extended enough so that the epithelial junctions could make contact (Fig. 

1A,C).  This retarded defect of the VPCs in lin-4(0) is likely caused by persistent lin-14 

activity, since a lin-14 hypermorphic allele leads to a similar defect (Li and Greenwald, 

2010), and a lin-14 hypomorphic allele restores the contact between the epithelial 

junctions in lin-4(0) (Fig. 1A,D).  The immaturity of VPC apical domains does not 

appear to interfere with VPC fate specification, as the 1° fate is specified normally in lin-

4(0) (Li and Greenwald, 2010), and vulval induction and 2° fate specification can occur 

at the L2 stage in precocious mutants, such as lin-28(0) (Euling and Ambros, 1996a; Fig. 

3).  Thus, VPC apical domain extension and fate specification are likely regulated 

independently. 
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Potential roles of LIN-12 in the L2 stage 

Our previous studies suggest that lin-14 inhibits lin-12 activity in the L2 stage to 

help prevent premature LIN-12 activation, thereby contributing to the precision and 

robustness of VPC fate patterning (Li and Greenwald, 2010).  However, why is LIN-12 

present in the L2 stage, if it does not specify the 2° fate until the L3 stage (Greenwald et 

al., 1983; Levitan and Greenwald, 1998)? 

Our results favor the possibility that the elevated Ras pathway activity in lin-4(0) 

reflects compromised LIN-12 activity (Fig. 2), which suggests that LIN-12 may 

antagonize the Ras pathway in the L2 stage in wild type.  LIN-12 functions by converting 

LAG-1, a transcription factor of the CSL family, from a transcription repressor to an 

activator (reviewed in Greenwald, 2005).  Many LIN-12 direct transcriptional targets that 

contain LAG-1 binding sites (LBSs) in their promoters are negative regulators of the Ras 

pathway, and some of them, such as lip-1, exhibit expression in the L2 stage (Hopper et 

al., 2000; Berset et al., 2001; Yoo et al., 2004).  One way to test the potential 

antagonizing function of LIN-12 is to examine whether mutating the LBSs in the lip-1 

promoter would abolish its L2 stage expression. 

In addition to antagonizing the Ras pathway, LIN-12 may also function in the L2 

stage to promote VPC competence.  We found that a lin-12 hypermorphic allele, n137d, 

prevents inappropriate VPC fusion caused by mig-14(ga62) (Table 1).  We could in 

principle test whether reduction in lin-12 activity causes VPCs to fuse more often in a 

mig-14(ga62) background.  However, a lin-12 hypomorphic or null allele leads to 

formation of an extra anchor cell and increased inductive signaling (Greenwald et al., 

1983), which would complicate interpretation of results. 
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Elegant genetic analyses from Ambros show that LIN-12 activity is gated by cell 

cycle: LIN-12 functions before the completion of S phase to antagonize the Ras pathway 

activity and acts at or after the completion of S phase to promote the 2° fate (Ambros, 

1999).  Our results are consistent with this idea, as LIN-12 is likely unable to specify the 

2° fate before the completion of S phase because of lin-14 inhibition (Li and Greenwald, 

2010).  However, this model leaves open the question of why LIN-12 can antagonize the 

Ras pathway before the completion of S phase.  One possibility is that a low level of 

LIN-12 activity is sufficient to activate negative regulators of the Ras pathway, but a high 

level of LIN-12 activity is required to activate genes that promote the 2° fate. 

Taken together, we propose that LIN-12 functions in the L2 stage to counteract 

the Ras pathway and promote VPC competence, although it cannot specify the 2° fate at 

this stage because of lin-14 inhibition. 

 

Temporal control of vulval induction 

The LIN-3 signal promotes VPC competence in the L2 stage (Myers and 

Greenwald, 2007), but induces the 1° fate in the L3 stage (Ferguson et al., 1987).  It is 

unknown whether and how competence and induction differ on the molecular level.  

Since different levels of Ras activity can elicit distinct transcriptional and biological 

responses (Marshall, 1995; Greenwood and Struhl, 1997; Halfar et al., 2001; Sabbagh et 

al., 2001; Murphy et al., 2002; Murphy et al., 2004), one possibility is that increased Ras 

activity in the L3 stage activates additional targets or a different set of targets that induce 

the 1° fate (Myers and Greenwald, 2007).  Consistent with this view, we found that 

expression of an egl-17 reporter begins in the L2 stage (Myers and Greenwald, 2007), 
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whereas expression of a lag-2 reporter can only be observed in the L3 stage (Chen and 

Greenwald, 2004; X. Karp, X. Zhang, J. Li, and I. Greenwald, unpublished observations).  

However, this model does not address how Ras pathway activity is temporally regulated 

as VPCs progress from the L2 stage to the L3 stage. 

Vulval development is induced precociously in lin-14(0), lin-28(0), or hbl-1(ve18) 

mutants (Euling and Ambros, 1996a; Abrahante et al., 2003; Fig. 3A; Fig. 4A,C), 

suggesting that lin-14, lin-28 and hbl-1 all function to restrict vulval induction to the L3 

stage.  The positive feedback between LIN-14 and LIN-28 makes it difficult to 

differentiate whether these two genes function in parallel or in a linear pathway to 

temporally control vulval induction (Arasu et al., 1991; Moss et al., 1997; Seggerson et 

al., 2002).  The 1° fate appears to be specified normally in lin-4(0) and mir-48(0) mir-

241(0); mir-84(0) triple mutants (Li and Greenwald, 2010; Fig. 6B), but vulval induction 

seems to be delayed or blocked in lin-4(0); mir-48(0) mir-241(0); mir-84(0) quadruple 

and lin-4(0); mir-48(0) mir-241(0); lin-14(n179ts) mir-84(0) quintuple mutants (Fig. 7).  

Although it is unclear why the presence of lin-14(n179ts) exacerbates the phenotype, 

these observations suggest that persistent activity of  a common target, or discrete targets, 

of lin-4 and the three let-7 family members blocks vulval induction.  The relief of the 

block in the quintuple mutants by an hbl-1 hypomorph indicates that hbl-1 is at least one 

such target (Fig. 7).  In seam cell development, all inputs that affect the L2 stage program 

seem to converge on hbl-1 (Abbott et al., 2005).  The same logic may exist for the 

temporal regulation of vulval induction.  However, the fact that the block to vulval 

induction is incomplete in the quadruple and quintuple mutants calls for regulation from 

other inputs, possibly miRNAs.  Further analyses on mutants that display delayed or 
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blocked vulval induction and on transcription factors that regulate lag-2 expression will 

provide more clues on how vulval induction is controlled temporally. 
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Chapter 3.  Figures and Tables 
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Table 1.  Effects of Wnt signaling on VPC development in lin-4(0) and lin-28(0) 
mutants. 

 Fused/3°/Unfused, % a  

Mutants b P3.p P4.p P5.p P6.p P7.p P8.p n 

arIs99 47/53/0 0/100/0 0/1/99 0/0/100 0/0/100 0/99/1 90 

mig-14 c 96/4/0 96/2/2 24/0/76 2/0/98 0/14/86 4/96/0 58 

lin-4(0) 50/40/10 7/21/72 2/0/98 0/0/100 5/2/93 0/48/52 42 

lin-4(0) mig-14 c 100/0/0 81/15/4 42/8/50 0/0/100 0/4/96 4/38/58 26 

lin-28(0) 29/71/0 0/91/9 0/3/97 0/0/100 0/6/94 0/100/0 34 

lin-28(0); mig-14 c 50/50/0 28/67/5 0/22/78 0/22/78 0/44/56 0/83/17 18 

mig-14; lin-12(d) c 0/0/100 0/0/100 0/0/100 0/0/100 0/0/100 0/0/100 34 

Scoring of the marker arIs99[dpy-7p::yfp] and complete genotypes of strains are given in 
the Materials and Methods. 
a “Fused” indicates that a VPC fuses with hyp7 without division; 3°, a VPC divides once 
and produces two daughters that fuse with hyp7; “Unfused,” a VPC is induced in 
hermaphrodites that do not carry the lin-4(0) allele, or a VPC produces daughters or 
granddaughters that do not fuse with hyp7 in lin-4(0) or lin-4(0) mig-14 mutants.  For 
VPCs that exhibit the “Unfused” phenotype in lin-4(0) or lin-4(0) mig-14 mutants, P3.p, 
P4.p and P8.p usually divide only one round and produce one daughter that fuses with 
hyp7 and one daughter that does not; P6.p is induced and had usually divided at least two 
rounds by the time of scoring; P5.p and P7.p often divide more than one round, consistent 
with the idea that these cells are also induced (see also Fig. 2). 
b All strains carry arIs99[dpy-7p::yfp].  We did not score lin-14(0) mutants, because VPC 
descendents are arranged abnormally in lin-14(0), preventing identification of individual 
cell types. 
c A mig-14 hypomorphic allele, ga62, was used in the studies. 
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Figure 1.  Reducing lin-14 activity in lin-4(0) rescues the extension defect of VPC apical 
domains. 

The VPC apical junctions were visualized by expression of AJM-1::GFP (lin-28(0) single 
mutants), or by MH27 staining (all other strains).  Note that hermaphrodites carrying lin-
28(0) were examined at the L2 stage instead of the L3 stage.  CeAJ, C. elegans apical 
junction; WT, wild-type N2 hermaphrodites.  lin-28(0) mutants carry jcIs1[AJM-
1::GFP].  All other mutants carry nIs106[lin-11p::gfp].  lin-4(0); lin-14(n179ts) mutants 
were raised at 20°C.  ***, p < 0.001; n. s., not significant (Fisher’s exact test). 

(A) Percentages of the indicated pairs of VPCs exhibiting contact of their epithelial 
junctions in different genetic backgrounds. 

(B-F) Visualization of the VPC apical junctions in different genetic backgrounds.  
Arrows indicate contact of VPC CeAJs; arrowheads, gaps between VPC CeAJs. 
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Figure 2.  Elevated Ras pathway activity in lin-4(0) mutants. 

Increased egl-17 expression in lin-4(0) at the L3 stage (A,B) and the L2 stage (C).  Note 
that egl-17 expression in the VPCs is still graded in lin-4(0): strong in P6.p, weak in P5.p 
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and P7.p, and none in P3.p, P4.p and P8.p (not shown).  N. S., not significant. All 
statistical tests were performed using Fisher’s exact test. 
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Figure 3.  Expression of egl-17 and lin-11 is de-regulated in lin-28(0) mutants. 

(A) egl-17 is ectopically expressed in the daughters of P5.p and P7.p in lin-28(0). 

(B) lin-11 is ectopically expressed in P6.p granddaughters in lin-28(0). 

N. S., not significant.  All statistical tests were performed using Fisher’s exact test. 
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Figure 4.  Characterization of VPC fate specification defects in lin-14(0) and hbl-1(ve18) 
mutants. 

Expression of egl-17 in lin-14(0) (A) and hbl-1(ve18) (C) mutants, and expression of lin-
11 in lin-14(0) (B) and hbl-1(ve18) (D) mutants.  N. S., not significant.  All statistical 
tests were performed using Fisher’s exact test. 
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Figure 5.  Expression of egl-17 and lin-11 in different let-7 family member mutants. 

(A) egl-17 is expressed normally in all indicated mutant backgrounds, except for mir-
241(0).  Expression of egl-17 in mir-241(0) is reduced.  However, egl-17 expression in 
P6.p is unaffected in mir-48(0) mir-241(0) double or mir-48(0) mir-241(0); mir-84(0) 
triple (see Fig. 6B) mutants.  Furthermore, in mir-241(0) mutants, the lateral signal is 
likely to be sent, since 2° fate specification appears to be normal (see (B)).  Thus, we 
infer that the 1° fate is likely to be specified normally in mir-241(0).  All strains carry 
ayIs4[egl-17p::gfp]. 

(B) lin-11 is expressed normally in all indicated mutant backgrounds.  All strains carry 
nIs106[lin-11p::gfp]. 

let-7(n2853ts) mutants were raised at 15°C; bleached eggs were transferred to and L3 
stage larva were scored at the restrictive temperature, 25°C.  + indicates an otherwise 
wild-type background. 
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Figure 6.  Divisions of P5.p and P7.p are sometimes delayed or blocked in mir-48 mir-
241; mir-84 triple null mutants. 

(A) P5.p or P7.p sometimes fails to divide when P6.p has finished two rounds of division 
(P6.pxx) in mir-48(0) mir-241(0); mir-84(0) mutants.  Although the failure of P5.p 
division is not statistically significant, it never occurs in wild-type hermaphrodites 
(Braendle and Felix, 2008). 

(B) egl-17 is expressed normally in mir-48(0) mir-241(0); mir-84(0) mutants. 

(C) P5.p and P7.p divide in most of mir-48(0) mir-241(0); mir-84(0) mutants, and the 
majority of their granddaughters (P5.pxx and P7.pxx) express lin-11. 

(D) mir-48(0) mir-241(0); mir-84(0) does not suppress the Muv phenotype caused by lin-
12(n137).  Error bars represent the standard error of the mean (SEM). 

+ indicates an otherwise wild-type background.  N. S., not significant.  Statistical tests 
were performed using Fisher’s exact test (A-C) or Student’s t-test (D). 
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Figure 7.  lag-2 expression is delayed or blocked in lin-4(0); mir-48(0) mir-241(0); lin-
14(n179ts) mir-84(0) quintuple mutants. 

lag-2 expression in P6.p or P6.p descendents was scored during the L3 stage.  P6.p 
divided in 49% (18/37) of lin-4(0); mir-48(0) mir-241(0); mir-84(0) quadruple mutants 
scored, but only in 4% (2/48) of lin-4(0); mir-48(0) mir-241(0); lin-14(n179ts) mir-84(0) 
quintuple mutants scored.  + indicates an otherwise wild-type background.  All strains 
were maintained at 20°C and carry arIs131[lag-2p::yfp].  ***, p < 0.001; N. S., not 
significant (Fisher’s exact test). 
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Chapter 4.  General Discussion 
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Summary 

My thesis work mainly focuses on understanding how spatial signaling events are 

temporally controlled to ensure the precision and robustness of VPC fate patterning.  In 

C. elegans, heterochronic genes control developmental timing in many tissues and have 

been implicated in regulating the temporal patterning of the VPCs (Ambros and Horvitz, 

1984; Euling and Ambros, 1996a).  As presented in this thesis, characterization of VPC 

development defects in heterochronic mutants has yielded insights into the temporal 

regulation of VPC fate patterning. 

In Chapter 2, I showed that lin-4 promotes LIN-12/Notch activity by 

downregulating LIN-14, and that persistent lin-14 blocks LIN-12 activity without 

affecting processing and nuclear import of the LIN-12 intracellular domain.  I also found 

that lin-14 activity in the L2 stage is sufficient to prevent premature LIN-12 activation. 

In Chapter 3, I showed that persistent lin-14 activity impedes extension of the 

VPC apical domains, and that ectopic Wnt signaling prevents the daughters of uninduced 

VPCs from fusing with hyp7 in lin-4 null mutants.  Through characterization of 

heterochronic mutants that exhibit precocious or delayed vulval induction, I also 

attempted to understand how vulval induction is temporally controlled. 

I will discuss the implications of these results in this chapter, particularly for the 

temporal control of vulval induction and LIN-12 activity, and for possible mechanisms of 

LIN-14 inhibition of LIN-12.  Finally, I will touch on the roles of lin-4 homologues in 

other model systems. 
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Temporal control of vulval induction 

Previous studies and our results suggest that lin-14, lin-28 and hbl-1 all function 

to prevent precocious vulval induction, and that persistent hbl-1 activity can at least 

partially delay or block vulval induction (Euling and Ambros, 1996a; Abrahante et al., 

2003; Chapter 3).  It is interesting to note that the VPCs can be easily induced 

precociously by reducing the activity of any of the three genes, lin-14, lin-28 and hbl-1, 

but vulval induction can only be partially delayed or blocked when all four miRNAs, lin-

4, mir-48, mir-84 and mir-241, are simultaneously removed.  It is unclear why C. elegans 

needs such great functional redundancy to ensure the occurrence of vulval induction. 

During seam cell development, all inputs that affect the L2 stage program seem to 

converge on hbl-1 (Abbott et al., 2005).  The same logic may apply to the temporal 

control of vulval induction.  To test which proteins are key factors that regulate the 

timing of vulval induction, we can examine whether ectopic expression of LIN-14, LIN-

28, HBL-1, or a combination of these three proteins would delay or block vulval 

induction in an otherwise wild-type or a precocious mutant background.  So far, we have 

successfully blocked LIN-12-mediated lateral signaling by expressing LIN-14 under the 

control of a VPC promoter and an unc-54 3’ UTR that is not known to be regulated by 

any miRNAs (Chapter 2. Appendix Fig. A3), but we have not tested whether ectopic 

expression of LIN-14 in the VPCs would delay or block specification of the 1° fate.  

Since the 1° fate is specified normally in a lin-14 hypermorphic background, it is unlikely 

that ectopic expression of LIN-14 can delay or block vulval induction.  However, we 

cannot rule out the possibility that the combined expression of LIN-14 and another factor 

would cause a defect in 1° fate specification. 
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lin-66 is another known heterochronic gene that, when mutated, causes a delay in 

VPC first division (Morita and Han, 2006).  This retarded defect can be enhanced by 

reducing the activity of alg-1, which encodes a C. elegans miRNA-specific Argonaute 

protein that is crucial for miRNA function (Grishok et al., 2001; Morita and Han, 2006; 

Fabian et al., 2010).  Since LIN-66 post-transcriptionally represses LIN-28 (Morita and 

Han, 2006), these observations again highlight the importance of LIN-28 and possibly 

other miRNA targets in regulating VPC cell cycle progress.  Interestingly, the VPC 

division delay in lin-66 or lin-66; alg-1 mutants does not delay or block expression of a 

1° fate marker, egl-17 (Morita and Han, 2006).  However, since egl-17 starts being 

expressed in the L2 stage, its expression in lin-66 or lin-66; alg-1 mutants may reflect 

more of L2 stage VPC competence rather than L3 stage vulval induction (Myers and 

Greenwald, 2007).  Thus, it is important to examine expression of lateral signal genes, 

such as lag-2 and apx-1, in these mutants, as expression of lag-2 and apx-1 can only be 

observed in the L3 stage (Chen and Greenwald, 2004; X. Karp, X. Zhang, J. Li, and I. 

Greenwald, unpublished observations).  Further characterization of lin-66 may provide 

additional clues to possible mechanisms underlying the temporal regulation of vulval 

induction. 

Another strategy to elucidate the temporal control of vulval induction is to 

analyze how lag-2 expression is temporally regulated, because expression of lag-2 

transcriptional reporters can only be observed in the L3 stage (Chen and Greenwald, 

2004; X. Karp, X. Zhang, J. Li, and I. Greenwald, unpublished observations).  Studies in 

our lab identified a cis-acting element in the lag-2 promoter that is necessary and 

sufficient to direct lag-2 expression.  Further analyses showed that the cis-acting element 
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contains an activation site and a LIN-1/Ets repression site.  Deletion of the repression site 

or loss of lin-1 does not cause precocious lag-2 expression in the L2 stage, suggesting 

that lag-2 expression needs to be activated by a transcription factor in the L3 stage (X. 

Zhang and I. Greenwald, unpublished observations).  Identification of the activator and 

elucidation of its expression and function may be the key to understand how the timing of 

vulval induction is controlled. 

 

Temporal gating of LIN-12 activity 

In wild-type hermaphrodites, the 2° fate is specified by the LIN-12-mediated 

lateral signal in the L3 stage.  Besides the timing of the lateral signal (see discussion 

above), LIN-12 activity is also temporally regulated.  For example, ligand-independent, 

constitutive LIN-12 does not appear to specify the 2° fate in the L2 stage (Greenwald et 

al., 1983; Chapter 2. Fig. 4B).  Elegant genetic analyses suggest that LIN-12 activity is 

gated by cell cycle: LIN-12 acts in G1/S phase to antagonize the Ras pathway activity, 

and functions at or after the completion of S phase to promote the 2° fate (Ambros, 

1999).  However, the block to constitutive lin-12 activity in the L2 stage cannot be 

simply explained by cell cycle gating, because constitutive lin-12 activity is unable to 

specify the 2° fate in the L2 stage even when the VPCs are forced through the cell cycle 

(Hong et al., 1998; Saito et al., 2004).  Our results in Chapter 2 suggest that the block to 

constitutive lin-12 activity in the L2 stage is due to lin-14 activity (see below for possible 

mechanisms of LIN-14 inhibition of LIN-12).  Using a strong lin-12 hypermorphic allele, 

n137, and a heat-sensitive lin-14 allele, n179ts, we showed that reducing lin-14 activity in 

the L2 stage enhances expression of a direct lin-12 target, mir-61, at the L2 stage in lin-
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12(n137); lin-14(n179ts) hermaphrodites, to a level comparable to that seen at the L3 

stage in a lin-12(n137) background (Chapter 2. Fig. 4B).  Since we maintained lin-

12(n137); lin-14(n179ts) hermaphrodites at the permissive temperature until the L1 molt 

before temperature shifts to prevent precocious vulval induction, VPC S phase in these 

mutants likely still occurred in the L3 stage (Euling and Ambros, 1996a).  In this case, 

our results would suggest that lin-12 can function in G1 phase to promote the 2° fate.  

Therefore, gating of lin-12 activity by cell cycle may essentially reflect a change in lin-12 

activity.  As cell cycle progresses, lin-12 activity in the presumptive 2° cells is likely to 

increase, because lin-14 inhibition is relieved, and downregulation of LIN-12 in the 

presumptive 1° cell may lead to more efficient and effective presentation of the DSL 

ligands (Shaye and Greenwald, 2002). 

Although specification of the 2° fate is permitted at the L2 stage in lin-14(0), lin-

28(0) or hbl-1(ve18) mutants (Euling and Ambros, 1996a; Chapter 3. Fig. 3B; Fig. 4B,D), 

loss of lin-28 or reduction in hbl-1 activity, unlike reduction in lin-14 activity, fails to 

restore LIN-12 signaling in lin-4(0) (Chapter 2. Fig. 3A; Fig. S2A).  These observations 

suggest that lin-14 is crucial for the temporal control of LIN-12 activity, and that lin-14 

activity in the VPCs is likely reduced in both lin-28(0) and hbl-1(ve18) mutants.  Since 

lin-28 is required for maximal LIN-14 expression and activity in seam cells (Arasu et al., 

1991; Moss et al., 1997), it is conceivable that lin-14 activity in the VPCs is maintained 

by both lin-28 and hbl-1 activity. 
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VPC division and fate specification 

VPC fate specification seems to be coupled with cell division.  For example, 

precocious fate specification in lin-14(0), lin-28(0), or hbl-1(ve18) mutants leads to 

precocious cell division (Euling and Ambros, 1996a; Abrahante et al., 2003).  However, 

the linkage between VPC division and fate specification may reflect a bias of relying on 

cell division patterns as fate markers, since forcing VPCs through the cell cycle is not 

sufficient to specify their fates: inhibition of a cyclin-dependent kinase inhibitor CKI-1 or 

loss of a phosphatase CDC-14 leads to duplications of the VPCs in the L2 stage, but the 

fates of these cells are not specified until the L3 stage (Hong et al., 1998; Saito et al., 

2004).  VPC division appears not to be necessary for commitment to the 1° fate either: 

expression of egl-17, downregulation of LIN-12, and presentation and reception of the 

lateral signal all occur before the completion of S phase (Hong et al., 1998; Ambros, 

1999).  LIN-12 acts at or after the completion of S phase to promote the 2° fate (Ambros, 

1999).  However, it is not known whether VPC division is required for 2° fate 

commitment.  In principle, we can test this hypothesis using a temperature-sensitive lin-

12 hypermorphic allele and drugs that can reversibly block the cell cycle in S and G2/M 

phases (Ambros, 1999).  lin-12(n137n460ts) mutants display normal vulval development 

at 25°C but a Muv phenotype at 15°C (Greenwald et al., 1983).  We can raise lin-

12(n137n460ts) mutants at 25°C and treat them with hydroxyurea to arrest the VPC cell 

cycle in S phase.  We then shift these hermaphrodites to 15°C to increase lin-12 activity, 

and simultaneously treat them with a drug (e.g. nocodazole) that blocks the VPC cell 

cycle in G2/M phase.  After a period of time, these hermaphrodites can then be released 

from treatment and shifted back to 25°C.  If treated hermaphrodites exhibit a Muv 
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phenotype at the adult stage, the result would imply that VPC division is not required for 

commitment to the 2° fate. 

 

Multiple roles of lin-14 in VPC development 

lin-14 regulates diverse post-embryonic developmental events, including 

specification of seam cell temporal identities (Ambros and Horvitz, 1984; Ambros and 

Horvitz, 1987), initiation and expression of dauer larva developmental program (Liu and 

Ambros, 1989), the timing of synaptic remodeling (Hallam and Jin, 1998), tissue 

synchrony of the developing egg-laying system (Johnson et al., 2009), and life span 

(Boehm and Slack, 2005).  In addition to studies from Euling and Ambros, our results 

further revealed multiple roles of lin-14 during VPC development: it controls VPC cell 

cycle progress (Euling and Ambros, 1996a), the timing of vulval induction (Euling and 

Ambros, 1996a; Chapter 3), the output of LIN-12 signaling (Chapter 2), and extension of 

the VPC apical domains (Chapter 3). 

lin-14 functions with or through lin-28 and hbl-1 to control VPC cell cycle 

progress and the timing of vulval induction (Euling and Ambros, 1996a; Chapter 3), 

whereas its activity alone is sufficient to inhibit lin-12 activity (Chapter 2).  Although the 

roles of lin-28 and hbl-1 in regulating VPC apical domain extension are unclear, these 

results suggest that at least inhibition of lin-12 activity may be a unique function of lin-14 

compared with lin-28 and hbl-1. 

lin-14 activity is required at different times during VPC development for its 

different roles.  lin-14 functions in the L1 stage to prevent precocious VPC division and 

vulval induction (Euling and Ambros, 1996a).  By contrast, our results suggest that lin-14 
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acts at or near the time of lateral signaling to inhibit lin-12 activity (Chapter 2).  It is still 

unknown when lin-14 functions to impede extension of the VPC apical domains.  Further 

temperature shift experiments are required to determine the time of action for this role of 

lin-14. 

 

Possible mechanisms of LIN-14 inhibition of LIN-12 

In Chapter 2, we have shown that LIN-14 inhibits LIN-12 activity without 

affecting processing and nuclear import of the LIN-12 intracellular domain.  However, it 

remains elusive how LIN-14 functions to block LIN-12 signaling.  LIN-14 is a novel 

transcription factor (Wightman et al., 1991; Hong et al., 2000; Hristova et al., 2005).  A 

putative LIN-14 binding sequence (GAACRY) has been identified to mediate 

transcriptional repression of a LIN-14 target, the insulin/insulin-like growth factor gene 

ins-33 (Hristova et al., 2005).  Thus, LIN-14 may repress factors that are essential for 

LIN-12 function, or LIN-12 targets that promote the 2° fate, although it remains possible 

that LIN-14 may transcriptionally activate certain targets that in turn inhibit LIN-12 

activity. 

We have attempted to determine whether LIN-14 acts as an activator or a 

repressor in the block of LIN-12 signaling (Chapter 2. Appendix Fig. A3).  We tried to 

manipulate LIN-14 transcriptional activity by adding the VP16 activation domain or the 

Drosophila Engrailed repressor domain to LIN-14.  However, we did not obtain 

conclusive results, likely because the inherent activity of LIN-14 interferes with the 

activity of the VP16 activation domain or the Engrailed repressor domain (Chapter 2. 

Appendix Fig. A3). 
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Since LIN-14 can function as a transcriptional repressor, a simple model is that 

LIN-14 inhibits certain key LIN-12 targets.  Unfortunately, not many LIN-12 targets in 

the VPCs are identified (see Chapter 1. section 2.2), and lack of knowledge of the key 

targets prevents us from testing the model directly.  Nonetheless, we attempted to assess 

whether LIN-14 can directly repress transcription of any LIN-12 targets.  We noticed that 

the promoters used to drive reporter expression of two direct LIN-12 targets, mir-61 and 

lst-5, each contain two putative LIN-14 binding sites, with one inadvertently introduced 

from the yfp vector.  We are currently testing whether mutating the putative LIN-14 

binding sites would restore expression of mir-61 and lst-5 in a lin-4(0) or lin-14 

hypermorphic background.  By searching for presence of both LAG-1 and LIN-14 

binding sites in 5’ regulatory sequences, we attempted to computationally identify genes 

that could be targets of both LIN-12 and LIN-14.  However, the degeneracy of the LIN-

14 consensus binding sequence leads to a large set of candidates that we did not test 

individually.  We also assessed whether the LIN-14 binding sequence is sufficient to 

confer transcriptional repression in the VPCs, and found that adding four consecutive 

LIN-14 binding sequences to a short lin-31 regulatory sequence does not appear to 

repress reporter expression (Appendix Fig. 1).  It is possible that other regulatory 

elements or certain cis-regulatory architecture is required for LIN-14 function.  

Identification of new LIN-12 targets and further characterization of cis-regulatory 

elements important for LIN-14 function will help elucidate how LIN-14 inhibits LIN-12 

signaling. 

The complete block to LIN-12 activity by LIN-14 in the VPCs raises the 

possibility that LIN-14 functions by inhibiting key factors, such as LAG-1 and SEL-8, 
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which are responsible for activation of LIN-12 targets.  Examination of LAG-1 and SEL-

8 reporters would reveal whether lag-1 and sel-8 are transcribed and translated in the 

VPCs.  In addition, if this hypothesis were true, we would infer that LIN-14 inhibition of 

LIN-12 is common to other LIN-12-mediated cell fate decisions.  However, ectopic 

expression of constitutive LIN-14 in cells or their progenitors, whose fate decisions are 

mediated by LIN-12, does not seem to cause cell fate transformations observed in lin-

12(0) mutants (Chapter 2. Appendix Table A1).  The negative results could be due to 

technical issues: the tissue-specific promoters used to express LIN-14 are not potent or 

expressed early enough to allow sufficient LIN-14 accumulation.  Nonetheless, it remains 

possible that LIN-14 does not affect LAG-1 and SEL-8, and that the VPCs possess 

unique factors essential for inhibition of LIN-12 by LIN-14. 

Identification of LIN-14 binding partners is another strategy to understand how 

LIN-14 may inhibit LIN-12.  A yeast two-hybrid screen could be a starting point 

(Walhout and Boulton, 2006).  It is also conceivable that LIN-14 may recruit certain 

chromatin modifying and remodeling complexes to repress transcription of LIN-12 

targets (Cui and Han, 2007).  We can test whether reducing the activity of candidate 

chromatin factors would relieve the block to LIN-12 signaling in a lin-4(0) or lin-14 

hypermorphic background.  Finally, an unbiased genetic screen may be the most 

revealing approach to elucidate LIN-14 inhibition of LIN-12.  Mutations that restore 

specification of the 2° fate in a lin-4(0) or lin-14 hypermorphic background will define 

key factors essential for the block to LIN-12 by LIN-14, with a caveat that, if LIN-14 acts 

as a transcriptional repressor, we may not be able to identify LIN-14 targets that confer 

the block to LIN-12 signaling.  For the convenience of the screen, a lin-12 hypermorphic 
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allele, such as n137, can be added to the lin-4(0) or lin-14 hypermorphic background, 

since restoration of the Muv phenotype can be easily spotted under a dissecting scope.  

Unfortunately, the low brood size of lin-4(0); lin-12(n137) mutants makes them 

unsuitable for a screen using ethyl methanesulfonate (EMS) as the mutagen.  To make the 

starting strain healthier, we attempted to balance lin-4(0) with a GFP marked inversion, 

mIn1[dpy-10(e128) mIs14].  However, we had trouble homozygosing lin-12(n137) when 

lin-4(0) is balanced with mIn1, possibly due to synthetic lethality caused by background 

mutations.  Using a weaker lin-12 hypermorph or LIN-12(intra) expressed specifically in 

the VPCs may circumvent the problem. 

 

LIN-12 signaling and the heterochronic gene pathway 

Not many studies on crosstalk between LIN-12 signaling and the heterochronic 

gene pathway have been reported.  lin-12 hypermorphic mutants appear to form adult 

alae (a special cuticular structure) precociously and display increased let-7 expression 

(Solomon et al., 2008).  However, these results do not agree with the observation that 

constitutively active lin-12 does not lead to precocious expression of col-19, a collagen 

gene normally expressed only in adult hypodermal cells (Liu et al., 1995; Rougvie and 

Ambros, 1995; Solomon et al., 2008).  In addition, we did not detect precocious alae 

formation in lin-12(n676) and lin-12(n137) hypermorphic mutants (n > 20 for each 

strain), consistent with the results in another study (Xia et al., 2009).  let-7 null mutants 

die by bursting at the vulva, and a lin-12 hypermorphic allele suppresses the phenotype 

(Solomon et al., 2008).  However, we need to be cautious when interpreting this result, 
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because the suppression of bursting may simply result from a different vulval 

morphogenesis process caused by lack of the AC in lin-12 hypermorphic mutants. 

sel-7, a positive regulator of lin-12 activity, has been suggested to promote the 

L2-to-L3 stage transition through hbl-1 (Xia et al., 2009).  However, reduction in sel-8, 

lag-1, or lin-12 activity does not appear to cause a heterochronic defect, suggesting that 

sel-7 may function independently of lin-12 signaling to regulate seam cell temporal 

identities (Xia et al., 2009).  Future studies may discover more interactions between LIN-

12 signaling and the heterochronic gene pathway. 

 

Does lin-14 mediate the block to constitutive LIN-12 in response to Ras 

activation? 

Several lines of evidence indicate that activation of the Ras pathway in P6.p 

makes it refractory to activated LIN-12/Notch (Greenwald et al., 1983; Sternberg and 

Horvitz, 1989; Mango et al., 1991; Shaye and Greenwald, 2005).  For example, a 

stabilized, constitutively active form of LIN-12, LIN-12(ΔEΔDTS)::GFP, cannot convert 

P6.p from a 1° cell to a 2° cell in the presence of the AC (Shaye and Greenwald, 2005).  

Since lin-14 can block constitutive LIN-12 in the L2 stage and in heterochronic mutant 

contexts, it may also mediate the resistance to activated LIN-12 in response to Ras 

activation.  To test this hypothesis, we can examine whether reducing lin-14 activity 

would permit activated LIN-12 to abolish expression of 1° fate markers and cause ectopic 

expression of 2° fate markers in P6.p in the presence of the AC.  In addition to gating of 

lin-12 activity by cell cycle, the block to activated LIN-12 by Ras may be another 

mechanism to prioritize cell fate choices and ensure precise VPC fate patterning. 
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Does mir-237, a lin-4 paralogue, play a role in VPC development? 

miR-237 shares sequence identity with lin-4 at their 5’ ends, and therefore is a lin-

4 paralogue in C. elegans (Lim et al., 2003).  Loss of mir-237 neither causes any apparent 

phenotypes by itself (Miska et al., 2007), nor does it enhance or suppress examined 

mutant phenotypes in sensitized genetic backgrounds with reduced processing and 

activity of all miRNAs or with reduced activity of multiple regulatory pathways (Brenner 

et al., 2010).  A transcriptional reporter of mir-237 is expressed in the seam cells, the 

developing somatic gonad, and all the VPCs but P6.p, suggesting that mir-237 may play 

roles in these tissues (Esquela-Kerscher et al., 2005; Martinez et al., 2008).  Although the 

complete block to LIN-12 activity in lin-4(0) makes it unnecessary to invoke mir-237 for 

LIN-12 function (Chapter 2), it remains possible that mir-237 functions redundantly with 

other genes to ensure the robustness of VPC development (Brenner et al., 2010). 

 

Roles of lin-4/mir-125 in other model systems 

Although LIN-14 has no apparent homologues outside the nematode species 

(Hong et al., 2000; Hristova et al., 2005), lin-4, known as mir-125 in non-nematode 

species, is conserved throughout bilaterian phylogeny, and is an ancient animal miRNA 

(Lagos-Quintana et al., 2002; Prochnik et al., 2007; Christodoulou et al., 2010).  With the 

exception of C. elegans, mir-125 is clustered with two other ancient miRNAs, mir-100 

and let-7, and the relative ordering of these three genes (from mir-100 to let-7 to mir-125) 

has been widely maintained in the genomes of most bilaterian species (Sempere et al., 
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2003; Prochnik et al., 2007; Sokol et al., 2008).  It has been shown that mir-100, let-7, 

and mir-125 are cotranscribed as a single transcript in Drosophila, suggesting that the 

mir-100, let-7, and mir-125 clusters in the genomes of other species may also represent 

single polycistronic loci (Sokol et al., 2008).  The genomic clustering of mir-100, let-7, 

and mir-125 implies that these three miRNAs may coordinately regulate certain 

developmental processes during evolution (Sempere et al., 2003; Sokol et al., 2008). 

In Drosophila, transcription of the mir-100, let-7, and mir-125 cluster is observed 

in pupal and adult neurons and muscles (Sokol et al., 2008), and expression of mature 

miR-100, let-7, and miR-125 is significantly upregulated during metamorphosis 

(Pasquinelli et al., 2000; Sempere et al., 2002; Bashirullah et al., 2003; Sempere et al., 

2003).  Although let-7 plays a predominant role, mir-125 appears to function redundantly 

with let-7 to regulate metamorphic processes, including the remodeling of the abdominal 

neuromusculature and cell-cycle exit of developing wing cells (Caygill and Johnston, 

2008; Sokol et al., 2008). 

In vertebrates, expression of the miR-125 family members is detected in many 

organs and tissues (Sempere et al., 2004; Wienholds et al., 2005).  Like lin-4 in C. 

elegans and miR-125 in Drosophila, expression of the vertebrate miR-125 family 

members is also temporally regulated, peaking at late stages of embryonic development 

(Schulman et al., 2005; Smirnova et al., 2005; Wienholds et al., 2005).  As in C. elegans, 

Lin-28 is targeted by miR-125 in mammals too (Wu and Belasco, 2005; Rybak et al., 

2008). 

Numerous reports have linked miR-125 to proliferation and differentiation of 

stem cells and various kinds of cancer.  For example, expression of miR-125 promotes 
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neuronal differentiation (Rybak et al., 2008; Le et al., 2009b), and stimulates growth of 

prostate cancer cells and tumor xenografts (Shi et al., 2007; Shi et al., 2010).  The 

oncogenic activity of miR-125 arises at least partially from its targeting of tumor 

suppressor p53 and pro-apoptotic proteins, such as BAK1 and PUMA (Shi et al., 2007; 

Le et al., 2009a; Shi et al., 2010).  Recent studies also indicate that miR-125 family 

members play an important role in hematopoiesis and leukemogenesis: 1) miR-125 

family members are enriched in hematopoietic stem cells (HSCs) and regulate HSC 

survival in part by reducing apoptosis; 2) overexpression of miR-125 can induce 

expansion of HSCs and cause multiple types of leukemia; and 3) many chromosomal 

abnormalities that result in miR-125 overexpression are identified in patients with various 

forms of leukemia (Bousquet et al., 2008; Bousquet et al., 2010; Chapiro et al., 2010; 

Gefen et al., 2010; Guo et al., 2010; Klusmann et al., 2010; O'Connell et al., 2010; Ooi et 

al., 2010). 

Notch signaling is essential for the development of embryonic HSCs and mediates 

multiple lineage decisions of developing lymphoid and myeloid cells (reviewed in Radtke 

et al., 2010).  Inappropriate activation of Notch can cause T cell acute lymphoblastic 

leukemia (T-ALL): more than 50% of primary T-ALL tumors contain activating 

mutations in NOTCH1 (reviewed in Ferrando, 2009).  A recent study suggested that 

induction of T cell leukemia depends on the signaling strength of NOTCH1, because 

most NOTCH1 mutations found in T-ALL tumors are insufficient to initiate leukemia 

development on their own (Chiang et al., 2008).  Furthermore, mutations that reduce the 

activity of FBW7, an E3 ligase targeting NOTCH1 for ubiquitination and degradation, 

are identified in a substantial number of T-ALL patients (O'Neil et al., 2007; Thompson 
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et al., 2007).  Our results in Chapter 2 indicate that lin-4 promotes LIN-12/Notch activity 

by downregulating LIN-14 in C. elegans.  A similar logical circuit wherein lin-4/mir-125 

promotes Notch may also exist in other contexts and species.  It would be particularly 

interesting to examine whether mutations that enhance mir-125 activity can be identified 

in T-ALL tumors harboring activating NOTCH1 mutations. 
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Appendix 
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Multimerized LIN-14 binding sites are insufficient to repress expression 

of a lin-31 transcriptional reporter 

 

Figure 1.  Multimerized LIN-14 binding sites are insufficient to repress expression of a 
lin-31 transcriptional reporter. 

(A) A schematic depiction, drawn to scale, of the reporter constructs carried by arrays in 
(B).  An 18 bp LIN-14 binding sequence (black arrowheads) was taken from the 
regulatory sequences of ins-33 (Hristova et al., 2005).  Four copies of the binding 
sequence were concatemerized and added in front of a 314 bp lin-31 regulatory sequence 
that can drive reporter expression in the VPCs alone. 
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(B) Multimerized LIN-14 binding sites appear not to be sufficient to repress expression 
of a lin-31 transcriptional reporter in the L2 stage.  Array arEx1367 carries the construct 
pJL43; arrays arEx1374 and arEx1375 contain the construct pJL49.  Full genotypes of 
the strains: 

GS5892 pha-1(e2123); arEx1367[lin-31p(314bp)::2nls::yfp] 

GS5909 pha-1(e2123); arEx1374[4XLIN-14BSlin-31p(314bp)::2nls::yfp] 

GS5910 pha-1(e2123); arEx1375[4XLIN-14BSlin-31p(314bp)::2nls::yfp]. 
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A failed attempt to generate synthetic reporters for LIN-12/Notch 

activity in the VPCs 

 

Figure 2.  A failed attempt to generate synthetic reporters for LIN-12/Notch activity in 
the VPCs. 

LBS, LAG-1 binding site; SPS, Su(H) paired site; EBNA2RE, Epstein-Barr virus nuclear 
antigen 2 response element.  The six LAG-1 binding sites (6×LBS) in constructs pJL41 
and pJL51 are separated by artificial spacer sequences (10 bp each).  The 2×SPS element 
in pJL46 and pJL52 is engineered by juxtaposing two SPSs in the regulatory sequences of 
the Drosophila E(spl)m3 gene and the human HES-1 gene (Bailey and Posakony, 1995; 
Nellesen et al., 1999).  The 6×EBNA2RE element in pJL48 and pJL53 is the same 300 bp 
regulatory sequence used in the luciferase reporter construct, pGaLUC (Sakai et al., 
1998).  The lag-2 promoter is a 201 bp proximal regulatory sequence that cannot drive 
reporter expression in the VPCs by itself (X. Zhang and I. Greenwald, unpublished 
observations).  The lin-31 promoter is the same 314 bp regulatory sequence used in 
Appendix Fig. 1. 

These negative results are consistent with the observations that multimerized LAG-1/CSL 
binding sites are sufficient to promote transcription in vitro, but not in vivo, suggesting 
that other regulatory elements or certain cis-regulatory architecture is required for 
activation of endogenous LIN-12/Notch targets (Barolo and Posakony, 2002). 
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Graded expression of lst-1 in lin-12 hypermorphic backgrounds 

lst-1 is a LIN-12 direct transcriptional target that encodes a negative regulator of 

the Ras pathway (Yoo et al., 2004).  We expect that an lst-1 reporter should behave like 

reporters of other LIN-12 targets, such as lst-2 (Fig. 3H) and lst-5 (Choi, 2009), and 

display uniform expression in all the VPCs in a lin-12 hypermorphic background.  

However, lst-1, like mir-61 (Chapter 2. Appendix Fig. 4), exhibits a graded expression 

pattern in a lin-12(n137) or lin-12(n950) hypermorphic background: strong expression in 

anterior VPCs and weak expression in posterior ones (Yoo, 2005; Fig. 3A-E,G).  The 

graded pattern of lst-1 in lin-12(n137) can start being observed in the L2 stage (9/30 

hermaphrodites displaying the pattern), and becomes more evident in the L3 stage (Fig. 

3A-C).  These observations suggest that lst-1 and mir-61 are likely also under the control 

of other signaling pathways, whose activity is possibly ectopic in a lin-12 hypermorphic 

background.  Ablation of the gonad does not appear to abolish the graded pattern of lst-1 

in lin-12(n137), suggesting that the gonad is likely not the source of the signal that 

pattern the graded expression of lst-1.  The graded expression of lst-1 and mir-61 is 

reminiscent of a graded Wnt signal emanating from the posterior body (Coudreuse et al., 

2006; Gleason et al., 2006; Myers and Greenwald, 2007).  It is possible that the graded 

Wnt signal inhibits expression of lst-1 and mir-61, causing the graded pattern.  As a first 

step, we could test whether reducing Wnt activity using a mig-14/Wntless hypomorphic 

allele would abolish the graded expression of lst-1 and mir-61 in a lin-12 hypermorphic 

background. 
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Figure 3.  Graded expression of lst-1 in lin-12 hypermorphic backgrounds. 

(A-C) Graded expression of lst-1 in the VPCs (A), their daughters (Pn.px) (B) and 
granddaughters (Pn.pxx) (C) in the L3 stage in a lin-12(n137) hypermorphic background.  
76% (35/46) of hermaphrodites exhibit the graded pattern at the Pn.p stage; 90% (37/41) 
at the Pn.px stage; 100% (25/25) at the Pn.pxx stage. 

(D) Representative patterns of lst-1 expression in VPC daughters in a lin-12(n137) 
background.  Black circles indicate strong expression; grey circles, weak expression; 
white circles, no expression.  n = 41. 

(E) A different lst-1 reporter driven by a longer lst-1 regulatory sequence without a pes-
10 minimal element also exhibits a graded expression pattern in 52% (16/31) of lin-
12(n137) hermaphrodites. 

(F) Ablation of the gonad does not appear to abolish the graded pattern of lst-1 in lin-
12(n137).  3/4 gonad-ablated hermaphrodites still display the graded pattern. 

(G) The graded expression of lst-1 is also observed in a lin-12(n950) hypermorphic 
background.  100% (13/13) of hermaphrodites exhibit the graded pattern at the Pn.px 
stage. 

(H) Another LIN-12 target, lst-2, displays uniform expression in all VPC daughters in 
lin-12(n137). 

Full genotypes of the strains: 

GS4260 unc-4(e120); lin-12(n137); arIs93[lst-1p::gfp::lacZ] 

GS4396 lin-12(n137) pha-1(e2123); arEx848[lst-1p(full)::2nls::yfp] 

GS4253 lin-12(n137) pha-1(e2123); arEx452[lst-2p::2nls::yfp] 
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