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ABSTRACT OF THE DISSERTATION 

 

Functional genomic analysis of the let-7 regulatory network reveals novel targets 
with roles in growth and development 

 
 

by 
 
 

Shaun Edward Hunter 
Doctor of Philosophy in Biology 

 

University of California, San Diego, 2009 

 

Professor Amy Pasquinelli, chair 

 

 Maintaining the proper balance between cellular proliferation and 

differentiation is essential to the success of multicellular organisms. Loss of 

regulation of these processes leads to disease states, such as cancer. The 

microRNA let-7 is a conserved regulatory gene that plays an important role in 

promoting differentiation. I have under taken a new approach to find novel 

regulatory targets of this essential gene in the C. elegans model system. I utilized 

the expression differences in wild-type and let-7 mutant strains to find candidate 

genes that are over-expressed in let-7 mutants. Filtering this population of genes 

with computational and other expression data yielded a list of potential target 

genes that I screened for functional interaction with let-7 by RNA interference. 

Among the interacting genes were several developmental regulators, some of 



 

x 
 

which have conserved roles in regulating proliferation and differentiation in 

mammals, supporting a role for let-7 as a master regulator of these processes. I 

have also made significant progress toward developing a let-7 regulated reporter 

system that can be used to test for direct interactions with let-7 and also explore 

the target recognition rules for microRNAs in general. 
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Chapter 1: Introduction 

 The balance between cellular differentiation and proliferation is key to any 

successful multicellular organism. The failure to properly regulate these 

processes leads to many diseases, including cancer. To understand the genetic 

control of this process, we must find the genes involved and understand their 

regulatory roles. One regulatory gene, let-7, is widely conserved in the animal 

kingdom. Yet little is known about how let-7 carries out its important 

developmental function. Using the model system, Caenorhabditis elegans, I 

indentified new genetic targets of let-7, furthering our knowledge of this vital 

developmental regulator. 

The power of C. elegans as a model system for the study of development 

Many cellular and developmental processes are conserved across phyla. 

Studying a biological process in a model system, therefore, is an advantageous 

way to expand the understanding of a conserved process across many species. 

Sydney Brenner’s landmark paper in Genetics launched Caenorhabditis elegans, 

affectionately referred to as “worms” by those in the field, as a viable genetic 

model for the study of multicellular organisms (Brenner 1974). Adult worms are 

approximately 1mm in length and thousands can be grown on one Petri plate. 

Worms feed on Escherichia coli on simple agar plates supplemented with some 

salts and cholesterol. As with any ectotherm, the generation time is dependent 

on the rearing temperature, and is approximately 3 days at 20 °C. Each adult 

worm produces hundreds of progeny, which greatly facilitates forward genetic 
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screens. Populations of worms can be synchronized by the selective lysis of 

larval and adult worms, leaving the embryos protected by intact egg shells, and 

then hatching the embryos without food. The surviving larvae halt development 

until food is restored, at which point they will all begin developing at the same 

time and rate. Synchronous populations enable the use of molecular approaches 

such as RNA and protein expression analysis for the investigation of 

developmental processes. Having less than 1000 somatic cells in adult worms 

enabled the complete characterization of their invariant cell lineage throughout 

development (Sulston and Horvitz 1977). With all of these advantages, forward 

genetic screens were used to address the genetic control of developmental 

timing (Abrahante et al. 2003, Ambros and Horvitz 1984, Lin S. Y. et al. 2003, 

Reinhart et al. 2000, Slack et al. 2000). 

Heterochronic pathway genes regulate the timing of development and 

differentiation in animals 

A number of worm mutants identified in forward genetic screens were 

found to be defective in stage specific cell division patterns. In these mutants, 

some cell types carry out the cell division patterns from the wrong stage, either 

earlier than normal, termed precocious, or later than normal, termed retarded 

(Ambros and Horvitz 1984). Together, these mutants are called heterochronic 

mutants because they cause temporal shifts in the development of some cell 

lineages and not in others. Therefore a cell has temporal as well as spatial 

developmental fates. 
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The first characterized heterochronic mutant lin-4 was initially identified by 

the lethality caused by the inability to lay eggs (Chalfie et al. 1981). Other 

heterochronic mutants, lin-14, lin-28 and lin-29, were identified by first screening 

genetic libraries for mutants that were egg-laying defective (Egl). To specifically 

identify genes that perturbed developmental timing among the Egl mutants, 

Ambros and Horvitz (1984) focused on the stage specific division patterns of the 

lateral hypodermal seam cells (Ambros and Horvitz 1984) (Figure 1). Using 

epistasis analysis, these genes were ordered in a linear pathway controlling the 

terminal differentiation of seam cells as well as other cell types, showing lin-4 

negatively regulating lin-14 and lin-28, which in turn, negatively regulate lin-29 to 

control the larval to adult switch in cell fates (Ambros 1989)(Figure 2). 

Through additional primary, secondary and tertiary genetic screens more 

genes were found in the pathway, including let-7, lin-41 and hbl-1 (Abrahante et 

al. 2003, Lin S. Y. et al. 2003, Reinhart et al. 2000, Slack et al. 2000). Through 

epistasis analysis that included the new mutants, the pathway grew and a clearer 

picture emerged showing that developmental timing of many tissues requires 

multiple waves of negative regulation(Abrahante et al. 2003, Lin S. Y. et al. 2003, 

Reinhart et al. 2000, Slack et al. 2000). Highlighting the importance of temporal 

regulation, homologues of many of the genes in the worm heterochronic pathway 

have conserved roles in differentiation in other animal species from fruit flies to 

human cells (Caygill and Johnston 2008, Pasquinelli et al. 2000, Wu and Belasco 

2005).  
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Heterochronic genes lead to the discovery of a new class of regulatory 

non-coding RNAs 

 When the lin-14 gene was cloned and mutant alleles were sequenced, 

lesions in the loss of function alleles were located in the protein coding region 

and disrupted the protein product (Wightman et al. 1991). In contrast, lesions in 

the gain of function mutant alleles of lin-14 revealed deletions in the 3’ 

untranslated region (UTR) suggesting that the 3’ UTR contained sites of negative 

regulation (Wightman et al. 1991). Genetic evidence showed that lin-4 mediates 

negative regulation through the 3’ UTR sites deleted in the lin-14 gain of function 

alleles (Arasu et al. 1991). Surprisingly, when the lin-4 gene was identified it did 

not encode a protein product (Lee et al. 1993). Instead, two small RNA products 

were detected, a more abundant 22 nucleotide (nt) long mature product and a 

much less abundant 63 nt precursor product (Lee et al. 1993). The 63 nt 

precursor can fold to form a hairpin structure containing the mature product (Lee 

et al. 1993). Sequence alignments revealed potential lin-4 binding sites of partial 

complementarity in the lin-14 3’ UTR that were deleted in the lin-14 gain of 

function mutants (Lee et al. 1993, Wightman et al. 1993). These data led to the 

model that lin-4 negatively regulates lin-14 through direct binding of the small lin-

4 RNA to the lin-14 3’ UTR, and ultimately revealed a new class of regulatory 

genes. 

 Several years later in worms, the second small temporally regulated RNA 

(stRNA) gene was cloned, let-7, which is also a heterochronic gene (Reinhart et 

al. 2000). Similar to lin-4, the 22nt mature let-7 binds to the 3’ UTR of a target 
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protein coding gene, lin-41, and mediates negative regulation of reporter genes 

fused to the 3’ UTR of lin-41 (Reinhart et al. 2000, Slack et al. 2000). 

Conservation of let-7 sequence and temporal expression pattern in a wide variety 

of animal species established these small RNAs as a general class of regulatory 

genes (Pasquinelli et al. 2000).  

After the discovery of the small RNAs in many species including humans, 

several groups carried out intensive efforts to find all of these new genes. The 

first attempts involved bioinformatic and biochemical approaches (Lagos-

Quintana et al. 2001, Lau et al. 2001, Lee and Ambros 2001). These studies 

found more than one hundred small RNAs, now termed microRNAs (miRNAs), 

from humans, fruit flies, and worms. Several common features could be found 

among the cloned miRNAs. They were single stranded, encoded in the genome, 

processed from precursor hairpins, and many were conserved across species. 

Over the next few years, many new miRNA genes were found using biochemical 

cloning and new computational methods to add to the growing catalog of 

miRNAs (Griffiths-Jones et al. 2008).  

miRNA biogenesis and transcription 

 While the efforts to find all of the miRNA genes were ongoing, other efforts 

focused on the biogenesis and production of animal miRNAs (Figure 3). 

Interestingly the steps of processing were discovered and characterized in the 

reverse order as they are carried out in the cell. The processing of the hairpin 

precursor microRNAs (pre-miRNAs) to the functional, single stranded, mature 

sequence requires an RNase III domain protein, Dicer, which is also required to 
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process long dsRNAs into similarly sized siRNAs (Bernstein et al. 2001, Grishok 

et al. 2001). The production of the pre-miRNA hairpins requires another RNase 

III enzyme, Drosha, which cleaves the hairpin from a longer primary microRNA 

(pri-miRNA) transcript (Lee et al. 2003). Several similarities to protein coding 

genes, such as, tissue specific expression, greater than 1kb primary transcripts, 

splicing and the ability of promoters to drive reporter protein expression, 

suggested that miRNAs are transcribed by RNA polymerase (pol) II (Johnson et 

al. 2003, Tam et al. 1997).  

However, very few full length endogenous primary miRNA transcripts had 

been cloned, so our lab chose to characterize the primary transcript of the widely 

conserved and thus ancient miRNA let-7 (Bracht et al. 2004). We found that 

endogenous primary let-7 transcripts were polyadenylated and capped similarly 

to pol II mRNA transcripts. Furthermore, a subset of the primary transcripts were 

trans-spliced to the Splice Leader 1 (SL1) RNA. The spliced RNA species 

accumulated when Drosha expression was knocked down by RNAi, suggesting 

that the spliced species was the substrate that produced mature let-7. Consistent 

with this hypothesis, two mutant alleles of the let-7 gene, mg279 and mn112, 

reduce the levels of the trans-spliced primary and, consequently, of the mature 

let-7 as well. The putative null allele let-7(mn112) deletes 193 nt, including the 

trans-splice acceptor site, and worms homozygous for this mutation produce no 

detectable trans-spliced primary transcript or mature let-7. To verify that inability 

to trans-splice was sufficient to inhibit mature let-7 expression, I deleted only the 

7 nt that comprise the trans-splice acceptor site from a let-7 rescue construct. 
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While the wild-type rescue construct was sufficient to rescue let-7(mn112), the 

construct without the splice acceptor sequence failed to rescue the lethal 

phenotype of the mutant, even though unspliced primary transcripts from the 

transgene were detected. The cloning of capped, polyadenylated, spliced primary 

let-7 transcripts provided strong evidence that miRNAs were transcribed by pol II. 

Work from the Cullen and Kim labs soon followed, showing that endogenous 

human microRNA primary transcripts are also capped, polyadenylated and their 

promoter sequences can drive protein coding genes, thus implicating RNA pol II 

based transcription (Cai et al. 2004, Lee et al. 2004). Lee et al. went on to show 

that RNA pol II activity was required to produce miRNA primary transcripts 

through selective treatment with α-amanitin, which is a dose dependent inhibitor 

of RNA pol II (Lee et al. 2004). These cumulative data suggest that miRNAs are 

transcribed by RNA pol II. 

miRNA targeting of mRNAs often leads to mRNA degradation 

Early attempts to address the functional outcome of miRNA based 

regulation began with the characterization of lin-4:lin-14 regulation in 1993 

(Wightman et al. 1993). LIN-14 protein levels decreased 10 fold from early 

populations of worms to late populations as separated by filters of different sizes 

(Wightman et al. 1993). In lin-4 null mutants, LIN-14 levels decrease only 2.5 

fold, indicating a 4 fold upregulation of LIN-14 in late larval stage lin-4 mutants 

(Wightman et al. 1993). RNase protection assays (RPAs) used to measure the 

mRNA levels of lin-14 and myo-2, as a loading control, showed little difference 

between the early or late populations under any condition tested (Wightman et al. 



8 
 

 
 

1993). No difference in mRNA levels as measured by RPA was seen in 

endogenous lin-14 mRNA or a col-10 promoter driven transgene with the lin-14 3’ 

UTR, comparing starved L1 stage animals to L4 staged animals, while protein 

activity was significantly down regulated (Wightman et al. 1993). The authors 

reasoned that lin-4 regulates lin-14 through a posttranscriptional mechanism that 

does not effect mRNA stability.  

Building from the observation that mRNA levels do not change, Olsen and 

Ambros (1999) separated worm lysates over sucrose gradients to examine the 

polyribosome profiles of lin-14 mRNA before (L1 stage) and after lin-4 expression 

(L2 stage) (Olsen and Ambros 1999). The distribution of lin-14 mRNA was 

unchanged from L1 worms to L2 worms and most of the lin-14 mRNA appeared 

associated with ribosomes, suggesting that the translational block is after 

translation initiation (Olsen and Ambros 1999). These data led to the model that 

lin-4 negatively regulates lin-14 by blocking translation and does not cause 

mRNA degradation (Olsen and Ambros 1999). Interestingly in this paper, lin-14 

mRNA levels are downregulated two fold from L1 to L2 in total RNA in 

contradiction to the Wightman et. al (1993) data (Olsen and Ambros 1999, 

Wightman et al. 1993). However, the authors did not consider this to be 

significant because of the large change in LIN-14 protein levels over the same 

developmental time course, but this mRNA change could account for the four fold 

lin-4 dependent downregulation of lin-14 (Olsen and Ambros 1999, Wightman et 

al. 1993). 
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 Seggerson et al. (2002) repeated the developmental and polysome profile 

RPAs for lin-14 and another lin-4 direct target lin-28 (Seggerson et al. 2002). 

These data also showed no change in lin-14 or lin-28 mRNA developmentally, 

yet LIN-28 protein levels drop substantially over the same time course 

(Seggerson et al. 2002). Moreover, there is no dramatic shift in the polysome 

profiles for lin-14 or lin-28, showing that these mRNAs are still associated with 

ribosomes after protein levels have dropped (Seggerson et al. 2002). This 

cemented the model that miRNAs inhibit translation after initiation and do not 

effect target mRNA levels.  

The strength of the data supporting a translation repression model without 

mRNA degradation can be questioned on several fronts, beginning with the 

Wightman et al. (1993) data. The filtering system used to separate early from late 

larval populations did not cleanly separate the stages, as all of the early 

populations contained at least 11% L2 staged worms (Wightman et al. 1993). 

This is a significant problem because L2 staged worms are much larger and 

contribute more RNA and protein per worm, diluting the early larval samples with 

tissue that already expresses lin-4. Additionally, though it was not known at the 

time, mature lin-4 is expressed around the middle of the L1 stage (Feinbaum and 

Ambros 1999). Thus the early larval samples contain significant contribution from 

lin-4 expressing worms further diluting the developmental regulatory effects. If 

the change in the RNA level is smaller than the change in protein, a 

developmental RNA change may not have been detected in these samples. 

These data also lack a positive control sample to indicate the assay as 
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performed could report a known difference in mRNA level, making the negative 

result uninterpretable. Only a single biological replicate was tested, and thus the 

reproducibility of the data was not addressed. The lack of a positive control and a 

single replicate experiment are also problems for the staged LacZ and lin-14 

mRNA RPA, and are persistent problems among the RPAs in the early miRNA 

papers. The model based on this data has since been challenged by several 

groups. 

 I was a part of a collaborative effort in the Pasquinelli lab (Bagga et al. 

2005) to determine if let-7 regulates lin-41 translation similarly to the established 

way lin-4 regulates its targets (Olsen and Ambros 1999, Seggerson et al. 2002, 

Wightman et al. 1993). In our analysis, we used Northern blots to visualize and 

quantify apparently intact mRNA expression. To our surprise, lin-41 mRNA levels 

were downregulated developmentally, by agarose Northern blot analysis, 

correlating with the expression of mature let-7, and the downregulation was 

dependent on the let-7 miRNA. The lin-41 3’ UTR was sufficient to impart the 

developmental regulation onto a heterologous transgene in a let-7 binding site 

dependent manner. In attempts to repeat the earlier observations that lin-4 

regulation had no significant effect on target mRNA levels, we were again 

surprised that both lin-14 and lin-28 mRNA levels went down when mature lin-4 

was detectable. The downregulation of these mRNA requires the miRNA and the 

miRNA binding site, as a gain of function mutation that removes the binding sites 

within the 3’ UTR of lin-14 also removes the developmental regulation. Both lin-4 
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and let-7 cause mRNA degradation of known targets, suggesting this may be a 

general mechanism of miRNA regulation.  

Our data directly contradicts the earlier RPA data from the Ruvkun, 

Ambros and Moss labs (Bracht et al. 2004, Olsen and Ambros 1999, Seggerson 

et al. 2002, Wightman et al. 1993). In addition to the problems mentioned above 

regarding that earlier data, our use of Northern blot analysis allowed us to 

quantify the levels of intact mRNA while signal in an RPA can come from 

degraded transcripts. Our data shows that miRNAs can direct target mRNA 

degradation. This is consistent with microarray analysis in HeLa cells, which 

shows that many genes with potential mir-1 and mir-124 binding sites are 

downregulated in response to transfection of the respective miRNA (Lim et al. 

2005). Thus, downregulation of target mRNAs is a common component to 

miRNA regulation. 

While many miRNA:target interactions lead to mRNA destabilization, this 

could be as a consequence of or in conjunction with a translational block. 

Evidence of translational control mechanisms point to possible regulation of 

translation initiation (Ding and Grosshans 2009, Humphreys et al. 2005, Pillai et 

al. 2005) and post initiation steps (Nottrott et al. 2006, Olsen and Ambros 1999, 

Petersen et al. 2006, Seggerson et al. 2002).  The exact mechanism(s) of miRNA 

regulation is unknown.  

The conserved regulatory role of let-7 in differentiation and proliferation 

Stem cells are currently at the forefront of biomedical research as they 

control embryonic development and maintenance and healing of adult tissues. 
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These cells have the useful ability to either self renew, producing daughters that 

are also stem cells, or produce daughter cells that can differentiate into multiple 

cell fates. Vigorous investigations into the regulation of stem cell proliferation and 

differentiation are ongoing, and new clues are coming from the study of 

developmental timing in worms.  

Hypodermal seam cells have reiterative division patterns through larval 

development, in which one daughter remains a seam cell and the other daughter 

adopts a different cell fate, very similar to stem cells (Sulston and Horvitz 1977). 

As worms reach adulthood, these cells exit the cell cycle and terminally 

differentiate (Sulston and Horvitz 1977). The proper developmental timing of the 

differentiation of these cells is under the genetic control of the heterochronic 

pathway genes (Ambros and Horvitz 1984). Two genes in the heterochronic 

pathway with opposing roles are lin-28 and let-7 (Ambros 1989, Moss et al. 1997, 

Reinhart et al. 2000, Slack et al. 2000). let-7 promotes the terminal differentiation 

of seam cells, while lin-28 promotes the maintenance of the stem cell-like fate of 

the seam cells (Ambros 1989, Moss et al. 1997, Reinhart et al. 2000, Slack et al. 

2000). In the absence of lin-28 function, the seam cells exit the cell cycle and 

terminally differentiate too early (Ambros and Horvitz 1984). The human homolog 

of lin-28 is also expressed in stem cells and is downregulated as cells 

differentiate, showing a conserved role in the regulation of differentiation 

(Sempere et al. 2004, Yang and Moss 2003). Moreover the reintroduction of only 

four genes, including LIN-28, can turn a differentiated cell back to a stem cell, 

resetting the developmental clock (Mohamadnejad and Swenson 2008, Yu et al. 
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2007). lin-28 is also important for the maintenance of an undifferentiated and 

proliferative state in some cancer cells (Viswanathan et al. 2009, Yang and Moss 

2003). Recently, several papers have shown that lin-28 functions by blocking the 

production of mature let-7 (Heo et al. 2008, Newman et al. 2008, Piskounova et 

al. 2008, Rybak et al. 2008, Viswanathan et al. 2008).  lin-28 and let-7 likely 

regulate differentiation in stem cells similar to their role in seam cell differentiation 

in worms (Figure 2). Furthermore,  let-7 was shown to promote differentiation and 

cell cycle exit in worm and humans through the regulation of target mRNAs, such 

as lin-41, lin-28, and RAS (Johnson et al. 2005, Reinhart et al. 2000, Richards et 

al. 2004, Sempere et al. 2004, Slack et al. 2000). The key to understanding the 

role that let-7 plays in controlling the fundamental balance between proliferation 

and differentiation lies in the discovery of the targets of let-7.  Thousands of 

genes are predicted to be let-7 targets, but only a handful of targets have been 

validated, providing only a glimpse of the pivotal role let-7 plays in development. 

miRNA target pairing and target prediction 

 Despite the important regulatory function carried out by let-7 and other 

miRNAs, we are only beginning to scratch the surface of the regulatory roles 

miRNAs carry out. The key to solving this problem is to discover the target genes 

of miRNA regulation. While plant miRNAs base pair extensively with target 

mRNAs and target prediction can largely be done with simple BLAST searches, 

target prediction turns out to be a difficult question to answer for animal 

microRNAs as the rules for target recognition and thus target prediction are not 

well understood.  The lin-4 complementary sites in the 3’ UTR of lin-14 were the 
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first miRNA target sites indentified (Lee et al. 1993, Wightman et al. 1993). While 

these sites were not tested individually for their regulatory contribution, genetic 

alleles of lin-14 that removed some (n536) or all of the binding sites (n355) 

diminished or entirely removed the lin-4-dependent downregulation of lin-14 

(Wightman et al. 1993). Later analysis revealed that reporter genes with 

multimers of a single lin-4 binding site in the 3’ UTR were regulated (Ha et al. 

1996). Four more miRNA:target pairs were found for C. elegans miRNAs lin-4 

and let-7, and Drosophila miRNA bantam, creating a small list of known 

regulatory pairs (lin-4:lin-14, lin-4:lin-28, let-7:lin-41, let-7:hbl-1 and 

bantam:hid)(Abrahante et al. 2003, Brennecke et al. 2003, Lin S. Y. et al. 2003, 

Moss et al. 1997, Reinhart et al. 2000, Slack et al. 2000).  

Analysis of the 22 possible and mostly unvalidated binding sites from the 

five known miRNA:target pairs by Starke et al. (2003) revealed common features, 

including better base pairing to the 5’ end of the miRNA . Alignments of target 3’ 

UTRs of orthologous target mRNAs from related species showed higher levels of 

conservation in the regions pairing to the 5’ end of the miRNA, also suggesting 

that a high degree of base paring to the 5’ end may be important for miRNA 

target recognition (Ha et al. 1996, Stark et al. 2003). Together these data lead to 

the prevalence of the “seed” hypothesis, which states that Watson-Crick base 

pairing of target sites to nucleotides 2-7 of the miRNA is necessary and sufficient 

to get bona fide miRNA regulation (Figure 4)(Lewis et al. 2003).  

 The importance of seed pairing was later supported experimentally using 

systematic mutagenesis of reporter genes in human cells and in Drosophila 
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(Brennecke et al. 2005, Doench and Sharp 2004). Mutations in the 3’ UTRs of 

target mRNAs disrupting the pairing of nucleotides 2-8 of the miRNA strongly 

reduced the regulation of reporter genes, while mutations elsewhere did not 

(Brennecke et al. 2005, Doench and Sharp 2004). However, regulation of the 

transfected reporters by miRNAs was sensitive to the level of the target and 

miRNA in human cells, suggesting that care must be taken when using 

transgenes to test miRNA regulation (Doench and Sharp 2004). While mutation 

in seed regions can disrupt miRNA regulation of a target, functional sites in lin-14 

and lin-41 3’ UTRs have either alternate G:U base pairing or bulges in the seed 

region, showing that not all miRNA targets obey the seed rule (Doench and 

Sharp 2004, Lee et al. 1993, Reinhart et al. 2000, Slack et al. 2000, Wightman et 

al. 1993). Consequently, the exact requirements for endogenous miRNA target 

recognition are poorly understood. To improve our understanding of target 

recognition rules, more real miRNA:target pairs need to be identified and the 

potential binding sites validated. Many groups have undertaken this challenge 

using a variety of computational and biochemical approaches. 

miRNA target prediction algorithms have been used to predict 

miRNA:target interaction using a wide range of criteria to find miRNA binding 

sites, including seed pairing, evolutionary conservation, binding energy, mRNA 

structure surrounding binding sites, miRNA motif matching and cooperative 

binding of multiple binding sites (representative sampling of algorithms shown in 

Table 1) (Enright et al. 2003, Grosshans et al. 2005, Hammell et al. 2008, 

Kertesz et al. 2007, Lall et al. 2006, Lewis et al. 2005, Miranda et al. 2006). 
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Currently, no algorithm captures true miRNA targets without indentifying large 

amounts of false positives.  In fact, statistical estimates of false positive rates for 

the prediction programs in Table 1 range between 19 and 40%, suggesting vast 

over prediction (Lewis et al. 2005, Miranda et al. 2006). Also, each of these 

algorithms utilizes a different assortment of criteria. Moreover, the common 

criteria are defined and scored differently resulting in poor overlap in predicted 

targets. These algorithms do, however, find and validate novel targets, 

suggesting that each approach captures some aspect of miRNA target 

recognition and that the poor overlap is not simply due to over prediction. With 

the exception of RNA22, prediction algorithms are based on the handful of 

predicted binding sites in known target genes, which assumes that the majority of 

target binding site are structured similarly.  

Several groups have used biochemical means to find miRNA target genes 

by immunoprecipitating members of the miRNA effector complex, the RNA 

induced silencing complex (RISC), and isolating the associated mRNAs 

(Beitzinger et al. 2007, Easow et al. 2007a, Zhang et al. 2007). By the mRNAs 

directly bound to RISC regardless of sequence, this approach should find all 

functional binding sites without biasing for target sites that resemble known sites. 

These early biochemical approaches identify the target genes for all miRNAs 

simultaneously (Beitzinger et al. 2007, Easow et al. 2007b, Hong et al. 2009, 

Landthaler et al. 2008, Zhang et al. 2007). Correlation of the miRNAs and 

mRNAs associated with the RISC complex over the course of larval development 

has recently been used to try to improve target prediction among the purified 
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targets (Zhang et al. 2009). However, the method used to identify possible 

binding sites in target mRNAs was still heavily biased for seed based target sites, 

even though only 24% of the predicted miRNA:target pairs had detectable seed 

pairing (Zhang et al. 2009). Newer biochemical approaches fragment the RISC 

associated mRNAs, so that only the miRNA binding sites will be isolated (Chi et 

al. 2009). This approach dramatically reduces the search space for target:miRNA 

pairing, and potentially isolates all functional binding sites including non-

canonical sites traditionally missed by other methods. However, isolated binding 

sites still await validation of regulation by specific miRNAs. New approaches may 

be useful to connect miRNAs with their target genes enabling large scale 

validation of functional binding sites. The incorporation of common pairing 

features should dramatically improve the predictive power of target prediction 

algorithms. 

 

The remainder of my thesis presents the work I have done to discover 

new genes in the let-7 regulatory network in C. elegans. In Chapter 2, I use a 

combination of molecular, computational and genetic approaches to find genes 

that genetically interact with let-7 to control independent developmental 

processes. Many of the interacting genes have homologues in other species and 

likely have similar roles controlling proliferation and differentiation. Finally in 

Chapter 3, I will discuss my attempts to develop a robust reporter system to test 

candidate genes for direct regulation by let-7.  



 
 

18 
 

 

Chapter Two:  

Introduction 

MicroRNAs (miRNAs) are an abundant class of regulatory genes 

controlling many cellular and developmental processes (Pasquinelli et al. 2005). 

The biogenesis of miRNAs requires multiple steps (Figure 3), beginning with 

transcription by RNA polymerase II to produce capped and polyadenylated 

primary transcripts (Bracht et al. 2004, Cai et al. 2004, Lee et al. 2004). These 

transcripts are processed sequentially by  RNase III enzymes Drosha and Dicer 

resulting in the ~22nt single stranded mature miRNA (Bernstein et al. 2001, 

Grishok et al. 2001, Lee et al. 2003). The mature miRNA is incorporated into the 

RNA induced silencing complex (RISC), which uses the miRNA as a sequence 

specific guide to find and mediate regulation of target mRNAs, often leading to 

mRNA degradation (Bagga et al. 2005, Hutvagner and Zamore 2002, Lim et al. 

2005).  

let-7 was discovered as a miRNA controlling developmental timing in C. 

elegans (Reinhart et al. 2000, Slack et al. 2000). In let-7 mutants, lateral 

hypodermal seam cells fail to terminally differentiate at the larval to adult 

transition (Reinhart et al. 2000, Slack et al. 2000) (Figure 2). let-7 regulates 

developmental timing in part through direct target genes lin-41 and hbl-1 

(Abrahante et al. 2003, Lin S. Y. et al. 2003, Reinhart et al. 2000, Slack et al. 

2000). These genes, in turn, regulate the transcription factor lin-29, which directly 

controls terminal differentiation in the hypodermis (Abrahante et al. 2003, Lin S. 
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Y. et al. 2003, Reinhart et al. 2000, Slack et al. 2000). The let-7 miRNA is a 

widely conserved animal miRNA and its role in regulating differentiation also 

appears to be conserved (Pasquinelli et al. 2000, Sempere et al. 2004).  

To unlock the details by which let-7 or any miRNA controls a cellular 

process, the genes it regulates must be known. Many computational target 

prediction approaches have been taken, but they often have high false positive 

rates, and there is poor overlap between programs for most predicted genes 

suggesting a high degree of over-prediction (Enright et al. 2003, Grosshans et al. 

2005, Hammell et al. 2008, Kertesz et al. 2007, Lall et al. 2006, Lewis et al. 2005, 

Lewis et al. 2003, Miranda et al. 2006)(Table 1). The large number of over-

predicted genes makes using current computational methods to find true targets 

difficult. New approaches need to be used to find the functionally important 

targets of a miRNA. This will not only increase our understanding of the function 

of a given miRNA, but also provide more targets for the refinement of current 

target prediction methods for all miRNAs. 

In this chapter, I will discuss my approach to finding new targets of let-7 in 

C. elegans. Given the let-7 dependent expression differences of the known 

target, lin-41, (Bagga et al. 2005) I postulated that other direct targets would also 

be misregulated in let-7 mutants. Therefore, in vivo expression changes were 

analyzed in wild-type and let-7 mutant animals by genome level microarray 

analysis to identify a list of relevant target candidate genes. This list of genes 

was further refined by computational target predictions and expression analysis 

in the downstream heterochronic mutant, lin-29. Using feeding RNAi to suppress 
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let-7 phenotypes, I found functionally important candidates for each phenotype 

and showed that these phenotypes are controlled by different sets of genes. 

Through my approach, I found several suppressors that are mainly transcription 

factors and often have known developmental roles. Furthermore, some 

suppressors have conserved roles in differentiation in other species.  

Results 

let-7 serves as a master regulator of growth and development in C. elegans 

To understand the function let-7 carries out in controlling growth and 

development in worms, large scale expression changes in let-7(n2853) mutants 

were examined by microarray analysis. Global changes in mRNA levels will 

provide a snapshot of the genes regulated by let-7 and suggest candidate direct 

targets, as several groups have shown that target mRNAs are down-regulated in 

the presence of targeting miRNA (Bagga et al. 2005, Lim et al. 2005). Six 

independent and paired replicate wildtype and let-7(n2853) L4 RNA samples 

were labeled and hybridized on Affymetrix arrays. After normalization and paired 

t-test analysis, 2447 probes, representing 2216 genes, were up-regulated in the 

let-7(n2853) mutants (p<0.05). These genes represent direct and indirect let-7 

regulatory targets, including known targets of let-7: lin-41, daf-12, and hbl-1. 

Illustrating the role of let-7 as a master regulator of growth and development, the 

upregulated genes were enriched for Biological Process Gene Ontology (GO) 

terms representing growth and development, including positive regulation of 

growth (p<4.509e-101), larval development (p<8.916e-92), and vulval 

development (p<4.100e-06) (Table 2). To further sort out the direct and indirect 
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regulatory relationships between let-7 and the up-regulated genes, I used a 

combination of computational and molecular genetic criteria to identify direct 

target candidates among the up-regulated genes. 

Combining expression data with computational predictions to find 

candidates 

Direct targets of miRNAs have complementary binding sites in their 

mRNAs (Bartel 2004). However in animals, the complementarity is far from 

perfect, making prediction of miRNA targets from genomic sequence difficult. 

Using the array data as a biologically based approach to finding direct targets, a 

collaborator, Gene Yeo, indentified conserved 6-mers enriched in the 3’ UTRs of 

the upregulated genes and found two that were complementary to the let-7 

mature miRNA sequence. First were the nucleotides TACCTC, which are 

complementary to nucleotides 2-7 of let-7. The prevailing model for miRNA target 

recognition requires a high degree of complementarity between these 

nucleotides of the miRNA and its target, known as a “seed” match (Lewis et al. 

2003). Also enriched were nucleotides 9-14, AACCTA, which are not traditionally 

believed to be important for target recognition. 150 genes were up-regulated in 

let-7 mutants with at least one of these two 6-mers in their 3’ UTRs. I also chose 

to include, the 14 and 17 predicted target genes found by PicTar and TargetScan 

respectively that were also upregulated in let-7 in C. elegans for two reasons. 

First, despite the requirement of non-traditional seed pairing in the lin-41 3’ UTR, 

the seed 6-mer was enriched in the 3’ UTRs of the up-regulated genes, 

suggesting that traditional seed pairing may be important in let-7 target 
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recognition and PicTar and TargetScan are based on conserved seed pairing. 

Moreover, the predictions from these algorithms have the best overlap with the 

other target prediction programs, increasing my confidence in these predictions 

(Table 1). From the three predictions methods, there were 163 unique direct 

target candidates, including known targets lin-41, daf-12, and hbl-1. 

Comparing expression profiles of let-7 and downstream lin-29 finds 

candidates 

In addition to computational approaches looking for let-7 binding sites, I 

also used a molecular genetic filter to enrich for direct targets. let-7 is near the 

end of a genetic pathway controlling developmental timing (Figure 2). Negative 

regulation of lin-41 by let-7 in late larval stages allows the transcription factor 

LIN-29 to accumulate and to directly control the terminal differentiation of multiple 

cell types (Reinhart et al. 2000, Slack et al. 2000)(Figure 2). Therefore in let-7 

mutants, lin-41 persists in late larval stages where it can continue to negatively 

regulate lin-29 (Reinhart et al. 2000, Slack et al. 2000). Thus, in let-7 mutants, 

larval genes turned off by lin-29 will be upregulated in addition to direct targets of 

let-7.  In lin-29 mutants, the same downstream larval genes should be 

upregulated, yet the upstream direct targets of let-7 should be unaffected. By 

analyzing gene expression in lin-29 versus let-7 mutants, novel targets can be 

found that do not have traditional binding sites. 

Three lin-29(n333) paired mutant L4 RNA samples along with the wildtype 

and let-7(n2853) samples discussed above were collected, labeled and 

hybridized to Affymetrix microarrays. Comparing let-7 to lin-29 mutant samples, 
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221 probes were upregulated in let-7(n2853) vs. wildtype and in let-7(n2853) vs. 

lin-29(n333), representing 206 genes. Unfortunately real direct targets that are 

regulated by both let-7, post-transcriptionally, and lin-29, transcriptionally, may be 

missed if transcriptional control by lin-29 has a larger effect on steady state 

mRNA levels than loss of let-7 post-transcriptional regulation. This may be a 

minor population since known targets, including lin-41, daf-12, were among the 

genes overexpressed in let-7 versus lin-29. Combining the computational 

candidates with the genetic candidates, there were 348 candidates to test for 

functional interaction with let-7. 

Several transcription factors suppress vulval rupture in let-7 mutants 

To identify functionally important genes among the list of candidate genes, 

I used RNAi screens to find genetic interactions by suppression of let-7 mutant 

phenotypes. let-7 mutant worms display an array of developmental timing defects 

at the larval to adult transition including rupturing (Rup) of the intestine and 

gonads through the vulva (Reinhart et al. 2000, Slack et al. 2000). The 

developmental defects observed in let-7 mutants are caused by the 

overexpression of direct regulatory targets such as lin-41 and hbl-1, and some of 

these defects can be suppressed by the knockdown of these targets by RNAi in 

let-7 mutants (Abrahante et al. 2003, Lin S. Y. et al. 2003, Pasquinelli et al. 2000, 

Reinhart et al. 2000, Slack et al. 2000)  (Figure 5). Negative regulation of these 

genes by RNAi bypasses the requirement for regulation by let-7, thereby 

suppressing the overexpression in let-7 mutants, which also places the 

suppressing genes downstream of let-7 in the genetic pathway controlling this 
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phenotype. RNAi mediated suppression of vulval rupturing in let-7 mutants has 

been used to find new genetic interactions in sets of computationally predicted 

targets and in genes on chromosome I (Ding et al. 2008, Grosshans et al. 2005, 

Lall et al. 2006). However, many of the candidate genes from my global 

expression analyses have not been assayed for vulval rupture and thus novel 

genetic suppressors may be found. 

Using the Ahringer feeding RNAi library (Kamath et al. 2003), the Vidal 

feeding RNAi library (Rual et al. 2004) and a few clones I generated, I tested the 

308 genes out of the 348 candidates from the microarray and computational 

analyses that had viable RNAi clones for suppression of vulval rupturing in the 

putative null allele let-7(mn112). Homozygous let-7(mn112) mutants die at the 

larval to adult transition before producing progeny and must be maintained by a 

wild-type copy of the let-7 gene coming from a balanced translocation or a 

rescuing transgene (Reinhart et al. 2000, Slack et al. 2000).  To grow a 

population of let-7(mn112) mutants to be able to score suppression, I generated 

a transgenic strain in which the worms were maintained by the presence of the 

extrachromosomal array apEx107, which contains a let-7 rescue fragment, 

allowing the mutants to survive, and the myo-2 promoter driving expression of a 

fluorescent marker in the pharynx to indicate the presence of the array (Figure 5). 

To identify new suppressors of vulval rupturing, i.e. novel let-7 interacting genes,  

worms were grown synchronously from the L1 stage on bacteria expressing 

dsRNA targeting candidate genes or empty vector, as a negative control, and 

populations of non-transgenic animals were scored for the rate of vulval rupturing 
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at the young adult stage (Figure 6). Nine clones exhibited larval growth arrest 

and therefore could not be scored for suppression. Empty vector clones were 

scored eight independent times as a negative control and 86-97% of these non-

rescued worms ruptured. Plotting and sorting of the rupture rate of at least 50 

worms after RNAi treatment revealed a natural breakpoint at 75% (Figure 7). 

Consequently, clones suppressing rupture to less than 75% were retested. The 

75% threshold is consistent with the threshold used in a previous study 

(Grosshans et al. 2005). The 22 suppressors were retested and 16 clones met 

the suppression threshold of less than 75%, including known suppressors lin-41, 

daf-12, and hbl-1 (Table 3). Transcription factors constitute approximately half of 

the rupturing suppressors (7 of 16), several of which are involved in development 

including fos-1, lin-11 (Sherwood et al. 2005, Sternberg 2005). Enrichment of a 

different set of transcription factors was also noted by the Slack lab as genetic 

suppressors of their computational let-7 predictions (Grosshans et al. 2005).  

let-7 dependent seam cell cycle exit is controlled by a diverse set of 

downstream genes 

I wanted to broaden the search for genes that interact with let-7 beyond 

those involved in vulval rupture, reasoning that novel targets might control other 

phenotypes found in let-7 mutants. In addition to the Rup phenotype, let-7 

mutants also have defects in the terminal differentiation of their seam cells, a 

specialized type of hypodermal cell (Hayes et al. 2006, Reinhart et al. 2000, 

Slack et al. 2000). Seam cells undergo significant changes during the larval to 

adult transition, including fusion of the seam cells, cessation of division, and the 
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secretion of the adult cuticular structure known as alae (Sulston and Horvitz 

1977). Exit of the seam cells from the cell cycle and secretion of alae have been 

shown to be retarded in let-7 mutants (Hayes et al. 2006, Reinhart et al. 2000, 

Slack et al. 2000). I chose to focus on the cell cycle exit defect, in which the 

seam cells fail to stop dividing at the proper stage, yielding more than the 16 

seam cell nuclei visible in wild-type as visualized by a seam cell nuclear GFP 

marker (wIs54) (Hayes et al. 2006).  I tested 306 of the 308 candidate RNAi 

clones from the rupturing suppression screen for suppression of the let-7 mutant 

cell cycle exit defect. To do this let-7(n2853);wIs54 worms were grown 

synchronously on RNAi food, and the number of GFP positive seam cell nuclei 

were counted in 20 young adult worms. Candidates were considered suppressed 

if they had significantly less nuclei than empty vector grown at the same time, 

p<0.05 using a Mann-Whitney U test. With only 23 clones to retest, I counted the 

seam cell nuclei number in a larger population of 25 adults and found 10 

reproducible suppressors (Table 3) (Figure 8).  

Among the suppressors, I found lin-41 and daf-12, which suppress two 

other let-7 phenotypes, vulval rupture and alae formation (Grosshans et al. 2005, 

Reinhart et al. 2000, Slack et al. 2000). Thus lin-41 and daf-12 RNAi are 

sufficient to suppress all known phenotypes of let-7 mutants. Though hbl-1 RNAi 

also suppresses rupturing and alae formation defects, it is not surprising that it 

does not suppress the extra seam cell nuclei defect because hbl-1 loss of 

function mutants also have an increase in the seam cell nuclei number (Lin S. Y. 

et al. 2003). Of the 306 clones screened, 7 clones caused larval arrest and could 
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not be scored. Consistent with previous work by the Gilleard lab (Smith et al. 

2005), I found that elt-1 RNAi leads to loss of most of the seam cells during larval 

development, rendering it inconclusive for suppression. The genes I identified to 

be involved in seam cell cycle arrest represent a diverse set of genes, since daf-

12 is the only transcription factor and there is only modest overlap with the 

rupturing suppressors suggesting that the two phenotypes are likely under 

separate genetic control (Table 3).  

Seam cells fuse normally in let-7 mutants 

let-7 mutants have known defects in seam cell terminal differentiation, 

such as alae formation and cell cycle exit (Hayes et al. 2006, Pasquinelli et al. 

2000, Reinhart et al. 2000). Consequently, I tested for seam cell fusion defects in 

let-7 mutants. Seam cell fusion can be detected using indirect 

immunofluorescence with the MH27 monoclonal antibody against AJM-1, which 

highlights the apical cell junctions (Priess and Hirsh 1986).(Bettinger et al. 1996). 

Fused seam cells appear as two parallel lines outlining the seam syncytium, as in 

N2 young adult worms (Figure 9A), and unfused seam cells have visible 

junctions between the seam cells, as in lin-29(n333) mutants (Figure 9C). I 

assayed seam cell fusion in two alleles of let-7: the putative null let-7(mn112) and 

the temperature sensitive mutant let-7(n2853). In comparisons of rescued let-

7(mn112) to non-rescued siblings or wild-type to let-7(n2853) mutants, there was 

no significant decrease in the rate of seam cell fusion caused by a lack of let-7 

(Figure  9D and 9E), showing that seam cells are able to partially differentiate in 

let-7 mutants.  Thus, let-7 does not control all of the seam cell differentiation 
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events, even though lin-29 function is required for proper seam cell fusion (Figure 

9C), suggesting that in let-7 mutants enough lin-29 is active to promote cell 

fusion but not other aspects of differentiation.  

Discussion 

Novel candidate let-7 target genes found through the combination of 

genetics, expression analysis, and computational prediction 

let-7 is a widely conserved and developmentally important miRNA that 

controls the proper timing of differentiation in many species from worms to 

mammals (Pasquinelli et al. 2000, Reinhart et al. 2000, Slack et al. 2000). While 

the overall role of let-7 in differentiation is becoming clear, the full mechanism by 

which let-7 promotes differentiation remains elusive. As a regulatory gene, let-7 

acts by controlling downstream target genes (Abrahante et al. 2003, Lin S. Y. et 

al. 2003, Reinhart et al. 2000, Slack et al. 2000). Finding the target genes of let-7 

is a key step toward the understanding of how it carries out its function. Several 

groups have made predictions of direct target genes creating hypotheses of the 

regulatory interactions for known miRNAs and also the biochemical pathways in 

which each miRNA may be involved (Enright et al. 2003, Grosshans et al. 2005, 

Hammell et al. 2008, Kertesz et al. 2007, Lall et al. 2006, Lewis et al. 2005, 

Lewis et al. 2003, Miranda et al. 2006)(Table 1). However these predictions 

suffer from accuracy problems stemming from the poor understanding of the 

rules for miRNA target recognition. Furthermore, overprediction problems from 

these algorithms make validating the thousands of predicted targets for each 

miRNA, including let-7, laborious and often wasteful.  
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I developed a biologically-based approach using the C. elegans model 

system to find novel targets of let-7. It has been shown that, upon the 

transfection of synthetic miRNAs in cell culture, genes with potential miRNA 

binding sites are downregulated at the mRNA level by microarray analysis (Lim 

et al. 2005). Moreover, it has also been shown, through expression analysis in 

wild-type and miRNA mutant backgrounds in C. elegans, that known direct target 

mRNAs are downregulated in a miRNA-dependent manner (Bagga et al. 2005). 

The use of C. elegans miRNA mutants allowed the analysis of gene expression 

changes in endogenous target genes by the presence or absence of the 

endogenous miRNA. I combined both global expression analysis by microarrays 

with miRNA mutant expression analysis, yielding an overall snapshot of the 

genes regulated by the let-7 miRNA. As many of the known and predicted direct 

targets of let-7 are also regulatory genes, it is not surprising that thousands of 

genes were misregulated in the let-7 mutants, including both direct and indirect 

let-7 targets. While any target mRNAs that are not effected at the mRNA level will 

be missed, this list of upregulated, biologically relevant genes includes the known 

targets of let-7, such as lin-41, daf-12 and hbl-1, and serves as a list from which 

novel targets can be validated.  

Filtering the list of direct and indirect targets down to a testable list of 

prioritized candidate genes in two ways proved useful, as both approaches found 

genes functionally important for let-7 mutant phenotypes. First, traditional seed-

based computational prediction methods were combined with the expression 

data providing a list of potential targets whose expression is controlled by let-7 
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and contain possible let-7 binding sites, enriching for known and potentially novel 

direct targets. However, direct targets with non-traditional binding sites will be 

missed by only using these computational algorithms. Taking advantage of the 

genetic pathway defined for developmental timing, a second expression filter was 

used, again employing microarray analysis, to choose candidate genes 

overexpressed in let-7 mutants compared to the downstream lin-29 mutants and 

also compared to wild-type. This filter allowed potential downstream targets of 

lin-29 to be removed from a list of candidate genes. Selecting these candidates 

by expression criteria, without a requirement for predicted binding sites, allows 

targets with non-traditional sites to be found. The retention of known target 

genes, lin-41 and daf-12, supports this expression-based approach. Combining 

the two lists of candidates yields a manageable set of candidate genes that can 

find both canonical and non-canonical target sites. While my list of candidate 

genes undoubtedly contains false positives, many of those were eliminated by 

the phenotype suppression screens looking for functional interactions between 

candidate genes and let-7, discussed below. 

The complex Rup phenotype is controlled by several conserved 

transcription factors known to regulate development 

 The creation of the worm vulva is a complex developmental process 

involving several cell types and cell fusion events (Sternberg 2005). The precise 

defects causing rupture (Rup) in let-7 mutants are not known. let-7 is expressed 

in many, if not all, somatic tissues in the worm, several of which participate in 

vulval formation (Johnson et al. 2003)(Z. Kai, unpublished data). Defects in any 
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or all of the proper cell fusions or cell junctions of the vulva may lead to a 

structural instability that leads to rupture. My work sheds new light on the genes 

regulated by let-7 in this developmental process by demonstrating novel genetic 

interactions controlling the vulval rupturing defects in let-7 mutants. 

 Among the vulval rupturing suppressors were two transcription factors, lin-

11 and fos-1, both known to control several aspects of vulval development 

(Sherwood et al. 2005, Sternberg 2005). fos-1 positively regulates lin-11, and 

these genes control several aspects of vulval development, including cell fate 

specification and anchor cell invasion (Inoue et al. 2005, Marri and Gupta 2009, 

Oommen and Newman 2007, Sherwood et al. 2005). Thus over-expression of 

these genes in the let-7 mutants could lead to vulval rupture in multiple ways. 

First, aberrant cell fate specification could lead to a failure to make the correct 

cell to cell connections to maintain the structural integrity of the vulva. As this 

pathway is also required for cell fusion and epithelial invasion, overexpression of 

these genes may lead to inappropriate cell fusions or excess disruption of 

epithelial structure, leading to vulval rupture. The role of inappropriate cell fusions 

and epithelial disruptions in the rupturing phenotype can be examined using 

knockdowns of the downstream genes directly responsible for cell fusion and cell 

invasion events. My data cannot tell if let-7 controls lin-11 directly as well as 

through the upstream fos-1. However, fos-1 is predicted to be a direct target of 

let-7, while lin-11 is not (Table 3). Further testing is required to verify if these 

genes are direct targets. 
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 The conserved role of let-7 in the control of cellular differentiation and 

proliferation is demonstrated by the conserved regulation of direct targets, such 

as RAS (Johnson et al. 2005). Loss of let-7 is a common feature of tumors, 

leading to diminished prognoses in human patients (Shell et al. 2007). While 

some of the effects of reduced let-7 levels on tumor progression are due to 

known targets such as RAS (Johnson et al. 2005), the loss of regulation of FOS 

leading to its overexpression may also contribute. Overexpression of FOS in 

tumors leads to an increased metastasis in rat fibroblasts, which, similar to 

anchor cell invasion, also requires cells disrupting and migrating across a 

basement membrane (Reichmann et al. 1992, Sherwood et al. 2005). Conserved 

regulation of FOS by let-7 would then explain the increased rate of metastases in 

tumors lacking let-7. Moreover, human FOS has seed matches in its 3’ UTR, 

suggesting that possible direct let-7 regulation may be conserved from worms to 

humans. However, the potential binding sites require validation. 

 The mammalian homolog of another rupturing suppressor, sox-2, has 

roles in controlling cellular differentiation. As the presence of let-7 promotes 

differentiation, targets of let-7 would be expected to prevent differentiation. SOX2 

is a transcription factor and a marker for undifferentiated stem cells, and addition 

of SOX2 along with a small set of genes to a differentiated cell can cause the cell 

to dedifferentiate and adopt stem cell fates (Mohamadnejad and Swenson 2008, 

Tay et al. 2008, Yu et al. 2007). Therefore, SOX2 behaves like a let-7 target, and 

my data demonstrates an important and novel genetic interaction between let-7 

and sox-2. Furthermore, sox-2 also has potential let-7 binding sites in its mRNA 
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in both the worm (Enright et al. 2003, Hammell et al. 2008, Kertesz et al. 2007) 

and human homologs, suggesting that in both species let-7 promotes 

differentiation at least in part through the downregulation of SOX2 protein. 

 Several genes involved in molting were also among the vulval rupturing 

suppressors, including transcription factors daf-12, nhr-25 and hbl-1. Also among 

the molting genes was the metalloprotease adt-2. It is unclear how misregulation 

of molting genes leads to vulval rupture. Perhaps the disruption of cuticular 

structure by excess proteolysis contributes to this phenotype. These genes may 

also have novel functions outside the molting pathway that interact with let-7 to 

control proper vulval development. 

 Vulval rupturing in let-7 mutants is a complex phenotype, potentially 

involving several cell types and several developmental pathways, including vulval 

development and molting. Understanding how let-7 mutants rupture will require 

careful dissection of the requirements of each suppressor in specific cell types.   

Novel suppressor screen reveals genes specifically controlling the timing 

of seam cell cycle exit 

 At the larval to adult transition the hypodermal seam cells terminally 

differentiate and exit the cell cycle in a let-7 dependent manner (Reinhart et al. 

2000, Slack et al. 2000). The search for suppressors of the seam cell cycle exit 

defect (Scyc) in let-7 mutants found a more diverse set of genes than vulval 

rupturing (Table 3). Genes involved in the Scyc phenotype include several genes 

that appear to be general growth genes involved in digestion, energy 

metabolism, and translation, as well as genes potentially regulating gene 
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expression and function. Among the potential regulatory genes is daf-9, the 

cytochrome P450 essential for making the ligand for another suppressor, the 

nuclear hormone receptor, daf-12 (Gerisch et al. 2007). Nuclear hormone 

receptors are transcription factors that are transcriptional repressors without 

ligand and activators with ligand (Aranda and Pascual 2001). Interestingly, daf-12 

is involved in both the Rup and Scyc phenotypes, yet daf-9 is only required for 

the Scyc phenotype. This suggests that daf-12 regulation of seam cell cycle exit 

requires transcriptional activation activity, possibly through the expression of let-7 

paralogs (Bethke et al. 2009), and its role in vulval rupturing may rely more on 

the repressive function of ligandless daf-12, potentially through hbl-1 (Bethke et 

al. 2009).   

 Other suppressors regulate gene expression through the likely 

modification of histones and chromatin structure, such as the polycomb protein 

SOp-2 Related-1 (sor-1) and Protein aRginine Methyl Transferase 1 homolog 

(prmt-1). Polycomb proteins regulate gene expression through the manipulation 

of chromatin structure to inhibit cell differentiation (Mateos-Langerak and Cavalli 

2008). The proteins are important to the maintenance of stem cell character in 

mammalian cells and appear to regulate the stem cell nature of seam cells in 

worms as well (Rajasekhar and Begemann 2007). Y113G7B.17 shares 

homology to human Protein aRginine Methyl-Transferase 1 (PRMT1), which 

controls transcription, protein localization, and signal transduction (Strahl et al. 

2001, Wang et al. 2001).  Interestingly, PMRT1 interacts with a nuclear hormone 

receptor to control gene expression through the methylation of histone H4R3 
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(Barrero and Malik 2006, Strahl et al. 2001, Wang et al. 2001). Perhaps in worms 

Y113G7B.17 interacts with daf-12 in a similar manner.  

While many of the suppressors of both assayed phenotypes have likely 

roles in differentiation and gene expression, most of the suppressors of the seam 

cell over proliferation phenotype are unique, suggesting that this phenotype may 

be under separate genetic control.  

Future Directions 

 The novel genetic interactions uncovered by my innovative screen shed 

new light on how let-7 regulates differentiation in worms and provide new 

candidates to further analyze in future studies. One important question to 

address is the nature of the regulation let-7 carries out on these genes, i.e. is the 

regulation direct or indirect? The most common way to validate direct targets of 

miRNAs is through the use of heterologous reporter genes containing potential 

miRNA binding sites. In the next chapter, I will address my attempts to establish 

a robust reporter system for the validation of novel direct targets.  

 As mentioned in the discussion of the Rup suppressors, another important 

consideration for the regulation of both phenotypes is the location of ectopic gene 

activity in let-7 mutants that results in mutant phenotypes. To find the cells in 

which overexpression of a given target is sufficient for the let-7 phenotype, tissue 

specific promoters can be used to drive unregulatable versions of the 

suppressing genes in subsets of their expression domains in wild-type worms, 

looking for let-7 phenocopy. A complementary set of experiments can be used to 

demonstrate the cells in which overexpression of the given target gene is 
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necessary for the let-7 phenotype, using cell specific RNAi knockdown of the 

candidate in the let-7 mutant background and assaying for suppression. It will be 

interesting to see if the genes controlling the Scyc phenotype are acting cell-

autonomously or not. Moreover this will provide a means to elucidate the 

mechanism by which let-7 leads to rupture and death, through careful dissection 

of the complex Rup phenotype, which is especially useful because several genes 

are used by multiple cell types in vulval development in different ways (Sternberg 

2005).  

 Feedback regulation is common among regulatory genes in development 

and supplies a mechanism for robust cell fate changes through reinforcement of 

regulatory signals. Direct targets of let-7, lin-41 and daf-12, are surprisingly 

upregulated in the lin-29 mutant, which acts downstream of let-7 regulation in 

genetic studies. This suggests that lin-29 positively feeds back on let-7 

expression and is thus required for full let-7 regulation or that lin-29 also 

negatively regulates direct targets of let-7, such as lin-41 and daf-12, reinforcing 

the regulation initiated by let-7. Moreover these mechanisms are not mutually 

exclusive. Positive feedback loops work well for driving developmental pathways 

forward and would help create a robust larval to adult switch. However, more 

experiments need to be performed to probe the exact nature of the feedback. 

Reporter genes using the promoter from lin-41 with and without let-7 binding 

sites can be used to differentiate between the two mechanisms. First, the 

expression of the reporter mRNA with the binding sites in the wild-type and 

mutant backgrounds should be compared to verify the upregulation on the 
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endogenous lin-41 as well as on the reporter genes. Repeating the same 

analysis with the let-7 binding sites deleted reporter would show if the 

upregulation in the lin-29 mutant is dependent on let-7-based posttranscriptional 

regulation or if transcriptional control is sufficient. Lastly, direct binding of LIN-29 

protein to regions of the lin-41 promoter would provide the strongest evidence for 

direct regulation. 

 Another possible feedback network may also exist for the target genes of 

let-7. lin-14 and lin-28, direct targets of the lin-4 miRNA, positively regulate each 

other. A decrease in gene function in one target can, therefore, upregulate 

another. A similar feedback system may be working among the let-7 targets. This 

type of feedback provides stability to the current developmental state and 

functionally opposes the possible lin-29 feedback system. RNAi combined with 

Northern blot analysis is a rapid way to explore the possible interactions among 

the let-7 interacting genes. RNA can be collected from populations of worms, 

each of which have each been fed bacteria expressing dsRNA targeting a 

suppressor gene or an empty vector control. Effects on expression of each 

suppressor gene can then be assessed in each RNAi background, revealing 

feedback regulation. 

 

Chapter 2 is being prepared for submission for publication. The 

dissertation author is the primary author and investigator of this work. Hunter, 

Shaun; Yeo, Gene; Pasquinelli, Amy. 
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Chapter Three: Progress toward a let-7 regulated reporter system 

Introduction 

 MicroRNAs (miRNAs) are an abundant class of regulatory genes. Through 

transcription and multiple processing steps, these genes produce ~22nt single 

stranded RNAs that serve as sequence specific guides for the regulation of target 

genes (Chekulaeva and Filipowicz 2009). let-7 is an important and widely 

conserved animal miRNA with roles in development and differentiation (Johnson 

et al. 2005, Pasquinelli et al. 2000, Sempere et al. 2004). Some let-7 regulatory 

targets are known and have potentially conserved biological roles, including lin-

41 and let-60 (Johnson et al. 2005, Lin Y. C. et al. 2007). However, the full 

complement of let-7 direct targets is unknown due to limited base pairing 

between miRNAs and their targets in animals, and a complete rule set explaining 

target recognition remains elusive. Understanding of the miRNA:target 

interactions is hampered by the small number of miRNA:target pairs with 

validated endogenous miRNA regulation  and by an even fewer number of 

characterized and functional endogenous binding sites. 

 One common method to test miRNA:target interactions is through 

heterologous reporters. This allows the rapid analysis of multiple potential targets 

and also the validation of potential binding sites through sequence manipulation. 

Several groups have used this method to validate miRNA:target pairs, including 

let-7:target interactions (Abrahante et al. 2003, Grosshans et al. 2005, Lin S. Y. 

et al. 2003, Reinhart et al. 2000, Slack et al. 2000). Studying let-7 regulation in 

worms has the advantage of utilizing characterized worm strains with mutations 
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in the let-7 gene, allowing the testing of let-7 dependence of regulation on 

potential target sequences. Showing both let-7 dependence and binding site 

dependence provides very strong evidence of a direct regulatory relationship. 

 There are several methods for making transgenic worm strains, each with 

their own advantages and drawbacks. For quantitative analysis of transgene 

expression, methods that can generate homogenous populations are necessary, 

including selectable extrachromosomal arrays and genomic integrations. When 

DNA is injected into the gonad of the worms, it can be recombined into high copy 

(30-300) extrachromosomal arrays (Praitis et al. 2001). Each independently 

created array is transmitted through mitosis and meiosis at an arbitrary 

frequency. One way to positively select for progeny carrying the array is to inject 

both the transgene of interest and a plasmid with the wild-type rescue gene for 

the pha-1 gene into the temperature sensitive embryonic lethal mutant pha-

1(e2123) (Figure 10). Both plasmids will be combined into one array, and when 

the worms are reared at the restrictive temperature, 25°C, the non-transgenic 

mutant worms will die as embryos, while the rescued worms will continue to grow 

and produce both viable transgenic and dead non-transgenic progeny.  

 Transgenes integrated into the genome are transmitted faithfully through 

mitosis and meiosis. Biolistic bombardment of plasmid-coated gold beads can be 

used to generate low copy randomly integrated lines (Praitis et al. 2001) (Figure 

11). The Mos1-mediated single-copy insertion (MosSCI) method uses 

homologous recombination to insert a single copy of a transgene into a known 

genomic location (Figure 12). Both of these methods produce integrated 
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transgenic lines, from which homogeneous population can be grown and 

quantitative expression analysis is possible. 

 In this chapter, I discuss my efforts to establish a robust reporter system to 

study let-7 regulation in C. elegans, using all three transgenesis methods with 

multiple vectors to create transgenic lines. Unfortunately, none of these lines can 

fully demonstrate let-7 regulation. However, some important lessons have been 

learned with regard to promoter, vector, and copy number choices. Other 

members of the lab are building from my work to improve this system and use it 

to address questions of let-7 regulatory control. 

Results 

The col-10 promoter drives cyclical expression through larval development 

 Wightman et al. established a reporter system for testing lin-4 miRNA 

regulation in worms (Wightman et al. 1993). The LacZ coding sequence was 

fused to the lin-14 3’UTR and expressed from the col-10 promoter in hypodermal 

cells. Using the same promoter system, let-7 regulation was also demonstrated 

on the lin-41 3’ UTR (Reinhart et al. 2000, Slack et al. 2000). Unfortunately, to 

visualize the reporter expression, the worms needed to be fixed and stained, and 

thus expression could not be visualized in live worms. Building from the 

established reporter, I designed two reporter constructs using the col-10 

promoter driving Green Fluorescent Protein (GFP), which can be visualized in 

living worms during development. I created transgenic lines with these reporter 

genes, with both the intact lin-41 3’ UTR and  the lin-41 3’ UTR with the let-7 

binding sites deleted, using the biolistic bombardment technique (Praitis et al. 
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2001) to generate low copy, integrated lines from which homogeneous 

populations can be collected for molecular analysis of gene regulation (Figure 

11).  

 Reporter lines with the intact let-7 binding sites would be expected to 

show developmental regulation similar to the endogenous lin-41, while the 

mutant UTR, lacking the let-7 binding sites, should fail to show regulation 

consistent with the previous LacZ reporters (Reinhart et al. 2000, Slack et al. 

2000). The integrated lines, however, showed developmental regulation on both 

transgenes, suggesting that the detected developmental regulation was due to a 

let-7 independent mechanism (Figure 13). To determine if this developmental 

regulation was an artifact in the bombarded lines, I collected RNA samples from 

L2 to L4 staged worms transgenic for the original LacZ vector without the let-7 

binding sites (Figure 14). As with my GFP reporter I expected no dramatic 

change in developmental expression; however, the expression of the reporter 

appeared to cycle up and down in expression levels. The temporal expression 

pattern of the reporters likely results from transcriptional control by the col-10 

promoter, as the endogenous col-10 cycles in a similar manner (Figure 14). 

Moreover, endogenous col-10 mRNA cycles in wild-type worms and is not an 

artifact of the transgenes (Figure 14). This cycling of expression makes 

interpretation of regulation of transgenic lines difficult, as the let-7 regulation 

would be superimposed on the col-10 regulation. Thus a different promoter with 

non-developmentally regulated transcriptional control is needed for examining 

let-7 regulation. 
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 The col-10 promoter drives high levels of expression restricted to the 

hypodermis, potentially interfering with miRNA regulation. miRNA regulation has 

been shown to be sensitive to the relative abundance of miRNA and target 

mRNAs in cell culture experiments (Doench and Sharp 2004). Therefore, 

reporter genes expressed at high levels may not show proper regulation due to 

insufficient miRNA levels. Semi-quantitative PCR of col-10 mRNA requires a 

comparable number of cycles as the high abundance loading control eft-2, 

suggesting that col-10 is also a high abundance transcript. Moreover, the low 

copy integrations of my col-10 reporter expresses GFP mRNA at much higher 

levels than the endogenous lin-41 mRNA. Titration of let-7 miRNA by high levels 

of reporter mRNAs with let-7 binding sites may explain why one of the lines, 

PQ347, with the wild-type lin-41 3’ UTR shows a let-7-like rupturing phenotype. 

This phenotype is dependent on GFP mRNA as RNAi directed against the GFP 

mRNA suppresses the rupturing, suggesting that high levels of target mRNA may 

titrate miRNA complexes disrupting the ability of let-7 to properly regulate its 

targets (Figure 15). Knockdown of the miRNA processing factor dcr-1 reduces 

mature let-7 levels (Grishok et al. 2001) and enhances rupturing in PQ347, 

further supporting a titration model (Figure 15). Disruption of let-7 function by the 

high level of expression from the col-10 promoter provides further evidence of the 

inadequacy of this promoter for studying proper regulation of reporter genes. 

Reporter expression level effects the efficiency of let-7 regulation 

 A robust and reliable reporter system should include a promoter that is 

expressed stably over development and at appropriate levels in tissues in which 
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let-7 is also expressed. The target gene, lin-41, fits the desired expression profile 

as it is expressed at consistent levels during early larval stages and is 

dramatically down-regulated upon let-7 expression in later larval stages (Bagga 

et al. 2005) (Figure 13). I cloned ~3.5kb of genomic sequence upstream of the 

start codon for lin-41, including the 5’ UTR and its relatively large intron, into a 

vector to drive GFP with an interchangeable 3’ UTR (Figure 16A). Then 

extrachromosomal array lines were created using the pha-1 rescue system 

(Figure 10) with the reporter plasmids injected at a high concentration (25 ng/µL) 

and at a low concentration (2.5 ng/µL). Using a high and a low concentration 

enabled me to verify the effect of target mRNA level on target efficiency 

suggested by PQ347. The resulting lines were then analyzed by Northern blotting 

for developmental regulation. While the low copy lines showed robust 

developmental regulation, as expected from the late larval expression of let-7, 

the high copy lines, which expressed GFP mRNA at much higher levels, were 

regulated to an almost negligible level. Consistent with earlier reports (Doench 

and Sharp 2004), my data show that miRNA regulation can be disrupted based 

on the amount of target mRNA (Figure 16).  

The developmental regulation of the low copy lines coincides with the 

proper regulation of the endogenous lin-41 (Figure 16). Moreover, low copy 

reporter lines expressing GFP with a mutant lin-41 lacking the let-7 binding sites 

did not show developmental down-regulation, consistent with let-7 binding site 

dependent regulation (Figure 16). Therefore, the lin-41 promoter, in moderate 

dosage, is an excellent reporter promoter because it possesses both a stable  
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temporal expression pattern and an expression level compatible with assays of 

let-7 regulation. 

To verify that the developmental regulation was due to let-7 regulation, a 

transgenic line was crossed into a let-7(n2853ts); pha-1(e2123) double mutant. 

let-7(n2853ts) can be maintained at the 15°C permissive temperature  and shifted 

to the restrictive 25°C temperature for molecular anal ysis. Unfortunately, the pha-

1 selection to maintain the transgenes does not function at 15°C, and the arrays 

are rapidly lost from the population. Therefore, using the pha-1 rescue system I 

could not show that the regulation on the reporter gene was let-7 miRNA 

dependent. Consequently, I pursued a different method of making the transgenic 

lines. However, I continued to use the lin-41 promoter, since it was able to 

recapitulate the developmental expression pattern of the endogenous lin-41 

mRNA with the reporter gene. 

MosSCI vectors cause developmental delay when integrated using 

bombardment  

 To overcome the counter-selection problems of the pha-1 extra-

chromosomal array lines, a new strategy involving Mos1-mediated single-copy 

insertion (MosSCI) reporters was pursued. MosSCI provides a means to create 

single copy insertions of transgenes into the same genomic location every time, 

removing both copy number and genomic context as variables to transgene 

analysis (Frokjaer-Jensen et al. 2008) (Figure 12). This method is in some ways 

similar to bombardment (Figure 11), as both rely on rescue of the unc-119(ed3) 

mutant using a single plasmid containing the transgene of interest and the unc-
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119 rescue gene. The MosSCI vector uses the homologous C. briggsae unc-119 

gene for rescue and contains other genomic sequence required for the 

homologous recombination. I cloned my control lin-41 promoter constructs, used 

in the earlier pha-1 lines into the MosSCI vector. Along with the control 

constructs, I chose 3’ UTRs from some of the suppressor genes found in Chapter 

2, focusing on developmental regulatory genes and including both candidates 

with and without predicted binding sites (Table 4). I was unable to generate any 

transgenic lines after several attempts to create MosSCI lines. However, as the 

MosSCI plasmids contain both the transgene and an unc-119 rescue, I reasoned 

that they could also be used for biolistic bombardment, a technique that I had 

already used successfully to create integrated transgenic lines.  

 I bombarded 14 constructs including reporters with the wild-type lin-41 and 

mutant lin-41 control UTRs into unc-119(ed3), generating ~100 integrated lines 

(Table 4). I tested mixed stage populations from the integrated lines for GFP 

expression using Northern blots. I chose up to four GFP expressing lines from 

each construct to collect L2 and L4 staged RNA to assay developmental 

regulation. After collecting the first set of samples, I noticed that both the reporter 

mRNAs and the endogenous lin-41 mRNA failed to show regulation at time 

points at which worms normally show down-regulation, suggesting that these 

strains were developmentally delayed (Figure 17). With the help of a post-

doctoral researcher in the lab, Katya Melnik-Martinez, I collected a series of later 

time points and analyzed the expression profiles of both the transgene and the 

endogenous lin-41 mRNA to compensate for a growth delay. Endogenous lin-41 
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mRNA regulation was used as an indicator of proper developmental stage. Most 

of the lines were substantially delayed 6-16 hrs (Figure 17). Unfortunately, upon 

visual inspection, many of the lines also appeared to have poor synchrony, with 

worms of multiple stages of development in the population at a single time point. 

This may explain the variable regulation of the endogenous lin-41 mRNA 

throughout the entire time course among the transgenic lines. The developmental 

defects appear to be caused by the MosSCI vector, and not the reporter 

construct, as a bombarded line using an established bombardment vector with 

the wild-type lin-41 UTR construct showed proper developmental timing visually 

and by regulation of lin-41 and GFP mRNA (Figure 17). The MosSCI vector 

bombarded lines also show developmental regulation of the lin-41 UTR with the 

let-7 binding sites deleted control reporter, in contrast to expectations and the 

previous data from the extrachromosomal array lines. Unfortunately, using the 

MosSCI constructs with bombardment to generate transgenic lines also failed to 

create a robust system for studying let-7 regulation. Recently, however, Katya 

Melnik-Martinez has successfully generated integrated lines using the MosSCI 

system, which do not show a developmental delay. Therefore, the reporter 

constructs can now be integrated as single copies into the same genomic locus 

and detectable expression differences can be attributable solely to UTR 

regulation. 

Discussion 

 Demonstration of miRNA dependent and binding site dependent 

regulation of a reporter gene possessing potential target mRNA sequences is 
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currently the best way to show direct regulation of a target gene by a miRNA. For 

regulation to occur the reporter gene needs to be expressed in the same cells as 

the miRNA of interest. While the col-10 promoter and let-7 are expressed in 

hypodermal cells, my work found two important problems with this promoter for 

use in analysis of let-7 regulation. First, the col-10 promoter is developmentally 

regulated, cycling on and off during larval development. The cyclical expression 

may be in relation to the molting cycle, which is not surprising for a cuticular 

collagen gene. However, the expression of both the endogenous col-10 and 

reporter genes utilizing its promoter are down-regulated at the L4 stage, when 

regulation by let-7 is typically assayed. let-7 dependent expression changes will 

be very difficult to tease apart from the developmental regulation of the promoter. 

Second, the high level of expression from this promoter by mRNAs carrying let-7 

binding sites can interfere with let-7 function, leading to let-7 loss of function 

phenotypes. Therefore, a successful reporter construct not only needs to be co-

expressed spatially with the miRNA of interest, but also must be temporally co-

expressed at physiological levels. The titratability of a miRNA may be a unique 

property to each miRNA, reflecting both expression level and possibly turnover of 

the miRNP complexes containing the specific miRNA. 

 Using the promoter gene from the known let-7 target, lin-41, has several 

advantages over col-10. First, the expression over time is relatively constant 

through larval development, allowing clear interpretation of developmental 

regulation by let-7. Second, the expression level is low enough to exhibit 

regulation of the reporter mRNA, while also not interfering with the regulation of 
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endogenous targets. Finally, the endogenous lin-41 mRNA can serve as a 

positive control for regulation in the reporter lines, indicating that the population 

has reached the proper stage and miRNA regulatory machinery is working 

properly.  

 The method of creating transgenic lines, however, can severely disrupt the 

utility of a well designed reporter construct. While developmental regulation could 

clearly be demonstrated with pha-1 rescued extrachromosomal array lines, let-7-

dependence could not. Also, bombardment of reporters in MosSCI vectors 

causes developmental delays and loss of population synchrony, yet 

bombardment of similar reporters in standard bombardment vectors does not. 

The growth defects must then be due to differences in the two vectors. The 

MosSCI vector uses the C. briggsae unc-119 rescue gene, which is smaller and 

would be less likely to cause aberrant recombination during MosSCI than the C. 

elegans rescue fragment used by the standard bombardment vectors (Frokjaer-

Jensen et al. 2008, Praitis et al. 2001). Over- or under-expression of the unc-119 

gene from the C. briggsae rescue may be the source of the developmental delay 

caused by the bombarded MosSCI vector. The other possible cause of the 

developmental delay may be the homologous recombination regions in the 

vector. One region lies in an apparent intergenic region while the other region 

overlaps part of a glucose transporter gene (Frokjaer-Jensen et al. 2008). 

Random integration of the bombarded MosSCI vector may cause expression of 

dsRNA and siRNAs targeting this transporter, and disruption of the function of 

this gene may lead to the growth defects. Future efforts in the lab are centering 
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on generating proper MosSCI lines, which do not exhibit a significant growth 

delay and also lack the genomic context variability caused by random 

integrations.  

The combination of the lin-41 promoter and MosSCI generated lines will 

yield a robust reporter system for studying let-7 regulation. This new tool has 

many uses for studying both the specific role of let-7 in developmental and the 

general mechanisms of miRNA:target recognition and regulation. First, candidate 

UTRs can be directly compared to control UTRs to establish both let-7 

dependence and binding site dependence, indicating a direct regulatory 

relationship. Second, systematic mutation of miRNA binding sites in a single 

copy integration at a known genomic locus will provide the best means to study 

the rules for miRNA:target recognition with the least amount of experimental 

noise. A clear understanding of the principles of target recognition will help 

improve target prediction programs and speed up the discovery of the regulatory 

roles of all miRNAs. Finally, with a regulated reporter visible in live worms, 

genetic screens can be performed to find new genes involved in the mechanism 

of miRNA regulation by the loss of regulation of the reporter, providing a clearer 

picture of the mechanism by which miRNAs regulate target genes. 

 

Chapter 3 is being prepared for submission for publication. The 

dissertation author is the primary author and investigator of this work. Hunter, 

Shaun; Melnik-Martinez, Katya; Pasquinelli, Amy.



 
 

50 
 

Final Conclusions 

 Multicellular organisms must overcome several issues for an organism to 

function as cohesive unit and to successfully propagate its genes, including cell 

to cell interactions, and signaling. Regulation and balance of cellular proliferation 

and differentiation are also essential components of multicellularity. Disruption of 

the proper balance of these two cellular tasks leads to disease states, such as 

cancer. The miRNA let-7 has emerged as a key regulatory gene in animals, 

controlling the balance between proliferation and differentiation.  

let-7 promotes differentiation through the negative regulation of direct 

target genes, many of which are widely conserved. The control exhibited on 

proliferation and differentiation by let-7 make it an important target for the 

treatment of cancer and the production of therapeutic stem cells. In the case of 

cancer, restoration of let-7 expression or direct down-regulation of let-7 

regulatory targets would be a potent way to stop let-7 deficient tumors from 

continuing to proliferate and cause disease. Production of therapeutic stem cells, 

by contrast, benefits from the loss of let-7 regulation. Reversible loss of let-7 

regulation in a differentiated cell can be one of the key components to make stem 

cells from individual patients to treat their own diseases, and since these cells 

come from the patient of interest, these cells would not trigger rejection reactions. 

Thus, these cells can be used to treat a variety of diseases, while avoiding the 

complications from rejection and the ethical questions surrounding embryonic 

stem cells. 



51 
 

 
 

Before the let-7 regulatory pathway can be exploited in these potentially 

lifesaving ways, it must be better understood. The key to understanding how let-7 

carries out its regulatory role lies in the elucidation of its targets. A few targets 

were first discovered through classical genetic screens. Computational 

algorithms now predict thousands of targets for let-7 in C. elegans alone, 

suggesting that, while there is disagreement in the specific genes predicted by 

each algorithm, novel targets remain unvalidated and undiscovered.  

My work has focused on using a new approach that combines biological 

data with computational prediction to prioritize candidate genes, identify genes 

with functional importance in let-7 regulated developmental processes, and 

attempts to verify a direct regulatory interaction. The genetic interactors I have 

found continue to suggest a key role for let-7, controlling differentiation in 

animals. Many of these genes are conserved in other species and may have 

conserved roles and regulatory connections, representing key developmental 

steps and also potential targets for future therapeutic agents. Furthermore, my 

data suggest, for the first time, that let-7 regulates development in different 

tissues through separate genetic pathways. Finally, I have made significant 

progress toward a robust let-7 regulated reporter, which is necessary for the 

validation of direct let-7 regulation of candidate genes, including my list of 

functional interactors. In addition to validating new target interactions, this 

reporter system would be a powerful tool to refine the rules of target recognition 

and target prediction for let-7 and potentially all miRNAs. 
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Figure 1. Hypodermal seam cell development in C. elegans. (A) The hypodermis of a 
larval worm just prior to terminal differentiation. The main hypodermal syncytium, hyp7, 
is colored in red. The head syncytial cells are blue. The tail syncytial cells are purple. 
Seam cells are in green and yyeellllooww. Green seam cells follow the division pattern shown 
in (B). YYeellllooww seam cells undergo similar but somewhat different division patterns 
through larval development. (B) Lineage diagram illustrating the stem cell like division 
patterns of the V1-V4 and V6 seam cell lineages. During each larval stage these cells 
produce one daughter that retains the seam cell identity, and one that fuses with and 
adopts the fate of the hypodermal syncytial cell Hyp7. However, during the L2 stage 
these cells divide twice producing two equal daughters from the first round of division, 
which each give rise to one seam cell daughter and one daughter that fuses with Hyp7. 
After the L2 stage there are 10 seam cells from the V1-V4 and V6 lineages. At the larval 
to adult transition, these 10 cells and 6 other seam cells fuse together into a seam 
syncytium, exit the cell cycle, and secrete a specialized cuticular structure called alae. 
(C) The unfused seam cells of a larval worm are visualized by two GFP markers, a 
nuclear GFP marker and GFP translationally fused to the AJM-1 protein highlighting 
apical junctions between cells in the epithelium. The junction between seam cells are 
highlighted with white arrowheads indicating the seam cells have not fused together.  (D) 
The fused seam cells of an adult worm are visualized by the same GFP markers. The 
nuclear GFP signal is very weak in adult worms. However the AJM-1::GFP persists and 
the seam cell syncytium is indicated by the two parallel line of GFP signal with no 
intervening cell junctions. (E) Adult alae ridges visualized with DIC and indicated by a 
black arrowhead.  
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Figure 2. Heterochronic mutants control developmental timing in C. elegans. 
(A) Heterochronic genetic pathway as determined by epistasis analysis. (B) The 
effect of the heterochronic mutants on the developmental timing is illustrated by 
changes to the stage dependent division patterns of the V1-4 and V6 hypodermal 
seam cell lineages. These cells in retarded mutants, lin-14(gf), lin-4(-), let-7(-), and 
lin-29(-), reiterate larval cell divisions and fail to terminally differentiate. In precocious 
mutants, however, these skip some larval divisions and terminally differentiate earlier 
than wildtype. 
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Figure 3. let-7 biogenesis and regulation of lin-41 in C. elegans. Two capped, 
polyadenylated primary let-7 transcripts are transcribed. The primary transcripts are 
trans-splice to the Splice Leader 1 (SL1), and the spliced products are then 
processed by the RNase III enzyme Drosha releasing the precursor hairpin. Pre-let-7 
is processed by a second RNase III enzyme, Dicer, releasing the single stranded 
mmaattuurree  lleett--77. Using the miRNA as a sequence specific guide ArGonaute Like gene -
1 (ALG-1) protein finds target mRNAs, such as lin-41, and directs their degradation. 
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A. 
   target  5'                      N 3' 
                            NNNNNNN     
                            NNNNNNN 
   miRNA   3'                      N 5' 
 
B. 
   lin-41  5' U          GUU    A    A 3' 
   LCS2        UUAUACAACC   CUAC CUCA     
               GAUAUGUUGG   GAUG GAGU     
   let-7   3' U          AU            5'  
 
C. 
   lin-41  5' U          AUU       U 3' 
   LCS1        UUAUACAACC   CU GCCUC     
               GAUAUGUUGG   GA UGGAG     
   let-7   3' U          AU        U 5' 
 

Figure 4. Seed pairing of miRNAs to target mRNAs. (A) Canonical seed rule 
pairing requires contiguous Watson-Crick base pairing of nucleotides 2-8, from the 5’ 
end of the miRNA, to the target mRNA. (B) and (C) are two functional binding sites 
for let-7 in the 3’ UTR of lin-41. These sites both do not fit the seed pairing rule 
because of either a bulge (B) or G:U pairing (C) in the seed region, highlighting 
exceptions to the seed rule for target prediction.  
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Figure 5. Maintenance and suppression of the putative null allele let-
7(mn112). (A) The extrachromosomal array apEx107 contains a fragment of 
genomic DNA sufficient to rescue the putative null allele let-7(mn112) as well as 
a fluorescent marker expressed in the pharynx. PQ79, let-7(mn112) mutants with 
apEx107, will survive and produce progeny that either have apEx107, which will 
be fluorescent and survive to reproduce, or progeny that do not have the array 
and will be non-fluorescent and die by vulval rupture before making progeny. The 
rupturing phenotype can be suppressed using RNAi (B-D) Starved L1 staged 
worms from PQ79 parents were fed bacteria expressing dsRNA targeting empty 
vector (B), a known target of let-7 (C), and a candidate target gene (D) and 
grown to the adult stage. (B) Non-rescued (non-green) worms rupture through 
the vulva after the L4 molt on the empty vector control RNAi. Suppression of 
rupture highlights a genetic interaction between let-7 and  daf-12, a known 
suppressor (C), or sox-2, a novel suppressor (D). 
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Figure 6. Scheme for rupturing suppression RNAi screen. Populations of 
PQ79 synchronized L1s were grown on bacteria expressing dsRNA targeting 
candidate genes as well as empty vector. At the young adult stage, each plate 
was scored for the rupturing rate in the non-rescued (non-fluorescent) worms. 
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Figure 7. Summary of rupturing suppression screen. Ranked from left to right 
in ascending value are the rupturing rates from the first round of screening for all 
of the RNAi clones tested. Marked in red are the clones that did not reproducibly 
suppress vulval rupture in let-7(mn112) mutants. Empty vector controls are 
marked in black. Reproducible suppressors are in green and in purple are the 
suppressors daf-12 and sox-2, pictured in Figure 1.  
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Figure 8. Suppressors of extra seam cell nuclei. Bubble plot illustrates the 
population distribution of worms with various numbers of seam cell nuclei. Each 
point represents with its size the number of worms in each population. The 
number of GFP positive seam cell nuclei is indicated by the vertical axis for the 
RNAi clone shown on the horizontal axis. These data are taken from the retest of 
suppressors and each clone should be compared to the vector to its left. Though 
all of these clones suppress extra seam cell nuclear divisions (p<0.05), strong 
suppressors such as lin-41 and daf-9 dramatically shift the entire population and 
have little overlap with the vector control populations.  
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Figure 9. Seam cell fusion is normal in let-7 mutants. Indirect 
immunofluorescence with the MH27 monoclonal α-AJM-1 labels apical junctions 
in hypodermal cells, allowing visualization of seam cell fusion. Fused seam cells 
are seen in N2 (A) and let-7(mn112) (B) at the young adult stage by the lack of 
junctions between cells (white arrowheads) as seen in the unfused lin-29(n333) 
(C). No dramatic decrease in fusion was seen in either let-7(mn112);unc-3(ed3) 
early/mid L4 worms with or without the let-7 rescue fragment (D) or in let-
7(n2853ts) compared to wild-type N2 mid-L4 staged worms (E). 
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Figure 10. Selection for rescue of the temperature sensitive embryonic 
lethal pha-1(e2123) mutant maintains homogenous transgenic populations. 
While at 15°C pha-1(e2123) mutants grow and reproduce normally, embryos die 
and do not hatch at 25°C. Injection of plasmid mixes including the pha-1 rescue 
fragment into the gonads of adult pha-1(e2123) generates extrachromosomal 
arrays including the rescue fragment and the transgene of interest. The arrays 
allow the mutants to grow at 25°C, while non-transgen ic progeny die as embryos. 
Homogenous populations can be grown at 25°C even with lines with low 
transmission to progeny (Granato et al. 1994).



62 
 

 
 

 
 

Figure 11. Biolistic bombardment method for the generation of low copy 
integrations of transgenes. First, a plasmid containing the unc-119 rescue 
fragment and your favorite transgene (YFG) is precipitated onto gold beads. The 
DNA-coated gold beads are spread on a macro-carrier within a macro-carrier 
holder, which is then loaded in the bombardment apparatus over the plate of unc-
119(ed3) worms. Helium pressure, controlled by a rupture disk, launches the 
beads at the worms. After a recovery period the treated worms are plated onto 
fresh plates and grown to starvation (~3-4 weeks). Non-transgenic worms die 
due to starvation and the rescued worms are singled onto new plates. Worms 
with integrated transgenes produce all transgenic progeny. 



63 
 

 
 

 

 
Figure 12. Mos-1 mediated Single Copy Insertion method (Frokjaer-Jensen 
et al. 2008). First, a group of plasmids, including the Mos1 transposase and the 
insertion vector, are injected into a strain carrying the unc119(ed3) and a 
characterized Mos1 transposon insertion. The transposase is expressed in the 
germ-line, causing a double stranded DNA break. In repairing the double strand 
break, some of the cells will use the insertion vector as a homologous 
recombination template, inserting the unc-119 rescue fragment and transgenes 
cloned between the recombination regions (purple and salmon).  
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Figure 13. Integrated col-10 promoter displays let-7 independent 
developmental regulation. (A) Example Northern blot from transgenic lines 
expressing GFP from the col-10 promoter, with either wild-type lin-41 UTR or a 
mutant lin-41 UTR lacking the let-7 binding sites, shows developmental down 
regulation of both constructs from the L2 stage to the L4 stage. (B) Quantification 
from four independent lines from each construct confirms consistent down-
regulation over development of the col-10 driven transgenes regardless of let-7 
binding sites. 
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Figure 14. The col-10 promoter drives cyclical expression during larval 
development. (A) Developmental RT-PCR series from a strain carrying a col-10 
promoter driven LacZ transgene reveals cyclical transcriptional control of both 
the transgene and the endogenous col-10 mRNA. lin-41 mRNA however shows 
consistent expression until the onset of let-7 expression in the L3 stage. (B) 
Developmental RT-PCR in wild-type worms confirms the developmental 
regulation on col-10 mRNA.
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Figure 15. PQ347 exhibits a transgene dependent let-7-like phenotype. 
PQ347 worms were placed on RNAi clones targeting empty vector, GFP and dcr-
1. On vector approximately one third the worms rupture similar to let-7. This 
phenotype could be completely suppressed by knocking down the transgene 
expression on GFP RNAi, suggesting the transgene is titrating let-7. Depletion of 
the miRNA processing enzyme dcr-1 increases the penetrance of the rupturing 
phenotype, further supporting a titration model for this strain. 
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Figure 16. Low copy lin-41 promoter driven transgenes exhibit let-7 binding 
site dependent developmental regulation. (A) Transgenic construct uses the 
lin-41 promoter to drive expression of GFP with the lin-41 5’ UTR and an 
interchangeable UTR between unique restriction sites. (B) Representative 
Northern blot shows developmental expression of transgenes with the lin-41 UTR 
injected at high (25 ng/µL) and low (2.5 ng/µL) concentration. (C) Quantification 
of Northern blots from multiple independent lines shows diminished transgene 
regulation in the high injection concentration lines compared to the low 
concentration lines. (D) Representative Northern blot from low concentration 
transgenes with wild-type and let-7 binding site deleted lin-41 3’UTRs. (E) 
Quantification of four lines from each construct shows let-7 binding site 
dependent developmental regulation on reporter mRNA. 
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Figure 17. MosSCI vectors cause developmental delays when introduced 
through bombardment. (A) MosSCI vector-based transgenic lines integrated 
through bombardment fail to show developmental down-regulation at 29 hrs at 
25°C, a time point in which worms are normally at the  L4 stage and regulate lin-
41. Example Northern blot (B) and quantification of 35 independent lines with 
standard error (C) illustrate the significant developmental delay in MosSCI vector 
bombarded lines. (D) A transgenic line created through bombardment of the 
traditional bombardment vector and the same transgene in (B) does not exhibit a 
significant growth delay as indicated by the proper regulation of the endogenous 
lin-41 mRNA at 29hrs. 
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Table 2. Biological Process Gene Ontology terms over-represented among 
genes upregulated in let-7(n2853). Terms over-represented in the up-regulated 
genes compared to the rest of the genome (156 of 804 terms, p<0.01) were 
found using http://elegans.uky.edu/gl/cgi-bin/gl_mod.cgi?action=compare2.  
1 Holm-Bonferoni corrected p-value. 
 

 
 

 

GO Term Description p-value1 

GO:0008150 biological_process p<0.000e+00 

GO:0032501 multicellular organismal process p<2.034e-149 

GO:0032502 developmental process p<4.639e-145 

GO:0007275 multicellular organismal development p<5.433e-143 

GO:0065007 biological regulation p<7.095e-138 

GO:0050789 regulation of biological process p<5.126e-137 

GO:0009987 cellular process p<2.511e-135 

GO:0008152 metabolic process p<2.425e-133 

GO:0040007 growth p<2.541e-124 

GO:0048518 positive regulation of biological process p<6.631e-106 

GO:0044237 metabolic process p<4.723e-104 

GO:0044238 primary metabolic process p<5.601e-103 

GO:0040008 regulation of growth p<1.014e-101 

GO:0045927 positive regulation of growth p<4.509e-101 

GO:0009790 embryonic development p<8.369e-98 

GO:0009792 embryonic development ending in birth p<1.330e-97 



71 
 
 
 
Table 2 (continued) 

 
 

GO Term Description p-value1 

GO:0009791 post-embryonic development p<2.804e-95 

GO:0040010 positive regulation of growth rate p<3.706e-94 

GO:0040009 regulation of growth rate p<6.677e-94 

GO:0002119 nematode larval development p<6.318e-92 

GO:0002164 larval development p<8.916e-92 

GO:0000003 reproduction p<5.229e-89 

GO:0043170 macromolecule metabolic process p<3.987e-79 

GO:0048856 anatomical structure development p<9.244e-59 

GO:0010467 gene expression p<2.891e-57 

GO:0006139 
nucleobase, nucleoside, nucleotide and 

nucleic acid metabolic process p<1.442e-54 

GO:0019953 sexual reproduction p<4.187e-50 

GO:0043283 biopolymer metabolic process p<5.440e-50 

GO:0007276 gamete generation p<1.645e-49 

GO:0022414 reproductive process p<5.548e-48 

GO:0048731 system development p<1.064e-45 

GO:0050896 response to stimulus p<1.722e-44 

GO:0048513 organ development p<7.528e-44 

GO:0003006 reproductive developmental process p<1.237e-41 

GO:0007548 sex differentiation p<4.950e-41 



72 
 
 
 
Table 2 (continued) 

 
 

GO Term Description p-value1 

GO:0040035 hermaphrodite genitalia development p<6.990e-40 

GO:0048806 genitalia development p<3.159e-39 

GO:0016070 RNA metabolic process p<3.524e-38 

GO:0007610 behavior p<8.047e-37 

GO:0006350 transcription p<1.016e-29 

GO:0050794 regulation of cellular process p<2.675e-28 

GO:0007626 locomotory behavior p<3.356e-28 

GO:0009653 anatomical structure morphogenesis p<4.915e-28 

GO:0010468 regulation of gene expression p<1.307e-27 

GO:0044260 cellular macromolecule metabolic process p<2.062e-26 

GO:0019222 regulation of metabolic process p<2.072e-26 

GO:0045449 regulation of transcription p<7.232e-26 

GO:0019538 protein metabolic process p<9.537e-26 

GO:0031323 regulation of cellular metabolic process p<1.161e-25 

GO:0044267 cellular protein metabolic process p<1.705e-25 

GO:0019219 regulation of nucleobase, nucleoside, p<4.908e-25 

GO:0006355 regulation of transcription, DNA-dependent p<5.302e-24 

GO:0051252 regulation of RNA metabolic process p<1.340e-23 

GO:0006351 transcription, DNA-dependent p<2.425e-23 
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Table 2 (continued) 

 
 

GO Term Description p-value1 

GO:0032774 RNA biosynthetic process p<3.547e-23 

GO:0009058 biosynthetic process p<2.099e-20 

GO:0051179 localization p<5.464e-20 

GO:0051234 establishment of localization p<1.715e-18 

GO:0035264 multicellular organism growth p<2.837e-18 

GO:0040014 regulation of multicellular organism growth p<2.833e-18 

GO:0016043 cellular component organization and 
biogenesis 

p<5.374e-18 

GO:0044249 cellular biosynthetic process p<6.294e-18 

GO:0040018 
positive regulation of multicellular organism 

growth p<1.390e-16 

GO:0006810 transport p<1.400e-15 

GO:0006996 organelle organization and biogenesis p<1.080e-14 

GO:0040032 post-embryonic body morphogenesis p<2.518e-13 

GO:0009886 post-embryonic morphogenesis p<3.319e-13 

GO:0010171 body morphogenesis p<5.812e-13 

GO:0006412 translation p<9.597e-12 

GO:0009059 macromolecule biosynthetic process p<2.507e-11 

GO:0019098 reproductive behavior p<3.046e-11 

GO:0006396 RNA processing p<3.530e-11 

GO:0032504 multicellular organism reproduction p<5.363e-11 
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Table 2 (continued) 

 
 

GO Term Description p-value1 

GO:0048609 
reproductive process in a multicellular 

organism p<5.356e-11 

GO:0018991 oviposition p<5.884e-11 

GO:0033057 reproductive behavior in a multicellular 
organism 

p<5.876e-11 

GO:0050793 regulation of developmental process p<3.714e-10 

GO:0002009 morphogenesis of an epithelium p<3.773e-10 

GO:0006811 ion transport p<4.169e-10 

GO:0006629 lipid metabolic process p<1.005e-09 

GO:0006399 tRNA metabolic process p<1.078e-09 

GO:0044255 cellular lipid metabolic process p<7.596e-09 

GO:0007154 cell communication p<1.164e-08 

GO:0048519 negative regulation of biological process p<1.387e-08 

GO:0065008 regulation of biological quality p<1.575e-08 

GO:0042254 ribosome biogenesis and assembly p<1.578e-08 

GO:0006082 organic acid metabolic process p<1.851e-08 

GO:0019752 carboxylic acid metabolic process p<1.849e-08 

GO:0048878 chemical homeostasis p<3.083e-08 

GO:0022613 
ribonucleoprotein complex biogenesis and 

assembly p<1.599e-07 

GO:0008033 tRNA processing p<2.292e-07 

GO:0006364 rRNA processing p<3.455e-07 
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Table 2 (continued) 

 
 

GO Term Description p-value1 

GO:0016072 rRNA metabolic process p<3.450e-07 

GO:0048869 cellular developmental process p<4.312e-07 

GO:0015698 inorganic anion transport p<5.808e-07 

GO:0030104 water homeostasis p<6.233e-07 

GO:0042592 homeostatic process p<7.958e-07 

GO:0007165 signal transduction p<8.757e-07 

GO:0030154 cell differentiation p<9.731e-07 

GO:0006118 electron transport p<1.147e-06 

GO:0006820 anion transport p<1.635e-06 

GO:0006091 
generation of precursor metabolites and 

energy p<1.717e-06 

GO:0006508 proteolysis p<1.818e-06 

GO:0006259 DNA metabolic process p<2.118e-06 

GO:0006817 phosphate transport p<2.378e-06 

GO:0009056 catabolic process p<2.620e-06 

GO:0040025 vulval development p<4.100e-06 

GO:0043412 biopolymer modification p<7.765e-06 

GO:0040028 regulation of vulval development p<1.327e-05 

GO:0045165 cell fate commitment p<4.803e-05 

GO:0051186 cofactor metabolic process p<7.214e-05 
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Table 2 (continued) 

 
 

GO Term Description p-value1 

GO:0051301 cell division p<8.033e-05 

GO:0008340 determination of adult life span p<1.373e-04 

GO:0010259 multicellular organismal aging p<1.371e-04 

GO:0006807 nitrogen compound metabolic process p<1.844e-04 

GO:0007568 aging p<1.925e-04 

GO:0006457 protein folding p<2.187e-04 

GO:0000226 microtubule cytoskeleton organization p<2.304e-04 

GO:0009308 amine metabolic process p<2.750e-04 

GO:0040027 negative regulation of vulval developm p<2.982e-04 

GO:0022607 cellular component assembly p<3.319e-04 

GO:0016042 lipid catabolic process p<3.840e-04 

GO:0006631 fatty acid metabolic process p<4.063e-04 

GO:0045595 regulation of cell differentiation p<4.853e-04 

GO:0032787 monocarboxylic acid metabolic process p<4.906e-04 

GO:0065003 macromolecular complex assembly p<6.361e-04 

GO:0018996 molting cycle, collagen and cuticulin-based 
cuticle 

p<7.377e-04 

GO:0022404 molting cycle process p<7.366e-04 

GO:0007166 
cell surface receptor linked signal 

transduction p<7.503e-04 

GO:0006519 amino acid and derivative metabolic process p<7.848e-04 
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Table 2 (continued) 

 
 

GO Term Description p-value1 

GO:0044248 cellular catabolic process p<8.952e-04 

GO:0040004 
collagen and cuticulin-based cuticle 

attachment to epithelium p<0.001 

GO:0040006 protein-based cuticle attachment to 
epithelium 

p<0.001 

GO:0007017 microtubule-based process p<0.001 

GO:0048522 positive regulation of cellular process p<0.001 

GO:0040016 embryonic cleavage p<0.002 

GO:0006520 amino acid metabolic process p<0.002 

GO:0006974 response to DNA damage stimulus p<0.002 

GO:0051093 negative regulation of developmental process p<0.002 

GO:0009719 response to endogenous stimulus p<0.002 

GO:0007049 cell cycle p<0.002 

GO:0007010 cytoskeleton organization and biogenesis p<0.003 

GO:0040024 dauer larval development p<0.004 

GO:0009116 nucleoside metabolic process p<0.004 

GO:0006732 coenzyme metabolic process p<0.005 

GO:0018988 molting cycle, protein-based cuticle p<0.005 

GO:0001708 cell fate specification p<0.006 

GO:0042303 molting cycle p<0.006 

GO:0048468 cell development p<0.006 
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Table 2 (continued) 

 
 

GO Term Description p-value1 

GO:0040011 locomotion p<0.007 

GO:0006952 defense response p<0.007 

GO:0006281 DNA repair p<0.007 

GO:0006793 phosphorus metabolic process p<0.009 

GO:0006796 phosphate metabolic process p<0.009 

GO:0006464 protein modification process p<0.009 

GO:0005975 carbohydrate metabolic process p<0.010 
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Table 4. Table of strains. Plasmids (e.g. pSEH106) are described in Table 5. 

 
 

Strain Genotype 
N2 wild-type 
AEP47 let-7(n2853); wIs54 
MT333 lin-29(n333) 
PQ00064 let-7(n2853) 
PQ00079 apEx107[pAEP19,myo-2::GFP]; let-7(mn112) 
PQ00125  apIs269 [Bombarded pSEH107]; unc-119 (ed3) 
PQ00127  apIs271 [Bombarded pSEH107]; unc-119 (ed3) 
PQ00130  apIs274 [Bombarded pSEH107]; unc-119 (ed3) 
PQ00131  apIs275 [Bombarded pSEH107]; unc-119 (ed3) 
PQ00132  apIs276 [Bombarded pSEH106]; unc-119 (ed3) 
PQ00134  apIs278 [Bombarded pSEH106]; unc-119 (ed3) 
PQ00136 apIs169[Bombarded pSEH37];unc-119(ed3) 
PQ00148  apIs290 [Bombarded pSEH84]; unc-119 (ed3) 
PQ00149  apIs291 [Bombarded pSEH84]; unc-119 (ed3) 
PQ00150  apIs292 [Bombarded pSEH84]; unc-119 (ed3) 
PQ00151  apIs293 [Bombarded pSEH84]; unc-119 (ed3) 
PQ00153  apIs295 [Bombarded pSEH84]; unc-119 (ed3) 
PQ00155  apIs297 [Bombarded pSEH85]; unc-119 (ed3) 
PQ00156  apIs298 [Bombarded pSEH85]; unc-119 (ed3) 
PQ00157  apIs299 [Bombarded pSEH85]; unc-119 (ed3) 
PQ00160  apIs302 [Bombarded pSEH85]; unc-119 (ed3) 
PQ00161  apIs303 [Bombarded pSEH85]; unc-119 (ed3) 
PQ00163  apIs305 [Bombarded pSEH114]; unc-119 (ed3) 
PQ00164  apIs306 [Bombarded pSEH114]; unc-119 (ed3) 
PQ00165  apIs307 [Bombarded pSEH114]; unc-119 (ed3) 
PQ00167  apIs309 [Bombarded pSEH114]; unc-119 (ed3) 
PQ00169  apIs311 [Bombarded pSEH117]; unc-119 (ed3) 
PQ00170  apIs312 [Bombarded pSEH117]; unc-119 (ed3) 
PQ00171  apIs313 [Bombarded pSEH117]; unc-119 (ed3) 
PQ00173  apIs315 [Bombarded pSEH117]; unc-119 (ed3) 
PQ00175  apIs317 [Bombarded pSEH120]; unc-119 (ed3) 
PQ00176  apIs318 [Bombarded pSEH120]; unc-119 (ed3) 
PQ00177  apIs319 [Bombarded pSEH120]; unc-119 (ed3) 
PQ00186 apIs324 [Bombarded pSEH121]; unc-119 (ed3) 
PQ00187  apIs325 [Bombarded pSEH121]; unc-119 (ed3) 
PQ00189  apIs327 [Bombarded pSEH121]; unc-119 (ed3) 
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Table 4 (continued) 

 
 

Strain Genotype 
PQ00192  apIs330 [Bombarded pSEH119]; unc-119 (ed3) 
PQ00193  apIs331 [Bombarded pSEH119]; unc-119 (ed3) 
PQ00194  apIs332 [Bombarded pSEH119]; unc-119 (ed3) 
PQ00214  apIs352 [Bombarded pSEH118]; unc-119 (ed3) 
PQ00215  apIs353 [Bombarded pSEH118]; unc-119 (ed3) 
PQ00217  apIs355 [Bombarded pSEH118]; unc-119 (ed3) 
PQ00219  apIs357 [Bombarded pSEH113]; unc-119 (ed3) 
PQ00220  apIs358 [Bombarded pSEH113]; unc-119 (ed3) 
PQ00223  apIs361 [Bombarded pSEH113]; unc-119 (ed3) 
PQ00224  apIs362 [Bombarded pSEH113]; unc-119 (ed3) 
PQ00231  apIs369 [Bombarded pSEH112]; unc-119 (ed3) 
PQ00234  apIs372 [Bombarded pSEH123]; unc-119 (ed3) 
PQ00235  apIs373 [Bombarded pSEH123]; unc-119 (ed3) 
PQ00236  apIs374 [Bombarded pSEH123]; unc-119 (ed3) 
PQ00239  apIs377 [Bombarded pSEH124]; unc-119 (ed3) 
PQ00240  apIs378 [Bombarded pSEH124]; unc-119 (ed3) 
PQ00347 apIs[pSEH3]1; unc-119(ed3) 
PQ00348 apIs[pSEH3]2; unc-119(ed3) 
PQ00349 apIs[pSEH3]3; unc-119(ed3) 
PQ00350 apIs[pSEH3]4; unc-119(ed3) 
PQ00351 apIs[pSEH4]5; unc-119(ed3) 
PQ00352 apIs[pSEH4]6; unc-119(ed3) 
PQ00353 apIs[pSEH4]7; unc-119(ed3) 
PQ00354 apIs[pSEH4]8; unc-119(ed3) 
PQ00361 apEx79[pFS1031,pFS1030,myo-2::GFP,pha-1(+),N2 genomic 

DNA(BamHI digested)];pha-1(e2123) 

PQ00362 apEx119[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
PQ00363 apEx120[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
PQ00364 apEx121[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
PQ00365 apEx122[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
PQ00366 apEx123[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
PQ00367 apEx124[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
PQ00368 apEx125[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
PQ00369 apEx126[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
PQ00370 apEx127[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
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Table 4 (continued) 

 
 

Strain Genotype 
PQ00371 apEx128[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
PQ00372 apEx129[pSEH35,pha-1(+),SP6 luc];pha-1(e2123) 
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Table 5. Transgenic plasmids. 
 
Plasmid Name Transgene 

pAEP19 (Bracht 
et al. 2004) 

let-7 rescue fragment 

pFS1030 (Slack 
et al. 2000) 

col-10p::LacZ::lin-41 3'UTR::unc-54 3'UTR 

  pFS1031 (Slack 
et al. 2000) 

col-10p::LacZ::lin-41 (-LCS) 3'UTR::unc-54 3'UTR 

pSEH106 lin-41p::GFP::sox-2 3'UTR in pCFJ151(Frokjaer-Jensen et al. 2008) vector 

pSEH107 lin-41p::GFP::lin-11 3'UTR in pCFJ151(Frokjaer-Jensen et al. 2008) vector 

pSEH112 lin-41p::GFP::fos-1 3'UTR in pCFJ151 (Frokjaer-Jensen et al. 2008) vector 

pSEH113 lin-41p::GFP::daf-9 3'UTR in pCFJ151 (Frokjaer-Jensen et al. 2008) vector 

pSEH114 lin-41p::GFP::sem-2 3'UTR in pCFJ151 (Frokjaer-Jensen et al. 2008) vector 

pSEH117 lin-41p::GFP::sor-1 3'UTR in pCFJ151 (Frokjaer-Jensen et al. 2008) vector 

pSEH118 
lin-41p::GFP::Y113G7B.17 3'UTR in pCFJ151 (Frokjaer-Jensen et al. 2008) 
vector 

pSEH119 
lin-41p::GFP::mutant daf-9 3'UTR in pCFJ151 (Frokjaer-Jensen et al. 2008) 
vector 

pSEH120 lin-41p::GFP::opt-2 3'UTR in pCFJ151 (Frokjaer-Jensen et al. 2008) vector 

pSEH121 lin-41p::GFP::adt-2 3'UTR in pCFJ151 (Frokjaer-Jensen et al. 2008) vector 

pSEH123 
lin-41p::GFP::mutant Y113G7B.17 3'UTR in pCFJ151 (Frokjaer-Jensen et 
al. 2008) vector 

pSEH124 
lin-41p::GFP::mutant sox-2 3'UTR in pCFJ151 (Frokjaer-Jensen et al. 2008) 
vector 

pSEH3 
col-10p::GFP::lin-41 3'UTR::unc-54 3'UTR in pPDMM016b(Praitis et al. 
2001)  vector 

pSEH35 lin-41p::GFP::lin-41 3'UTR 

pSEH37 lin-41p::GFP::lin-41 3'UTR in pPDMM016b(Praitis et al. 2001)  vector 

pSEH4 
col-10p::GFP::lin-41 3'UTR (-LCS)::unc-54 3'UTR in pPDMM016b(Praitis et 
al. 2001) vector 

pSEH84 lin-41p::GFP::lin-41 3'UTR in pCFJ151 (Frokjaer-Jensen et al. 2008) vector 

pSEH85 
lin-41p::GFP::lin-41 3'UTR(-LCS) in pCFJ151 (Frokjaer-Jensen et al. 2008)  
vector 
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Materials and Methods 

Worm Strains and Culture Conditions. 

The C. elegans strains used are listed in Table 4. Worms were cultured at 15°C 

or 25°C and synchronized by standard hypochlorite trea tment. Development was 

initiated by plating arrested L1 hatchlings on NGM plates seeded with OP50 

bacteria or RNAi bacteria on RNAi plates.  

Staging for RNA collection. 

Staging was done at 25°C and worms were harvested at 1 5 hrs for the L2 stage, 

29 hrs for the L4 stage, or the time point indicated. 

RNAi conditions and scoring. 

Seam cell nuclei were counted at 40hr (25°C) in 20 adu lt worms.  Suppression 

was determined by a Mann-Whitney U test comparing worms on each RNAi 

vector to those on the empty L4440 control vector grown on the same day. 

Bursting suppression was scored as more than 25% non-bursting, non-green 

40hr adult worms grown at 25°C. All suppressing clones w ere retested using the 

same criteria for reproducibility. All clones suppressing at least one phenotype 

were verified by sequencing. 

Microarray Analysis.  

Six paired replicates of L4 RNA from N2, let-7 (n2853) were prepared and 

labeled as per manufacturer's instructions (Affymetrix, Santa Clara) and 

hybridized to Affymetrix C. elegans Gene microarrays. Three of the paired 
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replicates of N2 and let-7(n2853) were also paired with lin-29(n333) replicates, 

which were also prepared and labeled as per manufacturer's instructions 

(Affymetrix, Santa Clara) and hybridized to Affymetrix C. elegans Gene 

microarrays. To assess the significance of differential gene expression between 

the two groups, a paired t-statistic was computed. CEL files obtained after 

scanning were analyzed by using Affymetrix APT tools and Robust Multi-array 

Average (RMA)-sketch normalized(Irizarry et al. 2003).  Annotation files for the 

probesets were obtained from Affymetrix.  The paired t-test statistic was utilized 

to compute differences between groups for each probeset.  Probesets were 

mapped to custom gene structures generated from Refseq annotations obtained 

from ce2 the UCSC genome browser.     

Motif analysis: 

Pair-wise alignments between C. briggsae (cb1) and C. elegans (ce2) were 

obtained from the UCSC genome browser.  3’UTR exons were spliced together 

to generate the sequence if necessary, and then extended to 2000 bases from 

the stop codon.  6-mer enrichment was computed using methods described 

in(Yeo et al. 2007). 

Northern Blot Analysis. 

To detect m RNAs, Northern analyses were performed by separating 5 µg of 

RNA in 0.8% agarose gels essentially as previously described (Bracht et al. 

2004). Radiolabeled DNA probes were generated from PCR fragments using the 

following primers: 

lin-41:  
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• A465: CGAGCGCTTCAGCCAAATCCCC; and 

• A410: GTTGTAAAATTGGGTGCGCAAG. 

18S rRNA: 

• A839: GCGTACGGCTCATTAGAGCAGATATCAC: and 

• A840: GGTCAGAACTAGGGCGGTATCTAATCG. 

NLS GFP: 

• A822: 

CAACCTTTTCAGACTTGGAAAAAGTGAAATGACCGCCCCAAAGAAGA

AAC 

• A260: CGAGCTTCTAGACTATTTGTATAGTTCATCCATGCC. 

Storage phosphor screens exposed to Northern blots were scanned on a 

Typhoon Trio PhosphorImager (GE Healthcare) and band signals were quantified 

using ImageQuant software.  

Reporter Constructs  

col-10 promoter constructs 

The LacZ coding sequence from pFS1030 and pFS1031 (Reinhart et al. 2000, 

Slack et al. 2000) was exchanged for GFP. 

lin-41 promoter constructs 

The lin-41 promoter and 5’ UTR were fused to GFP with three copies of the SV40 

NLS. The lin-41 3’ UTR was then cloned downstream of the coding sequence 

between unique restriction sites. Candidate 3’ UTRs were also cloned 

downstream of GFP in place of the lin-41 3’ UTR in subsequent constructs.  
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MosSCI constructs 

The reporter cassette, including promoter, coding sequence and 3’ UTR, was 

cloned into pCFJ151(Frokjaer-Jensen et al. 2008). 

Generation of Transgenic lines  

pha-1 selected lines 

Mixtures of pBX (pha-1 rescue) at 50 ng/ µL, reporter plasmid at 2.5 ng/ µL or 25 

ng/ µL and SP6 Luciferase (filler DNA) at 47.5 ng/ µL or 25 ng/ µL, respectively, 

were injected into pha-1(e2123) mutant worms. Rescued lines were selected for 

transgene maintenance at 25 °C as described in (Granato  et al. 1994). 

Bombarded lines 

Constructs were introduced into young adult unc-119(ed3) worms using a PDS – 

1000 / He Biolistic Particle Delivery System (BioRad), essentially as in (Praitis et 

al. 2001). Bombarded worms were allowed to starve for 3-4 weeks and surviving 

transgenics were then scored for integration. 
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