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ABSTRACT OF THE DISSERTATION 

 

Regulation of let-7 miRNA Biogenesis in C. elegans 

 

by 

 

Zoya S. Kai 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2011 

 

Professor Amy E. Pasquinelli, Chair 
 

 

The let-7 miRNA is a highly conserved regulatory molecule that dictates 

development across animal phyla, and mis-regulation of let-7 in humans 

results in numerous diseases. In order to unravel the complex mechanisms 

involved in the biogenesis of the let-7 microRNA (miRNA), my research has 

focused on three areas: transcriptional regulation of primary let-7 (pri-let-7) 

throughout development, post-transcriptional regulation of pri-let-7 by the LIN-

28 protein during early developmental stages, and post-transcriptional 

regulation of pri-let-7 during later developmental stages by the mature let-7 
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miRNA and ALG-1 protein (Argonaute Like Gene 1). In the first, and primary, 

area of my research—transcriptional regulation of let-7—I have discovered a 

novel cis-element in the promoter of the let-7 gene, trans-acting factors 

regulating the spatio-temporal specificity of pri-let-7 transcription and a 

dynamically cycling transcriptional expression regulated in the molting 

pathway. Investigating post-transcriptional regulation of let-7 biogenesis, I 

collaborated with Dr. Priscilla Van Wynsberge and we found that LIN-28, a 

highly conserved RNA binding protein, co-transcriptionally associates with pri-

let-7 to negatively regulate pri-let-7 biogenesis. Working with Dr. Dimitrios G. 

Zisoulis, we discovered that the let-7 miRNA guided miRISC (miRNA Induced 

Silencing Complex) with the ALG-1 protein, directly binds and positively 

regulates maturation of pri-let-7 transcripts in a novel auto-regulatory feedback 

loop that is conserved across species. This is the first report of the miRISC 

complex targeting a primary miRNA transcript. This auto-regulatory model of 

miRNA maturation provides a novel role for ALG-1 as well as let-7 and 

introduces a new mechanism of miRNA regulation.  
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Chapter One 

Introduction 

1.1 Importance of miRNAs 

In 1993, the first miRNA was discovered in C. elegans by the Ambros 

lab (Lee, Feinbaum & Ambros, 1993). That miRNA gene, lin-4, was reported to 

transcribe two small RNA species of approximately 22 and 61 nucleotides (nt) 

that bound and negatively regulated lin-14 mRNA, an important heterochronic 

gene (Ambros & Horvitz, 1984; Ambros & Horvitz, 1987; Horvitz et al., 1983; 

Lee et al., 1993; Ruvkun & Giusto, 1989). RNA-RNA anti-sense technology 

had been used successfully for eight years to study gene function in several 

experimental systems (Rosenberg et al., 1985), but this was the first time a 

small endogenous RNA species was found to regulate gene expression.  

In C. elegans, lin-4 mutants produce lineage defects, hence the lin 

nomenclature, and result in thin, elongated worms that fail to generate a vulva. 

Animals can normally live two to three weeks (Panowski et al., 2007), but lin-4 

mutants die after about two days because, lacking a vulva, eggs hatch inside 

the parent instead of being laid. As the larva grow inside the parent, they 

easily digest intestine and soft tissues, however, they cannot easily digest the 

adult cuticle of chitin. This leaves a clear, elongated bag of squirming worms: 

hence, this gruesome phenotype is called bagging. Eventually, the cuticle 

ruptures and the larva are released. 

For seven years, this small RNA species was considered to be a 

nematode specific transcript and no other miRNA was discovered. It wasn’t 
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until 2000 that let-7, perhaps the best-studied miRNA to date, changed the 

scientific world view of gene regulation (Pasquinelli et al., 2000; Reinhart et al., 

2000). With the discovery that the 22 nt let-7 sequence was perfectly 

conserved across phyla (Figure 1.1), and a single point mutation was lethal in 

C. elegans during later larval stages, serious inquiry about the function of 

these tiny transcripts revealed an entirely new level of regulation in nearly all 

cellular pathways.  

Figure 1.1: Conservation of the mature let-7 sequence. The 22nt RNA 
sequence of the mature let-7 miRNA, shown in bold, is perfectly conserved 
across phylogeny. Most vertebrates have multiple identical copies of the let-7 
gene, unlike C. elegans which encodes a single let-7 gene. 

 

Since 2000, hundreds of miRNAs have been discovered, and the roles 

of miRNAs in gene regulation, as well as mis-regulation in disease, are too 

many to name in this introduction. However, a few stand out. For example, 

miRNAs are highly expressed in neurons, and misregulation of several 



 

 
 

3 

 

miRNAs has been implicated in neuronal diseases such as Alzheimer’s (Li et 

al., 2011; Long & Lahiri, 2011; Nelson & Wang, 2010; Niwa et al., 2008; 

Persengiev et al., 2010; Provost, 2010a; Provost, 2010b; Satoh, 2010; 

Schonrock et al., 2010; Smith et al., 2011; Vilardo et al., 2010; Wang et al., 

2011a; Wang et al., 2011c; Yao et al., 2010). let-7 is one of those miRNAs. In 

humans, the amyloid precursor protein builds up and eventually causes 

plaque in the brains of people afflicted with this fatal affliction. In C. elegans, 

let-7 negatively regulates the Alzheimer’s amyloid precursor protein-like gene 

(Niwa et al., 2008).  

In the case of Alzheimer’s disease, cancer and viral infection, let-7 and 

other miRNAs are reproducibly either upregulated or down regulated, but 

many of the targets and cellular pathways effected by this misregulation have 

yet to be defined (Hammond, 2007; Li et al., 2011; Long & Lahiri, 2011; Lu et 

al., 2011; Nelson & Wang, 2010; Persengiev et al., 2010; Provost, 2010a; 

Provost, 2010b; Satoh, 2010; Schonrock et al., 2010; Smith et al., 2011; 

Vilardo et al., 2010; Wang et al., 2011a; Wang et al., 2011c; Wang et al., 

2010; Yao et al., 2010). Even so, looking at the bigger picture, because we 

know how certain miRNAs behave during a specific disorder—such as up or 

down regulation—miRNAs have become important biomarkers in early 

detection of a plethora of diseases (Brait & Sidransky, 2011; Cortez et al., 

2011; Dong et al., 2011; Gregory et al., 2011; Howell et al., 2010; Krutovskikh 

& Herceg, 2010; Ma et al., 2011; Park et al., 2011; Parker & Strout, 2011; 

Pasinetti, Fivecoat & Ho, 2010; Ponomareva et al., 2011; Skrzypski, 
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Dziadziuszko & Jassem, 2011; Srivastava et al., 2011; Tzimagiorgis et al., 

2011; Wu et al., 2011; Yendamuri & Kratzke, 2011; Zen & Zhang, 2010).  

1.1.1 The let-7 miRNA in humans 

One of the most promising miRNAs in the field of cancer research is let-

7. Functioning as a tumor suppressor and cell cycle regulator, let-7 is 

undetectable in embryonic and undifferentiated cells, and robustly expressed 

as cells differentiate and take on their adult fate (Akao Y, 2006; FJ Slack, 

2006; Johnson et al., 2005; Lee & Dutta, 2007; Sampson VB, 2007; Wulczyn 

et al., 2007; Zhang B, 2007). let-7 targets several important oncogenes, such 

as RAS and HMGA2, so it is not surprising then that misregulation of let-7 

leads to oncogenesis and disease in several different cell types in humans, 

such as ovarian cancer, breast cancer, colon cancer and lung cancer, as well 

as viral infection, immunity and asthma, cardiac disease, neuronal 

development, and pulmonary fibrosis, to name a few  (Akao Y, 2006; Bussing, 

Slack & Grosshans, 2008; FJ Slack, 2006; Johnson et al., 2005; Lee & Dutta, 

2007; Lu et al., 2011; Permuth-Wey et al., 2011; Sampson VB, 2007; Wulczyn 

et al., 2007; Zhang B, 2007). As research continues, new roles, consequences 

of misregulation in cellular pathways and disease, will be uncovered. With 

every new discovery comes the possibility that new therapeutic uses will be 

found for this important miRNA.  
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1.2  Biogenesis and function of miRNAs 

1.2.1 General pathway  

Across phyla, since the discovery of let-7 in 2000, the general 

maturation pathway of miRNAs has been elucidated (Figure 1.2). In short, Pol 

II transcription of the miRNA gene creates a primary (pri-miRNA) transcript, 

potentially thousands of nt long. The first cleavage event occurs with Drosha 

(DRSH-1 in C. elegans), an RNAse III enzyme, which excises the ~70 nt 

precursor miRNA (pre-miRNA) from the pri-let-7 nascent transcript. The 

second cleavage step involves Dicer (DCR-1), another RNAse III enzyme, 

which cuts the mature 22 nt miRNA sequence from the hairpin. During the last 

event of miRNA biogenesis, the mature miRNA is loaded onto the Argonaute 

protein (ALG-1, Argonaute Like Gene, in C. elegans) forming an RNA Induced 

Silencing Complex (RISC).  

 

 

 



 

 
 

6 

 

 

Figure 1.2: General miRNA biogenesis pathway. Pol II synthesizes long 
primary miRNA (pri-miRNA) transcripts- the let-7 miRNA has two primary 
transcripts (A and B) and one trans-spliced species (SL1). In general, primary 
miRNA transcripts are cleaved by Drosha, an RNAse III enzyme, to generate 
~70 nt hairpin precursor miRNAs (pre-miRNAs). Dicer, another RNAse III 
enzyme, removes the pre-miRNA loop region, releasing the mature 22 nt 
miRNA to be loaded onto ALG-1. The miRISC then targets and negatively 
regulates mRNAs.   

 
Recent evidence has shown that ALG-1 also interacts with Dicer and 

promotes biogenesis of miRNA from the ~70 nt precursor to the mature 22 nt 

miRNA (Tahbaz et al., 2004). This was the first evidence that the Argonaute 

protein interacts with more than one miRNA biogenesis species.  

1.2.2 Regulation of miRNA transcription 

MiRNAs can be found in a cluster—where multiple species of different 

miRNAs, related miRNA families, or combination of both, is expressed from 

one locus—or as a single species expressed from a single locus, such as let-7 
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in C. elegans (Bracht et al., 2004). In some cases, these miRNAs work 

redundantly or in cooperation to perform a specific function. For example, this 

year researchers discovered that expression of the miR302/367 cluster was 

orders of magnitude more efficient in reprogramming differentiated cells into 

the pluripotent state than a single miRNA alone or previously established 

protein factors (Anokye-Danso et al., 2011).  

Though there is relatively little known about transcriptional regulatory 

mechanisms governing expression of miRNAs, some regulatory factors have 

been discovered. For example, in C. elegans, the hunchback-like protein 

(HBL-1)—the homologue, hunchback, was first discovered in Drosophila as an 

important gene in development—negatively regulates let-7 transcription in 

hypodermal and seam cells (Abrahante et al., 2003; R & C., 1987; Roush SF, 

2009). Also in C. elegans, a cis regulatory element, called the Temporal 

Regulatory Element (TRE), has been found in the promoter of the let-7 gene 

(Johnson, Lina & Slack, 2003). Though we have begun to understand the 

pathways and rules governing miRNA expression, there is still much to 

discover about transcriptional mechanisms regulating miRNA expression in 

general, and let-7 specifically. Considering the perfect conversation of the 

mature let-7 miRNA across species, it is possible that new insights in 

transcriptional regulation of this important miRNA in C. elegans will be 

conserved across miRNAs and potentially across species. 
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1.2.3 Regulation of miRNA processing 

In the general miRNA biogenesis pathway, co-transcriptional 

processing by Drosha is the first step in tight regulation of primary transcript 

maturation towards the mature miRNA. In human cells, LIN-28—an important 

positive regulator of stem cell pluripotency—binds both primary and precursor 

let-7, and negatively regulates its biogenesis (Heo I, 2008; Heo et al., 2009; 

Lehrbach et al., 2009; Newman, Thomson & Hammond, 2008; Rybak et al., 

2008; Van Wynsberghe et al., 2011; Viswanathan SR, 2008). We have found 

that in C. elegans and human cell culture, LIN-28 co-transcriptionally binds 

and negatively regulates Drosha binding of pri-let-7 transcripts and effectively 

blocks processing of the nascent primary to precursor miRNA (Van 

Wynsberghe et al., 2011). In both humans and C. elegans, as LIN-28 levels 

decrease the levels of precursor and mature let-7 increase (Heo I, 2008; Heo 

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

Van Wynsberghe et al., 2011; Viswanathan SR, 2008) (Figure 1.3).  
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Figure 1.3: Model of negative regulation of let-7 biogenesis by LIN-28. 
Inhibition of Drosha processing of pri-let-7, inhibition of Dicer processing of 
pre-let-7, or terminal uridylation and degradation of pre-let-7. 
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In the cytoplasm, Dicer directs the biogenesis of the precursor miRNA 

to the mature species, and recent evidence shows that the Argonaute protein 

facilitates this processing (Tahbaz et al., 2004). We have found that 

Argonaute, with mature let-7, also binds pri-let-7 transcripts in C. elegans and 

human cell culture to facilitate processing of primary to precursor let-7 (FIG 

1.4).  

 

Figure 1.4: Model of miRISC regulation of primary let-7 biogenesis. After 
the mature let-7 miRNA is loaded onto ALG-1, the miRISC complex binds 
primary let-7 trasncripts to facilitate biogenesis of let-7.  
 

This novel function for the miRISC not only provides an efficient auto-

regulatory feedback loop for let-7 maturation, but potentially another level of 

post-transcriptional regulation dictating biogenesis of other miRNAs. 
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1.3 miRNA function 

MiRNAs function as guide complexes, bound by ALG-1, in a miRISC 

targeting mRNAs. The miRISC usually binds in the 3’ UTR, resulting in 

degradation or translational repression of mRNAs, and potentially lower levels 

of protein expression (Bussing et al., 2008; Chatterjee et al., 2011; Fabian, 

Sonenberg & Filipowicz, 2010; Huntzinger & Izaurralde, 2011; Shruti, Shrey & 

Vibha, 2011). Because miRNAs bind with imperfect complementarity, resulting 

in bulges of unpaired nucleotides, bioinformatics prediction of mRNA target 

sequences is challenging. As a consequence, though many miRNAs have 

been discovered, only a handful of miRNA targets have been validated.  

However, more recently, significant advances in miRNA target analysis 

have been made with deep sequencing assays, such as CLIP-seq (Burroughs 

et al., 2011; Gu et al., 2011; Khorshid, Rodak & Zavolan, 2011; Leung et al., 

2011; Wang et al., 2011b; Zhang & Darnell, 2011; Zisoulis et al., 2010). This 

procedure uses antibodies to immunoprecipitate Argonaute and mRNA target, 

followed by amplification of the captured RNA, and bioinformatics analysis of 

the sequences (Zisoulis et al., 2010). This data provides a comprehensive list 

of all mRNA targets, as well as the sequences Argonaute binds (Zisoulis et al., 

2010), and contained the first evidence that Argonaute bound primary let-7. 

Our subsequence analysis found that mature let-7 miRISC binds and 

positively regulates pri-let-7 biogenesis.  
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1.4 C. elegans  

1.4.1 Discovery of a new model organism 

All our original discoveries described in this dissertation were made in 

C. elegans, and then some were verified as conserved in human cells. I could 

write a dissertation on the benefits of C. elegans as a model organism, but for 

sake of brevity, wit, and the need to move on to novel discoveries, I will be 

succinct. In the beginning, as legend has it, in 1967 Sydney Brenner had an 

idea, went into his back yard and dug up wild type C. elegans nematodes, 

then began the scientific process. In 1974, he published an article entitled 

“The genetics of Caenorhabditis elegans” about what he observed. In 2002, 

he won a Nobel Prize for his idea. In 2009, he wrote an article describing that 

discovery (Brenner, 2009): 

CAENORHABDITIS elegans genetics started formally in the first 
few days of October 1967 with the first mutant hunt, which 
produced a grand total of two mutants. The first, E1, was named 
a “dumpy,” because of its distinctive body shape; the second, 
E2, was termed a “variable abnormal,” because of the range of 
defects found in its homozygous progeny. The low yield from 
this first mutant hunt, using EMS mutagenesis, simply showed 
how bad I was initially at discerning phenotypes, but I learned 
the art rather quickly and, on successive experiments, my yield 
rose to between 25 and 30 per screening. I learnt by doing and 
many others have since followed the same path and found that 
the understanding of wild-type behavior comes best after the 
discovery and analysis of mutations that alter it. I cannot really 
describe how triumphant I felt working with E1, backcrossing it 
to wild-type N2 with the male cultures I had previously 
established, and proving that the resulting heterozygotes 
segregated it in the classic Mendelian ratio of 1:3. Getting a 
mutant of a complex organism and confirming Gregor Mendel in 
only 2 weeks was most satisfying. (Brenner, 2009) 
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1.4.2 C. elegans as a model organism 

A clear advantage of C. elegans as a model organism—a simple 

system of about 1000 cells in a ~1 mm adult worm—is the animal’s 

transparency.  Simply by changing the plane of focus on a high-powered 

microscope, one can scan down and observe each layer of tissue, each 

reporter and each cell type, in a live animal. In addition—as well as being a 

fascinating venue for another field of nematode research—it is almost 

inconceivable to imagine that these animals can be frozen at -80ºC, 

indefinitely, and survive. But, it’s true: once genetic mutations are made, 

crosses are created, or transgenics cultivated, one can simply put them in the 

freezer, for decades, then thaw them out as needed. This is a leaps-and-

bounds advantage over the high cost of maintaining every other multicellular 

eukaryotic model organism. 

The C. elegans growth and reproductive cycle are short—embryos 

mature to egg laying adults in about two days at 25ºC—which provides 

another inherent advantage over model organisms with a longer reproductive 

cycle (Figure 1.5).  
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Figure 1.5: The C. elegans lifecycle and the let-7(n2853) phenotype. All 
animals described were cultivated and staged at 25ºC. Each stage in the C. 
elegans life cycle is separated by molts and a gradual U-shaped progression 
of the two gonad arms. let-7 is produced during the third larval stage. The 
picture shows the lethal phenotype of a let-7(n2853) worms; this mutant has a 
single point mutation in the 5th nt of the mature let-7 miRNA. 
 

These nematode species are also self-fertilizing hermaphrodites, which 

eliminates the complication of genetic diversity when trying to maintain strains. 

Once eggs are laid, embryogenesis takes place inside of the hard chitin shell 

for about half a day, then the larva hatch. These animals, at the first larval 

stage (L1), quickly progress through a total of four larval stages (L1-L4) before 

making the transition to a young adult with a fully mature gonad. A few hours 

later, the animal is full of eggs and referred to as a gravid adult. In one life 

span, consisting of about two weeks, one C. elegans nematode can lay more 

than 300 eggs.  
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1.5. C. elegans and let-7 

1.5.1 Biological function of let-7 

Since Brenner’s dig, much has been learned about C. elegans and the 

let-7 miRNA. In C. elegans, let-7 regulates development from L3 to adulthood 

by negatively regulating transcription factors and powerful cell cycle proteins 

(Abrahante et al., 2003; Großhans et al., 2005; Johnson et al., 2005). In 

hypodermal cells, let-7 regulates differentiation with the help of the let-7 sisters 

(Abbott et al., 2005). Though the genomic location and most of the mature 

sequence of the three sisters are different than let-7, they all share the same 

seed sequence, and have been found to regulate the same target, HBL-1, 

which negatively regulates transcription of let-7 (Abbott et al., 2005; Abrahante 

et al., 2003; Roush SF, 2009).  

1.5.2 Biogenesis of the let-7 miRNA 

In addition, the single let-7 locus in C. elegans, located on the X 

chromosome, has been mapped: the rescue sequence contains two start 

sites, one trans-splicing site, and a polyadenylation signal (Bracht et al., 2004; 

Reinhart et al., 2000). The two start sites, called A and B for the first and 

second, respectively, produce three primary let-7 transcripts: transcripts from 

the A start site are ~1730 nt (A); transcripts from the B start site are ~890 nt 

(B); one or both of these species are trans-spliced to create the third isoform 

that is ~750 nt (SL1) (Bracht et al., 2004). In this research, I based all my DNA 

constructs—for transcriptional reporters and rescue analysis—on the start 
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sites identified in the let-7 rescue sequence by the Pasquinelli Lab the year 

before I joined the lab (Bracht et al., 2004).  

This leads me to the two let-7 mutants used in this research: the let-

7(mn112) allele has a 190 bp deletion in the let-7 locus, including the SL1 

sequence as well as the first nucleotide of the precursor (Bracht et al., 2004); 

and the let-7(n2853) allele, which has a single point mutation, from G to A, in 

the fifth nucleotide—the seed sequence—of the mature let-7 miRNA (Reinhart 

et al., 2000). The let-7(mn112) deleted primary let-7 transcripts fail to 

successfully negotiate the biogenesis pathway and do not produce detectable 

levels of mature miRNA. However, though let-7(n2853) mutant animals are 

processed in the biogenesis pathway to some degree, and produce mature 

let-7 at the expected time, that allele yields approximately 10 fold less mature 

let-7 than wildtype—and that which is produced has reduced binding 

efficiency—resulting in a lethal phenotype at higher temperatures (Figure 1.5) 

(Reinhart et al., 2000). Currently, there are three let-7 mutants and, though let-

7(n2853) mutants are temperature sensitive, all have the advantage of an 

obvious let-7 mutant phenotype: all three mutations are lethal during later 

larval stages, when let-7 would normally be expressed. In addition to 

underexpression, premature expression of wildtype let-7 is lethal and results in 

a dumpy—short and fat—phenotype (Reinhart et al., 2000). This makes 

identification of mutants in a phenotype screen, as well as rescue analysis, 

straightforward.  
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1.5.3 Novel discoveries of this research 

Because of the research that came before us, the availability of mutant 

alleles and transgenics in this pliable model organism, as well as new 

technology and new ideas in the field of miRNA research, we gained new 

ground in understanding let-7 biogenesis: I found a novel cis-element in the 

promoter of the let-7 gene which regulates tissue specific transcription of let-7; 

and discovered that this transcriptional regulation is triggered in the molting 

pathway of C. elegans; we defined LIN-28 as a co-transcriptional negative 

regulator of let-7 biogenesis; and we uncovered a new paradigm of post-

transcriptional auto amplification of let-7 biogenesis, regulated by its own 

mature miRNA and the Argonaute protein.  

Perhaps in 1967, for everyone except Sydney Brenner, it was 

impossible to imagine the profound scientific usefulness of a little worm. 

Perhaps he was inspired by Friedrich Nietzsche, who said in his 1883 

publication of “Thus Spoke Zarathustra,” “You have evolved from worm to 

man, but much within you is still worm.” Regardless, because of the significant 

advances in basic research in C. elegans, significant advances have been 

made in our understanding of human development and disease—such as the 

biogenesis and misregulation of miRNAs, respectively—and Brenner has 

demonstrated the power of a simple idea, while providing an effective tool to 

answer some of our most complex questions.
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Chapter Two 

Transcriptional Regulation of primary let-7 throughout development 

Two transcriptional regulatory elements control  

spatio-temporal expression of let-7 in Caenorhabditis elegans 

2.1  Abstract 

The let-7 miRNA is highly conserved across animal phyla, where it 

regulates developmental pathways. In C. elegans, mis-expression of let-7 

causes lethality and mis-expression in humans has been associated with 

several human diseases. The results described here not only show that 

primary let-7 is expressed earlier that previously thought, but that this 

unexpected expression oscillates with the larval molts and is transcriptionally 

regulated by the molting pathway in C. elegans. I have also discovered that 

transcription of let-7 is regulated by two distinct cis- elements in the promoter 

of let-7, and that these elements temporally regulate tissue specific expression 

of let -7.  
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2.2 Introduction 

 MiRNAs are ~22 nucleotide (nt) small RNA species that regulate gene 

expression by imperfectly base pairing with the 3’ UTR of target mRNAs, 

resulting in translational repression or degradation (Huntzinger & Izaurralde, 

2011; Shruti et al., 2011). Though miRNAs are implicated in a wide range of 

diseases and several different types of cancer (Akao Y, 2006; Chang TC, 

2008; FJ Slack, 2006; Johnson et al., 2005; Reinhart et al., 2000; Sampson 

VB, 2007; Schultz J, 2008), relatively little is known about transcriptional 

control dictating their expression.  

 The sequence of let-7 miRNA, one of the founding miRNAs, is perfectly 

conserved across much of bilaterian phylogeny (Pasquinelli et al., 2000). In 

humans, let-7 miRNAs function as tumor suppressors in part by regulating cell 

cycle genes (Hammond, 2007; Johnson et al., 2005; Lee & Dutta, 2007; 

Zhang B, 2007). The temporal expression of the mature let-7 miRNA is also 

highly conserved: mature let-7 is expressed in most differentiated cell types 

(Pasquinelli et al., 2000), but is undetectable in healthy, undifferentiated stem 

cells (Akao Y, 2006; Chang TC, 2008; FJ Slack, 2006; Hammond, 2007; 

Zhang B, 2007), and misregulation of let-7 in humans has been implicated in 

breast, colon and lung cancer (Akao Y, 2006; Bussing et al., 2008; FJ Slack, 

2006; Hammond, 2007; Johnson et al., 2005; King et al., 2011; Kumar et al., 

2007; Lee & Dutta, 2007).  

  In the general miRNA maturation pathway, Pol II 

transcription of the miRNA locus creates the pri-miRNA transcript, potentially 
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thousands of nt long (Bracht et al., 2004). Drosha (DRSH-1 in C. elegans), an 

RNAse III enzyme, excises the ~70 nt precursor miRNA (pre-miRNA) from the 

pri-let-7 nascent transcript. The next step of maturation involves Dicer (DCR-

1), another RNAse III enzyme, which cuts the mature 22 nt miRNA sequence 

from the hairpin. In the final step of biogenesis, the mature miRNA is bound by 

Argonaute proteins, forming the miRNA Induced Silencing Complex (miRISC) 

Through imperfect binding, miRNAs serve as guide molecules for miRISC 

complexes to bind specific target mRNAs, usually in the 3’ UTR resulting in 

reduced target expression (Shruti et al., 2011).  

In 2004, the Pasquinelli lab mapped two start sites in the let-7 locus in 

C. elegans (Bracht et al., 2004). These two start sites, named A and B, 

produce three primary let-7 transcripts: ~1731 nt transcripts from the A start 

site (A); ~890 transcripts from the B start site (B); one or both of these species 

undergo trans-splicing to create the third isoform of ~750 nt (SL1) (Bracht et 

al., 2004). Transcriptional regulation of the C. elegans let-7 gene has been 

previously studied by fusing the sequence upstream of the mature miRNA to 

GFP.  These reporters indicated that transcription may start as early as 

embryogenesis and continue into adulthood (Esquela-Kerscher et al., 2005; 

Johnson et al., 2003; Martinez et al., 2008b).  These transcriptional reporters 

were expressed in most somatic cell types with the hypodermal seam and 

anchor cells showing temporally regulated expression starting in L3 (Esquela-

Kerscher et al., 2005; Johnson et al., 2003).  The temporal regulatory element 
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(TRE) was identified as a promoter region important for hypodermal seam cell 

expression and for full rescue activity of the let-7 gene.   

  We hypothesized that, since let-7 is expressed in most cell types and 

the TRE regulates let-7 expression in a subset of these cells, there was at 

least one other element regulating transcription. In order to investigate the 

expression of let-7 from the two mapped start sites, and uncover an additional 

cis-element regulating transcription of let-7, I created two different let-7::GFP 

reporters. To facilitate identification of tissue specific expression, I used a 

nuclear localizing signal (NLS) in triplicate. These transgenic animals provided 

a powerful tool to study let-7 transcription. My first observation was that the 

GFP was expressed in the animal in the first larval stage, rather than L3 as 

previously reported (Johnson et al., 2003). 

Agarose northern analysis of endogenous primary let-7 versus GFP 

mRNA not only supported these observations and showed that endogenous 

primary let-7 is expressed in L1, but that transcription of let-7 occurs in 

dynamic pulses that oscillate with the larval molts.  In addition, my reporters 

recapitulate this oscillating pattern, indicating that cycling of primary let-7 

during each larval stage is largely regulated at the transcriptional level.  

Probing that blot further, I found that the patterns of expression between 

endogenous let-7, GFP mRNA and molting factors were strikingly similar 

(Frand AR, 2005).  Taken together, we concluded that primary let-7 is 

transcribed early in the first larval stage and subject to negative post-
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transcriptional regulation of processing, and that the dynamic pulses of let-7 

transcription may be regulated in the molting pathway.  

Turning my attention to defining another cis-elements in the promoter of 

let-7, I deleted segments of the plet-7B::GFP construct and found that pri-let-7 

transcription is temporally regulated by two different cis-elements: the 

previously reported TRE in hypodermal and seam cells (Johnson et al., 2003), 

as expected, as well as an element we have named the let-7 regulatory 

element (LRE). Not only did my results support published results of TRE 

positive regulation of let-7 expression in hypodermal cells (Johnson et al., 

2003), but I have also found that the TRE regulates transcription from the A 

start site, and that it is this A transcript may be essential for let-7 expression in 

the hypodermal and seam cells.  

I also discovered a novel sequence, the LRE, which covers 137 bp and 

is located 759 bp downstream of the TRE. My investigation has determined 

that the LRE is required for let-7 transcription in intestinal cells, and that the 

LRE cooperates with the TRE for let-7 expression in hypodermal and seam 

cells. I have also found that the LRE regulates transcription from the B start 

site and it is this transcript that may be required for let-7 expression in the 

intestine. Finally, I have found that the TRE and LRE are redundant in 

regulating transcription in neuronal and muscle cells, and that the TRE LRE 

double deletion abrogates transcription of let-7. 

Next I turned to trans-acting factors regulating expression of let-7. 

Using RNAi against transcription and molting factors in transgenic plet-
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7B::GFP animals, I have found several positive and negative regulators of let-

7 transcription, functioning in a tissue specific manner. This led me to 

conclude that it is likely multiple protein factors regulate transcription of let-7, 

in different tissues, at different times. 

The conservation of the mature let-7 sequence and common 

spatiotemporal expression across phylogeny speaks to its importance 

throughout evolution, and raises the possibility that regulatory elements 

dictating expression of let-7 in C. elegans could be conserved. It is possible 

that tissue specific regulation of let-7, dictated by a global pathway—such as 

the molting pathway in C. elegans—is a general model across phylogeny.  

2.3 Results 

2.3.1. Spatial and temporal expression regulated by the let-7 

promoter 

The let-7 miRNA is an important regulator of development across 

species (Pasquinelli et al., 2000; Reinhart et al., 2000). Both the timing and 

level of let-7 miRNA expression are highly regulated by transcriptional and 

post-transcriptional mechanisms.  While multiple factors have been found to 

control the processing and stability of the let-7 miRNA (Brait & Sidransky, 

2011; Bussing et al., 2008; Chatterjee et al., 2011; Huntzinger & Izaurralde, 

2011; Shruti et al., 2011) less is known about transcriptional regulation of this 

miRNA. Previous reports have detected let-7 expression from the embryonic 

to adult stages in most cell types, using transcriptional reporters in C. elegans 

(Esquela-Kerscher et al., 2005; Johnson et al., 2003; Martinez et al., 2008b). 
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In some cases, the non-temporal expression pattern in particular tissues was 

considered unspecific background expression by the reporters (Johnson et al., 

2003). To re-examine the expression pattern of let-7, I generated reporters 

based on the mapped transcriptional start sites in the let-7 promoter. In C. 

elegans, two transcriptional start sites produce endogenous let-7 primary 

transcripts of ~1,731 nucleotides (nt) from the A site and ~890 nt from the B 

site (Figure 2.1) (Bracht et al., 2004). Based on these mapped start sites, I 

fused 746 base pairs (bp) (plet-7A::GFP) or 1563 bp (plet-7B::GFP) of let-7 

promoter sequence to a nuclear localized GFP gene and the let-858 3’UTR, 

which is not known to mediate post-transcriptional regulation (Figure 2.1).  
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Figure 2.1: Sequence and spatio-temporal expression of let-7::GFP 
reporters. (A) Diagram of the endogenous let-7 gene and reporter constructs. 
The let-7A::GFP and plet-7B::GFP constructs contain 746 and 1563 nt of 
endogenous let-7 promoter, respectively, fused to GFP with a nuclear 
localization signal (NLS) and the let-858 3’UTR. (B) The spatio-temporal 
expression pattern of let-7::GFP in transgenic animals. Embryos (E), larval 
stages (L1-L4), young (YA) and gravid (GA) adults were analyzed for GFP 
expression; endogenous mature let-7 is present from L3 to GA (yellow).  The 
dark green and light green boxes represent stages with strong and weak GFP 
expression, respectively. Expression in the head and tail is seen in most 
neurons and muscle cells. Body wall muscle (BWM); ventral nerve cord 
(VNC); vulva includes precursor as well as mature cells; SEAM / HYP, seam 
and hypodermal cells. 
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Each reporter construct was co-injected with pha-1 rescue sequence 

into pha-1(e2123) worms.  Four independent lines for each construct were 

isolated based on pha-1 rescue activity and examined for GFP expression.  

No differences in GFP expression patterns for the independent lines were 

observed for each of the transcriptional reporters.  The spatio-temporal 

expression patterns driven by each reporter are summarized in Figure 2.1 and 

representative images are shown in Figure 2.2.  

Both of the plet-7::GFP constructs drove temporally regulated 

expression that was initially observed at the end of the first larval stage (L1) 

(Figure 2.1, & 2.3) (~10h at 25°C), robust GFP was seen in muscle and 

neuronal cells in the head, including the nerve ring (Figure 2.1 & 2.2).  Midway 

through L2, GFP accumulated in the neurons and muscle cells of the tail, body 

wall muscle (BWM), and ventral nerve cord (VNC) (Figure 2.1).  Beginning in 

L3, all transgenic lines began to express GFP in vulva precursor cells (Figure 

2.1).  After the onset of GFP expression in a particular tissue, it was 

maintained until adults became gravid with embryos (~52h at 25° C) (Figure 

2.1).  While GFP was not detected in the germ line, this could be attributable 

to silencing of multicopy extra-chromosomal transgenes in this tissue.  Thus, 

we also inserted a single copy of the plet-7B::GFP transgene into 

Chromosome II using the MosSCI transposon mediated integration system 

(Frøkjaer-Jensen C, 2008).  These transgenics displayed the same expression 
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pattern as the array-based strains, including undetectable GFP in the germline 

(data not shown). 
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Figure 2.2: Spatial expression of let-7::GFP reporters. Micrographs show 
GFP and DIC overlays (A, C, E, G,) and GFP alone (B, D, F, H).  (A,B) 
Transgenic plet-7A::GFP L4 animals display GFP in the head, tail and vulva, 
but not intestinal cells. (C,D) Expression of GFP from plet-7B::GFP in L4 
worms is detected all major somatic tissues. (E,F) L4 transgenic animals 
expressing plet-7B::GFP in the vulva cells (arrow), BWM cells (hollow 
arrowheads) and intestine (solid arrowheads). (G,H) Transgenic animals 
expressing plet-7B::GFP in the hypodermal cells and seam cells (seam cells 
shown with hollow arrowheads). 
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Although plet-7A::GFP and plet-7B::GFP transgenics showed similar 

spatio-temporal expression patterns in most cell types, they were not entirely 

overlapping.  In hypodermal and seam cells, the plet-7B::GFP reporter 

produced a robust GFP signal at the L3 stage, similar to the expression 

pattern previously reported for other let-7 transcriptional reporters (Figure 2.2) 

(Esquela-Kerscher et al., 2005; Johnson et al., 2003; Martinez et al., 2008b) 

However, plet-7A::GFP animals exhibited only weak, transient expression of 

GFP in the hypodermal cells starting at the L3 stage (Figure 2.2). Starting with 

the two intestinal cells closest to the head at the L2 stage of development, all 

intestinal cells showed high expression of GFP in plet-7B::GFP transgenic 

animals, while this tissue lacked GFP signal in the plet-7A::GFP transgenic 

animals (Figure 2.2). Taken together, these results suggest that there are one 

or more cis-elements downstream of the A start site that enhance expression 

in hypodermal and seam cells and that are essential for expression in 

intestinal cells.  

2.3.2. Cycling transcription of let-7  

In parallel with visual analysis of the GFP in vivo, I collected animals 

through development and compared the GFP mRNA to that of endogenous 

let-7 primary transcripts.  I found that the expression of GFP mRNA from plet-

7B::GFP transgenic worms—collected every two hours from mid L1 to early 

adulthood—transcribed GFP mRNA from both the A and B start sites, and 

those transcripts oscillated throughout larval development in a pattern very 

similar to that of endogenous primary let-7 (Figure 2.3).  These results not only 
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show that the let-7 promoter is sufficient to produce the cycling pattern of 

primary let-7 expression during worm development, but also that this dynamic 

oscillation is transcriptionally regulated.  

 

 

Figure 2.3: Cycling transcriptional expression of let-7 and molting genes. 
Total RNA was isolated at the indicated time points from synchronized 
transgenic worms expressing the plet-7B::GFP reporter construct. Levels of 
endogenous primary let-7 transcripts, transgenic GFP mRNA, mlt-8 mRNA, 
and 18S rRNA were analyzed by northern blotting. The similar sized B and 
SL1 transcripts often do not clearly resolve. 

 

In addition, I found that the pulses of pri-let-7 transcription typically 

preceded each larval molt (Figure 2.3). This pattern is reminiscent of GFP 

expression driven by promoters from genes in the molting pathway, including 

mlt-8, mlt-9, mlt-10, and mlt-11 (Frand AR, 2005). By Northern blot analyses, I 

found that mlt-8 transcripts have the same dynamic cycling pattern as pri-let-7 

(Figure 2.3). These results suggest that let-7 and genes in the molting 

pathway are under common transcriptional regulatory mechanisms. 
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2.3.3. Identification of cis-regulatory elements in the let-7 promoter 

Based on the observation that deletion of the B segment of the plet-

7B::GFP reporter abrogated intestinal cell expression, my next question 

became, what are the other cis elements in the promoter of the let-7 locus? As 

mentioned before, one cis element has been described in the promoter region 

of the let-7 locus, characterized as a temporal regulatory element (TRE) 

(Johnson et al., 2003). Deletion of the TRE, a ~160 bp region just upstream of 

the first start site, from reporter constructs resulted in misregulation of GFP 

expression in the seam cells of the transgenic animals, as compared to 

unmutagenized controls (Johnson et al., 2003).  

To identify cis-element(s) in the let-7 promoter that regulate its spatio-

temporal expression pattern, I analyzed a series of deletions in the plet-

7B::GFP reporter for effects on GFP expression. Comparison of the let-7 

promoter region among six nematode species (http://genome.ucsc.edu) 

revealed several highly conserved stretches of sequence (Figure 2.4).  One 

conserved region upstream of the A start site was previously shown to 

regulate the timing of hypodermal cell expression and, thus, named the 

temporal regulatory element (TRE) (Johnson et al., 2003). In agreement with 

that study, deletion of the TRE (ΔTRE) from my plet-7B::GFP reporter, 

abrogated GFP expression in the hypodermal and seam cells (Johnson et al., 

2003) (Figure 2.45). 
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Figure. 2.4: Identification of cis-regulatory elements in the let-7 promoter.  
(A) Conservation of the let-7 promoter sequence among six nematode 
species, shown below the C. elegans let-7 gene (http://genome.ucsc.edu).  (B) 
Regions deleted in let-7 promoter constructs are shaded black. The effect of 
each deletion construct on reporter GFP expression is indicated in the right 
column and construct numbers are in the left column. 

 

We also found that this deletion compromised expression of GFP in vulva cells 

(Figure 2.5).   Likewise, removal of the TRE and all upstream sequence 

resulted in the same expression pattern (Figure 2.4).  However, deletion of 
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smaller segments upstream of the A start site that left the TRE intact had no 

effect on GFP expression. 

Since the let-7A promoter alone was insufficient for full expression in 

intestinal, hypodermal and seam cells (Figure 2.4 & 2.5), we predicted that 

additional elements between the A and B start sites contribute to the 

regulation of let-7 transcription.  Through deletion analysis, I identified a highly 

conserved region of about 120 nt that is required for intestinal expression 

(Figure 2.4 & 2.5). Deletion of this element, which we have named the let-7 

regulatory element (LRE), eliminated intestinal GFP expression and 

diminished hypodermal and seam cell GFP expression, comparable to the 

pattern produced by the plet-7A::GFP construct (Figure 2.4 & 2.5). Removal of 

regions between the A start site and the LRE had no effect on GFP expression 

(Figure 2.4).  Interestingly, when the LRE and TRE were both deleted, GFP 

was undetectable in any stage or tissue (Figure 2.4 & 2.5).  
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B      C 

 

 
 

 
Figure 2.5: Spatial Expression of cis-deleted let-7::GFP reporters. 
Micrographs show GFP and DIC overlays (C, F, I, L) and GFP alone (B, E, H, 
K).  (A) Transgenic plet-7B::GFP L4 animals display GFP in all somatic cells. 
∆TRE transgenics express GFP in all somatic cells except hypodermal and 
vulva cells. ∆LRE animals express GFP in the head, tail. ∆TRE∆LRE double 
deleted mutant do not express GFP. (B) Expression of GFP from plet-7B::GFP 
in L4 worms is detected hypodermal cells, but not in ∆TRE, ∆LRE or double 
deletion ∆TRE∆LRE transgenics. (C) L4 transgenic animals expressing plet-
7B::GFP in the vulva cells, but not in ∆TRE, ∆LRE or double deletion 
∆TRE∆LRE transgenics. 
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Taken together, these results indicate that the TRE and LRE have 

redundant as well as distinct functions for regulating the expression of let-7. As 

previously demonstrated, the TRE is essential for let-7 expression in 

hypodermal and seam cells (Johnson et al., 2003). However, because GFP 

expression was diminished in these cells when the LRE alone was deleted, 

this element also contributes to let-7 expression in hypodermal and seam 

cells. My results also suggest that the LRE and TRE are individually required 

for expression in the intestine and vulva cells, respectively. Finally, because 

only removal of both the LRE and TRE eliminated GFP expression in neuronal 

and muscle cells, these elements must serve redundant functions in those 

tissues. 

2.3.4. Effects of let-7 promoter deletions on reporter mRNA 

expression 

To test the effect of the promoter deletions on expression of transcripts 

from the A and B start sites, I performed Northern blotting to detect the GFP 

transcripts.  Transgenic animals expressing GFP from the WT or promoter 

deletion let-7B::GFP constructs were synchronized and collected for RNA at 

three time points during the last larval stage.  While the ∆TRE strain produced 

similar levels of B transcript, compared to WT, A transcripts were undetectable 

(Figure 2.6).   
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Figure 2.6: Effects of the let-7 promoter deletions on reporter mRNA 
expression. (A) Total RNA was isolated at the indicated time points from 
synchronized transgenic animals. Levels of endogenous primary let-7 
transcripts, transgenic GFP mRNA, and 18S rRNA were analyzed by northern 
blotting. (B) The 5’ ends of GFP expressed from the WT and ΔLRE constructs 
were mapped by 5’ RACE. The number of clones mapping to a particular 
position for WT plet-7B::GFP and ΔLRE plet-7B::GFP are indicated. 

 

These results suggest that the TRE is essential for transcription from 

the A start site.  In the ∆LRE strain, we detected elevated levels of A 

transcripts as well as heterogeneous transcripts around the same size and 
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larger than the B form. To characterize the unexpected transcripts, I performed 

5’ rapid amplification of cDNA ends (RACE) of RNA from WT and ∆LRE plet-

7B::GFP animals.  While all of the transcripts cloned from WT transgenics 

mapped to the previously identified B start site, several of the transcripts from 

∆LRE plet-7B::GFP animals mapped approximately 176 nt upstream of the B 

site (Figure 2.6).  Removal of both the TRE and LRE resulted in virtually 

undetectable levels of GFP transcripts (Figure 2.6), consistent with the 

absence of GFP in those transgenics (Figure 2.5 & 2.6).   

 

Figure 2.7: The effect of promoter deletions on let-7 rescue activity. 
Constructs tested for let-7 rescue activity contained WT or the indicated 
deletions in the let-7 promoter sequences inserted into the mosSCI backbone 
to allow for single copy integration (i) into Chromosome II. The column on the 
far left indicates the construct number.  

 

These results show that two distinct elements regulate expression from 

the A and B start sites, that these elements are regulated in a tissue specific 
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manner, and that loss of both elements eliminates transcription from the let-7 

promoter. The next question is, what effect does each of these deletions have 

on the rescue of let-7(mn112) mutant animals? To answer this question, I 

have injected the wild type and cis-deleted rescue constructs—inserted into 

the mos-SCI backbone (Figure 2.7)—and have gotten integration of all three 

constructs into Chromosome II, and I am now in the process of crossing these 

animals into let-7(mn112) mutant animals.  

2.3.5. Identification of trans acting factors regulating let-7 

transcription 

Considering that my results suggest that the LRE and TRE are the key 

promoter elements dictating expression of primary let-7 from L1 to adulthood, 

my final question, in this avenue of investigation, was what protein factor(s) 

regulate primary let-7 transcription? Because of my previously described 

Agarose Northern results, suggesting that regulation of let-7 transcription is in 

the molting pathway, my focus naturally included molting genes. I used a 

directed RNAi screen to not only knock-down all known molting factors (Frand 

AR, 2005), but also to knock-down all transcription factors annotated with a 

let-7 phenotype (Reinhart et al., 2000) (Table 2.2). In these screens, I 

expected increased, precocious, or persistent GFP expression, or any 

combination of these, in the case of a negative regulator; and decreased GFP 

spatial expression, delayed transcription, decreased GFP intensity, or any 

combination, in the case of a positive regulator. 
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Table 2.1.: RNAi results  
3RNAi 2Sequence 1Name 1Effect on GFP Expression Phenotype 

1 F38H4.9 let-92 No GFP expression let 
2 T24H7.1* phb-2 No GFP expression let 
2 W05E10.* ceh-32 Decreased overall GFP unc 
2 F58E6.10* unc-42 Decreased overall GFP unc 
2 F21H11.3 * tbx-2 Decreased overall GFP let, sterile 
1 R06A4.9 pfs-2 No GFP expression in vulva mlt 
1 W01F3.3 mlt-11 No intestinal GFP mlt 
2 M88.6 pan-1 No intestinal GFP mlt 
1 F10C1.5 dmd-5 No intestinal GFP, few with low 

GFP in head and tail 
mlt 

1 W08F4.6 mlt-8 No intestinal GFP, few with low 
GFP in head and tail 

mlt 

1 W09B6.1 pod-2 No intestinal GFP, few with low 
GFP in head and tail 

mlt 

2 Y48B6A.3 xrn-2 No intestinal GFP, few with low 
GFP in head and tail 

mlt 

2 C32F10.6* nhr-2 Decreased intestinal GFP unc 
2 Y75B8A.2* nob-1 Decreased intestinal GFP let 
2 M142.4* vab-7 Decreased intestinal GFP unc 
2 Y66A7A.8* tbx-33 Decreased intestinal GFP let 
2 R119.6* taf-4 Decreased intestinal GFP unc, let 
2 R13A5.5* ceh-13 Decreased intestinal GFP unc 
2 R07B1.1* vab-15 Decreased intestinal GFP unc 
2 F55A8.1* egl-18 Decreased intestinal GFP unc 
2 ZK430.8 mlt-7 Decreased intestinal, SEAM / 

HYP GFP 
mlt 

1 C17G1.6  nas-37 Decreased SEAM / HYP GFP mlt 
2 F08C6.1 adt-2 Decreased SEAM / HYP GFP mlt 
2 F11C1.6 nhr-25 No HYP GFP; Decreased GFP 

starting in L2 
mlt 

2 C01H6.5 nhr-23 Decreased GFP starting in L2  mlt 
2 F31E3.1* ceh-20 Increased overall GFP egl, unc 
2 K10G6.1* lin-31 Increased overall GFP pvul 
2 F58A3.1* ldb-1 Increased overall GFP pvul, unc 
1 C09G5.6 bli-1 Increased overall GFP mlt 
2 K04A8.6 dre-1 Increased overall GFP  mlt 
2 R53.3* egl-43 Increased GFP in head pvul 
2 F26C11.2* unc-4 Increased GFP in head and tail unc 
2 F57B9.2 let-711 Overall mosaic GFP in adults; 

Precocious GFP in vulva 
mlt 
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Table 2.1: RNAi results (continued) 
* Transcription factor 

BOLD Molting factor 
1 First generation RNAi 
2 Second generation RNAi 

egl Egg laying defective 
let Lethal 
mlt Molting defective 
pvul Protruding vulva 
unc Uncoordinated 

 

In both cases, looking at annotated transcription factors as well as all 

molting factors, I found both positive and negative regulators of plet-7B::GFP 

expression (Table 2.1). One study, using yeast one-hybrid analysis of the 

promoter region of miRNAs, found that 14 different transcription factors bound 

to the promoter of let-7 (Martinez et al., 2008a). Though I tested all these 

factors by RNAi, I found that only one came though my analysis as 

significantly and reproducibly effecting plet-7B::GFP expression: dmd-5. To 

date, identified 33 potential trans acting factors regulating pri-let-7 transcription 

(Table 2.1). These results suggest that more than one factor is important in 

primary let-7 transcription and regulation.  

Table 2.2: All RNAi Candidates 
GENE PHENOTYPE GENE PHENOTYPE 
B0286.5 PVUL EGL F45E6.2 LET 
C08F8.8 PVUL UNC F17A2.5 LET 
C37F5.1 PVUL ZK993.1 LET 
F10C1.5 PVUL EGL UNC MLT F22A3.5 LET 
F26B1.7 PVUL UNC LET F52B5.5 LET 
F27E5.2 PVUL EGL UNC C04F1.3 LET 
F29G9.4 PVUL H10E21.3 LET 
F58A3.1 PVUL UNC F25H8.6 MLT 
K10G6.1 PVUL K04A8.6 MLT 
R53.3 PVUL ZC13.3 MLT 
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Table 2.2: All RNAi Candidates (continued) 
T22B7.1 PVUL EGL T19A5.3 MLT 
T23G7.1 PVUL UNC R06A4.9 MLT 
T27C4.4 PVUL EGL UNC Y65B4A.6 MLT 
T28F12.2 PVUL EGL UNC LET F56C11.1 MLT 
Y53C10A.12 PVUL F53G12.3 MLT 
C01H6.5 EGL UNC MLT C34G6.6 MLT 
C04A2.3 EGL UNC F29D11.1 MLT 
C07H6.7 EGL UNC K04F10.4 MLT 
C08C3.1 EGL F20G4.1 MLT 
C30A5.7 EGL UNC C26C6.3 MLT 
C34E10.7 EGL ZK270.1 MLT 
F11C1.6 EGL UNC MLT W09B6.1 MLT 
F31E3.1 EGL UNC W08F4.6 MLT 
F56A12.1 EGL UNC ZK430.8 MLT 
W09C2.1 EGL UNC F18A1.3 MLT 
C13G5.1 UNC T05C12.10 MLT 
C28A5.4 UNC C09G5.6 MLT 
C32F10.6 UNC Y48B6A.3 MLT 
C33D3.1 UNC M88.6 MLT 
D1081.2 UNC F57B9.2 MLT 
F21H11.3 UNC ZK783.1 MLT 
F26C11.2 UNC Y47D3B.1 MLT 
F38A6.1 UNC F45G2.5 MLT 
F52F12.6 UNC Y37D8A.10 MLT 
F55A8.1 UNC F38H4.9 MLT 
F55D12.4 UNC F52B11.3 MLT 
F58E6.10 UNC W01F3.3 MLT 
K02B12.1 UNC M03F8.3 MLT 
K10C3.6 UNC C37C3.3 MLT 
M142.4 UNC T27F2.1 MLT 
R07B1.1 UNC B0024.14 MLT 
R119.6 UNC LET D1054.15 MLT 
R13A5.5 UNC T01C3.1 MLT 
W05E10.3 UNC M03F4.7 MLT 
  C42D8.5 MLT 
  C45B2.7 MLT 
  T23F2.1 MLT 
  F08C6.1 MLT 
  C17G1.6 MLT 
  F48F7.1 MLT 
  F09B12.1 MLT 
  
All transcription factor candidates were tested using second generation RNAi 
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2.4. Discussion 

The basic mechanism of miRNA biogenesis has been revealed during 

the last decade. The distinct pattern of tissue and stage specific expression of 

individual miRNAs is regulated at both the transcriptional and post-

transcriptional levels.  Regulation of let-7 miRNA is of particular interest as 

changes in levels of this miRNA have been linked to human diseases, 

including cancer (Bussing et al., 2008). The let-7 miRNA is developmentally 

regulated across species with generally increasing levels as cells differentiate 

(Bussing et al., 2008).  This expression pattern is at least partly due to factors 

that both negatively, such as LIN-28 and hnRNPA1, and positively, such as 

KSRP, control processing of this miRNA (Bussing et al., 2008). However, less 

is understood about transcriptional regulation of let-7.  Here I show that 

multiple cis- and trans-acting factors contribute to the dynamic spatial and 

temporal expression of let-7 in C. elegans, and that bursts of let-7 transcription 

accompany each larval stage and generally coincide with the molts.  I defined 

two promoter elements that have redundant as well as non-overlapping roles 

in directing transcription in specific tissues.  The spatio-temporal control of let-

7 expression appears complex as multiple proteins were found to have distinct 

effects on expression of our transcriptional reporters.  As let-7 is a key 

regulatory molecule in species as diverse as C. elegans (Reinhart et al., 2000)  

and humans (Bussing et al., 2008; Hammond, 2007), elucidation of the 

elements controlling expression of this important miRNA may provide valuable 

insights into its role as a tumor suppressor.  
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Previous reports have established that there are several levels of 

regulation controlling biogenesis of the let-7 miRNA: the TRE, which is 

essential for let-7 transcription in the hypodermal cells (Johnson et al., 2003); 

regulation of let-7 transcription by MYC and hunchback-like proteins in human 

cells and the hypodermal cells of C. elegans, respectively (Roush SF, 2009; 

Wang et al., 2011e); and negative regulation of pri-let-7 biogenesis by LIN-28 

(Heo I, 2008; Heo et al., 2009; Lehrbach et al., 2009; Newman et al., 2008; 

Van Wynsberghe et al., 2011; Viswanathan SR, 2008). Now we know that this 

picture is even more complex than previously established. 

Using transcriptional reporters in C. elegans, previous studies have 

detected let-7 transcription starting in the embryonic stages, continuing into to 

adulthood, in most cell types (Esquela-Kerscher et al., 2005; Johnson et al., 

2003; Martinez et al., 2008b), and found that the TRE specifically regulates 

expression of let-7 in hypodermal cells (Johnson et al., 2003). As a result, we 

hypothesized that more than one cis element regulates let-7 transcription. To 

re-examine the expression pattern of let-7 expression and create a tool to 

investigate additional cis elements, we generated two reporters based on the 

mapped transcriptional start sites in the let-7 promoter, and added a triplicate 

repeat of a NLS to facilitate identification of tissue specific expression. We 

examined GFP expression in vivo and then compared the RNA expression of 

GFP mRNA patterns to that of endogenous let-7 primary transcripts. We found 

that in some cases, the spatio-temporal expression of GFP agreed with 

previous reports (Esquela-Kerscher et al., 2005; Johnson et al., 2003; 
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Martinez et al., 2008b). However, there were a few discrepancies; we did not 

detect let-7 expression until early L1, and not at all in the germ line or distal tip 

cell (Figure 2.1 & 2.2).  

We also used Agarose northern analysis of these reporters and 

compared expression to endogenous primary let-7 and molting factors. I found 

that the transcriptionally regulated, dynamic oscillating pattern of endogenous 

primary let-7 was very similar to GFP mRNA as well as all molting genes 

tested (Figure 2.3). We concluded from this that primary let-7 transcription is 

dynamically expressed in an oscillating pattern that is regulated in the molting 

pathway in C. elegans.  

Through promoter deletions, I found another cis-element regulating 

transcription of pri-let-7: a 120 bp sequence in the B segment in the promoter, 

highly conserved among nematode species, we named the LRE (Figure 2.4). 

As hypothesized, deletion of the LRE affected GFP expression from the plet-

7B reporter: when deleted, GFP expression was abrogated in the intestine, as 

observed in plet-7A::GFP transgenic animals. Using Agarose northern 

analysis, I found that ∆LRE transgenic animals had increased GFP mRNA 

expression from the A start site, together with additional bands longer than 

those produced by the B start site (Figure 2.6). RACE analysis showed that 

the majority of GFP mRNA transcripts from ∆LRE animals map to the correct 

sequence in the let-7 promoter. This is interesting because, though this data 

shows that a transcript of the correct size is being made in ∆LRE transgenics, I 

cannot detect expression of GFP protein in intestinal cells of those animals 



 

 
 

45 

 

(Figure 2.5 & 2.6). This suggests that some factor(s) binds the LRE to express 

let-7 in those cells, and the B start site significantly contributes to let-7 

expression in the intestine. In addition, this Agarose northern data also shows 

that deletion of the LRE also leads to increased transcription of GFP mRNA 

from the A start site, but visual analysis of GFP expression in vivo shows that 

this does not translate to increased GFP fluorescence in hypodermal and 

seam cells, as one would expect from the results of GFP expression from the 

plet-7A::GFP reporters (Figure 2.5 & 2.6).  

As expected, I found that the TRE deleted reporter constructs 

abrogated GFP expression in hypodermal cells (Johnson et al., 2003) (Figure 

2.5). In addition, using Agarose northern analysis, I found that this TRE 

deletion abrogates let-7 transcription from the A start site (Figure 2.6). Taken 

together with the visual analysis, this led us to conclude that the A transcript 

may be essential for let-7 expression in C. elegans hypodermal and seam 

cells. Finally, I have also found that the TRE and LRE function redundantly in 

neuronal and muscle cells. A single deletion of the TRE or LRE alone did not 

effect let-7 expression in neuronal and muscle cells, suggesting that either 

element is sufficient for transcription in these cell types (Figure 2.5). However, 

when both elements were deleted, transcription was abrogated in all cells, 

suggesting that these two cis-elements are essential for the expression of let-7 

(Figure 2.5 & 2.6).  

In order to determine how the LRE deletion, as well as the LRE TRE 

double deletion, affected the ability of let-7 to rescue a lethal let-7 mutation, we 
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used a single copy integration of rescue constructs into Chromosome II 

(Frøkjaer-Jensen C, 2008). Considering that over-expression of let-7 in early 

stages, and under expression of let-7 in later stages is lethal (Reinhart et al., 

2000), we used an approach that more faithfully recapitulates the endogenous 

expression of let-7, and avoid the potential complications of over and under-

expression of a rescue sequence that is inherent with a extra-chromosomal 

arrays (Figure 2.7). Once integrated, I plan to cross these transgenic animals 

into let-7(mn112) mutants, which harbor a 190 deletion in the let-7 locus, 

including the first bp of the let-7 precursor, and fail to produce detectable 

levels of mature let-7 miRNA (Bracht et al., 2004). Because of the results of 

my visual analysis of GFP expression, and molecular analysis of GFP mRNA 

expression, I expect that the rescue sequence containing the double deletion 

will fail to rescue the let-7(mn112) mutant animals. It is also possible that the 

single deletions of either ∆TRE or ∆LRE in the rescue sequence will have 

phenotypes in more than one cell type—such as hypodermal, seam, vulva and 

perhaps intestinal—though the redundancy of the transcripts may negate this 

possibility. 

Our next question became, what protein factors, either in the molting 

pathway or not, regulate primary let-7 expression? Using RNAi against all 

known molting factors (Frand AR, 2005) in plet-7B::GFP transgenic animals, I 

found that several molting factors affected let-7 expression in a tissue specific 

manner (Table 2.1).  Because of previously published data that nhr-23 and 

nhr-25 are key regulators of the molting pathway (Frand AR, 2005; Hayes, 
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Frand & Ruvkun, 2006), I focused my attention on these two proteins. I found 

that RNAi against both genes abrogated transcription of let-7 late in the 

second larval stage (Table 2.1). To confirm this, using Agarose northern 

analysis, I consistently detected a strong pulse of let-7 transcription at the 

expected time point in early L1, then decreased expression of endogenous 

primary let-7 to undetectable levels, comparable to vector only controls (data 

not shown). This may be because one or both of these factors regulate 

transcriptional expression of primary let-7 during L2. However, in my visual 

analysis of plet-7B::GFP transgenics under nhr-23 and nhr-25 RNAi 

conditions, I noticed that the most of the animals never matured past the L2 

stage, though the few that did also had decreased or abrogated let-7 

expression (data not shown). These results support previous findings that 

these factors are imperative for the progression of the animal through the L2-

L3 larval transition (Frand AR, 2005), and also suggest that it might be the 

arrested development of the animal that is effecting let-7 transcription, rather 

than direct regulation. It will be important, in future work, to follow up these 

results and definitely determine the regulatory role of nhr-23 and nhr-25 in let-

7 transcription. 

 I also conducted an RNAi screen of transcription factors known to have 

one or more let-7 phenotypes (Pasquinelli et al., 2000; Reinhart et al., 2000) 

(Table 2.2). Of the candidates that effected expression of my reporter, most 

had a negative effect, however, there were eight candidates that increased 

overall expression of let-7 transcription (Table 2.1). It is important to note that 
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RNAi is less efficient in neurons, and that I found that none of these cell types 

were affected. My results suggest that transcription factors regulate let-7 

expression in a tissue specific manner and that let-7 transcription is most likely 

regulated by several different transcription factors, both temporally and 

spatially. 

These findings have answered some fundamental questions about 

regulation of let-7 transcription: let-7 transcription is temporally and spatially 

regulated in a tissue specific manner by two different elements in the promoter 

region, and this transcription is most likely regulated by several different 

proteins. The tissue specificity of each element, as well as the cooperation and 

redundancy of these two elements together points to a complex network of 

regulatory molecules dictating let-7 expression under complex and tightly 

controlled conditions. To date, very little is known about transcriptional 

regulation of other miRNAs. Considering that the mature let-7 miRNA 

sequence and expression is conserved across phyla—for example, Drosophila 

and zebra fish both express the mature let-7 miRNA during later 

developmental stages, as cells take on their differentiated state (Pasquinelli et 

al., 2000); in human cell culture, let-7 is undetectable in embryonic stem cells, 

but easily detectable in fully differentiated cells (Bussing et al., 2008)—it is not 

surprising that misregulation of this important miRNA is implicated in 

developmental defects and disease (Bussing et al., 2008). In addition, it is 

possible that this complex regulation by multiple cis and trans-factors may be 

conserved in other organisms, as well as in the regulation of other miRNAs. 
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Chapter Three 

Negative regulation of let-7 biogenesis from embryogenesis to L3: 

LIN-28 co-transcriptionally binds primary let-7 to regulate  

miRNA maturation in Caenorhabditis elegans 

3.1 Abstract 

The results of my microscopic analysis of let-7::GFP reporter 

expression in C. elegans were our first indication that primary let-7 might be 

transcribed earlier in development than previously thought, two larval stages 

before the accumulation of the mature let-7 species (Bracht et al., 2004; 

Johnson et al., 2003). The results of my Agarose northern analysis, probing for 

endogenous primary let-7 and GFP mRNA, not only validated this observation, 

but this data also pointed to a complex mechanisms of transcriptional and 

post-transcriptional control of let-7 expression. The most obvious factor to 

investigate as the main player in this negative regulation of let-7 biogenesis, 

was the LIN-28 protein, which had been previously established in that role in 

other model systems (Hendrickson et al., 2008; Newman et al., 2008; Rybak 

et al., 2008; Viswanathan SR, 2008; Wulczyn et al., 2007). We not only found 

that the LIN-28 protein co-transcriptionally bound endogenous primary let-7 

transcripts in C. elegans, we also discovered that this negative regulation also 

controls let-7 biogenesis in the nuclear and cytoplasmic compartments of 

human ES cells through binding of not only primary transcripts, but also 

precursor let-7, respectively (Van Wynsberghe et al., 2011). We concluded 

that LIN-28 co-transcriptionally blocks Drosha processing across species, and 
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Dicer processing in a subset of species, and this binding prevents precocious 

expression of mature let-7. 

3.2. Introduction 

The lin-28 gene encodes a RNA binding protein—which also contains a 

zinc finger domain—whose function and sequence is highly conserved across 

species. In human cell culture, LIN-28 is a pluripotency factor and expression 

of the LIN-28 protein allows cells to maintain their stem cell character (Peng, 

Maihle & Huang, 2010). In C. elegans, the LIN-28 protein is present during 

embryogenesis into the third larval stage (L3), when the lin-28 mRNA is 

downregulated by lin-4, and LIN-28 protein levels decrease over ten-fold 

(Moss EG, 1997; Moss EG, 2003).  

When we began this investigation in 2008, the sequence, function and 

conservation of the LIN-28 protein, as well as the negative regulation of let-7 

biogenesis by LIN-28 in human cell culture had been published. However, the 

mechanism of this regulation was controversial: three different models were 

published by four different labs (Heo I, 2008; Newman et al., 2008; 

Piskounova et al., 2008; Viswanathan SR, 2008). In April of that year, the 

Gregory lab was the first to publish findings that LIN-28 bound primary let-7 

transcripts and blocked biogenesis at the Drosha step of cleavage 

(Viswanathan SR, 2008). On June 12th, they published another paper in 

another journal which demonstrated that LIN-28 binds the terminal loop of the 

let-7 precursor to block biogenesis (Piskounova et al., 2008). Seven days 

later, on June 19th, the Hammond lab published similar findings that LIN-28 
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binds the precursor loop of pre-let-7 to prevent Drosha processing (Newman 

et al., 2008). Two months after that, the Wulczyn lab published their data 

which supported the model that LIN-28 binds precursor let-7, but concluded 

that it was the Dicer step of processing which was blocked (Rybak et al., 

2008). In October of 2008, the Kim lab also concluded that LIN-28 bound 

precursor let-7 to block Dicer processing, and added that this binding resulted 

in uridylation and degradation of the precursor species (Heo I, 2008). In 2009, 

the Kim lab published data supporting their previous findings and reported that 

TUT4 was the uridylase that was responsible for pre-let-7 degradation (Heo et 

al., 2009). Five months before we published our data in March of 2011, the 

Miska lab were the first to published data analyzing LIN-28 regulation of let-7 

biogenesis in C. elegans (Lehrbach et al., 2009). They concluded that their 

data supported the Kim lab’s conclusions in human cell culture and reported 

that, in C. elegans, LIN-28 bound the precursor sequence and the TUT4 

homolog, PUP-2, caused uridylation and degradation of precursor let-7 

(Lehrbach et al., 2009).  

The results of our LIN-28 investigation in human cell culture agree with 

all previously published reports: we have found that, in human ES cells, LIN-

28 not only binds primary let-7, but also precursor let-7, in the nucleus and 

cytoplasm, respectively (Newman et al., 2008; Piskounova et al., 2008; Van 

Wynsberghe et al., 2011; Viswanathan SR, 2008). However, in C. elegans, we 

found that LIN-28 co-transcriptionally interacts with primary let-7 transcripts, 

but does not bind let-7 precursor, and that regulation of let-7 biogenesis was 
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independent of PUP-2 (Van Wynsberghe et al., 2011). It is important to note, 

when considering our conflicting results in C. elegans, that though the model 

system was the same, our experimental approaches differed greatly.  

3.3. Results 

3.3.1 Uncoupling of primary and mature let-7 expression 

Previous reports about let-7 expression in C. elegans concluded that 

primary let-7 was expressed at the same time as mature let-7, during the third 

larval stage (L3) (Bracht et al., 2004; Johnson et al., 2003; Reinhart et al., 

2000). However, as a result of the data I collected during my investigation of 

transcriptional regulation of let-7, we knew that primary let-7 was expressed 

during L1, and expression oscillated in pulses that coincided with the larval 

molts (Figure 2.3). This data not only indicated that let-7 biogenesis is post 

transcriptionally regulated, it explained why previous assays had failed to 

detect the primary transcript at earlier stages: because of the peaks and 

troughs of let-7 expression, detection of primary let-7 must be achieved by 

staging a developmental time course, rather than one time point, as was 

previously done (Bracht et al., 2004; Johnson et al., 2003; Reinhart et al., 

2000).  

Considering the plethora of data implicating LIN-28 in post-

transcriptional regulation of let-7 biogenesis in human cell culture, our 

attention naturally turned to the highly conserved LIN-28 protein in C. elegans 

as a promising candidate. Using PolyAcrylamide Gel Electrophoresis (PAGE), 

Priscilla Van Wynsberghe compared let-7 precursor and mature levels in lin-
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28(n719) animals to wildtype at the L1 stage of development. Van 

Wynsberghe found that, in the lin-28(n719) mutant, precursor and mature let-7 

were precociously expressed in the first larval stage, concomitant with 

detection of primary let-7. (Van Wynsberghe et al., 2011). Using Agarose 

northern assays, Van Wynsberghe discovered that, at this early time point, the 

SL1 trans-spiced primary let-7 isoform was preferentially processed to 

precursor and mature in the biogenesis pathway. 

3.3.2 Primary let-7 processing is developmentally regulated 

Next we hypothesized that the detection of primary transcripts, but not 

precursor or mature let-7 transcripts, in wildtype C. elegans could be due to 

one of two reasons: destabilization of pre- or mature miRNA, or blocked 

Drosha processing of pri-let-7. We first tested whether or not degradation of 

primary let-7 in early biogenesis was through the nonsense mediated decay 

(NMD) pathway. We expected that, if primary degradation was in the NMD 

pathway, then animals haroboring mutations in factors in that pathway would 

result in accumulation of primary let-7 in otherwise wildtype animals. To test 

this hypothesis, I used NMD factor mutants, smg-2 and smg-5, and found that 

expression of primary let-7 was not significantly or reproducibly changed (data 

not shown).  

To address the finding made by the Miska lab, which determined that 

uridylation by PUP-2 caused degradation of precursor let-7, Van Wynsberghe 

used RNAi against PUP-2 as well as the pup-2(tm4344) mutant and then 

assayed for changes in the endogenous precursor and mature let-7 compared 
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to wildtype control worms. Using Agarose and PAGE northern analysis to 

detect primary, precursor and mature let-7, Van Wynsberghe detected no 

significant difference in the expression of any let-7 species (Van Wynsberghe 

et al., 2011). On the other hand, in their experiments, the Miska lab detected 

precursor and mature let-7 species from transcripts encoded by a transgene 

with truncated let-7 sequences driven by a heterologous promoter which 

lacked the SL1 splice site (Lehrbach et al., 2009). From our data, we 

concluded that regulation of endogenous let-7 biogenesis is independent of 

the NMD and PUP-2 pathways. 

Our attention then turned to the hypothesis that LIN-28 negative 

regulation of let-7 biogenesis blocked Drosha processing. Using 5’ Rapid 

Amplification of cDNA Ends (RACE) in lin-28(n719) mutants versus wildtype, 

Van Wynsberghe found that the precocious primary let-7 cleavage products in 

lin-28(n719) mutants did not map to the conical Drosha cleavage site. 

However, Drosha processing of let-7 at time points when let-7 would normally 

be expressed, in wildtype and mutant animals, mapped to the expected let-7 

RNA sequences. This indicated that processing of primary let-7 is inhibited 

during the first larval stage (Van Wynsberghe et al., 2011).  

To support the evidence that LIN-28 regulation acts upstream of the 

Dicer processing step, I performed Dicer RNAi on wildtype animals and 

compared expression of precursor and mature let-7 to an empty vector control 

(Figure 3.1). I found that neither precursor nor mature let-7 precociously 

accumulated during a developmental time course under either condition 
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(Figure 3.1). It’s only after L3, when pre and mature let-7 are normally 

expressed, that they accumulate under Dicer RNAi conditions (Figure 3.1). 

The same blot was probed for mir-58—an ubiquitously expressed miRNA—

and I found that precursor and mature mir-58 began to accumulate during 

early L1, showing accumulation was possible under these conditions (Figure 

3.1).  

 

 

Figure 3.1: Dicer RNAi. Total RNA was isolated at the indicated time points 
from synchronized transgenic animals. Levels of endogenous primary let-7 
transcripts, transgenic GFP mRNA, and 18S rRNA were analyzed by northern 
blotting. 

 
 
3.3.3. LIN-28 interacts with endogenous primary let-7 transcripts 

In order to test our hypothesis that LIN-28 binds primary let-7 

transcripts to block Drosha processing, Van Wynsberghe performed RNA 

Immuno-Precipitation (RIP) analysis on worms expressing a LIN-28::GFP 

fusion protein, or GFP alone, during the L1 stage of development (Van 
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Wynsberghe et al., 2011). These results showed that the LIN-28 protein 

associated with all three forms of the pri-let-7 transcript (Van Wynsberghe et 

al., 2011). Although LIN-28 had been reported to regulate Drosha processing 

in human cell culture, association of LIN-28 with primary transcripts had not 

been demonstrated (Newman et al., 2008; Viswanathan SR, 2008). Therefore, 

we next asked if this association in C. elegans was conserved in human cell 

culture. In order to answer this question, Katlin Massirer from the Yeo lab 

performed RIP analysis in human ES cells. Her data shows that in human ES 

cells, LIN-28 interacts with pri-let-7 with both primary and precursor let-7 

transcripts in nuclear and cytoplasmic fractions, respectively (Van 

Wynsberghe et al., 2011). From this data, we concluded that LIN-28 binds 

primary let-7 transcripts in worm and human cells.  

3.3.4. LIN-28 co-transcriptionally binds endogenous primary let-7 

Because our data led us to conclude that LIN-28 binds primary let-7 

transcripts and blocks biogenesis at the Drosha processing step, and Drosha 

processing can be co-transcriptional, we asked whether the association of 

LIN-28 with pri-let-7 also occurs at this step in C. elegans (Ballarino et al., 

2009; Morlando et al., 2008; Pawlicki & Steitz, 2009). Van Wynsberghe 

performed co-IP analysis on worms expressing a LIN-28::GFP fusion protein, 

or GFP alone, during the early L1 stage of development (Van Wynsberghe et 

al., 2011). Taken together, this data showed that LIN-28 has a significant 

association with the let-7 locus, compared to controls, and that LIN-28 co-
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transcriptionally binds pri-let-7 to prevent processing by Drosha (Van 

Wynsberghe et al., 2011).  

3.4. Discussion 

Stringent requirements dictating the levels and timing of mature let-7 

expression are critical for the survival of cells expressing this important 

miRNA. As we discover more about the many levels of transcriptional and 

post-transcriptional regulation controlling the biogenesis of let-7, a complex 

picture, involving many different proteins, begins to come into focus. 

Experiments with the LIN-28 protein in human cell culture and mouse models 

have recognized this protein as a pluripotent factor, whose misregulation 

contributes to several cancer types (King et al., 2011; Peng et al., 2010; Peng 

S., 2010; Permuth-Wey et al., 2011; Qiu et al., 2010; Rybak et al., 2008). It 

seems clear that the power of LIN-28 regulation stems from its negative effect 

on let-7 biogenesis. 

Overall, our results agree with previously published reports that LIN-28 

uncouples primary from mature let-7 expression in early development, and 

misregulation of this interaction results in precocious expression of let-7, 

premature regulation of let-7 miRNA regulatory pathways, and abnormal 

development (Heo I, 2008; Newman et al., 2008; Piskounova et al., 2008; 

Rybak et al., 2008; Viswanathan SR, 2008). More specifically, our data 

supported previous results in human cell culture that LIN-28 binds both 

primary and precursor let-7 (Heo I, 2008; Newman et al., 2008; Piskounova et 

al., 2008; Rybak et al., 2008; Viswanathan SR, 2008). We also reported that 
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the interaction between LIN-28 and primary let-7 transcripts is direct in human 

ES cells (Van Wynsberghe et al., 2011). 

However, the data from our experiments in C. elegans did conflict with 

previous results from the Miska lab using the same model system (Lehrbach 

et al., 2009). Detecting let-7 transcripts encoded by a transgene with a 

heterologous promoter driving truncated let-7 sequences, they found that LIN-

28 effects precursor let-7 in C. elegans, resulting in PUP-2 mediated decay of 

pre-let-7 (Lehrbach et al., 2009). Detecting only endogenous precursor and 

mature let-7 species in wildtype, in PUP-2 mutants, and in PUP-2 RNAi 

conditions, we could not find evidence of this mechanism (Van Wynsberghe et 

al., 2011). It is likely that, without the SL1 sequence in the transgene, 

expression was unregulated at some level. It is also possible that 

overexpression of let-7 precursor from the extra-chromosomal transgene 

triggered a degradation response in the animal.  

Co-transcriptional association of LIN-28 with the let-7 gene provides an 

efficient mechanism for preventing processing of primary transcripts (Ballarino 

et al., 2009; Morlando et al., 2008; Pawlicki & Steitz, 2009). However, 

considering the complex regulation of let-7 expression and critical importance 

of it’s timing, it is curious that primary let-7 is transcribed before it’s needed in 

both worms and humans. One possible explanation is that the mature let-7 

miRNA is needed, in undetectable levels, in certain cells types early in 

development, before the burst of mature miRNA expression is detectable 

during later developmental stages. It is also possible that transcription of the 
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let-7 locus is controlled by a global regulator—possibly conserved across 

species—that effects transcriptional expression without regard to let-7 in 

particular, and all cell types have simply evolved to compensate.  
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Chapter Four 

Positive regulation of let-7 biogenesis from L3 to adulthood 

Auto-regulation of miRNA biogenesis by let-7 and Argonaute 

4.1 Abstract 

MiRNAs play crucial roles in development, and mis-regulation of miRNA 

expression has been observed in human diseases. Recent evidence shows 

that the processing of primary miRNA transcripts is blocked 

posttranscriptionally in nematodes as well as embryonic stem cells, embryonal 

carcinoma cells, and primary tumors. Here we show that mature let-7 and 

ALG-1, in the miRISC complex, bind primary let-7 transcripts to facilitate 

processing to precursor let-7. This effectively creates an auto-regulatory 

positive feedback loop, and provides a new paradigm in Argonaute regulation 

of primary miRNA transcripts, as well as a novel function for miRISC in a 

biogenesis event upstream of mature miRNA processing. 

4.2. Introduction 

Before deep sequencing technologies, many miRNA targets had been 

predicted bioinformatically, but only a handful had been validated. Because 

miRNAs are imperfectly complementary their target, and only a small seed 

sequence within the miRNA (nt 2-8 usually) is important for some target 

interactions, effective target prediction algorithms are difficult to write and often 

have little overlap. Using an antibody that specifically detects ALG-1, it is 

possible to co-immunoprecipitate bound miRNAs as well as targeted mRNAs. 

Zisoulis developed a in vivo, high-throughput method that allowed unbiased, 
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massive sequencing of the mRNA regions bound by and stabilized by the 

Argonaute protein, thus revealing sites of functional mRNA/miRNA interactions. 

Dimtrios Zisoulis from the Pasquinelli lab and Michael Lovci from the Yeo lab, 

published their deep sequencing analysis of ALG-1 interacting RNAs in C. 

elegans (Zisoulis et al., 2010).This approach has allowed identification of more 

than 3000 mRNA targeted transcripts (Zisoulis et al., 2010). 

As the data became available, Amy Pasquinelli noticed that there was 

an ALG-1 binding site in the 3’ end of primary let-7 transcripts. Looking at my 

Agarose Northern data of endogenous primary let-7 expression compared to 

GFP mRNA in let-7B::GFP transgenic animals, we noticed that GFP mRNA 

faithfully recapitulated endogenous primary let-7 expression until later larval 

stages. During late L3 to adulthood, when mature let-7 would normally be 

expressed, reporter GFP mRNA began to accumulate (data not shown). This 

was consistent with Pasquinelli’s observation, and provided another insight. 

We expected that, if primary let-7 had an ALG-1 binding site—and ALG-1 

participated in regulation of primary let-7 transcripts—then GFP mRNA from 

let-7B::GFP reporters, which only have the endogenous promoter of let-7 and 

an unregulated let-858 3’ UTR, would accumulate. However, because this 

accumulation began during later larval stages and adulthood, when mature let-

7 would normally be expressed, it also suggested the mature let-7 miRNA was 

regulating its own primary transcript. 

In collaboration with Zisoulis, we validated that ALG-1 and let-7 directly 

bind and regulates primary let-7 transcripts, and that removal of the binding 
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site, or decrease in either wildtype ALG-1 or wildtype mature let-7 miRNA, 

caused primary let-7 transcripts to accumulate during development (Figure 

4.1). Surprisingly, when I used PAGE analysis to compare precursor and 

mature levels, I found that precursor levels diminished if we removed the ALG-

1 binding site, or mutated the mature let-7 seed sequence by using let-

7(n2853) animals.  If ALG-1 promoted decay of let-7 primary transcript, then 

we would expect that increased primary levels would translate to increased 

precursor and mature levels when ALG-1 could not bind, however, we found 

that the opposite was true. This pointed to a mechanism where ALG-1 and 

mature let-7 not only bind and regulate primary miRNA transcripts, but function 

to facilitate biogenesis, rather than degradation, of that target. We had found a 

new paradigm in miRNA biogenesis. 

4.3. Results 

4.3.1. ALG-1 binds and regulates primary let-7  

The CLIP-seq analysis provided a wealth of information, not only about the 

identity of mRNA targets, but also identified the sequence(s) on mRNA transcripts 

to which ALG-1 binds. Surprisingly, these results showed that one of the targets 

of ALG-1 is primary let-7. This was the first indication that ALG-1 bound any 

primary miRNA transcript. This ALG-1 binding site is about 500 bp downstream of 

the mature sequence, consists of about 120 bp, and is in all three primary let-7 

transcripts (Figure 4.1). 
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Figure 4.1: ALG-1 binds and regulates primary let-7. (A) Depiction of the 
2460 nt let-7 rescue fragment indicating the positions of the precursor 
sequence (grey), two transcriptional start sites (A and B), the splice site used 
for Spliced Leader 1 (SL1) mediated trans-splicing and the ALG-1 binding site 
(dark grey), which includes a let-7 complementary site (LCS). (B) Detection of 
primary let-7, actin (act-1) and primary mir-2 transcripts by semi-quantitative 
RT-PCR of RNA from ALG-1 immunoprecipitation assays from L4 staged WT 
and alg-1(gk214) strains. (C) Detection of human primary let-7 isoforms, 
HMGA2 (positive control) and 18S rRNA (negative control) transcripts by 
semi-quantitative RT-PCR of RNA from Ago (the antibody recognizes Ago1-4) 
or control IgG immunoprecipitation assays in HeLa cell extracts. (D) Northern 
analysis of primary, precursor and mature let-7 RNAs and control 18S and 
5.8S rRNAs in wildtype (WT) and alg-1(gk214) animals from mid L3 to early 
adult stages. The similarly sized B and SL1 pri-let-7 transcripts often do not 
clearly resolve. 
 

To verify that Argonaute physically associates with the in tact primary 

let-7 transcripts Zisoulis performed RIP analysis using a custom anti-ALG-1 

antibody. Zisoulis co-immunoprecipitated ALG-1 with its bound RNA and, 

without digesting the RNA sample—as is required by the CLIP-seq protocol—

Zisoulis isolated the bound RNA from wild-type (WT) worms and alg-1(gk214) 

mutant lysates, at the L4 stage of development. The alg-1(gk214) mutation 
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results in an early stop codon, truncation of the protein, loss of the anti–ALG-1 

epitope. Zisoulis detected a robust signal for all three let-7 primary transcript 

sequences in WT but not alg-1(gk214) extracts (Figure 4.1).   The abundant 

actin mRNA or pri-mir-2 transcripts were not detected in ALG-1 

immunoprecipitates, indicating that Argonaute specifically associates with 

primary let-7 transcripts. Supporting our hypothesis that this interaction is 

conserved in higher organisms, Zisoulis used RIP analysis of human 

Argonaute (Ago) proteins to find that a subset of let-7 primary transcripts co-

immunoprecipitated (Figure 4.1).  

We next wanted to know if ALG-1 binding to primary transcripts caused 

misregulation of primary let-7 expression. To answer this question, I collected 

RNA from WT and alg-1(gk214) animals during developmental time points 

when mature let-7 was first expressed, then every two hours from mid L3 to 

early adulthood.  At the earliest time point, 24 hours, levels of all primary 

transcripts were similar between the two strains (Figure 4.1). However, in WT 

animals, as pri-let-7 levels oscillated to undetectable levels and then increased 

again, the signal from alg-1(gk214) animals remained high with its oscillation 

pattern muted (Figure 4.1). Independent biological replicates indicate that this 

pattern is consistent overall, though peaks of expression can shift between 

experiments (data not shown). We concluded that ALG-1 directly regulates 

primary let-7, and loss of ALG-1 resulted in accumulation of primary let-7 

transcripts. 
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4.3.2.  The ALG-1 binding site in primary let-7 regulates expression 

of let-7 

As mapped by ALG-1 CLIP-seq (Zisoulis et al., 2010), Argonaute binds 

a ~100 nt region of the primary transcript, which is ~500 nt downstream from 

the mature let-7 sequence (Figure 4.1). In order to test if this sequence is the 

only ALG-1 binding site, I created transgenic strains with a single copy 

insertion of the let-7 locus lacking the ALG-1 binding site. In these strains, 

endogenous let-7 is expressed from the X chromosome, while Chromosome II 

expresses primary let-7 transcripts with the ALG-1 binding site deleted (Δalg-1 

pri-let-7).  

Zisoulis performed RIP analysis on these strains and found, using 

primers specific to the wildtype or primary transcript, both the endogenous and 

Δalg-1 pri-let-7 species were expressed, but only the endogenous primary let-

7 transcripts co-immunoprecipitated with the ALG-1 protein (Figure 4.2), 

confirming CLIP-seq analysis (Zisoulis et al., 2010). 
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Figure 4.2: The ALG-1 binding site in primary let-7 regulates expression 
of let-7. (A) Detection of WT or Δalg-1 pri-let-7 and act-1 transcripts by semi-
quantitative RT-PCR of RNA from ALG-1 immunoprecipitation assays from 
two independent transgenic strains at the L4 stage. (B) Ratio of the expression 
levels of pri-let-7 in Δalg-1 versus WT transgenic strains 1 (black) and 2 
(white) from mid L3 to early adult stages determined by qRT-PCR. (C) 
Northern analysis of primary, precursor and mature let-7 expressed from 
wildtype or Δalg-1 pri-let-7 transgenes in let-7(mn112) animals (WT and Δ, 
respectively) from mid L3 larval to early adult stages. The 36 h samples were 
cropped to correct an error in loading order. (D) Ratio of the expression levels 
of the indicated forms of let-7 transcripts expressed from Δalg-1 compared to 
WT pri-let-7 transgenes in let-7(mn112) animals. Levels of all pri-let-7 isoforms 
(black), unspliced pri-let-7 (A and B transcripts, white) and SL1-spliced 
transcripts (grey) were determined by qRT-PCR analysis and normalized to 
18S rRNA. 

 
To specifically analyze whether or not the ALG-1 binding site is required 

for accumulation of primary let-7 transcripts, Pasquinelli crossed Δalg-1 pri-let-

7 transgenic strains into the let-7(mn112) background. The let-7(mn112) 

mutation has undetectable levels of precursor or mature let-7 miRNA because 
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of a 190 base pair deletion with includes the first base pair of the precursor 

sequence (Reinhart et al., 2000). Using Agarose northern analysis and 

specifically detecting expression of the Δalg-1 pri-let-7 from Chromosome II, I 

found that Δalg-1 pri-let-7 accumulated in most time points compared to a 

strain carrying WT pri-let-7 on Chromosome II (Figure 4.2). Interestingly, 

consistent with Van Wynsberghe finding that SL1 spliced pri-let-7 is the 

preferred species for precocious let-7 biogenesis in a lin-28(n719) mutant (Van 

Wynsberghe et al., 2011), I found that the SL1-spliced isoform accumulated 

more than the other two prilet-7 species in Δalg-1 pri-let-7 transgenic animals 

(Figure 4.2). We concluded that deletion of the ALG-1 binding site caused 

misregulation and accumulation of primary let-7 transcripts, especially the SL1 

spliced isoform.   

Surprisingly, when I subjected RNA from these transgenic animals to 

PAGE northern analysis I found that, though Δalg-1 pri-let-7 levels increased, 

there was a 2- to 5-fold decrease in the amount of precursor and mature let-7 

(Figure 4.2). We had hypothesized that ALG-1 binding promoted degradation 

of primary let-7 transcripts, and expected to find increased precursor and 

mature let-7 miRNA when ALG-1 couldn’t bind and primary transcripts 

accumulated. With this result our investigation turned a corner, and we 

realized that ALG-1 regulation was promoting biogenesis of the let-7 miRNA.  

When I performed rescue analysis of the integrated Δalg-1 pri-let-7 

transgenic lines and compared those results to integrated WT pri-let-7 
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transgenic lines, I found that animals expressing Δalg-1 pri-let-7 transcript had 

significantly impaired rescuing ability (Figure 4.2). Taken together, these 

results illuminate a new, biologically relevant function for ALG-1 in miRNA 

biogenesis.  

4.3.3. Mature let-7 regulates its own processing  

Our investigation then turned to the miRNA responsible for miRISC 

regulation of primary let-7 transcripts. As expected from the accumulation of 

GFP mRNA we observed during later larval stages, we found a potential let-7 

complementary sequence (LCS) within the ALG-1 binding site of primary let-7 

(Figure 4.3). We also found a similar pattern in other Caenorhabditis species; 

each had a LCS on the primary let-7 sequence, with perfect seed 

complementarity, 500-600 nt downstream of the mature let-7 sequence 

(Figure 4.3).  To determine if mature let-7 physically associates with let-7 

primary transcripts, Zisoulis performed RIP analyses from WT worms and let-

7(n2853) mutants, which have a point mutation in the 5th nucleotide in the 

seed sequence resulting in 10 fold less mature let-7, and impedes binding to 

target RNAs (Bagga et al., 2005; Chatterjee et al.; Chatterjee & Grosshans, 

2009; Reinhart et al., 2000; Vella et al., 2004).  He observed a robust signal 

for let-7 primary transcript sequences in WT but not let-7(n2853) extracts 

(Figure 4.3). The strong signal in the WT animals, coupled with the lack of 

signal in the let-7(n2853) mutants, indicates that the let-7 miRNA alone is 

required for ALG-1 to associate with primary let-7 transcripts. 
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Figure 4.3: Mature let-7 regulates its own processing. (A) Potential base-
pairing of mature let-7 to a let-7 complementary site (LCS) contained within 
the ALG-1 binding region at the 3’-end of the let-7 primary transcript. The 
position of the GàA point mutation in let-7(n2853) is indicated. (B) Detection 
of primary let-7, act-1 and primary mir-2 transcripts by semi-quantitative RT-
PCR of RNA from ALG-1 or control IgG immunoprecipitation assays from L4 
staged WT and let-7(n2853) animals. (C) Northern analysis of primary, 
precursor and mature let-7 in wildtype and let-7(n2853) animals.  

 

Based on this evidence, we hypothesized that primary let-7 transcripts 

would accumulate during development in let-7(n2853) mutant animals. To test 

this, I performed Northern blotting on RNA extracted from WT and let-7 

(n2853) worms at every two hours of development from mid L3 until mid L4, a 

narrow window in which let-7 is first expressed and when the lethal effects of 

the let-7 phenotype haven’t become too severe to successfully stage animals. 

As expected, the expression of let-7 primary transcripts in WT and let-7 
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(n2853) strains oscillated as a result of transcriptional regulation (Figure 4.3). 

As with the alg-1(gk214) mutant animals, let-7(n2853) showed similar or 

higher levels of primary let-7 (Figure 4.3). However, though the levels of 

primary let-7 transcripts were higher in the let-7 (n2853) mutants compared to 

WT, precursor and mature let-7 levels were significantly lower in the let-7 

(n2853) mutant animals, and had expression very similar to Δalg-1 pri-let-7  

(Figure 4.3).  

This result supported our conclusions from the Δalg-1 pri-let-7 

transgenics; if ALG-1 and let-7 bind and positively regulate biogenesis of 

primary transcripts to the precursor form, then removal of the binding site or 

mutation of the let-7 seed sequence should decrease precursor and mature 

let-7 levels. The only exception to this hypothesis is the alg-1(gk214) mutant, 

in which precursor let-7 species accumulate. However, this can be explained 

by the positive role of ALG-1, in cooperation with Dicer, in let-7 biogenesis 

from precursor to mature (Diederichs & Haber, 2007; Duchaine et al., 2006; 

Grishok et al., 2001; Tan et al., 2009).  From this data, we concluded that let-7 

was the only miRNA that bound the primary let-7 sequence, and that this 

binding promoted biogenesis of more mature let-7 miRNA. 

To further test this idea, we hypothesized that introduction of WT 

mature let-7 into let-7(n2853) mutants would boost the levels of mature let-

7(n2853). Since the let-7(n2853) transcript contains the ALG-1 binding site 

and an intact LCS, we expected that introduction of WT mature let-7 would 

facilitate processing of the let-7(n2853) primary transcript to the mature let-



 

 
 

72 

 

7(n2853) miRNA in those animals. However, we also expected that this 

upregulation may be muted due to the destabilization of the mature let-

7(n2853) miRNA, which does not fully benefit from target-mediated protection 

conferred by target mRNAs to bound miRNAs (Chatterjee et al., 2011). 

Pasquinelli crossed strains carrying the WT gene integrated on Chromosome 

II into animals carrying the let-7(n2853) allele on the X chromosome [let-

7(n2853); let-7(+)], and then Zisoulis and Chang used Taqman analysis to 

determine the effects on the levels of mature let-7(n2853). They also tested 

mixtures of RNA from WT and let-7(n2853) from the same stage, as controls, 

to assure that any increase of let-7(n2853) mature miRNA in the let-7(n2853); 

let-7(+) strain was due do an upregulation of processing of let-7(n2853) by WT 

let-7. As expected by our hypothesis, the levels of let-7(n2853) were increased 

in the let-7(n2853); let-7(+) strain. This data supported our hypothesis that let-

7 promotes its own biogenesis, and that ALG-1 and the mature let-7 miRNA 

bind primary transcripts to promote processing. 

4.3.4. Nuclear association of ALG-1 with primary let-7  

Considering that processing of primary transcripts typically occurs in the 

nucleus, we asked if ALG-1 is localized there. Using nuclear fractionation 

assays, my co-authors on this publication found that about 20% of ALG-1, and 

about half the mature let-7 miRNAs, associated with the nuclear fraction 

(Figure 4.4). ALG-1 RIP analysis showed that pri-let-7 associates with ALG-1 

in both the nuclear and cytoplasmic fractions (Figure 4.4).  
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In mammalian systems, Exp-5 facilitates export of pre-miRNAs to the 

cytoplasm (Wang et al., 2011d). Though Exp-5 has no orthologue in 

nematodes or flies, in C. elegans, the nuclear export factor XPO-1 has been 

found to effect mature let-7 levels (Bussing et al., 2010). RNAi against xpo-1, 

resulted in two-fold decrease in mature let-7 levels, as expected (Bussing et 

al., 2010). However, we also found that xpo-1 knockdown resulted in reduced 

nuclear localization of ALG-1 and reduced association of pri-let-7 with ALG-1 

in those fractions, but did not effect ALG-1 levels, compared to empty vector 

controls (Figure 4.4). These results, taken together, suggest that XPO-1 

facilitates ALG-1 regulation and processing of primary let-7. 

 

Figure 4.4: Nuclear association of ALG-1 with primary let-7. (A) Detection 
in whole cell (W),  nuclear (N) or cytoplasmic (C) fractions of the indicated 
proteins by Westerns (upper panels) and small RNAs by PAGE Northerns 
(lower panels). Tubulin, initiator Methionine tRNA (tRNAiMet) and RNA 
polymerase II serve as fractionation controls. The graph depicts percentage in 
the nuclear fraction as quantified from the Western and Northern analyses 
(mean ± s.e.m., n = 3).  
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Figure 4.4: Nuclear association of ALG-1 with primary let-7 (continued). 
(B) Relative levels of pri-let-7 (black), act-5 (white), 18S rRNA (dark grey) or 
pri-mir-2 (gradient)  in RNA from ALG-1 or control IgG immunoprecipitation 
assays from whole cell or nuclear fractions of L4 staged wildtype animals, 
detected by qRT-PCR analysis and normalized to their respective fraction 
input levels (mean ± s.e.m., n = 2). (C) Relative levels of mature let-7 miRNA 
from L4 staged wildtype (black) or xpo-1-depleted animals (white) normalized 
to 18S rRNA and to wildtype, as detected by Taqman miRNA assay (mean ± 
s.e.m., n = 7, *, P < 0.001). (D) Detection of the ALG-1 protein in extracts from 
whole cell (W), nuclear (N) or cytoplasmic (C) fractions from L4 staged 
wildtype (WT) and xpo-1-depleted animals. (E) Relative levels of pri-let-7 
(black), or 18S rRNA (white) in RNA from ALG-1 or control IgG 
immunoprecipitation assays from L4 staged wildtype or xpo-1-depleted 
animals, detected by qRT-PCR analysis and normalized to their respective 
input levels (mean ± s.e.m., n = 4, *, P < 0.001). 
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4.4. Discussion 

Considering the importance and conservation of the let-7 miRNA in the 

development of animals across phyla, insight into the regulation of let-7 

provides valuable insight into the progression of disease. These studies have 

elucidated a novel paradigm of primary miRNA transcripts as targets of miRNA 

induced silencing complexes (miRISC). In addition, considering that Zisoulis 

also found that Argonaute associates with a subset of primary let-7 transcripts 

in human cells, our data supports the idea that the mechanism of miRISC 

regulation is conserved.  

Using xpo-1 knockdown, our data shows that the mechanism of ALG-1 

regulation of primary let-7 transcripts is related to the sub cellular localization 

of Argonaute. Another explanation for our results is that the LIN-28 protein is 

participating in negative regulation of primary transcripts later in development. 

However, Pasquinelli performed western blot analysis of LIN-28 and found, as 

expected, a precipitous decrease in LIN-28 levels after the L3 stage of 

development. Thus, we concluded that ALG-1 regulation of primary let-7 is 

independent of LIN-28.  

This is the first example of direct interaction between a mature miRNA 

and it’s own primary transcript, and the first evidence of a miRNA auto-

regulatory feedback loop, where the mature let-7 miRNA binds and promotes 

processing of its own primary transcript. As such, Argonaute and the let-7 

miRISC are new factors in post-transcriptional regulation controlling production 

of this essential miRNA. In addition, considering the evidence of let-7 
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misregulation contributing to disease (Bussing et al., 2008), this positive 

feedback loop presents a new therapeutic target. 
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Chapter Five 

Conclusions 

Expression of primary let-7 and biogenesis of the mature miRNA—in 

the correct tissues at the correct time—are critical to animal development and 

viability. Misregulation of let-7 in C. elegans, either overexpression in early 

development or underexpression in later development, can cause abnormal 

cell fates and lethality of the animal (Reinhart et al., 2000). In humans, this 

translates to let-7 acting as a tumor suppressor where misregulation leads to a 

staggering number of diseases (Akao Y, 2006; Bussing et al., 2008; FJ Slack, 

2006; Hammond, 2007; Johnson et al., 2005; King et al., 2011; Kumar et al., 

2007; Lee & Dutta, 2007).  

The research described here elucidates three different regulatory steps 

in the biogenesis of the let-7 miRNA: transcriptional regulation of primary let-7, 

by a novel cis-element, from early in the first larval stage until gravid 

adulthood; co-transcriptional regulation of primary let-7, by LIN-28, in early L1 

to L3; and positive regulation of primary let-7 biogenesis, by mature let-7 and 

the Argonaute protein, from L3 to gravid adulthood.  

First, using transcriptional reporters in conjunction with microscopic and 

molecular analysis, my results offer new insights into the transcriptional 

regulation of the let-7 miRNA. I found dynamic, transcriptionally regulated, 

oscillating pulses of primary let-7 expression and that transcriptional regulation 

was most likely in the molting pathway. I also discovered that in C. elegans 

transcription of let-7 starts two larval stages earlier in development than 
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previously reported (Bracht et al., 2004; Großhans et al., 2005; Johnson et al., 

2003), in early L1, and stops at the onset of the gravid adult stage. These 

observations are important to note when detecting let-7 primary transcripts, in 

that the abundance of all three pri-let-7 species may be dramatically altered 

after only 2 hours. 

These results raised several questions like, What is the reason for pri-

let-7 transcription oscillation? And, Why is there no expression of primary let-7 

in embryos? To answer these questions, I turned to my Agarose northern 

results, probing for endogenous let-7 and molting factors (Figure 2.3). This 

data supports the hypothesis that transcription of let-7 is regulated in the 

molting pathway. According to the results of my Agarose northern analysis, 

comparing expression of molting genes to primary let-7 expression, 

transcriptional regulation of primary let-7 is in the molting pathway of C. 

elegans (Figure 2.3). Pulses of transcription, for primary let-7 and molting 

genes, spike near the transition from one larval stage to another. It is also 

possible that a global regulator in the molting pathway controls transcription of 

primary let-7, unconcerned with let-7 regulation specifically, and all cell types 

that express let-7 have evolved to compensate. The robust primary let-7 

expression in early L1 is consistently the highest peak of expression and, 

generally, the strength of all following pulses weakens after the first burst of 

transcription. So, it logically follows that there is either a repressive element, or 

lack of activator, which is responsible for the undetectable levels of primary let-

7 in embryos. 
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Another question when we started this research was, Why are there 

different start sites in the let-7 promoter? To answer this question, I observed 

transgenic animals expressing plet-7A::GFP compared to plet-7B::GFP 

revealed that that different let-7 transcripts have differing contributions to the 

tissue specific expression of primary let-7: and this was the first indication of 

the location of another cis-element in the let-7 promoter. Searching for a 

sequence that was highly conserved among nematode species, I found a 

promising sequence, upstream of the B start site. Deletion of this element in 

the plet-7B::GFP reporter, and subsequent expression of GFP in transgenic 

animals, provided interesting results. When I deleted the TRE, or the TRE and 

LRE together, from plet-7B::GFP, and then analyzed transgenic animals, I 

acquired a wealth of information. My results show that the LRE has many 

different functions: it positively regulates transcription from the B start site; it 

positively regulates pri-let-7 expression in intestinal cells; it works in 

cooperation with the TRE (Johnson et al., 2003) to express primary let-7 in 

hypodermal and seam cells; and it functions redundantly with the TRE for pri-

let-7 expression in neuronal and muscle cells. In addition, using the TRE 

deleted reporter, I found that the TRE regulates transcription from the A start 

site, and it is possible that the A transcript that is essential for expression of 

let-7 in the hypodermal and seam cells. I concluded that let-7 has two different 

start sites because each has tissue specific expression. I also predict that, 

though BLAST analysis showed that the novel LRE sequence was not 

conserved in humans, the complex, tissue specific, transcriptional regulation of 
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let-7 in a simple organism, such as C. elegans, suggests that there may be 

one or more similar elements, with differing sequences, in higher organisms.  

Searching for a specific trans acting factor regulating transcription of let-

7, I found that RNAi against many different genes affected expression the plet-

7B::GFP reporter in transgenic animals. Some abrogated expression 

altogether, others were tissue specific. One concern with abrogated 

expression of GFP in all cells under RNAi conditions, is that a global regulator, 

unaffiliated with let-7, is making the animal sick and effecting let-7 expression. 

Indeed, all of the animals with abrogated GFP expression also showed severe 

phenotypes (data not shown). Thus, plet-7B::GFP misregulation may or may 

not be due to misregulation of endogenous let-7. Considering this, I turned my 

attention to the tissue specific effects of RNAi. Interestingly, under RNAi 

conditions, no one molting factor abrogated or enhanced expression of let-7 in 

all tissues. Overall, RNAi analysis suggests that many different transcription 

factors and molting genes negatively and positively regulate transcription of 

let-7 in a tissue specific manner (Table 2.1). This may be a built in redundancy 

of specific proteins in one pathway, or a complex interaction of redundant 

proteins and diverse pathways, safeguarding the expression of let-7. 

 Not only is the transcriptional regulation of let-7 complex, researchers 

have found an increasingly complex series of post-transcriptional regulatory 

mechanisms controlling the biogenesis of this miRNA (Lehrbach et al., 2009; 

Lehrbach & Miska, 2010; Newman et al., 2008; Rybak A, 2008; Viswanathan 

SR, 2008). Negative regulation by the LIN-28 RNA binding protein had been 
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established in cell culture, but as I explained in the introduction, the 

mechanism of regulation is controversial (Heo I, 2008; Heo et al., 2009; 

Lehrbach et al., 2009; Newman et al., 2008; Viswanathan SR, 2008). LIN-28 

was originally discovered as a regulator of developmental timing in C. elegans 

(Moss EG, 1997) and is now known to be an important regulator of let-7 

biogenesis across species, promoting stem cell fates, most likely through 

negative regulation of let-7 (Bussing et al., 2008; Roush SF, 2009; 

Viswanathan SR, 2008) . Our findings have demonstrated that the LIN-28 

protein co-transcriptionally regulates the let-7 nascent transcript to block 

Drosha processing and abrogate expression of the mature miRNA in C. 

elegans during the first two larval stages (Van Wynsberghe et al., 2011). In 

human embryonic cells, LIN-28 binds both primary and precursor endogenous 

let-7, suggesting regulation at multiple steps in these cells (Van Wynsberghe 

et al., 2011). Only when LIN-28 negative regulation is relieved, after LIN-28 

protein levels decline due to negative regulation of the lin-28 mRNA by the lin-

4 miRNA, that biogenesis of let-7 can proceed. Co-transcriptional regulation of 

let-7 assures tight regulation of nascent primary let-7 transcripts.  

However, our research has also raised several questions. For example, 

Why make pri-let-7 that requires negative post-transcriptional regulation? 

Since mature let-7 isn’t expressed until L3, and primary let-7 is expressed in 

early L1, post-transcriptional regulatory mechanisms must negatively regulate 

biogenesis. But why create a primary let-7 transcript that requires resources to 

negatively regulate? This question becomes even more relevant when we 
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consider that misregulation of the let-7 miRNA can be lethal to the cell. Again, 

it is possible that specific cell types do not express LIN-28, or down-regulate 

levels, so that let-7 can be expressed before L3 in undetectable levels. 

Considering that some cell types in C. elegans, such as neurons, do fully 

differentiate before L3, this hypothesis seems possible.   

Another question is, How is the primary let-7 transcript degraded after 

LIN-28 binding? When we began detecting primary let-7 transcript using 

Agarose northern analysis, we were somewhat surprised to find that they were 

so readily detectable. Generally, nascent transcripts have a high turnover rate, 

and are used or degraded before they can be detected. So why is primary let-

7, which is subject to post-transcriptional negative regulation, detectable? Why 

would the cell allow these transcripts to persist? We can see in wildtype 

animals that, eventually, all three transcripts decline to undetectable levels 

before the next pulse of transcription. However, though we tested NMD 

factors, we were unable to determine the mechanism for this downregulation. 

So, what pathway does LIN-28 use to degrade primary let-7 transcripts? 

Because the levels of GFP mRNA transcripts from my plet-7B::GFP reporter 

decline with endogenous primary let-7—and the promoter is the only region of 

that gene included in reporter—perhaps there is an undiscovered motif in the 

promoter of the let-7 gene that signals degradation of let-7 primary transcripts, 

and they accumulate because of the low efficiency of an unnamed 

degradation pathway, or these transcripts accumulate simply because let-7 
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transcripts are unusually abundant. All seem possible, and offer an intriguing 

new direction for scientific inquiry. 

Defining a novel paradigm of miRNA biogenesis, together with Dimitrios 

G. Zisoulis, we found that C. elegans Argonaute, ALG-1, binds to a specific 

site at the 3’ end of the let-7 miRNA primary transcripts and functions to 

promote processing of the let-7 miRNA. Moreover, we have discovered that 

this regulation requires the mature let-7 miRNA in the miRISC complex in 

order to bind and promote it’s own biogenesis.  This effectively creates an 

auto-regulatory positive feedback loop of let-7 biogenesis. In addition, we 

showed that association of ALG-1 to primary transcripts requires the nuclear 

transport factor Exportin-1 (XPO-1) and that the interaction also occurs in 

human cells.  

Again, these results raised several intriguing questions. For example, Why is 

the SL1 transcript preferred for processing? We found that that the SL1 

isoform of primary let-7 is the preferred transcript for processing to the 

precursor form (Van Wynsberghe et al., 2011)(Figure 4.2). In a lin-28(n719) 

mutant, primary let-7 levels are much lower than wildtype in all stages 

detected as they are quickly processed into precursor (Van Wynsberghe et al., 

2011). However, in the first pulse of transcription, it is only the SL1 isoform 

that is decreased. In this case, the SL1 isoform is clearly preferred for 

processing of primary transcripts to the precursor. In addition, when I deleted 

the ALG-1 binding site in the 3’ end of primary let-7 transcripts, biogenesis 

was impaired and the SL1 isoform accumulated more than the A or B 



 

 
 

84 

 

transcript (Figure 4.2). Taken together, it seems possible that the 

splicesosome is somehow coupled to let-7 biogenesis, and perhaps 

biogenesis of all trans-spliced primary miRNA transcripts.   

Is some precursor and mature produced in transgenics expressing 

∆ALG-1 primary transcripts? Our studies suggest that the SL1 spliced form is 

preferred for processing, and that this processing is compromised when ALG-

1 cannot bond. It is also possible that the other A and B transcripts can also 

produce detectable levels of mature let-7 miRNA. Again, if multiple species of 

primary let-7 can produce maturelet-7, it may be because of the tissue specific 

expression of let-7: the SL1 form is used in specific cell types, while the A and 

B forms are used in other cell types. Or, perhaps it’s a redundancy built into 

the system, if the splicesosome or some other SL1 processing factor is not 

available, then the cell still has some amount of mature let-7 miRNA available. 

Or, it is also possible that the SL1 isoform is the only primary let-7 transcript 

processed into mature let-7. Regardless, our results show that ALG-1 binding 

to primary transcripts is necessary for animals to express wildtype levels of 

mature let-7 miRNA. 

Why is let-7 the only primary miRNA binding ALG-1? 

The first challenge in detecting other primary miRNA transcripts is that 

most of them have not been adequately mapped. Zisoulis tested several 

different miRNA primary transcripts and found that none of them reproducibly 

bound to the ALG-1 protein. This suggests that either the association of ALG-1 

with these transcripts is transitory and therefore more difficult to detect, or that 
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let-7 may be the only miRNA to participate in ALG-1 assisted biogenesis from 

primary to precursor. Considering the high conservation and abundance of the 

mature let-7 molecule, it seems possible that this auto-regulatory feedback 

loop evolved for let-7 alone. However, considering that Zisoulis was looking for 

primary miRNAs bound to ALG-1 at one time point, and that more miRNA 

primary transcripts will be mapped, I predict that we will find that ALG-1 assists 

in the biogenesis of many more miRNAs as well.  

Taken together, these results have uncovered novel insights and 

paradigms in transcriptional and post-transcriptional regulation of let-7 

biogenesis. The complex process of let-7 miRNA maturation is regulated 

transcriptionally in a tissue specific manner, and specific and highly conserved 

proteins regulate each step of post-transcriptional processing. Understanding 

the tissue specific transcriptional cues, and post regulatory mechanisms of this 

important miRNA, not only serves to offer insights into regulation of cell fates 

in C. elegans, but also could possibly lead to therapeutic insights in human 

disease.  

 

Future Directions 

The next steps of investigation for the biogenesis of let-7 hold great 

promise for discovery. Though there are many different avenues to pursue, 

I’ve outlined here some of the most obvious and intriguing questions. 

o What is the repressive element, or missing activator, preventing 

transcription of let-7 during embryogenesis? 
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o What is the molting transcription factor, or combination of molting 

factor proteins, that regulate transcription of let-7? 

o What is the fate of primary transcripts that are not used for 

processing? 

o Are other primary miRNA transcripts bound and regulated by 

ALG-1? 
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Chapter Six 

Experimental Procedures 

Worm lines 

C. elegans animals were grown to the gravid adult stage on OP50 

bacteria without starving or crowding. This is especially important when trying 

to detect the dynamic cycling expression of pri-let-7: if the animals starve or 

crowd, pri-let-7 levels increase and fail to oscillate. Gravid adults were 

synchronized by standard methods. In short, animals were washed into 15 ml 

conical, pelleted and 10ml of bleach solution added (7 mL ddH20, 2 mL 

Hypochlorite, 1 mL 5M KOH, and agitated vigorously until all parents 

completely disintegrated, no longer than 7 minutes. The eggs were rocked 

over night in M9 media at 25°C and the starved L1 worms plated at time zero. 

All animals in my experiments were cultured at 25°C and collected at the 

indicated time points. 

 

RNA extraction 

Animals were collected at the indicated time points by washing into 15 

mL conical, rinsed 3 times, then pelleted and transferred to a 1.5 mL micro 

centrifuge conical and pelleted again for 2 minutes at high speed. Immediately 

after the supernatant was removed, the pellet was frozen on dry ice and 

ethanol and then stored at -80°C, if necessary. RNA was extracted from whole 

animals lysates, using Trizol extraction methods (Bracht et al., 2004). In this, 

100 uL of Trizol was added to the frozen pellet, while all other pellets were 
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kept frozen on dry ice, and then homogenized until no particulates remained, 

then for one minute longer. I added 800 uL of Trizol to the homogenized pellet 

and let sit for at least 3 minutes. I added 220 uL of Chloroform:Isoamyl alcohol 

1:24, mixed by hand for 15 seconds, then centrifuged at high speed, at 4°C, 

for 15 minutes. The aqueous layer was isolated, always being careful to avoid 

the meniscus by a large margin, and ~1 mL of isoproponal and 20 ug of 

glycogen were added. This was kept at -20°C at least one hour, then 

centrifuged at 4°C for 15 minutes. To clean and dry the pellet, the isoproponal 

was dumped from the tube and ~1 mL of 4°C 75% ethanol in DEPC water 

added, then centrifuged at high speed again at 4°C for 5 minutes. The ethanol 

was dumped from the tube, then the tube pulsed down and a 200 mL pipette 

used to remove the remaining ethanol. The pellet was allowed to dry at room 

temperature for exactly 10 minutes, then 200 uL of 65°C DEPC water added. 

At this point, it was always important to make sure that the RNA pellet—which 

is often clear—completely dissolved. To that end, I always pipette the 200 uL 

up and down three times, drawing from the very bottom of the tube. If the 

liquid moved easily, then the pellet was dissolved. If not, I put it at 65°C for no 

more than 10 minutes. 

Next I added 220 uL of phenol:choloform:isoamyl alcohol, vortexed 

briefly, then centrifuged for 10 minutes at room temperature. I removed the 

aqueous layer, added 220 uL of chlorform:isoamyl alcohol then centrifuged at 

high speed for 5 minutes. I removed the aqueous layer, added 1 mL of 
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isoproponal and 20 ug of glycogen, and put it at -20°C for at least one hour. 

The pellet was cleaned and dried the same way as described above, except 

that the final volume of DEPC added was 30 uL.  

   

PAGE and Agarose Northern analysis 

PAGE analysis was used for precursor and mature miRNA detection. 

For all PAGE Northerns, an 11% solution was poured to make a 1.5 mm thick 

gel. All reagents for the gel were from National Diagnostics.  

For a 10 x 10 glass plate and 1.5 mM spacer: 

6.97 mL Sequa gel Concentrate 

6.53 mL diluent 

1.5 mL buffer 

135 uL 10% APS 

6 uL TEMED 

Allow to polymerize ~1 hour, pre-run with 0.5X TBE running buffer (5.4 

g Tris base, 2.75 g Boric acid, 20 mL .05M EDTA in 1 liter) for 30 minutes at 

150 volts. 

10-20 ug of RNA in each sample were prepared by adding 1X (1 uL for 

every ug of RNA) Formamide dye (20 uL .5M EDTA, 800 uL 100% deionized 

formamide, 100 uL of 10mg/ml xylene cynol and bromophenol blue dye mix in 

1 mL). The samples heated at 65°C for 10 minutes, pulsed in the centrifuge 

then placed on ice while I rinsed the wells of the gel. The gel was run at 150V 

until bromophenol blue dye was at the bottom of the gel. 
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When the gel finished running, the plates were disassembled, and the 

gel transferred to 0.5 ug/mL Ethidum bromide solution in 0.5X TBE for 5-10 

minutes with gentle shaking. A transilluminator was used to take pictures of 

the stained rRNA before loading the gel onto the transfer apparatus. 

In the transfer cassette, from the black side of the case to the red, I 

used a sponge pad wetted in 0.5X TBE, 1 sheet of Whatman paper, the gel, a 

Zeta-Probe GT 162-0194, BIORAD nitrocellulose me membrane presoaked in 

water then 0.5X TBE, and one sheet of whatman paper. At this point, it was 

important to use a sterile pipette to roll all the bubbles out of the stack before 

loading the last wetted sponge. The cassette was closed, loaded into the 

transfer tank, and 0.5X TBE added to cover the top of the cassette. The TBE 

was stirred slowly in a cold room for a 2-hour transfer at 200mAmps.  

Once transferred, the membrane was cross-linked, RNA side up, in a 

UV 1800 STRATAGENE at 1200microJ x 100 on auto setting. The membrane 

was then rinsed in ddH20 then sandwiched between two dry Whatman papers 

and dried at -80°C for 30 minutes to 1 hour. Prehybridization Solution 

12.5 mL 20X SSC (175.3 g NaCl + 88.2g sodium citrate/L pH to 7.0 and 

filter sterilize) (5X f.c.) 

17.5 mL 20% SDS (200g SDS/L, pH 7.2, filter sterilize) (7% f.c.) 

18 mL ddH20 

1 mL 1M sodium phosphate (31.6 mL 1M NaH2PO4.H20 = 68.4 ML 1M 

NA2HPO4.8H20) (0.02M f.c.) 
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1 mL 50X Denhardt’s (5g Ficoll + 5g polyvinylpyrrolidone + 5g BSA in 

500 mL. Heat and stir to dissolve, then filter sterilize, aliquot in 40 mL and 

store at -20°C) (1X f.c.) 

Place prehybridization solution at 50°C and use only once it has reach 

temperature. 

Boil 500 uL of 10 mg/mL sheared salmon sperm for 5 minutes. Wet 

membrane in 2X SSC, sandwich between 2 Whatman, ease into seal a meal 

bag, then remove Whatman. Add the salmon sperm to the prehybridization 

mix, NOT directly to the membrane, then add the prehybridization to the bag 

and seal. Place the membrane RNA side face down, making sure there are no 

bubbles on that side, and set the oven to gently shake for at least 4 hours, but 

no more than 24. 

PAGE Northern Kinase Probe  

2 uL DNA at 250 ng/ul 

5 uL 10X buffer 

15 uL γ32P ATP 6000ci/mmol 

26 uL H20 

2 uL T4 polynucleotide kinase 

Heat at 37ºC for 45-60 minutes. Heat at 65ºC for 10 minutes to kill the 

reaction. 

Boil 500 uL of 10 mg/mL sheared salmon sperm for 5 minutes, then add 

it directly to the probe. Add the salmon sperm/ probe solution to 50 mL of 

prehybridization. Cut a corner of the seal a meal bag and empty the 
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prehybridization solution out, remove all the bubbles, and use a filter pipette to 

add the probe solution to the membrane. Place the membrane RNA face 

down, being sure there are no bubbles on that side, and gently shake at 50ºC 

over night. 

All PAGE northern probes for miRNAs used Starfire oligos and 

protocols, which can be found on the http//www.idtdna.com website. 

First Wash Solution 

30 mL of 20X SSC (3X f.c.) 

40 mL of 50X Denhardts (10X f.c.) 

50 mL 20% SDS (5% f.c.) 

5 mL 1 M Sodium Phosphate (0.025M f.c.) 

75 mL ddH20 

Warm to 50ºC 

 

Second Wash Solution 

180 mL ddH20 

10 mL 20X SSC 

10 mL 20% SDS 

 

Cut a corner of the seal a meal bag and pour probe into a 50 mL 

conical. It can be stored at -20ºC and reused). Cut open the rest of the bag 

and place the membrane in a tray containing 100 mL of the first wash solution. 

Gently rock at 50ºC for 15 minutes. Pour off liquid in safe container, then add 
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remaining first wash solution, making sure not to pour directly onto the 

membrane but onto the sides of the tray. Gently rock for 10 minutes at 50ºC. 

Pour off the wash solution into a safe container, add the second wash solution 

and gently rock at 50ºC for 10 minutes. 

Monitor the blot and, if the signal seems localized, wrap it in saran wrap 

and expose to film or phosphoimage screen. If the signal is not localized, wash 

in the second wash solution for not more than 30 more minutes. 

After desired exposure, strip the membrane by shaking in boiling water 

and 0.05% SDS for 10 minutes, two times. Store in saran wrap at 4ºC.  

Agarose Northern analysis was used for primary miRNA detection. For 

this, I used a 1% Agarose MOPS gel in all experiments.  

Running Buffer 

64 mL 0.5M MOPS (40 mM) 

32 mL 0.5M EDTA (2 mM) 

732.8 mL ddH20 

The gel was prepared by adding 1g of Agarose to each 100 mL of 

running buffer needed, heating in the microwave to dissolve Agarose, and 

then adding 2 uL of 10 mg/mL EtBr. 

Total RNA, 10-20 ug, was added to 15 uL running buffer and 5 uL of 

formaldehyde. The solution was heated 10 minutes at 65ºC, then 6 uL of 6x 

load dye added (300 uL 100% glycerol + 25 uL 10% bromophenol blue and 

xylene cynol dye + 675 uL DEPC). After heating, the solution was pulsed 
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down at high speed, then put on ice. After loading the gel was run at 80V, for a 

standard sized gel, for 2 - 2.5 hours.  

After running, the gel was photographed in a transilluminator to assure 

there was not RNA degradation, then the wells cut off with a clean razor blade.  

The gel was rinsed in ddH20 while the transfer apparatus was set up.  

In a Pyrex baking dish, the plastic casting tray was placed upside down, 

and the following stacked on top in this order: 2 sheets Whatman paper (long 

enough to wick water from the bottom of the Pyrex dish), one piece of 

Whatman the size of the gel, the gel bottom side up, the nitrocellulose 

membrane, 2 pieces of Whatman paper. The dish was filled to the bottom of 

the tray and the stack wetted with 10X SSC, then the bubbles carefully rolled 

out of the stack. A 10-15 cm stack of paper towels, cut to the size of the 

membrane and gel, was placed on top of the stack and weighted evenly on 

top. Transfer was allowed to proceed over night. Once transferred, the blot 

was cross linked (same as the PAGE gel protocol) then rinsed in 6X SSC for 2 

minutes.  

For an Agarose northern, the prehybe, wash and stripping protocols are 

the same as the PAGE northern, except that the oven must be at 58ºC rather 

than 50ºC.  

Agarose Northern Hybridization 

Prime-It II Primer Labeling Kit (Stratagene, #300385) 

1 uL 25 ng/uL gel purified PCR product (500-1500 bp) 

23 uL DEPC H20 
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10 uL random oligo primers 

Boil for 5 minutes in a screw cap tube, then pulse down at high speed in 

a centrifuge. 

Add: 10 uL 5X –dATP buffer 

5 uL α32P d ATP (3000 ci/mmol) 

1 uL Exo(-) Klenow (5U/uL) 

Incubate at 37ºC for 10 minutes. 

Boil 500 uL of 10 ug/uL sheered salmon sperm for 5 minutes, then add 

directly to the probe mix. Add the probe to 50 mL of prehybe, then add the 

solution to the seal a meal bag. 

  

RT-PCR 

RNA was extracted using standard Trizol method as described above, 

then 15 ug of RNA was DNAse treated for 1 hour.  

5 uL RQ1 DNase (Promega) 

20 uL RQ1 DNase Buffer 10 X 

175 uL total RNA (with added DEPC) 

The RNA was extracted, as described above, starting with 220 uL 

chloroform:isoamyl alcohol 1:24, except that in the last resuspension of 30 uL, 

it is important to use ddH20 rather than DEPC with can interfere with the RT 

reaction. 
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Reverse transcription reaction (Invitrogen reagents): 

2.5-5ug of total RNA can be used in a "full size" reaction.   Cut in half all 

reagents for 1-2ug total RNA samples.   

 

1. 1ul of 250ng/ul random hexamer primers 

1ul 10mM dNTP mixture 

RNA 

_______________ 

total volume 12ul 

Incubate at  65C for 5 minutes, then ice for 1 minute. 

2. Combine:  4ul 5X Buffer 

   2ul .1M DTT 

   1ul water (or RNase inhibitor) 

   _______________ 

   19ul 

Incubate at 42ºC for 2 minutes, then add 1uL RT enzyme to “+RT” 

samples or 1uL H2O to “-RT” samples and incubate at 25ºC 10 minutes, 42ºC 

50 minutes, 70ºC 15 minutes. 

 

3. Add 1uL RNaseH, incubate at 37ºC for 30 minutes and store at -20C 
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Taqman Small RNA assays, with a custom-made RT primer, were used 

for quantification of mature let-7 miRNA containing the point mutation from the 

let-7(n2853) strain (Applied Biosystems). 

 

RIP analysis 

RNA Immunoprecipitation assays in C. elegans were performed with a 

custom polyclonal anti-ALG-1 (Open Biosystems) or control IgG (Caltag 

Laboratories) antibodies. In HeLa cells, a Ago-specific 4F9 antibody (sc-

53521, Santa Cruz) was used as described previously (Hendrickson et al., 

2008; Van Wynsberghe et al., 2011).  

 

Reporter lines 

The let-7::GFP constructs were injected into pha-1(e2123) animals: the 

let-7::GFP constructs 50 ng/µl; pha-1 rescue construct at 50 ng/µl; and 

luciferase, over digested by HindIII, at 50 ng/µl. Rescue constructs were 

injected and integrated as previously described (Frøkjaer-Jensen C, 2008), 

and then crossed into let-7(mn112) animals and genotyped. At least 100 

animals were scored for each construct. Staging of animals was done by 

gonad development. 

 

Plasmid Constructs 

All GFP constructs were made using a GFP vector construct from Dr. 

Shaun Hunter (pSEH33). pSEH33 contains three NLS repeats, four GFP 
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exons separated by SV40 introns, followed by 430 nt of the let-858 3’ UTR. 

The let-7 promoter was amplified from genomic DNA using A632 forward with 

A607 or A608 reverse, to create plet-7A::GFP and plet-7B::GFP, respectively. 

The PCR fragments and pSEH33 were digested with KpnI and HindIII, and 

then pSEH33 was CIP treated for one hour, and gel purified before being 

ligated together with either PCR product. 

To create the ΔTREpAEP19 rescue construct, we sequentially digested 

the let-7 rescue fragment (pAEP19) with NheI and BstEII, blunt ended with 

Klenow, and then self-ligated (Johnson et al., 2003). The ΔTREplet-7B::GFP 

reporter was made by amplifying the ΔTREpAEP19 construct with primers 

A632 and A608. The PCR fragments and ΔTREpAEP19 construct were 

digested with KpnI and HindIII, and then the ΔTREpAEP19 construct was CIP 

treated for one hour, and then gel purified before being ligated together with 

the PCR product.  

The ΔLRE and the ΔTRE ΔLRE double deletion constructs were made 

using primers A632 and A2252 with constructs: pAEP19 or ΔTREpAEP19 for 

the rescue constructs, and plet-7B::GFP or ΔLREplet-7B::GFP for the GFP 

reporters. The ΔLRE PCR products, as well as the constructs, were digested 

with SacII and HindIII overnight. Each construct was CIP treated for one hour, 

gel purified, and then ligated with a ΔLRE PCR product.  

To create construct 4 (Fig. 2.6), pAEP19 was digested with NheI and 

KpnI, blunt ended with Klenow, and then self-ligated. This construct was then 
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amplified with primers A632 and A608 and the resulting PCR fragments were 

digested with KpnI and HindIII with the plet-7B::GFP construct. The plet-

7B::GFP construct was CIP treated for one hour, and then gel purified before 

ligation with the PCR product.   

Construct 5 (Fig. 2.6) was created by digesting plet-7B::GFP with 

EcoRV and HindIII, blunt ending with Klenow, and then self-ligating. Construct 

6 (Fig. 2.6) was made by digesting plet-7B::GFP with  EcoRV and BstEII, blunt 

ending with Klenow, and then self-ligating.  

To make the mos-SCI rescue constructs, each rescue construct was 

amplified with primers A1347 and A1650, which flank each side of the rescue 

sequence on the pAEP19 construct. The PCR product and mos-SCI vector 

CFJ151 were digested with SpeI and XhoI overnight. CFJ151 was CIP treated 

for one hour before ligation with a PCR product.  

 

RNAi Screen 

For 1st generation RNAi, C. elegans were grown at 25°C and 

synchronized using standard hypochlorite treatment. At time zero, starved L1 

animals were plated on bacteria expressing either gene specific RNAi or an 

empty vector, and then collected at different time points. For 2nd generation 

RNAi, animals were allowed to mature on RNAi plates until gravid. Then they 

were synchronized again and, at time zero, the starved L1s plated on bacteria 

expressing the same RNAi as their parents, and then collected at the desired 

time points. 
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Table 3.1: Oligonucleotide sequences 
Plasmid Constructs 
Name  Sequence (5’ – 3’) Description 
A607 ACTGAGggtacCAA

ACGGCTGCACGA
ATGAAGAGG 

plet-7A::GFP reverse with KpnI site (lower 
case) 

A608 ACTGAGggtacCAA
ACCGCTGCTAGGT
GGGCTACTC 

plet-7B::GFP reverse with Kpn1 site (lower 
case) 

A632 ACTGAGaagcttCTC
CCTCTTTTAAGCC
TG 

let-7 forward with HindIII site (lower case) 

A2252 AccgcggGAGAGAG
TGGTCAGTGCACA
C 

∆LRE plet-7B::GFP reverse with SacII site 
(lower case) 

A1347 ACTACGTGAACCA
ctcgagTCACCCTAA
TCAAGTTTTTTGG
GG 

pAEP19 forward with XhoI site (lower case) 
for mos-SC1 rescue constructs  

A1650 CCGGCTCGTATGT
TGTGTGGAA 

pAEP19 reverse for mos-SCI rescue 
constructs  

Agarose Northern Analysis 
Name Construct Description 
A92 gaatttaatcgggtgtcac

gcagtg 
pri-let-7 forward 

 A605 ACGTACGTACGTA
GTCGACCTGATGC
GCTTCTCATATAT
GAAC 

pri-let-7 reverse 

 A189 TGTGTGGACAGGT
AATGGTTG 

GFP mRNA forward 

 A888 ataaaggatcccatgagt
aaaggagaagaactt 

GFP mRNA reverse 

 A2168 GGACAAACTACGT
GGTAAACGTGT 

mlt-8 forward 

 A2169 CGATTGAAGTGGT
CCAAAGAAGGATT 

mlt-8 reverse 

 
Designation Sequence Target 
A2013 
A76 

CAAGCAGGCGATTGGTGGA 
TGAGAGCAAGACGACGCAGCTTCG 

pri-let-7 

A2319 CGACACGCATGTTGGAGTAGT pri-let-7 (WT) 
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A2320 CTAATTATCAAGAGCAAGTTCAAATG 
Table 3.1: Oligonucleotide sequences (continued) 
A2289 
A2500 

GCTAGTCTTCACCAACCTATTT 
CTAATTATCAAGAGCAAGTTCAAATG 

pri-let-7 (Δalg-1) 

A810 
A2144 

GTGTTCCCATCCATTGTCGGAAGAC 
GTGAGGAGGACTGGGTGCTCTT 

actin (act-1) 

A582 
A1549 

GCACATCAAAGCTGGCTGTGATATGA 
CCTCTTCGTATTTTATTCTTCGCTAC 

pri-mir-2 

A2013 
A42 

CAAGCAGGCGATTGGTGGA 
GACGCAGCTTCGAAGAGTTCTGTC 

Three isoforms of 
pri-let-7 

A2290 
A76 

GGTGGACGGTCTACACTGTGGAT 
TGAGAGCAAGACGACGCAGCTTCG 

Three isoforms of 
pri-let-7 

A2016 
A42 

GTCTAATTTAACAACAAGTACTAATCC
ATT 
GACGCAGCTTCGAAGAGTTCTGTC 

pri-let-7 A & B 
isoforms  

A90 
A42 

GAAAAACAAAGAGGTGAAAGTAAGAG
GAGG 
GACGCAGCTTCGAAGAGTTCTGTC 

pri-let-7 SL1- 
spliced isoform 

A2145 
A839 

GCAGACACCCTTTCCGGATAGA 
GCGTACGGCTCATTAGAGCAGATATC
AC 

18S rRNA 
 

A2563 
A2564 

CCCTTTGGGGTGAGGTAGTAG 
CAGATATTACAGCCACTTCAGGAAA 

hsa-pri-let-7a-3 

A2575 
A2576 

GGCTGAAGATGGACACTGGT 
GAAGAAAACATTGCTCTATCAGAGTG 

hsa-pri-let-7f-1 

A2326 
A2327 

GGTAAACCTCAAATTATACCATTTTTT
TCG 
CCTAGCTATCCTTGATTTCGCTGGAA 

hsa-pri-let-7i 

A2561 
A2562 

TGTTTAGTGCAAGACCCAAGG 
GACTGCATGCTCCCAGGT 

hsa-pri-let-7a-2 

A2324 
A2325 

GTTCCTCCAGCGCTCCGTT 
CCATTACCTGGTTTCCCAGAGA 

hsa-pri-let-7g 

A2287 
A2288 

GATTCCTTTTCACCATTCACCCTGGA
TGTT 
TTTCTATCAGACCGCCTGGATGCAGA
CTTT 

hsa-pri-let-7a-1 

A62 
A63 

GGCTCCATGGATACATTACTCAACAG 
GGATCATCAATCAAGTGTGCACTG 

pri-let-7 
(Northern) 

A1306 CACCGGTGGTAATATTCCAAACTATA
CAACCTA 

pre-let-7 
(Northern) 

A1114 
starfire 

AACTATACAACCTACTACCTCA mature let-7 
(Northern) 

A839 
A840 

GCGTACGGCTCATTAGAGCAGATATC
AC 

18S 
(Northern) 
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GGTCAGAACTAGGGCGGTATCTAATC 
Table 3.1: Oligonucleotide sequences (continued) 
A479 
A480 

GTTATAAAAATGATTCACATGTTTGGG 
GAACCAGACGTACCAACTGGAGGCC
C  

5.8S 
(Northern) 

A2071 
starfire 

TGCCGTACTGAACGATCTCA pre- and mature 
mir-58 
(Northern) 

A1356 
starfire 

GCACATCAA AGCTGGCTGTGATA pre- and mature 
mir-2 
(Northern) 

A2505 
starfire 

CATACCACTTTGTACAACCAAAGA pre- and mature 
mir-244 
(Northern) 

A2468 
A2469 

AGCGTGCTGGGCCCATAAC 
TAGCAGCGAGTGGTTTCGATC 

tRNAiMet 

A123 
A1313 
A1314 
A1316 
A1347 
 
A1650 

atgcatcgccggcgatgagtagcccacctagcag 
GTCTTCACCAACCTATTTTTTTTAAAT
TCTTCA 
AAAAATAGGTTGGTGAAGACTAGCAA
TTGGAACT 
CCTTTTTACGGTTCCTGGCCTT 
ACtacgtgAACCActcgagTCACCCTAATC 
AAGTTTTTTGGGG 
CCGGCTCGTATGTTGTGTGGAA 

Deletion of the 
ALG-1 binding site 
in pri-let-7 to 
create the Dalg-1 
pri-let-7 transgene 
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