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EPIGRAPH

AUTONOMY

I am living without you because
of a terror, a farfetched
notion that I
can’t live without you

which I must narrow down & quell,
for how can I live
worthy of you, in the
freedom of your limber engagements,

in the casual uptakes of your
sweetest compliances
if stricken in your presence
by what your absence stills:

to have you, I school myself
to let you go; how terrible
to buy that absence
before the fragrance of any presence comes:

but though I am living without
you, surely
I can’t live
without you: the thought of

you hauls my heavy
body up,
floats me around,
gives my motions point, just the thought.

– A.R. Ammons
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ABSTRACT OF THE DISSERTATION

Beyond the seed: the identification of microRNA target sites in

Caenorhabditis elegans

by

James P. Broughton

Doctor of Philosophy in Biology

University of California, San Diego, 2016

Professor Amy Pasquinelli, Chair

MicroRNAs (miRNA) are critical regulators of development, cell di�erentiation,

and the stress response. Mature miRNAs are small (~22 nucleotides) RNA molecules

that post-transcriptionally regulate their targets by acting as guides for Argonaute

(AGO) proteins. Despite the importance of these small RNAs in many pathways,

the rules of miRNA target site recognition remain unclear. Currently, nucleotides

2-8 of the miRNA, termed the �seed� sequence, are known to be critical for miRNA

targeting. However, it is unclear if families of miRNAs, which share the same seed

sequence, functionally target the same target sites. To improve our understanding of

xiv



miRNA targeting, I generated a unique and reproducible dataset through the ligation

of miRNAs to their target sites using individual nucleotide-resolution crosslinking

and immunoprecipitation (iCLIP) in the nematode worm Caenorhabditis elegans,

which is detailed in Chapter 2.

As reviewed in Chapter 3, these ligated RNAs, called miRNA-target chimeras,

provide biochemical evidence of which miRNAs are bound at a specific target site.

Chapter 4 details my analysis of these chimeric data. Interestingly, the majority of

miRNA target sites had the potential to support 3� end interactions. In contrast to my

prediction that these highly related miRNAs would bind the same sets of targets,

family members from multiple miRNA families primarily targeted specific sets of

transcripts. To confirm the importance of the 3� end in vivo, I carried out in vivo rescue

experiments that demonstrate that seed pairing is insu�cient to mediate targeting in

the absence of additional complementarity to nucleotides in the 3� end of the miRNA.

To confirm that 3� end interactions direct binding specificity, I developed a novel

method called ChimeraPCR (ChimP) that allowed for the detection of miRNA-target

chimeras without the need for analyzing sequencing datasets.

To understand the role of AGO proteins in regulating lifespan in C. elegans,

I generated several genetic tools, which are described in Chapter 5. These tools

facilitated studies of how the highly related AGO proteins, ALG-1 and ALG-2, have

opposing roles in controlling lifespan through the insulin-signaling pathway.

xv



Chapter 1

Introduction

1.1 The discovery and importance of miRNAs

MicroRNAs (miRNAs) are critical regulators of post-transcriptional gene ex-

pression. These small RNA molecules were initially discovered in the nematode

worm Caenorhabditis elegans as transcripts that regulated larval development, but

lacked the capability to code for a protein (Lee et al., 1993; Wightman et al., 1993).

Although larger noncoding RNAs (ncRNAs) such as ribosomal RNAs (rRNAs) or

transfer RNAs (tRNAs) were known to have essential roles in the cell, these ~22

nucleotide RNAs represented a new class of small, regulatory RNAs in eukaryotes.

Since the discovery of miRNAs in C. elegans, thousands of miRNAs have been re-

ported throughout the genomes of plants and animals. Currently, miRBase (release

21) contains over 28,000 entries, with over 1,800 annotated miRNAs in humans and

over 300 in C. elegans (Kozomara and Gri�ths-Jones, 2011).

MiRNA directed modulation of gene expression is essential for the regulation

of development, di�erentiation, and the control of cellular responses (Leung and

1
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Sharp, 2010; Reinhart et al., 2000; Sayed and Abdellatif, 2011). For example, the

first two miRNAs discovered, lin-4 and let-7, control developmental timing in C.

elegans (Reinhart et al., 2000; Wightman et al., 1993). The lin-4 miRNA regulates

the transition from the first to the second larval stage in C. elegans, whereas the

let-7 miRNA is important in regulating the transition from the last larval stage to

adulthood. A complete deletion of let-7 results in a lethal bursting phenotype due

to the misregulation of the lin-41 messenger RNA (mRNA) (Ecsedi et al., 2015;

Reinhart et al., 2000).

The perfect conservation of let-7 from C. elegans to humans underscores

the importance of these small RNA molecules in regulating cellular processes

(Pasquinelli et al., 2000). Interestingly, some of the targets of let-7 are conserved

from C. elegans to humans (Johnson et al., 2005; Kanamoto et al., 2006; Slack

et al., 2000). Similar to its role in regulating development timing in C. elegans,

in humans let-7 promotes cellular di�erentiation. In support of this role, let-7 is

highly expressed in di�erentiated cells, whereas in pluripotent stem cells it is lowly

expressed (Newman et al., 2008; Rybak et al., 2008; Viswanathan et al., 2008).

Furthermore, the inhibition of let-7 in di�erentiated cells can facilitate reprograming

to adopt a stem-like state (Worringer et al., 2014). Considering that many tumors

feature hallmarks of self-renewing cells, it is unsurprising that let-7 acts as a tumor-

suppressor and decreased let-7 expression is observed in many types of cancer

(Boyerinas et al., 2010).

Although largely associated with development and cellular di�erentiation,

miRNAs also regulate other cellular processes. For example, miR-80 and the miR-

229/miR-64 cluster in C. elegans have been shown to promote survival during heat
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stress (Nehammer et al., 2015). Other C. elegans miRNAs, such as miR-71 and

miR-238, promote longevity, and the loss of these miRNAs leads to shortened

lifespans (De Lencastre et al., 2010). The functional importance of these specific

miRNAs is likely related to their direct mRNA targets. Currently, these targets are

predicted based on changes in gene expression and complementarity between

the miRNA and the 3� untranslated region (3�UTR) of messenger RNAs (mRNAs).

However, these association-based approaches do not identify which mRNAs are

actually bound and regulated by a particular miRNA, leaving the possibility that

some putative targets may be misregulated due to indirect e�ects. Consequently,

the reliable identification of miRNA target sites remains an outstanding challenge

for understanding the functional role of miRNAs in many di�erent pathways.

1.2 miRNA biogenesis and function in C. elegans

The majority of miRNAs in C. elegans and other animals are initially tran-

scribed by RNA polymerase II (RNAP II) as long primary transcripts (Figure 1.1).

Similar to other RNA polymerase II transcripts, these primary miRNAs (pri-miRNAs)

are capped, polyadenylated (Cai et al., 2004), and in some cases undergo splicing

(Mondol et al., 2015). A prominent stem-loop secondary structure in the pri-miRNA

is cleaved by Drosha (DRSH-1), an RNase III enzyme, which forms the core of the

Microprocessor complex and is bound by two Partner-of-Drosha (PASH-1) proteins

(Kwon et al., 2016; Nguyen et al., 2015). DRSH-1 has been shown to bind the

base of the of the stem-loop and act as molecular ruler, whereas PASH-1 likely

recognizes motifs in the apical loop and enhances association of the Microprocessor
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to pri-miRNAs (Nguyen et al., 2015).

cytoplasm

nucleus

3’UTR AAAAAAAAA

passenger 
strand

target mRNA

miRNA duplexguide strand

precursor miRNA

primary miRNA

ALG-1/2

RNAP II

AAAAAAAA

ALG-1/2

XRN-1/2

ALG-1/2

DCR-1

DRSH-1

Microprocessor
complex

    

P
A

S
H

-1

Figure 1.1: Overview of miRNA biogenesis in C. elegans.

The product of DRSH-1 cleavage is a ~65 nucleotide precursor miRNA (pre-

miRNA). The pre-miRNA is then exported to the cytoplasm. In humans, pre-miRNA

nuclear export involves Exportin-5 (Bohnsack et al., 2004; Yi et al., 2003), but in C.

elegans there is no clear Exportin-5 homolog. However, a recent report has shown

that in exportin-5 deficient cells, miRNA biogenesis is not globally inhibited (Kim

et al., 2016). This suggests that there are other factors involved in the export of

pre-miRNAs from the nucleus.

Once in the cytoplasm, pre-miRNAs are recognized by another RNase III

enzyme, Dicer (DCR-1), which cleaves the pre-miRNA into two ~22 nucleotide

miRNAs (Ha and Kim, 2014). One strand of this miRNA duplex, known as the
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passenger strand, is degraded, whereas the other strand, termed the guide strand,

is loaded onto an Argonaute (AGO) protein.

AGOs are a family of RNA binding proteins found from bacteria to animals

(Meister, 2013). In general, AGOs bind small RNAs, which serve as guides to direct

AGO to other RNA molecules. AGO proteins contain four domains: N-terminal, PAZ,

MID, and PIWI. The 3� ends of small RNAs are bound by the PAZ domain, whereas

the 5� ends are located within a pocket in the MID domain (Jinek and Doudna, 2009).

The PIWI domain is similar in structure to a ribonuclease-H enzyme (Song et al.,

2004), and contains an active site that catalyzes the cleavage of nucleic acids (Jinek

and Doudna, 2009). The activation of this �slicing� activity of AGO generally requires

perfect complementarity between the target RNA and the small guide RNA.

In C. elegans, AGO proteins have undergone significant expansion and spec-

ification; in mammals there are eight AGO family proteins, whereas in C. elegans

there are 27 (Youngman and Claycomb, 2014). However, only two of these AGOs,

Argonaute-Like-Gene-1 and 2 (ALG-1 and ALG-2), are specifically involved in the C.

elegans miRNA pathway (Grishok et al., 2001). ALG-1 and ALG-2 are catalytically

active, have 88% identical amino acid sequences, and are thought to be the product

of a recent gene duplication event (Grishok et al., 2001; Tops et al., 2006). Despite

their similarity, ALG-1 has been proposed to be the primary miRNA e�ector in C.

elegans because mutations in or knockdown of alg-1 lead to more severe develop-

mental defects than is observed with loss of alg-2 (Grishok et al., 2001; Tops et al.,

2006; Vasquez-Rifo et al., 2012).

AGO proteins form the core of the miRNA-induced silencing complex

(miRISC). The guide strand miRNA directs miRISC to target RNAs through imper-
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fect base-pairing interactions (Pasquinelli, 2012). Once bound to a target RNA,

miRISC partners, such as ALG-1-Interacting-protein-1 and 2 (AIN-1/AIN-2) in C. ele-

gans (Zhang et al., 2007), direct the inhibition of translation or the destabilization of

the target RNA. Although some groups have suggested that inhibition of translation

occurs before mRNA degradation, (Bazzini et al., 2012), several comprehensive

studies have emphasized that mRNA destabilization is the most common regulatory

outcome in somatic tissues (Eichhorn et al., 2014; Subtelny et al., 2014).

1.3 Principles of miRNA targeting

Mature miRNAs bind target transcripts through imperfect base pairing inter-

actions, generally in the 3�UTR of mRNAs (Pasquinelli, 2012). Functional regulation

of a transcript can be achieved through as few as six base pair interactions between

the miRNA and the target RNA (Bartel, 2009; Nielsen et al., 2007). The limited

sequence space required for functional interactions makes the prediction of miRNA

targets computationally challenging.

However, early work by many labs revealed several key features of miRNA

targeting. For example, regions in 3�UTRs of regulated transcripts were found to

be complementary to nucleotides on the 5� end of the mature miRNA (Brennecke

et al., 2005; Grimson et al., 2007; Lee et al., 1993; Lewis et al., 2005, 2003; Moss

et al., 1997; Slack et al., 2000; Wightman et al., 1993). In addition, these same

sequences in the 5� end of miRNAs are conserved within and among species (Grad

et al., 2003; Lee and Ambros, 2001; Lim et al., 2003). These observations led to

establishment for the importance of nucleotides 2-8, termed the �seed� sequence,
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in miRNA target recognition (Figure 1.2). Subsequent experiments revealed that

seed complementary was a critical feature in functional miRNA targeting (Bartel,

2009). Structural studies have provided an explanation for the importance of the

seed sequence by revealing that these nucleotides are favorably positioned by the

AGO to initiate contacts with the target RNA (Elkayam et al., 2012; Nakanishi et al.,

2012; Schirle and MacRae, 2012).

GAGUCCC 
CUCAGGG 

AGUGUGAAC UC
CA 

GCUAGGUAUUUCUAC A 
5’ 

5’ 

3’ 

3’ 
seed G 

target RNA

miRNA

Figure 1.2: Diagram showing the location of the miRNA �seed� sequence.
Nucleotides 2-8 from the 5� end of the miRNA (shown in blue) are termed
the �seed� sequence. Perfect complementarity between the seed sequence
and nucleotides in the target RNA (shown in black) is an important feature
for identifying miRNA target sites. The AGO protein is shown in orange.

A variety of computational approaches have been used to predict miRNA

targets. One of the first algorithms used to identify miRNA targets, called TargetScan,

relied on conserved seed complementarity in 3�UTRs (Lewis et al., 2003). Alternative

approaches, such as calculating the predicted minimum free energy of binding

between miRNAs and regions of the 3�UTR, have also been used (Hammell et al.,

2008; Krek et al., 2005; Rehmsmeier et al., 2004). More recently, algorithms have

relied on the aggregation of data from multiple experiments and the calculation

of target RNA features, such as secondary structure (Agarwal et al., 2015). The

incorporation of secondary structure, target position, and other RNA features has



8

improved the accuracy of these prediction methods. Recently, the application

of machine learning algorithms on experimental datasets has identified features

important for miRNA targeting and helped to refine target prediction (Bandyopadhyay

et al., 2015). However, computational approaches to miRNA target prediction are

generally biased toward the discovery of sites that match canonical targeting motifs

(perfect seed complementarity) or genic locations (3�UTRs). As a consequence,

miRNA target prediction programs may miss targets that feature non-canonical

base pairing interactions, occur in 5�UTRs or coding regions, and miRNA-ncRNA

interactions (Figure 1.3A, B, and C).

GAGU CCU 
CUCA GGA 

AGUGUGAAC UC
CA 

GCUAGGUAUUUCUAC A 5’ 

5’ 

3’ 

3’ seed 

Non-canonical seed pairing 

G 

G 

Targeting outside of 3’UTRs 

AAAAAA

Assigning miRNAs to CLIP-sites 

? 
AAAAAA

Targeting of non-coding RNAs 

A B

C D

Figure 1.3: Challenges in the identification of miRNA targets. (A) Functional
targets can include those with non-canonical seed pairing interactions, such
as a 1 nucleotide bulge or mismatch in the seed or seed complement. (B)
Some miRNA target sites have been identified outside of the 3�UTR in
5�UTRs or coding regions of mRNAs. (C) miRNAs have been shown to
target non-coding RNAs such as pri-miRNAs or circRNAs. (D) CLIP-seq
and PAR-CLIP studies identify binding sites for Argonaute proteins, but do
not identify the specific miRNA that is responsible for a given interaction.

To determine whether predicted miRNA target sites are functional, a variety

of experimental approaches have been employed. For example, forward genetic
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screens allow for screening of suppressors or enhancers of phenotypes associated

with loss or mutation of miRNAs (Hipfner et al., 2002; Lee et al., 1993; Reinhart et al.,

2000). These screens led to the discovery of some of the earliest miRNA targets

and helped to establish the basics of miRNA target recognition. The application of

RNA interference (RNAi) to knockdown the expression of specific genes has also

been applied to identify or confirm miRNA targets (Hunter et al., 2013; Jovanovic

et al., 2010). Global methods, such as stable isotope labeling with amino acids

in cell culture (SILAC) (Baek et al., 2008; Jovanovic et al., 2010; Selbach et al.,

2008; Subasic et al., 2015; Vinther et al., 2006), and ribosome profiling (Bazzini

et al., 2012; Guo et al., 2010) allow groups to analyze translation of miRNA targets.

Methods that look at the abundance of mRNAs, such as microarrays (Grimson

et al., 2007; Hristova et al., 2005) and RNA-seq (Eichhorn et al., 2014), have also

been used to identify functional miRNA targets. However, similar to computational

approaches, these methods are often limited by a reliance on the selection of target

candidates based on previously established rules for miRNA targeting.

To address the limitations of these computational and experimental ap-

proaches, several groups turned to crosslinking immunoprecipitation and sequencing

(CLIP-seq) and photoactivatable-ribonucleoside-enhanced CLIP (PAR-CLIP) to iden-

tify AGO binding sites (Chi et al., 2009; Hafner et al., 2010; Zisoulis et al., 2010).

These studies provided highly detailed maps of miRNA target sites in a variety of

systems. In brief, CLIP-seq and other related protocols isolate the interaction sites

of RNA binding proteins by crosslinking the protein to RNA molecules using UV light,

digesting unprotected RNA, and immunoprecipitating the protein-RNA complex. The

bound RNA is reverse transcribed to cDNA and used to prepare sequencing libraries.
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By isolating protein-RNA interactions that occur in vivo, CLIP-seq reveals the miRNA

targeting landscape without many of the assumptions that limit other experimental

approaches. The data collected from AGO CLIP-seq and PAR-CLIP experiments

revealed new motifs of miRNA-target interactions (Chi et al., 2012), an abundance of

coding region target sites (Chi et al., 2009; Hafner et al., 2010; Zisoulis et al., 2010),

and interactions between noncoding RNAs and miRNAs (Zisoulis et al., 2012).

Despite the detailed maps of AGO binding sites generated from these studies,

CLIP-based methods are not able to readily di�erentiate between functional and

nonfunctional target sites. As a consequence, many CLIP-based experiments

are complemented by the analysis of RNA or protein levels. Another limitation of

CLIP-based methods is the ambiguity in which miRNA is responsible for a specific

interactions (Figure 1.3D). Although many AGO binding sites contain obvious seed

complementarity to a single miRNA, it is di�cult to determine which miRNA is

responsible for a given interaction for sites without seed complementarity or that

contain seed matches to multiple miRNAs (Chi et al., 2012). The classification of

AGO binding sites by seed complementarity is further complicated by the presence

of miRNA families, which share the same seed sequence. In humans ~60% and

in C. elegans ~40% of mature miRNAs belong to a miRNA family (Kozomara and

Gri�ths-Jones, 2011) and multiple miRNA family members can be expressed at

the same time (Kato et al., 2009; Lim et al., 2003). Although miRNA families are

thought to regulate overlapping sets of target RNAs due to the importance of the

seed sequence in target recognition, some studies have suggested that miRNA

families may have specific targets (Brennecke et al., 2005; Lin et al., 2003; Moore

et al., 2015).
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1.4 New tools to investigate miRNA targeting

In the past five years, several new methods and technologies have emerged

which have the potential to refine our understanding of miRNA targeting. For example,

the Ule lab developed individual-nucleotide resolution CLIP (iCLIP) (Konig et al.,

2011; König et al., 2010) to significantly increase the recovery of unique cDNA reads

and consequently the accuracy of identifying protein-RNA interactions. Similar to

CLIP-seq and PAR-CLIP, the iCLIP protocol begins with crosslinking protein to RNA

using UV light (Figure 1.4). RNA that is not protected by proteins is then digested

with an RNase, and the resulting protein-RNA complexes are immunoprecipitated. A

series of biochemical steps then prepare the isolated RNA molecules for ligation of a

linker that is recognized by oligonucleotides for reverse transcription. The increased

recovery of cDNAs in iCLIP is due to the inclusion of a step to circularize the cDNA

after reverse transcription (Figure 1.4). This circularization step allows the capture

of reverse transcription products that prematurely terminate at the crosslinking site,

as well as full-length cDNAs. The circularized product is then re-linearized to allow

for PCR amplification and sequencing. Comparison of CLIP-seq and iCLIP methods

has shown that iCLIP can capture up to 80% more unique cDNAs (Sugimoto et al.,

2012), thus making it an attractive method for identifying protein-RNA binding sites

across the transcriptome.

In addition to advances in the e�ciency of CLIP-like protocols, three groups

have developed methods which produce miRNA-target hybrid, or chimeric, reads.

These methods, such as crosslinking and sequencing of hybrids (CLASH), modified

in vivo PAR-CLIP (iPAR-CLIP), and covalent ligation of endogenous Argonaute-

bound RNAs CLIP (CLEAR-CLIP), add an intermolecular ligation step to standard
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Figure 1.4: Overview of steps involved in iCLIP to identify Argonaute binding
sites. See Chapter 2 for additional details.

CLIP-like methods to promote the ligation of the miRNA to its target RNA sequences

(Grosswendt et al., 2014; Helwak et al., 2013; Moore et al., 2015). Chimera producing

methods have the advantage of being able to unambiguously identify which miRNA

is responsible for a given interaction. Although methods that produce miRNA-target

chimeras o�er new insights into how miRNAs find and interact with their target RNAs,



13

these methods are generally ine�cient, with some methods generating chimeric

reads that account for only 0.2% of total sequencing library reads (Grosswendt et al.,

2014). These methods are also experimentally and computationally challenging

for many laboratories as they take a full-week to carry out, require the use of

radioactivity, and necessitate bioinformatics expertise for chimeric read identification.

In addition, some research groups may be not interested in the de novo discovery of

miRNA target sites transcriptome wide, and instead are interested in miRNA target

interactions for specific target transcripts.

Many investigations into miRNA targeting have been completed using trans-

genic reporters, over expressing miRNAs, or knocking out multiple miRNAs (Pas-

quinelli, 2012; Thomas et al., 2010). However, these approaches can alter the

stoichiometry between miRNAs and their targets (Mukherji et al., 2011), which may

lead to artificial examples of functional regulation. Recent advances in genome

editing technologies allow for the generation of double-strand breaks in DNA at

pre-selected loci. These double-strand breaks can be used to generate new mu-

tations or add tags to genes at their endogenous loci by taking advantage of DNA

repair mechanisms within the cell. For example, transcription activator-like e�ector

nucleases (TALENs) are proteins with nuclease activity that bind to pre-selected

DNA sequences based on the protein�s structure (Joung and Sander, 2013). An-

other method for genome editing utilizes the clustered regularly interspaced short

palindromic repeats (CRISPR)/Cas bacterial immune system. In its native context,

the CRISPR/Cas system directs cleavage of foreign DNA, allowing it to serve as a

defense against DNA viruses in bacteria (Marra�ni and Sontheimer, 2010). The

CRISPR/Cas system has proven to be particularly e�cient and easy to work with
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for making new alleles. The expression of the Cas9 RNA-binding nuclease with

an engineered single guide RNA (sgRNA) has been shown to direct double-strand

breaks in eukaryotic genomes (Jinek et al., 2012). Since the sequence of the

sgRNA, which provides the targeting specificity to Cas9, can be easily changed,

CRISPR/Cas9 genome editing is easily employed to generate new genetic tools and

make custom mutations in the endogenous context. For example, miRNA target

sites can be manipulated using CRISPR/Cas9 genome editing while maintaining the

stoichiometry between miRNAs and their targets. Furthermore, new tools to study

miRNA pathway genes can be rapidly developed.

By taking advantage of these improved methods and novel technologies,

I have been able to generate the highest-resolution map of miRNA targeting in

C. elegans to date, as detailed in Chapter 4. Specifically, I adapted and further

optimized the increased resolution and accuracy of iCLIP to identify AGO binding

sites in C. elegans (Broughton and Pasquinelli, 2013), described in Chapter 2.

Furthermore, I discovered that AGO iCLIP generates miRNA-target chimeric reads

at similar e�ciencies to methods that are specifically designed to produce these

reads. These chimeric reads are broadly discussed in Chapter 3. By analyzing over

150,000 miRNA-target chimeric reads, I found that the majority of miRNA target

sites have complementarity to the miRNA 3� end. These 3� end interaction appear

to a�ect miRNA-targeting specificity in the case of miRNA families, and these 3�

end interactions are important for assigning miRNA-targeting specificity in vivo. In

addition, I developed a novel method, called Chimera PCR (ChimP), which provides

evidence of miRNA-target RNA interactions without the requirement of analyzing

next-generation sequencing datasets. Finally, my work described in Chapter 5 has
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contributed to research on the roles of the highly related miRNA-pathway AGOs,

ALG-1 and ALG-2, in regulating the lifespan of C. elegans.



Chapter 2

Identifying Argonaute binding sites

in Caenorhabditis elegans using

iCLIP

2.1 Abstract

The identification of endogenous targets remains an important challenge in

understanding microRNA (miRNA) function. Past approaches using in silico methods

and reporter constructs lack biological context that may enhance or inhibit target

recognition. To address these limitations, several labs have utilized crosslinking and

immunoprecipitation (CLIP) of Argonaute (Ago) proteins to identify miRNA targets.

Recently, the Ule Lab introduced individual-nucleotide resolution CLIP (iCLIP) to

increase the sensitivity of identifying protein-RNA interaction sites. Here we adapt

the iCLIP protocol for use in Caenorhabditis elegans to identify endogenous sites

targeted by the worm Argonaute (ALG-1) primarily responsible for miRNA function.

16
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2.2 Introduction

In many eukaryotic organisms, small RNA molecules, known as microRNAs

(miRNAs), provide post-transcriptional control of gene expression through imperfect

binding to target RNAs. This flexibility in targeting allows each miRNA to potentially

regulate hundreds of di�erent transcripts in a range of pathways (Pasquinelli, 2012).

As a consequence of their broad regulatory potential, altered miRNA expression is

implicated in many diseases (Sayed and Abdellatif, 2011).

The majority of miRNA biogenesis begins with transcription of a primary-

miRNA (pri-miRNA) transcript by RNA polymerase (Finnegan and Pasquinelli, 2012).

This long, poly-adenylated transcript is capable of forming an imperfectly paired

stem-loop structure and is processed by Drosha and DGCR8/Pasha into a ~65

nucleotide (nt) long hairpin precursor-miRNA (pre-miRNA). Maturation of the miRNA

occurs after subsequent Dicer processing of the pre-miRNA into its final ~21 nt

form. Mature miRNAs are loaded onto an Argonaute (Ago) protein as part of the

miRNA Induced Silencing Complex (miRISC). Classically, miRNAs are thought to

help direct the miRISC to the 3’UTR of messenger RNAs (mRNAs), resulting in

a decrease in gene expression through mRNA destabilization and/or translational

repression (Pasquinelli, 2012). More recently, it has been shown that miRNAs can

target regions throughout mRNAs (Chi et al., 2009; Hafner et al., 2010; Zisoulis

et al., 2010) and non-coding RNAs (Zisoulis et al., 2012).

Over the past decade, one of the greatest challenges in the field has been

identifying miRNA target sites. Predicting targets is complicated by the limited

sequence information provided by miRNAs due to their small size and their ability

to function even when only a partial duplex is formed (Pasquinelli, 2012). In these
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cases, as few as 7 nts can provide functional targeting information to the miRISC

(Bartel, 2009). In silico approaches are often based on common motifs, such as

the "seed" sequence found in nucleotides 2-7 of the miRNA, and the propensity

for miRNAs to bind to the 3’UTR of messenger RNAs. However, these programs

often miss non-canonical target sites and have high rates of false positives, as the

presence of a binding site does not ensure regulation. Furthermore, there is little

consensus among miRNA target prediction programs. To address these problems,

several labs have utilized high-throughput sequencing following ultraviolet (UV)

crosslinking and immunoprecipitation (CLIP-seq or HITS-CLIP) and other similar

methods to identify Argonaute/miRNA binding sites (Chi et al., 2009; Hafner et al.,

2010; Kishore et al., 2011; Leung et al., 2011; Stark et al., 2012; Zisoulis et al., 2010).

In HITS-CLIP, target RNAs are identified by first crosslinking with UV light, which

generates a covalent bond between the protein of interest and the RNA. These

protein-RNA complexes are then immunoprecipitated. By subsequently adding

5’ and 3’ adapters and removing the protein through Proteinase K digestion, the

isolated target RNAs are reverse-transcribed, amplified, and identified through high-

throughput sequencing. These studies have revealed the prevalence of non-3’UTR

binding sites in target mRNAs (Chi et al., 2009; Hafner et al., 2010; Zisoulis et al.,

2010), new binding motifs (Chi et al., 2012), and have the potential to improve in

silico target prediction approaches.

Since its development, HITS-CLIP has become increasingly used for deter-

mining target sites for a range of RNA-binding proteins, particularly in the fields of

splicing and small RNA research. At first, miRNA target site identification was limited

to the size of the RNA fragment isolated after RNA trimming and immunoprecipitation.



19

However, analysis of sequencing data revealed that mutations and deletions occur

during generation of the cDNA library at the crosslinking site due to the presence of

an amino acid or short peptide that remains attached after Proteinase K treatment.

From these data it is possible to determine RNA-protein interaction locations with

increased resolution (Granneman et al., 2009; Zhang and Darnell, 2011). An adapta-

tion on HITS-CLIP, known as photoactivatable-ribonucleoside-enhanced (PAR)-CLIP,

uses photoreactive ribonucleoside analogs and UV-A light to increase crosslink e�-

ciency and the incidence of point mutations at the crosslinking site (Hafner et al.,

2010). However, PAR-CLIP requires tissues and cells to be pre-treated with the

photoreactive ribonucleoside analogs before crosslinking. This may result in toxic

e�ects (Lozzio and Wigler, 1971) that may alter endogenous conditions. Further-

more, primer extension studies and analysis of HITS-CLIP data have demonstrated

that a significant portion of reverse transcription products terminate at the site of

crosslinking (Sugimoto et al., 2012; Urlaub et al., 2002).

To address these problems the Ule Lab developed a new method known as

individual-nucleotide resolution CLIP (iCLIP) (König et al., 2010; Konig et al., 2011).

In brief, iCLIP is designed to isolate all cDNA products generated during reverse

transcription, including cDNAs that truncate at the crosslinking site. Additionally,

iCLIP uses barcoded primers during generation of the cDNA library to control for

PCR artifacts that may occur with library amplification (Wang et al., 2010). A recent

analysis of HITS-CLIP and iCLIP datasets has revealed that 80% of cDNAs truncate

at the crosslink site and are absent in HITS-CLIP data (Sugimoto et al., 2012).

This analysis also showed that the use of RNase I, which can cleave between any

ribonucleotide pairs, in iCLIP alleviates the bias in target site identification that results
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from the use of other enzymes during RNA trimming. These advantages allow iCLIP

to recover additional reads and provide increased confidence in the identification of

bona fide target sites.

As a complement to both HITS-CLIP and PAR-CLIP, which have been previ-

ously adapted for use in Caenorhabditis elegans (Jungkamp et al., 2011; Zisoulis

et al., 2010), we have developed a procedure to bring the advantages of the iCLIP

protocol (Konig et al., 2011) to C. elegans for the identification of Argonaute/miRNA

regulated RNAs (Figure 2.1). For this application C. elegans o�ers several advan-

tages: (1) Argonaute-like-gene 1 (ALG-1) is largely responsible for miRNA function,

(2) crosslinking in a living animal preserves ALG-1:RNA binding context, and (3)

viable alg-1 genetic mutants exist to use as specificity controls. These advantages,

along with those of iCLIP, allow us to identify miRNA:mRNA interaction sites in an

entire organism with increased sensitivity and resolution.

2.3 iCLIP Protocol

2.3.1 Materials

Table 2.1: Bu�ers used in ALG-1 iCLIP

Bu�er Composition

M9 Bu�er 22mM KH2PO4; 22mM Na2HPO4; 85mM
NaCl; 1mM MgSO4

Homogenization Bu�er 100mM NaCl; 25mM HEPES, pH 7.5; 250µM
EDTA, pH 8.0; 0.1% (w/v) NP-40; 2mM DTT;
25U/mL rRNasin (Promega); 1 tablet / 20mL
Complete Mini Protease Inhibitor (Roche)
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Table 2.1: Bu�ers used in ALG-1 iCLIP (continued)

Bu�er Composition

RNase I Dilution Bu�er 10mM Tris-HCl, pH 8.0; 100mM NaCl; 50%
Glycerol

High Salt Wash Bu�er 50mM Tris-HCl, pH 7.4; 1M NaCl; 1mM EDTA;
1% NP-40; 0.1% SDS; 0.5% sodium deoxy-
cholate

Wash Bu�er 20mM Tris-HCl, pH 7.4; 10mM MgCl2; 0.2%
Tween-20

5X PNK Bu�er, pH 6.5 350mM Tris-HCl, pH 6.5; 50mM MgCl2; 25mM
DTT

4X Ligation Bu�er 200 mM Tris-HCl, pH 7.4; 40mM MgCl2; 40mM
DTT

MOPS-SDS Running Bu�er 50mM MOPS; 50mM Tris-base; 1mM EDTA;
0.1% SDS

Bis-Tris Supplemented Trans-
fer Bu�er

25mM Bicine; 25mM Bis-Tris; 1mM EDTA; 5%
Methanol; 0.01% SDS

PK Bu�er 100mM Tris-HCl, pH 7.4; 50mM NaCl; 10mM
EDTA

7M Urea / PK Bu�er (must be
made fresh)

100mM Tris-HCl, pH 7.4; 50mM NaCl; 10mM
EDTA; 7M urea

Gel Extraction Bu�er 300mM NaCl; 10mM Tris-HCl, pH 8.5
2X TBE-Urea Sample Bu�er 90mM Tris-Base; 90mM Boric acid; 2mM

EDTA; 12% Ficoll Type 400; 7M Urea; 0.01%
Bromophenol Blue; 0.05% Xylene Cyanol

Table 2.2: Enzymes and other materials used in ALG-1 iCLIP

Material Supplier

Protein G Dynabeads Life Technologies
a-ALG-1 antibody (PA1-031) Thermo Scientific (Pierce Antibod-

ies)
Turbo DNase Ambion
RNase I Ambion
PNK Enzyme NEB
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Table 2.2: Enzymes and other materials used in ALG-1 iCLIP (continued)

Material Supplier

rRNasin Promega
T4 RNA Ligase I NEB
PEG400 Sigma Aldrich
32P-g-ATP PerkinElmer
4x NuPAGE LDS Sample Bu�er Life Technologies
4-12% Bis-Tris NuPAGE Gel Life Technologies
NuPAGE Antioxidant Life Technologies
Nitrocellulose membrane (0.45µm pore) Bio-Rad
Proteinase K (fungal) Roche
Acid Phenol / Chloroform (5:1) Ambion
Chloroform:IAA (25:1) Sigma Aldrich
UreaGel System National Diagnostics
Dark Reader Transilluminator Clare Chemical Research
SYBR-Gold Life Technologies
0.4µm Costar-X spin column Corning
CircLigase II Epicentre
BamHI NEB
Accuprime Supermix I Life Technologies
6% TBE gel Life Technologies

Table 2.3: Oligonucleotides used in ALG-1 iCLIP, all oligonucleotides were
obtained from IDT

Identifier Sequence

L3 (HPLC Purified) /5rApp/AGATCGGAAGAGCGGTTCAG/3ddc/
Rclip, XXXX = a unique four
nucleotide sequence

/5phos/NNXXXXNNNAGATCGGAAGAGCG
TCGTGgatcCTGAACCGC

Cut_oligo_ddc GTTCAGGATCCACGACGCTCTTC/ddC/
P5Solexa (PAGE Purified) AATGATACGGCGACCACCGAGATCTACA

CTCTTTCCCTACACGACGCTCTTCC-
GATCT

P3Solexa (PAGE Purified) CAAGCAGAAGACGGCATACGAGATCGG
TCTCGGCATTCCTGCTGAACCGCTCTTCC-
GATCT

lin-41 LCS Primer 1 GAGGCAGAATGGTTGTATAA
lin-41 LCS Primer 2 ttatacaaccgttctacactca
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Table 2.3: Oligonucleotides used in ALG-1 iCLIP (continued)

Identifier Sequence

lin-41 Control Primer 1 ACATGTTTCTGGGCGATAGG
lin-41 Control Primer 2 CGTGCTGTTGGCTACTTCAA

2.3.2 Procedure

Growing worms and preparing lysates

1. Grow worms as desired so that at least 50,000 worms or enough to obtain

~1mg of total protein per sample.

2. Wash worms (3x) with 10mL M9 in 15mL tube. Resuspend in 5mL M9 after

washes.

3. Rock worms for 20min on nutator at temperature used for culturing of samples.

Spin down worms in clinical centrifuge for 30 seconds.

4. Plate worms on Nematode Growth Medium (NGM) plates with no food at room

temperature. Be sure to avoid areas of high concentration and overlapping

worms.

5. Place the NGM plates with worms into Spectrolinker XL-1000 (without the plate

lids) and irradiate with UV-B at 3kJ/m2 (Energy Settings: 3000). Check worms

using microscope to be sure all worms have been completely immobilized.

Collect worms in M9 bu�er and transfer to 2mL round bottom microcentrifuge

tube. Spin worms for 30 seconds in desktop centrifuge.

6. Remove excess M9 bu�er and resuspend the worms in 700µL of ice-cold

homogenization bu�er. Keep worms on ice.
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Figure 2.1: Outline of the ALG-1 iCLIP method: i) in vivo crosslinking sta-
bilizes RNA-protein interactions and lysates are generated by sonication
of immobilized animals; ii) lysates and beads are prepared for digestion
and immunoprecipitation; iii) RNA molecules are trimmed by RNase I; iv)
ALG-1 and crosslinked RNAs are immunoprecipitated using specific an-
tibody and stringent wash conditions; v) the 2’ 3’ cyclic monophosphate
generated by RNase I is removed by Polynucleotide Kinase in low pH (6.5)
conditions; vi) ligation of adapter oligo to the 3’ hydroxyl group of the RNA
fragments (circularization and concatemer formation events are prevented
by the presence of 3’ dideoxy cytosine on the adapter); vii) the 5’ end of the
RNA is radiolabeled by Polynucleotide Kinase using 32P-g-ATP; viii) sam-
ples are analyzed by electrophoresis on native SDS-PAGE under reducing
conditions and transferred to a nitrocellulose membrane to isolate the band
corresponding to ALG-1/RNA complexes; ix) ALG-1 is removed from the
RNA by Proteinase K digestion and the RNA is purified; x) reverse transcrip-
tion of isolated RNA using phosphorylated oligo; xi) cDNA is separated by
size on denaturing PAGE and purified from the gel to remove sequences
that are too long or consist of only adapter and oligo; xii) purified cDNA is
circularized, an adapter is added that generates a specific dsDNA region
in the sequence of the reverse transcription primer, and is linearized by
restriction enzyme digest; xiii) PCR amplification; xiv) evaluation of library
by complexity, size, and concentration; xv) high-throughput sequencing
using the Illumina GAIIx system.

7. Sonicate the worms (5x) with 10 second pulses and 50 seconds resting on

ice between pulses (~18W RMS output power on Dismembrator Model 100,

Fisher Scientific).
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8. Spin lysates at 16000xg for 15 minutes at 4°C. Transfer supernatant to new

1.5mL microcentrifuge tube.

9. Freeze lysates in dry-ice-ethanol bath. Store at -80°C.

RNA trimming and immunoprecipitation

1. Thaw lysates at 4°C on nutator for 30 minutes.

2. Quantify the protein content of lysate samples using bradford assay. Adjust

lysate concentrations to be equal between all samples (~1-3mg/mL) with

ice-cold homogenization bu�er.

3. Save 20µL of sample for western blot analysis (input).

4. While quantifying, aliquot 50µL Protein G Dynabeads per sample. Wash beads

(2x) with homogenization bu�er.

5. Resuspend beads in 100µL of homogenization bu�er.

6. Preclear lysates by adding 100µL 50:50 bead slurry and rocking on nutator for

1 hour at 4°C.

7. Pellet beads+lysates using magnetic rack. Transfer lysate to new chilled 1.5mL

microcentrifuge tube. Keep samples on ice.

8. Add 2µL TurboDNase and 10µL RNase I dilution (1/500 RNase I dilutions

are used for library preparation, while 1/50 dilutions are used to control for

antibody specificity).

9. Incubate samples for 3min in Thermomixer R set to 37°C and shaking at

1100rpm. Immediately transfer samples to ice.
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10. Add 7µg a-ALG-1 antibody to lysate. Rock lysate+antibody at 4°C overnight.

11. Aliquot 100µL Protein G Dynabeads per sample. Wash beads (2x) with ho-

mogenization bu�er.

12. Add beads to lysate+antibody. Incubate at 4°C for 1 hour.

13. Collect the beads with magnetic rack.

14. Save 20µL of supernatant for western blot analysis (supernatant).

15. Wash (2x) the beads with 900µL ice-cold high salt wash bu�er.

16. Wash (2x) the beads with 900µL ice-cold wash bu�er.

Dephosphorylation of RNA 3’ ends

1. Collect the beads with magnetic rack. Discard supernatant and resuspend

beads in 20µL dephosphoylation mix (15µL ddH2O; 4µL 5X PNK, pH 6.5 bu�er;

0.5µL PNK enzyme; 0.5µL rRNasin).

2. Incubate for 20 minutes at 37°C.

3. Add 500µL wash bu�er.

4. Wash (1x) with 900µL high-salt bu�er.

5. Wash (2x) with 900µL wash bu�er.

Linker ligation to RNA 3’ end

1. Collect the beads with magnetic rack. Discard supernatant and resuspend

beads in 16µL ligation mix (9µL ddH2O; 4µL 4X ligation bu�er; 1µL T4 ssRNA

Ligase 1; 0.5µL rRNasin; 1.5µL 20µM L3 oligo).
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2. Add 4µL PEG(400) to each reaction.

3. Incubate overnight in Thermomixer R at 16°C with intermittent shaking:

1300rpm for 15 seconds every 5min.

4. Add 500µL wash bu�er.

5. Wash (2x) with 900µL high salt wash bu�er.

6. Wash (2x) with 900µL wash bu�er.

End labeling of RNA 5’ end

1. Remove the supernatant and resuspend the beads in 80µL of hot PNK mix

(67µL ddH2O; 8µL 10X PNK bu�er; 1µL P32-Î�-ATP; 4µL T4 PNK enzyme).

2. Incubate for 10 minutes in Thermomixer R at 37°C with intermittent shaking:

1200rpm for 15 seconds every 4min.

3. Add 500µL wash bu�er.

4. Collect beads with magnetic rack and remove supernatant. Dispose of liquid

as radioactive waste.

5. Resuspend the beads in 30µL wash bu�er and 10µL 4x NuPAGE LDS sample

bu�er. Add 2µL 1M DTT.

6. Incubate in Thermomixer R at 70°C for 10 minutes at 1200rpm.

7. Immediately place samples on magnetic rack.
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SDS-PAGE and nitrocellulose transfer

1. Load the samples on a 4-12% Bis-Tris gel with 1X MOPS-SDS running bu�er.

Before running add 500µL NuPAGE Antioxidant to upper chamber of running

bu�er. Run gel at 180V.

2. Transfer the RNA-protein complexes from the gel to a pure nitrocellulose

membrane (0.45µm pore size) with Bis-Tris supplemented transfer bu�er at

40V for 4 hours at 4°C.

3. After the transfer, rinse the membrane in 1X PBS bu�er. Wrap membrane in

saran wrap and expose it to autoradiography film. Perform 1 hour, 2 hour, and

overnight exposures. See Figure 2.2.

4. Using an exposed piece of film as a mask, cut out the band corresponding

to the ALG-1/RNA complexes in the low RNase condition with a clean razor

blade. Cut isolated membrane into smaller pieces and place into a 1.5mL

microcentrifuge tube. Pieces of membrane can be stored at -80C.

RNA isolation of purification

1. Prepare 4mg/mL Proteinase K solution in 1X PK bu�er and incubate this

solution at 37°C for 20 minutes to deactivate any RNases that may be present.

2. Add 200µL of prepared Proteinase K solution to each tube of isolated nitrocel-

lulose pieces and incubate for 20 minutes at 37°C at 1200rpm.

3. Add 200µL of 7M urea / 1X PK Bu�er and incubate for 20 minutes at 37°C at

1200rpm.
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Figure 2.2: ALG-1 iCLIP autoradiograph. Autoradiograph of protein cross-
linked to RNA fragments. Black arrow indicates expected migration size of
ALG-1. Red square denotes region of membrane that was excised for RNA
isolation and purification. RNA was partially digested by RNase I in either
high (++) or low (+) concentrations. High (++) RNase treatments serve as a
control for antibody specificity, as the band should be less di�use than that
of low RNase. The ALG-1 signal is absent in the no-antibody control. The
bands seen below the ALG-1 signal (~52 and 38kDa) are non-specific as
they are observed in the no-antibody lane in longer exposures, while the
signal at ~150kDa is not.

4. Add 500µL of Acid Phenol/Chloroform. Briefly shake tubes by hand. Incubate

at 37°C for 20 minutes at 37°C at 1200rpm.

5. Mix tube vigorously by hand for a few seconds and centrifuge the tubes at

16000xg for 5 minutes at room temperature.

6. Transfer aqueous layer to new 1.5mL microcentrifuge tube. Add 400µL chlo-

roform:IAA. Mix briefly by hand and centrifuge the tubes at 16000xg for 5

minutes at room temperature.

7. Transfer the aqueous layer to a new 1.5mL microcentrifuge tube and

add 40µL 3M sodium acetate, pH 5.2; 1µL 20mg/mL glycogen; 1mL 1:1
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ethanol:isopropanol. Mix.

8. Precipitate overnight at -20°C.

Reverse transcription

1. Spin for 20 minutes at 16000xg at 4°C.

2. Remove the supernatant and wash the pellet with 500µL 80% ethanol.

3. Air dry pellet for exactly 8 minutes.

4. Resuspend the pellet in 7.25µL RNA/primer mix (use di�erent Rclip primer for

each experiment/replicate): 6.25µL ddH2O; 0.5µL 0.5µM Rclip primer; 0.5µL

10mM dNTP.

5. Incubate for 5 minutes at 70°C before cooling to 25°C.

6. Add 2.75µL RT mix: 2µL 5X First-Strand RT bu�er; 0.5µL 0.1M DTT; 0.25µL

Superscript III.

7. Incubate 5 minutes at 25°C, 20 minutes at 42°C, 40 minutes at 50°C, and 5

minutes at 80°C before cooling to 4°C.

8. Add the following: 90µL TE bu�er; 10µL 3M sodium acetate, pH 5.2; 1µL

20mg/mL glycogen; 250µL 100% ethanol. Mix.

9. Precipitate overnight at -20°C.

Gel purification of cDNA

1. Pour 6% TBE-urea gel using UreaGel System (2.4mL concentrate, 6.6mL

diluent, 1mL system bu�er, 90µL 10% APS, 4µL TEMED).
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2. Allow gel to polymerize for at least 1 hour.

3. Pre-run gel with 1X TBE bu�er at 150V for 30min.

4. Spin for 20 minutes at 16000xg at 4°C.

5. Remove the supernatant and wash the pellet with 500µL 80% ethanol.

6. Air dry pellet for exactly 8 minutes.

7. Resuspend pellet in 10µL ddH2O and add 10µL 2x TBE-urea loading bu�er.

Heat samples to 80°C for 3 minutes directly before loading.

8. Load samples and low molecular weight marker on prepared 6% TBE-Urea

gel and run at 180V.

9. Remove gel from glass plates and stain with SYBR-GOLD for 10 minutes.

10. Prepare 3 0.5mL microcentrifuge tubes for each sample by poking 3-4 holes

in the bottom of each tube with 21.5 gauge needle.

11. Using dark-reader, cut three sections of gel from each lane that correspond

to the sizes: 200-120nt (high), 120-85nt (medium), and 85-70nt (low). See

Figure 2.3.

12. Place each gel slice into prepared 0.5mL microcentrifuge tubes.

13. Centrifuge gel pieces at 16000xg for 2 minutes to fragment the gel slices.

14. Add 400µL gel extraction bu�er.

15. Rock on nutator for 2 days at 4°C.

16. Transfer supernatant and gel pieces to 0.45µm filter column and spin at 600xg

for 10 seconds.
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17. To flow-through add: 40µL 3M sodium acetate, pH 5.2; 1µL 20mg/mL glycogen;

1mL 100% ethanol. Mix.

18. Precipitate overnight at -20°C.
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Figure 2.3: Representation of denaturing PAGE used for isolating cDNA.
The gel is stained with SYBR-gold and viewed using a Dark Reader. Note
that only the ladder and Rclip primer will be visible at this point, as the cDNA
is not in high enough concentrations to be detected. Using a clean razor
blade, the lanes corresponding to each sample are removed (red lines). The
lanes are divided into high (H), medium (M), and low (L) fractions. Avoid
cutting below the region of 70 nts, as the presence of adapter-Rclip primer
product (52 nts) can lead to libraries that are not su�ciently complex for
analysis. XCFF, Xylene cyanol FF; BPB, Bromophenol blue.

Circularization and linearization of cDNA

1. Spin for 20 minutes at 16000xg at 4°C.

2. Remove the supernatant and wash the pellet with 500µL 80% ethanol.

3. Air dry pellet for exactly 8 minutes.
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4. Resuspend in 8µL ssDNA ligation mix: 6.5µL ddH2O; 0.8µL 10X CircLigase II

bu�er; 0.4µL 50mM MnCl2; 0.3 CircLigase II enzyme.

5. Incubate at 60°C for 1 hour.

6. Heat inactivate enzyme by incubating for 15 minutes at 80°C.

7. Add 30µL oligo annealing mix: 23µL ddH2O; 3µL 10X NEBu�er 3; 3µL 10X

BSA; 1µL 10µM Cut_oligo_ddc.

8. Incubate for 1 minute at 95°C for 1 minute, then decrease the temperature every

20 seconds by 1°C until 25°C has been reached. (This can be accomplished

using the Thermomixer R and changing the temperature from 95°C to 25°C,

which will take approximately 25 minutes to adjust.)

9. Add 2µL BamHI and incubate for 30 minutes at 37°C.

10. Add the following: 50µL TE bu�er; 10µL 3M sodium acetate, pH 5.2; 1µL

20mg/mL glycogen; 300µL 100

11. Precipitate overnight at -20°C.

PCR amplification

1. Spin for 20 minutes at 16000xg at 4°C.

2. Remove the supernatant and wash the pellet with 500µL 80% ethanol.

3. Air dry pellet for exactly 8 minutes.

4. Resuspend pellet in 19µL ddH2O and transfer to a PCR tube.

5. To the cDNA, add 1µL P5/P3 Solexa Mix (10µM each) and 20µL Accuprime

Supermix I.
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6. Run the following PCR Program: 94°C – 2min, [94°C – 15sec, 65°C – 30sec,

68°C – 30sec] 25-35 cycles, 68°C – 3min, 4°C hold.

7. Mix 8µL PCR product with 2µL 5xTBE loading bu�er and load on a precast

6% TBE gel. Stain the gel with SYBR-GOLD or ethidium-bromide and image.

See Figure 2.4A.

Quantification and sequencing

1. Quantify library concentration using QPCR and bioanalyzer.

2. Submit 15µL of the library for multiplex sequencing and store the rest at -20°C

PCR control for ALG-1 binding specificity

1. Prepare PCR reaction (1µL iCLIP library, 17.25µL ddH2O; 5µL 5X Go-Taq

Bu�er; 1µL 25mM MgCl2; 0.5µL 10mM dNTPs; 0.5µL lin-41 LCS Primer 1+2

Mix (10µM each); 0.25µL Go-Taq polymerase).

2. Run the following PCR program: 94°C – 2min, [94°C – 15sec, 48°C 30sec,

72°C – 30sec] 38 cycles, 72°C – 3min, 4°C hold. When using lin-41 Control

Primers 1+2, anneal at 55°C.

3. Run 10µL PCR product on 2% agarose gel and stain with ethidium-bromide.

Expected product size of lin-41 LCS 1+2 is 60 nts. See Figure 2.4B.

2.3.3 Notes

We have made several modifications to the iCLIP protocol (Konig et al., 2011).

First, consistent with our previously published protocol for HITS-CLIP (Zisoulis et

al., 2011), we preclear lysates before RNA trimming and immunoprecipitation. This
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reduces background seen on the autoradiograph from non-specific interaction with

the beads. If using another antibody, we recommend users to thoroughly evaluate

immunoprecipitation conditions before proceeding with iCLIP. To further improve

the autoradiograph, we prepare RNA-protein samples under reducing conditions

to prevent the antibody complex from interfering with the ALG-1 signal. As can be

seen in Figure 2.2, the di�erence between high and low RNase conditions is not as

striking as seen with smaller proteins. For assessing immunoprecipitation e�ciency,

we recommend saving protein samples during the immunoprecipitation and after

ligation of the 3’ adapter for subsequent western blot analysis. To ensure complete

recovery of cDNA from denaturing PAGE we have lengthened the extraction time

from 2 hours at 37°C to 2 days at 4°C. In some cases, we had di�culty with ligation

of the adapter used to generate dsDNA for restriction enzyme digest (Cut_oligo) to

the reverse transcription primer (Rclip). This generated a distinct band (112 nts)

in our evaluation of the cDNA library (Figure 2.4A), which accounted for ~90% of

the PCR amplified library in some cases. To address this issue, we added a heat

inactivation step after circularization and designed an adapter that has 3’ dideoxy

cytosine instead of 4 adenosines. These additions eliminated these non-specific

products and led to cleaner libraries (Figure 2.4A). As an assessment of the quality of

the library, we recommend an additional PCR step to detect the sequences known to

be bound by the miRNA complex in the sample (e.g. the let-7 complementary site in

the lin-41 3’ UTR for extracts from L4 stage worms), as this provides evidence of the

sensitivity and specificity of the library (Figure 2.4B). As a control, we recommend

using primers that amplify an exon of lin-41 that is not known to be bound by ALG-1.
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Figure 2.4: Comparison of ALG-1 iCLIP methods and control PCR (A)
Comparison of cDNA libraries from the original iCLIP protocol and the
modified iCLIP protocol presented here by non-denaturing PAGE. Di�use
bands corresponding to the range of sizes for each cDNA fraction removed
from denaturing PAGE with 76 nts of extension by PCR primers should
be observed. The expected migration size of the primer-dimer (128 nts)
that contains no sequence information, the aberrant ligation product (112
nts), and the primers (58 nts and 61 nts) are indicated by black arrows.
The primer-dimer product should not be present in libraries submitted for
sequencing. A band corresponding to miRNA only product (~150nt) may be
seen in some samples. (B) PCR controls for cDNA library specificity. The
let-7 complement site (LCS) in the 3’UTR of lin-41 is a well characterized
ALG-1 interaction site and is expected to be present in iCLIP cDNA libraries.
PCR of this region is expected to produce a product, while PCR of exonic
regions of lin-41, that are not known to be bound by ALG-1, should not
produce a product. Control PCRs for WT genomic DNA (gDNA) are shown.

2.4 Conclusions

The use of CLIP-based approaches to identify miRNA target sites has fur-

thered the understanding of how these small RNAs are able to interact with their
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target mRNAs (Chi et al., 2012), revealed a novel miRNA interaction with a non-

coding RNA (Zisoulis et al., 2012), and provided comprehensive lists of Ago/miRNA-

mediated interactions (Chi et al., 2009; Hafner et al., 2010; Kishore et al., 2011;

Leung et al., 2011; Stark et al., 2012; Zisoulis et al., 2010). Here we have brought

an advancement on the original CLIP methodology, iCLIP, to C. elegans, a power-

ful genetic model. The increased recovery of transcripts, as well as the ability to

identify crosslink sites through mutations and the truncated cDNAs, allows iCLIP

to be significantly more sensitive than other CLIP-based methods (Sugimoto et al.,

2012). Improvements such as iCLIP and other future innovations to CLIP-based ap-

proaches have the potential to generate comprehensive lists of Ago/miRNA targets

in a variety of specific cells, tissues, and genetic backgrounds that will increase our

understanding of miRNA function.
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Chapter 3

A tale of two sequences:

microRNA-target chimeric reads

3.1 Abstract

In animals, a functional interaction between a microRNA (miRNA) and its

target RNA requires only partial base pairing. The limited number of base pair

interactions required for miRNA targeting provides miRNAs with broad regula-

tory potential and also makes target prediction challenging. Computational ap-

proaches to target prediction have focused on identifying miRNA target sites based

on known sequence features that are important for canonical targeting and may

miss non-canonical targets. Current state-of-the-art experimental approaches,

such as CLIP-seq (cross-linking immunoprecipitation with sequencing), PAR-CLIP

(photoactivatable-ribonucleoside-enhanced CLIP), and iCLIP (individual-nucleotide

resolution CLIP), require inference of which miRNA is bound at each site. Recently,

the development of methods to ligate miRNAs to their target RNAs during the prepa-

ration of sequencing libraries has provided a new tool for the identification of miRNA

38
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target sites. The chimeric, or hybrid, miRNA-target reads that are produced by these

methods unambiguously identify the miRNA bound at a specific target site. The

information provided by these chimeric reads has revealed extensive non-canonical

interactions between miRNAs and their target mRNAs, and identified many novel

interactions between miRNAs and noncoding RNAs.

3.2 Background

3.2.1 Target recognition by miRNAs

MicroRNAs (miRNAs) are an important class of regulatory molecules that

function to target specific RNAs for posttranscriptional regulation (Hausser and Za-

volan, 2014). Prevalent in animals and plants, miRNAs are small (~22 nucleotides),

noncoding RNAs (ncRNAs) that bind to Argonaute (AGO) proteins. Once bound to

Argonaute, as part of the miRNA induced silencing complex (miRISC), the miRNA

guides miRISC to target RNAs. In animals, these target sites are usually located

in the 3’ untranslated region (3’UTR) of the mRNA, but may also reside within the

coding sequence or 5’UTR. Protein production from mRNAs targeted by miRNAs is

subsequently repressed due to inhibition of translation and transcript destabilization.

In animals, miRNAs interact with their targets through imperfect base pairing.

The limited sequence interactions required by miRNAs to direct regulation allows

a single miRNA to potentially regulate hundreds of targets in multiple pathways.

Although miRNAs are flexible in their targeting ability, a large body of work has

proposed a series of rules that predict canonical miRNA targeting (Bartel, 2009;

Pasquinelli, 2012). Nucleotides 2-8 at the 5’ end of the miRNA are known as the

seed sequence and are important for miRNA target recognition. Crystal structures

of miRNAs bound to Argonaute proteins have suggested that the seed sequence is
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favorably positioned for initiating the interaction between miRNAs and their target

RNAs (Elkayam et al., 2012; Schirle and MacRae, 2012; Schirle et al., 2014).

Perfect seed complementarity defines canonical targeting, but there are

a variety of examples of imperfect or non-seed interactions (Pasquinelli, 2012).

However, the extent to which miRNAs interact with their targets non-canonically

and whether these targets are functional remain unclear (Agarwal et al., 2015).

Additionally, recent evidence has suggested that miRNAs may have functional

interactions with other ncRNAs (Hansen et al., 2013; Memczak et al., 2013; Zisoulis

et al., 2012). The prevalence of these interactions is an open question.

3.2.2 Challenges in the identification of miRNA targets

The identification of miRNA target sites remains an outstanding challenge.

In particular, pinpointing miRNA target sites is complicated due to the small size of

miRNAs and their ability to functionally interact with their targets through imperfect

base pairing. These two constraints limit the sequence information that can be

used to predict targets, while also allowing a single miRNA to potentially regulate

hundreds of targets.

Various research groups have developed computational approaches to pre-

dict miRNA target sites. For example, the commonly cited TargetScan algorithm was

originally designed to predict target sites by looking for seed sequence complemen-

tarity and conservation in 3’UTRs (Lewis et al., 2003, 2005). However, computational

prediction programs are in general limited by the current understanding of miRNA

targets and may miss unexpected functional interactions, such as those between a

miRNA and another noncoding RNA (Zisoulis et al., 2012). In addition, comparisons

of miRNA target prediction algorithms show that there is limited overlap between

the targets predicted by various programs (Min and Yoon, 2010). This suggests
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that many targets identified by current miRNA target prediction algorithms are false

positives. In recent years, bioinformatics approaches have improved by taking into

consideration additional information, including the binding sites of Argonaute pro-

teins and the secondary structure of the target site (Agarwal et al., 2015; Khorshid

et al., 2013).

In addition to computational prediction programs, functional RNA interference

(RNAi) assays have also been employed to identify miRNA targets in Caenorhabditis

elegans. However, RNAi screens are only able to identify targets that are important

for the phenotype of interest and may identify indirect targets. In C. elegans, the

majority of single miRNA knockouts do not have an observable phenotype (Miska

et al., 2007), as a consequence, the use of RNAi screens to detect targets regulated

by miRNAs can be misleading. However, in other organisms, screens that inhibit

miRNA targets may be more useful. For example, in Drosophila melanogaster

>80% of miRNA mutants, 20% of which have mutations in multiple miRNAs, have

phenotypes (Chen et al., 2014).

Other approaches to identify miRNA targets have focused on quantifying

protein or RNA levels of candidate genes. Techniques applied to the identification of

miRNA targets include stable isotope labeling by amino acids in cell culture (SILAC)

(Baek et al., 2008; Selbach et al., 2008; Vinther et al., 2006) and ribosome profiling

(Bazzini et al., 2012; Guo et al., 2010). These approaches can be biased by the

selection of candidate targets and may reveal indirect targets (Hausser and Zavolan,

2014). Furthermore, the analysis of gene expression changes after altered miRNA

levels does not identify the specific target site of the miRNA.

Recently, the identification of Argonaute binding sites through crosslinking

immunoprecipitation (CLIP) based methods, such as CLIP-seq, PAR-CLIP, and

iCLIP, has furthered the understanding of how miRNAs interact with their target sites
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(Bosson et al., 2014; Chi et al., 2009; Hafner et al., 2010; Zisoulis et al., 2010). In

general, CLIP-based methods identify protein-RNA binding sites by crosslinking

proteins to interacting RNA molecules, purifying these protein-RNA complexes,

and sequencing the associated RNAs. Although CLIP-based approaches define

the region of an RNA that an Argonaute protein is bound to, these methods do

not specifically identify the miRNA that is responsible for the identified interaction

(Hausser and Zavolan, 2014). This is problematic for families of miRNAs that share

the same seed sequence, for sites that contain seed complementarity to multiple

miRNAs, or for sites with no obvious pairing to known miRNAs.

3.3 Review

3.3.1 Ligation of two RNA molecules identifies RNA-RNA

interactions

Whereas CLIP-based methods are able to identify protein-RNA interaction

sites, RNA-RNA interaction sites can be identified by crosslinking and sequencing

of hybrids (CLASH) and similar approaches (Grosswendt et al., 2014; Helwak et al.,

2013; Kudla et al., 2011). Akin to CLIP-seq, CLASH involves the purification and

sequencing of cross-linked protein-RNA complexes. However, in CLASH additional

biochemical steps promote the intermolecular ligation of RNA molecules to form a

hybrid, or chimeric, read composed of two RNA molecules (Figure 3.1A).
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Figure 3.1: Overview of CLASH and modified iPAR-CLIP methods. (a)
CLASH and (b) modified iPAR-CLIP methods for the formation of miRNA-
target chimeras. CLASH begins with trimming of unprotected RNAs in UV
crosslinked lysates with RNase and denaturation of the AGO-miRNA-target
RNA tertiary complex. In modified iPAR-CLIP, the sample (C. elegans
worms, for example) must be incubated with 4-thiouridine (4sU) for RNA
incorporation to enhance UV crosslinking. Both CLASH and modified iPAR-
CLIP protocols phosphorylate the 5’ end of the target RNA, which is then
ligated to the miRNA using an exogenous RNA ligase. Subsequent 3’ end
phosphatase treatment prepares the RNA for linker ligation. In CLASH,
the 3’ linker is added during the "on-bead" biochemical steps, whereas
in modified iPAR-CLIP, the 3’ linker is added after RNA isolation. The
majority of the reads generated from CLASH and modified iPAR-CLIP are
not chimeric.
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CLASH was developed after the observation that chimeric reads occurred

in crosslinking and analysis of cDNAs (CRAC) data. These hybrid reads were not

the product of reverse transcriptase template switching, and were likely generated

as a result of the step in CRAC that ligates oligonucleotide linkers to RNA (Kudla

et al., 2011). The first application of CLASH was the identification of snoRNA

target sites on pre-rRNAs in yeast from C/D snoRNA associated proteins. From the

sequencing library generated by CLASH for these proteins, 0.1% to 0.8% of reads

were chimeric. The majority (74%) of snoRNA-pre-rRNA chimeric reads produced

from this application of CLASH recovered known target sites. However, some reads

identified potentially novel snoRNA-pre-rRNA sites. Other chimeric reads from Kudla

et al produced rRNA-rRNA reads, which were thought to be nonspecific interactions.

The ability of CLASH to identify RNA-RNA interactions was subsequently

applied to the identification of AGO1 miRNA target sites in human embryonic kidney

293 (HEK293) cells (Helwak et al., 2013). From the AGO1 CLASH data, 98% of the

reads were not chimeric and contained sequence information similar to that produced

by CLIP-seq. The remaining 2% of CLASH data contained chimeric reads and were

composed of the mature miRNA sequence ligated to a target RNA molecule. In

69.8% of the miRNA chimeras the target RNA mapped to mRNAs. Additional RNAs

found to be ligated to miRNAs included other miRNAs, rRNAs (ribosomal RNAs),

tRNAs (transfer RNAs), pseudogenes, and lincRNAs (long intergenic non-coding

RNAs). Through the inclusion of a control where yeast total RNA was mixed with

the cell lysates before carrying out the CLASH protocol, Helwak et al demonstrated

that less than 2% of CLASH chimeric reads were nonspecific. These non-mRNA

targets identified by CLASH may therefore be examples of miRNA interactions with

non-coding RNAs.

An alternative approach for the generation of chimeric reads has been devel-
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oped through the inclusion of an intermolecular ligation step in iPAR-CLIP (Gross-

wendt et al., 2014). This modified version of iPAR-CLIP produced chimeric reads

in C. elegans in a similar manner to CLASH (Figure 3.1B). From the sequencing

data produced by modified iPAR-CLIP, 0.24% of reads were miRNA-target chimeras.

As with CLASH, the chimeric reads appear to be highly specific with less than 2%

of reads mapping to background bacterial sequences and 92% of chimeric reads

mapping to mRNAs.

3.3.2 miRNA-target chimeras from standard CLIP-seq library

preparation

Grosswendt et al. 2014 also found that chimeric reads were generated in

iPAR-CLIP libraries that did not contain the additional intermolecular ligation step.

This finding was surprising because standard iPAR-CLIP is not designed to produce

the correct 5’ and 3’ end chemistry to allow for intermolecular ligations between

miRNAs and target RNAs. However, the authors noticed that the chimeras produced

by standard iPAR-CLIP tended to include a truncated miRNA sequence. They

therefore concluded that the RNA trimming step in iPAR-CLIP was responsible for

generating the ligated products. Specifically, RNase T1 was partially trimming the 3’

end of the miRNA producing a 2’-3’-cyclic phosphate, which could then be ligated to

the 5’ hydroxyl of the target RNA through the action of endogenous ligases present

in the lysate (Figure 3.2). The production of chimeras was less e�cient in standard

iPAR-CLIP than in the modified iPAR-CLIP (which included an exogenous ligase

to catalyze intermolecular ligations), with only 0.16% of reads being miRNA-target

chimeras. Using this information, Grosswendt et al. reanalyzed previously published

CLIP-seq and PAR-CLIP data from human and mouse and found approximately

13,000 additional miRNA-target chimeras.
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Figure 3.2: Comparison of the biochemical steps in CLIP-seq for the gener-
ation of standard CLIP-seq reads to events that can lead to the formation of
miRNA-target chimeric reads in CLIP-seq or iPAR-CLIP. Standard CLIP-seq
reads are generated after RNA trimming of UV crosslinked lysates and
immunoprecipitation of the AGO-miRNA-target RNA tertiary complex. The
3’ end of the RNA is then prepared for linker ligation and the complex is
radio-labeled to facilitate the isolation of the complex. Chimeric reads may
form in CLIP-seq when partial digestion of the 3’ end of the miRNA by
RNase during the RNA trimming step of CLIP-seq or iPAR-CLIP produces
a 2’-3’ cyclic phosphate or a 3’ phosphate. Endogenous ligases in the
lysate have been predicted to be responsible for ligation of the 3’ end of the
digested miRNA to the 5’ phosphate of the target RNA. The subsequent
steps that occur in the CLIP-seq protocol prepare the miRNA-target chimera
for sequencing.
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3.3.3 Bioinformatic identification of miRNA-target chimeric

reads

Chimeric reads were identified similarly in CLASH and modified iPAR-CLIP. In

both cases, duplicate reads and adapter sequences were removed before identifying

chimeric reads. In CLASH, non-contiguous reads were identified using BLAST

against transcriptome, tRNA, rRNA, and mature miRNA sequences (Helwak et al.,

2013; Travis et al., 2014). Non-contiguous reads that contained a miRNA sequence

were considered miRNA chimeras. Grosswendt et al searched reads from modified

iPAR-CLIP for all possible 12 nucleotide sequences from mature miRNAs to identify

putative miRNA-target chimeras (Grosswendt et al., 2014). The identity of the

miRNA was then assigned by aligning the read to the full-length miRNA sequence.

The method applied by Grosswendt et al. assured that truncated miRNAs or miRNA

reads with mutations would also be recovered.

To ensure that the entire target site was identified, both Helwak et al. and

Grosswendt et al. 2014 bioinformatically increased the size of the recovered target

sequence. In CLASH the target sequence in the chimeric read was increased by 25

nucleotides. The reads from modified iPAR-CLIP were increased by 8 nucleotides

upstream and 12 nucleotides downstream. These adjustments helped to increase the

number of seed matches with the target RNA and facilitated clustering of overlapping

target sequences to identify miRNA target sites (Grosswendt et al., 2014; Helwak

et al., 2013).

3.3.4 Insights from miRNA-target chimeric reads

Although miRNAs are known to primarily direct Argonaute proteins to the

3’UTR of target mRNAs, many target sites identified by CLASH (42.6%) and modified
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iPAR-CLIP (23.4%) are located in coding exons. Similarly, Argonaute binding sites

have been identified in coding exons nearly as frequently as in 3’UTRs from CLIP-

seq and PAR-CLIP datasets (Chi et al., 2009; Hafner et al., 2010; Zisoulis et al.,

2010). Complementarity to miRNA seed sequences has been observed in coding

exons, but the functionality of these potential target sites has remained unclear.

In C. elegans, transcripts with coding exon Argonaute binding sites generally did

not appear to be deregulated after the loss of Argonaute, whereas transcripts with

3’UTR binding sites were (Zisoulis et al., 2010). Similarly, transcripts with coding

exon target sites of human Argonaute identified by PAR-CLIP in HEK293 cells were

not as strongly regulated as target sites in 3’UTRs (Hafner et al., 2010). Some

studies have shown that coding sequence targets function cooperatively with 3’UTR

targets to enhance regulation (Fang and Rajewsky, 2011), whereas others have

suggested that these target sites promote translational inhibition rather than mRNA

stabilization (Hausser et al., 2013).

Since chimera-producing methods are able to identify both the miRNA and the

target site, it is possible to classify the types of miRNA-target interactions that occur.

Helwak et al. applied k-means clustering to identify five classes of miRNA-target

interactions from 18,514 miRNA-mRNA chimeras. These classes included seed

only, seed with supplementary (nucleotides 13-16) pairing, seed with terminal 3’ end

pairing, non-seed, and dispersed interactions. Targets with seed and seed with sup-

plementary interactions were the most e�cient at down-regulating targets and were

the most conserved. Interestingly, 45% of miRNAs appeared to have nonrandom

types of interactions with their targets with some miRNAs preferentially binding seed

sites and other miRNAs having more extensive non-seed interactions. Overall, only

37% of miRNA-mRNA chimeras identified from the CLASH data contained perfect

seed matches.
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Grosswendt et al. 2014 also looked at the prevalence of seed interactions in

modified iPAR-CLIP data and found that 43% of targets had perfect seed matches

with their targets. However, when they included near-seed matches, such as 1

nucleotide mismatches and 1 nucleotide bulges, 80% of the C. elegans chimeras

contained seed interactions. In contrast to the many non-seed interactions identified

by CLASH, Grosswendt et al. observed limited evidence for 3’ end interactions in

their 3,627 chimeras from C. elegans. Similarly, the ~13,000 chimeras identified

from traditional CLIP-seq and PAR-CLIP datasets also showed limited non-seed

interactions.

3.3.5 miRNA-target chimeras identify non-canonical target

sites

The CLASH-generated chimeras suggest that ~60% of the identified target

sites were non-canonical with imperfect or non-seed interactions. To test whether

non-canonical target sites for miR-92a were functional, Helwak et al. generated

reporter constructs that contained miR-92a seed sites, miR-92a 3’ end interaction

motifs, and a combination of both seed and 3’ end interaction motifs. For each

of these three constructs, inhibition of miR-92a led to deregulation of the reporter.

However, the construct containing just the miR-92a 3’ end interaction motif was only

moderately deregulated after miR-92a knockdown.

Recently, RNA expression data was independently analyzed for the regula-

tion of miR-92a CLASH identified targets. In one dataset of miR-92a knockdown

in HEK293 cells, both canonical and non-canonical miR-92a target genes were

significantly deregulated (Agarwal et al., 2015). Although the non-canonical tar-

gets were deregulated, this e�ect was not particularly strong in comparison to the

canonical targets. To further explore whether these non-canonical targets are func-
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tional, expression data from the knockdown of 25 miRNAs, including miR-92a, was

analyzed. In this data, the canonical miR-92a targets identified by CLASH were

significantly deregulated, whereas the non-canonical miR-92a targets were not

(Agarwal et al., 2015). In addition, Agarwal et al. 2015 examined the expression of

non-canonical targets identified by CLASH for four miRNA families and observed

that these non-canonical sites were not significantly deregulated, even if the site

occurred within a 3’UTR. The slight regulation seen in the miR-92a non-canonical

reporters conducted by Helwak et al., and the analysis of RNA expression in miRNA

knockdowns conducted by Agarwal et al. suggest that these non-canonical target

sites are either not nearly as functional as canonical seed-containing target sites or

may not be functional at all.

In addition to non-canonical seed interactions, many of the chimeras identified

by CLASH and modified iPAR-CLIP targeted ncRNAs, such as tRNAs, other miRNAs,

and lincRNAs. Due to the low level of background ligation events with yeast RNA

(CLASH) and bacterial RNA (modified iPAR-CLIP), it appears likely that many of

these interactions are specific. Although the biological significance of most of these

miRNA-ncRNA interactions remains to be determined, Helwak et al. demonstrated

that the inhibition of a miRNA targeting a lincRNA resulted in the up-regulation of

the lincRNA (Helwak et al., 2013). This indicates a functional role for some miRNA-

ncRNA interactions. Competing endogenous RNAs (ceRNAs) have been proposed

to sequester miRNAs from their targets (Hansen et al., 2013; Memczak et al., 2013).

However, recent analysis of ceRNAs has suggested that at physiological levels

many ceRNAs may not be expressed highly enough to e�ectively sequester miRNAs

(Bosson et al., 2014). Helwak et al. propose that the prevalence of chimeras that

map to rRNAs and tRNAs implies that these abundant RNAs may also have a role

in sequestering miRNAs from their targets.
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3.4 Conclusions

miRNA-target chimeric reads provide unambiguous determination of the

identity of a miRNA that is bound at a target site, whereas previously it had to be

assumed from seed complementarity or other features. In addition to correctly

assigning miRNAs to their endogenous target sites, chimeras allow for detailed

analysis of the types of interactions that miRNAs have with their targets. The

extensive non-canonical interactions identified by CLASH may provide insights into

how miRNAs choose their targets in vivo. While this article was in review, a new

report on the analysis of miRNA-target chimeras concluded that pairing to miRNA 3’

end sequences is more important than previously considered (Moore et al., 2015). In

addition to patterns of hybridization with targets, analysis of chimeric sites may reveal

features that explain why certain 3’UTRs are predominantly regulated by a single

miRNA despite seed complementarity to other expressed miRNAs. Furthermore,

chimeras allow the identification of ncRNA targets of miRNAs. These interactions

with ncRNAs may be transient but still have biological importance.

Although miRNA-target chimeric reads are a unique tool to understand miRNA

targeting, there are still several limitations to the current protocols. Foremost is

the limited number of chimeric reads that are generated by the new methods. In

CLASH and modified iPAR-CLIP, 2% and 0.24% of libraries were chimeric reads,

respectively (Grosswendt et al., 2014; Helwak et al., 2013). As a consequence

of the limited number of available reads, many target sites were identified by a

single chimera. In the modified iPAR-CLIP data only 18.7% of target sites had more

than one read (Grosswendt et al., 2014). Given this observation, it is unlikely that

CLASH or modified iPAR-CLIP identify the complete set of miRNA-target interactions.

Furthermore, it will be important to focus on reproducible chimeras, as isolated

examples may represent sampling of targets by miRISC and not authentic targeting.
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In line with these considerations, a comparison of CLASH chimeric reads to the

most recent implementation of TargetScan led to the conclusion that TargetScan is

better at predicting functional miRNA targets than the experimentally derived CLASH

chimeras (Agarwal et al., 2015). Future work will need to focus on enriching for

chimeras that represent functional targeting events to deepen our understanding of

how miRISC chooses appropriate regulatory targets in vivo.
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Chapter 4

Pairing beyond the seed supports

microRNA targeting specificity

4.1 Abstract

MicroRNAs (miRNAs) direct Argonaute (AGO) proteins to target RNAs

through imperfect base pairing. To identify endogenous miRNA target sites, we

isolated AGO-bound RNAs from Caenorhabditis elegans by individual-nucleotide

resolution crosslinking immunoprecipitation (iCLIP), which fortuitously also produced

miRNA-target chimeric reads. Through the analysis of thousands of reproducible

chimeras, pairing to the miRNA seed region (nucleotides 2-8) emerged as the pre-

dominant motif associated with functional interactions. Unexpectedly, we discovered

that additional pairing to 3’ sequences is prevalent in the majority of target sites

and leads to specific targeting by members of miRNA families that share identical 5’

sequences. By editing an endogenous target site, we demonstrate that 3’ pairing

determines targeting by specific miRNA family members and that seed pairing is

not always su�cient for functional target interactions in the endogenous context.

54
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Finally, we present a simplified method, Chimera PCR (ChimP), for the detection of

specific miRNA-target interactions. Overall, our analysis of miRNA-target chimeras

revealed that sequences in the 5’ as well as the 3’ regions of a miRNA provide the

information necessary for stable and specific miRNA target interactions in vivo.

4.2 Introduction

MicroRNAs (miRNAs) are small RNA molecules that are bound by Argonaute

(AGO) proteins. The AGO-miRNA duplex forms the core of the miRNA-induced

silencing complex (miRISC), which is directed by the bound miRNA to complemen-

tary sequences in the messenger RNA (mRNA) (Pasquinelli, 2012). The miRISC

co-factors then promote translational inhibition and transcript destabilization of the

target RNA (Jonas and Izaurralde, 2015). Canonical miRNA-target interactions

featuring complementarity to the seed sequence, nucleotides (nts) 2-8 of the miRNA,

have long been recognized as critical for miRNA targeting (Bartel, 2009). Recent

structural and single molecule studies have emphasized the importance of seed

pairing for stable AGO binding (Chandradoss et al., 2015; Elkayam et al., 2012;

Jo et al., 2015; Nakanishi et al., 2012; Salomon et al., 2015; Schirle and MacRae,

2012).

However, there are examples of functional miRNA target interactions that

occur without perfect seed pairing. For example, the well-established miRNA target

lin-41 in Caenorhabditis elegans features two sites that are complementary to the

let-7 miRNA (Slack et al., 2000; Vella et al., 2004). Neither site supports canonical

seed pairing interactions; one of the sites forms a one-nucleotide bulge in the target

and the other requires an unfavorable G-U pair. Imperfect seed matches have been

suggested to be compensated by more extensive pairing with the 3’ end of the miRNA
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(Brennecke et al., 2005; Grimson et al., 2007). However, examples of conserved

sites with 3’ compensatory binding for weak seeds are relatively rare (Friedman

et al., 2009). Although studies using 3’ untranslated region (UTR) reporters have

suggested that non-canonical seed sites or sites with 3’ compensatory binding

are functional (Helwak et al., 2013; Moore et al., 2015), a recent analysis of non-

canonical target sites revealed that, even though these sites are bound by the miRNA

complex, they do not appear to be broadly functional (Agarwal et al., 2015).

Many mature miRNAs can be classified based on the presence of identical

seed sequences into groups called miRNA families (Lewis et al., 2003; Lim et al.,

2003). Due to the shared seed sequence of miRNA family members, it is predicted

that these miRNAs will regulate similar target RNAs. Phenotypic analyses of miRNA

deletions in nematodes suggest that members of miRNA families have cooperative or

redundant functions with each other (Alvarez-Saavedra and Horvitz, 2010). However,

recent work suggests that individual family members may have independent targets,

even when co-expressed (Moore et al., 2015).

Since miRNAs can regulate their targets by base pairing with as few as six

nucleotides or through non-canonical interactions, the prediction of miRNA targets

from sequence alone is di�cult. Crosslinking immunoprecipitation and sequencing

(CLIP-seq) and similar methods have been used to identify AGO binding sites on

RNAs (Chi et al., 2009; Hafner et al., 2012; Zisoulis et al., 2010). However, CLIP-

based approaches do not identify the miRNA that is responsible for a given interaction.

Recently, methods have been developed to capture the miRNA associated with

specific target sites bound by AGO (Grosswendt et al., 2014; Helwak et al., 2013;

Moore et al., 2015). These methods (CLASH, modified iPAR-CLIP, CLEAR-CLIP)

involve similar procedures to isolate AGO complexes, induce the ligation of miRNAs

to nearby target RNA sequences, and then prepare sequencing libraries. The hybrid
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reads produced by these methods are known as miRNA-target chimeras.

Here we report that individual-nucleotide resolution crosslinking immuno-

precipitation (iCLIP) of endogenous AGO in C. elegans produces miRNA-target

chimeric reads at similar e�ciencies as methods designed to yield chimeras. Our

analysis of thousands of reproducible miRNA-target chimeric reads unambiguously

reveals the identity of the miRNA at AGO mediated target sites and points to features

that promote target mRNA regulation in the endogenous context. We demonstrate

the importance of interactions beyond seed pairing in specifying miRNA target sites

using an endogenous in vivo reporter. Furthermore, we present a new method for the

identification of miRNA-target chimeras that does not require the use of radioactivity

or the analysis of sequencing datasets.

4.3 Results

4.3.1 ALG-1 iCLIP generates miRNA-target chimeras

In C. elegans, the Argonaute-Like Gene 1 (ALG-1) protein is essential for

normal miRNA expression and function. To generate a more complete map of ALG-1

target sites, we carried out ALG-1 iCLIP in wild-type (WT) C. elegans animals at

the last larval stage of development, as iCLIP has been shown to recover more

unique cDNAs than traditional CLIP-seq (Sugimoto et al., 2012). We analyzed ALG-

1 binding sites using the CLIPper peak-finding algorithm (Lovci et al., 2013) and

identified 5,006 ALG-1 binding sites that were reproducible in at least two biological

replicates (Table S1). 79.9% of these binding sites occurred in 3’UTRs (Figure

4.6A).

Chimera-generating methods have provided unambiguous miRNA targeting

data in a variety of organisms and cell types (Grosswendt et al., 2014; Helwak et al.,
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2013; Moore et al., 2015). Interestingly, these miRNA-target chimeric reads have

been reported to also occur in CLIP-seq and PAR-CLIP libraries, even without the

addition of the biochemical steps intended to increase their frequency (Grosswendt

et al., 2014). We tested for the presence of miRNA-target chimeras in our ALG-1

iCLIP libraries by PCR using primers for mature let-7 and the second let-7 comple-

mentary site (LCS2) in the 3’UTR of lin-41. PCR products were detected only for this

well-established target interaction, and not for another miRNA and the same target

site, or when using single primers (Figure 4.1A). This result shows that chimeric

reads for authentic miRNA target sites occur in ALG-1 iCLIP and that these reads

occur at a high enough frequency for PCR to detect.
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Figure 4.1: ALG-1 iCLIP produces miRNA-target chimeric reads. (A) The
presence of miRNA-target chimeras in ALG-1 iCLIP libraries were tested
by PCR using the indicated primers. (B) let-7 chimeric reads map to LCS1
and LCS2 in the lin-41 3’UTR. (C) The number of target sites and chimeric
reads detected for the ten miRNAs with most target sites. (D) Distribution
of target sites among transcript types. (E) Genic locations of target sites
for the indicated miRNAs. (F) Up-regulation in alg-1(-) of transcripts with
target sites only in 3’UTR (red) (Mann-Whitney U test, P<2x10-19) but not
in coding exons (blue) (Mann-Whitney U test, P<0.35) in comparison to
randomly selected transcripts.
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To identify all of the miRNA-target chimeric reads in our ALG-1 iCLIP data, we

developed a computational pipeline for their detection and mapping. We anticipated

that low numbers of chimeric reads (<5000) might be recovered, as has been

described for CLIP libraries that lack the intermolecular ligation step (Grosswendt

et al., 2014; Moore et al., 2015). Remarkably, our analysis revealed 153,684 non-

redundant chimeric reads that mapped to the C. elegans genome at 46,910 sites for

112 guide and 47 passenger strand miRNAs. Sites with at least two overlapping

reads represented 20.6% of total sites. Non-redundant chimeric reads ranged

from 1.3% to 5.1% of all reads from five independent ALG-1 iCLIP libraries. For

comparison, ~2% of CLASH, ~0.2% of modified iPAR-CLIP, and ~1.5-5% of CLEAR-

CLIP libraries consisted of chimeric reads (Grosswendt et al., 2014; Helwak et al.,

2013; Moore et al., 2015). Initial analysis of the chimeric reads from ALG-1 iCLIP

revealed that they map to known miRNA target sites. For example, let-7 chimeric

reads map specifically to the two let-7 complement sites in the lin-41 3’UTR (Figure

4.1B). To assess the frequency of non-specific chimera formation in ALG-1 iCLIP,

we mapped our chimeric reads to the E. coli genome. E. coli bacteria are the food

source for C. elegans, and reads that map to the E. coli genome are commonly

recovered in CLIP-based experiments (Grosswendt et al., 2014). <7% of total non-

redundant miRNA-containing reads were ligated to E. coli sequences, indicating

that nonspecific ligation events were rare. These analyses show that ALG-1 iCLIP

produces miRNA-target chimeras with similar e�ciency to methods specifically

designed to generate chimeric reads. Moreover, these chimeric reads correctly

match specific miRNAs to previously characterized miRNA target sites.

To explore the mechanism by which chimeric reads might have been gen-

erated, we examined the prevalence of full-length and 3’ truncated miRNAs in our

chimeric read data. Previously, it was suggested that trimming of the miRNA 3’ end
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by RNase treatment may allow endogenous enzymes present in the lysate to ligate

the miRNA to proximal target RNA sequence (Grosswendt et al., 2014). However,

the majority of miRNA-target chimeras produced by ALG-1 iCLIP were composed

of full-length miRNAs. The inclusion of truncated miRNAs increased chimera iden-

tification by ~20% (Figure 4.6B), whereas >90% of the chimeras were formed by

shortened miRNAs in unmodified iPAR-CLIP. Since the majority of miRNA-target

chimeric reads were composed of intact miRNAs, it is likely that most iCLIP chimeras

form during the biochemistry used to produce chemical moieties compatible with

linker ligation steps. However, since the inclusion of 3’ truncated miRNAs increased

the identification of miRNA-target chimeras, it remains possible that the action of

an endogenous ligase is responsible for a subset of chimeric reads. During our

analysis of ALG-1 iCLIP chimeric reads, we noticed that many reads contained an

untemplated nucleotide on the 5’ end of the miRNA. The inclusion of the untemplated

nucleotide when searching for chimeric reads increased read identification by ~30%

(Figure 4.6B). This nucleotide is primarily an adenosine or thymidine and is likely

added during reverse transcription (Figure 4.6C). For our computational identification

of miRNA-target chimeric reads, we included both 3’ truncated and 5’ untemplated

nucleotide addition miRNA variations.

For all subsequent analyses we considered only the 4,920 chimera-producing

sites that were reproducible in at least two biological replicates (Table S2), hereafter

referred to as target sites. The miRNAs with the greatest number of target sites

tended to be those that were highly expressed, as determined by the number

of chimeric reads (Figure 4.1C). In addition, of the 20 miRNAs with the greatest

number of target sites, 80% were identified as the top 20 highest expressed miRNAs

at mid L4 (Kato et al., 2009). Similarly, 83% of the guide strand miRNAs with

reproducible target sites were previously shown to be associated with ALG-1 (Zisoulis
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et al., 2010) (Figure 4.6D). These experiments show that ALG-1 iCLIP generates

reproducible miRNA-target chimeric reads that reveal the miRNA targeting landscape

in C. elegans.

4.3.2 Targets identified by chimeras are misregulated in alg-1(-)

animals

AGO proteins are generally guided by miRNAs to the 3’UTR of mRNAs

(Pasquinelli, 2012). The majority of target sites identified in this study occurred in

mRNAs and 40.5% of all target sites mapped to 3’UTRs (Figure 4.1D). Of these

3’UTR target sites, 87% overlapped an ALG-1 binding site in at least one ALG-1 iCLIP

library (Figure 4.6E). We found relatively few target sites in introns (5.5%) compared

to miRNA-target chimeras from human CLASH (15%) and mouse CLEAR CLIP

(36%) (Moore et al., 2015). However, both CLASH and CLEAR-CLIP considered

clustered sites, whereas we considered only reproducible target sites. When we

analyzed all chimeric reads (including non-reproducible) found in our ALG-1 iCLIP

libraries, 16.4% of the reads mapped to introns (Figure 4.6F). The fewer miRNA

intronic target sites observed when considering only reproducible sites suggests

that these interactions are either unstable or occur infrequently.

Chimeras also formed with other mature miRNAs and snoRNAs, as has been

previously reported (Grosswendt et al., 2014; Helwak et al., 2013; Moore et al.,

2015). In addition, we observed target sites that mapped to published circRNAs

(Ivanov et al., 2015; Memczak et al., 2013). Within mRNA sequences, individual

miRNAs exhibited distinct binding patterns with some miRNAs having primarily

3’UTR (e.g., miR-71 and miR-60) or coding exon target sites (e.g., miR-46/47 and

miR-72) (Figure 4.1E and Figure 4.6G).

In most cases, miRISC promotes transcript destabilization of bound targets
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(Eichhorn et al., 2014). Hence, loss of AGO proteins or deletion of specific miRNAs

results in increased target mRNA abundance. To examine if the mRNAs containing

target sites identified by ALG-1 iCLIP are up-regulated in alg-1 mutants, we per-

formed RNA seq on WT and alg-1(gk214) animals, referred to hereafter as alg-1(-).

Compared to randomly selected genes, the mean change in expression was higher

for genes with target sites in 3’UTRs but not coding exons (Figure 4.1F). Similarly

in alg-1(-), only transcripts with ALG-1 binding sites in 3’UTRs were up-regulated

(Figure 4.6H). This observation is consistent with previous microarray analysis of

alg-1(-) animals that showed up-regulation primarily of transcripts with ALG-1 binding

in 3’UTRs (Zisoulis et al., 2010).

4.3.3 Seed pairing is enriched in miRNA target sites

The miRNA sequence can be separated into five functional domains that

a�ect miRNA target recognition: 5’ anchor (nt 1), seed sequence (nts 2-8), central

region (nts 9-12), 3’ supplementary region (nts 13-16), and 3’ tail (nts 17-22) (Wee

et al., 2012). We anticipated that complementarity to the seed sequence of the

cognate miRNA would be a prominent feature in our target sites. However, it

was also possible that the target sites identified by ALG-1 iCLIP would share a

common sequence motif unrelated to the identity of the cognate miRNA. Using

MEME motif analysis (Bailey and Elkan, 1994), the primary motif we identified was

the seed complement for the cognate miRNA that was ligated to target sites of highly

expressed miRNAs (Figure 4.2A). This demonstrates that the chimeras produced by

ALG-1 iCLIP are dependent on the identity of the ligated miRNA. Complementarity

to the 3’ supplementary region of the miRNA, in addition to the seed sequence, has

been suggested to moderately enhance miRNA targeting (Grimson et al., 2007).

To assess the prevalence of seed and 3’ supplementary pairing, we looked for
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enrichment of the complementary nucleotides to these miRNA domains in and

around the target sites. For both seed and 3’ supplementary pairing, the presence of

the complement to these sites is enriched at the target site compared to surrounding

sequences (Figure 4.2B).

To examine globally how miRNAs interact with their target sites in mRNAs,

we paired each miRNA with its target site using RNAhybrid (Rehmsmeier et al.,

2004) and grouped similar interactions by k-means clustering on the predicted

miRNA-target duplexes. When k=7, six groups feature seed interactions, six feature

3’ interactions, whereas central and tail interactions are present in three groups

(Figure 4.2C). Unlike chimeras from human miRNAs identified by CLASH, we did

not detect a class of distributed interactions (Helwak et al., 2013). Our classes

exhibit distinct pairing among the di�erent miRNA functional domains. For example,

Class 1 features seed-only pairing, whereas Class 3 exhibited seed pairing with 3’

supplemental pairing but no central pairing. Similar to Class 3, Class 4 interactions

displayed seed pairing with no central pairing but with more frequent 3’ tail inter-

actions. Class 7 interactions did not exhibit seed pairing interactions, but instead

contained complementarity to interactions throughout the other miRNA domains.

Categorization of the target sites found in coding exons and 3’UTRs did not

reveal enrichment for a specific class in either genic region (Figure 4.2D). However,

individual miRNAs exhibited enrichment for specific classes of interactions (Figures

4.2E and 4.6I). We detected di�erential enrichment for each of the seven classes

among the miRNAs that produce the greatest number of target sites, including

di�erences between members of the same miRNA family, such as let-7 and miR-48.

Well-established miRNA targets sites, such as those in lin-14, lin-28, lin-41, and

hbl-1, generally featured Class 3 and Class 4 interactions (Figure 4.2F).

To examine if there might be functional di�erences among the classes of
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pairing interactions, we examined the expression of transcripts with each class of

interaction in their 3’UTRs in alg-1(-) animals compared to WT (Figure 4.2G). Among

the seven classes, only the seedless Class 7 was not significantly up-regulated in

comparison to randomly selected transcripts. Although it is possible that the Class

7 target sites primarily direct translational repression, it is striking that seed pairing

seems to be broadly important for the regulation of target mRNA stability.

Another feature that has been associated with functional miRNA target sites

is the presence of an adenosine immediately 3’ of the seed complement in the target

RNA, known as T1A (Lewis et al., 2005). Human AGO contains a binding pocket

that recognizes T1A, which likely functions to anchor the AGO protein at the target

site (Schirle et al., 2015, 2014). Adenosine at the T1 position is over-represented

in our chimera derived target sites compared to sites with shu�ed dinucleotides

(Figure 4.2H). This analysis lends genome-wide support for previous computational

and structural work pointing to the importance of the identity of the nucleotide after

seed pairing in the target sequence.

Although all but one class of miRNA-target interactions exhibited general

seed pairing, many sites within these classes appeared to have imperfect seed

matches. We examined the complementarity of target sites to their cognate miRNAs

for various classes of seed matching. Among all mRNA target sites, ~50% of

interactions included 6mer (nts 2 7), 7mer m8 (nts 2 8), 7mer A1 (nts 2 7 with T1A),

or a 8mer (nts 2 8 with T1A) seed interaction with the cognate miRNA, whereas

~20% of sites included a 6mer o�set (nts 3-8), mismatch, or bulge seed interaction

and ~30% of sites featured no match to an established seed type (Figure 4.2I).

Taken together, these findings support the importance of seed pairing in miRNA

function and reveal that the majority of miRNA target sites support additional 3’ end

complementary interactions.
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Figure 4.2: miRNA-target chimeric reads are enriched for seed pairing. (A)
The seed complement is the primary motif identified by MEME of targets
for the indicated miRNAs. (B) Density plot showing enrichment of 6mer
seed and 3’ supplementary complementarity to cognate miRNAs at 3’UTR
target sites. (C) miRNA-target duplex structure predictions calculated by
RNAhybrid and partitioned into seven classes by k-means clustering. Black
pixels represent pairing. (D) Distribution of classes among all mRNA, coding
exon or 3’UTR target sites. (E) Distribution of classes for the indicated
miRNAs. Significantly enriched classes (one-sided Fisher’s exact test,
P<0.001) are indicated (*). (F) Class interactions of established miRNA
target sites. For sites with multiple miRNAs bound, the miRNA with the
greatest number of chimeric reads at that site was chosen. (G) Up-regulation
of transcripts in emphalg-1(-) for each interaction class (Mann-Whitney
U test, *** P<0.001, ** P<0.005). (H) Adenosine at the T1 position is
enriched after the seed complement for the ten miRNAs with the greatest
number of target sites compared to sites with shu�ed dinucleotides (Fisher’s
exact test, P<0.0001). Error bars represent ± SEM. (I) Distribution of seed
complements for all mRNA target sites and the indicated miRNAs.
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4.3.4 miRNA family members bind specific sets of target sites

Considering that seed pairing has been proposed to be not only necessary

but also su�cient for miRNA targeting (Doench and Sharp, 2004; Enright et al., 2003;

Lewis et al., 2005, 2003; Stark et al., 2003) and that miRNA families in C. elegans

may act redundantly (Alvarez-Saavedra and Horvitz, 2010), we predicted that miRNA

family members would bind largely overlapping sets of targets. To investigate this

possibility, we examined target sites for the let-7 family of miRNAs. Three of the

let-7 family of miRNAs, let-7, miR-48, and miR-241, are expressed during the last

larval stage in overlapping sets of tissues (Abbott et al., 2005; Kato et al., 2009;

Martinez et al., 2008). Additionally, miR-48 and miR-241 are processed from the

same primary transcript. Whereas the first eight nucleotides of let-7, miR-48, and

miR-241 are identical, the rest of their sequences diverge (Figure 4.3A). Surprisingly,

the chimeras formed by let-7, miR-48, and miR-241 revealed that the majority of

their target sites were non-overlapping (Figure 4.3B).

Target sites that were shared by multiple let-7 family members included the

established let-7 family targets, daf-12 and hbl-1 (Abbott et al., 2005; Grosshans

et al., 2005) (Figure 4.7A and B). Along the 3’UTRs of both daf-12 and hbl-1, multiple

let-7 family members share some target sites, but other target sites are specific or

highly biased for binding to a single family member. The general binding preferences

of these sites agree with early observations that some let-7 family members are

predicted to pair more favorably with specific complementary sites in the hbl-1 3’UTR

(Lin et al., 2003).

In general, transcripts bound by a single let-7 family member tended to be

regulated by the miRNA pathway. We found that transcripts targeted by an individual

let-7 family miRNA in their 3’UTR were significantly up-regulated in alg-1(-) animals

(Figure 4.3C). Although the majority of let-7 target sites did not produce chimeras with
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other let-7 family members (Figure 4.3B), most of the transcripts containing these

let-7 specific sites produced chimeras or strong peaks representing ALG-1 binding

at additional locations. While these observations suggest combinatorial regulation,

we were still able to detect specific misregulation of some of these targets in animals

deficient for let-7 activity; whereas these same targets were not up-regulated in

miR-48 or miR-241 null strains (Figure 4.3D). We were unable to detect targets for

miR-48 and miR-241 that appeared to be specifically misregulated, likely because

both miR-48 and miR-241 are significantly up-regulated in miR-241 and miR-48

deletion strains, respectively (Figure 4.8).

Some let-7 target sites, such as the established site in ztf-7 (Jovanovic et al.,

2010), are shared by multiple let-7 family members, whereas others produced

chimeric reads almost exclusively with a specific member (Figure 4.3E). Since

nucleotides 1-8 of let-7, miR-48, and miR-241 are identical, other sequences in these

miRNAs must dictate specific target interactions. With the limited number of specific

sites for each let-7 family miRNA, we did not detect a miRNA region common to all

let-7 family members that would be responsible for exclusive interactions. Instead,

the overall binding energy is more favorable for each miRNA and its cognate sites

than for other family members paired to those sites. We hybridized each let-7 family

member to specific target sites using RNAhybrid to determine the minimum free

energy (MFE) of the miRNA target duplex. In general, pairing was most favorable

for the let-7 family member with its experimentally defined set of specific target sites

(Figure 4.3F).

Specific binding by miRNA family members appears to be common for other

miRNAs. The miR-58 and miR-238 families of miRNAs are expressed at mid-L4

(Kato et al., 2009) and also have divergent 3’ ends (Figure 4.9A and D). For both

of these families, we found primarily specific target sites with similar patterns of
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favorable pairing as those observed for the let-7 family (Figure 4.9). We found that

shared sites were more likely to contain perfect seed matches than specific sites

(Figure 4.10A), but a strong bias for T1A in shared sites versus specific sites was

not detected (Figure 4.10B). These analyses reveal that miRNA family members

can exhibit divergent target interactions and that these preferences likely arise from

3’ end pairing of the miRNA to its target site.
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Figure 4.3: The let-7 family of miRNAs binds divergent sets of target sites.
(A) Mature sequences of the three most abundant let-7 family miRNAs. (B)
Overlap of target sites for let-7 family miRNAs. (C) Transcripts specifically
bound by single let-7 family miRNAs in 3’UTRs are up-regulated in emphalg-
1(-) compared to random transcripts (Mann-Whitney U test: let-7 targets
P<1.3x10- 5, miR-48 targets P<4.4x10-5, miR-241 targets P<0.18). (D) qRT-
PCR of let-7 specific target candidates in the indicated strains (* P<0.05).
Error bars represent ± SEM. (E) Examples of shared and specific let-7
family targets with predicted pairing interactions. (F) RNAhybrid analysis of
minimum free energy (MFE) of miRNA-target duplex for each let-7 family
member to its specific mRNA target sites.
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4.3.5 miRNA 3’ end pairing directs specific target interactions

Our detection of chimeras specific for let-7 in the lin-41 3’UTR is consistent

with the requirement for let-7-mediated regulation of lin-41. Loss of let-7 results in a

lethal phenotype where animals burst through their vulvas (Reinhart et al., 2000;

Slack et al., 2000), and this phenotype can be suppressed by restoring regulation of

just lin-41 (Ecsedi et al., 2015). Additionally, versions of let-7 that contain mutations

in 3’ end sequences do not fully rescue bursting of let-7 mutants, pointing to the

importance of the 3’ end of this miRNA (Zhang et al., 2015). To further test if

regulation of lin-41 is entirely dependent on let-7, we analyzed the expression of

lin-41 in let-7(n2853) animals and in null mutants of miR-48 and miR-241, at mid-L4

stage. Compared to WT, the levels of lin-41 were misregulated only in let-7(n2853)

(Figure 4.4A).

The imperfect seed pairing of LCS1 and LCS2 in lin-41 likely necessitates

strong miRNA 3’ end interactions, which are much more favorable for let-7 than

for miR-48 or miR-241. However, our chimera data indicated that some target

sites are capable of perfect seed pairing (up to 8mer) to any of the let-7 family

members yet appear to be exclusively bound by a single member (Figure 4.10A).

To test the functional importance of specific miRNA targeting in vivo, we decided to

replace LCS1 and LCS2 in the lin-41 3’UTR (Figure 4.4B) with a target site that was

specific for another let-7 family member. We reasoned that the altered specificity

of this site might switch the identity of the miRNA required to regulate lin-41. To

minimally perturb the endogenous context, we used CRISPR/Cas9 genome editing

and homologous recombination methods to introduce two copies of the miR-48

specific target site from the 3’UTR of dot-1.1 (Figure 4.3E) at the same positions as

LCS1 and LCS2 in the lin-41 3’UTR. The miR-48 site copied from the 3’UTR of dot

1.1 has 7mer-A1 seed pairing with a GU-wobble at the nucleotide 8 position and
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more extensive 3’ end complementarity to miR-48 than to let-7 or miR-241 (Figure

4.4C). Importantly, all let-7 family members are expected to be capable of interacting

with the dot-1.1 site through seed mediated interactions. Thus, if seed pairing is

su�cient for regulation, this version of lin-41 should no longer be dependent on any

one let-7 family miRNA. Animals harboring the mutant lin-41(ap427) allele, which

has the miR-48 specific sites in the lin-41 3’UTR, display no observable phenotypes,

suggesting that lin-41 is su�ciently regulated in these animals.

The let-7(n2853) mutation results in a single nucleotide change to the seed

sequence of mature let-7 and decreased levels of mature let-7 (Figure 4.8C and D).

At 25°C, let-7(n2853) animals burst through the vulva and die due to the specific

misregulation of lin-41 (Figure 4.4A and D). Remarkably, when we combined the

let-7(n2853) mutation with lin-41(ap427), vulval bursting was suppressed, indicating

that regulation of this edited version of lin-41 is no longer dependent on let-7 (Figure

4.4E). We next attempted to generate a double mutant with lin-41(ap427) and miR-

48(n4097), a deletion allele of the miR-48 miRNA. However, we were unable to

generate a strain of homozygous double mutants because all animals burst through

the vulva and died once they reached the L4 stage, regardless of culture temperature

(Figure 4.4F). Finally, we generated lin-41(ap427);miR-241(n4316) double mutants,

which had no observable phenotypes.

To quantify the dependence of lin-41(ap427) regulation on each let-7 family

member, we conducted bursting assays at 25°C (Figure 4.4G). WT, miR-48 null,

miR-241 null, and lin-41(ap427) animals did not burst at 25°C, whereas ~98% of let-

7(n2853) animals burst and died. However, only ~7% of these let-7 mutants burst in

the lin-41(ap427) background. As described above, a lin-41(ap427);miR-48(n4097)

strain could not be isolated due to bursting and lethality of all double mutants, as

confirmed by genotyping of the corpses. For lin-41(ap427);miR-241 null animals,
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there was no detectable bursting. The apparent miRNA specific regulation of WT

lin-41 by let-7 and lin-41(ap427) by miR-48 is not due to down-regulation of other

let-7 family members in the miRNA mutant backgrounds (Figure 4.8).

Consistent with the phenotypes, the misregulation of lin-41 mRNA levels in

let-7(n2853) was prevented in the let-7(n2853);lin-41(ap427) strain (Figure 4.4H).

Instead, expression of lin-41 in the edited strain was found to be strongly misregulated

in the absence of miR-48, as detected by single worm qRT-PCR (Figure 4.4I). Thus,

the potential for pairing to miRNA 3’ end sequences drives miRNA specific regulation

at the molecular and phenotypic levels, which in the case of miR-48 regulation of

lin-41(ap427) is not compensated by the presence of let-7 or miR-241. Taken

together, these experiments reveal the importance of miRNA 3’ end interactions in

dictating target specificity among miRNA family members, even when targets share

a canonical seed complement.
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Figure 4.4: Seed pairing is not su�cient for target regulation in vivo. (A)
Northern blot for lin-41 in the indicated strains. (B-C) Diagram with bind-
ing profiles for let-7, miR-48, and miR-241 pairing to sites in WT lin-41
and lin-41(ap427) where the let-7 complementary sites (LCS) have been
switched miR-48 complementary sites (48CS). (D) let-7(n2853) animals
burst through the vulva at 25°C. (E) Suppression of let- 7(n2853) bursting by
lin-41(ap427). (F) lin-41(ap427);miR-48(n4097) double mutants phenocopy
let-7(n2853) vulval bursting. (G) Quantification of bursting in the presence
(+) and absence (-) of the indicated gene products. Error bars represent ±
SEM (H) qRT-PCR of lin-41 in let-7(n2853) and lin-41(ap427);let-7(n2853),
normalized to WT and lin-41(ap427) strains, respectively. (I) Single worm
qRT-PCR of lin-41 in lin-41(ap427);miR-48(n4097) strains heterozygous
or homozygous for the miR-48 deletion, normalized to lin-41(ap427);miR-
48(+/+).
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4.3.6 Simplified detection of endogenous miRNA target

interactions by Chimera PCR (ChimP)

Although several groups have developed chimera-generating methods that

can be applied in a variety of model systems, each of these protocols requires the

use of radioactivity and complex sequencing data analysis. As a consequence,

these methods are impractical for many research groups, which may be interested in

a single miRNA or target. Considering that miRNA-target chimeras were detectable

in standard iCLIP libraries using PCR (Figure 4.1A), we developed a method to

facilitate the detection of miRNA-target chimeras by PCR. This method, called

Chimera PCR (ChimP), allows the detection of miRNA-target chimeras without the

use of radioactivity or the need for complex sequencing analyses (Figure 4.11A).

In brief, the ChimP protocol is similar to other chimera-generating methods

that include an intermolecular ligation step to ligate miRNAs to their target RNAs

(Grosswendt et al., 2014; Helwak et al., 2013; Moore et al., 2015). However, ChimP

does not require radioactive tagging and isolation of RNA from a membrane. In-

stead, AGO-miRNA-target RNA tertiary complexes are treated with Proteinase K

to isolate the RNAs. Libraries are then generated in a similar manner to standard

iCLIP. The resulting library can then be used as the template in a PCR reaction

using an oligonucleotide with the miRNA sequence as the forward primer and an

oligonucleotide complementary to the target RNA as the reverse primer.

We used ChimP to confirm the miRNA-target chimeras for let-7 and lin-41,

miR-48 and dot-1.1, and miR-241 and lgg-2, which were originally detected in our

ALG-1 iCLIP reads (Figure 4.5A). To control for the possibility that the PCR products

produced by ChimP were the result of amplification from a single primer, we also

performed single primer controls to demonstrate that primers for both the miRNA and

target sequence are required (Figure 4.5B). Furthermore, we cloned and sequenced
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the PCR products for let-7 and lin-41 and miR-48 and dot-1.1 (Figure 4.5C). In both

cases, the miRNA-target chimera contained the sequence of the two primers used

for amplification separated by a small sequence that originated from the target RNA.

This demonstrates that ChimP is capable of producing bona fide miRNA-target

chimeras.

To test the fidelity of ChimP, we asked whether it could distinguish between

miRNA family specific target sites. For both, lin-41 and dot-1.1, we were only able

to detect miRNA-target chimeras for let-7 and miR-48, respectively (Figure 4.5D

and E). To further demonstrate the utility of ChimP, we also applied our method to

detect miR-71 target sites to the alg-1 and C44F1.1 3’UTRs that had been identified

from our chimeric data (Figure 4.11B and C) and include examples of the biological

reproducibility of ChimP (Figure 4.11D and E).

In some cases, we noted that primers generated products in the minus tem-

plate control PCR reactions. Sequencing of these products showed that they were

primer-dimers that amplified due to overlapping end complementarity. Furthermore,

on occasion we found that low annealing temperatures, particularly for miRNAs with

low GC content, or when library amplification primers were not fully removed from

the library, led to the amplification of non-specific products, such as miRNA-rRNA

reads. As a consequence, we recommend including no template control reactions as

well as cloning and Sanger sequencing of fragments in pilot experiments employing

ChimP.

Using ChimP, we were able to demonstrate that the let-7 specific binding of

lin-41 switches to miR-48 specific binding in the edited lin-41(ap427) strain (Figure

4.5D and F). These results further illustrate the utility of ChimP and show that specific

binding of a miRNA target can be determined by miRNA 3’ end sequences. Overall,

these analyses demonstrate that ChimP is a versatile method to rapidly test for the
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presence of endogenous miRNA-target interactions. With this assay, researchers

can avoid laborious and computationally intensive CLIP-based chimera-producing

experiments when specific miRNAs and potential target sites are of interest.
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Figure 4.5: Chimera PCR (ChimP) enables the identification of miRNA-
target chimeras by PCR. (A) Detection of let-7 family chimeras using ChimP.
Libraries were generated using higher (H) and lower (L) molecular weight
cDNAs. (B) Single primer negative controls along with a let-7 + lin-41(LCS2)
positive control from another part of the gel. (C) Examples of sequenced
ChimP products for let-7 and lin-41(LCS2), and miR-48 and dot-1.1. (D)
Detection of the lin-41(LCS2) with let-7 but not with other let-7 family member
primers by ChimP. (E) Specific detection of dot-1.1 with a primer for miR-48.
(F) The miR-48 complement sites in the lin-41(ap427) 3’UTR interact with
miR-48 and not let-7.
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4.4 Discussion

The initial aim of this study was to refine the catalog of AGO binding sites

using iCLIP. Our serendipitous discovery that ALG-1 iCLIP produces miRNA-target

chimeras led to the most comprehensive map of unambiguous miRNA target sites

in C. elegans to date. Investigation of this reproducible dataset of endogenous

miRNA target sites provided new insights into functional target interactions in a

living animal. On a genome-wide scale, we found that miRNA-target interactions

associated with regulatory outcomes generally involve seed pairing, an adenosine

at the T1 position, and binding sites in mRNA 3’UTRs. Moreover, we were surprised

to observe that miRNA families with divergent 3’ ends target largely distinct sets of

sites. We demonstrated that pairing to the miRNA 3’ end not only provides specificity

but can also be essential for target regulation fidelity in vivo. Finally, we developed

ChimP to allow for the detection of chimeric reads by PCR, and anticipate that

this will be a widely accessible method for interrogating potential miRNA-target site

interactions.

4.4.1 Identification and validation of endogenous miRNA

binding sites

The target sites identified by ALG-1 iCLIP chimeras represent endogenous

miRNA-target interactions that occur at mid-L4. Presently, it is unclear why we

recovered a larger fraction of chimeric reads in our iCLIP libraries (~1.3-5.1%) than

did a previous directed attempt to form chimeras in C. elegans (~0.2%) (Grosswendt

et al., 2014). Of the >150,000 miRNA-target chimeric reads generated by ALG-1

iCLIP, we conservatively used only those that were reproducible in at least two

biological replicates. This requirement focused our studies on high-confidence sites
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and helped to potentially eliminate o�-target or transient binding events.

Although ALG-1 iCLIP produces miRNA-target chimeric reads with similar e�-

ciencies as CLEAR-CLIP (Moore et al., 2015) and CLASH (Helwak et al., 2013), and

more e�ciently than modified iPAR-CLIP (Grosswendt et al., 2014), the biochemical

steps were not specifically designed to promote the optimal 5’- and 3’-end chemistry

that is required for chimera formation. It has been proposed that chimeric reads

that form in CLIP-seq and PAR-CLIP libraries occur due to the action of an endoge-

nous ligase present in the lysates (Grosswendt et al., 2014). In the CLIP-seq and

PAR-CLIP libraries analyzed by Grosswendt et al. 2014, the majority of the miRNA

sequences in chimeras were truncated at the 3’-end, likely by the RNase used to

trim unprotected RNA fragments. However, full-length miRNA sequences account

for the majority of miRNA-target chimeric reads in ALG-1 iCLIP data. Furthermore,

our analysis of AGO-2 iCLIP data, where the 3’-linker was ligated after RNA isolation

(Bosson et al., 2014), found almost no miRNA-target chimeric sequences (data

not shown). This suggests that the T4 RNA ligase used to ligate the 3’-linker is

responsible for the e�ciency seen in ALG-1 iCLIP.

We have also demonstrated that ChimP can be used to identify miRNA-target

sites for specific miRNA-target interactions of interest. An advantage of ChimP is the

ability to detect chimeric events without the use of radioactivity or the bioinformatics

expertise required to identify chimeras from CLIP-based methods. ChimP is sensitive

enough to reproduce the specificity seen for the let-7 family miRNA targets observed

in this study. Although ChimP does not identify the miRNA-target landscape across

the transcriptome, it allows for the investigation of specific interactions that may be

of interest to laboratories focused on certain miRNAs and targets.



84

4.4.2 Features of endogenous miRNA targeting

By capturing the endogenous miRISC, we were able to examine miRNA-target

interactions in vivo without changing the stoichiometry between ALG-1, the miRNAs,

and target RNAs. Perfect complementarity to at least a 6mer seed sequence was

found in ~50% of target sites, and ~70% of all target sites exhibited at least partial

seed complementarity. Interestingly, we did notice that the frequency of di�erent

types of seed interactions depended on the identity of the miRNA. For example, miR-

60 is highly enriched for Class 1 pairing interactions, which involve complementarity

to only the 5’ end of the miRNA, and has greater potential for perfect pairing to

nucleotides 2-8 than any of the other most abundant miRNAs (Figure 4.2E and I).

This pattern could be related to the relatively low GC content of the miR-60 5’ region,

which might then be compensated for by strong seed pairing interactions to stabilize

miRISC binding. Future studies will be important to understand the miRNA-specific

positional binding preferences.

Similar to the mammalian target sites identified by CLEAR-CLIP and CLASH

(Helwak et al., 2013; Moore et al., 2015), we also observed extensive predicted

pairing to the 3’ end of the miRNA, in addition to seed pairing. We identified seven

classes of base pairing interactions between miRNAs and mRNAs, six of which

featured various degrees of miRNA 3’ end base pairing. Additionally, target sites

were enriched for T1A, consistent with predicted features of miRNA target sites

(Grimson et al., 2007; Lewis et al., 2005) and structural evidence that AGO contains

a binding pocket for adenosine in the T1 position (Schirle et al., 2015, 2014).

In addition to distinct classes of pairing interactions being associated with

di�erent degrees of target regulation, the location of the target site also seems

to be important for functional targeting. Similar to previous observations (Zisoulis

et al., 2010), we noted that transcripts with target sites in coding exons were less
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up-regulated in alg-1(-) animals than those with target sites in 3’UTRs. It is possible

that some of these are regulated primarily at the level of translational inhibition with

no detectable mRNA destabilization. Alternatively, competition between miRISC

and translating ribosomes may reduce the residence time of AGO at exonic sites,

thwarting e�ective regulation of the mRNA (Gu et al., 2009). However, not only

were many target sites in coding exons reproducible but some gave rise to abundant

chimeras, suggesting that these interactions are unusually stable. We noticed that

some of these target sites overlap with published circRNAs for C. elegans (Ivanov

et al., 2015; Memczak et al., 2013). Thus, it is possible that some of these stable,

chimera generating target sites are derived from miRISC interactions with circRNAs

and not the mRNA. In addition, circRNAs in Drosophila have been reported to be

enriched for conserved miRNA seed complement sites, which further suggests that

some circRNAs are bound by miRNAs (Westholm et al., 2014). One hypothesis is

that these sites act as sponges to absorb excess miRNA load (Tay et al., 2014);

however, other work has demonstrated that many circRNAs and other potential

competing endogenous RNAs, due to their low expression, are not capable of

functioning as miRNA sponges that titrate miRISC from mRNA targets (Bosson

et al., 2014; Denzler et al., 2014). Thus, it remains to be determined what role

coding-exon sites play or whether the substrates for AGO binding of this class are

linear or circular RNA.

Target sites identified by ALG-1 iCLIP and other chimera-generating methods

have also mapped to ncRNAs (Grosswendt et al., 2014; Helwak et al., 2013; Moore

et al., 2015). Some of these interactions may represent novel functions for AGO,

whereas others may arise from background ligation to highly expressed cellular

RNAs. We anticipate that interactions between miRNAs and ncRNAs that are

identified by chimera formation with a single miRNA are more likely to represent
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functional interactions (Figure 4.12A) than sites that are bound by many unrelated

miRNAs (Figure 4.12B). It remains unclear, outside of base pairing specificity, why

some miRNAs seem to have preferences for particular types of ncRNA interactions.

For example, miR-46/47 has twice as many snoRNA target sites, compared to all

other expressed miRNAs, whereas miR-71 is devoid of snoRNA interactions (Figure

4.1E).

4.4.3 Specificity role for miRNA 3’ ends

Since members of a miRNA family typically have identical 5’ sequences but

divergent 3’ ends, they provide an ideal source for assessing contributions of the 3’

supplementary region to specificity and function. Unexpectedly, specific targeting by

miRNA family members seems to be much more common than anticipated and exists

even in the presence of strong seed complementarity. For specific target sites, the

miRNA that is bound to those sites is predicted to be more thermodynamically stable

than other miRNAs of the same family. This suggests that base pairing interactions,

beyond the seed sequence, are responsible for miRNA targeting specificity.

Target sites with weak seed sequence complementarity, such as those with

bulged or mismatched nucleotides, are thought to be compensated by more exten-

sive interactions with the 3’ end of the miRNA (Brennecke et al., 2005; Grimson

et al., 2007). As a consequence, sites with a weak seed may be more likely to

be regulated by specific miRNA family members. However, single cell reporters

have demonstrated that some sites with 6mer seed or 7mer-m8 seed with 3’ supple-

mentary complementarity can direct miRNA family specific regulation (Moore et al.,

2015). These experiments suggested the possibility that these interactions alone

could be functionally relevant.

To test whether miRNA 3’ end interactions can direct functional specificity
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when multiple miRNA family members are present at endogenous levels, we en-

gineered an in vivo reporter based on the regulation of lin-41. Normally, lin-41 is

repressed solely by let-7 via two sites in its 3’UTR (Ecsedi et al., 2015; Reinhart et al.,

2000; Slack et al., 2000; Vella et al., 2004). By editing those sites to become miR-48

target sites, we were able to transfer regulation of endogenous lin-41 to miR-48. In

the miR-48 null background, animals with the edited lin-41 3’UTR phenocopy let-7

null strains with completely penetrant busting and lethality (Reinhart et al., 2000).

Importantly, the new miR-48 sites retain perfect seed pairing to any of the let-7 family

members, yet only miR-48 appears capable of binding, as demonstrated by ChimP,

and regulating this version of lin-41. Altogether, this work shows that miRNA family

members have many distinct targets and demonstrates that targeting specificity

among miRNA family members can have functional consequences in vivo.

Crystal structures of AGO have revealed that when bound to the miRNA

alone, only nucleotides 2-6 of the miRNA seed sequence are positioned to interact

with target RNAs (Elkayam et al., 2012; Nakanishi et al., 2012; Schirle and MacRae,

2012). However, when the complex includes a complement RNA, AGO undergoes a

conformational change that allows seed pairing for nucleotides 2-8 of the miRNA and

potentially exposes the miRNA 3’ supplementary region (nts 13-16) for additional

pairing interactions (Schirle et al., 2014). Our data suggest that these suspected

conformational changes allow miRNAs capable of 3’ end pairing interactions to

outcompete miRNAs that support only seed pairing for a given site. Although in

vitro studies have concluded that base pairing beyond the seed does not increase

the a�nity of AGO for a target site (Chandradoss et al., 2015; Jo et al., 2015;

Salomon et al., 2015), it seems reasonable that target recognition in the more

complex endogenous context could utilize additional base pairing interactions for

specific and functional interactions in vivo.
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Here we have reported the identification of thousands of examples of en-

dogenous miRNA target sites in an intact organism. This work expands the dataset

of experimentally captured miRNA-target interactions, providing a rich resource for

improving target predictions and our understanding of miRNA targeting in vivo. For

laboratories interested in select miRNA target sites, ChimP can be used to rapidly

screen potential target interactions without having to analyze complex sequencing

data. Our genome-wide analysis of chimeras formed by endogenous miRNA-target

interactions revealed that pairing to the miRNA 3’ end provides a degree of specificity

not previously considered in most target prediction methods. As we have shown,

the ability of a miRNA to recognize more than just seed sequences shared by all

members of a family can have important consequences in vivo. The specificity

provided by the miRNA 3’ end may be especially relevant in humans where ~60% of

miRNAs are part of a miRNA family (Kozomara and Gri�ths-Jones, 2011). Specific

miRNA family members are reportedly involved in numerous pathologies (Boyerinas

et al., 2010), potentially because they have distinct targets that are not su�ciently

regulated by the other family members. Overall, our results support the importance

of seed pairing for functional miRNA-target interactions, but also reveal that this

core motif might not always be su�cient. Instead, additional interactions with the

miRNA 3’ end may be necessary for specific targeting in the endogenous context.

4.5 Experimental Procedures

Nematode strains

Strains used and generation of lin-41(ap427) by CRISPR/Cas9 directed

homologous recombination are described in the Supplemental Experimental Proce-

dures.



89

ALG-1 iCLIP

ALG-1 iCLIP was performed as previously described (Broughton and Pas-

quinelli, 2013), using mid-L4 wild-type (N2) C. elegans animals grown at 25°C for 29

hours after L1 synchronization. Computational identification of ALG-1 binding sites

and identification of chimeric reads is described in the Supplemental Experimental

Procedures.

4.6 Accession Numbers

The sequencing data have been deposited in the SRA database under the

accession numbers: SRP078361 (ALG-1 iCLIP) and SRP078368 (RNA-seq).

4.7 Author Contributions

J.P.B. designed and carried out all experiments with assistance from J.L.H.

Computational experiments were carried out by J.P.B. and M.T.L. G.W.Y. provided

advice in experimental design and analyses. A.E.P. conceived and supervised

project. J.P.B. wrote the paper and all authors contributed to the final version.

4.8 Supplemental Information

4.8.1 Supplemental Figures
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Figure 4.6: Features of ALG-1 iCLIP. (A) Distribution of genic locations
for ALG-1 iCLIP binding sites identified by CLIPper. (B) Comparison of
the number of non-redundant miRNA-target chimeric reads detected for
the ten miRNAs with the most target sites using di�erent cutadapt settings.
Values are normalized to searching for the mature miRNA sequence with a
tolerance of 1 nt error. (C) Identity of the untemplated nucleotide on the 5’
end of the mature miRNA sequence. (D) Venn diagram showing the overlap
of mature miRNAs (star strand excluded) with reproducible target sites and
mature miRNAs that have been shown to be associated with ALG-1 (Zisoulis
et al., 2010). (E) Venn diagram showing the overlap of 3’UTR target sites
that overlap 3’UTR ALG-1 binding sites identified in at least one iCLIP library.
(F) Distribution of genic locations for all chimeric reads (including those
that are non-reproducible). (G) Distribution of target site genic locations for
the 11-30 most target site producing miRNAs. Number of target sites for
each miRNA is indicated. (H) Transcripts with ALG-1 binding sites only in
the 3’UTR (red line), but not in coding exons (blue line), are up-regulated
in alg-1(-) animals compared to random transcripts (Mann-Whitney U test,
3’UTR P<2x10-26, coding exon P<0.16). (I) Distribution of binding profile
classes for the 11-30 most target site producing miRNAs.
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let-7  3'  U           AU  A        5'

MFE: -28.2

hbl-1  5' CAUUU      AUACAACC UU         A 3'
               UCUAUU        G  CC ACCUCA    
               AGAUGA        C  GG UGGAGU    
miR-48 3' AGCGU               UC  A        5'

MFE: -18.3

MFE: -19.7

daf-12 5'  U   GCC   UUU   CUUUUUC  G       A 3'
            CUA   ACA   CUU       AC UACCUCA    
            GAU   UGU   GGA       UG AUGGAGU    
let-7  3' UU   A     U                        5'

daf-12   5'   A        CUUUUU   G       A 3'
               CAUUUCUU      CAC UACCUCA    
               GUAAAGAG      GUG AUGGAGU    
miR-241  3' CAA        C        G         5'

MFE: -27.5

MFE: -17.0

hbl-1   5' AUUAUACAAC   U         A 3'
                     CGU CC ACCUCA    
                     GCG GG UGGAGU    
miR-241 3' CAAGUAAAGA   U  A        5'

1 kb

cel-miR-48-5p cel-miR-241-5p
cel-miR-48-5p

cel-let-7-5p

cel-let-7-5p
cel-miR-48-5p

daf-12 5'  A  CACAUU   U  UUUUCA G       A 3'
            GC      UCU CU      C UACCUCA    
            CG      AGA GA      G AUGGAGU    
miR-48 3' AG  U        U  CUC    G         5'

MFE: -18.3

daf-12 5' U    C          GCCC       U 3'
           GAUU AUGCAGCCUA    CUACCUC    
           UUGA UAUGUUGGAU    GAUGGAG    
let-7  3'                            U 5'

daf-12  5' U    GCAGC  A  C        U 3'
            UCAU     CU GC CCUACCUC    
            AGUA     GA CG GGAUGGAG    
miR-241  3'      AA     G  U        U 5'

MFE: -25.0

MFE: -28.5

daf-12 5' A    GC         CC      U 3'
           UGCA    CU AGCC  UACCUC    
           GCGU    GA UCGG  AUGGAG    
miR-48 3' A    AGAU  C            U 5'

MFE: -23.9

hbl-1  5' A      CUC       UCAUU        A 3'
           GACUAU   GC ACUU     CUACCUCA    
           UUGAUA   UG UGGA     GAUGGAGU    
let-7  3'             U    U              5'

MFE: -24.6

hbl-1  5' C        UUCAU          A 3'
           UCGCA CU      UCUACCUCA    
           AGCGU GA      GGAUGGAGU    
miR-48 3'       A  UGACUC           5'

MFE: -25.1

MFE: -29.8

hbl-1    5'     A        UUUCAUU        A 3'
                 UCUCGCAC       CUACCUCA    
                 AGAGCGUG       GAUGGAGU    
miR-241  3' AGUAA                         5'

Figure 4.7: The 3’UTR of hbl-1 and daf-12 are bound by multiple let-7
family members. UCSC genome browser tracks for the (A) daf-12 3’UTR
and (B) hbl-1 3’UTR. miRNA-target chimeric reads from five ALG-1 iCLIP
libraries for let-7 family members are overlaid. ALG-1 iCLIP data from a
single, representative library is shown. Reproducible target sites for all let-7
family members are shown. RNAhybrid predicted duplex structures and
minimum free energy (MFE) are shown for indicated sites with let-7 family
members.
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Figure 4.8: Expression of let-7 family miRNAs in let-7, miR-48, and miR-241
mutant animals. (A) Representative northern blot of mature let-7, miR-48,
and miR-241 miRNA expression in wild-type, miR-48 and miR-241 deletion
animals. U6 snRNA is shown as a loading control. (B) Quantification of
northern blots for three replicates for let-7 family expression in miR-48 and
miR-241 deletion mutants, values are normalized to U6. Error bars represent
S.E.M. Significant misregulation (P<0.05) is indicated by an asterisk. (C)
Representative northern blot for mature let-7, miR-48, miR-241, and miR-
84 miRNAs in wild-type and let-7(n2853) animals. (D) Quantification of
northern blots for three replicates for let-7 family miRNA expression in let-
7(n2853). Error bars represent S.E.M. Significant misregulation (P<0.05) is
indicated by an asterisk.
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Figure 4.9: miR-58 and miR-238 family miRNAs bind non-overlapping sets
of target sites. (A) Alignment of sequences for miR-58 family miRNAs. (B)
Overlap of miR-58 family miRNA target sites in mRNAs. (C) miR-58 family
miRNAs hybridize more favorably to their specific target sites. Minimum free
energy of miRNA-target duplex calculated by RNAhybrid. (D) Alignment
of sequences for miR-238 family members that are expressed at L4. (E)
Overlap of miR-238 family miRNA target sites in mRNAs. (F) miR-238 family
miRNAs hybridize more favorably to their specific target sites.
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Figure 4.10: Comparison of seed complementarity in shared and specific
sites. (A) Comparison of percent of sites with 6mer seed match in shared
sites and specific sites for let-7 family and miR-58 family miRNAs. Percent
of sites with 6mer seed match in shu�ed dinucleotides shown. Error bars
represent standard deviation. (B) Percent of 6mer seed matches (nts 2-7)
with T1A in shared and specific sites for the let-7 family and miR-58 family
of miRNAs.
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Figure 4.11: Chimera PCR (ChimP) protocol and additional examples
of ChimP. (A) Schematic showing the major biochemical steps in ChimP.
Argonaute-miRNA-target RNA complexes are crosslinked using UV-C light
in living animals. Lysates are prepared and treated with RNase to digest
RNA not protected by Argonaute. Argonaute is then immunoprecipitated
using a specific antibody. Target RNAs in purified complexes are then
phosphorylated using PNK. Intermolecular ligation is carried out with T4
RNA ligase in the presence of ATP. The 3’ phosphate left over after RNase
digestion is removed by alkaline phosphatase and a DNA linker is added
to the 3’ end of the target RNA to allow reverse transcription. RNA is
subsequently isolated using Proteinase K and reverse transcribed using a
phosphorylated primer. cDNA is then size selected to remove extra reverse
transcription primer. The purified cDNA is circularized and re-linearized
to allow for amplification of all cDNA products, including those that were
prematurely terminated at the crosslinking site. The cDNA is then amplified
using Illumina sequencing primers. Chimeric reads are then detected using
a forward primer complementary to the entire miRNA and a reverse primer
complementary to the predicted target site. (B) Detection of miR-71 binding
site in the 3’UTR of alg-1. (C) Detection of miR-71 binding site in the 3’UTR
of C44F1.1. (D) Detection of miR-48 binding to the 3’UTR of dot-1.1 using
a library from a di�erent biological replicate than the examples shown in
Figure 5A and E. (E) Sequenced chimeras for miR-48 and dot-1.1 from the
reaction shown in Figure S5D.
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Figure 4.12: Target sites in non-coding RNAs. (A) Reproducible target
sites and ALG-1 iCLIP reads that map to Y74C9A.6, a snoRNA. The single,
reproducible target site for this snoRNA suggests that this interaction may
be specific. RNAhybrid duplex prediction of let-7 to the target site shows
that let-7 would be able to bind the snoRNA with strong seed pairing. (B)
Reproducible target sites and ALG-1 iCLIP reads that map to F31C3.10, a
ribosomal RNA. The many, unrelated miRNAs bound to this transcript and
the weak predicted hybridization of let-7 by RNAhybrid to this site suggests
that the interaction is nonspecific.
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4.8.2 Supplemental Experimental Procedures

Nematode methods

Caenorhabditis elegans animals were cultured on OP50 bacteria at 25°C,

unless otherwise noted, and standard synchronization methods were used (Brenner,

1974).

Generation of lin-41(ap427) by CRISPR/Cas9 directed homologous

recombination

The lin-41(ap427) allele was generated by injecting young-adult wild-type (N2)

animals with 25 ng/µL pJB38 (PU6::lin-41(LCS1) sgRNA), 25 ng/µL pJB39 (PU6::lin-

41(LCS2) sgRNA), 2.5 ng/µL Pmyo2::tdTomoato, 10 ng/µL IR101 (HygR), 50 ng/µL

Peft-3::cas-9::SV-40::unc-54, and 25 ng/µL pJB40 (homologous recombination

template with miR-48 complement sites from dot-1.1). pJB40 was constructed using

a GBlock from IDT, and 1.5kB homology arms to lin-41, and assembled using USER

fusion (Nour-Eldin et al., 2010). F1’s carrying plasmid arrays were selected with 300

µg/mL HygromycinB. Recombinants were identified by PCR screening. Genomic

DNA was sequenced to confirm recombination event. The strain carrying the lin-

41(ap427) allele was backcrossed to wild-type (N2) animals four times to produce

PQ570. Primers used for generating plasmids for CRISPR/Cas9 genome editing

are listed below.

Generation of lin-41(ap427) double mutants

PQ570 was then crossed to let-7 family mutant animals, miR-48(n4036),

miR-241(n4316), let-7(n2853). The double mutants lin-41(ap427);miR-241(n4316)

(PQ571) and lin-41(ap427);let-7(n2853) (PQ577) were used in this study. To confirm
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lethality of lin-41(ap427);miR-48(n4036) double mutants we carried out 3 indepen-

dent crosses and genotyped F1 progeny (n=10). Primers used for genotyping of

lin-41(ap427) and miRNA mutant strains are listed below.

miR-241(n4316) and miR-48(n4036) were obtained from the CGC and back-

crossed to wild-type (N2) two times to generate PQ553 and PQ554, respectively.

Table 4.1: Oligonucleotides used for generating lin-41(ap427)

Identifier Sequence Description

A3070 AGCTAGAAAUAGCAAGTTAAAATAAGGCTAG sgRNA backbone
assembly (Addgene
#46168)

A3071 ATTTAGAUTTGCAATTCAATTATATAGGGAC sgRNA backbone
assembly (Addgene
#46168)

A3427 ATCTAAAUGTTTGacatcgcgttgagtgtagaaGTT
TTAGAGCTAGAAAT

lin-41 sgRNA 1 as-
sembly (F)

A3428 ATTTCTAGCUCTAAAACttctacactcaacgcgatgt
CAAACATTTAGAT

lin-41 sgRNA 1 as-
sembly (R)

A3429 GCAAATCTAAATGTTTGacatcg genotype lin-41
sgRNA 1

A3430 ATCTAAAUGTTTGtcaatggttcagaggcagaa
GTTTTAGAGCTAGAAAT

lin-41 sgRNA 2 as-
sembly (F)

A3431 ATTTCTAGCUCTAAAACttctgcctctgaaccattga
CAAACATTTAGAT

lin-41 sgRNA 2 as-
sembly (R)

A3432 GCAAATCTAAATGTTTGtcaatg genotype lin-41
sgRNA 2

A3421 GGCTTAAUGGTGGCTGATAAAGATAATCAT
CGTGTC

lin-41 homology arm
(F)

A3422 GGTTTAAUcagtaaattcctaaactgactgatagtgagtc lin-41 homology arm
(R)

A3423 accaacUcaagtatacct lin-41 miR-48 com-
plement site assem-
bly (F)
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Table 4.1: Oligonucleotides used for generating lin-41(ap427) (continued)

Identifier Sequence Description

A3424 agaaggUttcaatggttc lin-41 miR-48 com-
plement site assem-
bly (R)

A3425 agttggUgcaatttgaggaaaagagg lin-41 upstream ho-
mology arm (R)

A3426 accttcUcccgtactcccaccaatag lin-41 downstream
homology arm (F)

48SCS
gBLOCK

caaattgcaccaactcaagtatacctTTTGCATCTGA
ACTCCCTTACCTCATcgcgatgtaaatatcgcaatc
ccttTTTGCATCTGAACTCCCTTACCTCATga
accattgaaaccttctcccgtac

miR-48 sites from
dot-1.1 in lin-41
3’UTR

Table 4.2: Oligonucleotides used for genotyping strains

Identifier Sequence Description

A3442 ctactggtatctgtagaacaaagttcag miR-48(n4097) (FWD)
A3443 cgcgtttgcctcgaaaac miR-48(n4097) (REV)
A3446 caacaataaacgcaaactcatcagaatg miR-241(n4316) (FWD)
A3447 ccttattgtctgggggctctatg miR-241(n4316) (REV)
A75 cccgcggttcgcaacaatggagc let-7(n2853) (FWD)
A76 tgagagcaagacgacgcagcttcg let-7(n2853) (REV)
A3488 GAGGACGTGTTATTGTCGCTGATC lin-41 CDS (FWD)
A3489 cgatatttacatcgcgATGAGGTAAGG lin-41(ap427) (REV)
A25 GAGGCAGAATGGTTGTATAA lin-41 3’UTR LCS2 (REV)

PCR-detection of miRNA-target chimeras

miRNA-target chimeras were detected in iCLIP libraries using PCR with

a forward primer matching the mature miRNA sequence and a reverse primer

complementary to the miRNA target site. Primers used for the detection of chimeras

are listed below.
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Computational identification of ALG-1 binding sites

ALG-1 binding sites were identified using the CLIPper peak finding algorithm

after removing low-quality reads, trimming adapter sequences, collapsing duplicate

reads, and removing reads that map to repetitive elements. A scala script to perform

this task is available here:

https://github.com/YeoLab/gscripts/blob/master/qscripts/analyze_clip_seq.scala

Computational identification of miRNA-target chimeras

Read sequences were groomed with a two-stage filter through cutadapt

(Martin, 2011). In the first filter, reads’ 3’ ends were truncated where the partial sum

of sequencing quality scores fell below 36. The second filter was used to identify

miRNAs within sequenced reads. Matches to C. elegans miRNAs (miRBase release

20 (Kozomara and Gri�ths-Jones, 2011)) were required to be at least 18nt long and

miRNA sequences were allowed to begin with an added base of any kind. A Python

script to perform this task is available here:

https://github.com/YeoLab/gscripts/blob/master/gscripts/mirna/miR_splitter.py

A scala script to automate the trimming and mapping of chimeric reads is

available here:

https://github.com/YeoLab/gscripts/blob/master/qscripts/analyze_miRli.scala

Mapping of miRNA-target chimeric reads

RNA-STAR was used to map non-miRNA portions of reads independently

from their ligated miRNA counterparts. Non-miRNA portions of reads were mapped

to WBcel220 (ce10). Non-miRNA portions of reads were also mapped to E. coli

REL606 to determine background ligation frequency.
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PCR-duplicate reduction

Duplicate reads / PCR duplication was identified by sequencing adapters with

5 random nucleotides (Konig et al., 2011). Reads that mapped to the same position

with identical random-mers were collapsed. Duplicate removal was performed as

previously described (Hung et al., 2015) with the Python script available here:

https://github.com/YeoLab/gscripts/blob/master/gscripts/clipseq/

barcode_collapse.py

Reproducible miRNA-target RNA chimeric sites

Reproducible sites were determined for each miRNA by intersecting target

sites between replicates using Bedtools (Quinlan and Hall, 2010) and pybedtools

(Dale et al., 2011). Target sites within 5 nucleotides, and on the same strand were

considered to be the same site. Reproducible target sites from all combinations of

replicates were combined into a single file. All reproducible target sites for a given

miRNA were then merged using pybedtools into a single file. Sites were adjusted to

be the same size by expanding 25nts upstream and downstream from the center of

the site for analysis of base pairing interactions or genic location.

RNA-seq

RNA was collected from mid-L4 wild-type (N2) and alg-1(gk214) animals

grown at 25°C for 29 hours after L1 synchronization. An Illumina TruSeq mRNA

Library Prep Kit was used to generate poly(A) selected RNA-seq libraries. Illumina

Solexa Sequencing data was analyzed by mapping reads to WBcel235 assembly of

the C. elegans genome using RNA-STAR. Reads were then quantified using htseq-

count using Ensembl 81 gene annotations. Di�erential expression was calculated

using DESeq2. Sequencing reads are available through SRA: PRJNA328819.
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Classification of genic types

Reproducible and non-reproducible target sites were lifted over to WBcel235

using liftover-utils (https://github.com/AndersenLab/liftover-utils). Sites were then

classified by genic type by intersecting the target sites using pybedtools with Worm-

Base.org WS247 gene annotations, published circRNAs (Ivanov et al., 2015; Mem-

czak et al., 2013), and introns and rRNA sequences retrieved from the UCSC

genome browser and lifted over to WBcel235.

k-means Clustering

k-means clustering was performed on predicted RNAhybrid duplexes be-

tween target RNAs and cognate miRNAs using Cluster 3.0 (http://bonsai.hgc.jp/

~mdehoon/software/cluster/software.htm). For clustering analysis we considered

only target sites in mRNAs. The optimal k was determined by maximizing BIC,

k=5-10 were tested and k=7 produced the most meaningful classes. The clustered

RNAhybrid duplexes were visualized using Java TreeView (Saldanha, 2004) and

arranged manually into the presented order.

qRT-PCR

RNA was extracted from animals grown at 25°C for 29 hours after L1 syn-

chronization and reverse transcription was performed as previously described (Van

Wynsberghe et al., 2011). Fold changes were normalized to Y45F10D.4 (Zhang

et al., 2012) and calculated by DD Ct.
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Single worm qRT-PCR

Single worm lysates were generated by first picking worms into ddH2O with

a hair pick and then transferring the washed animals into 10µL of single worm lysis

bu�er (5 mM Tris, pH 8.0; 0.5% Triton X-100; 0.5% Tween 20; 0.25 mM EDTA; and

1 mg/mL proteinase K (NEB)). Lysates were frozen in a dry-ice-ethanol bath for 5

minutes, then incubated at 65°C for 30 minutes and then 85°C for 5 minutes. 2µL of

lysate were used to genotype. To the remaining 8µL of lysate, 8µL of 2X RQ-DNase

mix was added. Lysates were then incubated at 37°C for 1 hour. RNA was then

extracted using standard phenol:chloroform purification methods. The total amount

of purified RNA was then used to generate cDNA.

Table 4.3: Oligonucleotides used for qRT-PCR, all oligonucleotides were
obtained from IDT

Identifier Sequence Description

A2906 CGAGAACCCGCGAAATGTCGGA Y45F10D.4 (F)
A2907 CGGTTGCCAGGGAAGATGAGGC Y45F10D.4 (R)
A2203 ACATGTTTCTGGGCGATAGG lin-41 (F)
A2204 CGTGCTGTTGGCTACTTCAA lin-41 (R)
A3846 GCACAGTTGAGACGGAGACA tag-260 (F)
A3847 GCGCCGTTACATGAGGTAGA tag-260 (R)
A3840 TCCTTTGTACTCGGGTCGTTG tcl-2 (F)
A3841 CGGTGGAGGATTCGCTTTGA tcl-2 (R)
A3834 CGGCACCGACGGTACTGACGAAATC sea-2 (F)
A3835 CTGGCGCATTTAAGTGACTGCTCGTC sea-2 (R)
A3848 ATCCCGGAATCTGGCATCTC nhr-7 (F)
A3849 CGACAGTTAGCAGTTGTCAGC nhr-7 (R)
A3852 TGTGCTTCCCCAATGTTCGT fozi-1 (F)
A3853 GCTTGACTACCACGTCTCCC fozi-1 (R)
A3854 GGGATACCGTCTCCGTGTTC C18B12.4 (F)
A3855 CCACGTACGCACAGTGTAATG C18B12.4 (R)
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Northern blotting

Small and large RNA species were detected using PAGE and agarose north-

ern blotting methods, respectively (Van Wynsberghe et al., 2011). The lin-41 probe

was generated using primers A3607 and A3608, miRNAs were detected using

Starfire probes complementary to each miRNA of interest (sequences in listed

below). Mature let-7 was detected using equal amounts of let-7 and let-7(n2853)

complementary probes. All strains were grown for 29 hours at 25°C. Bands were

quantified using the IMAGEJ software package (Schneider et al., 2012).

Table 4.4: Oligonucleotides used for northern blots, all oligonucleotides
were obtained from IDT

Identifier Sequence Description

A3607 ccctcgtaattatccttgtttttcatac lin-41 3’UTR (FWD)
A3608 cattaggcaattgggacaattaacacc lin-41 3’UTR (REV)
A1114 AACTATACAACCTACTACCTCA/3StarFire/ let-7 starfire
A1132 TCGCATCTACTGAGCCTACCTCA/3StarFire/ miR-48 starfire
A1134 TCATTTCTCGCACCTACCTCA/3StarFire/ miR-241 starfire
A1216 ACTATACAACCTACTATCTCA/3StarFire/ let-7(n2853) starfire

Bursting Assays

Bursting assays were performed by growing synchronized L1 animals at 25°C

for 54 hours and quantifying the number of animals that had burst through the vulva

versus the number of surviving animals.

Chimera PCR (ChimP)

Cross-linked lysates were generated as previously described (Broughton and

Pasquinelli, 2013) using mid-L4 wild-type (N2) C. elegans animals grown at 25°C

for 29 hours after L1 synchronization. Lysates (1mg/mL) were digested with RNaseI
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(Ambion) and Turbo DNase (Ambion) for 3 minutes at 37°C.

ALG-1 was immunoprecipitated from lysates using 7.5µg a-ALG-1 (Ther-

moFisher Scientific) using Protein G dynabeads. Beads were washed with high-salt

wash bu�er (50mM Tris-HCl, pH 7.4; 1M NaCl; 1mM EDTA; 1% NP-40; 0.1% SDS;

0.5% sodium deoxycholate) and PNK wash bu�er (20mM Tris-HCl, pH 7.4; 10mM

MgCl2; 0.2% Tween-20).

The 5’ end of the target RNA was phosphorylated using T4 PNK (NEB) and

1mM ATP for 20 minutes at 37°C. The beads were then washed with high-salt wash

bu�er and PNK wash bu�er.

Intermolecular ligation of the miRNA to the target RNA was performed using

T4 RNA Ligase I (NEB) and 1mM ATP overnight at 16°C. The following morning,

additional T4 RNA Ligase I (NEB) and 1mM ATP was added and the reaction allowed

to proceed for an additional 5 hours. The beads were then washed with high-salt

wash bu�er and PNK wash bu�er.

The removal of the 3’ phosphate and the ligation of the 3’ linker were per-

formed as described previously (Broughton and Pasquinelli, 2013).

After linker ligation, the RNA was isolated using a Proteinase K digestion

(Van Wynsberghe et al., 2011). The purified RNA was then reverse transcribed.

RT primers and small products were removed by size selecting using AMPure XP

beads (Beckman Coulter).

The cDNA was then circularized, linearized, and libraries were then amplified

using Illumina sequencing primers (Broughton and Pasquinelli, 2013). Libraries

containing residual primers were purified using AMPure XP beans (Beckman Coulter)

before testing for chimeras. miRNA-target chimeras were detected using PCR by

using a forward primer matching the mature miRNA sequence and a reverse primer

complementary to the miRNA target site of interest.
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Table 4.5: Oligonucleotides used for Chimera PCR and detection of
chimeras in iCLIP libraries

Identifier Sequence Description

A706 tgaggtagtaggttgtatagtt cel-let-7-5p
A3693 ATGAGGTAAGGGAGTTCAGATGCAAA dot-1.1 3’UTR miR-

48 site
A3694 ATGAGGAAGGTGATTTGCGAGAG lgg-2 3’UTR miR-241

site
A3695 cagaggcagaatggttgtataaaaag lin-41 3’UTR LCS2
A2795 TGAGGTAGGCTCAGTAGATGCGA cel-miR-48-5p
A2796 TGAGGTAGGTGCGAGAAATGA cel-miR-241-5p
A3488 GAGGACGTGTTATTGTCGCTGATC lin-41 CDS (FWD)
A2879 /5phos/NNAGGTNNNAGATCGGAAGAGCGT

CGTGgatcCTGAACCGC
iCLIP & ChimP RT

A2895 /5rApp/AGATCGGAAGAGCGGTTCAG/3ddc/ iCLIP & ChimP 3’
adapter

A2893 AATGATACGGCGACCACCGAGATCTAC
ACTCTTTCCCTACACGACGCTCTTCC
GATCT

P5 solexa

A2894 CAAGCAGAAGACGGCATACGAGATCGG
TCTCGGCATTCCTGCTGAACCGCTCT
TCCGATCT

P3 solexa

A2922 GTTCAGGATCCACGACGCTCTTC/3ddc/ oligo for linearization
A3489 cgatatttacatcgcgATGAGGTAAGG lin-41(ap427) 3’UTR
A3737 TGAAAGACATGGGTAGTGAGACG cel-miR-71-5p
A3821 GATGCACTTGACAAGATATATTGGTG alg-1 3’UTR miR-71

site
A3822 GAAAGAGCTATTGGTAGTTTTTGAGAAG C44F1.1 3’UTR miR-

71 site
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Chapter 5

Aging Argonautes: Building tools to

study the microRNA Argonautes in

Caenorhabditis elegans

5.1 Introduction

Argonautes (AGOs) are a family of proteins that bind various classes of small

RNAs and direct small RNA-mediated gene regulatory activities. AGO proteins were

initially discovered from a mutation in Arabidopsis thaliana that resulted in unusual

leaf development that was reminiscent of a squid (Bohmert et al., 1998).

The presence of four domains classify AGO proteins: N-terminal, PAZ, MID,

and PIWI. Proteins containing these four domains can be further divided into two

subfamilies: AGO and PIWI. In humans, there are four members of the AGO sub-

family and four members of the PIWI subfamily. In contrast in the nematode worm,

Caenorhabditis elegans, the small RNA pathways have undergone extensive expan-

sion and specialization, leading to an increase in the diversity of AGO proteins. In
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total, there are 27 AGO family members in C. elegans with a variety of small RNA

specializations (Youngman and Claycomb, 2014).

MicroRNAs (miRNAs) are a class of small, non-coding RNAs that are bound

by AGO proteins. Once bound to AGO, miRNAs direct AGO and its associated

factors to target messenger RNAs (mRNAs) through imperfect base-pairing inter-

actions (Pasquinelli, 2012). Generally, the targets of miRNAs are located in the 3’

untranslated region (3’UTR) of mRNAs. miRNA targets are post-transcriptionally

regulated by the inhibition of translation or the destabilization of the mRNA (Jonas

and Izaurralde, 2015). These regulatory processes are mediated by the co-factors

that associate with the miRNA-bound AGO, which forms the core of the miRNA

induced silencing complex (miRISC).

Two members of the C. elegans AGO family, Argonaute-like-gene 1 (ALG-1)

and Argonaute-like-gene 2 (ALG-2), specifically function in the miRNA pathway

(Grishok et al., 2001). Loss of alg-1 leads to severe developmental abnormalities,

whereas alg-2 mutants do not exhibit strong phenotypes (Grishok et al., 2001; Tops

et al., 2006; Vasquez-Rifo et al., 2012; Zinovyeva et al., 2015). This observation

suggests that ALG-1 is the primary e�ector in the C. elegans miRNA pathway during

larval development. The expression of fluorescently tagged ALG-1 and ALG-2

from transgenic arrays using their native promoters revealed that both of these

proteins are expressed throughout development, with ALG-2 turning on earlier in

embryogenesis (Vasquez-Rifo et al., 2012). Knockdown or deletion of both alg-1

and alg-2 results in embryonic lethality (Grishok et al., 2001), suggesting that ALG-2

can fill many of the functions of ALG-1 in the miRNA pathway.

In accordance with the important role of the miRNA pathway in development

and the ability of miRNAs to regulate genes in many di�erent pathways, it is un-

surprising that RNAi knockdown of alg-1 and alg-2 result in decreased lifespans
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(Kato et al., 2011). Similarly, mutations in other miRNA pathway genes such as

pash-1, a component of the Microprocessor complex important for the biogenesis of

miRNAs, also result in a shortened lifespan (Lehrbach et al., 2012). The deletion of

some miRNAs (e.g. miR-71 and miR-238) lead to a decrease in lifespan, whereas

the deletion of other miRNAs (e.g. miR-80 and miR-239a/b) lead to lifespan exten-

sions (De Lencastre et al., 2010). The regulation of specific target genes in the

individual miRNA deletion strains likely contributes to the di�erent observed lifespan

phenotypes.

An outstanding challenge in C. elegans research is the limited availability

of antibodies that recognize C. elegans proteins (Duerr, 2006). Although some

antibodies to highly conserved proteins made for vertebrates or invertebrates can

cross-react with C. elegans proteins, many do not. However, recently the devel-

opment of specific genome editing tools such as TALENs and CRISPR/Cas9 to

generate double-strand breaks in DNA at specific loci in C. elegans has allowed

for the rapid generation of strains with endogenously tagged proteins (Farboud and

Meyer, 2015; Friedland et al., 2013; Kim et al., 2014; Lo et al., 2013; Tzur et al.,

2013; Waaijers and Boxem, 2014). These methods leverage the endogenous double-

strand break DNA repair pathways, non-homologous end joining or homologous

recombination, to generate novel deletion alleles or introduce custom mutations

in the DNA. In addition, since these methods target genes at their endogenous

loci, the tagged proteins and mutations generated using TALENs or CRISPR/Cas9

provide advantages over transposon-based methods such as MosSCI, which uses

the Mos1 transposon to insert DNA at specific pre-selected locations in the genome

(Frøkjaer-Jensen et al., 2010). The transgenes generated by MosSCI and similar

transposon based methods are limited by the presence of Mos1 sites and may be

silenced in the germline.
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Here, I describe a set of tools I generated for the exploration of the role

ALG-1 and ALG-2 in development and aging. These tools complement a surprising

result in our lab, which found that alg-2 null mutants are long lived, even though

previous alg-2 RNAi experiments had suggested that alg-2 knockdown results in

a shortened lifespan. Using the various strains and tools I developed, our lab was

able to demonstrate that ALG-1 and ALG-2 have opposing roles in regulating the

lifespan of C. elegans.

5.2 Experimental Procedures

To generate the alg-1 and alg-2 3’UTR specific RNAi, a USER cloning (Nour-

Eldin et al., 2010) compatible RNAi vector (L4440) was generated by PCR (primers

A3370 and A3371). USER cloning was then used to insert alg-1 and alg-2 3’UTR

PCR products (alg-1 primers A3372 and A3373, and alg-2 primers A3374 and A3375)

that contained complementary overhangs to the USER-ready-L4440 backbone.

Constructs were transformed into competent cells (DH5a) and confirmed by Sanger

sequencing. Verified constructs were then transformed into HT115 bacteria.

To make the PQ530 (3xFLAG::GFP::ALG-1) strain, young adult N2 animals

were injected with the following plasmids: 33ng/µL pJB14 (PU6:sgRNA targeting

start codon of ALG-1 isoform B), 18ng/µL pCFJ104 (Pmyo-3::mCherry::unc-54;

a gift from Erik Jorgensen; Addgene plasmid # 19328), 2ng/µL pCFJ90 (Pmyo-

2::mCherry::unc-54utr; a gift from Erik Jorgensen; Addgene plasmid # 19327),

37ng/µL Peft-3::cas-9::tbb-2_3’UTR, 10ng/µL Palg- 1::3xFLAG::GFP::alg-1 PCR

product. Injected animals were allowed to reproduce at 20°C for 3-4 days and

F1’s expressing co-injection markers were singled to new plates and allowed to

grow at 15°C for one week. Populations of F2 and F3 animals were genotyped for
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homologous recombination of 3xFLAG::GFP at the N-terminal of ALG-1 by PCR

(primers A2855 and A1001). A successful integrant was backcrossed 4x to N2 to

generate PQ530.

To make the PQ549 (ALG-2::mCherry) strain, young adult N2 animals were

injected with the following plasmids: 25ng/µL pJB34 (PU6:sgRNA targeting ALG-2),

25ng/µL pJB35 (PU6:sgRNA targeting ALG-2), 50ng/µL Peft-3::cas-9::tbb-2_3’UTR,

pJB33 (ALG-2::mCherry homologous recombination template), 25ng/µL pIR101

(HygR plasmid co-splicing GFP), 2.5ng/µL pMyo2::tdTomato, 10ng/µL pGH8 (pRAB-

3::mCherry::unc-54utr). Injected animals were allowed to reproduce at 20°C for

2 days and then the plates were then flooded with 1mL of 3mg/mL HygromycinB.

Plates were returned to 20°C for 3-4 days. Hyg resistant worms were singled to

new plates and allowed to reproduce until F3 animals were on the plate. 50µL

worm population lysates were then made and screened for integration of mCherry

construct by PCR (primers A3294 and A3295). A successful integrant was then

backcrossed 3x to N2 to generate PQ549.

To make the PQ582 strain, young adult N2 animals were injected with the

following plasmids: 10ng/µL pJB54 (3xFLAG::mKate2::ALG-2 homologous recom-

bination template based on pDD285 (a gift from Bob Goldstein, Addgene plasmid

# 66826)), 50ng/µL pJB53 (Cas9 plasmid with ALG-2 specific sgRNA, a modifi-

cation of pJW1219 (a gift from Jordan Ward, Addgene # 61250)), 10ng/µL pGH8

(pRAB- 3::mCherry::unc-54utr, a gift from Erik Jorgensen, Addgene plasmid # 19359,

pCFJ104 (Pmyo- 3::mCherry::unc-54utr; a gift from Erik Jorgensen; Addgene plas-

mid # 19328), 2.5ng/µL pMyo2::tdTomato. Isolation of recombinants was performed

as described in Dickinson et al. (2015). Briefly, injected animals were grown at

25°C for 3 days. Plates were then flooded 1mL of 3mg/mL HygromycinB. Plates

were returned to 25°C for 3 days. Non-glowing roller, Hyg resistant worms were



116

singled to new plates. L1’s from plates with 100% non-glowing, roller worms were

moved to new plates and heat shocked at 34°C for 4hrs to remove the cassette.

Wild-type worms post heat shock were selected and screened by PCR for integration

of 3xFLAG::mKate2 at the ALG-2 locus. Strain was then backcrossed 2x to N2 to

generate PQ582.

To make the PQ567, alg-2(ap426), strain, young adult N2 animals were

injected with the following plasmids: 25ng/µL each of 2 sgRNAs targeting the second

exon of alg-2, 50ng/µL Peft-3::cas-9::tbb-2_3’UTR, 2.5ng/µL Pmyo-2::tdTomato, and

25ng/µL IR101. The injected animals were grown at +15°C for 2-3 days, after which

the plates were flooded with 3mg/mL HygromycinB to achieve a final concentration

of 0.3mg/mL and returned to 15°C for 2 days. HygromycinB resistant animals were

moved to single plates, allowed to lay eggs, and genotyped to test for a change in

the 3’UTR using primers A3203, A3184, and A3185 (PQ535). The potential PQ567

animals were genotyped for a change in the size of the targeted exon of alg-2 using

primers flanking the region targeted by the two sgRNAs (A3534 and A3535). A

successful integrant (PQ535), and a line with a frameshift mutation resulting from

an 8 nt deletion in the second exon (PQ567) were each backcrossed 4x to N2.

The functionality of alg-1 and alg-2 3’UTR RNAi was determined by testing

for embryonic lethality, as knockdown of one alg-1 or alg-2 in the opposite mutant

results in eggs that fail to hatch (Grishok et al., 2001). Wild-type (N2), alg-1(gk214),

alg-1(tm492), and alg-2(ok304) animals were plated on 10X bacterial lawns of EV

(L4440), alg-1 library RNAi, alg-1 3’UTR RNAi, alg-2 library RNAi, alg-2 3’UTR RNAi

at L4. Animals were then grown on RNAi at 20°C for 2-3 days. The ratio of hatched

to unhatched larvae was then scored.

The functionality of the fluorescently-tagged AGOs and the alg-2(ap426)

allele was also tested by embryonic lethality. Wild-type, alg-1(gk214), alg-2(ok304),
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PQ562, PQ530, PQ582, and PQ549 were plated on 10X bacterial lawns of EV

(L4440), alg-1 library RNAi, and alg-2 library RNAi at L4. Animals were then grown

on RNAi at 20°C for 2-3 days. The ratio of hatched to unhatched larvae was then

scored. AGOs were determined to be functional if embryos hatched at normal ratios,

whereas AGOs were determined to be non-functional if the majority embryos failed

to hatch.

A double mutant (PQ583) containing both the 3xFLAG::GFP::ALG-1 and the

mKate2::3xFLAG::ALG-2 alleles was generated by crossing PQ582 to PQ530. PCR

was used to confirm the presence of homozygosity for both of these alleles.

5.3 Results

Work by other labs had previously demonstrated that alg-1 and alg-2 knock-

down by RNAi results in a shortened lifespan. The RNAi libraries used to target

C. elegans genes target regions within the coding regions of genes usually around

800-1000 nucleotides in length (Kamath et al., 2003). Considering that alg-1 and

alg-2 are the result of a recent gene duplication event (Grishok et al., 2001), it

may be possible that RNAi to one gene is also targeting the other. To address this

possibility, I first analyzed the sequence similarity of the regions targeted by the

library alg-1 and alg-2 RNAi. In both cases, the library RNAi targets the nucleotides

that encode the highly conserved PAZ domains, with 78% nucleotide identity (Figure

5.1A). However, the 3’UTRs of alg-1 and alg-2 are not as highly conserved. To gen-

erate RNAi constructs that would be specific to alg-1 and alg-2, I cloned sequences

from the alg-1 and alg-2 3’UTRs. These two regions have 46% nucleotide identity

(Figure 5.1A), and should therefore not cross-target the other AGO.

To resolve whether the shortened lifespan of the alg-2 library RNAi or the
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extended lifespan of the alg-2 null allele, alg-2(ok304), was accurate, we compared

the lifespans of animals grown on the library and 3’UTR specific RNAi. As previously

described, the alg-2 library RNAi resulted in a decreased lifespan. Although the

lifespan of animals on alg-2 library RNAi was significantly shortened compared to

wild-type, animals on alg-2 3’UTR had a significantly longer lifespan compared to

wild-type (Figure 5.1B). This finding was in agreement with the lifespan of the alg-2

null strain. To provide additional evidence in support of the extended alg-2 lifespan, I

used CRISPR/Cas9 genome editing to generate a new alg-2 null allele, alg-2(ap426).

This allele contains an eight-nucleotide deletion towards the N-terminus that results

in a frame shift and premature stop codon (Figure 5.1C). The lifespan of alg-2(ap426)

animals was extended compared to wild-type, but interestingly, not as extended as

seen in alg-2(ok304) animals (Figure 5.1D).

To explore the role of ALG-1 and ALG-2 in lifespan, we looked at the expres-

sion of these proteins during larval development and aging. Using an antibody that

our lab had previously generated against ALG-1, we found that ALG-1 is constitu-

tively expressed throughout larval development and into adulthood (Figure 5.2A).

However, during aging ALG-1 expression is halted and remains o� (Figure 5.2B

and C). To address whether ALG-1 remained on in specific tissues, I generated a

3xFLAG::GFP::ALG-1 strain using CRISPR/Cas9 genome editing and homologous

recombination. Fluorescent microscopy of this strain revealed that ALG-1 expressed

decreased in all tissues (Figure 5.2D).
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Figure 5.1: Extended lifespan of ALG-2. (A) Diagram showing isoforms of
alg-2 and the region deleted in the alg-2(ok304) allele. Locations targeted
by library RNAi and 3’UTR specific RNAi are indicated and the percent
nucleotide identity with alg-1 is shown. The location of the new alg-2 null
allele alg-2(ap426) is also shown. (B) Representative lifespan of wild-type
animals on EV, alg-2 library RNAi, and alg-2 3’UTR RNAi. Lifespan assay
performed by A. Alto and I. Nicastro. (C) Schematic showing the eight
nucleotide deletion in alg-2(ap426), and comparison of predicted protein
product of wild-type alg-2 and alg-2(ap426), location of the frame shift in
alg-2(ap426) is indicated by a red arrow. (D) Representative lifespan of wild-
type, alg-2(ok304), and alg-2(ap426) animals. Lifespan assay performed
by A. Alto and I. Nicastro.
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Figure 5.2: Loss of ALG-1 expression during aging. (A) Immunoblot of
ALG-1 expression throughout larval development and early adulthood. Im-
munoblot performed by H. Jenq. (B) Immunoblot of ALG-1 in days 1, 2, and
3 of adulthood. Immunoblot performed by A. Pasquinelli. (C) Immunoblot
of ALG-1 in days 3, 7, and 11 of adulthood. Immunoblot performed by A.
Pasquinelli. (D) Schematic of how 3xFLAG::GFP::ALG-2 strain was gener-
ated by CRISPR/Cas9 genome editing and homologous recombination. (E)
Confocal microscopy of 3xFLAG::GFP::ALG-1 strain and non-transgenic
animals showing the decrease in ALG-1 expression in all tissues during
aging. Non-specific autofluorescence common to aging animals is observed
at similar levels in non-transgeneic and 3xFLAG::GFP::ALG-1 animals. Mi-
croscopy performed by A. Aalto.
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The loss of ALG-1 suggested a collapse of the miRNA pathway during aging,

but the expression of ALG-2 at this time remained unclear. Studies of ALG-2

protein expression have previously been di�cult due to the lack of a good antibody

against ALG-2. To address this issue, I developed an mKate2::3xFLAG::ALG-2

strain through CRISPR/Ca9 genome editing and homologous recombination (Figure

5.3A). Immunoblots of mKate2::3xFLAG::ALG-2 through adulthood showed that

ALG-2 remained expressed in aging animals (Figure 5.3B). Fluorescent microscopy

confirmed the results of the immunoblot and also suggested that ALG-2 expression

may increase during aging (Figure 5.3C).
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Figure 5.3: Expression of ALG-2 during adulthood. (A) Schematic of how
mKate2::3xFLAG::ALG-2 strain was generated by CRISPR/Cas9 genome
editing and homologous recombination. (B) Immunoblot showing ALG-
2 expression throughout adulthood. Immunoblot performed by A. Aalto.
(C) Fluorescence microscopy showing the continued expression of ALG-2
in mKate2::3xFLAG::ALG-2 animals from L4 to adult day 5. Microscopy
performed by I. Nicastro.
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Figure 5.4: No-lifespan extension in ALG-2::mCherry animals. (A)
Schematic of how the ALG-2::mCherry strain was generated by
CRISPR/Cas9 genome editing and homologous recombination. (B) Lifes-
pan of wild-type, alg-2(ok304), and ALG-2::mCherry animals.

The C-terminal end of AGO proteins is buried with the protein (Elkayam

et al., 2012; Nakanishi et al., 2012; Schirle and MacRae, 2012). As a consequence,

tagging the C-terminal end of AGO proteins may result in a nonfunctional protein. In

the process of generating the N-terminal tagged mKate2::3xFLAG::ALG-2, I also

generated a C-terminal tagged ALG-2::mCherry (Figure 5.4A). Treating this strain

with either alg-1 library or alg-1 3’UTR RNAi resulted in embryonic lethality, which

demonstrated that the C-terminal tagged ALG-2::mCherry was not functional in this

assay. However, it remains a possibility that ALG-2::mCherry is retains enough

function to not result in the extended lifespan seen in alg-2(-) animals. Surprisingly,

a lifespan conducted using this C-terminal tagged version of ALG-2 showed no
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increase in lifespan compared to wild-type, even though ALG-2::mCherry was no

longer able to compensate for the loss of ALG-1 during embryogenesis (Figure

5.4B).

5.4 Discussion

Using the various strains and RNAi constructs that I generated, our lab was

able to explore di�erences in the expression of ALG-1 and ALG-2 during adulthood

and observe the opposing lifespan phenotypes caused by deletions of these AGO

proteins. The construction of the 3xFLAG::GFP::ALG-1 and mKate2::3xFLAG::ALG-

2 strains allowed for one of the first examinations of the expression patterns for both

of these proteins from their endogenous loci. Interestingly, we found that ALG-1

expression rapidly decreases in the first few days of adulthood, whereas ALG-2

expression remains on.

In addition to confirming that alg-2(ok304) animals are long lived, the 3’UTR

specific RNAi constructs that I built reveal an important caveat when studying proteins

using RNAi that have highly related homologs. In this case, alg-2 RNAi appeared to

also target alg-1, which led to the decreased lifespan phenotype for alg-2 observed

in the initial studies of the miRNA pathway and aging (Samuelson et al., 2007).

Furthermore, when comparing animals grown on alg-1 library RNAi and alg-1 3’UTR

RNAi, I noticed that the animals on alg-1 3’UTR RNAi appeared healthier than those

grown on alg-1 library RNAi. This may result from decreased potency of the 3’UTR

RNAi, or may indicate that some of the severe phenotypes observed in with the

library RNAi, which are often more severe than seen in alg-1 null strains, result from

additional cross-targeting issues. These observations underscore the importance of

generating and confirming phenotypes with genetic mutants, as I did by generating
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the novel alg-2(ap426) null allele.

By crossing the two fluorescent-AGO strains, I was also able to generate a

tool that could be potentially used to identify di�erential expression of ALG-1 and

ALG-2 in a variety of tissues. Preliminary confocal microscopy of this dual tagged

strain has shown that while many neurons express both ALG-1 and ALG-2, there

exists a subset of neurons that are specific for either ALG-1 or ALG-2. Future

analysis of the specificity of ALG-1 and ALG-2 in neurons may contribute to our

understanding of how the miRNA pathway can control a variety of pathways in C.

elegans, including behavior or stress response.

Lifespan assays and other experiments conducted by other members of our

laboratory as part of this work identified ALG-1 and ALG-2 as having antagonistic

roles in the insulin signaling pathway. Although these analyses reveal ALG-1 and

ALG-2 dependent changes during aging, the mechanism by which ALG-1 promotes

increased lifespan and ALG-2 decreases lifespan through the insulin signaling

pathway remains unclear. An attractive hypothesis is that the direct targets of ALG-

1 and ALG-2 are responsible for these di�erent lifespan phenotypes. However,

the normal lifespan of animals with a non-functional ALG-2 with a C-terminal tag

suggest the possibility that the increased lifespan seen in alg-2(-) animals is not

the result of miRNA-mediated interactions. However, to further investigate this

possibility additional experiments are required to determine whether ALG-2::mCherry

is functional during adulthood.

Going forward, the application of iCLIP or other similar methods that can

produce miRNA-target chimeric reads can help to identify the specific targets of

ALG-1 and ALG-2 during aging. Additionally, CRISPR/Cas9 genome editing can

be used to make custom mutations in ALG-1 or ALG-2. One potential mutation

to investigate is mutating the PAZ domain of these AGOs to prevent them from
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binding miRNAs. This could more specifically reveal whether the miRNA binding

and targeting of these proteins is responsible for the opposing lifespan phenotypes.

Other mutations to consider include switching the N-terminal domains, which is

the least conserved domain between ALG-1 and ALG-2, and inhibiting the slicer

activity. These experiments will help to elucidate the mechanisms by which ALG-1

and ALG-2 regulate lifespan in C. elegans.
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Chapter 6

Conclusions

The identification of microRNA (miRNA) target sites is essential to under-

standing the function and regulatory potential of miRNAs. The first clues concerning

how miRNAs find and recognize their targets came from the observation that there

were complementary regions of the lin-14 3� untranslated region (3�UTR) to the

lin-4 miRNA (Lee et al., 1993; Wightman et al., 1993). Similarly, studies of the

let-7 miRNA also found that there was complementarity in the lin-41 3�UTR to let-7

(Pasquinelli et al., 2000; Reinhart et al., 2000; Slack et al., 2000). From these

observations, other groups established the basics of miRNA targeting by identifying

additional miRNA target sites in 3�UTRs and revealing the importance of target RNA

complementarity to miRNA nucleotides 2-8, known as the �seed� sequence (Bartel,

2009). These first target sites established that individual miRNAs have the potential

to regulate hundreds of transcripts in multiple pathways.

However, as the number of confirmed miRNA targets increases, it has become

apparent that miRNAs are capable of functionally regulating target RNAs through

various base-pairing interactions that include imperfect seed matches (Chi et al.,

2012). Furthermore, functional target sites have been noted outside of the 3�UTR.

Interestingly, some groups have demonstrated functional noncoding RNA (ncRNA)

129
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target sites, such as in primary-miRNA transcripts (Zisoulis et al., 2012) and in circular

RNAs (circRNAs) (Hansen et al., 2013). Additional miRNA-ncRNA target interactions

have been observed in chimeric data to small nucleolar RNAs (snoRNAs) and long

intergenic noncoding RNAs (lincRNAs) (Grosswendt et al., 2014; Helwak et al.,

2013; Moore et al., 2015). The increasing diversity of miRNA targets emphasizes

the importance of precisely identifying target sites.

The research described here looks at miRNA function from two levels: the

molecular and the phenotypic. At the molecular level, this work provides a detailed

map of the miRNA targeting landscaping at the last larval stage of development in

C. elegans. Using this evidence of miRNA-target interactions, I demonstrate the

importance of the miRNA 3� end in providing specificity to miRNA targeting, and I

confirm the relevancy of these interactions in vivo. At the phenotypic level, I generate

a variety of novel tools to help validate the opposing roles of the C. elegans miRNA

Argonautes (AGOs) in regulating lifespan, and determine the expression of these

proteins during larval development and adulthood.

6.1 The importance of the miRNA 3� end in

supporting targeting specificity

To identify miRNA target sites, I isolated AGO binding sites using individual-

nucleotide resolution crosslinking immunoprecipitation and sequencing (iCLIP)

(Broughton and Pasquinelli, 2013; König et al., 2010). This data provided a high-

resolution map of sites that are bound by the primary AGO in the C. elegans miRNA

pathway, ALG-1. Serendipitously, I discovered that miRNA-target chimeric reads are

produced during the generation of ALG-1 iCLIP libraries. These chimeric, or hybrid,

reads are composed of the mature miRNA sequence ligated to the target RNA.
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Several groups have previously developed methods (known as CLASH, modified

iPAR-CLIP, and CLEAR-CLIP) to generate miRNA-target chimeric reads and used

these approaches to reveal insights into miRNA targeting (Grosswendt et al., 2014;

Helwak et al., 2013; Moore et al., 2015). Although ALG-1 iCLIP is not specifically de-

signed to generate chimeric reads, ALG-1 iCLIP libraries contain similar percentages

(1.3-5.1%) of chimeric reads to other chimera-generating methods. By analyzing

only high-confidence chimeric target sites that were reproducible in at least two

biological replicates, I generated a detailed map of the miRNA-targeting landscape

in C. elegans.

Using this dataset, I first confirmed that these target sites were associated

with features of functional miRNA targeting. Notably, the ALG-1 iCLIP chimeric

target sites included previously established miRNA targets, such as lin-41. Other

features of canonical miRNA targeting that were present in the ALG-1 iCLIP chimeric

sites included enrichment for seed complementarity to the cognate miRNAs at target

sites, the majority of target sites occurring in messenger RNAs (mRNAs), and the

identification of target sites that are regulated at the mRNA level in alg-1(gk214)

mutant animals. Having established that ALG-1 iCLIP chimeric reads revealed

features of known miRNA targets, I was then able to use this data to address

outstanding questions in the field regarding how miRNAs interact with their target

sites.

Structural analyses of AGO proteins bound to miRNAs have revealed that

the seed sequence is positioned to facilitate binding to the target RNA, whereas

the 3� end of the miRNA is sequestered within the protein and prevented from base

pairing with the target RNA (Elkayam et al., 2012; Nakanishi et al., 2012; Schirle

and MacRae, 2012). However, the structure of AGO bound to a miRNA and a partial

target sequence has suggested that the N-terminal domain of human AGO may
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undergo a conformational change after seed pairing. This conformational change

could allow the nucleotides along the 3� end of miRNA to base pair with a target

RNA (Schirle et al., 2014).

However, the extent of miRNA 3� end complementarity at target sites has

remained unclear. To address this outstanding question, I first examined target

sites for enrichment of specific nucleotide sequences. According to this analysis,

in addition to the presence of seed complementarity, there is enrichment for com-

plementarity to nucleotides 13-16 of the miRNA at target sites. This region of the

miRNA is known as the 3� supplementary region. The 3� supplementary region

has been suggested to compensate for weak or imperfect seed pairing (Grimson

et al., 2007), and is the same region that was suggested to become exposed after a

conformational change in AGO (Schirle et al., 2014).

To examine the extent of miRNA 3� end interactions, I paired each mRNA

target site to its cognate miRNA. This analysis revealed seven distinct classes of

interaction between miRNAs and their mRNA target sites. The majority of these

classes featured seed pairing and various degrees of 3� end interactions, with

one class featuring seed only pairing and one class featuring no-seed interactions.

Interestingly, the majority of target sites had the potential to support base pairing

to the miRNA 3� end, which suggests that these 3� end interactions may be an

important feature of miRNA targeting. This conclusion is supported by work from

two other groups that also showed that many miRNA target sites featured more

extensive miRNA 3� end interactions than previously thought (Helwak et al., 2013;

Moore et al., 2015). However, it remains unclear how the selection of an RNA

hybridization algorithm a�ects the results from these types of analyses, or whether

chimera-generating methods are biased for the capture of target sites with strong 3�

end pairing.
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From my analysis of miRNA-target RNA interactions, I also found that individ-

ual miRNAs have specific patterns of target interaction. For example, the majority

of miR-60 sites were seed only, whereas miR-71 target sites were enriched for

interactions that featured extensive pairing along the miRNA in addition to seed

complementarity. I also found that di�erent classes of target interaction were en-

riched between family members, such as let-7 and miR-48. Interestingly, one family

of miRNA, the miR-51 family, was enriched in non-seed interactions between all

family members.

The evidence that the majority of miRNA target sites could support 3� end

interactions, suggested that these interactions might play a role in miRNA targeting.

To address whether the seed sequence is su�cient for miRNA targeting, I examined

target sites of miRNA families. A miRNA family is a group of highly related miRNAs

that share the same seed sequence, nucleotides 2-8 from the miRNA 5� end, but

often have divergent 3� end sequences. If the seed is the only important feature in

miRNA targeting, then miRNA families should generally target the same target sites.

The let-7 miRNA family in C. elegans o�ers a convenient genetic model for testing

this hypothesis, since three members of the let-7 family of miRNAs are expressed at

the same time, in the same tissues, and at relatively high levels (Kato et al., 2009;

Martinez et al., 2008).

Surprisingly, I found that the let-7 family members, let-7, miR-48, and miR-

241, largely target non-overlapping sets of target sites. These specific target sites

were functional in regulating mRNA levels, and in some cases were specifically

misregulated in let-7 family member mutants. I did not identify targets for miR-48

or miR-241 that were specifically misregulated by analyzing mRNA levels. The

failure to detect specific misregulation of miR-48 or miR-241 specific targets may

result from their altered expression in let-7 family member mutants. For example,
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miR-48 is significantly up-regulated in miR-241(n4316) animals, and miR-241 is

also significantly up-regulated in miR-48(n4097) animals. Furthermore, analysis of

specific miRNA target sites revealed that only 12 let-7 specific targets, 10 miR-48

specific targets, and 0 miR-241 targets did not have binding by other miRNAs or ALG-

1 iCLIP peaks. Additionally, miR-48 and miR-241 specific targets may be regulated

on the level of translation and not mRNA destabilization. These confounding factors

may mask the potential for specific misregulation of many let-7 family specific target

sites.

To determine if base pairing could contribute to specific targeting by miRNA

family members, I used RNAhybrid (Rehmsmeier et al., 2004) to calculate the

minimum free energy (MFE) of hybridization for each let-7 family member to each

set of specific target sites. For let-7 specific sites, the let-7 miRNA is more favorably

paired than other members of the same family. This pattern continued for miR-48

and miR-241 specific target sites, where miR-48 or miR-241 was more favorably

paired, respectively. Similarly, the miR-58 and miR-238 families followed similar

trends. These analyses suggested that di�erences in miRNA targeting could be

attributed to di�erences in the 3� end of the miRNA. However, it is also possible

that these e�ects are due to more favorable chimera formation for miRNA target

sites that exhibit 3� end complementarity, leading to the observed trend in pairing

favorability for specific sites.

In many studies, functional miRNA targeting has been examined using over-

expression of miRNAs or reporter constructs (Thomas et al., 2010). However, it

is possible that overexpression of either the miRNA or the reporter may force the

system to becoming functional or obscure e�ects that would otherwise be relevant

at endogenous levels of either the miRNA or the target. To test the importance of

the miRNA 3� end in miRNA targeting, I employed the specificity of the lin-41 3�UTR
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for let-7. The lin-41 3�UTR contains two sites that are complementary to the let-7

miRNA (Reinhart et al., 2000; Vella et al., 2004), and is misregulated only in let-7

mutants and not in other let-7 family mutants. Furthermore, I only detect chimeras

for let-7 at the two let-7 complement sites (LCS) 1 and 2 in lin-41 3�UTR and not for

other let-7 family members. The specific misregulation of lin-41 in let-7 mutants has

been shown to result in the lethal vulval bursting phenotype associated with let-7

mutants (Ecsedi et al., 2015).

Recently, the CRISPR/Cas9 genome editing technique has allowed for the

generation of specific mutations through homologous recombination in C. elegans

(Dickinson et al., 2013, 2015; Friedland et al., 2013; Lo et al., 2013; Tzur et al., 2013;

Waaijers et al., 2013). The programmable specificity of CRISPR/Cas9 targeting

allows for custom mutations to be easily generated within the endogenous context.

Using this tool, I replaced LCS1 and LCS2 in the lin-41 3�UTR with a miR-48 specific

site from the dot-1.1 3�UTR. These miR-48 specific sites featured perfect seed

complementarity to all members of the let-7 family. However, the miR-48 specific

sites had strong 3� end complementarity to miR-48, but not to let-7. I used vulval

bursting as a readout of lin-41 misregulation. By crossing my mutant with miR-

48 specific target sites, known as lin-41(ap427), to let-7 and miR-48 mutants, I

demonstrated that the specificity of lin-41 regulation had been switched from let-

7 to miR-48. This experiment revealed the functional consequences of 3� end

complementarity at the endogenous levels of miRNAs and target RNAs.

Although the phenotypic analysis revealed the functional importance of the

3� end interactions in miRNA targeting specificity, the experiment did not allow me to

directly address whether let-7 or miR-48 was binding to the mutant target sites in

lin-41(ap427). Answering this question with current tools would have required the

regeneration and analysis of additional ALG-1 iCLIP libraries in mutants carrying
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the lin-41(ap427) allele. As an alternative, I developed a novel method, known as

Chimera PCR (ChimP), to generate and detect miRNA-target chimeras. This method

allows a targeted approach for showing that a miRNA interacts with a specific target

site of interest without having to use radioactivity or have the bioinformatics expertise

to analyze sequencing data for chimeric events. Using ChimP, I showed that in

wild-type animals lin-41 is specific for let-7, whereas in animals with the lin-41(ap427)

allele, miR-48, and not let-7, binds to the miR-48 specific target sites in lin-41. This

result complements the phenotypic data with evidence of direct binding between

the miRNA and the target site of interest.

Overall, my work indicates the miRNA 3� end as supporting targeting speci-

ficity in addition to the seed sequence. This finding is contrary to early models of

miRNA targeting, which suggested that base pairing beyond the seed does not

enhance targeting specificity (Bartel, 2009). Interestingly, some recent reports using

FRET experiments have suggested that complementarity beyond the seed does

not increase the residency time of AGO on target sites (Chandradoss et al., 2015).

However, these experiments largely relied on artificial target sites with perfect com-

plementarity. Additionally, the interactions with the 3� end may not be important for

the stability of the association and could have functional roles at the target site.

Current models of the mechanism of miRNA targeting suggest a series of

steps that interrogate the target sites for complementarity. Initially only nucleotides

2-6 of the seed sequence are exposed by the AGO for binding (Elkayam et al.,

2012; Nakanishi et al., 2012; Schirle and MacRae, 2012). Perfect pairing to this

partial seed sequence results in a conformational changes in AGO that allows for

full seed pairing (nucleotides 2-8) by releasing the steric inhibition of full seed pairing

provided by helix-7 (Schirle et al., 2014). After the movement of helix-7, AGO

may then be able to undergo additional conformational changes in the N-terminal
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domain, which normally prevents sequences on the 3� end of the miRNA from forming

base pair interactions. This hypothetical conformational change would then expose

nucleotides in the miRNA 3� supplementary region (nucleotides 13-16) for further

base pairing interactions (Schirle et al., 2014). My work supports the existence of

these additional interactions by demonstrating that miRNA 3� end interactions can

serve to support miRNA targeting specificity in vivo.

An outstanding challenge in the field of miRNA-RNA targeting is finding

methods to increase the number of chimeric reads. Currently, the best methods,

including ALG-1 iCLIP, produce at most 5% chimeric reads (Moore et al., 2015). In

the future, it will be important to continue to refine methods for the production and

isolation of chimeric reads. Several new CLIP-like methods have been developed that

significantly increase the yield from CLIP experiments, and by adding intermolecular

ligation steps to these methods additional chimeric reads may be recovered (Van

Nostrand et al., 2016; Zarnegar et al., 2016). Additionally, some methods for the

generation of chimeric reads for other types of RNA-RNA interactions have been

developed using psoralen crosslinking (Lu et al., 2016; Sugimoto et al., 2015).

Application of the chimera isolation strategies to identifying miRNA-target chimeras

may be successful in purifying chimeric reads from libraries. Another approach

may be to use poly(U) polymerase to add 4-thiouridine triphosphate (4sUTP) to

the miRNA 3� end. 4sU can be reversibly tagged with biotin (Rädle et al., 2013),

which would allow for chimeric read purification and prevent inhibition of reverse

transcription by biotin.

Other outstanding questions from my work include: how prevalent is miRNA-

targeting of circRNAs?, why do some miRNAs have preferences for coding exon

target sites?, and what is the minimum number of interactions with the miRNA 3�

end to result in specificity in vivo? In addition, the Chimera PCR (ChimP) method
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can be further improved to increase the speed of the protocol and increase the

specificity. By including the same improvements that increase the e�ciency of

enhanced CLIP (eCLIP) and infrared CLIP (irCLIP) (Van Nostrand et al., 2016;

Zarnegar et al., 2016), the recovery of miRNA-target chimeras in ChimP can also

be enhanced. Furthermore, by using the non-radioactive approaches to isolate

protein-RNA complexes of the correct molecular weight that are used in eCLIP and

irCLIP, the specificity of ChimP may be further improved while continuing to eliminate

the steps that involve radioactivity.

My work on the contribution of the miRNA 3� end in targeting specificity has a

variety of implications for the field. First, the computational identification of miRNA

target sites often only considers seed complementarity, or assumes that all miRNA

family members target the same sets of transcripts. By accounting for cases where

extensive 3� end complementarity is present to a specific family member, these

target prediction programs may be able to more accurately predict miRNA targets.

Additionally, miRNA families are involved in various pathologies and may have

di�erential expression between family members during disease states (Boyerinas

et al., 2010), which may have implications on the design and e�ectiveness of miRNA-

based therapeutics. Overall, my work reveals that, although the seed sequence is

critical for miRNA targeting, the 3� end of the miRNA supports targeting specificity in

the endogenous context.

6.2 The opposing roles of the miRNA Argonautes in

regulating lifespan in C. elegans

My work has also included building genetic tools to further our understanding

of the role of the miRNA pathway in aging. Work by other members of our lab has
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shown that the two AGOs involved in the miRNA pathway in C. elegans, ALG-1 and

ALG-2, have opposite lifespan phenotypes using alg-1(-) and alg-2(-) mutants. This

finding was in contrast to previously published lifespans for the knockdown of these

two proteins by RNAi (Kato et al., 2011; Samuelson et al., 2007). To understand the

discrepancy between the genetic and the knockdown experiments, I built alg-1 and

alg-2 specific RNAi constructs, generated several fluorescently-tagged ALG-1 and

ALG-2 strains, and made a new alg-2 null allele.

Considering the high-degree of conservation between ALG-1 and ALG-2

(Tops et al., 2006), one explanation for the di�erent results between the knockout

and the knockdown experiments is that the alg-2 RNAi used in the knockdown

experiments also targets alg-1. To test this hypothesis, I developed RNAi constructs

for alg-1 and alg-2 that would target the unconserved 3�UTRs of these mRNAs, rather

than the conserved coding exons that are targeted by the library RNAi constructs.

Lifespans using alg-1 and alg-2 library RNAi replicated the decreased lifespan for

both AGOs that had previously been published. However, the alg-2 3�UTR RNAi

resulted in a lifespan extension, similar to that seen in the alg-2(ok304) mutant. This

result suggests that ALG-2 has a role in negatively regulating lifespan in C. elegans.

To further confirm that loss of alg-2 increases lifespan, I used the CRISPR/Cas9

genome editing method to generate a new alg-2 null allele. The new alg-2 allele

I generated, alg-2(ap426), is also long lived compared to wild-type. Curiously,

however, it is not as long lived as the alg-2(ok304) allele.

Although ALG-1 and ALG-2 have previously been shown to be expressed

throughout larval development (Vasquez-Rifo et al., 2012), the expression of these

proteins during aging had not been fully investigated. Surprising, we found that

ALG-1 expression rapidly decreased after the first day of adulthood and remains

o� through day 11. To examine the protein levels of ALG-2, I N-terminally tagged
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ALG-2 with mKate2::3xFLAG endogenously using CRISPR/Cas9 genome editing

and homologous recombination (Dickinson et al., 2015). Using this strain, we

were able to demonstrate that ALG-2 remains expressed throughout adulthood.

Interestingly, confocal microscopy of a strain containing both 3xFLAG::GFP::ALG-1

and mKate2::3xFLAG::ALG-2 at adult day 1 has shown that while many neurons

co-express ALG-1 and ALG-2, some are specific to either AGO.

Additional work revealed that the di�ering lifespan phenotypes of ALG-1

and ALG-2 both involve the insulin-signaling pathway. However, several important

questions remain unaddressed. Primarily, it is unclear which direct targets of ALG-1

and ALG-2 are responsible for the opposing lifespan phenotypes. Despite their

high-degree of homology, ALG-1 and ALG-2 may bind di�erent sets of miRNAs,

which may contribute to di�erent patterns of targeting. Future work could apply

ALG-1 iCLIP or ChimP to confirm the specific targets of these AGOs during aging.

Considering that some neurons specifically express ALG-1 or ALG-2, it is also

possible that the patterns of expression for these proteins contribute to the lifespan

phenotypes. Another outstanding question is: what mechanism is responsible for

the down-regulation of ALG-1 during aging? An experiment to replace the 3�UTR

revealed that although ALG-1 with a di�erent 3�UTR is expressed longer than ALG-

1 with its native 3�UTR, ALG-1 expression still declines during the first few days

of adulthood. This suggests significant transcriptional regulation of alg-1 during

adulthood. Follow up experiments may focus on switching the alg-1 and alg-2

promoters, or overexpressing each AGO. Overall, this work reveals how alg-1 and

alg-2 act as antagonistic paralogs during aging, and provides a variety of tools that

can be applied to a variety of future studies looking at the di�erences in ALG-1 and

ALG-2.
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