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RNA interference, or RNAi, is a cellular mechanism that describes the sequence-

specific post transcriptional gene silencing observed in plants, fungi, and metazoans, 

facilitated by short double-stranded RNAs and microRNAs (miRNAs) with sequence 

complementarity to target mRNAs.  Many of the regulatory mechanisms of the RNAi 

pathway by which these small miRNAs are first processed, from primary transcripts to 

precursor miRNA stemloops and then to mature miRNAs, by the multiprotein complexes 

Drosha and Dicer, respectively, still remain unknown.  Within the miRNA biogenesis 

pathway, there is strong evidence pointing to the terminal loop region as an important 

regulatory determinant of miRNA maturation.  To further elucidate the terminal loop’s 

exerted control over miRNA processing, we propose a combined in vitro / in vivo 

selection experiment of a randomized pri-miRNA terminal loop library in search of an 

optimally processed pre-miRNA substrate.  Here, we report the isolation of a pre-

miRNA terminal loop sequence that is favorably processed by Drosha in vivo but also 

functions as an effective cis-inhibitor of further pre-miRNA processing by downstream 

Dicer.  This terminal loop also demonstrated modular properties of Dicer inhibition in 

two different miRNAs, and should prove useful in further elucidating the mechanisms of 

miRNA processing in context of a newly proposed Dicer cleavage model (Gu et al. 

2012).   In combination, these findings may have important implications in both Drosha 
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and Dicer’s direct role in gene expression and miRNA biogenesis, the regulatory proteins 

that modulate their respective functions, as well as the potential development of new 

design rules for the more efficient processing and targeting of miRNA-based technology 

and RNAi therapeutics. 
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Chapter 1: Introduction to microRNA biogenesis and regulation 

RNA INTEREFERENCE  

RNA interference (RNAi), also called post transcriptional gene silencing (PTGS), 

is a cellular mechanism that causes sequence-specific gene silencing in plants, fungi, and 

metazoa (Bartel 2009).  This is facilitated by short ~19-29 basepair (bp), double-

stranded RNAs (dsRNAs) with sequence complementarity to its target mRNAs.  RNAi 

is a form of post-transcriptional gene silencing, with specific cellular proteins that 

interact with generated short dsRNAs to carry out effective gene “knockdown” by either 

directly cleaving the target mRNA, or by inhibiting the subsequent translation of the 

transcript.  The powerful implications of a sequence complementarity-based, 

“programmable” inhibition and modulation of gene expression, have driven the rapid 

pace of RNAi research as well as given rise to numerous potential RNAi-based 

therapeutics (Castanotto and Rossi 2009; Vaishnaw et al. 2010; Seyhan 2011).  As a 

result, many biochemical, structural, and species-specific RNAi triggers have been 

reported since its initial observation, with more and more downstream small non-coding 

RNA (ncRNA) effectors and their respective protein modulators still being discovered 

each day (Kim et al. 2009; Snead and Rossi 2010; Finnegan and Pasquinelli 2012; 

Okamura 2012).  In metazoans, three major classes of small ncRNAs – microRNAs 

(miRNAs), small-interfering RNAs (siRNAs), and Piwi-interacting RNAs (piRNAs), 

have all been found to bind to complementary target RNA sequences leading to the 

downregulation of gene expression (Aalto and Pasquinelli 2012).  A distinguishing 

feature of these post-transcriptional gene regulators is the unique biogenesis pathway that 

each one takes.  Since their initial discovery, miRNAs have emerged as one of the most 

prevalent and important classes of regulatory, small RNAi effectors.  This chapter 
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focuses on the biogenesis of miRNAs, and the numerous factors that create and regulate 

their pathway to maturation in animals. 

My own interests in the ever-expanding gene-regulatory abilities of small 

ncRNAs began when I worked as a research technician for a biotechnology company that 

developed a platform technology capable of capturing and differentiating the small RNAs 

generated from splice variants between healthy versus diseased cells.  It is this initial 

interest along with the breakthrough discovery and characterization of the RNAi 

phenomenon by Andrew Fire and Craig Mello (Fire et al. 1998), leading up to their 

Nobel Prize in Physiology and Medicine in 2006, that has lead me to pursue a graduate 

career in the search for and design of more potent small RNA effectors within the RNAi 

pathway. 

 

MICRORNAS:  DISCOVERY AND BIOGENESIS 

Post transcriptional gene silencing – a higher order of regulation 

It was in 1993 that Victor Ambros and colleagues first reported a small ncRNA 

generated from the lin-4 gene capable of downregulating the mRNA of the lin-14 gene 

using antisense complementarity in the nematode C. elegans (Lee et al. 1993), but it was 

not until its much later re-examination following Fire and Mello’s RNAi report, that this 

class of regulatory, small ncRNAs was given the name microRNAs (miRNAs) (Lee and 

Ambros 2001; Lau et al. 2001).  Soon afterwards, miRNAs were found encoded in the 

genomes of a wide array of organisms, from plants to fungi, in animals from nematodes 

to higher order mammals, and even viruses.  In many cases, the expression patterns of 

specific miRNAs and their recognition of target mRNAs are conserved as well.  

MiRNAs can target mRNAs through imperfect binding, and studies have shown that the 
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overexpression of a single miRNA can result in the decreased levels of more than 100 

mRNAs (Lim et al. 2005).  To date, there are more than 2200 unique mature miRNAs 

found within the human genome1 (Griffiths-Jones et al. 2006; Kozomara and Griffiths-

Jones 2010), within many different cell types and a greater than 60% of protein-coding 

genes containing conserved miRNA targets (Friedman et al. 2009).  Collectively, these 

miRNAs regulate the expression of their numerous mRNA targets in many different 

biological pathways, controlling a wide range of important functions from cellular 

development, differentiation, and proliferation, to chromatin remodeling, and apoptosis 

(Stefani and Slack 2008; Esteller 2011), while the mis-regulation of specific miRNAs has 

been linked to cancer, cardiovascular complications, diabetes and neurological disorders 

in humans (Sayed and Abdellatif 2011). 

Genomic arrangement and transcription 

The majority of miRNAs found in mammalian cells are located in protein-

encoding genes, with more than 70% of them residing in an intron while the remaining 

miRNAs are found in ncRNA transcription units in both exons and introns (Finnegan and 

Pasquinelli 2012).  MiRNAs that have the same 2-8 nucleotides (nt) from their 5’ ends, 

often called the seed region for its importance in miRNA target recognition, can be 

further categorized into families, since they have the capacity to regulate common genes.  

Often, multiple miRNAs of the same family are found in “clusters” together and are co-

transcribed as part of one primary miRNA transcript (pri-miRNA).   

The large majority of cellular miRNAs are transcribed by RNA polymerase II 

(Pol II) in primary transcripts with 5’ methylated caps and 3’ polyadenylated tails like to 

most other Pol II products (Lee et al. 2004).  In rare cases, transcription by RNA 
                                                
1 Current total count of validated Homo sapiens miRNAs on miRBase release 19 (University of 
Manchester). 
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polymerase III (Pol III) has been reported in miRNAs near Alu repeats (Borchert et al. 

2006).  However, for its relative ease of construction and high levels of expression, most 

RNAi approaches to therapeutics or biological discovery apply Pol III driven 

transcription cassettes for the expression of synthetic miRNAs or short hairpin RNAs 

(shRNA) (Paddison et al. 2004; Steel and Sanghvi 2012). 

Canonical and noncanonical miRNA biogenesis pathways 

Fully processed, “mature” miRNAs are short, single-stranded RNAs (ssRNAs) of 

~19-25 nucleotides (nt) in length.  Before becoming mature, miRNA biogenesis first 

begins in the nucleus with the generation of a pri-miRNA transcript that contains miRNA 

genes, formed by internal stemloop or hairpin structures of ~60-70 nt in length (Figure 1-

1).  These pri-miRNAs with localized miRNA hairpin structures are then recognized by 

a nuclear ribonuclease III (RNase III) enzyme called Drosha and its RNA binding 

cofactor DGCR8, forming a microprocessor complex that mediates the cleavage of the 

hairpin structure at its stem, releasing what is called the precursor miRNA (pre-miRNA), 

a ~60-70 nt hairpin structure with a 2 nt overhang on its 3’end (Gregory et al. 2004; Han 

et al. 2004).  The pre-miRNA is then exported out of the nucleus and into the cytoplasm 

by crossing the nuclear membrane via Exportin 5 and RanGTP (Yi 2003; Lund 2004).  

Once in the cytoplasm, another RNase III enzyme called Dicer, cleaves away the terminal 

loop region of the pre-miRNA hairpin, leaving a short ~19-25 nt duplex miRNA that 

contains a 5’ phosphate (P), a 3’ hydroxyl (OH), and a 2 nt 3’ overhang on the ends of 

each strand (Zhang et al. 2004; Macrae et al. 2006).  Then Dicer, along with its HIV 

TAR RNA-binding protein (TRBP) coactivator, appears to select one of the miRNA 

strands (guide strand) for loading onto the RNA-Induced Silencing Complex (RISC) 

through a repositioning that causes directional binding of the post-cleavage miRNA 
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duplex (Tomari et al. 2004; Noland et al. 2011).  It is thought that the relative 

thermodynamic stabilities between the 5’ends of the miRNA duplex are what dictates 

Dicer/TRBP’s miRNA strand selection towards RISC-loading; favoring the less 

thermodynamically stable strand as the eventual guide strand (Schwarz et al. 2003; 

Noland et al. 2011).  

Finally, the Dicer-RISC-guide strand complex, associates with Argonaute (Ago) 

proteins to execute post-transcriptional gene silencing by triggering mRNA 

destabilization or translational repression (Tomari et al. 2004).  It is in this context that 

the mature miRNA strand functions as molecular guides in post-transcriptional gene 

silencing by basepairing with target mRNA transcripts, commonly in the 3’ untranslated 

region (UTR) in mammals.  A high complementarity between the 2-8 nt seed region of 

the mature miRNA guide strand with its mRNA target site can lead to translational 

repression, or the direct cleavage of the target mRNA sequence in rare cases of perfect 

complementarity (Lewis et al. 2003; Bartel 2004).  This canonical miRNA biogenesis 

pathway is summarized in Figure 1-1. 

There are also noncanonical pathways of miRNA maturation through the 

processing of mirtrons (Okamura et al. 2007; Ruby et al. 2007) or other pri-miRNAs that 

bypass Drosha processing (Babiarz et al. 2008), as well as a pre-miRNA that has been 

shown to bypass Dicer cleavage (Cheloufi et al. 2010; Cifuentes et al. 2010a). 

In order to ensure proper expression levels of certain miRNAs, each step along 

their biogenesis pathway, from transcription of the pri-miRNA to fully cleaved and 

loaded mature miRNA guide strand, can be subject to further regulation through the 

interaction of accessory proteins.  Since small deviations in miRNA levels can perturb 

the regulation of many target genes, tight control of miRNA biogenesis is essential for 

the maintenance of normal cell homeostasis.  A deeper understanding of the key factors 



 6 

that control miRNA processing will give us better insights into the important roles of 

miRNAs in the development of human diseases, as well as our ability to design miRNA 

effectors of greater stability and potency in advancing the next generation of novel 

RNAi-based therapeutics. 

 

 

Figure 1-1:  Canonical miRNA biogenesis pathway.  The majority of miRNA 
hairpins are transcribed as a part of RNA Pol II transcripts, although a 
smaller subset are produced from Pol III transcripts.  MiRNAs can be 
located either in an exon or intron, and can also be found as polycistronic 
transcripts containing multiple localized miRNA hairpins.  The Drosha-
DGCR8 microprocessor complex cleaves the pri-miRNA, releasing a ~60-
70 nt pre-miRNA hairpin for transport across the nuclear membrane by 
Exportin 5.  In the cytoplasm, Dicer and its protein cofactor TRBP further 
cleave the pre-miRNA to produce the small duplex miRNA/miRNA* (guide 
strand / passenger strand*).  The guide strand shown in red, is 
preferentially selected and loaded to Argonaute, forming the RISC-loading 
complex, leading to translational inhibition of its target mRNA, or in the 
case of perfect complementarity, mRNA degradation.  The passenger 
strand is shown in green.  Red arrows indicate the cleavage sites by Drosha 
and Dicer on the pri-miRNA and pre-miRNA, respectively.  
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DROSHA-DGCR8 MICROPROCESSOR COMPLEX 

Primary miRNA recognition and cleavage 

Most pri-miRNA transcripts are processed into their hairpin precursor forms in 

the nucleus by the microprocessor complex (Lee et al. 2003; Gregory et al. 2004).  The 

microprocessor complex minimally consists of the RNase III enzyme Drosha, and its 

partner DGCR8 (DiGeorge syndrome critical region gene 8) (Gregory et al. 2004; Denli 

et al. 2004; Landthaler et al. 2004).  Drosha and DGCR8 co-precipitate with each other 

in a protein complex that is sufficient for in vitro pri-miRNA processing reactions, and 

the in vivo depletion of either protein in numerous cells types result in an overall 

reduction of pre-miRNA and mature miRNA populations (Denli et al. 2004; Landthaler 

et al. 2004).  Drosha contains two RNase III domains that are each responsible for 

making a cut on each side of the base of the stem region, releasing a ~60-70 nt pre-

miRNA stemloop structure from the primary transcript (Han et al. 2004).  Although 

Drosha contains a recognizable dsRNA-binding domain (dsRBD), it requires the two 

additional dsRBDs provided by DGCR8 to efficiently bind and cleave the pri-miRNA 

substrate (Yeom et al. 2006).  Mutation studies indicate that DGCR8 stabilizes Drosha 

through protein-protein interactions, and furthermore, the amount of microprocessor 

complex available in the cell is further controlled by Drosha and DGCR8 being able to 

post-transcriptionally regulate each other, demonstrating another level of auto-regulation 

(Han et al. 2009; Triboulet et al. 2009). 

Since the Drosha-DGCR8 microprocessor is responsible for processing the 

majority of miRNAs from primary transcripts in the nucleus, the precursor hairpin 

structure of a partially basepaired stem region followed by a terminal loop, are important 

structural features of the pri-miRNA for accurate microprocessor cleavage.  Systematic 

in vitro microprocessor studies altering the sequence, and thereby structure, of model pri-
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miRNA substrates have highlighted the structural significance of certain components 

within the precursor hairpin to be recognized, cleaved, and released by the Drosha-

DGCR8 complex – double-stranded nature of the stem, the ssRNA basal segments 

flanking the dsRNA stem junction, the terminal loop/stem junction, and a terminal loop 

length of at least 10 nt (Zeng and Cullen 2003; Zeng et al. 2005; Han et al. 2006).  

While there seems to be a consensus on the importance of the dsRNA stem and its 

flanking ssRNA segments, the role of the terminal loop has been greatly debated.   

One study by Han et al. concluded that the terminal loop was not important at all 

for Drosha-DGCR8 processing and proposed a ssRNA-dsRNA Junction Anchoring 

model describing the main determinant of the microprocessor cleavage site as being ~11 

bp away from the ssRNA-dsRNA junction at the base of the pri-miRNA, towards the 

terminal loop (Han et al. 2006).  On the other hand, Zeng et al. reported that a large 

terminal loop of at least 10 nt is required for efficient pri-miRNA processing and that the 

microprocessor cuts ~22 nt from the terminal loop to stem junction, towards the base of 

the pri-miRNA stem (Zeng and Cullen 2005; Zeng et al. 2005; Zhang and Zeng 2010).  

It is interesting to note that Han et al. mainly used human mir-16-1 (mIRBase accession 

MI0000070) pri-miRNA as the model for their in vitro microprocessor studies, and in 

deciding that the terminal loop is irrelevant to recognition and cleavage, while Zeng et al. 

also using an in vitro microprocessor assay, developed their opposing microprocessor 

terminal loop requirements modeled after the cleavage products of human mir-30a 

(mIRBase accession MI0000088) cleavage products.  And in each case, their respective 

models can’t fully account for the microprocessor cleavage products of the other model 

miRNA (Han et al. 2006; Zeng et al. 2005).  However, it is likely that in vivo, all these 

factors – the hairpin stem, the flanking ssRNA sequence, as well as the terminal loop, 

contribute cumulatively to the microprocessor’s ability to accurately recognize, bind to, 
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and efficiently cleave the correct pri-miRNA substrates from a nuclear sea of hairpin-

containing RNA transcripts.  

 

DICER 

Precursor miRNA recognition and cleavage 

Once pre-miRNAs are exported out of the nucleus, it must be further processed by 

another RNase III enzyme, Dicer, in order to reach their mature forms of 21–24 nt.  

Initially, Dicer was reported to cleave long dsRNAs into small ~22 nt siRNAs in the 

RNAi pathway, eventually, Dicer was also found to be responsible for converting cellular 

miRNA precursors into the mature duplex miRNAs (Bernstein et al. 2001; Grishok et al. 

2001; Hutvágner et al. 2001).  Most animal and plant species express at least one Dicer 

protein, which is characterized by the presence of a helicase domain, a dsRNA-binding 

domain called PAZ, and two RNase III domains.  The PAZ domain is thought to 

recognize the 2 nt overhang at the 3’ base of the stem, guiding the intramolecular 

dimerization of the RNase III domains for cleavage at a measured 21-24 nt away from the 

monophosphorylated 5’ end of pre-mRNAs (MacRae and Doudna 2007; Park et al. 

2011).  A recent electron microscopy study of human Dicer revealed that its helicase 

domain forms a clamp-like structure adjacent to the RNase III active sites and may 

contribute to recognition of the terminal loop region of miRNA precursors (Lau et al. 

2012).  Once pre-miRNAs are properly loaded onto Dicer, each RNase III domain 

cleaves its respective strand at the base of the stemloop junction, releasing the terminal 

loop (MacRae and Doudna 2007). 

While Dicer is capable of processing pre-miRNAs into their mature forms without 

any cofactors, in mammalian cells, TRBP has been found to enhance this cleavage 



 10 

activity, the depletion of which causes a decrease in mature miRNAs (Haase et al. 2005; 

Ma et al. 2008; Koscianska et al. 2011).   Mutations that lead to the inactivation of 

TRBP in vivo are found to be associated with the development of several types of 

sporadic and hereditary carcinomas (Melo et al. 2009). 

 

ARGONAUTE-RISC 

miRNA loading, target silencing and stability 

Upon release of the terminal loop, the mature miRNA duplex is unwound and the 

strand that is less stably basepaired at its 5’ end (lower thermodynamic stability) is 

selected by Dicer/TRBP as the guide strand for loading onto an Argonaute protein, 

forming the miRNA-induced silencing complex (miRISC).  The guide strand within 

miRISC serves to recruit Argonaute and its associated cofactors to target mRNAs, 

resulting in mRNA destabilization and translational repression (Pasquinelli 2012).  

There are three categories of Argonaute proteins including the Ago, Piwi and 

worm-specific subfamilies (Höck and Meister 2008).  Members of the Ago subfamily 

function in siRNA and miRNA pathways, while the Piwi subfamily interacts with small 

RNAs (piRNAs) to regulate gene expression in the germ-line of animals.  Argonaute 

proteins vary greatly in animals in their numbers and their specific roles within the 

silencing pathway.  However, both mouse and human genomes encode for eight 

Argonautes with Ago 1-4 forming the Ago subfamily.  While miRNAs and siRNAs 

seem to load indiscriminately onto these four Ago proteins, Ago2 was shown to be the 

only catalytically active one capable of cleaving mRNAs that pair perfectly to the loaded 

small RNA (Huntzinger and Izaurralde 2011; Pasquinelli 2012). 
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Argonaute proteins have three domains important for miRNA loading – PAZ, 

MID, and PIWI domains.  The guide strand RNA threads through Argonaute with the 

PAZ domain contacting its 3’ end, while the highly basic pocket of the MID domain 

stabilizes the first nucleotide of its 5’ end.  The central region of the RNA is found in 

the PIWI domain, which in Ago2, contains the catalytic active residues that mediate the 

cleavage between target and guide RNAs with perfect complementarity (Höck and 

Meister 2008; Huntzinger and Izaurralde 2011).  However, miRNAs in animals usually 

lack sufficient complementarity to directly induce target mRNA cleavage, and instead 

Ago proteins interact with its cofactors to cause deadenylation and degradation of the 

mRNA or interfere with its translation (Höck and Meister 2008; Huntzinger and 

Izaurralde 2011; Pasquinelli 2012).  In addition, Argonaute proteins also regulate the 

stability of its associated miRNAs.  In fact, this appears to be the limiting factor for 

miRNA biogenesis as the overexpression of any of the four Argonaute proteins in human 

cells leads to a global increase in mature miRNAs, and similarly, the knockdown of Ago2 

causes a significant decrease in mature miRNA levels (Diederichs and Haber 2007). 

 

REGULATION OF MIRNA BIOGENESIS BY THE TERMINAL LOOP 

Regulation of Drosha-DGCR8 microprocessor activity by the terminal loop 

 More than 20 different protein cofactors have been found to associate Drosha 

and DGCR8 in vivo, acting as modifiers of microprocessor activity by both positive and 

negative regulation of miRNA biogenesis.  The role of the terminal loop as a key 

determinant of pri-miRNA processing has recently come to light as certain RNA-binding 

proteins are shown to interact with specific sequences within the loop, thereby regulating 

Drosha-DGCR8’s ability to bind, cleave, and/or release the precursor hairpin (Choudhury 
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and Michlewski 2012).  For example, hnRNP A1 binds to the terminal loop of specific 

miRNAs and can either enhance or repress cleavage by the microprocessor complex 

(Michlewski et al. 2008; 2010; Michlewski and Cáceres 2010).  In the case of pri-miR-

18a, hnRNP A1 binds to the terminal loop as well as the base of the stem, creating a 

bulge that improves access for microprocessor cleavage (Figure 1-2).  Alternatively, 

hnRNP A1 along with LIN-28, a well-conserved RNA binding protein active in early 

development, both recognize the terminal loop of pri-let-7, inhibiting further cleavage by 

Drosha-DGCR8 upon binding (Michlewski et al. 2008; Newman et al. 2008; 

Viswanathan et al. 2008).  Interestingly, there is competition for binding of the pri-let-7 

terminal loop, between the negative regulating hnRNP A1 and KH-type splicing 

regulatory protein (KSRP), a positive regulator that stimulates microprocessor processing 

(Michlewski and Cáceres 2010).  KSRP is shown to preferentially bind to G-rich 

regions within the terminal loop of specific pri-miRNAs, enhancing processing by 

stabilizing their interaction with Drosha (Figure 1-2).  Furthermore, KSRP is predicted 

to remain associated with the pre-miRNAs as they are exported from the nucleus, 

allowing it to also stimulate Dicer cleavage in the cytoplasm (Trabucchi et al. 2009).  

Overall, KSRP has been shown to have a positive regulatory effect on the biogenesis of 

more than 30 different miRNAs by stimulating both Drosha and Dicer processing activity 

in the nucleus and cytoplasm, respectively (Trabucchi et al. 2009).   

A more recent study has identified the importance of several specific primary 

sequence motifs and structural features that act as key determinants for human pri-

miRNA recognition and processing by the Drosha-DGCR8 microprocessor complex 

(Auyeung et al. 2013).  The study used deep sequencing and screened for optimal in 

vitro microprocessor cleavage by randomizing both the basal flanking and terminal loop 

sequences of four different human pri-miRNAs.  While they identified two sequence 
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motifs at the basal stem structure and at the 3’ flanking region important for the 

processing of all four pri-miRNAs, they were only able to find a loop-binding motif that 

was conserved with one of them – mir-30a (Auyeung et al. 2013).  Leading them to the 

conclusion that primary sequence preferences in the terminal loop regions were weaker 

than those observed for the basal flanking regions, perhaps explaining the different 

conclusions drawn from previous studies of the terminal loop’s significance in Drosha-

DGCR8 microprocessor activity (Zeng et al. 2005; Han et al. 2006).  

 

 

Figure 1-2:  The terminal loop’s regulatory roles in miRNA processing and 
biogenesis.  Adapted from Bajan and Hutvagner, 2011. 
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Regulation of Dicer activity by the terminal loop 

There is also recent evidence of regulation of Dicer’s pre-miRNA processing 

activity via binding of the precursor terminal loop structure.  The monocyte 

chemoattractant protein 1-induced protein 1 (MCPIP1) is a zinc-finger nuclease induced 

in macrophages during the inflammatory response in order to limit the expression of 

some cytokines and chemokines by promoting their mRNA decay (Cifuentes et al. 

2010b).  In addition to cleaving specific chemokine mRNAs, MCPIP1’s endonuclease 

activity has also shown to target pre-miRNAs in general, suppressing miRNA biogenesis 

by degrading the miRNA precursors (Suzuki et al. 2011).  This cleavage of the pre-

miRNA terminal loop region antagonizes Dicer processing and results in the rapid 

degradation of cleaved fragments (Figure 1-2).  Thus, in conditions where the 

inflammatory response is triggered causing elevated levels of MCPIP1, such as in certain 

cancers, Dicer’s ability to produce mature miRNAs can be downregulated overall by the 

terminal loop cleavage of its pre-miRNA substrate. 

In contrast to the general regulation of miRNA precursor processing, LIN-28 is 

exceptionally selective in its miRNA targets.  As mentioned earlier, LIN-28 represses 

Drosha processing by recognizing specific loop sequences in let-7 pri-miRNAs, a 

mechanism conserved across many different species (Newman et al. 2008; Viswanathan 

et al. 2008).  In the cytoplasm of mammalian cells, LIN-28 is found to bind to the same 

loop sequences of let-7 precursor miRNAs, further regulating its processing by Dicer 

(Rybak et al. 2008; Heo et al. 2008; Lehrbach et al. 2009; Piskounova et al. 2011).  

While LIN-28 alone can inhibit Dicer processing, it also functions to recruit Tut4 to pre-

let-7-miRNAs (Figure 1-2).  Tut4 is a terminal RNA uridylyltransferase that can mark 

RNAs for degradation by adding uridines to their 3’ends (Martin and Keller 2007).  The 
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uridine additions to pre-let-7-miRNAs make them susceptible to rapid degradation by a 

yet to be identified nuclease.  The ability of LIN-28 proteins to exert such tight control 

over let-7 miRNA production at multiple steps of its biogenesis further highlights the 

opposing functions of these proteins and their substrate miRNAs in the cell: LIN-28 

promotes cellular pluripotency while let-7 triggers cellular differentiation and division 

(Viswanathan and Daley 2010). 

More recently, deep sequencing results from in vivo Dicer cleavage of shRNAs 

have lead to the proposal of a “loop-counting rule” as a critical mechanism for directing 

pre-miRNA Dicer processing in mammalian cells (Gu et al. 2012).  While keeping the 

terminal loop sequence constant, the study systematically altered the sequence length and 

structural features of the pre-miRNA Dicer substrates, introducing mismatches and 

creating internal bulges within the dsRNA stem.  Upon analysis of the relative 

abundance of mature miRNA products post-Dicer processing, the authors found that 

Dicer cleaves efficiently and precisely when it is able to recognize a ssRNA sequence 

from either the terminal loop region or from an internal bulge at a fixed two-nucleotide 

distance downstream to the site of cleavage.  Otherwise, Dicer cleavage is not precise, 

leading to a range of Dicer cleavage products with variable 5’ start positions (Gu et al. 

2012).  However, they admit that their loop-counting rule could not account for some of 

the variability they observed with pre-miRNA cleavage products by Dicer, leading them 

to further speculate on the importance of the terminal loop within Dicer’s RNase III and 

helicase domains. 
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THE IMPORTANCE OF THE TERMINAL LOOP IN MIRNA PROCESSING 

Tight regulation of Drosha-DGCR8 microprocessor complex and Dicer cleavage 

of primary and precursor miRNAs, respectively, by the general sequence-structure of the 

terminal loop region and the specific protein factors that act upon it, further underscore 

the importance of the terminal loop’s involvement in miRNA biogenesis (Figure 1-3).  

To further elucidate the terminal loop’s exerted control over miRNA processing, we 

combined an in vitro / in vivo selection experiment of a randomized pri-miRNA terminal 

loop library in search of an optimally processed Drosha-DGCR8 pre-miRNA substrates.  

In Chapter 2 we devise and implement the rounds of selection and use deep sequencing 

analysis to identify terminal loop variants by abundance.  In Chapter 3 we further 

characterize the identified “winners” of our selection and show the isolation of a pre-

miRNA terminal loop sequence that is favorably processed in vivo by Drosha but also 

functions as an effective general inhibitor of pre-miRNA processing by downstream 

Dicer.  In combination, these findings may have important implications in both Drosha 

and Dicer’s direct role in gene expression, miRNA production, and the regulatory 

proteins that modulate their respective functions. 
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Figure 1-3:  The terminal loop’s effects within the miRNA biogenesis pathway.  
The boxed area indicates the where the terminal loop is known to determine 
and regulate miRNA development.  
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Chapter 2: A primary microRNA terminal loop library: construction, 
amplification, expression and selection 

INTRODUCTION  

Towards a sequence-structure determinant of miRNA terminal loop processing 

As more evidence implicates the importance of the miRNA terminal loop in 

specific regulatory roles of miRNA processing, we wanted to know if there were general 

sequence and structural determinants of the miRNA terminal loop within the context of a 

dynamic cellular environment and a well-regulated miRNA biogenesis pathway.  While 

general miRNA terminal loop determinants for Drosha-DGCR8 processing have been 

reported and contested based on the use of different in vitro model miRNAs (Han et al. 

2006; Zeng et al. 2005), more recent studies have harnessed the power of deep 

sequencing technology to screen for conserved sequence motifs and terminal loop 

position requirements for Drosha-DGCR8 and Dicer processing, respectively (Auyeung 

et al. 2013; Gu et al. 2012). 

Here we demonstrate a novel combined in vitro / in vivo selection (Ellington and 

Szostak 1990; Chen et al. 2009), using the in vitro amplification of a primary miRNA 

terminal loop library for its iterative in vivo expression and processing by Drosha-

DGCR8, followed by deep sequencing analysis of each round to identify the most 

optimally processed in vivo miRNA terminal loop substrates, and to shed more light on 

general terminal loop determinants for efficient miRNA processing.   

In this chapter, we will cover the technical aspects of in vitro / in vivo miRNA 

selections, such as the different methods of pri-miRNA expression library construction, 

challenges to pre-miRNA hairpin amplification, and finally, the deep sequencing results 

of the selection itself. 
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Deep sequencing – a powerful tool for selections 

The power of what is now commonly referred to as “next-generation sequencing” 

or “deep sequencing” technology, is the number of times it can sample or read a 

nucleotide during the sequencing process, hence its depth.  The very large number of 

DNA molecules in the genome, and the even larger diversity of RNA molecules being 

transcribed and post-transcriptionally modified within a cell at any particular time, makes 

deep sequencing technology ideal for the detection of low copy number or rare nucleotide 

change events, such as the identification of SNPs in the genome or the numerous small 

ncRNAs within the cell.  In slightly more abstract terms, deep sequencing is capable of 

isolating rare and/or specific sequence variants from a large pool of nucleic acids 

undergoing change, which is essentially what a screen or selection experiment does.  

When deep sequencing is applied to the analysis of selection results it makes for a 

powerful combination that can quickly identify the results of a properly controlled 

selection.   

In its application to the RNA transcriptome, deep sequencing has already proven 

to be an effective tool in the screening and identification of novel small ncRNAs (Law et 

al. 2013), as well as miRNAs (Moore et al. 2013; Vaz et al. 2010).  More recently, it has 

also been successfully applied to the determination of sequence and structural 

requirements for miRNA processing (Auyeung et al. 2013; Gu et al. 2012), whereas, just 

a few years ago, important sequence/structural determinants for miRNA processing could 

only be identified through the systematic in vitro processing of specific model miRNAs 

(Han et al. 2006; Zeng et al. 2005).  It could be argued that the application of deep 

sequencing to selection results will not only help identify potential variants faster by 

greatly reducing the influence of stochastic sampling, especially in an earlier round, but it 

also blurs the line between a screen and a genotype selection.  Here, we apply it in the 



 26 

analysis and identification of candidate pre-miRNA terminal loop variants from our 

selection experiment. 

 

RESULTS AND DISCUSSIONS 

A model microRNA library: mir-30a 

The first steps of a nucleic acid selection is to determine the desired nucleic acid 

library pool size, as well as the methods required to carry out its amplification, expression 

and selection, isolation of selected variants, and finally followed by their re-amplification 

for the next round.  For our pre-miRNA library, we chose the human hsa-mir-30a 

(miRBase, Accession #MI0000088) and its endogenous flanking sequences as the model 

miRNA for our terminal loop selection scheme (Figure 2-1, top panel), since its 

processing by Drosha-DGCR8 has been previously well characterized (Han et al. 2006; 

Zeng et al. 2005).  In the design of our terminal loop library, the 3’ end of the 

endogenous mir-30a precursor stem (3p mature miRNA strand), was designated the guide 

strand and modified so that it would target the mRNA of Enhanced Green Fluorescent 

Protein (EGFP) for silencing via perfect complementarity (Figure 2-1, middle panel).  

Of course in order to do this, the 5’end of the pre-miRNA stem (5p passenger strand) also 

had to be changed in order to maintain the pre-miRNA stem’s sequence complementarity 

and secondary structure.  Note that care was taken in order to maintain identical 

predicted secondary structure folding between endogenous mir-30a and what we called 

miR30-EGFP, this includes keeping the two wobble basepairs found in the mir-30a stem.   

There are two main reasons for designing the pre-miRNA stem to target EGFP, as 

opposed to keeping the mir-30a stem sequence - (1) to completely prevent endogenous 

cellular pre-mir-30a from being amplified during the rounds of in vitro / in vivo selection 
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so as to not bias our selection results, and (2) to quickly be able to assay for EGFP target 

knockdown upon selection of candidate pre-miRNA loop variants, which we show in 

Chapter 3. 

We then considered the terminal loop region to be between the 5’ end of the 

precursor stem and the 3’ end of the precursor stem, and randomized all 19 nucleic acid 

bases (Figure 1, bottom panel).  This stemloop precursor miR30-EGFP-N19 loop library 

(miRN19) was synthesized, amplified, and expressed for our selection scheme.  We also 

built a precursor miRNA with the endogenous mir-30a loop on our designed EGFP-

targeting stem, called pre-miR30-ih (miRih), to be used as an amplification and recovery 

control for our library selection (Figure 2-1, middle panel).  Upon deciding on our 

miRN19 terminal loop library, we needed to construct a suitable expression vector in 

context of our selection conditions.  Within the construct, our miRN19 library will also 

be flanked ~150 bp both upstream and downstream, by the endogenous sequence that 

normally surround the mir-30a coding sequence (CDS). 
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Figure 2-1:  Predicted secondary structure folding of the primary miR30-EGFP-N19 
loop library.  Mature miRNA sequence is capitalized.  Sequence in green 
is mir-30a’s putative 3p guide strand loaded into RISC.  Sequence in red is 
the 3p EGFP-targeting guide strand designed to have perfect 
complementarity to target EGFP mRNA sequence.  Sequence in blue 
indicate the designate terminal loop region.  Wobble basepairs are shown 
in purple and are purposely kept intact within the designed miR30-EGFP 
stem structure.  The miR30-EGFP-N19 loop library was synthesized, 
amplified and expressed in our selections. 

 

Construction of a microRNA expression library 

Once the terminal loop library was designed, a suitable method for its expression 

in vivo was needed.  An efficient method of constructing our miRN19 library for 

expression is important because we do not want to limit our pool size of more than 1011, 

before its introduction into the targeted HEK293T cells.  Figure 2-2 summarizes the 
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three main methods we considered for the construction of the miRN19 expression library.  

In the following sections, we discuss the advantages and drawbacks of each method, and 

discuss our work in the construction of two of them.  

 

 

Figure 2-2: In vitro / in vivo selection scheme showing three methods of miR30-
EGFP-N19 library generation and expression.  The three different 
methods are summarized within their respective boxes. 

 

Conventional cloning and vector expression 

Conventional cloning required the traditional digestion and ligation of the miRNA 

expression construct into an expression plasmid, followed by its transformation and 

propagation in E. coli, isolation of the plasmids, and finally, its transfection into the 

targeted cell line (Figure 2-2, blue box).  This method has the main limitation of 
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severely limiting the library diversity during its transformation into bacteria in order to 

propagate the expression vector.  The transformable pool size for bacterial in vivo 

selections is typically only about 106 to 107.  In comparison, in vitro selections usually 

start with up to 1014 variants.  Therefore, we wanted a method that avoided 

bottlenecking our library size by being able to generate our mammalian cell expression 

library completely in vitro, while avoiding bacterial transformations altogether.  Due to 

conventional cloning’s main drawback in limiting the size of our transfectable miRN19 

library due to the bacterial transformation requirement, we did not further pursue this 

method of expression library construction. 

Gateway LR recombination and rolling circle amplification (LR-RCA) 

This method involved adapting the Gateway recombination system (Invitrogen) to 

create our plasmid expression library, followed by isothermal rolling circle amplification 

(RCA) before transfection into mammalian cells (Figure 2-2, cyan box).  In brief, the 

Gateway recombination system is a two-step recombination process to generate the 

expression vector by exploiting the directional “att” recombination sites used by 

bacteriophage.  However, we modify it and use a single recombination step to generate 

our library vector by first constructing the upstream and downstream flanking attL 

recombination sites in linear PCR constructs, followed by a three-piece overlap PCR to 

generate the full insert with our library in between (Figure 2-3).  This attL library insert 

is then capable of recombining with the attR sites on the designated Pol II expression 

vector to become the final library expression vector.   
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Figure 2-3: Overlap PCR followed by Gateway LR recombination assembly of 
expression library. 

 

While we found LR recombination to be efficient at ~50% (data not shown), the 

total plasmid yield was still too low for transfection into cells.  We attempted to remedy 

this by using restriction digestion and φ29 DNA polymerase (New England Biolabs) to 

selectively and massively replicate our expression vector by isothermal RCA, followed 

by a second restriction digest to open up the concatemerized RCA vector product and 

then T4 DNA ligation to close it (Figure 2-4).  While LR recombination followed by 

selective RCA was an interesting idea of large-scale expression library generation done 

completely in vitro, there were ultimately too many enzymatic steps between library 
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amplification and its final transfection into cells.  As a result, this would very likely 

produce lower yields and pool diversity compared to conventional cloning and bacterial 

transformations for expression library generation.  This was shown to be true when we 

performed a bacterial transformation efficiency comparison and found much fewer 

transformed colonies generated by this method compared to conventional cloning (Figure 

2-5), thus defeating the whole purpose of developing this method and thus did not pursue 

this method any further. 

 

 

Figure 2-4: LR-RCA expression library construction scheme. 
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Figure 2-5: Transformation efficiency test of LR-RCA miRih constructs.  Plates 1-
5 are of various LR-RCA reaction conditions, Plate 6 is negative control, 
and Plates 7 and 8 are positive control transformations. 

 

Linear PCR assembly 

The simplest of the three methods of expression library generation turned out also 

to be the best (Figure 2-2, green box).  The idea of directly transfecting a pool of PCR-

amplified DNA into mammalian cells for in vivo selections was first shown to work with 

isolating exonic splicing enhancers (Coulter et al. 1997).  This idea was later employed 

for the expression of siRNAs in mammalian cells by a linear U6-driven expression 

cassette built simply by PCR (Castanotto et al. 2002).  Here we employ the same 

concepts and built a linear U6 miRN19 expression library by three-piece overlapping 

PCR (Figure 2-6).  All three pieces are first separately PCR-amplified, followed by 

overlap PCR using the various templates and their corresponding outside primers.  We 

have found empirically that all three templates cannot be combined together in one PCR 
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and be efficiently amplified to the full-length expression cassette.  So we employ a two-

step overlap PCR process by first amplifying the miRN19 reverse transcribed-PCR (RT-

PCR) product (B) with the 3’ downstream template (C) that contains ~150 bp of flanking 

sequence found 3’ of endogenous mir-30a CDS, and the Pol III terminator sequence 

(TTTTTT).  This amplicon (BC) is PCR column purified followed by a second overlap 

PCR with the 5’ upstream template (A) that contains the Pol III U6 promoter sequence 

followed by ~150 bp of the sequence found 5’ of endogenous mir-30a CDS.  This linear 

full-length 700 bp expression cassette (ABC) is then gel-purified and ready for 

transfection into mammalian cells to begin the next round of selection.  It is important to 

note that by using PCR to rebuild the expression library for the next round of selections, 

maximum template input is desired with optimal cycles of PCR in order to limit biasing 

your pool by amplification.  To obtain this for our miRN19 terminal loop library, cycle 

courses were performed at each step of PCR assembly to determine the ideal 

amplification and cycling conditions. 

Using a PCR-assembled linear cassette to drive expression of our miRN19 library 

not only completely circumvents the major problems with the first two methods, it also 

allows us to introduce a very high copy number of our library for in vivo selections each 

round.  For example, a single copy of our 1011 pool is about 10 ng of DNA template 

input, so when we transfected 2000 ng of our expression construct into HEK293T cells 

each round, we were theoretically introducing 200 copies of our library into cells per 

round.  While this large copy number is an advantage, our linear expression construct 

does possess a few disadvantages associated with employing the Pol III U6 promoter.  

Such as that most endogenous miRNAs are found transcribed from RNA Pol II, the Pol 

III U6 promoter in our expression cassette could possibly present our miRN19 library out 

of a biologically relevant level of in vivo miRNA expression, thereby biasing our terminal 
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loop selection results.  Another drawback is that by choosing to employ a U6 promoter, 

any potential miRN19 library CDS with a string of five or more T’s within the 

randomized loop region, will be prematurely terminated during transcription and not be 

expressed during the selection, also biasing our selection results.  However, given the 

ease of construction and in vitro control over our library size before cellular transfections, 

we decided to continue our selections using this PCR-based linear U6 expression 

cassette. 

 

 

Figure 2-6: Three-piece assembly of linear U6 miRN19 expression library cassette. 
Boxed region shows our two-step overlap PCR method in order to generate 
the full-length linear expression cassette. 

 

Methods of pre-miRNA amplification: 

Before beginning selections with our miRN19 terminal loop library, we also have 

to make sure that our chosen method of library expression (whether circular or linear) is, 

(1) transcribed and processed by Drosha in vivo and, (2) these processed pre-miRNA 

stemloops are able to be selectively recovered by their specific RT-PCR in order to 
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continue their expression for another round of selection.  We soon found that the latter 

process was not a straightforward process, as the pre-miRNA forms a small hairpin 

secondary structure with very tight RNA-RNA internal binding due to the near perfect 

complementarity of the 5p and 3p strands.  The difficulties of amplifying a tightly 

bound RNA-RNA internal hairpin was compounded by its small size and lack of free, 

unbound nucleotides for primers to properly anneal.  In the following sections, we 

briefly cover two methods we attempted that were not successful before finding a third 

method that succeeded in opening and amplifying this tight pre-miRNA hairpin.  All 

method development and optimizations were by using the miRih positive control 

precursor. 

Direct RT-PCR amplification 

We tested recovery and amplification of our miRih-expressing control construct 

first by cloning its sequence into pcDNA3.1 (Invitrogen) under the expression of a Pol II 

CMV promoter (pCMV-miRih), as well as building a linear PCR expression cassette, 

with miRih expression driven by a Pol III U6 promoter (linear U6-miRih).  The 

constructs were used to transfect into HEK293T cells and harvested 24-48 hours later for 

small RNAs using the mirVana miRNA Isolation kit (Ambion/Invitrogen).  The 

extracted small RNAs were then treated with DNase I, followed by their size 

fractionation through a 15% denaturing polyacrylamide gel by electrophoresis (PAGE) 

and gel excised at the 50-80 nt expected size range of pre-miRih.  After standard 

overnight elution and precipitation, the resuspended RNAs were then reverse 

transcription (RT) at 55°C, and 25 cycles of PCR (RT-PCR) (Figure 2-7).  We used a 

long reverse primer for RT, followed by PCR using a long forward primer and a short 

RT-product-specific reverse primer, hoping to only amplify cDNA templates that have 
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been successfully reverse transcribed.  However, RT-PCR results show that small DNA 

contaminants were the only products being amplified.  This is most likely from the 

miRih expression constructs used fro transfections that have not been successfully 

degraded by DNase I and gel-purified away, at least to the point where its ability to be 

PCR amplified is significantly less than the pre-miRNA’s ability to be RT-PCR 

amplified. 

 

 

Figure 2-7: Direct RT-PCR  amplified DNA contaminants.  RT-PCR amplification 
scheme is shown with the annealed primers below the gel. 

 

Splint-mediated ligation, capture and amplification 

Several ways were developed to selectively amplify the pre-miRNA population 

over its much higher expressed DNA CDS template.  Due to the successful method 



 38 

developed by another member of the Ellington lab at the time to selectively capture and 

amplify in vivo selected hammerhead ribozymes using a biotinylated oligonucleotide and 

a splint-mediated ligation step (Chen et al. 2009), we decided to apply it to our pre-

miRNA RT-PCR amplification.  However, we decided to first use it on our control pre-

miRih hairpin in order to evaluate its efficacy of capturing of just the pre-miRih alone 

We attempted several variations of this method that essentially uses a splint 

oligonucleotide that is perfectly complementary to the 5p or 3p arm of the pre-miRih, in 

order to open it up while also allowing a biotinylated adaptor oligonucleotide to hybridize 

to the splint while T4 RNA Ligase 2 (New England Biolabs) is used to ligate the pre-

miRih to the free end of the adaptor sequence.  Once this is done, the mixture was 

incubated with Ultralink Neutravidin resin (Pierce), followed by washes to rid of 

background DNAs, or in this case, the excess remaining splint oligonucletotide.  Then 

the ligated and washed pre-miRih is subjected to RT reaction by an introduced RT primer 

while still attached to the resin, followed by restriction digestion to cleave off the the now 

double-stranded pre-miRih-adaptor sequence.  This sequence was phenol-chloroform 

extracted and then finally PCR amplified.   

Figure 2-8, shows a double adaptor ligation scheme we employed to introduce 

new sequence at both ends of the pre-miRih arms in order to be able to selectively RT-

PCR with primers that can anneal only to the novel sequences introduced through splint-

mediated adaptor ligation.  We were able to show the ligation of the first 5’ biotinylated 

adaptor to the pre-miRih (Figure 2-9A), but the subsequent 3’ adaptor ligation was 

inefficient which made efficient RT impossible, thereby generating no observable PCR 

products at the end (Figure 2-9B).  Note the use of a 5’ biotinylated DNA/RNA hybrid 

oligonucleotide as Adaptor 1, and a 3’ C3 spacer modification on the splint.  This 

method for pre-miRNA isolation and amplification was time-consuming and in the end, 
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inefficient.  Fortunately, we were trying another approach in parallel at the time, which 

ultimately proved very successful in isolating pre-miRNA hairpins above any other DNA 

or RNA background.  We describe this method in the next section. 

 

 

 

Figure 2-8: Splint-mediated double adaptor ligation, biotinylated capture and RT-
PCR amplification scheme. 
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Figure 2-9: Splint-mediated double adaptor ligation, biotinylated capture and RT-
PCR amplification.  (A) 5’ adaptor ligation was shown to successfully 
capture miRih.  (B) Subsequent 3’ adaptor ligation followed by RT-PCR 
generated no observable miRih amplification. 

 

Stemloop RT-PCR amplification 

The simple yet cleverly-designed stemloop RT-PCR amplification was first 

developed and reported by scientists at Applied Biosystems for the real-time PCR of 

mature miRNAs over its background precursors (Chen et al. 2005).  However this 

method was easily adapted for the selective amplification of pre-miRNAs over the high 

DNA backgrounds we’ve experienced due to an inefficient RT step.  As the name 

suggests, it use a stemloop RT primer that forms a stable 3’ structure for RT-priming.  

We have designed this stemloop RT primer to be fully complementary to the 3p arm of 

our pre-miRN19 library, thereby allowing it to fully open the hairpin structure by 
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displacing the 5p arm due to its imperfect complementarity with the 3p arm (Figure 2-

10A).  Once this was accomplished, RT can proceed efficiently and unburdened by the 

5p and 3p pre-miRNA arms closing back together.  In the subsequent PCR step, an 

extended forward primer was used that fully complements the cDNA 5p arm, up to just 

before the randomized pool sequences begin, while the reverse primer can now fully 

anneal to the unbound ssDNA loop sequence left from the stemloop RT primer, which is 

now part of the cDNA.   

In the clever use of a designed stemloop RT primer, this method simultaneously 

solved two problems that we could not solve with our previous pre-miRNA amplification 

schemes – (1) it created a stable reverse primer that efficiently kept the pre-miRNA 

hairpin open once bound, allowing for efficient RT, and (2) the stemloop RT primer, 

once incorporated as part of first strand cDNA synthesis, contained both new and 

unbound sequence within its hairpin loop region for the reverse PCR primer to fully 

anneal and amplify with the extended forward primer.  

We then transfected our linear U6-miRih positive control construct into 

HEK293T cells and extracted the total RNAs as previously described.  After DNase I 

treatment and 15% PAGE purification, equal inputs of gel-purified pre-miRih were used 

the RT reactions, with and without SuperScript III RT (Invitrogen), and with and without 

the presence of the stemloop RT primer (but in the presence of SuperScript III RT) 

(Figure 2-10B).  After RT at 60°C for 1 hour, 2 µl of each RT/stemloop reaction 

condition were used as input for PCR with Platinum Taq HiFi (Invitrogen) and PCR 

amplified for a 40 cycles.  It is clear from this result that the stemloop RT-PCR 

amplification method of pre-miRNAs is both RT and stemloop RT primer specific, with 

no observable amount of background DNA amplicons.   
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Figure 2-10: Stemloop RT-PCR amplification.  (A) This scheme uses a short 
stemloop RT primer that is designed to be fully complement the pre-
miRNA 3p arm, opening it up for efficient RT.  This is then followed by 
PCR using an extended forward primer that fully complements the cDNA 
5p arm, while the reverse primer can now anneal to the unbound ssDNA 
loop sequence from the stemloop RT primer, which is now part of the 
cDNA.  (B) This method was also shown to be efficient in the selective 
one-step RT-PCR amplification of linear U6 expressed pre-miRih 
extracted from transfected HEK293T cells. 

 

In fact, we were so confident of the selective RT-PCR amplification of our pre-

miRNAs, we decided to use Invitrogen’s One-Step RT-PCR system with both SSIII and 

Platinum Taq HiFi in one reaction for our pmiRN19 library amplifications.  This is done 

by first adding the stemloop RT primer (0.2 uM), and after 1 hour of RT, both the 

forward and reverse PCR-specific primers were then added (0.4 µM) directly to the RT 

mix before starting PCR cycles.  With this one-step RT-PCR method, we maximize the 

chances of pre-miRN19 library recovery and amplification, while minimizing the chances 
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of introducing library bias via PCR due to higher template inputs and less cycles needed 

(Figure 2-11).  Note the near complete incorporation of the Stemloop RT primer after 

the RT reaction step in Figure 2-11 (PCR cycle 0). 

 

 

Figure 2-11: One-step stemloop RT-PCR cycle course amplification of pmiRN19 
terminal loop library.  Analyzed on 8% denaturing PAGE.  Red arrow 
indicates selected cycle course condition. 

 

Transfection and recovery of processed pre-miRNAs 

Transfections of our linear U6-miRN19 loop library for in vivo Drosha processing 

began once we have optimized the necessary methods to construct, express, and re-

amplify the desired post-Drosha cleaved pre-miRN19 pool, as shown above. 
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HEK293T cells at 80-90% confluency in T25 flasks were cotransfected with 2.0 

µg of either miRN19 or miRih linear expression construct, 6.0 µg of pUC18 as carrier 

DNA, and 200 pmol siRNA targeting Dicer (siDicer) using Lipofectamine 2000 

(Invitrogen) and harvested for total small RNAs by mirVana miRNA isolation kit 

(Ambion/Invitrogen) 24 hours post-transfections.  Parallel transfections each round with 

miRih positive control construct was for expression and RNA recovery control, as well as 

for the subsequent RT-PCR/PCR amplification cycle course control.  The siDicer was 

cotransfected as a means to increase the selection stringency by limiting further 

downstream processing of pre-miRNAs by Dicer so that we could perhaps recover a 

better yield of post-Drosha cleaved pre-miRNA intermediates following the in vivo 

processing step.  In another effort to increase stringency, Round 4 (R4) transfected cells 

were harvested at 20 hours post-transfection, instead of the usual 24 hours as was done 

for R1 to R3. 

While controlling for stringency for in vivo selections is not obvious, this is 

especially true with isolating pre-miRNAs, an intermediate RNA substrate and precursor 

(as the name suggests), in context of a complex and highly regulated miRNA biogenesis 

pathway.  Just like perhaps another way to isolate more optimal Drosha-cleaved pre-

miRNAs is to overexpress Drosha and DGCR8 along with the miRN19 library, instead of 

using siDicer like we did, but the selection outcome of which will be almost impossible 

to predict.  However, even with all the multiple downstream and upstream factors 

affecting the processing and stability of our pre-miRN19 terminal loop library, the further 

characterization of whatever selection results we obtain should remain biologically 

relevant for in vivo pre-miRNA processing. 

As a preliminary validation of our selection and the methods developed, we 

cloned and sequenced our recovered pre-miRN19 libraries while we waited for deep 
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sequencing results.  Figure 2-12 is a sample alignment from recovered R1 pre-miRN19 

loop variants. Since deep sequencing will have a much greater sampling size of our pool 

based on the resulting rounds of selection, we will discuss its use in the identification of 

potential variants and sequence motifs in the next section.  

  

 

Figure 2-12:  Sample of Round 1 recovered pre-miRN19 library sequence 
verification and alignment.  Constant pre-miRN19 stem region is 
annotated in orange.  Various terminal loop variants identified are 
annotated by their respective colors.  
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Deep sequencing analysis of Rounds 0 to 4  

We deep sequenced our pre-miRN19 terminal loop library at the end of each 

round of selection.  After the total in vivo processed pre-miRNA pool was extracted 

from cells, DNase I digested, gel-purified, and one-step RT-PCR amplified (as previously 

described), they were submitted for deep sequencing (Illumina HiSeq) through the 

University of Texas at Austin’s Genome Sequencing and Analysis Facility (more 

information under Materials and Methods).  Sequencing results for each round were 

analyzed by UNIX command scripting, and custom Python scripts were developed for the 

identification of selected pre-miRNA terminal loop alignments.  In brief, we searched 

for sequences that match the 22 nt flanking stem regions of our pre-miRN19 library, 

allowing for up to 1 nt mismatch in the constant 5p/3p arm reference sequence, and then 

identified the 19 nt terminal loop sequence directly adjacent to it.  This computational 

sequence analysis work was done in collaboration with former Ellington lab member 

Meredith Corley. 

Figure 2-13 summarizes the enrichment of the top ten pre-miR terminal loop 

variants, represented as a percentage of the total pool population sampled by deep 

sequencing from R0 to R4.  We can see that by R3, there was the emergence of some 

candidate variants, even though they represent below 0.5% of the total sequenced 

population.  But by R4, there is a visible and consistent trend of enrichment from R3, 

ranging from 5- to 30-fold enrichment of all top ten pre-miRs, most visibly are the top 

three terminal loop variants – 290, 291, and 293, with 290 reads at just over 5.5% of the 

sequenced population.  It is of note that by R4, the endogenous mir-30a terminal loop 

sequence only had 215 reads out of over 53 million identified reads.  Table 2-1 lists the 

name and sequence of the top ten pre-miR terminal loops after four rounds of selection. 
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Figure 2-13: Enrichment of the top ten pre-miR terminal loop variants represented 
as a percentage of total sequenced population. 

 

 

Terminal	  loop	  name	   Sequence	  
290	   CGGCTGATAATAACGATCC 
291	   ATGTGTTGTGTATCCAGCT 
293	   GTCTGTACCTATGATCCAG 
292	   CGAGGCTGACATACGATCC 
294	   GTCTGTACATAACTTCCAG 
295	   ATCTGTACCCATGATCCAG 
296	   ATGCATGCTGTCTGATCCA 
297	   TGTACGGTCGCAAGCTTCG 
298	   TGTTGTACGAATCCGTTGC 
299	   TCTGTTACCTGCGATCCAG 

Table 2-1: Top ten pre-miR terminal loop sequences after four rounds of selection 
listed by order of abundance. 
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We also examined for enrichment at the level of each nucleotide within the pre-

mIR terminal loop from R0 to R4, in search of any emerging consensus sequences that 

could be indicative of important sequence or structural motifs (Figure 2-14).  We could 

see that at R0, the distribution of each nucleotide at each position within the loop to be 

relatively equal, as expected.  From R1 through to R4, we start to see the overall 

preference for some nucleotides at certain positions, in particular a TTGTT from loop 

positions 1-5 (it would be UUGUU as a miRNA), and CCC at positions 17-19.  It is 

interesting to note the general strong disfavoring of C’s and G’s within the loop, perhaps 

further emphasizing the significance of the CCC at the 3’ end of the loop sequence.  We 

also searched for the actual R4 consensus sequence within our R4 sequencing reads, but 

found 0 matches.  This means that we would have to turn more rounds of selection in 

order to find a full 19 nucleotide consensus sequence. 
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Figure 2-14: Consensus terminal loop sequence identified by nucleotide abundance 
at each position after four rounds of selection. 

 

While we see the emergence of a UUGUU motif at positions 1-5 at the 5’end of 

our terminal loop library after four round of selection, a recent in vitro Drosha-DGCR8 

screen of pri-miRNA processing also in the context of a terminal loop library, reported on 

the importance of a UGU(G) loop-binding motif at loop positions 2-5 relative to our 

library (Auyeung et al. 2013).  However, upon closer examination of our top twenty 

most abundant pre-miRNA reads at R4, only Loop 291, the runner-up sequence, has the 

UGUG motif at loop positions 2-5.  This could mean that either that the selection 

scheme we employed was able to successfully identify many more optimally Drosha-
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DGCR8 processed pri-miRNA loop sequences, or perhaps the opposite, that we only 

identified preferred Drosha-DGCR8 substrates at a lower, “second-to-best” level, while 

enriching for suboptimal Dicer pre-mRNA loop substrates, or something else completely.   

At this point we decided to stop after four rounds of in vitro / in vivo selections, as 

the deep sequencing results of R4 yielded potential candidate pre-miRNA loop variants, 

with the “winning” pre-miRNA at just under 5.5% of the sequencing sample population, 

three times more abundant than the runner-up variant, and projected to rapidly take over 

the pre-miRNA sequence pool population if selection continued.  We will know more 

about the significance of our selection’s findings as we shift our focus to characterizing 

the selected pre-miRNA terminal loop variants, as seen in the next chapter. 

 

CONCLUSIONS 

We have successfully designed and optimized for the construction and 

amplification of a primary miRNA terminal loop library in vitro in order to express it in 

vivo under selective Drosha-DGCR8 processing conditions.  This was done with the 

goal to further elucidate the importance of the terminal loop region and also to isolate 

potential terminal loop sequences or structural requirements that would indicate a more 

optimally Drosha-processed pre-miRNA based solely on its terminal loop.  

The recovered pre-miRN19 pool variants from each round of in vivo processing 

was sampled and analyzed by deep sequencing, a powerful tool when used in 

combination with a selection experiment, and we noted the clear enrichment of certain 

variants by Round 4 as well as the emergence of some consensus motifs.  In Chapter 3, 

we begin the functional characterizations of the top miRN19 terminal loop variants 

identified in this chapter, by assaying for their relative miRNA expression profiles and 
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downstream target silencing effects.  And we show that the terminal loop’s effects on 

primary and pre-miRNA processing must be considered in context of highly regulated 

miRNA biogenesis machinery within a dynamic cellular environment and as it applies to 

future in vivo miRNA selections. 

 

MATERIALS AND METHODS 

Pool amplification and construction and primers 

miR30-EGFP-N19 pool and miR30-EGFP were both synthesized as ssDNA 

oligonucleotides (IDT).  All primers and oligonucleotides were ordered from IDT.  

Precursor miRNA amplifications were done by SuperScript III One-Step RT-PCR system 

with Platinum Taq High Fidelity polymerase (Invitrogen).  PCR assembly of linear 

expression construct for each round used AccuPrime Pfx DNA polymerase (Invitrogen).  

All PCR products were column purified or agarose gel purified using Wizard SV Gel and 

PCR columns (Promega).  All restriction enzymes used were from New England 

Biolabs. 

Plasmid construction and cloning 

pCR2.1 (Invitrogen) was used for TA cloning (Invitrogen) to verify the recovery 

of pool variants each round.  Plasmids were harvested using EconoSpin silica membrane 

spin columns (Epoch Life Science) as per the manufacturer’s protocol.  pSilencer 2.1-

U6 (Invitrogen) was used to clone out the U6 promoter sequence for linear expression. 

Cell culture and transfection 

HEK293T (ATCC) cell lines and were maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) 
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(Gibco), and grown at 37°C in 5% CO2 and 95% humidity.  24-36 hours prior to 

transfection, cells were seeded and generally reached 70-80% confluency at the time of 

transfection.  Transfections were done using Lipofectamine 2000 reagent (Invitrogen) in 

Opti-MEM I reduced serum medium (Invitrogen) according to manufacturer’s 

recommendations.  Dicer siRNAs were synthesized by IDT . 

RNA pool extraction 

Total small RNAs were extracted 20-24 hours post-transfection of HEK293T cells 

using mirVana miRNA isolation kit (Ambion/Invitrogen) as per manufacturer’s 

protocols.  RNAs were then DNase I-treated (Fermentas) and resolved by 15% 

denaturing Urea-PAGE, followed by gel extraction and precipitation before RT-PCR. 

Next-generation sequencing and analysis 

RT-PCR amplified products from each round were submitted for Illumina HiSeq 

sequencing for a minimum of 5x106, 100 nt paired-end reads.  Sample QC, library prep, 

and emulsion PCR prior to sequencing was performed by the University of Texas at 

Austin’s Genome Sequencing and Analysis Facility following manufacturer 

recommended protocols.  Sequencing reads were analyzed by UNIX command scripting 

and custom Python scripts to trim and rank order the most abundant pool sequences that 

match the 22 nt flanking stem regions of the pre-miRN19 library, allowing for up to 1 nt 

mismatch to the flanking 5p/3p reference sequence, and then identified the 19 nt terminal 

loop sequence directly adjacent to it.  Representative figure alignments were generated 

by Geneious Pro software package (Biomatters). 
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Chapter 3: Characterization of selected precursor microRNA terminal 
loop substrates  

INTRODUCTION  

In the previous chapter, we demonstrated a novel approach for the in vitro design, 

construction, and amplification of a primary miRNA terminal loop library for its in vivo 

expression and processing, in order to identify optimal pre-miRNA substrates within the 

miRNA biogenesis pathway.  At the end of each round, deep sequencing results from 

this combined in vitro / in vivo selection method was analyzed, and pre-miRNA variants 

were identified by the relative abundance of their sequencing reads within the pool 

population.  In this chapter, we continue with the functional characterization of these 

selected pre-miRNA terminal loop variants.   

Since the pre-miRNA hairpins in each round were extracted and amplified for 

expression based solely on their sequence size and complementarity, respectively, it was 

conceivable that the isolated RNA hairpins were simply due to the confounding effects of 

in vitro amplification and/or in vivo expression biases compounded over multiple rounds, 

and the possibility existed that these pre-miRNA hairpins were simply selection artifacts 

and biologically non-functional as miRNA precursors.  Therefore, it was critical to 

functionally characterize the selected pre-miRNA loop variants and their mature miRNA 

products for expression, enzymatic loading and cleavage, and the ability to knockdown 

their designated target signal, all in context of the miRNA biogenesis pathway. 

Although we have selected for pre-miRNA products in low Dicer conditions with 

the goal to isolate optimal terminal loop substrates for Drosha pri-miRNA processing, we 

must also address the numerous protein factors that are known to process and regulate the 

production of pre-miRNA substrates as intermediate effectors within the miRNA 

biogenesis machinery, and consider the challenges in identifying them.  To this end, we 



 55 

show in the following sections that we have: (1) Devised and implemented a novel pre-

miRNA selection scheme that, (2) identified a pre-miRNA terminal loop substrate that is 

favorably cleaved by Drosha but also acts as a strong inhibitor of further processing by 

Dicer.  (3) The terminal loop sequence of this pre-miRNA is demonstrated to have 

modular properties of inhibition when directly applied to the different stem structures and 

sequences of two endogenous miRNAs.  (4) We propose using this terminal loop 

sequence to further elucidate the underlying mechanisms of pre-miRNA Dicer 

recognition and cleavage in a recently developed processing model.  And (5) 

collectively, these findings may have greater implications in Drosha and Dicer’s direct 

role in miRNA biogenesis and the protein factors that regulate them, as well as the 

potential contribution to new miRNA and shRNA design rules that lead to better 

processing with applications to RNAi-based technology and therapeutics. 

 

RESULTS AND DISCUSSIONS 

Round 4 pre-miR30-EGFP designs and secondary structures 

We decided to characterize the top three Round 4 (R4) pre-miR30-EGFP (pre-

miR) loop variants ranked by the abundance of their respective deep sequencing reads – 

290, 291, and 293.  For functional comparisons with the necessary controls, a positive 

control pre-miRNA named 303 (named miRih in Chapter 2) was made that had the same 

EGFP-targeting stem as the R4 variants but with the endogenous human mir-30a loop 

sequence, while a negative control pre-miRNA was made with the same stem and a 

terminal loop sequence consisting of 19 adenines, named A-loop (Figure 3-1A).  A-loop 

was chosen as a negative control because it was a large unstructured loop and it had only 

1 match in over 53 million sequencing reads from the R4 pre-miRNA pool, while it was 
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also noted that the endogenous mir-30a loop in 303 also had only 215 reads.  These R4 

and control pre-miR variants will be referred to by their numbered names henceforth.    

Secondary structure analyses confirm the predicted stem and terminal loop 

structures of each pre-miR to be tested.  The similar predicted folding of endogenous 

human pre-mir-30a and 303 pre-miR (with its different EGFP-targeting guide strand 

sequence) was a purposeful design consideration (Figure 3-1B).  It is of note that the 

predicted terminal loop structures of the top three selected pre-miRs (290, 291, and 293) 

all show quite different folding profiles based on their respective equilibrium 

probabilities (Zuker 2003; Zadeh et al. 2011). 

 
 
A 

 

 

Figure 3-1: Secondary structures of Round 4 selected pre-miRNA loop variants.  
(A) List of pre-miRNA sequences.  Dashes separate the constant stem 
sequences from the selected terminal loop sequences.  Colored text 
indicates the different loop sequences between the pre-miRNA variants.  
(B) Secondary pre-miRNA structures of human mir-30a compared to the 
positive control 303, negative control A-loop, and the top three R4 pre-
miRNA loop variants – 290, 291, and 293, respectively.  R4 pre-miRNA 
variants, 303, and A-loop have 3’ stems (3p) containing the EGFP-targeting 
guide strand.  303 has the mir-30a terminal loop sequence, and A-loop has 
a string of 19 adenines.  
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(Figure 3-1: cont’d) 

B 
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EGFP knockdown:  290 has similar levels of silencing activity as 303 

Construction and culture of a stable EGFP-PEST expression cell line 

The miR30-EGFP-N19 expression library was purposefully designed to target 

EGFP for silencing, with the pre-miRNA 3’ stem (3p) having perfect complementarity to 

EGFP’s exon 5 while the upstream and downstream flanking sequences remain the same 

as endogenous mir-30a.  There are two main reasons for designing the pre-miRNA stem 

to target EGFP, as opposed to keeping the mir-30a stem sequence - (1) to completely 

prevent endogenous cellular pre-mir-30a from being amplified during the rounds of in 

vitro / in vivo selection so as to not bias our sequencing results, and (2) to quickly be able 

to assay for EGFP target knockdown upon selection of candidate pre-miRNA loop 

variants.  In order to perform the latter, we first had to clone and stably-express EGFP 

into a HEK293 cell line.  This was done in collaboration with former Ellington lab 

member Steven Chirieleison who performed the initial cloning and recombination in 

order to insert EGFP into HEK293 cells under a known promoter.  The further isolation 

and culture of a stable EGFP-PEST-expressing cell line, 293-FLP20-EGPEST, is 

described under Materials and Methods.  

Fluorescence-activated cell sorting and analysis 

To assay for EGFP knockdown, we focused on characterizing the top three R4 

pre-miR30-EGFP loop variants (pre-miR) from sequencing – 290, 291, and 293, and 

compared them to 303’s ability with its endogenous mir-30a.  Linear U6 expression 

constructs were made of each pre-miR variant by PCR followed by purification and 

transfection into 293-FLP20-EGPEST cells.  At 48 hours post-transfection, cells were 

trypsinized, washed and resuspended in 1xPBS, and the overall green fluorescent signals 
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of the top three R4 pre-miR treated populations were analyzed by fluorescence-activated 

cell sorting (FACS).   

 

 

Figure 3-2: FACS analysis of EGFP signal knockdown by Round 4 pre-miRNA 
loop variants.  293-FLP20-EGPEST cells were assayed for GFP 
fluorescence 48 hours post-transfection with linear U6 pri-miR expression 
constructs.  R4_290, R4_291, and R4_293 are the top three Round 4 pre-
miRNA loop variants, respectively.  303 functions as a positive control 
signal, A-loop functions as the negative control.  Top bar indicates gated 
percentage of total cells analyzed.  Differences in EGFP knockdown were 
normalized to A-loop negative control and shown as % mean and % median 
changes in overall green fluorescence signal. 
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FACS results show that the EGFP signal of cells expressing 290 did decrease, as 

indicated by an overall decrease (left shift) of green fluorescence within the treated cell 

population, and with better knockdown compared to cells expressing 303, as indicated by 

more cells with decreased fluorescence (higher peak) (Figure 3-2).  Disappointingly, the 

cells expressing 291 and 293 seemed no better than A-loop treated cells and showed no 

discernible levels of silencing activity.  Even 290 expressing cells grown in the presence 

of a Dicer targeting siRNA (siDicer), as was done during the selection rounds, showed 

marginally better EGFP silencing compared to 291 and 293.  It was noted that the 

untreated population of 293-FLP20-EGPEST cells seemed to indicate a shift towards an 

overall decrease in EGFP signal; however, this seems to be an overlay issue with the 

FlowJo software that we used for the FACS analysis.   

For quantification of knockdown efficiency between the 290 and 303 pre-miRNA 

expressing cells, their respective decrease in green fluorescence was measured as both a 

mean and median percentage of the entire EGFP-expressing cell population (gated at 

99.8%), and normalized to the A-loop negative control (%Mean and %Median in Figure 

3-2).  This difference in knockdown efficiency was quantified as an 8.0% mean or 

12.5% median decrease in overall fluorescent signal between 290 and 303 expressing 

cells.  This difference in EGFP knockdown seems marginal, but it is also possible that 

we were measuring knockdown by FACS outside of an optimal range of detection (linear 

vs. dynamic).  However, we can conclude from the FACS data that the 290 pre-miRNA 

loop sequence does confer silencing, at the same levels, if not slightly more, compared to 

303 positive control.     
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Luciferase knockdown:  290 has same levels of RISC activity as 303 

Another commonly used method to determine if miRNAs are biologically 

functional in the RNA-induced silencing complex (RISC) is to utilize a dual luciferase 

reporter (DLR) assay, in which one luciferase reporter acts as an internal luminescence 

control while the other luciferase reporter is targeted for silencing by miRNAs.  In our 

case, the firefly luciferase acted as the internal control, while the Renilla luciferase had a 

single perfectly complementary EGFP target sequence cloned into its 3’ UTR for targeted 

suppression by R4 pri-miRs.  DLR results indicate that 290 has the same levels of 

luciferase silencing activity as 303 when expressed under a linear U6 expression cassette 

(Figure 3-3), and by the pSilencer plasmid under the same U6 promoter (Figure 3-4). 

 

 

Figure 3-3: Luciferase knockdown by linear U6 expression of Round 4 pre-miRNA 
loop variants.  HEK293T cells were assayed for luciferase activity 48 
hours post-transfection. The relative luciferase activity of Renilla is graphed 
and normalized to firefly luciferase.  Error bars indicate standard deviation 
from three independent replicates. 
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Figure 3-4: Luciferase knockdown by pSilencer U6 expression of Round 4 pre-
miRNA loop variants.  HEK293T cells were assayed for luciferase 
activity 48 hours post-transfection.  The relative luciferase activity of 
Renilla is graphed and normalized to firefly luciferase.  Error bars indicate 
standard deviation from three independent replicates. 

 

For both linear- and plasmid-driven U6 expression of R4 pre-miRs, 290 was 

shown to be as active within the RISC complex as 303 by exhibiting similar Renilla 

luciferase knockdown levels at about 40% of Blank and A-loop negative controls, while 

291 exhibited no significant silencing, corroborating previous EGFP knockdown FACS 

results.  We then tried to see if we could observe a greater difference in luciferase 

knockdown levels between 290 and 303 if we varied the amounts of pre-miR expression 

input during transfections, while keeping luciferase expression constant.  Figures 3-5 
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and 3-6 show that for transfection inputs ranging from 100-800 ng for both linear U6 and 

pSilencer U6 pre-miR expression constructs, the ratio of 290 versus 303 silencing 

remains relatively close, with 290 showing marginally better knockdown to 303 at all 

input concentrations – from less than 2% better silencing at a 100 ng linear U6 input, to 

just over 14% improvement at an 800 ng linear U6 input (Figure 3-5).  The pSilencer 

U6 vector did prove to be a better pre-miR expression construct when compared to linear 

U6 expression for both 290 and 303 by about a 20% trend increase in overall silencing 

across all transfection inputs (Figure 3-6).  Interestingly, it was the 800 ng pre-miR 

input co-transfected with 50 pmol of siDicer, for both linear U6 and pSilencer U6 

expression that resulted in the greatest difference in luciferase knockdown – at about 20% 

and 30% more in 290 than in 303, respectively.  While surprising, 290 (and the other R4 

pre-miRs) were indeed selected for in the presence of low Dicer conditions by concurrent 

siDicer treatment of transfected cells at the beginning of each round, and it is possible 

that 290 has a loop sequence that functions as a significantly better pre-miRNA Dicer 

substrate when cellular Dicer availability is limited.  Comparing 290 versus 303’s 

silencing efficiency in Dicer deficient cell lines could verify this hypothesis (Cummins et 

al. 2006). 
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Figure 3-5: Linear U6 expression of 290 vs. 303 luciferase knockdown under 
varying transfection inputs.  HEK293T cells were assayed for luciferase 
activity 48 hours post-transfection.  The relative luciferase activity of 
Renilla is graphed and normalized to firefly luciferase. 
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Figure 3-6: pSilencer U6 expression of 290 vs. 303 luciferase knockdown under 
varying transfection input.  HEK293T cells were assayed for luciferase 
activity 48 hours post-transfection.  The relative luciferase activity of 
Renilla is graphed and normalized to firefly luciferase. 

 

Given that both EGFP and luciferase knockdown assays indicate that 290 

overexpression only leads to a slight increase, if not the same silencing activity as 303-

expressing positive control, we also investigated their respective pri-miRNA expression 

levels by Northern blot analysis.  
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Rebuilding the U6 pri-miR expression construct with a SV40 mir-S1 control miRNA 

In order to proceed with reliable Northern blot analyses, we needed to add an 

additional miRNA, expressed in cis to the R4 pri-miR transcript.  The added miRNA 

will act as an appropriate control for mRNA transcription as well as miRNA expression 

between each of the pre-miR loop variants.  The SV40 776 mir-S1 (776) was selected 

(mIRBase accession MI0003689), and its coding sequence (CDS) along with ~90 bp of 

its endogenous flanking sequence, both upstream and downstream, was built and cloned 

in cis 5’ and 3’ to the U6-driven 290, 303, and A-loop pri-miR expression constructs.  

Since the original linear U6 driven pri-miR30-EGFP-N19 expression library used for 

selections did not have this additional 200 bp pri-miRNA CDS appended to it, we had to 

test all these construct designs for relative expression.  

The addition of 776 pri-miRNA CDS along with its endogenous flanking 

sequences also inadvertently introduced several RNA Pol III stop codons in the U6-

driven expression cassettes.  All premature TTTTT stop codons had to be individually 

changed to TTGGT by Gibson assembly (Gibson 2011) and screened for correctly 

assembled clones before they could be used for overexpression in cells.  It was also 

determined experimentally by precursory Northern blots that the 3’ stem (3p) of 776 was 

better processed and expressed than its 5’ stem (5p), and only when 776 is expressed 3’ 

downstream of the R4 pri-miR loop variants will it not interfere with pri-miR expression 

(data not shown).  For the remaining Northern blot analyses, the final expression 

construct, in both linear and pSilencer plasmid, has the R4 pri-miR CDS after the U6 

promoter sequence, followed downstream by the 776 pri-miRNA CDS. 
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The miR-3p guide strand was preferentially expressed 

 Preliminary Northern blots were probed for both radiolabelled miR-EGFP.5p and 

miR-EGFP.3p, targeting the 5’ mature miRNAs (5p) and 3’ mature miRNAs (3p), 

respectively (Figure 3-7).  As expected, the cotransfection with siDicer significantly 

reduced the production of mature miRNAs, but without another miRNA control being 

expressed in cis, we could not confirm the differential miRNA signal intensities between 

290 and 303.  For example, it could be that the observed miRNA signal differences were 

simply the result of uneven rates of transcription, instead of miRNA expression.  

However, we were able to determine that the miR-3p guide miRNAs were much more 

highly expressed and processed compared to miR-5p miRNAs due to the miR-EGFP.3p 

probe hybridizing more abundantly and yielding a better signal.  This was expected as 

the miR-3p strand was designed to be the guide strand and preferentially loaded by RISC 

for target silencing.  Northern blots for pre-miR expression henceforth were quantified 

by probing for miR-3p expression. 
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Figure 3-7: miR-3p guide strands were preferentially expressed.  Northern blot 
analysis of total RNA extracted from HEK293T cells 48 hours post-
transfection.  The load control is of ethidium bromide stained, low 
molecular weight RNA. 
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Motif-based loops, R4 consensus sequence loop, and 291 did not produce mature 
miRNAs  

 We also performed a preliminary search for sequence motifs in our R4 pre-miR 

terminal loop library sequencing data using MEME motif finder and tested the top two 

motifs (Figure 3-8A) as well as the R4 nucleotide consensus sequence (Bailey et al. 

2009) (Figure 3-8B).  It is of note that MEME did not find the UGU(G) loop-binding 

motif at loop positions 2-5, reported to be important for Drosha-DGCR8 processing 

(Auyeung et al. 2013).  Northern blot results show that both 303 and 290 have well 

defined pre-miRNA and mature miRNA expression, while 291, MEME 1+2 and MEME 

2 show undefined smears at the expected pre-miRNA level, but it was difficult to confirm 

as there was also no mature miRNA production (Figure 3-8C).  The lack of mature 

miRNA production from 291 is in line with its previous RISC activity profile with no 

observed effects of EGFP or luciferase silencing.  The R4 consensus sequence yielded 

neither precursor nor mature miRNA products, and it should be noted that the R4 pre-

miR pool has 0 reads of this consensus sequence.  Due to the ambiguity of these results, 

we decided to focus on the further characterization of just 290, compared to 303 and A-

loop controls. 
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Figure 3-8: Motif-based loop designs, R4 consensus sequence loop, and 291 did not 
produce mature miRNAs.  (A) Top two loop motifs generated by MEME 
motif finder is shown with the nucleotide probability as each position in the 
loop library.  (B) Sequence names and secondary structures of designed 
pre-miRs based on the top two loop motifs and the R4 consensus loop 
sequence.  MEME-generated motif 1 is indicated in red lettering and motif 
2 indicated in blue lettering.  (C) Northern blot analysis of total RNA 
extracted from HEK293T cells 48 hours post-transfection.  The load 
control is of ethidium bromide stained, low molecular weight RNA. 
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An abundance of 290 precursor miRNAs 

Once the pri-miR_776 expression constructs were made and expressed (Figure 3-

9A), Northern blot analyses ruled out transcriptional and other expression-dependent 

differences in the large accumulation of 290 pre-miRNA compared to 303 pre-miRNA, 

since their respective downstream 776 miRNA products were expressed at similar levels 

(Figure 3-9B).  This could be attributed to one or a combination of several factors.  For 

example, the selected 290 pre-miRNA loop could indeed be a better Drosha substrate 

than 303, and the precursor buildup may indicate a bottleneck in rate-limiting Dicer 

processing.  This would mean that the pre-miR selection succeeded in finding an 

optimal Drosha terminal loop substrate.  Another interpretation is that the 290 loop 

sequence caused the pre-miRNA to be a much more unfavorable Dicer substrate, as 

shown by the significantly higher presence of 290 pre-miRNAs compared to 303 along 

with its high ratio of precursor to mature miRNAs compared to 303.  While this 

possibility is significantly different than the initial goals set forth for the pre-miR 

selection, it does not contradict our selection process and is not completely unexpected 

since we have not selected against isolating a suboptimal Dicer pre-miRNA substrate – 

we simply selected by amplification of the most abundant and stable pre-miRNAs at the 

end of each round.  Yet another possibility is that the 290 miR-loop sequence confers 

some kind of RNA stabilization or sequestering signal to a yet unidentified regulatory 

protein(s) that act upon (1) post-Drosha cleavage pre-miRNAs within the nucleus, (2) 

Exportin 5 pre-miRNA nuclear membrane transport mechanism, or (3) pre-Dicer 

cleavage pre-miRNA substrate within the cytoplasm.  One way to address this 

hypothesis is to design a UV-crosslinkable 290 pre-miRNA loop sequence, incubate with 

Drosha-expressing nuclear lysate and/or Dicer-expressing cytoplasmic lysate, and 

perform a pull-down assay to capture any protein factors crosslinked to the 290 pre-
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miRNA loop followed by mass spectrometry to identify potential candidates (Han et al. 

2006; Auyeung et al. 2013).  However, as discussed later, we were able to identify the 

most likely protein effector on the 290 loop by analyzing separate cellular fractions of 

pre-miRNA products (Figure 3-13). 
 
 

 

Figure 3-9: Large accumulation of 290 pre-miRNAs compared to 303 pre-miRNAs.       
(A) Dual miRNA expression construct driven by U6 promoter.  Red arrows 
indicate expected Drosha cleavage sites.  Boxed 3p stem regions designate 
probe target sequences.  (B) Northern blot analysis of total RNA from 
HEK293T cells 48 hours post-transfection showed a large accumulation of 
290 pre-miRNA compared to 303 pre-miRNA, as well as a significantly 
higher ratio of precursor to mature miRNAs in 290 versus 303 expression.  
The load control is of ethidium bromide stained low molecular weight RNA. 
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290 pre-miRNAs are four times more abundant but five times less processed to 
mature miRNAs compared to 303 pre-miRNAs 

In the Northern blot analysis of Figure 3-9B, it was noted that pSilencer U6-

driven pri-miR expression consistently yielded more abundant miRNA species with 

cleaner blots compared to linear U6-driven expression.  So we performed three more 

independent transfections with the pSilencer U6 miR_776 constructs, followed by 

quantitative Northern blot analysis of the relative signal intensities.  We looked at the 

ratio of expression between the pre-miRNAs relative to each other (normalized to 776) 

(Figure 3-10), as well as the ratio of each pre-miRNA relative to its own mature miRNA 

levels (Figure 3-11). 

 

 

Figure 3-10:  290 pre-miRNAs are expressed four-fold more abundantly than 303 
pre-miRNAs.  HEK293T cells were transfected in triplicate and total 
RNA was extracted after 48 hours.  After Northern blot hybridizations, 
relative pre-miRNA signal intensities were normalized to mature 776 
miRNA control intensities within each sample and quantified.  Error bars 
indicate standard deviation from three independent replicates.  
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Figure 3-11: The ratio of 290 precursor to mature miRNAs is five-fold higher than 
the ratio of 303 precursor to mature miRNAs.  HEK293T cells were 
transfected in triplicate and total RNA was extracted after 48 hours.  
After Northern blot hybridizations, relative pre-miRNA signal intensities 
were normalized to mature miRNA intensities within each sample and 
quantified.  Error bars indicate standard deviation from three independent 
replicates. 

 

Figure 3-10 shows that 290 pre-miRNAs were four times more abundant 

compared to 303 pre-miRNAs and eight times more abundant compared to A-loop pre-

miRNAs.  This abundance could be attributed to the effect of the 290-loop sequence on 

its pri-miRNA making it a better Drosha substrate (compared to 303), or the loop 

affecting the pre-miRNA making it a worse Dicer substrate, or possibly both.  It should 

be noted that there is also an accumulation of the A-loop pre-miRNA products (Figure 3-
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10), even though there is no detectable levels of mature miRNA formation (Figure 3-9B) 

or functional target silencing from EGFP and DLR.  This shows that the A-loop pri-

miRNA was cleaved by Drosha but not further processed by downstream Dicer nor 

loaded into RISC.  This result could be expected as the A-loop is a large, unstructured 

19mer loop, and it has been previously found that a large terminal loop of at least 10 or 

more nucleotides is essential for efficient Drosha processing (Zeng et al. 2005; Zeng and 

Cullen 2005). 

Figure 3-11 shows a five-fold higher ratio between 290 pre-miRNA relative to its 

mature miRNA levels compared to the ratio of 303 pre-miRNA to its mature miRNA.  

This data makes the argument that the 290-loop sequence makes its pre-miRNA a poor 

Dicer substrate that’s five-fold less efficiently processed.  It is important to note that this 

significantly less efficient rate of Dicer processing from the 290 precursor to its mature 

miRNA has seemingly little to no effect on its mature miRNA’s RISC-loading potential 

and functional knockdown capabilities.  This could be that miRNA RISC-loading and 

subsequent target inhibition is the rate-limiting step in functional silencing, that once 

loaded, the Argonaute-RISC proteins increase miRNA half-life, stabilizing and 

maintaining the silencing effect (Diederichs and Haber 2007; Winter and Diederichs 

2011). 
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290 pri-miR is preferentially cleaved by Drosha-DGCR8 microprocessor complex 

To test for the effect of the 290 loop on Drosha processing, we cloned its pri-

miRNA into the 3’ UTR of the Renilla luciferase and cotransfected it with firefly 

luciferase, Drosha and DGCR8 expression vectors into HEK293T cells and DLR was 

performed 24 hours post-transfection (Kincaid et al. 2012).  The schematic of this 

luciferase-based Drosha cleavage assay is shown in Figure 3-12A.  Results show that 

290 pri-miRNA confers a two-fold greater reduction Renilla luciferase activity compared 

to 303 and other miRNA positive controls, SV40 776 and KapB (Kposin B viral miRNA) 

(Figure 3-12B).  This result suggests that the 290 loop has as much as a two-fold 

positive effect on Drosha pri-miR processing.  Another way to fully validate the 

preferential cleavage of 290 pri-miRNA by the microprocessor complex is to express and 

purify the Drosha-DGCR8 protein complex in cell lysates and perform in vitro cleavage 

assays. 
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Figure 3-12: 290 pri-miR is preferentially cleaved by Drosha-DGCR8 
microprocessor complex.  (A) Schematic of luciferase-based Drosha 
cleavage assay.  Drosha-cleavable stemloop structures in the 3’UTR of 
the luciferase reporter result in the endonucleolytic cleavage of pre-
miRNA transcripts and reduced luciferase activity.  (B) Renilla luciferase 
constructs with 290, 303, A-loop, or control pri-miRNAs cloned into the 3′ 
UTR region were either cotransfected with empty vector or Drosha and 
DGCR8-expression vectors.  The relative luciferase activity ratio of 
Renilla to firefly is graphed and normalized to the Renilla luciferase 
vector only.  Error bars indicate standard deviation from three 
independent replicates. 
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290 pre-miRNA is abundantly localized in the cytoplasm with Dicer 

Even a two-fold increase in Drosha processing does not reconcile with the four-

fold abundance of 290 pre-miRNAs compared to 303 pre-miRNAs in the Northern blots 

of total RNAs.  However, in the canonical miRNA biogenesis pathway, Drosha and 

Exportin 5 are predominantly localized in the nucleus while Dicer is found within the 

cytoplasm, so to better identify the step during which the 290 precursor is being 

accumulated within the miRNA biogenesis pathway, we can look at where it is being 

localized within the cell.  To do this, Northern blot analysis was performed on extracted 

RNA from nuclear and cytosolic subcellular fractions of transfected HEK293T cells.  

The results show that the pre-miRNAs from all three pre-miR terminal loop variants were 

predominantly localized in the cytosolic fractions (Figure 3-13).  Similar to previous 

Northern blots, there is a significantly large buildup of 290 pre-miRNAs compared to 303 

and A-loop pre-miRNAs, further supporting the idea that the selected 290 loop pre-

miRNA is found within the pre-Dicer cleaved complex.  We can also see the larger pri-

miRNA transcripts localized almost exclusively in the nuclear fractions. 

One possible explanation for the observed cytosolic buildup of the 290 loop pre-

miRNAs is that it is simply a poor Dicer substrate, and its loop sequence functions to 

negatively affect Dicer’s ability to recognize and cleave in context of the pre-miRNA.  

For example, studies have found that Dicer negatively regulates its own catalytic activity 

through its helicase domain, and that mutations or deletions of the helicase domain 

enhanced cleavage activity but does not affect binding affinity for miRNAs (Ma et al. 

2008).  Recent crystal structure of Dicer show that its helicase domain is physically 

adjacent to its RNase III domain, the catalytic center for Dicer cleavage, and helps anchor 

Dicer’s RNase III domain to the terminal loop region, so it seems possible that the 290 

loop might affect the Dicer helicase function (or affect the binding of other Dicer 
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cofactors to the helicase domain) thereby affecting cleavage by the RNase III domain 

(Lau et al. 2012; Gu et al. 2012).  A way to test 290 loop’s inhibition of Dicer activity is 

to analyze nuclear and cytosolic RNA fractions from Dicer cell lines with a disrupted 

helicase domain and transfected with 290 pri-miR, to see if there is a observable shift in 

290 pre-miRNA to mature miRNA production when compared to 303 pre-miRNAs 

(Cummins et al. 2006).  Another way to test this is to perform an in vitro recombinant 

Dicer cleavage assay of the pre-miRs in order to detect any observable cleavage rates 

between 290 and 303.  An in vitro Dicer cleavage assay will also answer whether 290 

loop’s inhibition of Dicer processing is through direct or indirect means. 

 

Figure 3-13: 290 pre-miRNA is abundantly localized in the cytosol.  Northern blot 
analysis of RNA extracted from nuclear (N) and cytosolic (C) fractions 
from HEK293T cells 48 hours post-transfection show a large 
accumulation of 290 pre-miRNA compared to 303 pre-miRNA, as well as 
a significantly higher ratio of precursor to mature miRNAs in 290 versus 
303 expression.  U6 snRNA and 5S rRNA are the respective nuclear and 
cytosolic internal controls. 
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Another possible explanation for the pre-Dicer cleavage buildup of the 290 pre-

miRNA species is that the 290 loop sequence itself is affecting a positive or negative 

regulator of Dicer cleavage, by either recruiting or inhibiting its association with Dicer 

and thereby indirectly inhibiting Dicer processing.  There are several characterized 

protein regulators of Dicer activity – positive regulators such as TRBP, PACT/Loqs, and 

RBM3 (Haase et al. 2005; Fukunaga et al. 2012; Koscianska et al. 2011; Pilotte et al. 

2011), and negative regulators such as MCPIP1 and LIN-28/TUT4 (Suzuki et al. 2011; 

Newman et al. 2008; Heo et al. 2008).  By doing a pull-down assay of UV-crosslinkable 

290 pre-miRNA loops with Dicer lysate as previously mentioned, or by overexpressing 

and pulling down antibody-tagged Dicer alongside 290 pri-miR in transfected cells, we 

might be able to identify candidate regulatory proteins affected by the 290 loop.   

As for identifying the exact sequence or motif on the 290 loop responsible for the 

negative regulation of its pre-miRNA for Dicer processing, systematic mutation and 

chimera sequence mapping studies of the 290 loop may provide greater insights (Han et 

al. 2006; Zeng et al. 2005; Gu et al. 2012).  A previously reported in vitro selection 

experiment of ssRNA pools in the presence of recombinant Dicer yielded mainly 

inhibitory RNA oligomers describing GU/UG-rich motifs (Tyczewska et al. 2011).  

Some of the conserved GU/UG sequence motifs were mapped to ssRNA internal bulges 

and apical stem regions, however only two of the six reported inhibitory RNA oligomers 

had predicted secondary structures that even closely resembled biologically relevant pre-

miRNA structures.  Nevertheless, in context of our findings of 290’s inhibitory effect on 

Dicer processing, and that several of the top R4 selected pre-miR loops contain GU/UG-

rich sequences, such as runner-up 291, it might be worthwhile to go back and test the 

other top R4 pre-miR loop library sequences, particularly ones that show high precursor 

expression with limited to no mature miRNA production (Figure 3-8C).  Interestingly, 
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the 290 loop sequence does not contain a GU/UG-rich motif, further implicating its role 

as an indirect negative effector of Dicer processing, through a yet determined interaction 

with Dicer regulatory protein(s). 

290 loop is a direct inhibitor of Dicer cleavage 

To directly observe the difference between 290 and 303 as Dicer substrates, 

precursor miRNAs for both loop variants were first verified by deep sequencing then 

synthesized (IDT), and equal molar amounts (0.4 µM) of each were assayed for cleavage 

in vitro by recombinant human Dicer (Genlantis) and followed by Northern blot analysis 

(Figure 3-14).  The reactions were quenched at specific time points ranging from 10 

minutes to 16 hours, and mature miRNA products are represented as a percentage of total 

precursor input and plotted over time. 

Assuming the reaction is near equilibrium and fitting to a nonlinear regression 

curve, the Kcat for 290 and 303 are both the same at 0.0028/s, with the Knet observed rate 

for 290 at about half that of 303.  We will need more data (cleavage at various Dicer 

concentrations) in order to fully characterize the kinetics of 290 loop’s direct inhibition of 

Dicer cleavage compared to 303. 
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Figure 3-14:  290 is cleaved by in vitro Dicer at half the observed rate of 303.  (A) 
Northern blot analysis comparing in vitro Dicer cleavage products of 290 
and 303 pre-miRNAs.  Assuming (near) equilibrium, both 290 and 303 
have similar Kcat of 0.0028/s. 

 

290 loop inhibits mature mir-30a and mir-16-1 expression 

Since the selection of 290 pre-miRNA was done in the context of human mir-30a 

flanking sequences with an EGFP-targeting stem, we also wanted to know its effects on 

completely endogenous miRNA processing.  We did this by substituting the 290 loop 

sequence back into endogenous mir-30a pri-miRNA (mir30-290) as well as mir-16-1 pri-

miRNA (mir16-290), and performed a Northern blot analysis (Figure 3-15B).  It should 

be noted that in both mir-30a and mir-16-1, it was the expression of the mature 5p 

miRNA that was affected by the 290 loop sequence as shown, since there was little to no 

mature 3p miRNA levels detectable by Northern blot analysis (data not shown).  This 
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preferential expression for the mature 5p miRNA strand in both mir30-290 and mir16-

290, is in line with mir-30a and mir-16-1 deep sequencing read counts as a correlation to 

their respective levels of endogenous expression found on miRBase release 19.  

However, we have yet to sequence confirm the relative abundance of mature 5p and 3p 

strands in mir30-290 and mir16-290. 

 

 

 

Figure 3-15: 290 loop sequence inhibits mature mir-30a and mir-16-1 expression.  
(A) Secondary structure predictions for mir30-290 and mir16-290.  Blue 
arrows indicate where the 290 loop sequence begins and ends (B)  
Northern blot analysis of total RNA from HEK293T cells 48 hours post-
transfection showed the accumulation of both precursor mir30-290 and 
mir16-290 loop products compared to their respective endogenous loops.  
The load control is of ethidium bromide stained, low molecular weight 
RNA. 
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Although the Northern blot shows that mir-30a exhibited a much lower overall 

expression level compared to miR30-EGFP and mir16-290, by a relative comparison of 

the 290 pre-miRNA accumulation to the endogenous mir-30a loop precursor and the 

negative control, it can be still be seen that 290 loop inhibited endogenous pre-mir-30a 

processing in the same manner it inhibited pre-miR30-EGFP – suggesting the same 

mechanism of Dicer processing inhibition as seen previously.  The 290 loop sequence 

also causes a slight buildup of pre-mir-16-1 compared to the endogenous mir-16-1 loop, 

however to a much less extent compared to mir-30a and miR30-EGFP.  This can likely 

be attributed to the very different pre-miRNA sequences and corresponding secondary 

stemloop structures between mir30-290 and mir16-290, and its effect on Dicer processing 

(Figure 3-15A).  It is also known that while the terminal loop sequence is an important 

determinant of pre-miRNA processing by Dicer, it is nevertheless not the only deciding 

factor in Dicer cleavage (Fukunaga et al. 2012; Gu et al. 2012).  More importantly, this 

observed “modular” applicability of the 290 loop sequence to limit in vivo Dicer cleavage 

in context of two well-characterized endogenous miRNAs could have important 

implications for a better understanding of miRNA processing and shRNA design rules. 

For 290 pri-miR loop’s ability to improve Drosha processing while limiting 

downstream Dicer activity, one of the best examples of this is found with Drosha itself.  

Drosha can autoregulate its own microprocessor activity by directly cleaving conserved 

hairpins found on the 5’ UTR mRNA of its partner DGCR8 in order to downregulate 

DGCR8 translation efficiency and expression, and in doing so, destabilizing its own 

protein expression levels (Han et al. 2009; Triboulet et al. 2009).  However the Drosha-

cleaved hairpins from DGCR8 mRNA did not produce any detectable mature miRNAs 

and was found only within the nucleus, unlike 290 pre-miRNA, which is exclusively and 

abundantly localized in the cytosol (Han et al. 2009).  In fact, the observed modular 
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effect of the 290 loop sequence lends support to the idea that its inhibitory effect on Dicer 

processing is due to a yet uncharacterized association/dissociation with a Dicer regulatory 

protein, as previously discussed. 

To further test this dual Drosha activation / Dicer inhibition hypothesis, a larger 

miRNA expression and functional screen can be performed on the 290 loop’s effect in 

context of other endogenous pri-miRNAs first processed by Drosha and then followed by 

downstream Dicer cleavage, to see if our reported correlation holds true at a more global 

level of miRNA expression.  Analysis of miRNA transcriptomes isolated from cells 

differentially expressing Drosha and/or Dicer could also yield more insight and possibly 

identify more biologically relevant miRNAs with primary sequence homology to the 290 

loop (Vaz et al. 2010).   

290 miRNA is loaded into RISC at a slower rate than 303 miRNA 

Previous Northern blot analyses show the nature of 290 loop’s negative regulatory 

effect on Dicer pre-miRNA processing, and in turn generating five-fold less mature 

miRNA levels compared to 303 (Figure 3-11), we wondered why this significant 

difference was not observed in the earlier luciferase (and EGFP) knockdown assays that 

were indicative of downstream RISC activity.  It is known that the miRNA-Argonaute 

silencing complex (miRISC) can stabilize miRNAs and cause a sustained level of 

silencing once a minimum threshold of miRISC are formed (Diederichs and Haber 2007; 

Grishok et al. 2001).  If this were true, then we should observe a more pronounced 

difference in silencing before this steady state level of miRISC is reached, and steady 

state was most likely already reached in our previous RISC assays as we only monitored 

for knockdown at the 24-48 hour endpoints.   
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So to test this, we performed the same DLR assay as previously described, but 

this time at two different pSilencer U6-miR transfection inputs, 10 ng and 100 ng, 

respectively, and monitored for luciferase knockdown levels every 6 hours up to 24 hours 

(Figure 3-16).  The 100 ng input was chosen because it was the smallest amount of input 

we tried that still showed effective silencing at 48 hours, and 10 ng, a ten-fold less input, 

was selected in order to further emphasize the difference between 290 and 303 at pre-

steady state levels of miRISC. 

 

 

Figure 3-16: 290 miRNA is loaded into RISC at a slower rate than 303 miRNA.  
HEK293T cells were transfected at 10 and 100 ng pSilencer-miR inputs, 
and assayed for luciferase activity at 6, 12, 18, and 24 hours post-
transfection.  The relative luciferase activity of Renilla is graphed and 
normalized to firefly luciferase. 
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The results show that 290 causes less silencing, and thus less 290-miRISC 

formation compared to 303-miRISC formation, at almost all time points at both 

concentrations.  Comparing luciferase levels between 290 and 303, this effect was most 

pronounced at the 100 ng input at 6 and 12 hours, and mirrored at the 10 ng input at 18 

and 24 hours, a difference of about 20% in silencing activity.  However, we start to see 

that at 18 and 24 hours for the 100 ng input, this difference becomes less pronounced at 

only about 10%.  This indicates that, (1) we are observing a pre-steady state system of 

miRISC formation that is nearing steady state for the 100 ng input after 24 hours, and (2) 

290-miRISC is being formed at a slower rate than 303-miRISC causing a slower 

observed rate of silencing.  This is due to 290 loop’s upstream Dicer inhibition, thereby 

slowing its mature miRNA formation, and their subsequent availability for downstream 

RISC-loading and knockdown. 

It is interesting to note that the only time when 290 seems to have better silencing 

than 303 is at the 10 ng input after 6 hours of expression, but by 12 hours 303 has caught 

up and then silences better than 290 after that.  Perhaps this is due to the 290 loop’s 

observed two-fold preference for processing by Drosha-DGCR8.  Also of note is that 

the A-loop seems to be processed and minimally loaded into RISC at levels undetectable 

by our Northern blots, but at near steady state levels (100 ng at 24 hours), the ratio of 303 

to A-loop silencing (~40%) is in line with what we previously observed at steady state. 

290 loop causes a single 5’ nucleotide addition in a subpopulation of its mature 3p 
miRNAs 

 Deep sequencing analyses of both the pre-miRNA and mature miRNA products 

for 290 and 303, revealed that in both pre-miRNA stemloops, the 5’ pre-miRNA cleavage 

site was shifted by one base, while the 3’ pre-miRNA cleavage site remained the same as 
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expected.  This showed that Drosha cleaves both pri-miRNAs at the same sites on the 

stem, and folding predictions show that their overall secondary structures did not change 

from what was originally expected (Figures 3-1B, 3-17).  More interestingly, from the 

sequencing of their respective mature miRNAs, the predominant product for 303 remains 

the same as expected, while in the mature miRNAs generated by 290, a single cytosine 

base from the 3’ end of the loop shifts into the 5’ end of the 3p miRNA approximately 

40% of the time in sequenced populations.  This suggests that the 290 loop causes Dicer 

to cleave its pre-miRNA hairpin at two different sites, generating a heterogeneous 

population of the 3p miRNAs.   

 

 

Figure 3-17:  Secondary structures of Drosha-cleaved 290 and 303 pre-miRs have 
same stem features but different Dicer cleavage sites.  Blue arrows 
indicate sequence mapped Dicer cleavage sites.  
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Upon closer examination, this ~40% miRNA subpopulation correlates well with 

Gu et al.’s recent findings on “noncanonical” Dicer cleavage products using their miR30-

based shRNA (Sh-miR30) constructs (Gu et al. 2012).  They reported that their in vivo 

Dicer-processed sh-miR30 constructs with an asymmetrical bulge in the 5p arm, a new 

Dicer cleavage site emerges on the opposite 3p arm, shifting cleavage one nucleotide 

upstream from the canonical site towards the terminal loop part of the time, just like what 

we observed with 290 pre-miR.  So why is there not also the same single nucleotide 

shift in Dicer cleavage of 303 pre-miR since it has the exact same stem sequence-

structure, as well as the same Dicer cleavage site mapped to its 5p arm?  The answer 

must be that the different terminal loop sequence-structure between 290 and 303 is 

affecting Dicer cleavage site selection and the generation of mature miRNA subspecies.  

Perhaps there is something about Dicer cleaving 290 pre-miR at a high heterogeneous 

level that causes it to be sequestered or “held up” as a pre-miRNA.   

  The single 5’ nucleotide addition to 290’s 3p arm should also have shifted the 

critical 5’ seed region in ~40% of the mature 3p guide strands produced, leading to a 

proportional decrease in effective target silencing, but we observed very close levels of 

RISC-induced EGFP and luciferase knockdowns between 290 and 303, an effect that Gu 

et al. also reported, noting the relative amount of luciferase knockdown correlated to the 

abundance of the mature guide strand, but well within error.  An explanation could be 

that even though the addition of the single 5’ cytosine in 290’s 3p guide strand causes a 

C-C mismatch at position 1, the newly shifted 2-8 nt seed region still maintains perfect 

complementarity with its target sequence.  In fact, the 2-8 nt seed sequence would not 

be affected by heterogeneous guide strands until the cleavage site begins to shift two or 

more nucleotides away, towards the terminal loop, a potential evolutionarily conserved 

mechanism of Dicer cleavage shown to hold true by Gu et al. for human and mouse 
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endogenous miRNA libraries.  However, this direct correlation of a conserved Dicer 

miRNA cleavage mechanism with the important 2-8 nt seed region of the resulting guide 

strand, was never explicitly stated by Gu et al., perhaps to fit their “loop-counting rule” 

model of Dicer cleavage (Gu et al. 2012).   

Implications to a new Dicer processing model 

To truly confirm and validate the modular Dicer inhibiting properties of the 290 

loop sequence, we propose to apply Gu et al.’s Sh-miR30 constructs used to characterize 

the accuracy of in vivo Dicer processing, and to further test their developed “loop-

counting rule” for Dicer cleavage of miRNAs (Gu et al. 2012).  The loop-counting rule 

proposes that Dicer cleaves shRNAs (and miRNAs to some extent) precisely when it is 

able to recognize a ssRNA sequence, either from the terminal loop region or an internal 

bulge at a fixed two nucleotide distance relative to the site of cleavage (Figure 3-18A).  

Otherwise, Dicer cleavage is imprecise; leading to a range of Dicer cleavage products 

with variable 5’ start positions and a greater potential of downstream off-target effects.  

Gu et al. propose that Dicer first docks the open end of hairpin RNAs and feeds the 

region to be cleaved into its RNase III catalytic core as previously described (Macrae et 

al. 2006; Park et al. 2011), and then the cleavage site is secured by a second contact made 

between Dicer’s helicase domain and a ssRNA loop or bulge. 

However within their results, they could not fully account for the varying ratios of 

heterogeneous guide and passenger strand product formation when internal bulges are 

introduced in the middle of the guide or passenger strand, the way they are present in the 

majority of endogenous miRNAs (as opposed to at the 5’end of their designated guide 

strand but still away from the terminal loop) (Figure 3-18B).  Also, their proposed rule 

cannot account for the asymmetric Dicer cleavage of 290 pre-miR’s 3p arm compared to 
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303’s 3p arm, when both are contained within the exact same stem sequence and 

structure (post-Drosha cleavage), with the only variable being their respective terminal 

loop sequences as we have found.  This strongly suggests that the terminal loop has a 

yet undefined role in controlling accurate Dicer processing and that their proposed rule 

cannot fully account for it.  We propose using their Sh-miR30 constructs in conjunction 

with our 290 and 303 loops to further elucidate the terminal loop’s role in Dicer 

recognition and processing of miRNAs. 

 

 

Figure 3-18:  “Loop-counting rule” for Dicer cleavage.  (A) Schematic of the loop-
counting rule proposed by Gu et al. from their in vivo Dicer shRNA-
processing studies.  (B) Sh-miR30 constructs for Dicer processing from 
Gu et al.  Figures are adapted from Gu et al. 2012.  
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The benefit of applying their Sh-miR30 constructs to our 290 and 303 loops, is 

that Gu et al. have used it to characterize Dicer cleavage products under varying stem 

sequence lengths and structures, while keeping the terminal loop size constant.  We on 

the other hand, have randomized the terminal loop sequence, and while keeping a 

constant stem sequence and structure, have identified through selection, a strong terminal 

loop inhibitor of Dicer cleavage.  Also, both studies were performed on sequences and 

structures modeled after the same miRNA – mir-30a.  So by combining the known 

properties from their Sh-miR30 stems with our 290 terminal loop sequences, we hope to 

design pre-miRNA constructs that can, (1) further test the modular inhibitory effects of 

the 290 terminal loop, and (2) verify Gu et al.’s proposed loop-counting rule as it applies 

to miRNA processing by Dicer, the outcome of which may have important design 

implications for avoiding off-target effects by unwanted passenger strand formation, and 

ultimately, for miRNA/shRNA-based technology and therapies. 

 

CONCLUSIONS 

We have devised a novel miRNA selection scheme and identified a precursor 

miRNA terminal loop sequence that is favorably processed in vivo by Drosha but 

functions as an effective inhibitor of pre-miRNA processing by downstream Dicer.  This 

terminal loop also demonstrated modular properties of Dicer inhibition in two different 

endogenously expressed miRNAs, and should prove useful in further elucidating the 

mechanisms of miRNA processing in context of a newly proposed Dicer cleavage model.  

In combination, these findings may have important implications in both Drosha and 

Dicer’s direct role in gene expression and miRNA production, the regulatory proteins that 
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modulate their respective functions, as well as the potential development of new design 

rules for the more efficient processing and targeting of miRNA-based technology and 

RNAi therapeutics. 

While the outcome of this combined in vitro / in vivo selection is different than 

the initial goals and hypothesis, it does not contradict our expected findings as the 

selection itself was based on the sequence isolation and amplification of the most 

abundant pre-miRNAs and their respective loop sequences present within the cell at the 

end of each round, and in our findings, it proved to be a potent Dicer-inhibiting loop.  

The numerous challenges and difficulties of extracting an exact optimal RNA effector, 

that is expressed and processed in vivo followed by in vitro amplification and sequencing, 

alone has been examined in detail (Chen et al. 2009), and is more apparent in the context 

of a complex miRNA biogenesis pathway.  A pathway that is known to involve 

numerous other regulatory proteins and small RNA effectors with their combined 

processing rates all acting upon the intermediate pre-miRNA stemloop product of our 

selection.  Factors of the miRNA biogenesis machinery that work together to regulate 

Drosha-DGCR8 cleavage, nuclear Exportin 5 transport, Dicer cleavage, Argonuate-

RISC-loading and target silencing, all need to be taken into consideration in designing 

future miRNA selection experiments. 

 

MATERIALS AND METHODS 

Precursor miRNA structure prediction 

Predicted secondary structures of pre-miRNA hairpin structures were generated 

using mfold RNA folding prediction web server (Mathews et al. 1999; Zuker 2003) and 

NUPACK nucleic acid package (Zadeh et al. 2011).  Reference miRNA sequences for 
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human hsa-mir-30a (accession MI0000088) and hsa-mir-16-1 (accession MI0000070) 

were obtained from miRBase Release 19 (Griffiths-Jones et al. 2006).  

Plasmid construction and cloning 

pSilencer 2.1-U6 (Invitrogen) was used in the expression of miR30-EGFP (miR) 

constructs.  Cloning and insertion of the primary miR CDS was done by the One-Step 

Isothermal Assembly of Overlapping dsDNA method (Gibson 2011).  In brief, Gibson 

assembly allows for the construction of fully circularized plasmids from dsDNA 

component fragments.  As long as adjacent DNA fragments share terminal sequence 

overlaps (with a Tm of ~55°C), they are joined into one covalently sealed molecule by a 

one-step isothermal reaction.  DNA components for the primary miRs as well as 

pSilencer backbone sequences were generated by PCR using AccuPrime Pfx DNA 

polymerase (Invitrogen) and primers ordered from IDT.  The miR CDS were PCR 

amplified from the linear U6 miR-expression cassette templates previously generated for 

their directed selection.  Prior to isothermal assembly, all PCR products were 

subsequently agarose gel purified using Wizard SV Gel and PCR columns (Promega).  

Purified DNA fragments were mixed in a 20 µl reaction, and assembled in the presence 

of 5’-T5 exonuclease (Epicentre), Phusion DNA polymerase (New England Biolabs), and 

Taq ligase (New England Biolabs) at 50°C for 1.5 hours.  After isothermal assembly, 2-

5 µl of the Gibson reaction mix is directly used to transform competent E. coli.  

Transformed colonies are picked from LB-agar plates containing 100 µg/mL of the 

antibiotic ampicillin, grown overnight in LB-ampicillin liquid culture, then harvested for 

pSilencer-miR expressing plasmids using EconoSpin silica membrane spin columns 

(Epoch Life Science) as per the manufacturer’s protocol. 
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The pcDNA 3.1 (Invitrogen) used in the expression of the Renilla luciferase and 

firefly luciferase reporter vectors – pcDNA3.1dsRluc and pcDNA3.1dsLuc2CP, 

respectively, were obtained from C. Sullivan lab (Kincaid et al. 2012) for dual luciferase 

readings of target transcript silencing and miR-specific cleavage by Drosha.  All miR 

target sequences and primary miR-expressing constructs were cloned into the 3’ UTR of 

Renilla luciferase in pcDNA3.1dsRluc, at its downstream XhoI/XbaI restriction sites.  

XhoI and XbaI restriction enzymes (New England Biolabs) were mixed in a single 

reaction mix, to double digest the miR coding inserts and pcDNA3.1dsRluc, respectively, 

at 37°C.  An overnight ligation mix of digested inserts and linearized plasmid in the 

presence of T4 DNA ligase (New England Biolabs) was performed and yielded 

circularized ligated plasmids for transformation and extraction from E. coli as described 

above.  All cloned plasmids were Sanger sequence verified using primers upstream and 

downstream of the insertion site. 

Cell culture and transfection 

HEK293T (ATCC) and 293-FLP20-EGPEST cell lines and were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) supplemented with 10% fetal 

bovine serum (FBS) (Gibco), and grown at 37°C in 5% CO2 and 95% humidity.  293-

FLP20-EGPEST cells were created from the Flp-In-293 cell line (Invitrogen), following 

the manufacturer’s recommendations to stably insert an Enhanced Green Fluorescent 

Protein (EGFP) sequence with a downstream PEST peptide sequence for protein 

degradation signaling (EGPEST) via site-directed Flp-FRT recombination.  Stable 

transfectants were selected for and maintained in the presence of Hygromycin B 

(Invitrogen) at 100 and 50 µg/mL, respectively.  Stable 293-FLP-EGPEST-expressing 
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cells were then sorted by flow cytometry in order to isolate the top most green fluorescent 

20% of cells within the population, named 293-FLP20-EGPEST. 

24-36 hours prior to transfection, cells were seeded at ~2x105 cells for 6-well 

plates, and ~5x104 cells for 24-well plates, and cells generally reached 60-70% 

confluency at the time of transfection.  Transfections were done using Lipofectamine 

2000 reagent (Invitrogen) mixed with relevant miR-expression constructs in Opti-MEM I 

reduced serum medium (Invitrogen) according to manufacturer’s recommendations. 

Fluorescent-activated cell sorting 

293-FLP20-EGPEST cells were isolated from stable EGPEST-expressing 293 

cells by fluorescent-activated cell sorting (FACS) using the BD FACSAria (BD 

Biosciences) in order to isolate the top 20% most green fluorescent cells within the stable 

the 293-FLP-EGPEST population.  The BD LSRFortessa (BD Biosciences) flow 

cytometer was used to measure the relative proportion of EGFP knockdown within 293-

FLP20-EGPEST cell populations post-transfection with the miR-expressing constructs.  

All FACS data were analyzed using FlowJo software v8.7 (FlowJo). 

miR30-EGFP RISC activity assay 

24-well plates of HEK293T cells were cotransfected in triplicate with 5 ng Renilla 

luciferase reporter with a 3’ UTR EGFP-target sequence (pcDNA3.1dsRluc-EGFP), 5 ng 

firefly luciferase reporter (pcDNA3.1dsLuc2CP), and 100-800 ng of either the linear U6-

miR expression cassette or the pSilencer-miR vector (or empty expression vector) using 

Lipofectamine 2000 (Invitrogen).  24-48 hours after transfection, cells were harvested 

and processed with the Dual-Luciferase Reporter (DLR) assay (Promega) according to 

the manufacturer’s protocol.  Luciferase activity was measured on a Luminoskan Ascent 

luminometer (Thermo Electronic).  All DLR results are presented with the relative 
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Renilla to firefly luciferase levels and normalized to identical reactions transfected with 

empty expression vectors. 

Drosha-DGCR8 microprocessor cleavage of luciferase 3’ UTR pri-miR reporter 

HEK293T cells seeded in 24-well plates were cotransfected in triplicate with 5 ng 

Renilla luciferase reporter with a 3’ UTR pri-miR CDS – pcDNA3.1dsRluc-290, 

pcDNA3.1dsRluc-303wt, or pcDNA3.1dsRluc-302a, 5 ng firefly luciferase reporter 

(pcDNA3.1dsLuc2CP), 250 ng of Drosha and 250 ng of DGCR8 expression vectors (or 

an empty pcDNA3.1+ expression vector).  Cells are harvested 24 hours post-

transfection and the relative levels of Drosha-DGCR8 microprocessor cleavage of 

Renilla-miR luciferase transcripts are determined by DLR kit (Promega) and measured 

on a Luminoskan Ascent luminometer (Thermo Electronic) as described above.   

Small RNA Northern blots 

Small miRNA Northern blot analyses were performed as previously described 

(McClure et al. 2011).  In brief, total RNA were extracted from transfected cell lines 

using TRIzol reagent (Invitrogen) and 15 μg total RNA were size fractionated on a 15% 

(vol/vol) Urea-PAGE denaturing gel in 1x TBE, then transferred to a Hybond N+ nylon 

membrane (GE Healthcare).  After transfer, the RNA is crosslinked to the membrane by 

facing a UV source at 1200 µJ/m2 (HL-2000 HybriLinker, UVP) followed by 

prehybridization of the membrane in Expresshyb hybridization buffer solution (Clontech) 

in a rotating hybridization oven for 1 hour at 55°C.  10 pmole of probe oligonucleotide 

was then end-labeled with 0.5 μL of radioactive [γ-32P] ATP (5000 Ci/mmole, 10 Ci/ml, 

PerkinElmer) by 2 µl T4 PNK (10 U/μl, New England Biolabs) at 37°C for 40 minutes, 

then purified using an Illustra MicroSpin Sephadex G25 spin column (GE Healthcare).  

The purified radioactive probe was then directly added into the Expresshyb solution and 
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membrane followed by incubation ~12 hours at 38.5°C.  After hybridization, the 

membrane was washed with pre-warmed (to 55°C) 2x SSC/0.1% SDS buffer four times, 

at ~20 minutes each while continuing to rotate in the hybridization oven.  The 

membrane was then heat sealed in a plastic bag and exposed overnight (up to several 

days) to film (Kodak) or a storage phosphor screen (GE Healthcare).  When ready, the 

phosphor screen was scanned on the Storm 840 Phosphorimager (GE Healthcare) and 

relative band intensities were analyzed by ImageQuant software package (GE 

Healthcare).  

If the membrane needed to be re-probed with a different radiolabelled 

oligonucleotide, it was first stripped by washing four times in boiling 0.1-0.5% SDS 

solution followed by a final wash with water.  The stripped membrane was then 

prehybridized/hybridized again with the different radioactive probe following the same 

above protocol.  Radiolabeled probes used in Northern blot analyses are listed in Table 

2-1. 

 
Oligonucleotide	  name	   Sequence	  
miR-‐EGFP.5p	   TAGCTGTACGATCCAGCTTATG 
miR-‐EGFP.3p	   GGCACAAGCTGGAGTACAACTA 
SV40-‐mirS1_776.5p	   AAGGCTCATTTCAGGCCCCTCA 
SV40-‐mirS1_776.3p	   ACTCAGGGCATGAAACAGGC 
miR30.5p	   CTTCCAGTCGAGGATGTTTACA 
miR30.3p	   GCTGCAAACATCCGACTGAAAG 
miR16.5p	   CGCCAATATTTACGTGCTGCTA 
miR16.3p	   TCAGCAGCACAGTTAATACTGG 
U6	  probe	   CGTTCCAATTTTAGTATATGTGCTGCC 
5S	  rRNA	  probe	   CCCTGCTTAGCTTCCGAGATCAGAC 

Table 2-1: Oligonucleotide probe sequences used for Northern blot analysis. 
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Nuclear and cytosolic fractionation 

Cells were trypsinized, washed in PBS, then spun down.  Cell pellets were 

gently resuspended in a mild hypotonic buffer (10 mM HEPES, 1.5 mM MgCl2, 10 mM 

KCl, pH 7.9) and a final 0.4% (vol/vol) Nonidet P-40 on ice.  After ~2 minutes, the 

solution was spun down and the supernatant, containing the cytosolic fraction, was 

removed and extracted for total cytosolic RNA with TRIzol (Invitrogen).  The 

remaining pellet containing the nuclear fraction was washed four more times in the 

hypotonic buffer and spun down.  After the final wash, TRIzol (Invitrogen) was used to 

extract total nuclear RNA from the remaining pellet. 

Next-generation sequencing of mature miRNAs 

Total RNA was extracted 48 hours post-transfection of HEK293T cells with 290 

and 303 pSilencer expression constructs.  Northern blot was performed on a subset of 

the isolated RNA to ensure for the presence of mature 290 and 303 ~22 nt miRNAs.  

The total remaining RNAs were then resolved by 15% denaturing PAGE, followed by gel 

extraction and RNA purification of the 22 nt 290 and 303 bands.  Purified mature 

miRNAs were submitted for Illumina MiSeq sequencing for a minimum of 5x106 reads.  

Sample QC, library prep, and emulsion PCR prior to sequencing was performed by the 

University of Texas at Austin’s Genome Sequencing and Analysis Facility following 

manufacturer recommended protocols.  Sequencing reads were analyzed by UNIX 

command scripting to determine the most abundant 5’ and 3’ ends (cleavage sites) of 

mature miRNAs. 
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In vitro Dicer cleavage assay of pre-miRNA 

Recombinant Human Dicer (Genlantis) was used to measure the rate of Dicer 

cleavage on pre-miRNA substrates.  Pre-miRNAs were synthesized (IDT) and subjected 

to in vitro Dicer cleavage according to manufacturer’s instructions.  Reactions were 

quenched at specific time points ranging from 10 minutes to 16 hours at 37°C.  Post-

cleavage miRNA products were analyzed by Northern blot analysis. 
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Chapter 4: Overview and future directions 

OVERVIEW 

The miRNA terminal loop has been shown to be important for the regulation and 

biogenesis of specific miRNAs and their ability to be recognized and cleaved by the 

RNase III enzymes Drosha and Dicer (Bajan and Hutvagner 2011; Choudhury and 

Michlewski 2012).  Some structural determinants and sequence motifs within the 

miRNA terminal loop have already been characterized for optimal Drosha-DGCR8 

processing (Zeng et al. 2005; Han et al. 2006; Auyeung et al. 2013), as well as for 

optimal Dicer processing (Gu et al. 2012; Jensen et al. 2012).  To further elucidate the 

terminal loop’s exerted control over miRNA processing, and to search for an optimally-

processed miRNA substrate, we designed and implemented an in vitro / in vivo selection 

scheme using a randomized terminal loop library (Figure 4-1). 

 

 

Figure 4-1: General scheme of an in vitro / in vivo genotype selection. 
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After four rounds of selections, deep sequencing results identified a miRNA 

terminal loop that is favorably cleaved by Drosha, but functions as an effective inhibitor 

of downstream pre-miRNA processing by Dicer in vivo.  In vitro Dicer cleavage assays 

further show this terminal loop’s direct inhibition of Dicer processing activity, and its 

demonstrated modular properties of Dicer inhibition in two different endogenously 

expressed miRNAs should prove useful in further elucidating the mechanisms of miRNA 

processing in context of a newly proposed Dicer cleavage model (Gu et al. 2012).   

 

FUTURE DIRECTIONS 

Even though the top terminal loop variant isolated from our genotype selection is 

a potent cis-inhibitor of Dicer processing, this does not contradict with our selection 

methods.  In a biological context, we have shown that a terminal loop that is optimal for 

Drosha cleavage may not necessary be optimal for Dicer cleavage.  There are examples 

of this found in vivo where Drosha autoregulates its own expression by directly cleaving 

the 5’ UTR mRNA hairpins of its partner DGCR8, but this process generates no pre-

miRNAs to act as further Dicer substrates.  Perhaps searching the transcriptome for 

other sequences that resemble our identified terminal loop, we can identify novel targets 

for Drosha and Dicer’s direct role in gene expression. 

Since we only functionally characterized the top terminal loop variant, it is also 

likely that other variants (through a few more rounds of selection) can be identified that 

will show different Drosha/Dicer-processing profiles.  Perhaps an even better Drosha 

terminal loop substrate with the complete inhibition of downstream Dicer processing can 

be identified.  Similarly, the A-loop that we used as a negative control in our 

characterization experiments was processed by Drosha just as well as our positive 
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control, but failed to be further processed by Dicer.  We are not sure why this is the 

case, but our library could be further mined for sequencing data in order to examine these 

results more closely.  

As for future in vitro / in vivo miRNA terminal loop selections, it could still be 

possible to isolate an optimally processed terminal loop substrate that leads to better 

downstream target silencing, by screening and isolating variants for phenotype 

knockdown before the selective genotype amplification of their sequences.  However, 

due to the nature of Dicer cleavage, the variants that exhibit the best phenotype 

knockdowns will also cleave away their terminal loops at the most efficient rate, making 

it difficult to selectively amplify their precursor miRNA hairpins. 
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Appendix A: Continuous in vitro evolution of a ribozyme ligase:  
 A model kit for the evolution of a biomolecule 

INTRODUCTION  

Evolution is a defining criterion of life and is central to understanding of all 

biological systems.  However, the millennial timescale of evolution limits most 

classroom evolution experiments to simple probability simulations.  In vitro directed 

evolution (IVDE) closely mimics natural evolution but produces noticeable phenotypic 

changes in a matter of hours as opposed to millions of years.  An IVDE demonstration 

lab would serve to both directly demonstrate the forces of Darwinian evolution and 

introduce students to an essential method of modern molecular biology.  In order to 

produce an IVDE demonstration lab, continuous IVDE of a T500 ribozyme ligase based 

pool has been paired with a fluorescence-based strand displacement reporter system in 

order to visualize the evolution of improved catalytic function.  Ribozyme pools are 

taken through rounds of isothermal-based amplification dependent on the self-ligation of 

a T7 promoter.  Dilution between rounds of evolution selects for ribozymes with faster 

ligation kinetics.  As the pool evolves the strand displacement system allows for the 

monitoring of the pool’s ligation rate.  The strand displacement reporter system allows 

for visual detection of ligated ribozyme.  When ligated with the T7 promoter, the 5’ end 

of the ribozyme possesses enough complementarity with a fluorophore-labeled DNA 

oligo to displace, through toehold mediated strand displacement, a quencher-labeled 

DNA oligo, in turn, generating a visible signal upon UV light excitation.  As the ligation 

rate of the pool increases due to the selection for faster ligating species, the student will 

observe more rapid development of fluorescent signal in later rounds of evolution.  The 

pairing of the continuous isothermal system with the fluorescence-based strand 

displacement detection scheme allows any user, provided with minimal materials to 
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model the continuous directed evolution of a biomolecule.  In the following sections, we 

outline the specific steps for both students and educators to perform IVDE in a classroom 

setting. 

A model ribozyme for a model kit 

Even though a thorough comprehension of the principles of Darwinian evolution 

is the foundation for understanding all biological systems, the millennial timescale of 

evolution precludes direct demonstration of evolution in model organisms.  Entry-level 

college and high school evolution labs are largely restricted to game-like scenarios with 

an arbitrary probability rule set.  These games are sufficient for demonstrating the 

underlying principles of evolutionary theory, but contrary to most educational labs, they 

do not provide direct evidence supporting the theory of interest. 

In vitro directed evolution (IVDE) closely mimics natural evolution and is used as 

a molecular tool by scientists to produce proteins and nucleic acids of interest, as well as 

to study the fundamental ideas of evolution (Jäckel et al., 2008; Joyce, 2007).  The 

process begins with the generation of a diverse population, or library, of biomolecules 

through the randomization of either amino acid residues or nucleobases.  This 

population is passed through a selection step that requires the biomolecule to perform a 

specific function of interest.  The biomolecules that successfully perform this function 

are then selectively amplified in order to produce a more fit population for further 

selection, while the ones that don’t are left behind and eventually diluted out.  This 

cycle is repeated until a few highly fit amino acid or nucleic acid sequences dominate the 

remaining pool population. 

IVDE operates under the same principles as natural evolution but it produces 

detectable changes of a population undergoing selective forces in a matter of hours, as 
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opposed to millions of years (Jäckel et al., 2008; Joyce, 2007).  The speed and timescale 

of IVDE experiments make them ideal for demonstrating evolutionary forces in action 

within the high school and entry-level college lab setting.  However, the technical 

expertise and equipment required for most IVDE experiments pose significant hurdles to 

the application of IVDE as an educational tool.  In order to address these challenges, we 

have developed an IVDE experiment and fluorescent phenotypic assay that require 

minimal expertise and equipment. 

Our design is based largely on the pioneering work of Martin Wright and Gerald 

Joyce in the continuous evolution of ribozyme ligases (Wright and Joyce, 1997).  This 

choice was made due to both the simplicity of their IVDE methods, and the additional 

educational opportunities offered by the evolution of ribozymes and its resulting 

implications to the RNA world theory.  The RNA world theory postulates that life on 

Earth underwent a phase in which RNA served as both the informational and functional 

biomolecule for all living systems, and it is a widely accepted theory that predicts a 

fundamental stage in the evolution of modern life on earth (Ellington et al., 2009).  By 

centering our experiment around ribozymes we have broadened the educational scope of 

our kit by directing students to not only consider the principles of Darwinian evolution, 

but also its association to the RNA world theory.  Students are often taught evolution 

with complex multicellular animals as models.  However, when we use the ribozyme 

ligase, it also demonstrates the importance of evolutionary forces at work to much 

simpler biochemical systems (Jäckel et al., 2008; Joyce, 2007; Wright and Joyce, 1997). 

The numerous experimental steps required for most IVDE experiments generally 

translate into more expertise and equipment requirements.  Our kit was developed 

specifically to circumvent these hurdles by using a reaction system that is run 

isothermally at 37°C and continuously, with all the catalytic components (ribozyme 
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ligase, T7 RNA polymerase, MMLV reverse transcriptase, and Ribonuclease H) in one 

tube, as depicted in Figure A-1.  As a result, this greatly reduces the expertise and 

equipment costs required to conduct and IVDE experiment. 

 

Figure A-1: The continuous evolution reaction used in this experiment makes 
replication of the ribozyme ligase contingent upon successful ligation of 
a substrate RNA.  (A) The replication cycle begins with the unligated 
ribozyme ligase, depicted with approximate secondary structure, ligating a 
substrate RNA, containing a T7 RNA polymerase promoter (red), unto its 5’ 
end.  (B) Ribozymes are bound at their 3’ end by a DNA primer (blue).  
(C) MMLV reverse transcriptase uses this primer to generate a cDNA 
template of the ribozyme, and in turn, generates an active double stranded 
T7 promoter on ligated ribozymes.  (D) T7 RNA polymerase transcribes 
ribozyme progeny from the cDNA templates of active ribozymes. [Figure 
made by Michael Ledbetter] 
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This system has been further optimized for the high school and entry-level college 

environment through manipulation of library design and development of a simple 

fluorescence assay for ligation activity.  As depicted in Figure A-2, our library design, 

named T500N3, consists of the T500 ribozyme ligase randomized at A32, C50, and A71, 

three of the residues that compose the catalytic core of the ribozyme (Paegel and Joyce, 

2008; Shechner et al., 2009).  The critical nature of these nucleobases encourages rapid 

population convergence on the wild type sequence.  This library demonstrates a rapid 

increase in experimental population ligation activity in only three hours of continuous 

directed evolution.  The fluorescence assay, depicted in Figure A-3, uses a strand 

displacement based fluorescent probe that specifically detects ligated T500 ribozymes.  

Ligation activity is approximated by detection of endpoint ligated T500 concentration 

after a defined amplification period.  By combining a continuous directed evolution 

system with a simple fluorescence assay, we are able to directly demonstrate evolutionary 

forces acting within a population of ribozyme ligases. 

 

 



 113 

 

Figure A-2: The T500N3 Pool was designed to demonstrate rapid dominance of 
experimental population diversity by the wild type (WT) T500 
sequence.  (A) The sequence and approximate secondary structure of the 
T500 ribozyme are shown with coloring reflecting Figure 1.  An A129 to G 
watermark, indicated in purple, was used to ensure that dominance of the 
population by WT was not merely a result of contamination of experimental 
populations by  previously produced fully WT T500.  The randomized 
nucleotides that yield the initial pool diversity are indicated in green.  (B) 
The randomized nucleotides in the T500N3 Pool are all critical residues in 
the catalytic core of the ligase.  The crystal structure of the catalytic core of 
the ribozyme is shown coordinating the ligation of the 3’ adenosine, A-1, of 
the substrate RNA to the 5’ guanosine, G1, of the ribozyme.  The 
remaining labeled nucleotides are the residues randomized to produce the 
T500N3 Pool.  Hydrogen bonds are indicated with black dotted lines.  
While proximity of negatively charged oxygens is indicated with red dotted 
lines. [Figure made by Michael Ledbetter] 
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Figure A-3:  Fluorescent probe is capable of specifically detecting ligated T500 
ribozyme.  (A) The fluorescent probe is a duplex consisting of an Iowa 
Black quencher labeled strand, magenta, and a FAM labeled strand, green.  
In their annealed state fluorescence is quenched.  The FAM labeled strand 
is complementary to the CE substrate RNA and the first 6, 5’ base pairs of 
the ribozyme.  In an unligated state neither the free substrate nor the 
ribozyme can displace the quencher oligo.  (B) Upon ligation, the ligated 
5’ end of the ribozyme now possesses enough complementarity with the 
FAM labeled strand to use its 5’ toehold.  (C) The 5’ end of the ribozyme 
initiates branch migration, partially displacing the quencher.  (D) The 5’ 
end to the ribozyme fully pairs with the FAM labeled strand, in turn, fully 
displacing the quencher strand and freeing the FAM fluorophore for 
fluorescence. [Figure made by Michael Ledbetter] 
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EXPERIMENTAL PROCEDURES: 

Preclassroom Experiment Preparatory Work 

Oligonucleotide and Ribozyme Library 

All oligonucleotides, summarized in (Table A-1), were ordered from Integrated 

DNA Technologies (IDT, Coralville, IA).  Upon receipt, non-HPLC purified oligos 

were purified through polyacrylamide gel electrophoresis (PAGE), sodium acetate 

elution, and ethanol precipitation.  The T500N3 library was prepared through 

overlapping PCR of T500N3_ForwardPrimer, T500N3_Temp1, 

T500N3_Temp2_A129toGWM, and T500N3_ReversePrimer (All at 2 μM) in 1mM KCl, 

1mM (NH4)2SO4, 2mM Tris-HCl, 0.2mM MgSO4, and 0.01% Triton X-100 at pH 8.8 

with Taq DNA polymerase.  Heating conditions were as follow: 94°C for 2 min, 94°C 

for 30 sec, 45°C for 30 sec, 72°C for 15 sec.  This sequence was cycled 20 times from 

the second 94°C step to the 72°C step.  Full-length template was purified through 

agarose gel electrophoresis and ethidium bromide staining using a 2% NuSieve 3:1 

(Lonza, Basel, Switzerland) in TBE (89mM Tris Base, 89mM Boric Acid, 2mM EDTA 

pH 8) and the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI).  

Full-length template was amplified through PCR using T500N3_ForwardPrimer and 

T500N3_ReversePrimer and the same reaction conditions as above.  PCR product was 

recovered using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI).  

Recovered dsDNA was transcribed into active RNA using T7 RNA polymerase (Agilent, 

Santa Clara, CA) at 37°C for 4 hours in 1X AmpliScribe Buffer (Epicentre, Madison, 

WI) and 10mM DTT.  Full length RNA was then recovered through PAGE purification, 

sodium acetate elution, and ethanol precipitation. 
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Table A-1:  Sequence and description of oligonucleotides used.  All sequences are 
given 5’ to 3’.  Chemical tags are indicated by their IDT code. 

 

Classroom Equipment 

Assuming collaboration with our lab for library production, classrooms would 

require two water baths, one to hold temperature at 37°C for the continuous evolution 

reaction and one to hold temperature at 95°C for the denaturation steps described below.  

Micropipettes, L10, L20, L200, and L1000, and plastic ware, microfuge tubes and clear 

optical film, are needed for manipulating and holding reaction volumes.  Tabletop 
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centrifuges (optional) are useful to compensate for imprecise pipette technique.  A UV 

transilluminator, digital camera, and ImageJ freeware are needed for the fluorescent 

probe assay. 

Stock Solutions and Reagents 

Nuclease-free water (Life Technologies, Grand Island, NY), 5X continuous 

evolution (CE) buffer (125mM Mg Cl2, 250mM KCl, 20mM DTT, 250mM EPPS pH 

8.5, 10mM Spermidine), 100 mM ATP (Thermo Scientific, Waltham, MA), 100 mM 

CTP (Thermo Scientific, Waltham, MA), 100 mM GTP (Thermo Scientific, Waltham, 

MA), 100 mM UTP (Thermo Scientific, Waltham, MA), 100 mM dATP (Thermo 

Scientific, Waltham, MA), 100 mM dCTP (Thermo Scientific, Waltham, MA), 100 mM 

dGTP (Thermo Scientific, Waltham, MA), 100 mM dTTP (Thermo Scientific, Waltham, 

MA), MMLV Reverse Transcriptase (Life Technologies, Grand Island, NY), 

Ribonuclease H (New England BioLabs, Ipswich, MA), T7 RNA Polymerase (Agilent, 

Santa Clara, CA).   

Laboratory Supplies (Per Student Group) 

Microfuge tubes, micropipettes, micropipette tips, permanent marker, plastic 

microfuge tube rack, foam microfuge tube rack, clear optical film (Life Technologies, 

Grand Island, NY), water bath (Shared), UV transilluminator (Shared), digital camera 

(Shared). 
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Reagent Preparation for Student Groups 

Continuous Evolution Reaction Reagents 

On protocol days 1-4 both CE buffer/substrate solution (9.5 μM RNA_Substrate, 

5 μM CE_cDNAPrimer, 0.4 mM dNTPs, 4 mM NTPs, 1.88X CE Buffer) and CE enzyme 

solution (100 U/μL MMLV-RT, 20 U/μL T7 RNA Polymerase, and 0.5 U/μL RNase H) 

should be prepared for student use.  Both solutions should be stored on ice or in a -20°C 

freezer.   

Fluorescent Imaging Reaction Reagents 

On protocol day 5, fluorescent probe solution (10 μM 

T500_FluorescentProbe_Fluorophore and 20uM T500_FluorescentProbe_Quencher) 

should be prepared in 1X TNak (20 mM Tris pH 7.5, 140 mM NaCL, 5 mM KCl) and the 

two oligonucleotides should be annealed by heating the solution for 5 minutes at 95°C 

then cooling to room temperature.  Fluorescent Probe Solution should be stored away 

from light. 

 

Student Experimental Protocol 

Day 1 (about 1.5 hours): 

The entire experimental protocol is summarized in Figure A-4.  Each group 

receives 6 microfuge tubes that should be labeled as follow: Experimental Tube Day 1, 

Experimental Tube Day 2, Experimental Tube Day 3, Negative Control Tube Day 1, 

Negative Control Tube Day 2, Negative Control Tube Day 3.  Add 1μL 15μM T500N3 

RNA library, 10.6 μL CE buffer/substrate solution, 2 μL CE enzyme solution, and 6.4 μL 

nuclease-free water to “Experimental Tube CE Day 1”.  Add 10.6 μL CE 

buffer/substrate solution, 2 μL CE enzyme solution, and 7.4 μL nuclease-free water to 
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“Negative Control Tube CE Day 1”.  Mix both tubes by pipetting up and down gently.  

Place tubes in a foam microfuge tube rack and incubate the tubes for 65min in the 37°C 

water bath.  Remove tubes from rack and store at -20°C.  In order to fit this experiment 

into class times under an hour the teacher may store the student’s tubes. 

Day 2 and 3 (about 1.5 hours): 

Each group collects the preceding day’s reactions.  Transfer 2 μL of the previous 

day’s reaction in to the corresponding tube for that day’s experimentation, i.e.  2μL 

“Experimental Tube CE Day 1” into “Experimental Tube CE Day 2”.  Add 10.6 μL CE 

buffer/substrate solution, 2 μL CE enzyme solution, and 5.4 μL nuclease-free water to 

both experimental and negative control tubes.  Mix both tubes by pipetting up and down 

gently.  Place tubes in a foam microfuge tube rack and incubate the tubes in the 37°C 

water bath for 65min.  Remove tubes from rack and store at -20°C. 

Day 4 (about 1 hour): 

Each group receives 8 microfuge tubes that should be labeled as follow: T500N3 

Library Starting Ligation Activity, Experimental Population Day 1 Ligation Activity, 

Experimental Population Day 2 Ligation Activity, Experimental Population Day 3 

Ligation Activity, Negative Control Starting Ligation Activity, Negative Control Day 1 

Ligation Activity, Negative Control Day 2 Ligation Activity, Negative Control Day 3 

Ligation Activity.  For the T500N3 library, add 1μL 15μM T500N3 RNA library, 10.6 

μL CE buffer/substrate solution, 2 μL CE enzyme solution, and 6.4 μL nuclease-free 

water to the corresponding tube.  For the experimental population tubes add 2 μL 

“Experimental Tube CE Day X”, 10.6 μL CE buffer/substrate solution, 2 μL CE enzyme 

solution, and 5.4 μL nuclease-free water to the corresponding tubes.  For the negative 

control starting activity, add 10.6 μL CE buffer/substrate solution, 2 μL CE enzyme 
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solution, and 7.4 μL nuclease-free water to the corresponding tube.  For the remaining 

negative control tubes, add 2 μL “Negative Control Tube CE Day X”, 10.6 μL CE 

buffer/substrate solution, 2 μL CE enzyme solution, and 5.4 μL nuclease-free water to the 

corresponding tubes.  Mix tubes by pipetting up and down gently.  Add tubes to foam 

microfuge tubes and incubate in the 37°C water bath for 30 minutes.  Remove the tubes 

from the 37°C water bath and incubate in the 95°C water bath for 5 minutes.  Store 

tubes at -20°C. 

Day 5 (about 1 hour): 

Retrieve ligation activity reactions and incubate in the 95°C water bath for 5 

minutes and allow to cool to room temperature.  To each ligation activity reaction add 2 

μL 10 μM Poly T Oligo and 1.91 μL fluorescent probe solution.  This addition should 

be preformed as rapidly as possible in order ensure that all reactions are allowed to react 

with the probe for effectively identical timespans.  Incubate reaction tubes in the 37°C 

water bath for 45min.  Remove the entire reaction volume from each microfuge tube 

and pipette each reaction as a droplet onto a piece of clear optical film.  Place the optical 

film on the UV transilluminator.  Cover the transilluminator with a UV shield and turn 

on the transilluminator.  Briefly observe the fluorescent intensity trends of the droplets.  

If the experiment has been performed correctly.  A gradual increase in fluorescence will 

be seen from Day 1-3 for the experimental population and no appreciable increase in 

fluorescence will be seen for the negative controls.  The increase in fluorescence 

indicates increased concentration of ligated T500 ribozyme yield after 30 minutes of 

incubation.  Increased yield indicates increased population ligation activity.  Capture 

several photographs of the reactions for quantitative analysis of fluorescence. 
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Figure A-4:  Summary of the five-day experiment.  The negative control reactions 
and storage steps are omitted for simplicity. [Figure made by Michael 
Ledbetter] 

   

Data Analysis 

All data analysis can be performed easily on the ImageJ software.  Since this is 

freeware, students may perform their analysis in class with the teacher’s assistance, or be 

assigned the analysis as homework.  For students that are new to ImageJ a brief 

demonstration of the basic commands is suggested.   

Open ImageJ.  Open the best photograph of the fluorescent droplets in ImageJ.  

Use the draw ellipse tool on ImageJ to outline the largest droplet in the image.  Ensure 

that the entire droplet is contained within the ellipse but avoid including excessive 
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background from the UV transilluminator.  This ellipse will be used to measure all 

droplets in order to ensure that an equal area is measured for all droplets.  Click in the 

center of the ellipse and drag it to outline the T500 Library Starting Ligation Activity 

droplet.  Select the Analyze → Set Measurements.  Ensure that only “Mean grey 

value” is selected and select “Ok”.  Select Analyze → Measure.  A box will appear 

with the number 1, indicating the measurement number, followed by a “Mean” value 

indicating the mean grey value.  The mean grey value describes the average pixel 

brightness of that area of the image and is proportional to the fluorescence intensity of 

each droplet.  Drag the ellipse to the next droplet and measure the mean grey value.  

Repeat this process until all droplets have been measured.   

Students now have numerical values that represent fluorescence intensity.  These 

values can be graphed to further illustrate the increase in fluorescence, for the 

experimental population, over the course of the evolution experiment.  If the teacher 

wishes to cover more extensive data analysis practices the Ligation Activity and 

subsequent fluorescence reactions can be preformed in triplicate.  This allows the 

teacher to discuss averaging and the use of error bars to represent statistically significant 

differences in fluorescence intensity.   
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RESULTS AND DISCUSSIONS 

Laboratory Testing of the Protocol 

Continuous Evolution Reaction 

During the development of this experiment, several pool designs were tested in 

the CE reaction.  Except the use of thermocyclers for convenience and running multiple 

sequential CE reactions per day, CE reactions were performed as described in the student 

protocol.  PAGE and PCR analysis were performed on CE reactions to monitor 

ribozyme populations through their evolution, Figure A-5.  Additionally, the ribozyme 

population from each evolution reaction was sequenced through PCR amplification of 

ribozyme cDNA templates generated in the CE reaction, TA cloning and subsequent 

Sanger sequencing.  Sequencing data confirmed that the T500N3 pool was rapidly, 

within approximately 200 minutes of CE, dominated by the wild type ribozyme, Table A-

2. 

 

 

 

Table A-2:  Percentage wild type (WT) sequence, out of 10 clones, is given for both 
the individual randomized positions and the full sequence.  A32 % WT 
indicates percentage of clones that had an adenine at the 32nd position.  C50 
% WT indicates percentage of clones that had a cytosine at the 50th position.  
A71 % WT indicates percentage of clones that had an adenine at the 71st 
position.  % WT Overall indicates the percentage of clones that become the 
WT nucleobases at all positions. 
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Figure A-5:  Nucleic acid species present in CE reactions were monitored by both 
PAGE and agarose electrophoresis.  (A) Samples from CE reactions 
were run on a 20% denaturing acrylamide gel along side ligated and 
unligated WT T500 as size standards.  SYBR gold staining reveals two 
RNA species, marked with red arrows, corresponding in size to ligated, 175 
bp, and unligated ribozyme, 155 bp, thriving through the sequential CE 
reactions.  (B) In order to rapidly specifically detect ligated ribozyme 
cDNA products, a 3μL 1:100 diluted sample of each CE reaction was 
combined with primer specific for ligated cDNA products in a PCR with 
T500N3_cDNASpecific_ForwardPrimer and T500N3_ReversePrimer under 
the same buffering and heating conditions as the library preperation PCRs.  
The primer design is outlined below the gel image.  The rightmost primer 
will anneal to any cDNA.  However, the leftmost primercan only anneal to 
cDNAs of ligated templates.  The gel above the primer design is a 2% 
NuSeive 3:1 agarose gel that indicates persistence of ligated cDNA products 
throughout sequential CE reactions. [Figure made by Michael Ledbetter] 
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Fluorescent Imaging Reaction 

In order to chose the optimal incubation time and assess the limits of detection of 

using ImageJ to analyze pictures of fluorescent droplets, fluorescence reactions were 

performed on a SAFIRE fluorescent plate reader (TECAN Ltd, San Jose, CA).  

Reactions followed the same recipe found in the student protocol, i.e. 20 μL CE reaction, 

2 μL 10 μM Poly T Oligo, 1.91 μL Fluorescent Probe solution.  Reactions were 

incubated at 37°C for 2 hours while fluorescence intensity was read approximately every 

minute using a 495 and 520 nm as excitation and emission wavelengths respectively.  

Reactions were then transferred to clear optical film and imaged as described in the 

student protocol.  The results of these two types of analysis are compared in Figure A-6.   
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Figure A-6:  Fluorescence output of a continuously evolved ribozyme pool.  All 
reactions were performed in triplicate and error bars represent 95% 
confidence intervals.  Unlike the student protocol the CE reactions tested 
here were preformed on the same day, and therefore, reactions are labeled 
by their total time of CE, i.e. 65min corresponds to CE Day 1 etc.  (A) 
Fluorescence is plotted over time for the experimental population.  It can 
be seen that increase in fluorescent signal is negligible after only 45 min of 
incubation at 37°C.  (B) Endpoint fluorescence, measured by the plate 
scanner, is shown for each CE reaction.  It can be seen that fluorescence 
increases over the course of the evolution for the experimental population.  
Minus ribozyme negative control reactions do not display an appreciable 
increase in fluorescence.  (C) The increase in fluorescence is also apparent 
when the reactions are viewed as droplets on a UV transilluminator.  (D) 
When the droplets are analyzed with ImageJ a similar, to the plate reader 
data, numerical trend is seen in the mean grey value data.  ImageJ analysis 
is slightly less sensitve.  Unlike plate scanner analysis no statistically 
significant change was detected between 130 and 195 minutes. [Figure made 
by Michael Ledbetter] 



 127 

CONCLUSIONS 

This experiment facilitates the direct demonstration of evolutionary forces in a 

classroom setting.  Direct laboratory experience has been found to help in the attainment 

of many science education goals put forth by the National Research Council (Singer et 

al., 2006).  In addition, this experiment serves to broaden students’ concept of evolution 

and evolution theory.  In vitro directed evolution (IVDE) has become an extremely 

important and powerful tool for producing biomolecules of interest and studying 

fundamental evolutionary theory.  By using an IVDE system to demonstrate evolution, 

this experiment simultaneously circumvents the time constraints of natural evolution and 

introduces students to an essential technique in modern molecular biology.   

This experiment also covers many fundamental molecular biology lab techniques.  

Students will gain experience with using micropipette as they perform transcription and 

reverse transcription reactions.  Students are also introduced to the fundamental theory 

of fluorescence as well as the use of fluorophore/quencher pairs to produce molecular 

probes.  If performed in triplicate, this experiment offers practice in basic statistics for 

research.   

The use of ribozymes as our evolving biomolecule expands the scope of this 

experiment from the practical aspects of IVDE to more esoteric concepts.  There is no 

absolute consensus on the sequence of events for the origin of life on earth, but the RNA 

world hypothesis has become widely accepted as a likely stage in the development of 

modern cellular life (Ellington et al., 2009).  The RNA world hypothesis centers around 

the fact that RNA molecules both encodes genetic information and possesses inherent 

catalytic function.  As a result, one could envision an early form of life where an entire 

RNA system was capable of self-replication and evolution.  While this specific 

ribozyme experiment still relies on the assistance of proteins for self-replication, 
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extensive IVDE of the original ligase ribozyme evolved by Wright and Joyce, the 

ancestor of the T500 ribozyme, has produced surprisingly efficient and complex 

ribozyme RNA polymerases (Johnston et al., 2001).  Recently, this culminated in a 

ribozyme RNA polymerase capable of template-directed polymerization of an active 

ribozyme (Wochner et al., 2011).  While these ribozymes are still a long way from a 

true RNA replicase and the realization of a RNA world, nevertheless, this experiment 

will require students to think of evolution and how it can apply to any system capable of 

self-replication.   
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