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Abstract 

MicroRNAs are important in epigenetic regulation of gene expression. They are short non-

coding RNA molecules, and are able to regulate gene expression at the post-transcriptional 

level via binding to the target sites of target RNAs. Since target recognition does not 

require full complementarity between microRNAs and their target sites, a single microRNA 

can potentially regulate many targets. In addition, the regulation may show conditional 

dependence as evidenced by the fact that when luciferase reporter assays are used to 

confirm the inhibition effect of some microRNAs on their targets, the results can be 

positive or negative in different cell lines. Therefore, microRNA target identification is a 

very challenging task in microRNA studies. 

There was no reliable experimental method to identify microRNA targets in a massive way 

in the past and hence computational prediction has played an important role in and 

contributed a lot to this area for a long time. However, the accuracy of computation-based 

methods is far from desire in identifying the genuine targets. Recently, several high-

throughput screening methods have been developed for identifying microRNA targets. 

These methods can be divided into two major categories. The first category can identify 

microRNA targets, but cannot reveal the exact correspondence between microRNAs and 

their targets; methods like High-Throughput Sequencing of RNAs Isolated by Crosslinking 

Immunoprecipitation (HITS-CLIP), Photoactivatable Ribonucleoside-enhanced Crosslinking 

and Immunoprecipitation (PAR-CLIP), and Individual-nucleotide Resolution Cross-linking 

and Immunoprecipitation (iCLIP) fall into this category. The second category can 

additionally identify the exact correspondence between microRNAs and their targets, and 

is exemplified by the methods of Crosslinking, Ligation and Sequencing of Hybrids (CLASH), 
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Mapping RNA interactome in vivo (MARIO), and Psoralen Analysis of RNA Interactions and 

Structures (PARIS). However, these methods are still not capable of detecting all possible 

interacting pairs because the ligation approaches used in all these methods for generating 

chimeras are not efficient and only interacting pairs with particular properties can be 

ligated (i.e. many interacting pairs cannot be ligated) during library preparation. 

Accordingly, the representation of the library for the entire population of the microRNA-

target RNA interacting pairs is poor and may be biased. 

With regard to the restrictions and limitations of current experiment-based methods for 

identifying microRNA target, this study primarily aims at inventing a comprehensive 

method for identifying miRNA interactome. Based on a different principle, the current 

method potentially enhances the generation of microRNA-target RNA chimeras from all 

interacting pairs during library preparation. In order to develop the current method, 

several critical techniques have been developed and evaluated. First, a novel approach to 

conjugating the interacting miRNA-target RNA via a stem-loop adaptor has been 

developed and evaluated in a set of mock experiments. Second, a pair of “repairers” with 

enhanced ability to repair the mismatches at 5’ and 3’ ends of miRNA in the miRNA-

interacting duplexes has been invented and evaluated in another set of mock experiments. 

Third, an approach to enhancing the ligation of adaptor to the 3’ end of target RNA has 

been evaluated. This approach not only is suitable for the “Stem-Loop Adaptor (RNA)” 

ligation in this method, but also can be used in other RNA interactome identification 

methods, e.g. HITS-CLIP and PAR-CLIP. However, the invention of “Library Enrichment 

Beads”, which are capable of both capturing the interacting microRNA-target RNA 

duplexes and eluting the captured sequences under an extremely mild and non-denaturing 

condition, is still in progress. Currently, the capturing ability of the beads has been solved 

in general whereas the elution part is still under testing. In fact, these beads can also be 
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applied to other applications that require on-bead manipulations of nucleic acids if they 

are finally developed. On the other hand, mass spectrometry analysis has revealed that the 

purity of immunoprecipitated Argonaute complexes is good enough for evaluating the 

current method directly. Furthermore, melting curve analysis has found that the melting 

peak of miRNA-target RNA duplexes is about 40℃ and re-annealing of the melted duplexes 

is probably impossible once they are melted. This evidence supports the feasibility of the 

current method. The conditions for immunoprecipitation, “Stem-Loop Adaptor (RNA)” 

ligation, “Re-attaching Adaptor” ligation, RNA fragmentation and UV crosslinking have 

been well optimized. 

This is a method potentially capable of identifying the entire interactome of microRNA in a 

specific cell type or tissue, and revealing the interactome changes in different physiological 

states of cells. Furthermore, the method may also be used to identify other protein-

mediated nucleic acid interactions. This newly developed method is called RNA 

Interactome Identification by Next Generation Sequencing (RIINGS). 
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1. Introduction 

1.1 Epigenetics 

The prefix “epi-” in Greek means above, on, outside of, over; with this meaning, the 

compound word “epigenetics” means “besides genetics”. The term “epigenetics” was first 

used in early 1940s by Conrad Waddington [1]. He defined this term in a relatively broad 

sense as mechanisms by which genes guided a genotype into a particular phenotype during 

development. Notably, DNA was not yet elucidated as the basis of the hereditary material 

at that time. Since then, many refinements have been made to the term “epigenetics” 

through our better understanding of many areas related to epigenetics. Riggs et al. have 

suggested a relatively narrow definition of epigenetics – “the study of mitotically and/or 

meiotically heritable changes in gene function that cannot be explained by changes in DNA 

sequence” [2]. In addition, an operational definition was reached in a meeting of 

chromatin-based epigenetics held by the Banbury Conference Center and Cold Spring 

Harbor Laboratory in 2008: an epigenetic trait is a stably heritable phenotype resulting 

from changes in a chromosome without alterations in the DNA sequence” [3]. However, 

these definitions are not comprehensive enough to be accepted by all the people in the 

community. For instance, the above two definitions exclude the regulation and alteration 

processes in gene expression that occur in cases without cell division and in non-dividing 

cells like neurons [4]. Furthermore, the transient change of histone distribution on DNA 

and changes in chromosome organization during cell cycle must also be excluded from 

epigenetics according to the above definitions [5-10]. Apparently, not all these exceptional 

cases show a valid inheritance, but it is not justified to omit these cases from epigenetics 

when they actually involve the same changes and mechanisms, e.g. DNA methylation. 
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Indeed, the prefix “epi-” in the compound word “epigenetics” has already implied that 

inheritance, which is essential for genetics, may not be necessary in the combined word. 

Regarding the issue that inheritance may not be compulsory for epigenetics, Holliday has 

defined the epigenetics as (i) “the study of the changes in gene expression that occur in 

organisms with differentiated cells, and the mitotic inheritance of given patterns of gene 

expression”, and as (ii) “Nuclear inheritance that is not based on differences in DNA 

sequence” [11]. Likewise, Bird has defined epigenetics as “the structural adaptation of 

chromosomal regions so as to register, signal or perpetuate altered activity states” [12]. 

Indeed, giving a conclusive definition to this subject is not an easy task because our 

knowledge of biology is now growing rapidly. Therefore, this controversial argument will 

persist in this field for some time in the future. 

Currently, the NIH Roadmap Epigenomics Mapping Consortium refers epigenetics to “both 

heritable changes in gene activity and expression (in the progeny of cells or of individuals) 

and also stable, long-term alterations in the transcriptional potential of a cell that are not 

necessarily heritable”, and adopts this definition in the project for creating an open 

resource of epigenomic map of selected primary ex vivo tissues and stem cells [13]. In my 

opinion, epigenetics is a subject that studies the effects, regulations and modifications 

related to genetic materials, i.e. DNA (in most organisms) and RNA (in RNA viruses), 

influencing the process of life but not the encoding information in the genetic materials. In 

fact, epigenetics can be regarded as an extension of genetics and is used to study the 

phenomena around the genes. 
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1.1.1 Influencing factors in epigenetics 

If we classify the factors influencing epigenetics by their origin, there are two major kinds 

of factors affecting how organisms respond at epigenetic level. One of these is 

environmental factors while the other is internal factors. The latter one can be alterations 

acquired during the process of life of an organism or inherited from parents. 

The first kind of factors is usually demonstrated in organisms in responding to the 

environmental change or environmental pressure. One of the examples for the 

environmental factors is childhood abuse that alters the hypothalamic-pituitary-adrenal 

(HPA) function in stress response via modifying the methylation pattern on the promoter 

region of a neuro-specific glucocorticoid receptor called nuclear receptor subfamily 3 group 

C member 1 (NR3C1) [14-18]. McGowan and his colleagues compared suicide victims with 

childhood abuse (here the abuse including severe physical abuse, sexual contact and severe 

neglect) with either suicide victims without childhood abuse or control cases who died 

suddenly from unrelated causes [18]. The investigation examined the NR3C1 gene in 

hippocampal samples because the expression level of this gene in hippocampus was closely 

related to HPA responses to stress in rodents [17]. The results revealed that the degree of 

methylation at NR3C1 promoter region was elevated only in the group of suicide victim 

with childhood abuse history. Accordingly, the expression levels of the messenger RNA 

(mRNA) for the corresponding gene variants were also decreased in the group of suicide 

victim with childhood abuse history [18]. This example indicates that the environmental 

pressure (childhood abuse) is a factor that can alter the methylation pattern on DNA 

(NR3C1 promoter region) and further affect the phenotype (HPA function in stress 

response) of an organism. In addition, the hippocampus cells have not changed anything at 

the DNA sequence level, but modification on DNA alters the expression of a particular gene 
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and a different phenotype is produced epigenetically in response to the environmental 

pressure in this example. 

The second kind of factors is an internal factor that is displayed in organisms in receiving 

and inheriting effects, regulations or modifications at a level not related to genetic coding. 

This factor includes two major sources: alterations acquired during the process of life of an 

organism or inherited from parents. 

Examples for the first kind of internal factors include ageing and tumorigenesis. During the 

process of life, the levels of methylation on DNA decrease globally by ageing. The related 

evidence can be traced back to 1973 in a study of albino rats [19]. This investigation 

revealed that the total amount of 5-methylcytosine in DNA from some of the studied 

organs, including brain, heart and spleen, decreased gradually with age [19]. This 

observation has also been recognized in bronchial epithelial cells and leukocytes in humans 

[20, 21]. However, with evidence from a longitudinal follow-up study of DNA methylation in 

two cohorts each of more than 100 subjects with blood samples collected at two visits over 

10 years apart, global DNA hypomethylation may not be the only truth [22]. On the 

contrary, global DNA hypomethylation and hypermethylation could occur in different 

individuals during ageing with nearly the same frequency [22]. Indeed, other than global 

hypomethylation of genomic DNA during ageing, hypermethylation of specific loci have 

been reported in various studies (recently reviewed by Zampieri et al. and Jung et al. [23, 

24]). Interestingly, some of these local hypermethylation events are detected in the critical 

regions involved in the pathogenesis of cancer, e.g. the CpG islands in the promoter regions 

of RUNX3, LOX, p16INK4A, TIG1, RASSF1 and CHD1 [25, 26]. These genes are known to 

contribute to tumor suppression and this is perhaps why aged people have higher risks of 

cancers. In addition to ageing-induced alteration in methylation patterns, cancer can also 
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be caused by the accumulation of epigenetic changes. These changes include DNA 

hypomethylation and hypermethylation caused by multiple reasons (e.g. dysfunction of 

DNA methyltransferases [DNMTs]), histone modifications, deregulation of microRNA 

(miRNA) expression, chromatin remodeling and deregulation of long non-coding RNA 

(lncRNA) expression [27, 28]. 

On the other hand, an example for inherited epigenetic traits that can change phenotypes 

comes from the work by John Gurdon. As has been reported by him, mature cells can be 

reprogrammed to become pluripotent again. This finding actually proves the following 

statement wrong: "a mature or specialized cell cannot return to an immature state". In 

1960s, John Gurdon evacuated the nucleus of a fertilized egg cell from a frog and replaced 

it with a nucleus from an intestinal cell of a tadpole. This modified egg cell subsequently 

grew into a new frog [29, 30]. This experiment proves that the mature cell still contains the 

genetic information required for differentiation and the differentiation potential is 

inherited from the cytoplasm of the fertilized egg, instead of the genetic information from 

the DNA. Put in his own words, “there may be a memory of a pattern of gene expression 

characteristic in the enucleated egg” [31]. John Gurdon was awarded in 2012 the Nobel 

Prize in Physiology and Medicine because of his significant contribution to this field. 

In fact, phenotypic changes and differentiation are complex results of epigenetic changes. 

These epigenetic changes are affected by a combination of influencing factors. For instance, 

changes in methylation pattern can be caused by ageing, DNMT dysfunction or even 

environmental pressures. Moreover, the effect of each factor is usually not restricted to 

one gene or one kind of modification. Therefore, each phenotype should be the result of a 

crosstalk of multiple influencing factors and understanding of the relationship among these 

influences is a difficult biological question in current biology. 
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1.1.2 Epigenetics machinery 

As epigenetics concerns a broad range of effects and regulations involved in phenotypic 

manipulations, the epigenetic machinery must include various mechanisms accordingly. 

Actually, organisms regulate themselves at epigenetic level via a variety of approaches. 

Basically, epigenetic regulations are a very complicated pool of chemical reactions within 

organisms. This chemical reaction pool may involve many clusters of chemical reactions. 

Unlike the chemical reactions in vitro, these chemical reactions are usually under control 

and affect each other. For instance, the methylation of DNA can be controlled by several 

enzymes in the DNMT family. The malfunction of DNMTs would cause the loss of 

methylation imprinting on DNA [32]. 

Generally speaking, epigenetic regulations can occur at DNA level via DNA methylation, and 

chromatin level via histone modification and/or chromatin remodeling. DNA methylation is 

one of the most well-studied mechanisms in epigenetic machinery. DNA methylation is the 

addition of a methyl group to the cytosine ring at the 5’ carbon. This modification usually 

occurs at CpG islands located at the promoter regions and telomeric regions [33]. 

Methylation of the CpG island in the promoter region of a gene usually results in 

transcriptional repression of that gene via recruiting methyl-CpG binding domain proteins 

to the methylated site and preventing transcription factors from binding to the promoter 

region [34, 35]. There are many different types of histone modifications. Common histone 

modifications include acetylation, methylation, phosphorylation and ubiquitination. 

Different combinations of modifications in a specific genomic region are capable of 

repressing or promoting certain nuclear processes, e.g. gene expression and DNA repair [36, 

37]. Chromatin remodeling is the topic concerning the conformational change of chromatin. 

Chromatin can be shaped by ATP-dependent chromatin remodelers [38], transcription 
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factors [39], and non-coding RNAs [40]. The changes in conformation can also affect 

nuclear processes and gene expression. 

Moreover, epigenetic regulations can also occur at RNA level such as RNA silencing, RNA 

splicing and RNA methylation. RNA silencing is a group of mechanisms important in gene 

regulation at post-transcriptional level. These mechanisms control the expression level of 

genes and in turn affect the phenotype of organisms. A key relevant mechanism is 

mediated via microRNA (miRNA) [41]. RNA splicing generating different isoforms of mature 

RNAs from a transcript is essential in RNA biogenesis. The expressed RNA isoforms may 

have distinct functions or are translated into different protein isoforms with diverse 

functions; for example, the different isoforms of sex lethal (Sxl) determine the sex of fruit 

flies [42]. RNA methylation has been identified decades ago. However, our knowledge of 

RNA methylation is very limited when compared to DNA methylation because we have 

appropriate methods for investigating DNA methylation very early on. Various types of 

methylation on RNA bases exist and are important in making RNAs to be functional [43]. 

Furthermore, epigenetic regulations can occur at protein level, e.g. protein ubiquitination, 

protein phosphorylation, protein glycosylation, protein lipidation, prionic transmission, etc. 

[44]. In a broad sense, the epigenetic regulations also include signal transmission by some 

small molecules. For example, the hormone estradiol is an inducer for the expression of 

vitellogenin by inducing a specific demethylation at the estradiol response element of DNA 

[45]. 

In brief, epigenetic regulations at the above-mentioned four different levels always 

cooperate and cross-talk with each other and result in the regulation of gene expression, 

biomolecule activation and inactivation, modifying biomolecules and other small molecules, 
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transportation of biomolecules and other small molecules, signal transmission, etc. 

Therefore, epigenetics is fundamentally a subject studying the regulation of chemical 

reactions in life. 

1.1.3 Study of epigenetics 

Indeed, epigenetic regulations are complex chemical reactions from the perspective of 

molecular biology. With the intention of investigating the regulation of epigenetics, we 

have to examine all the interactions between molecules in cells, i.e. the interactions 

between reactants and catalysts. However, this work is extremely difficult because the 

reactants usually interact in a many-to-many manner and change under different dynamic 

conditions, e.g. protein-protein interaction, protein-nucleic acid interaction, chromatin 

interaction and gene expression regulation by miRNAs. That is why we need to spend a 

very long time to understand a single biochemical pathway, e.g. the Krebs cycle. 

Unfortunately, epigenetic regulation is not just a single pathway, but rather a complex 

array of chemical reactions involving many pathways and reactants. This is the reason why 

the study of epigenetics is difficult and usually stays at the level of types of regulations with 

lots of uncertainties about the details for a particular type of regulation. For instance, we 

know miRNAs are able to regulate the expression of genes, but we do not know the whole 

picture of which particular miRNA interacts with which target(s) and which particular target 

is regulated by which miRNA(s). 

 



9 

 

1.2 Gene ─ the basic element of life 

Genes are the fundamental units of heredity in any organism. The term “gene” was first 

introduced by Johannsen in 1909. However, the foundation of the mechanism of 

inheritance in modern genetics was introduced by Mendel in the nineteenth century [46]. 

One of the most important and well-studied functions of genes is encoding proteins. In this 

case, the sequence of nucleotides determines the sequence of a peptide product or the 

primary structure of a protein because protein synthesis is directed by the genomic 

information. In eukaryotes, the process of gene expression starts with transcription of the 

template DNA into RNA in the nucleus and then proceeds to translation of RNA into 

peptide or protein in the cytoplasm. Other than expressing proteins, genes also encode 

non-coding RNAs (RNAs are not translated to produce proteins) such as ribosomal RNA 

(rRNA), transfer RNA (tRNA), lncRNA and miRNA. The final products in these situations are 

RNAs only. 

Genes exist in every organism and are the elementary units of life. In addition, genes 

collaborate with each other in every living organism and construct an elegant collaborating 

network for making life different from death. The expression of each particular gene is 

under a stringent control. This control can be a single regulation or a cascade of regulations. 

These regulations can act at transcriptional level, translational level or both levels. They can 

be achieved by various means, e.g. DNA methylation and demethylation, and miRNAs. In 

summary, the controls are crucial to the collaborating network of genes. With the genes 

and the controlling system, life can have specialties. This machinery drives all the cellular 

processes from life-maintaining metabolisms in cells to the construction of the whole body 

of multicellular organisms, e.g. cell differentiation and morphogenesis in embryos. 

Different types of cells possess different profiles of expressed genes from the same 
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genome. Therefore, the existence of genes and the regulation of gene expression are of 

supreme importance to all life forms and generate life-specific processes. 

1.2.1 Expression of genes 

In all prokaryotes, eukaryotes and archaea, gene expression refers to the process of 

producing proteins or RNAs from the information encoded in the DNA of that gene. 

Therefore, the genes are either protein-coding genes or non-protein-coding genes (also 

called non-coding genes). Protein-coding genes require two individual steps to express the 

encoded proteins. These steps are transcription and translation. Alternatively, non-coding 

genes only involve the transcription step to achieve the expression of non-coding RNA [47, 

48]. 

In eukaryotes, the process of transcription takes place in the nucleus and on the DNA. In 

transcription, only one strand of the double-stranded DNA is used as the template to 

synthesize the RNA transcript. RNA polymerase I (Pol I), RNA Polymerase II (Pol II) and RNA 

polymerase III (Pol III) are the three DNA-dependent RNA Polymerases responsible for 

converting the DNA messages into different types of RNAs in eukaryotes [49]. Additionally, 

all these polymerases are primer-independent polymerase and synthesize RNA 

complementary to the antisense DNA template in a 5’-to-3’ direction [49]. Pol I is 

responsible for synthesizing the precursors of most rRNAs except 5S rRNA [50]. Pol II is 

responsible for synthesizing the precursors of messenger RNAs (mRNAs), small nuclear 

RNAs and microRNAs [51, 52]. Pol III is responsible for synthesizing the precursors of 5S 

rRNA, tRNA and some small RNAs [53, 54]. 
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1.2.1.1 Transcription 

The transcription process can be subdivided into three major steps: initiation, elongation 

and termination [49]. 

First, the initiation of transcription requires the formation of a transcription complex at the 

promoter region. RNA polymerase first binds to the promoter of the gene to be transcribed. 

Then, the polymerase needs to recruit other accessory proteins to form the transcription 

complex known as “closed complex” because the DNA in these complexes is in duplex form 

at this stage. The closed complex is usually located at ten to several tens of bases upstream 

from the transcription start site and some special sequence elements exist in the promoter 

regions very often for recognition by the transcription complex. For example, the TATA box 

is usually located at position -25 to -30 (i.e. 25-30 bases upstream from the transcription 

start site), and is a common elementary sequence for Pol II involved transcription. Then, 

the RNA polymerase unwinds the DNA, usually less than 20 base pairs (bp), under the 

assistance of one or more transcription factors to form a so-called “open complex”. After 

the open complex is formed, ribonucleotides (ATP, UTP, CTP and GTP) are sequentially 

bound to the template DNA and condense together in a 5’-to-3’ direction to initiate the 

synthesis of complementary RNA from the transcription start site (position +1). This initial 

process is a primer-independent process [49]. 

Second, the newly synthesized RNA chain is elongated by the same RNA polymerase 

through the addition of ribonucleotides to the 3’ end of the growing RNA chain. During the 

elongation, the RNA chain grows in the 5’-to-3’ direction while the RNA polymerase reads 

and moves along the antisense DNA template in a 3’-to-5’ direction. Additionally, the 

double-stranded DNA is locally unwound in agreement with the movement of the RNA 

polymerase to expose the template strand for transcription. The synthesized RNA is 
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released from the template DNA during the elongation step and the DNA duplex is 

reformed again upon departure of the RNA polymerase [49]. 

Third, the transcription in prokaryotes terminates at some special DNA sequences known 

as terminator. These DNA sequences usually contain self-complementary components so 

that the components are able to form hairpin or stem-loop structure. These secondary 

structures are very important to the transcription halt and the dissociation of RNA 

polymerase. Furthermore, some terminations are accomplished by the terminator 

sequences alone while other terminations require Rho factor as a co-factor to terminate 

the transcription in prokaryotes [49]. However, the mechanism of transcription termination 

in eukaryotes is less studied than that in prokaryotes [49, 55]. 

1.2.1.2 Translation 

Translation is the process of synthesizing a polypeptide or the primary structure of a 

protein by using the mature mRNA as the guiding template. Like transcription, the 

translation process can also be divided into three major steps: initiation, elongation and 

termination. 

First, the initiation of translation is the assembly of a ribosome, which includes a 40S 

subunit and a 60S subunit, on an mRNA in eukaryotes. In prokaryotes, the two subunits of 

the ribosome are 30S subunit and 50S subunit [49]. The assembly of a ribosome is different 

between prokaryotes and eukaryotes. The overall process involves 3 initiation factors in 

prokaryotes, but at least 12 factors in eukaryotes. However, the major route of the two 

processes is still common in general. The assembly of a ribosome on an mRNA begins with 

the formation of small subunit-mRNA complex (called pre-initiation complex). The complex 

includes a ribosome small subunit (30S subunit in prokaryotes and 40S subunit in 
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eukaryotes), an initiator tRNA and a mature mRNA. The pre-initiation complex then moves 

to the start codon of the mRNA with the assistance of the initiator tRNA. The start codon is 

AUG. After the small subunit correctly locates itself at the translation start site, the large 

subunit (50S subunit in prokaryotes and 60S subunit in eukaryotes) binds to the pre-

initiation complex to complete the assembly of a ribosome [49]. 

Second, the elongation of the peptide sequence immediately follows the assembly of 

ribosome. Amino acid delivery, formation of peptide bond and movement of the ribosome 

along the mRNA (so-called translocation) are sequentially repeated during the elongation 

process. Each ribosome has two critical sites, the P-site and A-site, for mounting the two 

aminoacyl-tRNAs inside the ribosome. At the beginning, the P-site of the ribosome has 

been already occupied by the initiator tRNA and the A-site is free. The initiator tRNA 

recognizes the start codon and is charged with methionine at its 3’ end. The growing of the 

peptide requires a second aminoacyl-tRNA, which recognizes the codon in the A-site and 

moves into the A-site. Then, the two adjacent amino acids on the two tRNAs are joined 

together via the formation of a peptide bond and the peptide grows in a direction from N 

terminal to C terminal. Meanwhile, the aminoacyl-tRNA in the P-site discharges the amino 

acid it owns. Subsequently, EF-G-GTP complex (in prokaryotes) or eEF2-GTP complex (in 

eukaryotes) binds to the ribosome. This motion causes the ejection of the discharged tRNA 

from the P-site and the translocation of the peptidyl-tRNA from the A-site to the P-site by 

moving one mRNA codon in a 5’-to-3’ direction relative to the ribosome. This peptide 

construction cycle is repeated until a stop codon is encountered in the A-site of the 

ribosome. Like the initiation step, elongation requires different sets of factors to assist in 

the process in prokaryotes and eukaryotes [49]. 
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Third, termination is carried out by the binding of a GTP-dependent release factor in 

eukaryotes. This factor is called eukaryotic release factor (eRF), which can recognize all the 

three stop codons. In contrast, prokaryotes require three release factors to recognize the 

three different stop codons and release the completed peptide chain. Release factor 1 (RF1) 

recognizes the stop codons UAG and UAA while release factor 2 (RF2) recognizes the stop 

codons UGA and UAA. Both the RF1 and RF2 need the assistance of release factor 3 (RF3) 

when functioning. In both prokaryotes and eukaryotes, the release factor(s) lead the C 

terminal of the polypeptide to react with a water molecule, instead of the usual aminoacyl-

tRNA, and finally release the synthesized peptide from the ribosome [49]. 

1.2.2 Modifications of genes 

The expressed products, including proteins and RNAs, are the fundamental, functional units 

in all lives. Before they function, modification may be required to reshape their 

conformation or molecular architecture to finalize their precise function. On the one hand, 

change in conformation only requires altering the conformation of the expressed products 

and does not need to change the chemical formula and structural formula of the products. 

An example for this case is prion. Prions, also known as prion proteins, possess isoforms 

with infectious property. The prion forms of proteins can promote the conversion of the 

properly folded normal proteins into the misfolded prion protein forms and further expand 

in a chain-reaction manner [56, 57]. Indeed, prion proteins are the guided proteins to make 

more normal proteins to re-fold into prion protein forms and thus change the function of 

the protein by changing the conformation. Additionally, the proper folding of proteins is 

usually driven by molecular chaperones (a class of proteins helping the folding of proteins) 

and begins co-translationally [58]. Without the assistance of molecular chaperones, 

nascent proteins probably cannot fold into their correct conformation. On the other hand, 
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change in molecular architecture requires altering the chemical structure of the expressed 

products, including change in the primary sequence of the products, attachment of some 

chemical functional group(s) to the products, removal of some group(s) from the products, 

and change of some bonds of the products intra- or inter-molecularly without altering the 

chemical formula. Several important machineries are described below. 

RNA splicing is a mechanism that edits the sequence of RNA transcripts, and exists in all the 

kingdoms or even in all the domains of lives. This process usually occurs in nascent mRNA 

precursors in eukaryotes, but in non-coding RNAs (e.g. rRNA and tRNA) in prokaryotes, [49, 

59, 60]. After RNAs are transcribed from DNA, some of the internal regions of the pre-

mature RNAs are to be removed. These internal regions are called introns. After the 

removal of introns, the adjacent portions of the cleaved RNA are joined together to 

generate the mature RNA. These retained portions are called exons [49]. This splicing 

process can occur simultaneously during the process of transcription [61, 62]. The process 

of RNA splicing can be achieved in multiple ways: spliceosome-mediated splicing [63], self-

splicing [64], and ribozyme-catalyzed splicing [59, 65]. For most eukaryotic mRNAs, the 

region(s) to be spliced together on each particular mRNA can vary. As a result, more than 

one spliced form of mature mRNAs can be generated from the same transcript of mRNA 

precursor and these mature mRNA variants can be used to produce different isoforms of 

proteins accordingly. This phenomenon is called alternative splicing [42]. 

RNA modifications can affect the stability, localization, structure and functions of both 

coding and non-coding RNA transcripts. To date, more than a hundred kinds of RNA 

modifications have been identified in distinct species of RNA transcripts, e.g. tRNA, mRNA, 

rRNA, small nucleolar RNA (snoRNA), small nuclear RNA, miRNA [66, 67]. However, the 

exact functions of most of these modifications are not clear. Among the modifications, N7-
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methylguanosine is one of the most understood modifications. It is a necessary 

modification at the 5’ end of mRNAs and plays an important role in mRNA stability [68], 

exportation [69] and RNA splicing [70]. Other examples of modified bases include 

pseudouridine, N6-methyladenosine and 5-methylcytosine. These three modifications can 

alter the meaning of the three stop codons to amino-acid-coding codons on mRNAs [71], 

and contribute to mRNA splicing [72], stability [73], translation efficiency [74], pri-

microRNA processing [75], etc. They can increase the force of base-stacking via altering the 

hydrophobic property and alter the folding of RNA [76-78].  

Protein modifications include various types of modifications to the polypeptide chains of 

proteins. These modifications are usually enzymatic covalent modifications that are made 

during peptide synthesis or after protein synthesis. Protein modifications are essential in 

the maturation and the functions of proteins. By changing the phosphorylation status of a 

protein, the function of this protein can be activated or deactivated. Phosphorylation is the 

most frequent modification (Table 1.2.1), as is evident from the results obtained from the 

Proteome-Wide Post-Translational Modification Statistics Curator, which automatically 

counts the number of each reported post-translational modification in the Swiss-Prot 

Knowledgebase by a computation-based method [79]. Many proteins also undergo 

glycosylation during their maturation. This is a process of attaching a carbohydrate 

molecule to a targeted site of a protein. A single protein can have several glycosylation 

modifications. Glycans, which can be used to describe the attached carbohydrate moieties, 

influence the folding and stability of a protein; for example, the ABO blood group antigens 

are based on carbohydrates and play a crucial role in immunity [80]. Moreover, 

glycosylation is also used by viruses to evade the immune recognition by the host, e.g. 

human immunodeficiency virus [81]. Table 1.2.1 is a summary statistics of the frequencies 

of experimentally identified protein modifications. Data were retrieved from Proteome-
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Wide Post-Translational Modification Statistics Curator on 7 March 2017 via 

http://selene.princeton.edu/PTMCuration [79].  
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Table 1.2.1 Frequencies of experimentally identified protein modifications. (Khoury GA, Baliban RC, Floudas 

CA: Proteome-wide post-translational modification statistics: frequency analysis and curation of the Swiss-Prot 

database. Scientific Reports 2011, 1:90. http://selene.princeton.edu/PTMCuration, retrieved on 7 March 2017) 

Modification Frequency 

Phosphorylation 58383 

Acetylation 6751 

N-linked glycosylation 5526 

Amidation 2844 

Hydroxylation 1619 

Methylation 1523 

O-linked glycosylation 1133 

Ubiquitylation 878 

Pyrrolidone Carboxylic Acid 826 

Sulfation 504 

Gamma-Carboxyglutamic Acid 450 

Sumoylation 413 

Palmitoylation 305 

Myristoylation 178 

ADP-ribosylation 152 

C-linked glycosylation 147 

Farnesylation 81 

Nitration 65 

S-nitrosylation 62 

Geranyl-geranylation 56 

Citrullination 55 

Formylation 55 

Deamidation 53 

S-diacylglycerol cysteine 37 

GPI anchoring 34 

Bromination 33 

FAD 19 

Others 7208 

Total Processed 89390 
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1.2.3 Regulation of gene expression 

Regulation of gene expression is the term describing the control of increase or decrease of 

the production of gene products, including proteins and RNAs. The control can be 

accomplished by a wide range of regulatory mechanisms. Generally speaking, regulation is 

carried out at transcriptional and post-transcriptional levels. It also includes the process of 

degradation of mRNAs and gene products. 

First, the expression of genes begins with transcription. At the transcriptional level, the 

expression of genes can be regulated by modifying the DNA or chromatin, such as DNA 

methylation, histone modification and chromatin structure. These machineries belong to 

epigenetic regulation and have been mentioned in Section 1.1.2. Moreover, the regulation 

can also be achieved via the binding of some factors to the DNA to be transcribed. These 

factors are known as activators and repressors. Activators usually enhance the interaction 

between the transcription initiation site on DNA and the enzyme RNA polymerase, and 

promote the expression of the corresponding RNA product. Activators do this via binding to 

specific DNA sites called enhancers [82]. On the other hand, repressors prevent the 

interaction between the transcription initiation site (on DNA) and RNA polymerase, and 

inhibit the expression of the corresponding RNA product. Repressors do this via binding to 

specific DNA sites called silencers [82]. Besides, a group of transcriptional regulatory 

elements and DNA loci also serves to regulate or alter the expression of genes at 

transcriptional level. Indeed, regulation of gene expression at the transcriptional level 

covers a broad spectrum of control in which different elements on DNA, their binding 

factors and co-factors work together and contribute their impact on the promoter of a 

particular gene. Ultimately, the final expression level of this particular gene is determined. 
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Second, the transcribed RNA products are subject to a second level of regulation after 

transcription – the so-called post-transcriptional regulation of gene expression. MicroRNAs 

play a key role at this level of regulation. They are also the transcriptional products from 

DNA and usually regulate the stability of their targets or silence them. They function 

through a protein-mediated direct binding onto their targets. Afterwards, different sets of 

assisting factors are recruited for initializing the degradation or silence of their target [41, 

83]. 

In gene expression studies, the regulatory machinery at the transcriptional level has been 

identified early on. However, this machinery is not enough to explain all phenomena in 

gene expression. For example, we sometimes find that the expression level of the mRNA of 

a gene is not changed although the protein level of that particular gene is down-regulated. 

The regulation of expression of these genes seems to violate our common knowledge of 

gene expression because the expression levels of an mRNA and its corresponding protein 

do not correlate. Furthermore, the response in the expression of a particular gene is 

expected to be slow if the regulatory machinery only acts at the transcriptional level. It is 

because the cell must first express the repressor/activator (proteins) for 

inhibiting/promoting this particular gene. Then, the expressed repressor/activator can bind 

to the silencer/enhancer (elementary sequence on DNA) to inhibit/promote the production 

of mRNA of that particular gene. Therefore, this is not an effective way of providing cells a 

fast response. Considering all these implications, it should not be too difficult for us to 

believe that there should be additional machinery for regulating the expression of gene at 

another level. However, this had been a difficult task until the two key discoveries of 

miRNA in early 1990s [84] and in 2000 [85]. These two key findings have motivated us to 

study the post-transcriptional regulation of gene expression — the miRNA machinery. To 
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date, we still do not fully understand the miRNA machinery in the regulation of gene 

expression such as target identification of miRNAs. 

Third, degradation is also important in regulating gene expression. Both the RNA products 

and protein products of genes are bound to be degraded eventually. In general, many of 

the mechanisms involving protein factors are responsible for degrading coding RNAs or 

non-coding RNAs or both. Some examples of mechanisms functioning to degrade both 

coding and non-coding RNAs in eukaryotes include deadenylation, uridylation, decapping, 

XRN1-dependent 5’-to-3’ decay, DIS3L2-dependent 3’-to-5’ decay, AU-rich element decay, 

nonsense-mediated decay, and small RNA-induced decay [86-88]. Indeed, the degradation 

processes of some kinds of RNAs are known, but others are still unclear or not known. On 

the other hand, proteolysis (or protein degradation) is critical to protein turnover. 

Eukaryotic cells achieve proteolysis in two major ways: ubiquitin-dependent protein 

degradation and proteolysis in lysosome. Being a selective process, ubiquitin-dependent 

pathway starts with marking targeted proteins by covalently labeling them with ubiquitin. 

The ubiquitinated proteins are then transported to proteasomes for degradation by their 

hydrolytic activity and ubiquitin is released for reuse [89]. Proteolysis in lysosome is a non-

selective process, but can become selective in some kinds of autophagy processes such as 

chaperone-mediated autophagy [90]. The degradation takes place in lysosomes, which are 

membrane-bound vesicles with various hydrolytic enzymes inside [91]. In fact, both RNA 

degradation processes and protein degradation processes play an essential role in 

maintaining the dynamic balance between production and decay of gene products, which 

provides an equilibrated environment for all living cells. 

All in all, physiological changes requires regulation of gene expression, such as 

differentiation, cell division, apoptosis, cell signaling, and immune response and even 
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responses to the attack of diseases as in tumorigenesis and viral infections. Therefore, the 

regulation of gene expression is crucial to all kinds of lives. 

 

1.3 A brief introduction of microRNAs 

Generally speaking, miRNAs are small non-coding RNAs expressed in a broad range of 

eukaryotic cells from animals to plants and even in virus, and are 21 to 25 nucleotides (nt) 

long [92, 93]. They mainly serve to repress target mRNAs from being translated into 

proteins although miRNAs have also recently been shown to stimulate mRNA expression 

into protein via binding to 3’ end AU-rich region of mRNA [94]. In animal cells, miRNA 

achieves the inhibition by binding to the 3’ untranslated region (UTR) of target mRNAs via 

partial complementarity, and subsequent silencing of the protein translation of mRNAs or 

degradation of mRNAs. The copy number of mRNAs is not changed in the former situation, 

but is reduced in the latter situation. Both of these situations are the direct effects of 

miRNAs. In fact, a particular miRNA may interact with a single target RNA or many other 

target RNAs (transcribed from different genes) via partial complementarity. On the other 

hand, a particular gene can be regulated by many different miRNAs too. Since the pairing 

between miRNAs and target RNAs requires only partial complementarity, we cannot 

reliably identify their interactions through sequence alignment. Therefore, the target 

identification of miRNA interactome is difficult. Here, a term “identifying miRNA-target RNA 

interactome in exact correspondence” has been used to describe the exact mapping of this 

matching network in this thesis. 

Furthermore, miRNAs can also affect secondary targets through the primary targets 

because genes regulate and interact with each other. A change of expression of one gene 
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will always trigger some other responses. These responses can be the change of expression 

of other gene(s), activation or modification of gene(s), change of something at DNA or RNA 

level, etc. All of these effects can be defined as indirect effects. In addition, there are an 

unpredictable large number of targets for the indirect effects. This means that a single 

miRNA can regulate the expression of many genes at a post-transcriptional level including 

primary and secondary targets. Thus, it has an important role in regulating gene expression 

and is involved in many cellular processes, including embryonic development, cell 

differentiation and tumorigenesis. 

1.3.1 Unmasking the cryptic microRNAs and the establishment of miRBase 

The first microRNA (miRNA) was discovered in the early 1990s in Caenorhabditis elegans by 

Lee et. al. and named lin-4 [84]. Interestingly, the coding region of lin-4 does not encode 

any protein, but is transcribed to give two short RNAs that are complementary to the 3’ 

UTR of lin-14 mRNA and inhibit the expression of lin-14 protein at mRNA level [84]. This 

was the first discovery of post-transcriptional regulation of gene expression. Coincidentally, 

Wightman et. al. also identified the same phenomenon at nearly the same time [95]. 

Because lin-4 was conserved within the nematode species only, the lin-4 post-

transcriptional regulatory phenomenon was thought to be a distinctive regulatory 

mechanism restricted to nematodes only in the early years. The second miRNA, let-7, was 

found in 2000 [85]. Unlike lin-4, let-7 is widely conserved in different species including 

Homo sapiens [96]. Moreover, another hint also suggested that the miRNA machinery was 

not an oddity: the maturation of lin-4 and let-7 were found to be related to Dicer, an 

enzyme phylogenetically conserved in different species [97, 98]. In fact, these findings 

provided a new insight into miRNA as a widespread phenomenon in biology, rather than 
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just a specific trait of nematodes. Since then, scientists spent another decade to unmask 

other cryptic miRNAs and understand their functions, biogenesis and mechanisms of action. 

The early years of miRNA study witnessed a lot of difficulty because miRNA was a kind of 

RNAs very new to biological research. One very distinctive property of miRNAs is their short 

length – just 21 to 25 nucleotides long [92, 93]. This specific feature made many 

conventional methods and tools commonly used in RNA research inapplicable to miRNA 

study. For instance, the ordinary column-based RNA extraction method, which is often 

used in total RNA extraction, is not suitable for the extraction of miRNAs because the silica 

membrane used to capture the ordinary RNA (long RNA) is unable to capture small-sized 

RNAs [99]. Moreover, we cannot use the conventional method of reverse transcription (RT) 

coupled with polymerase chain reaction (PCR) (or RT-PCR) to amplify such short RNA 

sequence either because the length of the primers are nearly equal to the length of 

miRNAs. In fact, the above two experimental techniques are the indispensable, 

fundamental procedures in nucleic acid research. Since total RNA extracted by column-

based methods do not contain miRNAs and investigation of target nucleic acid sequences 

are very difficult without amplification, the progress of miRNA research was very restricted 

in the early years. This is the reason why our knowledge of miRNAs was very limited for a 

long period, which is a good example of "technologies limit our knowledge". 

In the early years of studying RNA interference, a research group led by Tuschl T developed 

a cloning-based method to explore the mechanism of RNA interference induced by small 

interfering RNA (siRNA) [100]. In brief, short RNAs were prepared from long double-

stranded RNA treated with Drosophila embryo lysate, and then purified. Two adaptors 

were ligated to the 3’ and the 5’ ends of the purified product by T4 RNA ligase. RT-PCR was 

used to amplify these target sequences. Subsequently, concatemerization, cloning and 
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sequencing were used to identify the sequence of these short RNAs (Figure 1.3.1) [100]. In 

addition to the actual sequence of the siRNAs, the study also identified a large number of 

endogenous Drosophila short RNAs (~21 nt). Initially believed to be retrotransposons [100], 

these 21-nt RNAs were in fact 16 novel miRNAs [101]. Moreover, these researchers also 

identified 21 more novel human miRNAs in HeLa cells with the same technique [101]. In the 

meantime, 52 and 15 novel miRNAs were also identified in Caenorhabditis elegans by two 

other research teams led by Bartel and Ambros, respectively, using the same strategy [102, 

103]. 

However, one significant drawback of this cloning method is that it cannot identify miRNAs 

on a massive scale. Moreover, this method is also labor- and time-intensive. Thus, the work 

of identifying the cryptic miRNAs in early years was particularly difficult. Furthermore, 

there is another important problem always being neglected in this cloning strategy: the 

short RNAs are easily self-ligated during ligation process [100, 102]. As a result, a lot of 

circularized miRNAs form and hence cannot be cloned and sequenced. With this limitation, 

only a small proportion of highly expressed miRNAs can still be detected, but others are not. 

To overcome this obstacle, Tuschl T applied a dephosphorylation step catalyzed by 

phosphatase to the purified ~21-nt RNA sample before ligating adaptors [100]. This step 

removes the 5’ phosphate group from the miRNAs and prevents their self-ligation. 

However, this step also removes 3’ phosphate group from those partially-degraded RNAs 

and makes these unwanted RNAs to be the substrates for T4 RNA ligase. On the other hand, 

Bartel used a more favored approach to solving this problem. This approach relies on the 

ligation of a pre-adenylated adaptor to the 3’ end of miRNAs in an ATP-independent 

manner [102]. As such, the ligation does not require ATP as the activator in the T4 RNA 

ligase-mediated ligation. The ATP-free reaction prevents the miRNAs from self-ligating 

during the ligation step. This approach essentially prevents both self-ligation of miRNAs and 
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ligation of adaptors to partially degraded RNAs. Both strategies are illustrated in Figure 

1.3.1. 

Since then, these two different strategies of investigation have attracted many groups of 

researchers for identifying novel miRNAs. Some try to make improvements on the 

experimental method and even couple it with next-generation sequencing (the latest 

sequencing technology that can sequence millions of sequences in parallel) for enriching 

the content of miRNAs in the prepared library and increasing the throughput of library 

sequencing [104-107]. Others try to explore the novel miRNAs in different kinds of samples: 

different species of organisms, different organs and cell types, normal and malignant cells 

and tissues from various kinds of cancers, tissues of different differentiation states during 

development and responses during infections [108-113], and even viruses [114, 115]. 

Figure 1.3.2 shows the growth in the total number of miRNAs from multiple species from 

2002 (version 1 of the database miRBase) to 2014 (version 21). 

As miRNAs are confirmed to be a new class of functional non-coding RNAs and new 

identities of this class of RNAs have been discovered rapidly, a miRNA database was 

developed in late 2003 with the miRNA registry coming from Rfam (a database of non-

coding RNAs released in early 2003) [116]. The database developed by Griffiths-Jones was a 

separate database collecting miRNAs only [117], was finally named miRBase [118]. The 

development of miRBase has two major objectives. The first aim is to provide a service of 

gene name assignment for novel miRNAs before they are published. This can prevent the 

overlap of gene names. The second aim is to provide comprehensive and searchable 

resources of published miRNAs to the public via the internet [117-121]. Thus, we can now 

search and download information of miRNAs collected in the miRBase, such as the name 

and the sequence of the miRNAs, their precursors (including pre-microRNA and pri-
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microRNA), annotations, and deep sequencing data. The latest version of the miRBase 

(release 21.0; June 2014) contains 28645 miRNA entries. These entries include the miRNAs 

from plants to animals and viruses including organisms from chromalveolata and 

mycetozoa. The miRBase database is available at http://microrna.sanger.ac.uk/ [117-121]. 
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Figure 1.3.1 The two approaches to miRNA identification. The basic protocol was developed by Tuschl T in 

2001 [100] while the alternate protocol was developed by Bartel DP in 2001 [102]. (Adopted from Current 

Protocols in Molecular Biology. 2005; Unit 26.4)  



29 

 

 

 

 

 

 

Figure 1.3.2 The total number of miRNAs from multiple species from 2002 to 2014. Data are obtained from 

miRBase (http://microrna.sanger.ac.uk/) and retrieved on 19 March 2017.  
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1.3.2 MicroRNA biogenesis, function and degradation in cells 

The primary precursors of miRNAs, known as pri-microRNA or pri-miRNA, are the miRNA 

precursors that are each approximately one thousand nucleotides long, and sometimes 

contain several clustered miRNAs [122]. In the canonical pathway, pri-microRNAs are 

transcribed by RNA polymerase II and III [51, 54, 123] from either introns of protein-coding 

genes and non-coding genes (co-transcribed with the host-gene) or independent genes 

[124]. Following transcription, pri-microRNAs are cut by the enzyme Drosha, a member of 

the RNase III superfamily consisting of double-stranded RNA-specific endoribonucleases, in 

the nucleus to become relatively short miRNA precursors (~70 nt) [125]. These shortened 

miRNA precursors with stem-loop secondary structure are known as pre-microRNA. These 

cleaved products are then transported to cytoplasm by exportin-5 [126, 127]. The final step 

of miRNA maturation is achieved through a second cleavage: the stem-loop pre-microRNAs 

are cut into small duplexed RNAs of 21-25 bp by Dicer (also a member of the RNase III 

family) [97, 98]. Each of the Dicer-cleaved products is eventually loaded onto an Argonaute 

protein to form the core of the effector complex called RNA-induced silencing complex 

(RISC) [128, 129]. One of the strands of each Dicer-cleaved product is the mature miRNA 

and is known as the guide strand while the other strand is called the passenger strand. The 

passenger strands are removed from the duplexes by either Argonaute cleavage or an 

ambiguous unwinding mechanism before the miRNAs become functional [130, 131]. The 

mature miRNAs have 5' phosphate end and 3' hydroxyl end [100] (see also Figure 1.3.1). 

These two ends are inserted into two distinct binding pockets of the Argonaute protein 

[132, 133]. The mature miRNA located inside the Argonaute protein functions as the guide 

molecule in targeting the target RNAs. With the assistance of Argonaute protein and other 

factors of the RISC, translation repression or degradation of the target mRNAs is effected. 
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1.3.2.1 Transcription of miRNA genes  

MicroRNAs are the regulator of many genes including protein-coding genes and non-coding 

genes [134]. The expression of miRNAs is crucial for modulating numerous cellular 

processes and even cell differentiation and pathological responses. More than 60% of 

protein-coding genes are predicted to be regulated by miRNAs targeting the binding sites 

at the 3’ UTR of mammalian mRNAs [135]. Thus, the regulation of miRNA expression is 

substantially critical. The expression of miRNAs is tissue-specific and developmental-stage-

specific [136-138]. These two specific features in the expression of miRNAs may explain 

why they are able to regulate so many cellular processes in organisms at particular site and 

time. In an analysis of about 500 mammalian miRNA entities by Saini et al. in 2007, around 

half of the miRNAs are transcribed from intergenic regions (DNA loci between genes) while 

the rest are often located at the intronic region of protein-coding genes [139] and 

occasionally at the intronic region of non-coding genes [140]. In addition, several miRNAs 

are sometimes grouped in a cluster and transcribed as a single polycistronic transcript [51]. 

The majority of miRNAs are transcribed by RNA polymerase II (Pol II) [51, 123]. According to 

the evidences from a correlation study between neighboring miRNAs and host genes 

examined by microarray, intronic miRNAs are co-expressed (and usually co-transcribed) 

together with their host gene [141]. With exception of intronic miRNAs, the primary 

transcripts of other Pol II-transcribed miRNAs are also capped with N7-methylguanosine at 

the 5' end and polyadenylated at the 3' end [51, 123]. Therefore, both intronic miRNAs and 

intergenic miRNAs share the same terminal structures (5’ N7-methylguanosine cap and 3’ 

poly-A tail) in their initial transcripts. Not surprisingly, the promoter regions of intergenic 

miRNAs are found upstream of the coding regions of the primary transcripts of these 

intergenic miRNAs [139]. In an extensive analysis of multiple data sets, Saini et al. 
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confidently derived the general structure of the primary transcripts of mammalian 

intergenic miRNAs [139]. Their prediction analysis was similar to that applied to coding 

gene prediction [142]. They analyzed six important features of genes for neighboring 

regions of intergenic miRNAs, including transcription start sites, transcription factor binding 

sites, CpG islands, poly-A signals, data of gene identification signature paired-end ditags, 

and data of expressed sequence tags. Some intergenic miRNAs were found to have multiple 

predicted transcription start sites while many intergenic miRNAs had their transcription 

start sites within 2 kb upstream of the pre-miRNAs. Additionally, CpG islands were 

commonly identified in the surrounding region of transcription start sites. Moreover, the 

distribution of poly-A signals reached the peak at 2 kb downstream of the pre-miRNAs. 

Accordingly, they suggested that a canonical primary transcript of human intergenic miRNA 

had a span of 3-4 kb in length [139]. Figure 1.3.3 illustrates the predicted structure of a 

typical intergenic miRNA gene.  
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Figure 1.3.3 The predicted structure of a typical miRNA gene as suggested by Saini et al [139]. The pre-miRNA 

coding region is located at position 0. Transcription start site is about 2 kb upstream of the pre-miRNA coding 

region while the poly-A site is about 2 kb downstream of the pre-miRNA coding region. The complete primary 

transcript of a miRNA or miRNA cluster spans about 3 to 4 kb. CpG, CpG island; TATA, TATA box; TF Binding Sites, 

transcription factor binding sites; TSS, transcription start site. (Adopted from Proceedings of the National 

Academy of Sciences 2007, 104(45):17719-17724)  
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The majority of miRNA genes structurally contain the elements and features for Pol II 

transcription. In other words, intronic miRNAs are transcribed from protein-coding genes 

and non-coding genes whereas intergenic miRNAs are transcribed from its own mRNA 

gene-like promoters. It is therefore convincing to believe that the expression of miRNAs is 

subject to the canonical regulatory machinery of protein-coding genes, including epigenetic 

and genetic regulation. 

A large group of transcription factors that originally regulates the transcription of protein-

coding genes is able to regulate the expression of miRNAs epigentically. For instance, the 

regulator gene MYC proto-oncogene (c-Myc) encodes a transcription factor involved in the 

control of cell cycle, cell transformation and apoptosis via regulating the expression of 

other genes [143]. In mammals, c-Myc interacts with 10–15% of genomic loci. The genes 

located at these loci are predominately involved in biosynthesis, signal transduction, 

metabolism and cell cycle [143]. Dysregulation of c-Myc can cause cancer. This protein 

binds to enhancer box sequences (E-boxes) and activates the expression of the miR-17-92 

cluster [144]. Elevated expression of miR-17-92 induced by c-Myc can be detected in cancer 

cells [144]. Moreover, genomic amplification of 13q31-32, which includes the miR-17-92 

cluster, is frequently identified in c-Myc-rearranged lymphomas, suggesting that c-Myc and 

miR-19-92 synergistically induce cell transformation during cancer development [145]. 

Cancers under this synergistic induction are usually more aggressive than those induced by 

either factor alone [145]. On the other hand, c-Myc also inhibits the expression of several 

miRNA genes that serve as tumor suppressors, such as miR-15a, miR-29 and let-7 [146]. 

The results from chromatin immunoprecipitation assay have shown that the inhibition is 

mediated by the direct binding of c-Myc to the promoter regions of these miRNAs [146]. 

We use tumor protein p53 (TP53) as a second example. TP53 activates the expression of 

miR-34 family, the family of miRNAs participating in cell cycle arrest. The down-regulation 
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of TP53 reduces the expression of miR-34 and causes the loss of cell cycle arrest [147]. We 

use RE1 silencing transcription factor (REST) as a third example. REST regulates a brain-

specific miRNA – miR-124a. The introduction of miR-124a into HeLa cells stimulates a 

neuron-like gene expression profile through down-regulating a large number of non-

neuronal transcripts [148]. REST inhibits the expression of miR-124a. When the neuron 

progenitors transform to mature neurons, REST leaves the promoter region of the mir-124a 

locus and promotes the inhibition of non-neuronal transcripts [149]. 

Moreover, the transcription of miRNAs can also be regulated by methylation in CpG islands 

and histone modifications [150, 151]. These are the epigenetic mechanisms involved in 

regulatory mRNA genes. The CpG islands of mir-148a, mir-34b/c and mir-9 genes have been 

found hypermethylated in cancer cells when compared with normal tissues. The expression 

of these miRNAs can be restored by treating with a DNA demethylating agent (5-aza-2'-

deoxycytidine) [152]. In addition, treatment of a breast cancer cell line (SKBr3) with a 

histone deacetylase inhibitor (LAQ824) alters the expression of 27 out of 67 tested miRNAs, 

suggesting that histone acetylation may control the expression of many miRNA genes [153]. 

On the other hand, the expression of miRNAs can also be genetically regulated. For 

example, the miRNA cluster miR-15a/16-1 produces two miRNA precursors: hsa-mir-15a 

and hsa-mir-16-1. The mature miRNAs are hsa-miR-15a-5p and hsa-miR-16-5p respectively. 

The genomic region of this miRNA cluster is deleted in about 50% of patients (both Chinese 

and Caucasian) with chronic lymphocytic leukemia (CLL). This deletion often exists as a 

unique aberration in leukemic B-cells detectable by fluorescence in situ hybridization [154-

158]. Not surprisingly, these two miRNAs are found to be absent or down-regulated in CLL 

patients with this deletion [159-162]. This could be due to mono-allelic or bi-allelic loss. In 

addition, down-regulation of these two miRNAs in CLL patients was also linked to a 
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germline point mutation at the 3’ flanking region of the hsa-mir-16-1 gene-coding region 

[163]. In brief, no matter the expression of hsa-miR-15a-5p and hsa-miR-16-5p is down-

regulated by deletion of the coding region or is inhibited by a mutation, it seems that the 

down-regulation of these two miRNAs is found in about half of CLL patients. Similarly, a 

point mutation at the 3’ end region of the mmu-miR-16-1 gene-coding region also caused 

down-regulation of mmu-mir-16-5p in New Zealand Black mice strain that developed B-cell 

lymphoproliferative disease naturally [164]. 

All in all, the above evidences dictate that the transcription of miRNAs is regulated by both 

epigenetic and genetic mechanisms. Transcription factors participate in the regulation of 

mRNA transcription via direct binding to particular elements on DNA. The binding of these 

factors can result in promoting or inhibiting the expression of the corresponding mRNA. 

These controls can be extended to miRNA expression. It may be that miRNA genes 

structurally contain the same elements and features for Pol II transcription machinery, 

which is the same machinery for mRNA transcription. Moreover, the expression of miRNAs 

can also be regulated by epigenetic mechanisms such as DNA methylation and histone 

modifications. Furthermore, genetical changes, such as deletion and point-mutation, also 

regulate the expression of miRNAs. These observations suggest that the regulation of both 

mRNA and miRNA transcriptions is under a very sophisticated and precise control through 

the shared transcription machinery in cells. Dysregulation of this machinery causes 

aberrant expression profiles of mRNAs and miRNAs, and can ultimately result in disease 

development. 
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1.3.2.2 MicroRNA processing 

Drosha and Dicer are the two central proteins in the process of miRNA maturation. Both of 

the enzymes are the members of RNase III superfamily [165, 166]. The RNase III 

superfamily is a class of ribonucleases that recognizes and cleaves double-stranded RNA 

endogenously, and leaves 5′ phosphate and 3′ hydroxyl termini at the newly generated 

ends. Thus, its members are also known as endoribonucleases [165]. Drosha and Dicer 

participate in two individual cleavage steps of miRNA precursor processing in the nucleus 

and cytoplasm, respectively. These two endoribonucleases also require accessory proteins 

to perform their function and generally operate in complex forms. In addition, the 

maturation process of miRNAs can be regarded as an additional layer of regulating miRNA 

function. A halt of the maturation process of a particular miRNA can result in loss of 

function of that miRNA. Indeed, a group of accessory proteins regulates the activities of 

Drosha and Dicer in both positive and negative ways. Some of these proteins only regulate 

the maturation of specific miRNA families while others are able to regulate a relative large 

number of miRNA precursors. These regulations are discussed in the following sections. 

Drosha and Drosha processing 

The first maturation step after the pri-miRNA transcription is a cleavage process by 

Drosha in nucleus [125]. Drosha is a protein of about 160 kilodalton (kDa) and 

belongs to the RNase III superfamily [166]. This protein contains two RNase III 

catalytic domains, one double-stranded RNA-binding domain and an arginine-

/serine-rich domain [166, 167]. By generating mutants of human Drosha, Han et al. 

have dissected the action mechanism of this enzyme [168]. The two RNase III 

catalytic domains, domain A and domain B, form an intra-molecular dimer and 

cleave the 5’ strand and 3’ strand of the stem of pri-miRNA, respectively [168]. This 
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processing step generates a product RNA of around 70 nt, known as pre-miRNA, 

with a stem-loop structure [168]. In addition, since the positions of the two RNase 

III catalytic domains are not on the same plane, a 2-nt 3’ overhang is usually found 

on the cleavage product [169, 170]. In reality, Drosha has to form a heterotrimeric 

complex of about 650 kDa together with two protein molecules of DiGeorge 

syndrome critical region gene 8 (DGCR8) for functioning (Figure 1.3.4) [169, 170]. 

The complex is called Microprocessor [168, 171-173]. The two DGCR8-binding sites 

of Drosha are located at each of the two RNase III catalytic domains. The C-terminal 

helix of each DGCR8 binds to one of these binding sites and forms the final 

Microprocessor heterotrimeric complex. In addition, the RNA-binding heme 

domain (Rhed) on each DGCR8 also anchors with each other at an additional point 

[169, 170]. These three anchoring points stabilize the structure of Microprocessor. 

The stem-loop RNA is loaded into the double-stranded RNA-binding pocket formed 

by two Rhed subunits from the two DGCR8 molecules and one double-stranded 

RNA-binding domain from Drosha during the cleavage process (Figure 1.3.4) [169, 

170]. Furthermore, Arg 914 in the Bump helix located at the central domain of 

Drosha protrudes towards the basal junction of the stem-loop RNA, which results 

in fixing the stem-loop RNA in a precise position. Near the Arg 914, a conserved 

surface with positive charge and other related structures further strengthen the 

interaction between the basal segments (single-stranded RNA) and Drosha. 

Remarkably, the distance between the RNase III catalytic domain and the Bump is 

about 28 Å, which is equivalent to ~11 bp or one helix turn of double-stranded RNA 

(Figure 1.3.4) [169, 170]. This explains why Microprocessor makes cleavage at ~11 

bp away from the basal junction on pri-miRNAs [169, 170]. Figure 1.3.4 shows the 

structure of Drosha. 
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Interestingly, Drosha and DGCR8 regulate each other in a negative feedback loop 

for maintaining the level of Microprocessor in a homeostatic point. In particular, 

DGCR8 is able to stabilize Drosha through a direct protein-protein interaction even 

though the mechanism of stabilizing Drosha by DGCR8 and the degradation process 

of Drosha are not yet known [174]. Conversely, the Drosha/DGCR8 heterotrimeric 

complex recognizes and cleaves two hairpins on DGCR8 mRNA. The two hairpins 

form around the 5’ UTR (hairpin A) and the coding region close to start codon 

(hairpin B) of the DGCR8 mRNA. The cleavage, similar to the cleavage on typical pri-

miRNAs, generates two hairpin products of ~60 nt and ~76 nt. Most importantly, 

the cleavages induce the degradation of DGCR8 mRNA in the end [174, 175]. 

Notably, regulation of Microprocessor’s processing activity is governed by a large 

number of factors including kinases, acetyltransferases and other accessory 

proteins. The regulation can be either positive or negative. Additionally, some of 

these regulatory factors can affect the maturation of individual specific miRNAs, 

and thus these factors do not form a universal pathway to govern the biogenesis of 

all miRNAs [176]. 

LIN-28 is one of the most studied proteins and specifically inhibits the expression of 

let-7 family at both pri-miRNA level and pre-miRNA level [177, 178]. Binding of LIN-

28 to the apical loop of pri-let-7 can result in blocking the cleavage process by 

Drosha while binding of LIN-28 to the apical loop of pre-let-7 can result in blocking 

the cleavage process by Dicer and induces uridylation on pre-let-7 [177, 178]. The 

inhibition of let-7 miRNAs is critical for blocking differentiation and maintains the 

pluripotency of embryonic stem cells. During cell differentiation, mature let-7 

miRNAs accumulate owing to the decreased level of LIN-28 [179]. Interestingly, 
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LIN-28 itself is regulated by let-7 miRNAs [180]. Thus, LIN-28 and let-7 regulate the 

levels of each other in an inverse manner. 

The p68, also known as DEAD box protein 5 (DDX5), and p72 helicases contribute to 

the maturation of a subset of miRNAs via interacting with Drosha [172]. The 

inhibition of miRNA production may be achieved by impairing the pri-miRNA 

processing. SMAD proteins are a group of signal transducer proteins that transduce 

extracellular signal from transforming growth factor β (TGFβ) or other similar 

ligands to nucleus and stimulate gene expression [181]. Intriguingly, SMADs also 

directly bind to a consensus sequence, RNA-SMAD-binding element (R-SBE), found 

at the stem region of a group of miRNA primary transcripts induced by signals from 

TGFβ and bone morphogenetic protein. Microprocessor with p68 is motivated by 

the direct binding of SMADs to R-SBE, and accelerates the maturation of this subset 

of miRNAs [182, 183]. 

General regulatory factors also exist to modulate the expression of a broader range 

of miRNAs. Histone deacetylase I deacetylates DGCR8 to increase its binding 

affinity for pri-miRNAs [184]. Glycogen synthase kinase 3β contributes to the 

nuclear localization of Drosha by phosphorylating Drosha protein at serine 300 and 

302 [185]. ERK/MAPKs can stabilize DGCR8 by phosphorylating DGCR8 and increase 

the total miRNA expression [186].  
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Figure 1.3.4 The structure of human Drosha. (a) Domain organization of the human Drosha protein. The color 

boxes indicate the position of each functional domain on the primary structure of Drosha. (b) The figure shows 

the three-dimensional structure of Drosha and the interactions between Drosha, two molecules of DGCR8 and 

pre-miRNA. CED, Central domain; CTT, C-terminal tail; dsRBD, Double-stranded RNA-binding domain; Rhed, 

RNA-binding heme domain; RIIID, RNase III catalytic domain. (Adopted from Cell 2016, 164(1):81-90) 
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Dicer and Dicer processing 

The second cleavage step in miRNA maturation is carried out by Dicer in cytoplasm 

[97, 98]. Being also a member of the RNase III endoribonuclease family, Dicer is 

homologous to the structure of Drosha, but with distinctive amino acid sequence 

[170]. The molecular weight of human Dicer is about 200 kDa. Similar to Drosha, 

the functional core of human Dicer contains at its C-terminal two RNase III catalytic 

domains, which form an intra-molecular dimer (Figure 1.3.5a and b) [187]. 

Moreover, a P-element induced wimpy testes/Argonaute/Zwille (PAZ) domain is 

also found in Dicer and functions as the anchoring site for the 2-nt 3’ overhang 

(generated by Drosha cleavage) on pre-miRNAs [188]. The PAZ domain has two 

separate binding pockets: the phosphate pocket binds the 5’ phosphate end of pre-

miRNAs, and the 3’ pocket binds the 2-nt 3’ overhang of pre-miRNAs [188]. The 

RNase III catalytic domains and the PAZ domain are located at two distinct regions 

in Dicer. These two regions are separated by a positively charged connecting helix 

(Figure 1.3.5b). The connecting helix generates a gap of about 65 Å between the 

two regions. This distance is equivalent to about 25 bp in length. Thus, the 

connecting helix can also be regarded as a “molecular ruler” for measuring the 

correct cleavage site on pre-miRNAs [189, 190]. Furthermore, the N-terminal of the 

Dicer consists of 3 helicase domains, which interact with the apical loop of pre-

miRNAs and are thus important for accurate cleavage of pre-miRNAs by Dicer 

(Figure 1.3.5a and b) [191, 192]. 

In a way similar to Drosha, Dicer also requires accessory proteins for proper 

function. Human Dicer interacts with HIV transactivation-responsive RNA-binding 

protein (TRBP), a double-stranded RNA binding protein [193-195]. This protein has 
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three double-stranded RNA-binding domains (Figure 1.3.5b) [196, 197]. In 

Drosophila, the protein Loquacious (Loqs) interacts with Drosophila Dicer-1. Two 

variants of Loqs are responsible for interacting with Drosophila Dicer-1, the Loqs-

PA and Loqs-PB. The latter one is the homolog of human TRBP [198, 199]. Dicer-1 

direct binds to either one of the two variants when facilitates the cleavage process 

[198, 199]. The absence of Loqs results in loss of function in Dicer-1 and 

accumulation of pre-miRNAs in Drosophila S2 cells [198]. Unlike the Loqs in 

Drosophila, the human TRBP is not essential in Dicer cleavage process. The absence 

of TRBP does not affect the cleavage activity of Dicer in pre-miRNA processing 

[195]. However, the TRBP protein and another partner protein called protein 

activator of the interferon-induced protein kinase (PACT) assist in the assembly of 

RISC [193, 195, 200]. Crystal structure analysis has revealed that the binding 

interface of TRBP and PACT are highly conserved with each other, suggesting that 

the two partner proteins bind to Dicer in a similar manner [197]. Moreover, the 

fidelity of miRNA maturation is disrupted as a result of the aberrant Dicer cleavage 

of pre-miRNAs when the TRBP is absent during the cleavage process. This 

eventually alters the sequence of the mature miRNAs (so-called isomiR), and 

influences the selection of guide strand and passenger strand by altering 

thermodynamic stability of the two ends of miRNA duplexes (see below for strand 

selection in thermodynamic stability rule) (Figure 1.3.5c) [197, 201]. On the other 

hand, many studies have investigated the contribution of TRBP and PACT to 

Argonuate loading. The results indicate that both TRBP and PACT are dispensable 

for miRNA loading onto Argonaute protein from Dicer [197, 201, 202]. In RNA-

crowded environment, however, TRBP can act as a gatekeeper for preventing Dicer 

from engaging pre-miRNA-like RNAs, e.g. tRNAs. It is also possible that TRBP 
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acquires the selectivity for genuine miRNA precursors by using the PAZ domain of 

Dicer while Dicer reduces the RNA-binding affinity of TRBP for fast turnover when 

pre-miRNA-like RNA is encountered. These two proteins cooperate with each other 

to create an efficient machinery of discarding pre-miRNA-like RNAs [203]. 

Strand selection is a persistent question in miRNA machinery. After the cleavage by 

Dicer, the double-stranded product is loaded onto Argonaute protein for the 

subsequent assembly of RISC [130, 131]. In the loading, the 5’ end and 3’ end of 

one strand of a cleaved product are loaded into two individual binding pockets at 

the middle (MID) domain and PAZ domain of Argonaute protein respectively [133]. 

This strand is the guide strand and is used for guiding the RISC to home in on 

correct target sites. The other strand is the passenger strand and would be 

removed from the duplexes either by Argonaute cleavage or an ambiguous 

unwinding mechanism before the miRNAs starts functioning [130, 131]. The strand 

selection is not a random process, but its mechanism is still unclear. According to a 

study conducted by Wilson et al., 13% of miRNA duplexes have different strand 

selection in vivo in the absence of TRBP and PACT [197]. This phenomenon is most 

likely due to the alteration on the cleavage site of the Dicer cleavage that has 

generated reversed relative thermodynamic stability on the cleaved product [197, 

201]. Indeed, each double-stranded RNA product from Dicer has two 5’ recessive 

ends on the tails. Previous studies has found in Drosophila that Dicer-2 tends to 

choose the strand whose 5’ end is thermodynamically less stable [204, 205]. 

Further investigation has found that this rule is consistent with miRNAs in animals 

[206]. This is the origin of the thermodynamic stability rule for the strand selection 

in Argonaute. However, we still do not fully understand the genuine mechanism of 
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strand selection in the miRNA machinery as the altered cleavage and 

thermodynamic stability rule only partly explain miRNA strand selection. 
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Figure 1.3.5 Cooperation between human Dicer and TRBP in miRNA maturation. (a) Domain organization of 

human Dicer protein and TRBP. The color boxes have indicated the position of each functional domain on the 

primary structure. (b) The figure shows the three-dimensional structure of Dicer and the three dsRBDs of TRBP. 

The dsRBD3 of TRBP interacts with Dicer at PBD. The distance between the binding pocket for the pre-miRNA 2-

nt 3’ overhang in the PAZ domain and RNase IIIa/RNase IIIb is ~65 Å, which is equivalent to ~25 bp. (c) Models 

of Dicer partner proteins contributing to the formation of isomiR (top) and the fidelity in strand selection during 

transfer of a product duplex from Dicer to Ago (bottom). The coloring in (a), (b) and (c) are consistent. Ago, 

Argonaute; dsRBD, Double-stranded RNA-binding domain; PAZ, P-element induced wimpy 

testes/Argonaute/Zwille domain; PBD, Protein-binding domain; RNase III, RNase III catalytic domain. (Adopted 

from Molecular Cell 2015, 57(3):397-407)  
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1.3.2.3 Argonaute proteins and formation of RNA-induced silencing complex for 

miRNA functioning 

Argonaute family proteins are widespread in all domains of life. In eukaryotes, the 

Argonaute (AGO) proteins are the core proteins of RISCs and mediate several small RNA-

dependent gene silencing mechanisms; these small RNAs include miRNA, siRNA and piwi-

interacting RNA (piRNA). While more attention is paid to eukaryotes for better 

understanding of miRNA- or siRNA-mediated gene silencing, little is known about the 

mechanisms in prokaryotes. 

Interestingly, Ago proteins are also present in many bacteria and archaea even though they 

do not have the kinds of small RNAs found in eukaryotes [207]. Two important studies have 

revealed that Ago proteins in bacteria may function through other mechanisms. The Ago 

protein in Rhodobacter sphaeroides, a kind of gram-negative bacterium, most likely 

protects the bacteria against foreign genomic elements, e.g. plasmid DNA. The 

Rhodobacter sphaeroides Argonaute (RsAgo) binds target DNA under the guidance of small 

RNAs (15-19 nt), which are potentially derived from long single-stranded RNA transcripts, 

and induce DNA cleavage at the both ends three nt outside the region targeted by the 

small RNA. As the RsAgo does not contain the residues essential for Ago endonuclease 

activity, the cleavage may be mediated by a partner endonuclease [208]. Meanwhile, the 

Ago protein in Thermus thermophilus also functions as a protector against foreign genomic 

elements. However, the Thermus thermophilus Argonaute (TtAgo) uses a different 

machinery to achieve the protection. TtAgo integrates with small DNAs as the guide strand 

to mediate the cleavage of target DNA by its own endonuclease activity [209]. Although the 

Ago proteins in bacteria use very different mechanisms to achieve the gene silencing, the 

structures of Argonaute proteins in eukaryotes and prokaryotes are comparable with each 
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other, as has been investigated in studies of their crystal structures. In fact, the production 

of pure Argonaute protein from mammalian cells has been a difficult task in the past. 

Therefore, the earliest investigations of Argonuate protein structures usually used their 

bacterial and archaeal counterparts for characterizing the structural mechanism of Ago in 

its process [210-213]. Subsequent studies show that the structure of human AGO2 is nearly 

the same as that of the prokaryotic Ago although the two analogous proteins still have 

some differences; for example, the bacterial Ago proteins are able to bind DNA molecules 

[133, 214, 215]. 

In humans, the Argonaute protein family consists of eight different Argonaute proteins 

[216]. These eight members are under 2 subfamilies, the PIWI subfamily and eIF2C/AGO 

subfamily [216]. Previous studies have found that all the members in the eIF2C/AGO 

subfamily, i.e. AGO1 to AGO4, are able to incorporate miRNAs in an indiscriminate manner 

and AGO2 is the only member responsible for inducing target RNA cleavage [217, 218]. 

Crystal structure investigations have revealed that AGO2 protein has four major domains. 

From N-terminal to C-terminal of the AGO2 primary structure, the four domains are N-

terminal (N) domain, P-element induced wimpy testes/Argonaute/Zwille (PAZ) domain, 

Middle (MID) domain and P-element induced wimpy testes (PIWI) domain (Figure 1.3.6a 

and b), in which the N domain and the PAZ domain are connected by a linker (L1) while the 

PAZ domain and the MID domain are connected by another linker (L2) (Figure 1.3.6a and b) 

[133, 214]. 

 When a miRNA is loaded onto a human AGO protein, the process involves two sequential 

steps: (1) the loading of the double-stranded RNA product from Dicer, and (2) the removal 

of the passenger strand from AGO protein. 
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During the loading, the 5’ phosphate end of the guide strand is bound into the 5’ 

phosphate binding pocket located in between the MID domain and PIWI domain (Figure 

1.3.6b) [133, 214, 215]. In the meantime, the 3’ hydroxyl end of the guide strand is 

anchored into the PAZ domain (Figure 1.3.6b) [133, 214]. Multiple residues in the MID 

domain and the PIWI domain form hydrogen bonds with the 5’ phosphate of the guide 

strand, suggesting that the 5’ phosphate group of the guide strand is tightly anchored to 

the 5’ phosphate binding pocket (Figure 1.3.6c and d) [133, 214]. On the other hand, the 

observation from Schirle et al. has indicated that the 3’ binding pocket only contains some 

weak electron density [214]. This observation agrees with the detailed interactions 

described by Elkayam et al., in which only a few hydrogen- bond and stacking interactions 

are involved in the 3’ end anchoring (Figure 1.3.6d) [133]. In addition, AGO2 anchors the 

seed region of the guide strand (positions ~2-8) through hydrogen bonds (main) and salt 

linkages (supplementary) to the phosphate groups on the backbone of the guide strand and 

Van der Waals interactions with the ribose on the backbone (Figure 1.3.6d) [133, 214]. 

Obviously, the binding force between AGO2 and guide strand gradually decreases from the 

5’ end to the 3’ end of the guide strand as indicated by the findings (Figure 1.3.6d). 

Furthermore, according to a study of the cleavage mechanism of TtAgo, the 3’ end of the 

guide strand can most likely be released from the binding pocket of the PAZ domain, and 

the base-pairing at guide strand positions 17–19 is blocked by the N-terminal domain 

owing to a conformational change during the cleavage process induced by the guide 

sequence (Figure 1.3.7) [219]. These evidences indicate that the binding on the 3’ end is 

weak (relative to the 5’ end). However, the 3’ end of the miRNA is still substantially 

anchored into the binding pocket in the PAZ domain during the translational repression 

processes [219, 220]. On the other hand, nucleotide positions 2 to 6 of the guide sequence 

(usually the seed region of miRNAs) are pre-arranged in an A-form conformation by the 
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support from the anchoring residues [214]. As the natural conformation of RNA duplex is A-

form duplex, this pre-arrangement reduces the entropic cost in forming double-stranded 

seed region with complementary target RNA during target binding. As a result, this 

conformation in the seed region of the loaded miRNA largely facilitates the scanning of 

target RNAs for complementary regions, which supports the “seed match model” of miRNA 

targeting [221, 222]. 

In the process of loading miRNA onto AGO, the RISC-loading complexes (RLCs) control the 

loading of miRNA from Dicer to AGO proteins. Each RISC-loading complex (RLC) consists of 

an AGO protein, a double-stranded small RNA, a double-stranded RNA-binding protein, a 

Dicer and other potential proteins assisting in the loading of small RNA onto AGO. In 

Drosophila, each organism has two Dicer genes (Dcr-1 and Dcr-2), and the Dcr-2 protein is 

required to cooperate with R2D2 for loading of an siRNA onto Drosophila Ago-2 protein 

[205, 223]. R2D2 is a double-stranded RNA-binding protein and is so called because of its 

two double-stranded RNA-binding domains (R2) and its association with Dcr-2 (D2) [224]. 

R2D2 contributes to orienting the Dcr-2/R2D2 heterodimer on the siRNA duplex by binding 

to the more stable end of the duplex. This action further determines which one of the 

strands loads onto the Drosophila Ago-2 [205, 223]. On the other hand, the components of 

RLC responsible for loading miRNAs onto Drosophila Ago-1 and human AGO1 to 4 are not 

fully understood and are still controversial. TRBP, PACT and Loqs are three different 

double-stranded RNA-binding proteins. The first two proteins interact with human AGOs 

while the last protein interacts with Drosophila Ago-1. They may resemble the function of 

R2D2 in Drosophila siRNA loading [193, 198, 200, 225]. However, both TRBP and PACT are 

dispensable for miRNA loading onto Argonaute protein from Dicer [197, 201, 202]. 

Surprisingly, Dicers are not required for loading small RNAs onto Drosophila Ago-1 [226] 

and mammalian Argonaute proteins (including human AGOs) [202, 227] in vitro and in vivo. 
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Remarkably, the loading of small RNA onto Ago protein for forming pre-RISC (the Ago 

protein loaded with a small RNA duplex) is an ATP-consuming process [226, 228, 229]. The 

hydrolysis of ATP is aided by heat shock 70 kDa protein 8 (HSC70) and heat shock protein 

90 (HSP90), both of which are chaperon proteins assisting nascent polypeptides to fold into 

correct architectures through active processes (consuming energy via ATP hydrolysis) [228, 

230, 231]. This observation is consistent from fruit fly to humans [228, 231] and even in 

plant (involving HSP90 only) [230]. Kawamata et al. suggest that the consumption of ATP 

through HSC70 and HSP90 produces energy and triggers a conformational opening of the 

double-stranded RNA-binding pocket in AGO proteins, which is like a stretched rubber band. 

In other words, structural tension is introduced to the opened binding pocket of AGO 

proteins. Their hypothesis elucidates how a stiff double-stranded RNA can be loaded into 

the rigid binding pocket in AGO protein [229]. This hypothesis is called the ‘rubber band’ 

model (Figure 1.3.8c). Kawamata et al. have also suggested that the release of the above 

structural tension may be the driven force for the ATP-independent unwinding of the 

duplex. Thus, a passenger strand is released from AGO [229]. 

Duplex unwinding and disposal of the passenger strand for degradation are passive 

processes and do not require energy from ATP hydrolysis [131, 226, 229]. The 2 Ago 

proteins (Ago1 and Ago2) in Drosophila possess cleavage activity and are able to cleave 

target sequences accordingly when the central sequence of the guide strand is perfectly 

matched to the target [232]. However, among the four human AGO proteins (AGO1-4), 

only AGO2 possesses this cleavage activity [217, 218]. Therefore, depending on which Ago 

protein (with or without cleavage activity) that a nascent miRNA or siRNA (both in duplex 

form) is incorporated inside and the central pairing status of the small RNA duplex itself, 

the passenger strand may or may not experience the cleavage process. In other words, 

passenger strand cleavage occurs when a small RNA duplex contains central 
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complementary and is incorporated into an Ago protein with cleavage activity; however, 

the passenger strand is not cleaved when either one of the criteria is not fulfilled. 

Therefore, the passenger strands of nascent miRNAs and siRNAs are probably subject to 

two different processes for their removal: with [233] or without [131, 234] cleavage. 

Cleavage-dependent ejection of passenger strand  

When a small RNA duplex is incorporated into an Ago protein, only the guide 

strand is securely anchored to the binding pocket (also called binding channel) 

inside the Ago protein through multiple interactions between the guide strand and 

amino acid residues of the protein (see above in this section; Figure 1.3.6c and d). 

Indeed, the binding of the duplex pushes the N domain and L1/L2 linkers (Figure 

1.3.6a and b) outward because the duplex is too bulky for the binding channel. As a 

result, the expanded binding channel produces an inward pressure owing to the 

increased enthalpy of the Ago protein. During the cleavage-dependent ejection of 

passenger strand, the functionally wedge-like N domain and α7 (the seventh α-

helix from the N-terminal) in L2 push and destabilize two different regions of the 

duplex respectively. The N domain destabilizes the base pairings between the 5’ 

end of the passenger strand and the 3’ end of the guide strand whereas the α7 

destabilizes the duplex at positions 2-7 of the guide strand through pushing on the 

minor groove of this site [235, 236]. Additionally, when Ago protein (with cleavage 

activity) cleaves the passenger strand at its central region, the nicked passenger 

strand becomes more unstable and no longer withstands the inward pressure from 

N domain and α7. Eventually, the two half-passenger strands are squeezed out 

from the Ago and only the guide strand is retained inside the Ago [235, 236]. The 

Ago protein loaded with a single strand small RNA is the mature RISC. 
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Cleavage-independent ejection of passenger strand  

Ago proteins without cleavage activity (human AGO1, AGO3 and AGO4) are not 

able to create nick on the passenger strand and are only able to eject the 

passenger strand of fully complementary RNA duplexes at 37℃, but not at 25℃ 

[237]. Similarly, a human AGO2 mutant D597A, which is defective in its cleavage 

activity, is consistent with the results from human AGO1, AGO3 and AGO4 [237]. 

These evidences imply that the ejection of passenger strand under the cleavage-

independent model most likely utilizes the same mechanism as the cleavage-

dependent ejection except the passenger cleavage. However, the passenger strand 

is not unstable enough to escape from the Ago protein when the strand is intact. 

For compensation, an elevated temperature (37℃) is required for the ejection. 

Thus, the cleavage-independent ejection heavily depends on the thermostability of 

the loaded duplex. Under this circumstance, mismatches in the seed region 

(positions 2-8 of the guide strand) and/or the 3’ middle region (positions 12-16 of 

the guide strand) largely facilitate the cleavage-independent ejection and these 

two regions make direct contact with the two wedges (N domain and α7) [131, 

234]. This explains why miRNA duplexes are able to form RISCs at both 25℃ and 

37℃ in vitro while siRNA duplexes are able to form RISCs at 37℃ only [237]. 
Moreover, small RNA duplexes containing wobble base pairs (G:U pairs) are also 

essential for efficient cleavage-independent unwinding [131, 226]. On the other 

hand, truncated human AGO2 protein that lacks the PAZ domain is still able to load 

miRNA duplexes, but demonstrates a severe defect in duplex unwinding. This result 

indicates that PAZ domain is fully necessary for cleavage-independent unwinding 

[237, 238]. 
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In humans, after a nascent siRNA duplex or miRNA duplex is loaded onto an AGO protein 

and the passenger strand is ejected from the pre-RISC through either cleavage-dependent 

or cleavage-independent mechanism, a functional RISC is formed. A functional RISC is an 

AGO protein loaded with a single-stranded guide RNA in which the AGO protein can be 

anyone of AGO1-4. Like the removal of the passenger strand, the incorporation of RISC to 

the target site is also an ATP-independent process. Therefore, Kawamata et al. conceive 

that the cleavage-independent ejection of the passenger strand is simply the “mirror-image” 

process of target incorporation (Figure 1.3.8b) [226]. They also suggest that the guide 

strand inside the binding channel of Ago protein has already pre-organized the channel for 

target strand incorporation (lowering the activation energy for opening the channel). 

Therefore, the process of target recognition does not consume ATP to open the binding 

channel. In contrast, the incorporation of a small RNA duplex into the binding channel is an 

ATP-dependent process because the double-stranded RNA is too bulky for loading [229]. 

In the RISC-induced gene silencing processes, including target RNA degradation and 

translation inhibition, different AGO proteins may be involved in different silencing 

processes. For example, the Drosophila Ago1 is primarily coupled with miRNA pathway 

while the Drosophila Ago2 is participated in siRNA pathway [198, 239, 240]. In contrast, the 

four human AGO proteins do not show any preferences for siRNAs or miRNAs. However, 

AGO2 is the only one with cleavage activity among AGO1-4 and is the only one AGO 

capable of inducing cleavage at the target site [217, 218]. 

On the other hand, RISCs usually work together with a large number of proteins. These 

proteins are associated with positive or negative control of miRNA effects. GW182 proteins 

cooperate with different AGO proteins very often and are essential for RISC-induced gene 

silencing [241]. This is a family of proteins that contain numerous glycine/tryptophan (GW) 
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repeats at their N-terminal, a central glutamine-rich region, an RNA recognition motif at 

their C-terminal and multiple phosphorylation sites. Additionally, their calculated molecular 

weight is about 182 kDa [242, 243]. GW182 family consists of three paralogues in mammals, 

i.e. trinucleotide repeat-containing proteins 6A to 6C (TNRC6A, TNRC6B and TNRC6C) [244]. 

By co-immunoprecipitation targeting a series of truncated Drosophila Ago1 and 

hemagglutinin-tagged GW182 proteins, a study has identified that the PIWI domain of 

Ago1 interacts with the N-terminal GW repeats of GW182 [245]. Furthermore, gene 

expression analysis by microarray has discovered that depletion of GW182 or Ago1 in 

Drosophila S2 cells produces similar differential mRNA expression profiles [245]. These 

findings suggest that both Ago protein and GW182 are linked to the RISC-induced gene 

silencing process. The process can be impaired when either one of them is missing, which 

indeed indicates their strong relationship. Moreover, phosphorylation and ubiquitination of 

GW182 can affect the activity of this protein and further positively or negatively affect the 

process of RISC-induced gene silencing [246, 247]. 

In addition to the GW182 family, many other accessory proteins also promote or inhibit 

RISC-induced gene silencing process. However, little is known about their functions and 

modes of action. Below are some examples. Accessory proteins of the DExD/H box RNA 

helicase family are ATP- or NTP-dependent RNA helicases involved in unwinding RNA 

duplex or remodeling RNA structures, and examples include DExH-box helicase 9 (DHX9), 

Mov10 RISC complex RNA helicase (MOV10) and DEAD-box helicase 6 (DDX6). Such 

helicases play an important role in miRNA-RISC assembly, target RNA recognition and 

dissociation, and even RISC disassembly and turnover [248-251]. RNA-binding proteins 

(RBPs) act as modulators in enhancing and diminishing the effect of miRNAs via binding to 

the same RNA molecule targeted by RISC, and include HuR, DND1, fragile X mental 

retardation protein and RBM4. Ubiquitin E3 ligases of the TRIM-NHL family contribute to 
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the activation of RISC-induced gene silencing process; for instance, TRIM32 and NHL-2 

promote miRNA activity in mammals and Caenorhabditis elegans respectively. On the 

contrary, this family of proteins also takes part in inhibition of RISC-induced gene silencing 

process; for example, Mei-P26 is able to decrease the expression level of miRNAs in 

Drosophila [252-254]. However, the full mechanism is still not clear. Nuclear import 

receptor importin 8 (IMP8) is a miRNA-RISC interacting protein that interacts with all four 

human AGO proteins and is mandatory for efficient target recognition of a distinct set of 

mRNAs by human AGO2 [255]. In summary, RISC accessory proteins include a large number 

of proteins involved in modulating RISC-induced gene silencing. The interplay between 

miRNA RISCs and their accessory proteins can either counteract or facilitate the effects of 

miRNAs.  
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Figure 1.3.6 Structure of human AGO2. (a) Domain organization of human AGO2 protein. The color boxes 

indicate the position of each functional domain on the primary structure of AGO2. (b) The figure shows the 

three-dimensional structure of AGO2 and the interaction between AGO2 (shown in ribbon style) and hsa-miR-

20a-5p (shown in stick style). (c) The figure shows a three-dimensional close-up capture of the interactions 

between the 5’ end of hsa-miR-20a-5p (the 5’ phosphate group and the first nucleotide shown here) and the 

amino acid residues from the 5’ binding pocket of AGO2. Interacting protein side chains and hsa-miR-20a-5p are 

shown in stick style. (d) A simplified diagram shows the interactions between hsa-miR-20a-5p (positions 11-16 

are hidden here for simplicity) and the amino acid residues of the AGO2 protein. All the interactions are 

indicated according to the key. The same consistent coloring scheme is used throughout. (Adopted from Cell 

2012, 150(1):100-110)  
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Figure 1.3.7 An anticipated trajectory of guide (DNA) and target (RNA) strands beyond position 16 of guide 

strand in an Ago protein mutant D478N (lack of cleavage activity). The figure illustrates the spatial structure of 

the duplexed guide strand (21-nt DNA in red color) and target strand (19-nt RNA in blue color) in a Thermus 

thermophilus Ago mutant. Base-pairing of the guide strand at positions 17–19 (shown in dash line) is blocked by 

the N-terminal domain of Ago. Thus, a fork forms at this position. (Adopted from Nature 2009, 461(7265):754-

761)  
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Figure 1.3.8 The “rubber band model” for small RNA duplex loading onto Ago protein. The three columns 

illustrate the process of loading, unwinding and target binding for different small RNA duplexes: (a) siRNA 

duplex with perfect complementarity, and (b) miRNA-miRNA* duplex with partial complementarity. Column c 

shows the rubber band model; note that stretching of the tied rubber band requires energy. (Adopted from 

Trends in Biochemical Sciences 2010, 35(7):368-376)  
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1.3.2.4 MicroRNA decay 

Compared with studies of miRNA biogenesis and functions, studies of miRNA turnover and 

decay are relatively fewer. As a result, only an incomplete picture of miRNA turnover and 

degradation is now available. Previous studies have indicated that the stability of miRNA 

molecules is relatively high. After the depletion of miRNA processing enzymes or the 

inhibition of RNA polymerase II, the measured half-lives of mature miRNAs in tissues or cell 

lines can be many hours or up to many days, whereas the half-lives of miRNA precursors is 

few minutes only [256-258]. 

Some specific miRNAs have been found to decay at an elevated rate in particular 

circumstances. For example, miRNAs in retinal neurons degraded much faster than those in 

other non-neuronal cells in a study of miR-183/96/182 cluster, miR-204 and miR-211 in 

mouse retina in response to different light levels [258]. In fact, the rapid turnover of 

miRNAs in neurons was a common property of these cells and was linked to neuronal 

activity [258]. Another miRNA, miR-29b, was also found to decay rapidly in cycling 

mammalian cells, but not in mitosis-phase arrested cells [259]. This phenomenon may 

depend on a sequence motif at the 3’ end of miR-29b, which primarily directs miRNAs to 

nucleus. Interestingly, the nuclear localized miR-29b also showed a lower stability. In 

contrast, a paralogue miR-29a, which was co-transcribed with miR-29b and did not have 

such motif, did not undergo rapid degradation [259]. 

Furthermore, viral infection can also affect the stability of miRNAs. The level of miR-27a, 

but not two other co-expressed miRNAs, was dramatically reduced upon the infection of 

mouse cells by murine cytomegalovirus [260]. This suggests that the removal of miR-27a 

occurred after miRNA maturation. This miRNA exhibits an antiviral activity against murine 
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cytomegalovirus and its rapid degradation is most likely due to the induction of either 

virus-encoded or host-encoded factors [260]. 

Deep sequencing analysis of miRNA profiles in various cells has revealed that many of 

miRNAs have an untemplated addition of uracil or adenosine at their 3’ end post-

transcriptionally. MUT68 is a nucleotidyltransferase responsible for uridylating 3’ ends of 

small RNAs without requiring a template [261]. The enzyme exhibits in vivo uridylation 

activity in Chlamydomonas reinhardtii (an alga). The uridylated miRNAs can be degraded by 

RRP6 exosome in vitro. Impaired expression of either MUT68 or RRP6 also causes 

accumulation of miRNAs in Chlamydomonas reinhardtii. These results suggest that the two 

enzymes cooperate in promoting the decay of mature miRNAs [261]. Likewise, uridylation 

of miR-26a at its 3’ end by Zcchc11 nucleotidyltransferase results in functional repression 

of this miRNA by promoting degradation of this miRNA [262]. 

The 3’ end adenylation is another common modification of miRNA molecules. Addition of a 

single adenosine at the 3’ end of miR-122 by GLD-2 prevents the miRNA from degradation 

in human and mouse liver cells [263]. Similarly, ptc-MIR397 and ptc-MIR1447 families of 

Populus trichocarpa (a plant) miRNAs are also protected from exonucleolytic degradation 

by addition of adenosines at their 3’ end [264]. Moreover, the 3’ end of miRNAs with 2’-O-

methylation is also able to prevent miRNA degradation and uridylation in plants [265]. 

In reality, miRNAs can be degraded from the 5’ ends by 5’-to-3’ exonucleases or from the 3’ 

ends by 3’-to-5’ exonucleases. The enzyme 5'-3' exoribonuclease 2 (XRN2) possesses 5’-to-3’ 

exonuclease activity, and has been found to catalyze the decay of mature miRNAs in 

Caenorhabditis elegans [266]. Likewise, small RNA degrading nuclease (SDN) family 

possesses 3’-to-5’ exonuclease activity, and its members SDN1, SDN2 and SDN3 have been 
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found to play a role in mature miRNA degradation in Arabidopsis thaliana [267]. In fact, the 

degradation of miRNAs requires the release of miRNAs from the RISCs. Chatterjee et al. 

have revealed in Caenorhabditis elegans that XRN2 not only promotes the degradation of 

miRNAs, but also supports the release of the mature miRNAs from RISCs when miRNA 

target abundance is low [266]. These properties of XRN2 facilitate the turnover of Ago 

protein in RISC-induced gene silencing process and prevent the accumulation of miRNAs in 

cells [266]. 

1.3.3 Nomenclature of microRNAs and microRNA precursors 

The miRNA nomenclature scheme is based on suggestions given by Griffiths-Jones et al. in 

two publications [118, 119]. The primary rules of the nomenclature scheme are 

summarized as follows. (i) All the names of miRNAs start with a three- or four-letter prefix 

to indicate the species (e.g. hsa-miR-101-3p). (ii) This is followed by “miR” for mature 

sequences or “mir” for precursor stem-loops. (iii) Next, numerical identifiers are assigned 

to miRNAs sequentially. (iv) Mature miRNAs with only one or two positional differences are 

paralogous sequences. A lettered suffix immediately following the numerical identifier 

distinguishes these sequences (e.g. hsa-miR-15a-5p and hsa-miR-15b-5p). (v) A numbered 

suffix is given to miRNA precursors to differentiate stem-loop loci that encode the same 

mature miRNA (e.g. hsa-mir-16-1 and hsa-mir-16-2). (vi) The two different mature miRNAs 

originating from opposite arms of the same stem-loop precursor carry a suffix to indicate 

their relationship with the precursor: “5p” for the miRNA close to 5’ end of the precursor, 

and “3p” for the miRNA close to 3’ end of the precursor (e.g. hsa-miR-15a-5p and hsa-miR-

15a-3p). 
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1.3.4 MicroRNA related diseases  

The first miRNA-related disease, chronic lymphocytic leukemia (CLL), was discovered more 

than a decade ago by Calin’s group [159]. CLL is a hematological malignancy characterized 

by accumulation of phenotypically mature, but functionally impaired B-lymphocytes. These 

cells are activated B-lymphocytes that are defective in apoptosis and have low proliferation 

rate [268]. 

1.3.4.1 The discovery of two cancer associated miRNAs  

In early studies of CLL, genomic aberration is one of the major concerns. In practice, 

assessing the genomic aberration status is useful for disease classification. The genomic 

aberration del13q14 is the most frequent aberration (~50%) among all the aberrations 

identified in CLL. Moreover, the frequency of this deletion is similar in both Caucasian and 

Chinese CLL patients [154-158]. Furthermore, this deletion can also be found in many other 

types of cancers including solid cancers (e.g. prostate cancer, and head and neck squamous 

cell carcinoma) and other hematological malignancies (e.g. myeloma and lymphoma) [269]. 

These suggest that del13q14 is critical in cancer development and the genes located within 

this critical region may have an important function in tumor suppression. Several groups 

attempted to determine the minimal deleted region and characterize the genes located in 

this region [270-275]. One of the suspected components located within this region is a 

miRNA cluster. It encodes two miRNAs: hsa-miR-15a-5p and hsa-miR-16-5p [159]. 

Subsequent studies have confirmed the association of these two miRNAs with cancer 

development. 
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1.3.4.2 Despairing in miRNA target identification 

BCL2 is an anti-apoptotic protein, which is over-expressed in B-lymphocytes from CLL 

patients. This gene is one of the suspected targets for hsa-miR-15a-5p and hsa-miR-16-5p. 

First described by Cimmino et al. in 2005 [160], BCL2 is negatively regulated by hsa-miR-

15a-5p and hsa-miR-16-5p in CLL patients’ B-lymphocytes. Thereafter, this finding has also 

been confirmed by other groups [162, 276]. However, some other studies suggested that 

BCL2 was not the target of hsa-miR-15a-5p and hsa-miR-16-5p, or was only partially 

suppressed by these two microRNAs [161, 277, 278]. Several other genes regulated by 

these miRNAs in cell models or patients were also demonstrated by other groups although 

it was certain whether the inhibition was direct or indirect effect [162, 278, 279]. In other 

words, an ultimate answer for the direct targets of hsa-miR-15a-5p and hsa-miR-16-5p and 

the related mechanisms in leukemogenesis is still unavailable. 

There are several possible explanations for these discrepancies. First, differences between 

individuals may cause failure to replicate the findings in different cohorts of patients. 

Biological variation together with small sample size can be one of the reasons for the 

contradictory results. Another notable possibility is the presence of some unknown 

subtypes of patients within the group of patients with these two miRNAs. Second, the 

accuracy and coverage of prediction methods vary. Seed region perfect match, 

conservation between species, free energy of the miRNA-mRNA duplex, etc., are the 

frequent criteria considered in various miRNA target prediction algorithms. Each of these 

algorithms predicts several hundreds of targets for each miRNA. Because different 

algorithms have different combinations of criteria with different weights for each criterion, 

each prediction algorithm has their own set of predicted targets for each miRNA. However, 

many of these predicted targets are not the bona fide targets because these criteria cannot 



65 

 

precisely reflect the real situation in biology. For example, seed-region pairing is the 

criterion commonly considered in prediction algorithms. However, it was found that only 

55-75% of miRNA targets are seed-matched targets in recent high-throughput analyses of 

miRNA-mRNA duplexes associated with RISC [134, 280]. Third, prediction algorithms always 

pay a lot of attention to the sequence of miRNAs and its corresponding target sites; 

however, issues related to genes expressed specifically only in certain tissues and the 

sophisticated regulation of miRNA machinery are neglected. In addition, the regulatory 

mechanisms may vary with the conditions under study. For example, lin-4 miRNA only 

inhibits the expression of lin-14 during the early stages of larval development in 

Caenorhabditis elegans [281]. These may be the reasons for the difficulties encountered 

during the discovery of the miRNA targets. 

Indeed, it is difficult and challenging to identify and define the genes and the pathways that 

are regulated by miRNAs. However, this is the key to revealing the genuine function of 

miRNAs. Many different strategies have been proposed for miRNA target prediction, such 

as TargetScan [282] and PicTar [283]. These prediction methods are entirely based on 

computational algorithms only, and not supported by experimental data. Thus, if only 

computational algorithms are used to predict the target genes of hsa-miR-15a-5p and hsa-

miR-16-5p, the genuine biological processes involved may not be revealed. 

 

1.4 Computational prediction of microRNA targets 

Identification of miRNA targets in animal cells is one of the biggest challenges in miRNA 

research because miRNAs do not require perfect match to their targets to carry out their 

functions. Therefore, target identification is an extremely difficult task because we cannot 
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identify the target sites by simply matching the miRNA sequences to the transcriptome or 

genome of the corresponding species. Accordingly, target identification has usually been 

achieved by different prediction algorithms until quite recently. Then, the predicted targets 

are examined by in vivo experiments individually in the model(s) of interest. However, the 

work for miRNA target identification is still very difficult because the conventional 

experimental strategy (e.g. luciferase reporter assay) for demonstrating the exact binding 

relationship between miRNAs and target RNAs employs low-throughput and labor-

intensive experimental methods, and each miRNA may have several hundreds of predicted 

targets. 

Target prediction is only based on several criteria at all times. These criteria are usually 

determined by observations or common knowledge. This prediction strategy has limited 

accuracy and sensitivity, i.e. some of the predicted targets are not bona fide targets and 

some genuine targets are missed. For example, seed-region pairing is the criterion 

commonly considered in prediction algorithms. However, recent high-throughput analyses 

of RISC-associated miRNA-mRNA duplexes show that only 55-75% of miRNA targets are 

seed-matched targets [134, 280]. In addition, expression of miRNA and target RNAs is 

usually tissue-specific. This phenomenon implies that the targets confirmed in one tissue 

type may not be re-confirmed in another tissue type. Therefore, a correct tissue type is 

necessary when confirmation is attempted. 

Indeed, it is difficult and challenging to predict the targets of miRNAs. However, this is one 

of the most important strategies for revealing the genuine function of miRNAs. Many 

different prediction strategies have been proposed for target prediction for miRNAs, such 

as TargetScan and PicTar. Notably, these prediction methods are based only on 

computational algorithms and not supported by experimental data. If only computational 



67 

 

algorithms are used to predict the target genes of miRNAs, the genuine biological 

processes involved are most likely not revealed. Moreover, all computational prediction 

methods are not capable of identifying any synergetic effects or additive effects of miRNAs. 

Several important prediction algorithms are discussed in the following sections. 

1.4.1 TargetScan 

TargetScan is the first developed prediction algorithm for predicting mammalian miRNA 

targets. It was developed by Lewis et al in 2003 [282]. Its early release adopted two basic 

criteria. First, the algorithm seeks for seed matches at 3’ UTR of mRNA of the query 

organism such as humans. The definition of seed match is the full complementarity of 

miRNA positions 2 to 8 (the 7-mer seed region of miRNA) to anywhere in the 3’ UTR of 

candidate target mRNAs. The base-pairing does not consider wobble base-pairing. Second, 

the algorithm only accepts those predicted target sites that have orthologs in reference 

organisms (humans, mouse, rat and Fugu rubripes in its early release) [282]. Afterwards, 

TargetScan undertook a series of refinements for adapting the increased number of new 

miRNAs from different species and within species. These refinements increase the power 

of TargetScan in target identification, minimize false discovery, and provide a more user-

friendly interface (TargetScanS, a simplified version of TargetScan since release 3.0) [135, 

222, 284-287] The major changes are listed below. (i) Change the criteria of “seed match” 

from 7-mer only to accept 8-mer seed match and 6-mer match plus an adenosine at target 

site opposite to miRNA position 1 as well [222]. (ii) Add a context score to the prediction as 

a reference for reliability. This score considers 14 features (in release 7.1) in the 

surrounding region of candidate target sites, e.g. supplementary base-pairing, local AU 

content, and the length of 3’ UTR [284, 287]. (iii) Overhaul the searching preference for 

conservation of sequence motifs and add the probability of preferentially conserved 
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targeting (PCT) score to each candidate target site. This score reflects the estimated 

Bayesian probability that a target site is conserved across species due to selective 

maintenance of miRNA targeting [135]. With all these changes, the program is maintained 

as one of the most useful algorithm for target prediction to date. 

1.4.2 PicTar 

Probabilistic identification of combinations of Target sites (PicTar) is the second launched 

algorithm for predicting miRNA targets. This algorithm is built on hidden Markov model 

with the approach of maximum likelihood [283]. Like TargetScan, PicTar also considers the 

seed matches and target site conservation across different species in its algorithm. 

However, PicTar allows imperfect matching at the seed region of the miRNA and at the 

same time imposes a stringent free energy cutoff for imperfect seed pairings. In addition, 

PicTar has the added advantage that its algorithm takes into account the coordinate actions 

of multiple miRNAs: synergistic effect of miRNAs is assumed if predicted target sites are 

optimally spaced with each other, but antagonistic effect of miRNAs is assumed if predicted 

target sites overlap. PicTar’s scoring reflects these considerations, and is defined as 

likelihood ratio of observed/background [283]. The last update of PicTar is in March 2007. 

1.4.3 miRanda 

The miRanda algorithm is also commonly used for predicting target sites of miRNAs. This 

algorithm also uses criteria similar to those of TargetScan, and was initially built for 

predicting miRNA target sites in fly and humans [283, 288]. It first aligns miRNAs (the whole 

sequence of each miRNA) to the 3’ UTR of target mRNAs to recognize highly 

complementary sequences. Seed match is not compulsory in the alignment, but seed 

match has greater weight than pairing in other parts of each miRNA. Moreover, wobble 
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base pairing (GU base pairing) is also allowed. Then, the extracted candidates of target sites 

are filtered by heteroduplex free energy (evaluating the stability of the duplex). Lastly, 

conservation between species is also considered. All predicted targets are filtered based on 

evolutionary distance [283, 288]. This is the first algorithm considering the wobble base 

pairing in the prediction [283, 288]. 

1.4.4 PITA 

Although the stability between the miRNA and suspected target site is worth taking into 

consideration in the target site prediction, the accessibility of each suspected target is also 

important for prediction algorithm to consider. The accessibility of suspected target is 

reflected from the energy required for opening or unfolding the surrounding secondary 

structure of the target site. Lower energy input makes it easier to access the target site and 

vice versa. On top of the miRNA-target site stability, the Probability of Interaction by Target 

Accessibility (PITA) prediction also considers the unfolding free energy cost in its algorithm. 

Thus, the PITA algorithm takes into account two different stages of energy requirement. 

Similar to TargetScan, PicTar and miRanda, the PITA algorithm also considers the seed 

match. However, it allows users to specify the number of mismatches in the seed region. 

This additional feature enables flexibility in seed pairing and thus makes the algorithm 

potentially suitable for exploring new types of miRNA targets. The algorithm disregards 

cross-species conservation. In addition, PITA prediction is not restricted to 3’ UTR of the 

target mRNAs. It predicts target sites outside the 3’ UTR as well [289]. 

1.4.5 Rna22 

Similar to PITA, rna22 also does not consider cross-species conservation and allows users to 

specify the seed match criteria. Therefore, the algorithm enables the identification of non-
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conserved miRNA binding sites and allows the discovery of binding sites other than the 

type with seed match only [290]. Likewise, the rna22 algorithm permits the searching of 

miRNA target sites outside the 3’ UTR of genes [290]. Nevertheless, it has a fundamental 

difference in its target discovery procedure. It is a pattern-based algorithm for miRNA 

target identification. The concept is based on the use of salient sequence features, which is 

identified via comparing all known miRNAs, to identify the miRNA targets in the 

transcriptome [290]. Briefly, the algorithm first obtains the sequence information from 

Rfam database (an RNA database that collects non-coding RNAs including miRNAs). All the 

identical and nearly identical entries are first removed before the preparation of salient 

sequence features. Then, patterns of salient sequence features are recognized via intra- 

and inter-species comparisons. Only statistically significant sequence features are chosen 

for the next step in target identification. Subsequently, the selected patterns of sequences 

are converted to reverse complementary sequences and used to identify “target islands” 

from transcriptome via sequence alignment. Finally, the “target islands” are paired up with 

miRNAs. Stability of the resulted miRNA-target site heteroduplexes are considered in the 

algorithm as well [290]. 

 

1.5 Experimental identification of microRNA targets  

The effect of miRNAs is only demonstrated when they are used as the guided strands in 

RISC for guiding the complex to bind to the specified target sites. This binding may then 

recruit some other accessory factors, and elicit other subsequent changes and responses. 

Therefore, correct identification of genuine miRNA targets is critically important for 

studying the functions and effects of miRNAs. For miRNA target identification, 
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computational algorithms have contributed a lot because they are able to massively screen 

and predict miRNA target sites from the whole transcriptome. However, accuracy and 

sensitivity are the major drawbacks of computational prediction [134, 280] because these 

in silico prediction algorithms are based on criteria derived from previous observations or 

common knowledge only. A predicted miRNA target may not have any experimental 

support. Therefore, computational prediction algorithms can only be used as the tools for 

shortlisting the candidates of miRNA target for subsequent confirmation and 

characterization by appropriate experimental methods in a relevant model.  

Remarkably, different algorithms have different combinations of criteria with different 

weights for each criterion. As a result, each prediction algorithm produces its own set of 

predicted targets for each miRNA. This causes a huge problem in selecting targets of 

interesting miRNA(s) for validation. If we consider all the predictions from different 

algorithms, the number of the predicted targets will be very large. In contrast, if only the 

common targets predicted by all prediction algorithms are considered, some targets will be 

missed. Accordingly, sometimes we also combine gene ontology analysis in target selection. 

Gene ontology analysis helps to categorize the gene functions of the predicted targets and 

also provides hints in selection of candidate targets. However, gene ontology is not a 

perfect analysis because many genes are not fully studied. In addition, prediction 

algorithms always focus their attention to the sequence of miRNAs and its corresponding 

target sites while neglecting the real situation in biology. Thus, a predicted target 

confirmed in a particular model may not be confirmed in another model because the action 

of miRNAs is a complicated process and is regulated in many steps by many regulatory 

machineries (see Section 1.3.2). Therefore, validation of individual miRNA target by 

conventional experimental methods (e.g. luciferase reporter assay) is difficult because 
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there are so many uncertainties over inaccurate predictions. That is why our understanding 

of the effects of miRNAs is extremely limited. 

1.5.1 The beginning of experiment-based identification of microRNA targets 

Experimental approaches (e.g. microarray analysis and qPCR) that only demonstrate the 

association between miRNAs and mRNAs can be used to discover the relationships 

between miRNAs and the target genes. The principle of these approaches is based on two 

assumptions. First, the expression profile of cells in a steady state is quite stable and can be 

used as a reference. Second, miRNAs usually function as negative regulators for inhibiting 

the expression of target genes. With these assumptions, some research groups have 

applied microarray analysis to screen for miRNA targets on a massive scale. They first over-

express (knock-in) or inhibit (knock-down) the expression of a miRNA of interest in a 

selected model. They then compare the expression profiles between the miRNA-

manipulated cells and the reference (cells not experienced any manipulations) by 

microarray analysis to pinpoint the target genes of that miRNA [148, 291-293]. Other than 

the microarray experiment, 2-D gel electrophoresis has also been used for identifying 

miRNA targets in a similar fashion [291]. However, these experiments cannot discriminate 

direct and indirect effects of miRNAs (see Section 1.3 for miRNA direct and indirect effects). 

In contrast, experimental approaches that demonstrate the binding between miRNAs and 

the 3’UTR of mRNAs can be used to confirm whether it is a direct effect or not, and are 

exemplified by luciferase reporter assay and Argonaute high-throughput sequencing of 

RNAs isolated by crosslinking immunoprecipitation (Ago HITS-CLIP) (see below). The 

luciferase reporter assay is a conventional approach for validating miRNA targets. 

Researchers usually use luciferase reporter assay to confirm whether their finding is a 
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direct or an indirect effect. The basic principle of this method involves the transfection of a 

plasmid into a selected model; the plasmid carries a luciferase gene as the reporter gene 

and the sequence of the putative miRNA target site at the 3’ UTR of the luciferase gene. 

Under the additional transfection of corresponding mature miRNA (duplex form) or other 

relevant construct (e.g. pre-miRNA or plasmid encoding mature miRNA) into the above 

transfected model, the expression of luciferase will be reduced when the target site of 

interest is truly for that particular miRNA. The expression of luciferase can be quantified by 

measuring the bioluminescence (yellow-green light) produced from its substrate (luciferin). 

Unfortunately, a miRNA may have several hundreds or even thousands of predicted direct 

targets [93, 294]. Therefore, validation of miRNA targets by luciferase reporter assay is a 

time-consuming and labor-intensive approach. 

In the second approach, several groups attempt to invent some new methods to identify 

miRNA targetome experimentally. The suffix “-ome” refers to a concept of totality in 

biology. The word “miRNA targetome” describes all the targets of miRNAs in a specific cell 

type, tissue or even organism. Different cell types or a specific cell type under different 

conditions may have different miRNA targetomes. Therefore, studying the targetome is 

much more advanced than studying miRNA targets one by one. Moreover, large-scale 

studies are the trend in future investigations, just like studying genome, transcriptome, etc. 

Several important methods have been developed for studying miRNA targetome or RNA-

RNA interactome. These methods are summarized in  

 

 

Table 1.5.1 and described in the following sections.  
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Table 1.5.1 A summary of methods for identifying genome-wide miRNA targets. 

Method 
a
 

Transcriptome-

wide detection 

of miRNA 

targets 

Detecting exact 

correspondence 

between miRNAs 

& targets 

UV 

Wavelength 

for 

crosslinking 

Special chemical used 

(Chemical name) 

HITS-CLIP Yes No 254nm No 

PAR-CLIP Yes No 365nm Yes 
(4-thiouridine) 

iCLIP Yes No 254nm No 

CLASH Yes Yes b 254nm No 

MARIO No c Yes d 254nm No 

PARIS Uncertain Uncertain e 365nm f Yes 
(4’-aminomethyltrioxsalen) 

a HITS-CLIP High-throughput sequencing of RNAs isolated by crosslinking immunoprecipitation 
 PAR-CLIP Photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation 
 iCLIP Individual-nucleotide resolution crosslinking and immunoprecipitation 
 CLASH Crosslinking, ligation, and sequencing of hybrids 
 MARIO Mapping RNA interactome in vivo 

PARIS Psoralen analysis of RNA interactions and structures 

b For CLASH, the representativeness of exact correspondence between miRNAs and their target is 
doubtful. 

c For MARIO, the method discards all the non-chimeric sequences when the library is prepared. 

d For MARIO, the representativeness of exact correspondence between miRNAs and their target is 
doubtful. 

e For PARIS, the method intends to discover the RNA structurome (or structome). Theoretically, it 
can be used to detect most of the RNA-RNA interactions. 

f For PARIS, light of 254 nm is used to reverse the crosslinking. 
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1.5.2 HITS-CLIP 

Next-generation sequencing (NGS) is a sequencing method able to sequence an extremely 

large number of pooled sequences in parallel. It has significantly improved the current 

sequencing method and enabled sequencing on a genomic scale in a much shorter time 

and at a much lower cost. By taking advantage of NGS, Darnell’s group successfully 

developed the method Argonaute High-Throughput Sequencing of RNAs Isolated by 

Crosslinking Immunoprecipitation (Ago HITS-CLIP) in 2009 – the first method of identifying 

miRNA targetome experimentally [134]. 

This method combines ultraviolet-crosslinking techniques, protein immunoprecipitation, 

and NGS [134]. Briefly, the method covalently crosslinks in vivo interacting RNA and RNA-

binding protein (close enough for crosslinking) by 254 nm ultraviolet (UV) light stimulation. 

This crosslinking step also crosslinks the effecting Argonaute complex (the interacting 

miRNA-target RNA-Argonaute protein) covalently. The experiment starts with cells or 

tissues that have been disrupted into small pieces. After the UV light crosslinking step, the 

cells or tissues are lysed in an appropriate buffer that is compatible with 

immunoprecipitation in the next step (Figure 1.5.1). Immunoprecipitation is carried out by 

adding an appropriate amount of magnetic beads coated with anti-Ago antibody. These 

magnetic beads serve to capture the Argonaute protein from the protein lysate. Therefore, 

the Argonaute protein that is crosslinked with miRNA and target RNA is also captured by 

the beads. Subsequently, RNase A is used to trim away the target RNA segments protruding 

from the Argonaute protein complexes (on-bead process). Ligation of radiolabeled 3’ 

adaptor to the 3’ end of the target RNAs is performed after the 3’ end of the target RNAs 

have been repaired (dephosphorylated) by calf intestinal alkaline phosphatase (on-bead 

process). The 5’ end of the target RNAs is then phosphorylated by T4 polynucleotide kinase 
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(on-bead process). Next, the Argonaute protein complexes are eluted from the beads and 

the eluate is then separated by protein gel electrophoresis. The gel band (a smear) with the 

expected size and containing the Argonaute protein complexes is cut out for recovering the 

targeted Argonaute protein complexes. Then, the Argonaute protein in the complex is 

digested by proteinase K. Next, the 5’ adaptor is ligated to the 5’ end of the target RNA. 

Finally, RT and PCR amplification are performed to finish the targetome library preparation. 

The library is ultimately sequenced by NGS [134]. Figure 1.5.1 shows the procedure of HITS-

CLIP. 

In fact, this technique has provided a great opportunity to discover miRNA target sites 

directly, which circumvents failure caused by predictions. However, this method is unable 

to detect the exact correspondence between miRNAs and their targets.  
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Figure 1.5.1 The experimental scheme of Ago HITS-CLIP. See Section 1.5.2 for details. (Adopted from Nucleic 

Acids Res 2011; 39 (16): 6845-6853)  
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1.5.3 PAR-CLIP 

Photoactivatable Ribonucleoside-enhanced Crosslinking and Immunoprecipitation (PAR-

CLIP) is a modified version of HITS-CLIP. The general procedure of PAR-CLIP is very similar 

to that of HITS-CLIP, though with some minor revisions. The method also includes UV-

crosslinking, protein immunoprecipitation, and NGS [295, 296]. The major difference 

between PAR-CLIP and HITS-CLIP is that the former approach uses 4-thiouridine (4SU) 

(Figure 1.5.2a), a photoactivatable ribonucleoside analogous to uridine, to enhance the 

crosslinking efficiency in covalent crosslinks between the interacting RNA and RNA-binding 

protein under the induction of 365 nm UV light [295, 296]. As the result, the yield of RNA-

protein crosslinked complexes is much higher in PAR-CLIP than in HITS-CLIP and the 

prepared library is much more representative in PAR-CLIP than in HITS-CLIP accordingly 

[295]. This uridine analog can be taken up by cells and further utilized by RNA polymerases 

to produce RNAs. Therefore, the uridine residues in the produced RNAs can be replaced by 

4SU incidentally. 

In this method, an appropriate concentration of 4SU is added to the cells during culturing. 

After the addition of 4SU, the cells are allowed to grow in culture for enough time so that 

they can uptake and utilize the 4SU for RNA synthesis (Figure 1.5.2b). The final 

concentration of 4SU in the cultured cells and the incubation time have to be optimized for 

each particular cell type. Normally, the optimal 4SU concentration and incubation time are 

100 µM and 14 hours respectively [295, 296]. Figure 1.5.2b shows the complete scheme of 

PAR-CLIP experimental protocol. 

Other than the advantage of enhanced crosslinking efficiency, the method also reveals the 

exact binding site of the RNA-binding proteins. Through data analysis, the team inventing 

PAR-CLIP has discovered that only the crosslinking sites in isolated RNAs are apparently 
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converted from T to C during cDNA synthesis with the isolated RNA templates. Therefore, 

PAR-CLIP can be used to locate the crosslinking sites precisely via mutational analysis. The 

crosslinking sites actually represent the binding sites of RNA-binding proteins [295, 296]. 

Like HITS-CLIP, this technique can be used to discover miRNA target sites directly in a much 

precise manner while preventing failure caused by computational predictions. However, 

this method is not capable of detecting the exact correspondence between miRNAs and 

their targets either.  
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Figure 1.5.2 The experimental scheme of PAR-CLIP. (a) The chemical structure of 4-thiouridine and the 

ordinary uridine. (b) The exact experimental procedure of PAR-CLIP. (Adopted from Cell 2010, 141(1):129-141) 



81 

 

1.5.4 iCLIP 

Individual-nucleotide Resolution Cross-linking and Immunoprecipitation (iCLIP) is a method 

intended for identifying exact binding sites of RNA-binding proteins [297, 298]. In fact, this 

primary purpose happens to be one of the advantages of PAR-CLIP. Similar to the above 

two methods, the procedure of iCLIP also includes UV crosslinking and 

immunoprecipitation in the library preparation [297, 298]. However, there are some 

differences in iCLIP. After the effecting Argonaute protein complexes have been captured 

by anti-Argonaute antibody-coated magnetic beads and the flanking RNAs trimmed away 

by RNase I, a 3’ adaptor is ligated to the 3’ end of miRNA targets (Figure 1.5.3). This adaptor 

is complementary to the primer for reverse transcription (RT) and hence enables the 

following RT step to occur. Subsequently, proteinase K is used to remove the Argonaute 

protein from the complexes. In fact, the removal of the Argonaute protein by proteinase K 

is an incomplete process. A small residue is usually retained at each crosslinking site on the 

isolated RNAs. These small residues are big hindrances to any reverse transcriptase used in 

cDNA synthesis and thus terminate RT immediately in front of the crosslinking sites. The 

cDNAs are then circularized by self-ligation. The circularized cDNAs are cleaved by a 

restriction enzyme at an internal site of the RT primer. Finally, the linearized cDNAs are 

amplified by PCR and the amplified products (the library) sequenced by NGS; note that the 

library represents the isolated target RNAs [297, 298]. Figure 1.5.3 shows the scheme of 

iCLIP experimental protocol. 

An advantage of iCLIP is the simplified ligation steps. It replaces the 5’ adaptor ligation step 

with the self-ligation step. In this ligation step, no matter the reverse transcribed cDNAs are 

self-ligated or ligated to other cDNA molecules, the ligated products can still be amplified 

by PCR and sequenced by NGS. Therefore, the ligation efficiency is much better than 5’ 
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adaptor ligation because only inter-molecular ligation is valid in 5’ adaptor ligation. 

Theoretically, the number of representative molecules can be improved under this setting. 
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Figure 1.5.3 The experimental scheme of iCLIP. See Section 1.5.4 for details. (Adopted from Nat Struct Mol 

Biol 2010, 17(7):909-915)  
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1.5.5 CLASH 

Unlike the three methods described above, the method Crosslinking, Ligation, and 

Sequencing of Hybrids (CLASH) is the first method that not only discovers the target sites of 

effecting Argonaute complexes, but also detects the exact correspondence between 

miRNAs and their target sites [299]. This method was first developed for studying protein-

mediated RNA-RNA interactions by Tollervey’s group in 2011 [300]. With some minor 

modifications in 2013, the method was adapted for the investigation of interactions 

between miRNAs and their target sites [299]. The concept of CLASH is highly related to the 

chromosome conformation capture (3C) method (a chromosome conformation mapping 

technique) [301]. The CLASH method can be regarded as an RNA version of 3C for 

identifying the protein-mediated interactions between RNA segments instead of DNA 

segments. 

UV crosslinking is also required in CLASH (Figure 1.5.4). After the crosslinking step, the 

effecting Argonaute complexes are isolated by anti-Argonaute antibody-coated magnetic 

beads. The target RNA segments protruding from the Argonaute protein are then removed 

by RNase digestion. Next, the 5’ hydroxyl end of the target RNAs is repaired 

(phosphorylated) by T4 polynucleotide kinase. Within each individual complex, the 

interacting RNA-RNA inter-molecular ligation is subsequently accomplished by the use of T4 

RNA Ligase 1 (key step). To prevent inter-complex ligation, the ligation must be performed 

under an appropriately dilute condition in which the distance between complexes is large 

enough to prevent such unwanted ligation. Then, ligation of 3’ adaptor and 5’ adaptor is 

sequentially carried out. Separate treatment with shrimp alkaline phosphatase and T4 

polynucleotide kinase is required to convert the 3’ and the 5’ ends of target RNAs to the 

suitable forms for ligation respectively and individually before each ligation. The Argonaute 
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protein is removed by proteinase K. Reverse transcription and library amplification by PCR 

are performed to complete the library preparation. Finally, the prepared library is 

sequenced by NGS (Figure 1.5.4). There are three kinds of reads in the sequencing results: 

(i) the chimeric reads in which each of them represents one pair of interacting miRNA and 

target RNA-binding site; (ii) miRNA reads, which represent miRNAs; and (iii) target-site 

reads, which represent the target sites of miRNAs [299]. 

Obviously, CLASH has the advantage that it is able to identify the exact correspondence 

between miRNAs and miRNA target sites through analyzing the sequence information from 

chimeric reads. However, only less than 2% of reads are chimeric reads and more than 10% 

of these chimeric reads are fake chimeras as reported by the research team [299]. In fact, 

the researchers have conducted a method evaluation to study the reliability of the chimeric 

reads because inter-complex ligation could still occur even in a very dilute condition. To 

investigate this uncertainty, they mixed two isolated Argonaute complexes from two 

distinct species and then proceeded with the CLASH protocol. The results showed that 

more than 10 % of chimeric reads were cross-species chimeric reads, indicating that more 

than 10% of the miRNA targets identified by CLASH are not genuine [299]. 

In summary, the CLASH method is the first method developed for identifying miRNA target 

sites with the advantage of showing the exact correspondence between miRNAs and their 

targets. However, the ability of CLASH to achieve its goal is quite limited because only an 

extremely small fraction of interacting miRNA-target site duplexes can be ligated by CLASH. 

The minute fraction of chimeric reads and the presence of fake chimeric reads dictate that 

the miRNA target sites identified by CLASH are not good enough for representing the whole 

profile of the exact interacting Argonaute-miRNA-target site complexes. This is most 

probably caused by the inefficient ligation step (the interacting RNA-RNA inter-molecular 
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ligation). In fact, unlike the setting in studying chromosome conformation, studying the 

effecting RISC complex is a very different situation. Two major differences are also the 

problems underlying CLASH. First, both the 5’ and the 3’ ends of a miRNA are anchored 

inside two individual binding pockets in a RISC (see Section 1.3.2 and Figure 1.3.6). Even 

though the 3’ end of the miRNA may be transiently released from the 3’ binding pocket 

during RISC-mediated cleavage of target RNA, the short length of released segment and the 

huge spatial hindrance will most likely prevent the 3’ end of the miRNA from undergoing 

ligation. In addition, most of the miRNA-target RNA duplexes in animals contain central 

mismatches, which prevent RISC-induced target cleavage. Thus, the 3’ end of the miRNAs in 

the effecting RISC complexes is under conditions unfavorable for ligation. Second, unlike 

the 3C method for studying the protein-mediated DNA-DNA interactions, CLASH focuses on 

protein-mediated RNA-RNA interactions. In fact, the flanking DNA segments are in duplex 

form while the protruding RNA segments are single-stranded. Therefore, the protruding 

RNA segments are potentially able to form some unexpected intra- or inter-molecular 

secondary structures. These secondary structures may pose physical hindrance to the ends 

for ligation. The most apparent secondary structure that prevents the ligation between the 

3’ end of the miRNA and the 5’ end of the target site is the miRNA 3’ end base-pairing, i.e. 

the 3’ end of the miRNA is complementary to its target. Indeed, these two major problems 

limit the ability of CLASH to reveal the miRNA-target site exact correspondences. Likewise, 

these are the critical difficulties pending for solutions in CLASH.  
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Figure 1.5.4 The experimental scheme of CLASH. See Section 1.5.5 for details. (Adopted from Cell 2013, 

153(3):654-665)  
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1.5.6 MARIO 

Mapping RNA interactome in vivo (MARIO) is a method proposed to study protein-

mediated RNA-RNA interactions. This method was first reported in 2016 [302], five years 

after CLASH. Like CLASH, MARIO can also potentially be used to identify miRNA-target site 

interactions in exact correspondence. However, unlike CLASH, MARIO requires the 

insertion of a biotinylated short linker between the two interacting RNAs in RNA chimera 

construction. The chimeras can thus be enriched from the sample by this biotinylated short 

linker (Figure 1.5.5) [302]. The chimera enrichment is a very distinctive advantage of 

MARIO. 

First of all, the experiment starts with crosslinking the interacting RNA-protein complexes 

by UV light in vivo. Then, the cells are lysed in a lysis buffer. RNA digestion, protein 

denaturation and protein biotinylation are performed successively (Figure 1.5.5). In order 

to prevent the RNA-protein complexes of interest from coming too close with each other 

on the capturing beads, immunoprecipitation is carried out by adding excess amount of 

streptavidin beads and under a low protein concentration condition. Subsequently, a 

biotinylated RNA linker is ligated to the 5’ end of the co-purified RNAs. Next comes the 

proximity ligation of the linker-ligated RNA to the 3’ end of the interacting partner. 

Proteinase is used to remove the proteins from the protein-RNA complexes and then all the 

remaining RNAs are purified by conventional phenol/chloroform/isoamyl alcohol method. 

With the intention of chimera enrichment, a DNA oligo complementary to the biotinylated 

RNA linker is added to the purified RNAs. This DNA oligo would form duplex with the RNA 

linker. T7 exonuclease (an exonuclease with RNase H activity) is added to the mixture to 

remove all the end-located biotinylated RNA linkers, but not the linkers located internally. 

Then, all the chimeras can be easily enriched by streptavidin beads. Finally, the enriched 
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chimeras are processed for adaptor ligation, reverse transcription, PCR and sequencing 

(Figure 1.5.5) [302]. The cross-species analysis conducted by the original group has found 

that about 2.5% to 6.8% of chimeras are fakes [302]. 

Compared with CLASH, MARIO has the advantage that it is specifically design to enrich the 

chimeras. This feature dramatically reduces the consumption of sequencing capacity for 

the non-chimeras, which is the major RNA population in the reaction mixture. Moreover, 

MARIO treats the cell lysate under a harsh condition before the ligation step of generating 

chimeras. Under such a condition, the proteins of the protein-RNA complexes may be 

denatured. Therefore, this treatment may release the RNAs from the complexes and 

facilitate the subsequent ligation. However, this strategy demands that both of the two 

interacting RNAs are crosslinked to the protein. Regrettably, current crosslinking methods 

are not efficient. Therefore, this approach fails to capture a large portion of the complexes 

in which only one of the RNA strands is crosslinked. Indeed, the structure of these 

complexes may still be stable enough for analysis because the non-crosslinked strand is 

stabilized by base-pairing with the crosslinked strand. 

On the other hand, MARIO used by the original group has discovered only two hundred 

miRNA-target RNA interactions in the test cell model (including 100 miRNA-mRNA 

interactions and 100 miRNA-snoRNA interactions). This study actually investigated the 

complete interactome of all protein-mediated RNA-RNA interaction. Therefore, the few 

discoveries of miRNA-target RNA interactions might be due to the competition from other 

highly abundant interactions such as mRNA-snoRNA interaction (the most abundant 

interactions with several tens of thousands being detected), mRNA-mRNA interaction 

(nearly ten thousands) and mRNA-tRNA (nearly five thousands). If this is the only reason, 

then the miRNA-target RNA interactions can be enriched by simply applying an additional 



90 

 

step of enriching the Argonaute protein when this kind of interaction is the focus of study. 

However, this observation can also be explained in another way. In fact, MARIO uses the 

enrichment strategy to overcome the low abundance of chimeras in the total isolated RNA. 

This strategy also implies that the spatial hindrance from the protein (even though the 

protein is denatured) or the unexpected forms of intra- or inter-molecular secondary 

structures on the protruding RNA segments is still big enough for rejecting ligation (i.e. the 

ligation efficiency is still low). Especially for small RNAs, the spatial hindrance is extremely 

huge because of their relatively small size in the protein-RNA complexes. Furthermore, the 

entire sequences of miRNAs, siRNAs and piRNAs tend to be complementary to their targets 

in all these interactions involving small RNAs even though mismatches may be present in 

some cases. These secondary structures may further prevent or inhibit inter-molecular 

ligation. In contrast, these two effects are less serious for long RNA-long RNA interactions 

because their size relative to the protein is big and their length can carry the ends farther 

away from the protein to allow for ligation. These different hindrances may also contribute 

to the divergent proportions for different types of chimeric sequences identified by MARIO. 

If this is really the major cause of the bias, the anticipated ligation efficiency of miRNA-

target site must be extremely poor in MARIO and enrichment of Argonaute may not help in 

discovery of the miRNA-target site interactions. In fact, the enrichment step substantially 

supported this anticipation. 

Chimera enrichment is a strategy for overcoming the consumption of sequencing capacity 

by the major population of non-chimeras, but is not a good strategy. Obviously, the 

enrichment of chimeras still cannot overcome the representation bias of the library 

prepared by MARIO. This means that the small number of obtained chimeras is not enough 

for representing the entire population of interacting RNA pairs. From this viewpoint, 

MARIO is quite similar to CLASH. The enrichment may only provide limited advantage to 
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MARIO. Therefore, MARIO may not have a great advantage over CLASH in identifying 

miRNA interactome. Apparently, a better strategy for overcoming the undesirable 

consumption of sequencing capacity is to enhance the ligation efficiency because the 

number of representative chimeras can be elevated only if the ligation efficiency is 

enhanced.  
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Figure 1.5.5 The experimental scheme of MARIO. See Section 1.5.6 for details. (Adopted from Nature 

Communications 2016, 7:12023)  
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1.5.7 PARIS 

Similar to Mario, Psoralen Analysis of RNA Interactions and Structures (PARIS) is a method 

proposed to study interactions between RNAs in living cells by Chang’s group in 2016 [303], 

the same year that MARIO was reported. Unlike Mario and CLASH, the preparation of 

chimeric sequence library in this method requires the process of chemical-assisted duplex 

stabilization. The chemical used in this method is 4’-aminomethyltrioxsalen (AMT), which is 

a psoralen derivative. Unlike the case with 4-thiouridine, which is used in PAR-CLIP, 

crosslinking mediated by AMT is photo-reversible. The crosslinking can be activated by 

irradiation with 365 nm UV and reversed by irradiation with 254 nm (Figure 1.5.6). 

Furthermore, 4-thiouridine is an analog of uridine. This compound can be utilized by cells 

and hence become incorporated into the RNAs that the cell produced (bound to RNA 

internally). On the other hand, AMT-mediated crosslinking works via the intercalation of 

AMT into the RNA duplexes and is subsequently activated by covalent crosslinking between 

AMT and the duplexes by irradiation with 365 nm UV (bound to RNA duplexes externally). 

The experiment of PARIS begins with adding an appropriate concentration of AMT to the 

cultured cells and allows the culture to continue for a suitable time for AMT to be taken up 

by the cells. The cells are then crosslinked by irradiation with 365 nm UV for 30 minutes. 

Cell lysate is prepared by disrupting the cells in 3 volume of urea/SDS buffer after the 

crosslinking. For each 20 millions of cells, 200U of S1 nuclease (Thermo Scientific) is added 

for digesting the single-stranded portion of RNA into the length suitable for subsequent 

proximity ligation. S1 nuclease is an endonuclease that preferentially digests single-

stranded nucleic acid, but also digests double-stranded nucleic acid when the 

concentration of the enzyme is high. This enzyme can be used for removing single-stranded 

termini protruding from double-stranded nucleic acid. After the digestion, proteinase K is 
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used to release all the RNAs from proteins to facilitate RNA purification by Trizol. 

Subsequently, ShortCut RNase III (4-8U, NEB) is used to digest each of 20 μg of Trizol-

purified RNA in a 50-μl reaction. This RNase is a double-stranded RNase for reducing the 

size of the double-stranded portion of the RNA in PARIS. The sequential order of the above 

four steps (S1 nuclease-proteinase K-Trizol purification-ShortCut RNase III) is very critical to 

the success of PARIS. Actually, the RNA after AMT-mediated crosslinking is not favorable to 

general Trizol purification protocol because the molecular size of the RNAs becomes 

extremely big. These “giant RNA” molecules may further aggregate together and result in 

reduced solubility (this may be the reason why the crude sample is viscous). Thus, RNase 

treatment is necessary prior to Trizol purification. The digestion of RNA by RNase can 

efficiently reduce the molecular size of the “giant RNA”. In addition, digesting the single-

stranded portion of the “giant RNA” is more efficient in reducing the size of the “giant RNA” 

than digesting the double-stranded portion of the “giant RNA”. It is because most of the 

RNAs are single-stranded. Accordingly, the “giant RNA” is mainly in single-stranded form as 

well. Therefore, we can expect that S1 nuclease-proteinase K-Trizol purification-ShortCut 

RNase III is better than ShortCut RNase III-proteinase K-Trizol purification-S1 nuclease. 

Furthermore, putting both RNase digestion steps in front of proteinase K-Trizol purification 

may not be very appropriate either. There are two reasons. First, the optimization can 

become very complicated because the efficiency and working condition of the two RNases 

are different. Second, the small size of the RNA causes reduced recovery of RNA by alcohol 

(ethanol or isopropanol) precipitation of RNA from aqueous phase that is obtained from 

Trizol extraction (the solubility of RNA in alcohol would increase when the size of the RNA is 

extremely small, e.g. ~20 nt RNA). 

Next, special two-dimensional gel electrophoresis is used to isolate the crosslinked RNAs. 

This electrophoresis procedure consists of a non-denaturing gel electrophoresis for the first 
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dimension and a denaturing gel electrophoresis for the second dimension. The RNA 

sequences would migrate at different speed in the two dimensions if the RNA sequences 

contain uncrosslinked double-stranded structure. Only the RNA with crosslinked double-

stranded structure or without secondary structure would have similar mobility in the two 

dimensions and results in locating these RNAs at the diagonal position of the gel after 

separation. Notably, the location is shifted slightly in the real situation because the mobility 

is slightly lower in denaturing gel than in non-denaturing gel. A control sample without 

AMT treatment or crosslinking can be utilized as a reference for localizing the RNAs of 

interest. The gel containing the crosslinked RNAs is then excavated and crushed for RNA 

recovery. This procedure effectively removes the majority of unwanted RNAs. 

After the crosslinked RNA fragments have been purified, proximity ligation is used to 

conjugate the interacting RNAs (RNA in the same duplex with crosslinking) together. Here, 

proximity ligation is conducted under a very stringent condition (e.g. low concentration of 

RNA, limited ligase, limited ATP, etc.) so that ligation only occurs between neighboring 

RNAs (interacting RNAs), but not inter-RNA duplexes. Furthermore, the ligation here is also 

needed to prevent the circularization of the interested RNAs (both open ends are ligated). 

Then, the RNA sample has to be purified again by alcohol precipitation. In order to reverse 

the crosslinking and linearize the RNAs of interest, RNA sample is exposed to 254 nm UV for 

15 minutes. Finally, a reverse transcription adaptor is ligated to the linearized RNAs. A 

primer complementary to the adapter is used to convert the linearized RNAs to cDNA 

library. The cDNA library can then be sequenced by next-generation sequencing. 

Based on the underlying principle, PARIS can be used to identify the interactome of RNAs in 

vivo via the use of AMT to stabilize the interacting RNAs. However, this strategy is more 

favorable to RNA-RNA interactions that do not involve protein binding substantially. For 
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those protein-mediated RNA interactions, this strategy may not be suitable. Unlike 4-

thiouridine, which is bound to RNA internally, AMT needs to bind to the interacting RNA 

externally. However, the protein that binds the interacting RNA may prevent the binding of 

AMT into the duplex and hence the crosslinking of RNA. For example, PARIS is not able to 

identify miRNA-target RNA interaction [303]. In fact, each of the interactions between 

proteins and specific region of their ligands usually requires multiple anchoring points for 

recognizing the specific site and stabilizing the binding. In other words, the space between 

a binding pocket of a protein and its corresponding ligand is extremely narrow and most 

likely not enough for an extra compound getting in between. This may explain why PARIS is 

not suitable for identifying protein-mediated RNA interactions. 
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Figure 1.5.6 The experimental scheme of PARIS. See Section 1.5.7 for details. (Adopted from Molecular Cell. 

2016; 63(2): 186-189.) 
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1.6 RNA Interactome Identification by Next Generation Sequencing 

(RIINGS) 

With regard to the restrictions and limitations of the current experiment-based methods 

for identifying microRNA targets, this study primarily aimed at inventing a comprehensive 

method for identifying miRNA interactomes. Based on a different principle, the proposed 

method potentially enhances the generation of microRNA-target RNA chimeras from all 

interacting pairs during library preparation. In order to develop the current method, 

several critical techniques have been developed and evaluated. 

First, a novel approach to conjugating the interacting miRNA-target RNA via a stem-loop 

adaptor has been developed and evaluated in a set of mock experiment. Second, a pair of 

“repairers” with enhanced ability to repair the mismatches at 5’ and 3’ ends of miRNA in 

the miRNA-interacting duplexes has been invented and evaluated in another set of mock 

experiment. Third, an approach to enhancing the ligation of an adaptor to the 3’ end of 

target RNA has been evaluated. This approach not only is suitable for the “Stem-Loop 

Adaptor (RNA)” ligation in this method, but also can be used in other RNA interactome 

identification methods, e.g. HITS-CLIP and PAR-CLIP. However, the invention of “Library 

Enrichment Beads” (magnetic beads), which are capable of both capturing the interacting 

microRNA-target RNA duplexes and eluting the captured sequences under an extremely 

mild and non-denaturing condition, is still in progress. Currently, the capturing ability has 

been solved in general whereas the elution part is still undergoing testing. In fact, these 

beads can also be applied to other applications that require on-bead manipulations of 

nucleic acids if they are successfully developed. On the other hand, mass spectrometry 

analysis has revealed that the purity of immunoprecipitated Argonaute complexes is good 

enough for evaluating the current method directly. Furthermore, melting curve analysis has 
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found that the melting peak of miRNA-target RNA duplexes is about 40℃ and re-annealing 

of melted duplexes is probably impossible once they are melted. This evidence supports 

the feasibility of the current method. The conditions for immunoprecipitation, Stem-loop 

Adaptor ligation, Re-attaching Adaptor ligation, RNA fragmentation, UV crosslinking and 

proteinase K digestion have been well optimized. 

All in all, the development of the current method is almost finished. Only a few 

optimizations of the step of “Library Enrichment Beads” are still pending for completion. 

This is a method potentially capable of identifying the complete interactome of microRNAs 

in a specific cell type or tissue, and revealing the interactome changes in different 

physiological states of cells. Furthermore, the method may also be used to identify other 

protein-mediated nucleic acid interactions. This new method is called RNA Interactome 

Identification by Next Generation Sequencing (RIINGS). 

1.6.1 Features and rationale of RIINGS 

The RIINGS experiment starts with cells or tissues that have been disrupted into small 

pieces. Like the other RNA interactome identification methods, RIINGS also requires 

crosslinking, immunoprecipitation and RNA digestion. 

Crosslinking can be achieved by 254 nm UV light or 365 nm UV light with the assistance of 

4-thiouridine (4SU). In the latter crosslinking method, the treatment time and the 4SU 

concentration must be optimized for each type of cells. Tissue samples may not be suitable 

for crosslinking by the latter method because 4SU may not be taken up by the cells in tissue. 

After crosslinking, the cells or tissues are lysed in a non-denaturing buffer in order to keep 

the targeted RISCs intact (intact in native form). The action of this step must be mild 

enough to prevent the loss of complexes with only one of the two RNA strands being 
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crosslinked (see the discussion in Section 1.5.6). The targeted RISCs are then isolated from 

the crude lysate by immunoprecipitation by using anti-Argonaute antibody-conjugated 

magnetic beads. The antibody used in RIINGS is an antibody that particularly captures the 

non-denatured (native) Argonaute proteins. After immunoprecipitation, sequential ligation 

of miRNA 5’-mismatch repairer and then miRNA 3’-mismatch repairer is performed 

because both ends of the miRNA might stick out from the Argonaute protein. This ligation 

step can prevent the unwanted ligation of “Stem-Loop Adaptor (RNA)” and “Re-attaching 

Adaptor” to the miRNA ends protruding from the RISCs (though the probability is low) in 

the subsequent ligation steps. Then, RNA digestion is performed to trim the RNAs 

protruding from the RISCs to a length sufficient for adaptor ligation. In fact, crosslinking 

immunoprecipitation and protruding RNA trimming are based on previous methods, e.g. 

HITS-CLIP and PAR-CLIP. These steps are commonly used in all of the methods for studying 

protein-mediated RNA interactions. However, subsequent procedures are original and 

unique to RIINGS, including the use of stem-loop adaptor for connecting the interacting 

miRNA-target RNA (main idea of RIINGS). 

“Re-attaching Adaptor” and “Stem-Loop Adaptor (RNA)” are ligated sequentially in this 

order to the 5’ end and the 3’ end of the target site RNA sequences respectively. The “Re-

attaching Adaptor” is used to recover the RNA duplexes from proteinase-K-containing 

buffer in a subsequent step. By taking advantage of the fact that DNA base pairing is rapid 

and not susceptible to proteinase K digestion, the capture is based on DNA base pairing via 

the “Re-attaching Adaptor”. The “Stem-Loop Adaptor (RNA)” is used to connect the 

miRNAs and their corresponding target site to generate the chimeric sequences that 

represent the miRNA-target site interactions. Subsequently, the Argonaute protein is 

removed by digestion using proteinase K at 4℃. This low temperature (4℃) keeps the RNA 

duplexes in duplex form. Furthermore, the activity of proteinase K at 4℃ is already good 
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enough for removing Argonaute protein from the duplexes. Form this point to the step in 

which chimeras are generated, all the reactions must be kept at low temperature to avoid 

the dissociation of the duplexes. After the hindrance from Argonaute protein is removed, 

the ligations on the duplex can be performed in a much more efficient way. This is one of 

the major improvements in RIINGS. 

Then, RNA duplexes are captured by “Library Enrichment Beads”. A second round of 

ligating miRNA 5’- and 3’-mismatch repairers is performed at the 5’ and 3’ ends of miRNAs 

respectively and sequentially. These two repairers generate new ends on the mismatched 

ends and these newly generated ends are potentially able to match their corresponding 

target sequence. The gap between the miRNA 5’ end and the “Stem-Loop Adaptor (RNA)” 3’ 

end is then repaired (filled) by the ligation of some short fillers (RNA tetramers). During this 

ligation process, the 3’ end of the miRNAs is also extended, finally reaches and then passes 

the restriction enzyme cleavage site on the “Re-attaching Adaptor”. After these ligation 

steps, the chimeric sequences are generated. 

These chimeric sequences can be eluted by the restriction enzyme BanI because the “Re-

attaching Adaptor” includes a BanI cutting site. Finally, the chimeras are recovered through 

reverse transcription, PCR and NGS. A quality control step for quantifying the chimera 

number is performed on the reverse transcribed product. All the details and evaluations of 

each of the above steps are discussed in Sections 4, 5 and 6. 

1.6.2 Significances of RIINGS 

Compared with the previously developed methods for identifying microRNA targets, the 

current method has the following advantages. First, the current method is able to identify 

the miRNAs-target site interactions in exact correspondence whereas HITS-CLIP, PAR-CLIP, 
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iCLIP and PARIS do not. Second, the current method potentially enhances the generation of 

microRNA-target RNA chimeras by removing the spatial hindrance from Argonaute proteins. 

This approach can most likely enhance the ligation efficiency in the ligation of adaptors and 

eventually improve the chimeric sequence generation. Third, the approach of generating 

chimeric sequence in RIINGS is most likely able to avoid the generation of fake chimeras 

because the 3’ end of the target site (the end for generating chimeras) is protected by a 

stem-loop structure. Fourth, the increased efficiency of generating chimeras can result in a 

better representation of the entire population of the miRNA-target site interactions and 

generate a precise comprehensive map of miRNA interactions. Therefore, RIINGS is an 

important method with high value in identifying miRNA interactomes. Since miRNAs play a 

key role in gene expression regulation (mRNA gene expression and long non-coding RNA 

functioning), the understanding of miRNA interactomes can most probably explain many of 

phenomena in cells, such as differentiation, cell cycle regulation, cell metabolism and 

tumorigenesis. By comparing the differences of miRNA interactomes between different 

states of cells, e.g. cancer cells vs. normal counterpart, the detailed control and regulation 

of gene expression in response to the changes may probably be revealed. Because miRNAs 

can target many non-canonical target sites and target genes, e.g. 5’ UTRs, introns, multiple 

types of non-coding RNAs and pseudogenes [134, 295, 297, 299, 302], some currently 

hidden functions of miRNAs may also be discovered. Therefore, a comprehensive method 

for identification of miRNA interactome is attractive in the biology field.  
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2. Aims and Objectives 

 

The aim of the current study is to develop a novel technology (RIINGS) that can identify 

the entire miRNA-target RNA interactome in exact correspondence in a specific cell type 

or tissue. To achieve this aim, we have the following objectives: 

1. Selecting an appropriate model for the development of RIINGS — Evaluate the 

expression level of AGO proteins. 

2. Establishing a suitable immunoprecipitation procedures for RIINGS — Select and 

evaluate an antibody to evaluate different immunoprecipitation approaches. 

3. Establishing a novel approach to linking the interacting miRNA-target RNA — 

Develop and evaluate the method for linking the interacting miRNA-target RNA via 

a stem-loop adaptor. 

4. Establishing the Re-attaching Adaptor for RIINGS — Design the Re-attaching 

Adaptor and evaluate the ligation of the adaptor to the 5’ end of the miRNA target 

site on in vivo isolated-AGO complex. 

5. Optimizing the RNA fragmentation procedure for RIINGS — Optimize the working 

concentration of RNase A and RNase I on in vivo isolated-AGO complex. 

6. Identifying an optimal crosslinking condition for RIINGS — Compare and evaluate 

the 254 nm UV light-assisted crosslinking method and photoactivatable 

ribonucleoside-enhanced crosslinking method. 

7. Investigating the approach to enhancing the efficiency of ligating adaptor to the 3’ 

ends of RNase-treated RNA — Evaluate the improvement to the ligation of adaptor 
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to 3’ ends of RNase-treated RNA (on in vivo isolated-AGO complex) by the 

assistance of T4 polynucleotide kinase. 

8. Establishing a pair of mismatch repairers for miRNAs — Design a pair of miRNA 

mismatch repairers for repairing the mismatches on miRNA 5’ and 3’ ends, and 

evaluate the ligation of the repairers to the 5’ and 3’ ends of a mock miRNA. 

9. Assessing the purity of the isolated-AGO complex — Evaluate whether the purity 

of the in vivo isolated-AGO complex is good and suitable enough for RIINGS. 

10. Measuring the thermostability of the interacting miRNA-target RNA — Determine 

the melting temperature of in vivo isolated-miRNA-target RNA duplex. 

11. Quantifying the amount of in vivo isolated-miRNA-target RNA duplex — Establish 

an approach to estimating the amount of yielded miRNA-target RNA duplex (before 

the two RNA sequences are linked) and an approach to quantifying the amount of 

chimeras in the RIINGS-prepared library (after the two RNA sequences are linked). 

12. Optimizing the digestion of proteinase K — Investigate the digestion of Argonuate 

proteins by proteinase K at low temperature and evaluate whether proteinase K 

can release the miRNA-target RNA duplex from the in vivo isolated-AGO complex. 
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3. Schematic diagram of RIINGS 

A brief description 

The flow chart on the left indicates the working scheme of RNA Interactome 

Identification by Next Generation Sequencing (RIINGS). The workflow begins 

with UV irradiation to crosslink the in vivo effecting Argonaute complex, which 

includes an Argonaute protein, a miRNA and a target RNA. Both ends of miRNA 

may protrude from the Argonaute protein. The exposed ends have 3’ hydroxyl 

and 5’ phosphate, and are thus suitable for ligation. The procedure includes one 

extra mismatch repairing step (1st mismatch repair) before the ligation of “Re-

attaching Adaptor” and “Stem-Loop Adaptor (RNA)” to prevent the unwanted 

ligation of these adaptors to the miRNA. After the 1st mismatch repair, the 

exposed ends of the miRNA would become 3’ phosphate and 5’ hydroxyl, and 

hence are unsuitable for ligation. On the other hand, the ends of miRNAs 

protected by Argonaute protein are still suitable for ligation (3’ hydroxyl and 5’ 

phosphate), but will be released only after protein digestion by proteinase K. 

Therefore, a second mismatch-repairing step (2nd mismatch repair) and a second 

round of ends healing are carried out after proteinase K treatment. As a result, 

all miRNA ends (exposed and protected) are ligated with their respective 

repairers, have 3’ hydroxyl and 5’ phosphate, and are now ready for the 

following gap filling step. Next come the generation of chimeric sequences by 

RT-PCR and the sequence analysis of the chimeric library by NGS. 

Figure 3.1 The workflow of RNA Interactome Identification by Next Generation Sequencing (RIINGS) 
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4. Methods 

4.1 Introduction 

Generally speaking, miRNAs perform their functions via loading onto Argonaute proteins to 

form the RISCs (one miRNA loads onto one Argonaute protein). The effecting RISCs bind to 

their corresponding target site for initiating their functions through the guidance of each 

particular miRNA. The recognition of target site by the miRNA does not require fully 

complementary base-pairing in animals. Therefore, identification of miRNA target sites is a 

difficult task. This difficulty has slowed down our understanding of miRNA machinery and 

effects. Recently, two experiment-based methods (i.e. CLASH and MARIO) have been 

developed for identifying the exact interactions between miRNAs and their target sites. 

However, these two methods are still far from the ultimate goal of discovering the entire 

interactome in a specific cell type or tissue, which is caused by the inefficient preparation 

of interactome library. 

The primary objective of the current study was to develop RIINGS ‒ a comprehensive 

method for identifying miRNA interactomes. Through a novel strategy to improve the 

generation of chimeric sequences that represent the interacting miRNA-target site 

duplexes, RIINGS is potentially suitable for identifying the miRNA interactome in its entirety 

and in an exclusive manner. This method includes several important steps and techniques. 

First, basic procedures are used to stabilize and isolate the effecting RISCs by UV light-

mediated RNA-protein crosslinking and immunoprecipitation respectively. Second, a novel 

approach is used to connect the pairs of interacting miRNA-target site by specifically 

ligating a “Stem-Loop Adaptor (RNA)” to the 3’ end of the target site. After it has been 
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ligated, this adaptor generates a gap between miRNA and its target site (between the 5’ 

end of miRNA and the 3’ end of the “Stem-Loop Adaptor (RNA)” to be exact; see Figure 3.1). 

The two interacting sequences can be physically linked together by filling the gap in 

between. Third, the removal of Argonaute proteins from the isolated RISCs by proteinase K 

has to be carried out at a low reaction temperature. The low reaction temperature serves 

to stabilize the interacting duplexes. Fourth, a pair of repairers (short RNA oligos) for 

repairing the mismatches at the 5’ end and 3’ end miRNAs must be ligated to the 5’ and 3’ 

ends of miRNAs before the filling of the gap between the interacting miRNAs and their 

target sites. Fifth, the “Re-attaching Adaptor” is ligated to the 5’ end of the target sites. The 

“Re-attaching Adaptor” is designed to facilitate the recovery of the interacting duplexes 

after the step of protein digestion from the buffer containing proteinase K. Sixth, a unique 

reverse transcription reaction is developed for RNA templates containing 5-nitroindole (a 

universal base that can pair up with anyone of A, U, C and G). Seventh, “Library Enrichment 

beads” are used in RIINGS for the enrichment of the chimera sequences by capturing the 

interacting duplexes and eluting the captured sequences under an extremely mild and non-

denaturing condition. The flowchart for demonstrating the complete workflow of RIINGS is 

shown in Chapter 3.  

The method development is divided into multiple experiments for developing, testing and 

evaluating the above required procedures and techniques. The experimental methods and 

results of these experiments are described in Chapters 4 and 5 respectively. 
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4.2 Design of primers, adaptors and linker-loop 

All the primers, adaptors and linkers were designed using with the primer analysis software 

Oligo (version 6.71; Molecular Biology Insights). Secondary structures of the designed 

oligos were further analyzed by both Oligo and Oligo Analyzer 3.1 (Integrated DNA 

Technologies (IDT)) when necessary. All the sequences of the primers, adaptors and linkers 

used in this study were ordered from IDT and the sequences are shown in Table 4.2.1. 
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Table 4.2.1 The sequences of primers, adaptors and linkers (Sequence format are according to IDT online 

ordering system.) 

Oligo Name Purification Sequence (5’ → 3’) 

Stem-Loop 

Adaptor (RNA) 

RNase-free 

HPLC 

rArArA rArArC rCrGrC rUrCrA rGrGrA rArGrG rCrGrA rArGrC rArCrC 

rGrArC rCrGrA rGrArC rArGrG rUrGrA rGrCrG rG 

Re-attaching 

Adaptor (DNA-

RNA) 

RNase-free 

HPLC 

GCTA GCT AGC TGA GCG CTA GGA AAG AGC TAG CTG ArGrA rGrCrU rG 

Lib-A Primer A Standard 

Desalting 

CGT ATC GCC TCC CTC GCG CCA TC 

Lib-A Primer B Standard 

Desalting 

CTA TGC GCC TTG CCA GCC CGC TC 

Chimera Quanti 

probe 
HPLC 

/56-FAM/TCT CGG TCG GTG CTT CGC CTT C/3IABkFQ/ 

Chimera Quanti 

Synt Temp 
Standard 

Desalting 

CTA TGC GCC TTG CCA GCC CGC TCA GTC AAA AAC CGC TCA GGA AGG 

CGA AGC ACC GAC CGA GAC AGG TGA GCG GTT TTT GCA CGA CTG ATG 

GCG CGA GGG AGG CGA TAC G 

Artificial Binding 

Site (RNA) 

RNase-free 

HPLC 

rArArC rUrArU rUrArC rCrUrG rArCrA rCrUrU rArUrC rUrUrU rArCrA 

rUrArC rCrUrA rCrUrU rArCrU rCrUrC rA 

Artificial Mir1 RNase-free 

HPLC 

/5Phos/rArArU rGrArA rArArG rArGrA rArCrU rGrUrC rArGrG rU 

Artificial Mir2 RNase-free 

HPLC 

/5Phos/rUrArU rGrArA rArArG rArUrA rArGrU rGrArC rArGrG rC 

Artificial Mir3 RNase-free 

HPLC 

/5Phos/ rArUrC rGrUrA rArArG rArGrA rArGrA rGrUrC rArGrC rC 

Artificial Mir4 RNase-free 

HPLC 

/5Phos/ rArUrU rGrUrC rArArG rArGrA rArCrU rGrUrC rArUrC rC 

Random C/I 

Tetramer 

Standard 

Desalting 

[rC/rI] [rC/rI] [rC/rI] [rC/rI] 

Tetramer N Standard 

Desalting 

rNrNrN rN 

Tetramer C RNase-free 

HPLC 

rCrCrC rC 

Tetramer (CCCI) RNase-free 

HPLC 

rCrCrC rI 

Tetramer C-

Phosphorylated 

RNase-free 

HPLC 

/5Phos/rCrCrC rC/3phos/ 

Tetramer-

Phosphorylated 

(ICCC) 

RNase-free 

HPLC 

/5Phos/rIrCrC rC/3phos/ 

5’ Repairer 

(GXXGA) 

RNase-free 

HPLC 

rG/i5NitInd//i5NitInd/rGrA 

5’ Repairer 

(GXAGA) 

RNase-free 

HPLC 

rG/i5NitInd/rA rGrA 

3’ Repairer 

(AAXXG) 

RNase-free 

HPLC 

/5Phos/rArA/i5NitInd//i5NitInd/rG/3phos/ 

3’ Repairer 

(AXXXG) 

RNase-free 

HPLC 

/5Phos/rA/i5NitInd//i5NitInd//i5NitInd/rG/3phos/ 

Repaired 5’ end 

Template 

RNase-free 

HPLC 

rUrUrA rUrCrU rUrUrA rCrArU rArCrC rUrArC rCrGrU rUrGrA rGrUrU 

rCrUrC rArArC rG 

Repaired 5’ end 

(GUXG-) 

RNase-free 

HPLC 

/5Phos/rGrU/i5NitInd/rG rGrUrA rArGrU rArArA rGrArU rArA/3SpC3/ 

Repaired 5’ end 

(GXAG-) 

RNase-free 

HPLC 

/5Phos/rG/i5NitInd/rArG rGrUrA rArGrU rArArA rGrArU rArA/3SpC3/ 



111 

 

 

Repaired 3’ end 

Template 

RNase-free 

HPLC 

/5Phos/rCrGrU rArArA rGrUrU rCrUrU rUrArC rGrCrU rArUrU rArCrC 

rUrGrA rCrArC rUrUrA /3SpC3/ 

Repaired 3’ end (-

XXAG) 

RNase-free 

HPLC 

rUrArA rGrUrG rArCrA rGrGrU rA/i5NitInd//i5NitInd/rArG 

Repaired 3’ end (-

XXXG) 

RNase-free 

HPLC 

rUrArA rGrUrG rArCrA rGrGrU rA/i5NitInd//i5NitInd//i5NitInd/rG 

Artificial Mir5 

(FAM) 

RNase-free 

HPLC 

/5Phos/rArUrG rGrArC rUrGrA rGrArA rGrArG rArArA rArGrU rArA/36-

FAM/ 

Artificial Binding 

Site (RNA, HEX) RNase-free 

HPLC 

/5HEX/rArCrU rCrUrC rArUrU rCrArU rCrCrA rUrArC rArUrU rUrCrU 

rArUrU rCrArC rArGrU rCrCrA rUr(N:25252525)r(N) r(N)r(N)r(N) 

r(N)r(N)r(N) r(N)r(N)r(N) r(N)r(N)r(N) r(N)r(N)rG rCrCrU rCrUrC rArUrG 

rCrUrC rArCrG rArArU rUrUrU rGrArG rArGrG rC 

5-P Tetramer N Standard 

Desalting 

/5Phos/rNrNrN rN 

5-NitInd RT 

primer 1 

Standard 

Desalting 

TCT CAA CAT GAG AGA AAT GTG G 

5-NitInd RT  

temp 1 
RNase-free 

HPLC 

rArUrC rCrArU rArCrA rU/i5NitInd//i5NitInd//i5NitInd/rUrA rUrUrC 

rArCrA rG/i5NitInd//i5NitInd/rCrA rUrUrA rUrCrA/i5NitInd/ rGrCrC 

rCrArC rArUrU rUrCrU rCrUrC rArUrG rUrUrG rArGrA rG 

5-NitInd RT 

primer 2 

Standard 

Desalting 

GGA AAT GAA TGC TGA AT 

5-NitInd RT  

temp 2 
RNase-free 

HPLC 

rArUrC rCrArU rArC/i5NitInd/rA rUrUrA rUrUrC rArCrA rCrCrA rUrArC 

rUrCrC rArU/i5NitInd/rA rUrCrU rArUrU rCrArG rCrArU rUrCrA rUrUrU 

rCrC 
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4.3 Selection of cell line and extraction buffer for the method 

development of RIINGS 

Cell lines are the most suitable model for the method development of RIINGS because they 

are easily to obtain, not limited in the source, not involved with ethical issues if commercial 

cell lines are used, and mostly representative of cells or tissues or cells of their origins. 

Argonaute 1-4 (AGO1-4) are involved in miRNA-mediated processes and are the effector 

proteins that bind to miRNAs [217, 218]. In order to reveal the binding partners of all 

functioning miRNAs under the physiological conditions of cells, a capturing method that 

can capture all these complexes should be chosen. Since AGO1-4 are the core proteins of 

miRNA-containing ribonucleoprotein (RNP) complexes, cell lines with higher expression 

levels of AGO proteins would be better suited for use in the capturing method optimization 

and the entire RIINGS development. 

In addition, it is extremely important to keep the Argonaute-miRNA-target RNA complexes 

intact (i.e., in non-denatured form) in the protein lysate because the miRNA-target RNA 

duplex may be dissociated in damaged complexes. In order to maintain the native 

conformation of AGO proteins for the use in RINGS, non-denaturing extraction method and 

non-denaturing extraction buffer were tested in current investigations. Two potential non-

denaturing extraction buffers, 1X Detergent-containing Lysis Buffer and 1X Detergent-free 

Lysis Buffer (Appendix A; from Abcam online immunoprecipitation protocol), were tested 

for the yield of the AGO proteins in this experiment [304]. 

MEC-1, K-562 and Raji cell lines were tested for the expression level of AGO proteins 

because they are readily available in our laboratory. MEC-1 was established from the 

peripheral blood of a 61-year-old Caucasian male with B-cell chronic lymphocytic leukemia 
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(B-CLL) in prolymphocytoid transformation to B-cell prolymphocytic leukemia (B-PLL) in 

1993 [305]. K-562 is a cell line derived from a pleural effusion of a 53-year-old female 

patient suffering from chronic myelogenous leukemia (CML) for 4 years in 1970 [306]. K-

562 is the first established myelogenous leukemic cell line with Philadelphia translocation 

[306]. Raji is a human B-lymphocyte cell line derived from an 11-year-old black male with 

Burkitt lymphoma in 1963 [307]. Moreover, MEC-1 and Raji cell lines carry the latent 

Epstein-Barr virus (EBV) genome and are positive for Epstein-Barr nuclear antigen (EBNA) 

[305, 307] while K-562 is free from EBV, herpes-like virus and mycoplasma [306]. Figure 

4.3.1 shows the experimental scheme for selecting cell line and extraction buffer. 
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Figure 4.3.1 The experimental scheme for selecting cell line and extraction buffer. The cell line with the 

highest expression of AGO and the extraction buffer giving the highest yield of AGO were selected for use in the 

subsequent method development.  
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4.3.1 Cell culture 

A cryotube containing around 5 million of cells in 2 ml cryoprotectant medium (culture 

medium with 20% fetal calf serum and 10% dimethyl sulfoxide [DMSO]) was taken from 

liquid nitrogen and immediately thawed in water bath at 37℃. Then, the cells were 

transferred to a 15-ml centrifuge tube and washed with 10 ml pre-warmed (37℃) culture 

medium (Iscove's Modified Dulbecco's Medium [IMDM] for MEC-1 and K-562 cells, and 

Roswell Park Memorial Institute [RPMI] 1640 medium for Raji cells). Subsequently, cells 

were collected by centrifugation at 125 g (800-1000 revolutions per minute or rpm) for 5 

minutes. After centrifugation, the supernatant was discarded and the cell pellet 

resuspended in 10-ml pre-warmed (37℃) complete growth medium (IMDM with 10% fetal 

calf serum for MEC-1 and K-562 cells, and RPMI 1640 culture medium with 10% fetal calf 

serum for Raji cells). Finally, this 10-ml cell suspension was grown at 37℃ in a T-25 culture 

flask in an incubator with 5% CO2. To maintain the cell culture, cells were split into two 

aliquots and sub-cultured in T-75 or T-175 culture flask with subsequent resuspension at 3 

– 5 × 105 cells/ml every 2 to 3 days when the cell density reached 2 – 3 × 106 cells/ml. 

4.3.2 Protein extraction 

Cells growing in exponential phase were collected by centrifugation at 125 × g (800-1000 

rpm) for 5 minutes. The supernatant was discarded and the cell pellet washed with ice-cold 

phosphate-buffered saline (PBS) 3 times. Cell pellets of MEC-1, K-562 and Raji cells were 

stored at -70℃ until the day for protein extraction. Each of the cell pellets of MEC-1, K-562 

and Raji cells with around 5 × 107 cells was disrupted by a pestle in 500 μl of 1X Detergent-

containing or 1X Detergent-free Lysis Buffer in a 1.5-ml centrifuge tube. Each lysate was 

then centrifuged at 13000 × g for 15 min at 4℃. Subsequently, the supernatant was 

transferred to a new 1.5-ml centrifuge tube and was ready for protein quantification.  
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4.3.3 Protein quantification 

Protein concentrations were determined by means of Pierce® BCA Protein Assay Kit 

(Thermo Scientific) in accordance with the manufacturer's instructions. Absorbance at 562 

nm was measured by Benchmark Plus Microplate Spectrophotometer System (Bio-Rad). 

The extracted cell lysates were stored at -20℃ until use. 

4.3.4 Western blotting 

Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad) was used to run sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transfer proteins from a 

gel to a polyvinylidene difluoride (PVDF) membrane. All the samples were mixed with 2X 

Laemmli Sample Buffer (Appendix A) in a 1:1 ratio and heat-denatured at 95℃ for 5 min 

before being loaded onto the gel. The loading amount and the loading volume of each 

sample were 30 μg and 30 μl respectively. The gels used in the SDS-PAGE were 8% 

separating and 4% stacking gels (acrylamide:bis ratio, 29:1, i.e. 3.3% crosslinker) (Appendix 

B), and had a dimension of 8.3 × 7.3 × 0.1 cm (width × length × thickness). Gels were 

allowed to polymerize for at least 2 hours. According to the instructions from the 

manufacturer (Bio-Rad), the SDS-PAGE was run under constant voltage at 200V until the 

dye front (bromophenol blue) reached the bottom of the gel in 1X SDS-PAGE Running 

Buffer (Appendix A) . The electric power was supplied by PowerPac™ Basic Power Supply 

(Bio-Rad). Proteins were then transferred to PVDF membrane (0.45 μm pore size; Millipore), 

which was activated in 100% methanol prior to use. The sequential order of the transfer 

sandwich from the cathode to the anode was fiber pad, 2 sheets of filter papers, gel, PVDF 

membrane, 2 sheets of filter papers and fiber pad. The transfer was run under constant 

voltage at 100V for 1 hour at 4℃ in 1X Transfer Buffer (Appendix A). During the transfer, 

the negatively charged proteins traveled from the gel onto the membrane according to the 
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electric field. In order to minimize the background signal from the non-specific binding of 

primary and secondary antibodies to the PVDF membrane, the membrane was blocked 

after transfer in 1X TBST buffer (Appendix A) with 5% (w/v) skim milk at room temperature 

for 1 hour with shaking on either rocking shaker or horizontal shaker. The primary antibody, 

eIF2C2 (4F9) (Santa Cruz), was diluted in 1X TBST with 1% (w/v) skim milk in a ratio of 1:500. 

The membrane was then incubated in this diluted antibody at 4℃ overnight with shaking. 

An intensive wash of the membrane was conducted after the incubation with the primary 

antibody. The membrane was washed in 1X TBST for 5 min each for 3 times and finally in 

1X TBST for 10 min. The secondary antibody, Anti-mouse IgG HRP-linked Antibody (Cell 

Signaling), was diluted in 1X TBST with 1% (w/v) skim milk in a ratio of 1:2000. The 

membrane was incubated with shaking in this diluted secondary antibody for 1 hour at 

room temperature after the intensive wash. Subsequently, a second intensive wash was 

conducted. The washing procedures were the same as the first intensive wash. 

Chemiluminescence signal was developed by adding Clarity™ Western ECL Substrate (Bio-

Rad) onto the washed membrane in accordance with the manufacturer's instructions. The 

image was then captured by ChemiDoc™ MP Imaging System (Bio-Rad) with Image Lab™ 

Software version 4.1. The signal intensities of the bands were calculated by Image Lab™ 

Software version 4.1. 

 

4.4 Selection and evaluation of antibodies 

Argonaute (AGO) family is considered to play a crucial role in miRNA-mediated regulation 

of gene expression. Among the AGO family in humans, 8 family members have been 

discovered [216]. They are under 2 subfamilies, the PIWI subfamily and eIF2C/AGO 
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subfamily [216]. Previous studies have found that all the members, AGO1 to AGO4, in the 

eIF2C/AGO subfamily are able to bind miRNAs in an indiscriminate manner and AGO2 is the 

only member responsible for RNA cleavage [217, 218]. 

As all the 4 members in eIF2C/AGO subfamily are capable of binding miRNA, the 4 AGO 

proteins may take part in miRNA-mediated regulations. In order to detect all the RNA 

binding partners of miRNAs under the physiological condition of cells, the following three 

anti-AGO antibodies all against AGO 1-4 were selected for testing their suitability for AGO 

capture in the current method: 

1) Anti-pan Ago Antibody, clone 2A8 (Millipore) ─ an antibody originally used in HITS-

CLIP, which was developed by Darnell's group [134]; a mouse monoclonal 

antibody raised against histidine-tagged human recombinant AGO protein; 

2) eIF2C2 (4F9) (Santa Cruz), a mouse monoclonal antibody raised against human 

full-length recombinant elF2C2; and 

3) eIF2C Antibody (B-3) (Santa Cruz), a mouse monoclonal antibody raised amino 

acids 552-851 at the C terminus of human elF2C2. 

The binding ability and specificity of the candidate antibodies for the non-denaturing form 

of AGO protein were assessed by dot-blotting experiment. Figure 4.4.1 shows the 

experimental scheme for antibody selection.  
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Figure 4.4.1 The experimental scheme for antibody selection. The antibody with the highest binding to AGO 

proteins would be selected as the capturing antibody to AGO proteins in the immunoprecipitation in RIINGS. 
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4.4.1 Cell growth, protein extraction and protein quantification 

K562 cells were used in this experiment. Procedures of cell growth were the same as those 

described in Section 4.3.1. Three different extraction procedures with different extraction 

buffers were used for preparing the total cell lysate to generate three different denaturing 

states of total cell lysates, i.e. non-denatured lysate, denatured lysate and denatured lysate 

with buffer exchange to non-denaturing buffer. First, non-denatured lysate was made by 

extracting the cells in 1X Detergent-free Lysis Buffer (Appendix A). The procedures were the 

same as those described in Section 4.3.2. Second, denatured lysate was obtained by 

diluting the above non-denatured lysate with 2X Laemmli Sample Buffer (without dye) 

(Appendix A) in a ratio of 1:1 and then boiling the mixture at 95℃ for 5 minutes. Third, 

denatured lysate with buffer exchange to non-denaturing buffer was made by 

homogenizing the cell pellet (~5 × 107 cells) in Denaturing Lysis Buffer (Appendix A) [304], 

and then heating the lysate at 95℃ for 5 minutes. Then, the lysate was centrifuged at 8000 

g for 15 minutes at 4℃. The supernatant was transferred to a new 15-ml centrifuge tube 

and topped up to 4 ml with 1X Detergent-free Lysis Buffer. Subsequently, the diluted lysate 

was transferred to the sample reservoir of Amicon Ultra-4 (30K) (Millipore) and centrifuged 

at 4000 g for 40 minutes. An aliquot of 3.5 ml of 1X Detergent-free Lysis Buffer was added 

to the sample reservoir after the centrifugation. The lysate was centrifuged again at 4000 g 

for 40 minutes. Finally, the remaining buffer-exchanged lysate was transferred to a new 

1.5-ml centrifuge tube. Protein quantification for all the total cell lysates was carried out as 

previously described in Section 4.3.3. 

4.4.2 Dot blotting 

With Minifold I SRC 96 D Dot Blotter (Schleicher & Schuell), cell lysates were applied onto 

nitrocellulose membrane (0.45 μm pore size; Millipore), which was equilibrated in 1X 
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Detergent-free Lysis Buffer (Appendix A) prior to use. All the lysate samples from Section 

4.4.1 were diluted with 1X Detergent-free Lysis Buffer to a concentration of 0.025 μg/μl 

before being loaded into the sample wells. The loading amount and the loading volume of 

each lysate sample were 5 μg and 200 μl respectively. Sample spotting was performed in 

accordance with the manufacturer's instructions. The nitrocellulose membrane was dried 

after the sample had been spotted onto it. The steps of blocking, antibody probing and 

signal development were carried out as previously described in Section 4.3.4. Three 

selected anti-AGO antibodies – Anti-pan Ago Antibody, clone 2A8 (Millipore), Anti-Ago2 

monoclonal antibody 4F9 (Santa Cruz) and eIF2C Antibody (B-3) (Santa Cruz), all of which 

reacted with AGO 1-4 – were tested for their suitability for RIINGS. Anti-mouse IgG HRP-

conjugated Antibody (Cell Signaling) was used as the secondary antibodies for detecting all 

three primary antibodies, which were raised from mouse. Chemiluminescence signal was 

developed by adding Clarity™ Western ECL Substrate (Bio-Rad) onto the washed 
membrane in accordance with the manufacturer's instructions. The image was then 
captured by ChemiDoc™ MP Imaging System (Bio-Rad) with Image Lab™ Software 
version 4.1. The signal intensities of the dots were calculated by Image Lab™ Software 
version 4.1. 

 

4.5 Immunoprecipitation of AGO proteins 

Immunoprecipitation is the first critical steps in RIINGS. Since the miRNA-target RNA 

interaction is a protein-mediated interaction, the interacting RNA duplexes can be captured 

and enriched by immunoprecipitation. AGO proteins are the core proteins in the 
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interacting miRNA complex. Therefore, anti-AGO antibody can be used to capture the 

interacting RNA duplexes. 

Generally speaking, immunoprecipitation can be achieved in two different ways. One way 

is to immobilize the antibodies on the beads prior to capturing the target protein from the 

total cell lysate. Another way is to incubate the total cell lysate with the antibodies for a 

period of time and then capture the antibody-target protein complexes by adding the 

beads to the lysate-antibody mixture. The former strategy can usually reduce the non-

specific binding. However, this strategy also reduces the yield of the target protein. The 

latter strategy can usually elevate the yield of the target protein; however, the purity may 

be relatively poorer than that of the former strategy. Both methods were tested in this 

section. Moreover, the input amount of the antibody was also investigated. Figure 4.5.1 

shows the experimental scheme for evaluating immunoprecipitation methods.  
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Figure 4.5.1 The experimental scheme for evaluating immunoprecipitation methods. Both methods were 

compared for the yield of AGO proteins by western blotting, and the purity of the yielded AGO proteins by 

silver staining. The appropriate input amount of anti-AGO antibody (4F9) was also evaluated. 
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4.5.1 Preparation and quantification of protein lysate  

K562 cell extract was used in this experiment. Procedures for cell culture, protein 

extraction and quantification were the same as those described in sections 4.3.1 to 4.3.3 

respectively. Total protein was extracted in 1X Detergent-free Lysis Buffer (Appendix A). 

4.5.2 Preparation of beads for immunoprecipitation 

Beads for Method 1 (see Figure 4.5.1) 

The antibody eIF2C2 (4F9) (Santa Cruz), a mouse monoclonal antibody against the natural 

forms of AGO1-4 proteins [308], was selected for the immunoprecipitation step in the 

RIINGS. Pierce™ Protein L Magnetic Beads (Thermo Scientific) were resuspended by 

rotation for 5 minutes at room temperature. An aliquot of 150 µl of the bead suspension 

was transferred to a 1.5-ml tube. The tube containing the bead suspension was then placed 

on a magnetic stand for 2 minutes to attract the beads to side of the tube next to the 

magnet. The time for collecting the beads on the side wall of the tube was extended if 

necessary until the supernatant became clear. The supernatant was then discarded and the 

beads were washed three times each with 1X Detergent-free Lysis Buffer of the same 

volume as the original bead suspension. Subsequently, the washed beads were 

resuspended in 37.5 µl (7.5 µg) of Anti-Ago2 monoclonal antibody 4F9 (Santa Cruz) diluted 

in 1X Detergent-free Lysis Buffer to a final volume of 400 µl. By calculation, the binding 

capacity of the beads was 22-fold higher than the amount of the antibody used in the 

experiment. The mixture was rotated for 2 hours at room temperature to allow the 

antibody to immobilize on the beads. Finally, the supernatant was saved for SDS-PAGE and 

the proteins were visualized with silver staining to check whether the antibody was 

completely captured by the beads. The beads were washed three times each with 1X 
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Detergent-free Lysis Buffer of the same volume as the original bead suspension. The 

prepared beads could be left in last wash step if not used immediately.  

Beads for Method 2 (see Figure 4.5.1) 

Similarly, an aliquot of 150 µl of the bead suspension was used in the preparation. The 

preparation procedure was the same as described above for Method 1, but finished before 

adding antibody to the washed beads. 

4.5.3 Immunoprecipitation 

Method 1 

For Method 1, each immunoprecipitation reaction used 2 mg of total protein extract as the 

starting material for the experiment. The 2 mg of total protein extract was topped up to 

400 μl with 1X Detergent-free Lysis Buffer. Next, the diluted protein extract was transferred 

to the vial containing the beads prepared for Method 1 and incubated at 4℃ for 4 hours 

with rotation. The vial was placed on a magnetic stand and the supernatant was saved for 

western blotting to check whether all the targeted AGO proteins were captured by the 

beads. Then, the beads were washed thrice with 0.5 ml 1X Detergent-free Lysis Buffer. 

Elution was carried out by adding 60 μl of 1X Laemmli Sample Buffer to the vial containing 

the beads, and by heating the vial for 10 minutes at 70℃. 

Method 2 

Likewise, each immunoprecipitation reaction also used 2 mg of total protein extract as the 

starting material for Method 2. In order to compare with Method 1, an equivalent amount 

of Anti-Ago2 monoclonal antibody 4F9, i.e. 7.5 μg (37.5 μl), was employed. Additionally, a 
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comparable reaction with double amount of Anti-Ago2 monoclonal antibody 4F9, i.e. 15.0 

μg (75.0 μl), was used to investigate the optimal antibody input amount. The antibody was 

added to the total protein extract and the reaction volume was brought to 400 μl with 1X 

Detergent-free Lysis Buffer. The antibody-protein extract mixture was then incubated at 

4℃ for 2 hours with rotation. Afterward, the mixture was transferred to the vial containing 

the beads prepared for Method 2 and incubated at 4℃ for an additional 2 hours with 

rotation. In a way similar to the procedure for Method 1, the beads were collected with a 

magnetic stand and the supernatant was removed and saved for western blotting to check 

whether all the targeted AGO proteins were captured by the beads. Lastly, the beads were 

washed thrice with 0.5 ml 1X Detergent-free Lysis Buffer. The attached antibody was eluted 

by adding 60 μl of 1X Laemmli Sample Buffer to the vial containing the beads and by 

heating the vial for 10 minutes at 70℃. 

4.5.4 Evaluation of the immunoprecipitation by western blotting 

The procedures for western blotting were the same as previously described in Section 4.3.4 

with some exceptions. The gels used in SDS-PAGE were 10% separating and 4% stacking 

gels (Appendix B) of 1 mm thick. An aliquot containing 20 μg of total proteins (total protein 

extract, the antibody, the supernatant or the eluate) was loaded for the SDS-PAGE. All the 

samples were mixed with 2X Laemmli Sample Buffer (Appendix A) and water to give a final 

concentration of 1X Laemmli Sample Buffer and a final volume of 20 μl. The transfer was 

run under constant voltage at 100V for 1.5 hour at 4℃ in 1X Transfer Buffer. An antibody 

raised from a non-mouse species was preferred to be the primary antibody in this western 

blotting because the eluate from the immunoprecipitation contained a mouse antibody 

(Anti-Ago2 monoclonal antibody 4F9). In order to prevent the signal from this mouse 

antibody, a rabbit antibody, Argonaute 2 (C34C6) Rabbit mAb (Cell Signaling), was selected 
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as the primary antibody here. The antibody was diluted in 1X TBST with 1% (w/v) skim milk 

in a ratio of 1:1000 for the working primary antibody. Similarly, the secondary antibody, 

Anti-rabbit IgG HRP-linked Antibody (Cell Signaling), was diluted in 1X TBST with 1% (w/v) 

skim milk in a ratio of 1:1000 for the working secondary antibody. 

4.5.5 Evaluation of the immunoprecipitation by protein gel electrophoresis with 

silver staining 

SDS-PAGE was use to resolve proteins by molecular weight. The gels used here for SDS-

PAGE were 10% separating and 4% stacking gels (Appendix B) of 1 mm thick. Aliquots each 

containing 20 µg of total protein extract or the equivalent were loaded for SDS-PAGE. The 

samples included the Anti-Ago2 monoclonal antibody 4F9 (Santa Cruz), the supernatant of 

the antibody solution after conjugation to the beads from the bead preparation for 

immunoprecipitation Method 1, total protein extract of K562 cells, and the supernatants 

and the eluates of K562 cells’ total protein extract after immunoprecipitation by Method 1 

and Method 2. All the samples were mixed with 2X Laemmli Sample Buffer (Appendix A) 

and water to give a final concentration of 1X Laemmli Sample Buffer and a final volume of 

20 µl. The samples were heat-denatured at 95℃ for 5 min before being loaded onto the gel. 

SDS-PAGE was run under constant voltage at 200V until the dye front reached the bottom 

of the gel in 1X SDS-PAGE Running Buffer. The gel was then fixed in Fixing Solution at room 

temperature for 1 hour. The gel was washed overnight in several changes of water at room 

temperature in order to remove all residual acetic acid. The gel was sensitized in 0.02% 

sodium thiosulfate for 1 minute at room temperature. Then, the gel was washed three 

times each in water for 20 seconds. Subsequently, the gel was incubated in cold 0.1% silver 

nitrate solution for 20 minutes at 4℃ with rocking. After staining, the gel was washed three 

times again each in water for 20 seconds. The gel was placed on a new tray and washed in 
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water for an additional 1 minute to further remove the residual silver nitrate so as to 

minimize the background staining. Development was achieved by incubating the gel in the 

Developer Solution with intensive shaking until the staining was sufficiently strong. 

Developer Solution was immediately changed when it turned yellow. The gel was washed 

in water for 20 seconds after it had been stained adequately. Staining was terminated by 

incubating the gel in 5% acetic acid for 5 minutes with rocking. 

 

4.6 Ligation of a stem-loop adaptor 

In the case of miRNA interaction, miRNA and its target form a duplex with the assistance of 

an Argonaute protein. The two interacting molecules are two different RNA sequences. 

They match together only through base pairing and the formation of hydrogen bonds 

between paired bases (A=U, C≡G and G=U). This interaction is easily destroyed by any one 

of the conventional extraction methods, including Trizol-based extraction method and 

column-based extraction method, owing to the weak bonding force of hydrogen bond. 

Accordingly, it is critical and important to join the miRNA and its target together before 

extraction or use any appropriate strategies to stabilize the duplex when the interaction 

between miRNA and its target is the focus. 

A stem-loop adaptor has to be ligated to the 3' end of the miRNA target as shown in the 

scheme of RIINGS (Figure 3.1). This adaptor effectively extends the 3' end of the miRNA 

target and flips it over and backward, and positions the 3' end of the “miRNA target” and 

the 5' end of the miRNA in a head-to-tail manner with a gap in between. Moreover, the 

loop of the adaptor conceals a probe-binding site because it is in fact the binding site of a 
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specific probe. This binding site facilitates the quantification of valid cDNA by means of 

qPCR or digital PCR in a library prepared by RIINGS. 

Ligation of the “Stem-Loop Adaptor (RNA)” to the 3’ end of an miRNA target is an on-bead 

procedure. Radioactivity was used to visualize the adaptor-ligated miRNA-target RNA-

Argonaute complexes owing to the low abundance of these complexes. Three 

investigations into the ligation of stem-loop adaptor were conducted: (i) time-course 

analysis to determine the optimal time for the ligation of stem-loop adaptor, (ii) titration 

analysis to determine the optimal concentration of stem-loop adaptor in the ligation 

process, and (iii) titration analysis to study the optimal concentration of T4 RNA Ligase 1 

(ssRNA Ligase, High Concentration; New England Biolabs (NEB)) in the ligation process. 

Figure 4.6.1 shows the experimental scheme for studying the ligation of a stem-loop 

adaptor to the 3’ end of a miRNA target. 
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Figure 4.6.1 The experimental scheme for studying the ligation of a stem-loop adaptor to the 3’ end of a 

miRNA target. A time course study was conducted to find the optimal ligation time. Titration analyses were also 

performed to find for the optimal concentrations of stem-loop adaptor and T4 RNA Ligase 1 (ssRNA Ligase). 
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4.6.1 Cell culture, UV irradiation, and preparation and quantification of protein 

lysate 

K562 cell extract was used in this experiment. Procedures for cell culture were the same as 

previously described in Section 4.3.1. About 5 × 107 cells growing in exponential phase 

were collected by centrifugation at 125 g (800-1000 rpm) for 5 minutes. The supernatant 

was discarded and the cell pellet washed twice with 20 ml ice-cold 1X Hank's Balanced Salt 

Solution (HBSS) (Thermo Scientific). The cell pellet was resuspended in 2 ml of ice-cold 1X 

HBSS. This suspension was then transferred to a 10-cm dish and spread out on the dish 

uniformly. The dish of cells was irradiated twice under 254-nm UV light, once for 400 

mJ/cm2 and once for 200 mJ/cm2, on a 4℃ pre-chilled ice pack in UVC 500 Ultraviolet 

Crosslinker (Amersham). The two irradiations were separated by 1 minute. The suspension 

was mixed before each irradiation. After the UV irradiation, an aliquot of 8 ml of ice-cold 1X 

HBSS was transferred to the dish to facilitate the collection of the cells from the dish. All 10 

ml of the suspension was transferred to a 15-ml centrifuge tube, and the tube centrifuged 

at 125 g (800-1000 rpm) for 5 minutes at 4℃. The supernatant was discarded and then 

resuspended in 1ml of ice-cold 1X HBSS. The suspension was transferred to a 1.5-ml 

centrifuge tube and the cells were collected by centrifugation at 350 g (3000 rpm) for 5 

minutes at 4℃. Total protein was extracted in 1X Detergent-free Lysis Buffer (Appendix A). 

The cell pellet was disrupted by a pestle in 500 μl of 1X Detergent-free Lysis Buffer 

supplemented with RNase Inhibitor (Murine; NEB) at a final concentration of 1 U/µl. Each 

total cell lysate was then centrifuged at 13000 g for 15 min at 4℃. Eventually, each 

supernatant was transferred to a new 1.5-ml centrifuge tube. Procedures for protein 

quantification were the same as described in Section 4.3.3. 
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4.6.2 Preparation of beads and immunoprecipitation  

The procedures for preparing Pierce™ Protein L Magnetic Beads and the subsequent 

immunoprecipitation followed the Method 2 described in Sections 4.5.2 and 4.5.3 

respectively. There were 3 sets of experiments. (i) Time-course analysis was carried for 

determining the optimal ligation time: 4 reactions were prepared for the time-course study. 

The time points were 0, 12, 24 and 36 hours of ligation. (ii) Titration analysis was 

performed to determine the optimal concentration of Stem-Loop Adaptor (RNA): 4 

reactions were prepared to test 4 concentrations of adaptor (240 nM, 480 nM, 720 nM and 

960 nM). (iii) Titration analysis was done to determine the optimal concentration of T4 RNA 

Ligase 1 (ssRNA Ligase, High Concentration; NEB): 10 reactions were prepared for testing 

the completeness of ligation under 2 different concentrations of ligase (1.5 U/µl and 3 U/µl) 

after 0, 6, 12, 24 and 36 hours of ligation. The amount of the antibody input for each 

reaction was 11.25 μg (56.25 μl). According to the calculation, the binding capacity of the 

Pierce™ Protein L Magnetic Beads was 16.5-fold higher than the amount of the antibody. 

The elution procedure in Section 4.5.3 was omitted and the reactions were continued with 

the steps in Section 4.6.4. 

4.6.3 Preparation of stem-loop adaptor (radiolabeling) 

The stem-loop adaptor, which was named Stem-Loop Adaptor (RNA), was ordered from IDT. 

The lyophilized RNA was dissolved in an appropriate volume of UltraPure™ Distilled Water 

(Life Technologies) to obtain the Stem-Loop Adaptor (RNA) with a concentration of 100 μM. 

Table 4.2.1 shows the sequence of the Stem-Loop Adaptor (RNA). The adaptor was labeled 

with 32P-γ-ATP (PerkinElmer) by T4 Polynucleotide Kinase (NEB). A reaction mixture of 50 μl 

was set up for radiolabeling the adaptor with the following components: 2.4 μM Stem-Loop 

Adaptor RNA), 1X T4 Polynucleotide Kinase Reaction Buffer (70 mM Tris-HCL, 10 mM MgCl2, 
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5 mM dithiothreitol [DTT], pH 7.6 at 25℃; NEB), 5 μCi/μl 32P-γ-ATP (Perkin Elmer), 1 U/μl T4 

Polynucleotide Kinase (NEB), 1 U/μl RNase Inhibitor, Murine (NEB), and UltraPure™ 

Distilled Water (Life Technologies) to make up the volume to 50 μl (See Appendix C Table 1 

for the preparation). 

The reaction mixture was incubated at 37℃ for 1 hour. Then, 2 μl of 1 mM ATP was added 

to the reaction and the mixture further incubated for another 5 minutes. The reaction was 

then inactivated at 65℃ for 20 minutes. The final product was purified by illustra™ 

MicroSpin™ G-25 Columns (GE Healthcare) in accordance with the manufacturer's 

instructions. The purified product was stored at -20℃ if not used immediately. 

4.6.4 RNase treatment, ligation of stem-loop adaptor, and protein gel 

electrophoresis and visualization 

Magnetic beads from Section 4.6.2, which had been washed with 1X Detergent-free Lysis 

Buffer, were resuspended in 150 µl of 1X Detergent-free Lysis Buffer (same volume as the 

original bead preparation). RNase digestion was carried out by adding an aliquot of 3 µl of 

1:1000 diluted RNase One™ Ribonuclease (Promega) to each reaction (see Figure 4.6.1). 

The reactions were incubated on Eppendorf ThermoMixer® C (Eppendorf) at 4℃ for 30 

minutes with mixing at 1000 rpm for 15 seconds at 2-minute intervals. The reactions were 

then washed thrice with 150 µl of 1X Detergent-free Lysis Buffer. Before the on-bead calf 

intestinal phosphatase (CIP) treatment, the beads were equilibrated with 1X NEBuffer 1 

(NEB) by washing twice with 150 µl of 1X NEBuffer 1. The CIP treatment mixture for each 

reaction consisted of 1x NEBuffer 1 (10mM Bis-Tris-Propane-HCl, 10mM MgCl2, 1mM DTT, 

pH 7.0 at 25℃; NEB), 0.5 U/μl Alkaline Phosphatase, Calf Intestinal (NEB), 1 U/μl RNase 
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Inhibitor, Murine (NEB), and UltraPure™ Distilled Water (Life Technologies) to make up the 

volume to 150 μl (See Appendix C Table 2 for the preparation) 

The beads were resuspended in the above CIP treatment mixture (see Figure 4.6.1). The 

reaction mixture was incubated on Eppendorf ThermoMixer® C at 16℃ for 1 hour with 

mixing at 1000 rpm for 15 seconds at 2-minute intervals. The beads were washed with 0.5 

ml of Phosphatase Wash Buffer twice after the CIP treatment. Next, the beads were 

equilibrated with 1X T4 RNA Ligase Reaction Buffer (without DTT) by washing again with 0.5 

ml of 1X T4 RNA Ligase Reaction Buffer (without DTT) twice prior to the ligation of the 

radiolabeled stem-loop adaptor. During the last wash, the individual reactions in the same 

set of experiment were pooled together, thoroughly mixed and then re-divided again for 

eliminating the variations arising from the above preparation procedures. 

Three different sets of experiments were conducted: (i) time-course analysis for the 

determination of optimal ligation time, (ii) titration analysis for determining the optimal 

concentration of Stem-Loop Adaptor (RNA), and (iii) titration analysis for determining the 

optimal concentration of T4 RNA Ligase 1 (ssRNA Ligase, High Concentration; NEB). For the 

first analysis, 480 nM of stem-loop adaptor and 1.5 U/µl of T4 RNA Ligase 1 were chosen 

for the experiment. Meanwhile, 4 different final concentrations (240 nM, 480 nM, 720 nM 

and 960 nM) of stem-loop adaptor together with a fixed concentration of T4 RNA Ligase 1 

(1.5 U/µl) were tested in the second analysis. For the third analysis, 2 different final 

concentrations of T4 RNA Ligase 1 (1.5 U/µl and 3 U/µl) plus a fixed concentration of stem-

loop adaptor (960 nM) in the radiolabeled stem-loop adaptor ligation mixture were 

investigated. The radiolabeled stem-loop adaptor ligation mixture for each reaction was 

made up of the following components: 1X NEBNext® Quick Ligation Reaction Buffer (66mM 

Tris-HCl, 10mM MgCl2, 1mM DTT, 1mM ATP, 6% Polyethylene glycol (PEG 6000), pH 7.6 at 
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25°C; NEB), 1.5-3 U/μl T4 RNA Ligase 1 (ssRNA Ligase; NEB), 240-960 nM radiolabeled 

Stem-Loop Adaptor (RNA), 1 U/μl RNase Inhibitor, Murine (NEB), and UltraPure™ Distilled 

Water (Life Technologies) to make up the volume to 100 μl (see Appendix C Table 3 for the 

preparation). 

Each reaction of the beads was resuspended in 100 µl of corresponding radiolabeled stem-

loop adaptor ligation mixture (see Figure 5.6.1) and was incubated on Eppendorf 

ThermoMixer® C at 16℃ with mixing at 1350 rpm for 15 seconds at 2-minute intervals. The 

4 reactions for the time-course analysis of optimal ligation time were collected after 0, 12, 

24 and 36 hours of incubation respectively. Meanwhile, all the reactions for the titration 

analysis of optimal Stem-Loop Adaptor (RNA) concentration were collected after 36 hours 

of incubation. Moreover, the 10 reactions for the titration analysis of optimal T4 RNA 

Ligase 1 (ssRNA Ligase, High Concentration; NEB) concentration were collected after 0, 6, 

12, 24 and 36 hours of incubation respectively. The collected beads were washed 5 times 

with 0.5 ml of 1X Detergent-free Lysis Buffer (Proteinase Inhibitor-free) immediately after 

the ligation step. Elution was carried out by adding 25 μl of NuPAGE® LSD Sample Buffer 

(4X) (Thermo Fisher) and 75 μl UltraPure™ Distilled Water (Thermo Fisher) to the vial 

containing the washed beads, and by heating the vial for 10 minutes at 70℃. For each 

samples, a portion of 50 μl of the eluate was loaded onto NuPAGE™ Novex™ 4-12% Bis-Tris 

Protein Gels, 1.0 mm, 10-well (Thermo Fisher), and the gel run under 175V at 4℃ for 90 

minutes in 1X NuPAGE® MOPS SDS Running Buffer (Thermo Fisher). Lastly, the gel was 

wrapped by a Saran Wrap for avoiding any leakage and then exposed to an X-ray film for 24 

hours. The film was developed by a film processor (FUJIFILM FPM 2800, FujiFilm). The 

signal intensities of the bands were analyzed by a gel electrophoresis image analysis 

software tool (GelAnalyzer 2010a; http://www.gelanalyzer.com/). 
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4.7 Ligation of re-attaching adaptor 

After the ligation of the stem-loop adaptor in the experimental scheme of the RIINGS, the 

3' end of the miRNA target extends via the stem-loop adaptor and in effect flips over and 

backward. This modification positions the 3' end of the miRNA target and the 5' end of the 

miRNA in a head-to-tail orientation and with a gap in between (Figure 3.1). Therefore, 

these two interacting RNAs can be joined together by filling up the gap in between the two 

ends. In the scheme of RIINGS, filling the gap by ligation was selected instead of filling the 

gap by synthesis. Under non-denaturing condition, however, both ends of the miRNA in the 

RNA duplex are actually shielded by the Argonaute protein or the even bigger protein 

complex, i.e. the RISC. Crystal structure studies of RNA-Argonaute protein complex have 

shown that both ends of miRNA are anchored to two different binding pockets [133, 214, 

309]. The 5’ end of the miRNA anchors to the binding pocket located inside the MID 

domain of the Argonaute protein while the 3’ end of the miRNA anchors to the binding 

pocket located inside the PAZ domain of the protein [133, 214, 309]. Although the 3’ end of 

the miRNA is most likely released from the binding pocket in the PAZ domain during the 

process of the sequence-guided and -induced cleavage, the 3’ end of the miRNA is 

substantially anchored to the binding pocket under the gene translational repression 

processes [219]. Furthermore, the release of the end can only occur at the 3’ end of the 

miRNA and the released end may not be long enough or the spatial hindrance is too big for 

ligase to perform ligation. 

Therefore, removal of the duplex-binding proteins, including the Argonaute proteins, is 

necessary to expose the duplex and particularly the gap to the ligase enzyme for its action 

in the RIINGS experiment. Here, proteinase K was selected for this purpose. However, this 

process also releases all the immobilized duplexes from the Pierce™ Protein L Magnetic 
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Beads (Figure 3.1). Therefore, it does not facilitate the subsequent steps. In addition, the 

proteinase K remaining in the reaction mixture also does not favor all following enzymatic 

reactions because it can digest proteins under a wide range of conditions. 

In order to remove proteinase K after its action and hence facilitate subsequent steps, a 

“re-attaching adaptor” would be ligated to the 5’ end of the target RNA prior to the 

proteinase K treatment. This “re-attaching adaptor” actually helps the miRNA-target RNA 

duplexes attach to new magnetic beads after the mild proteinase K treatment. In brief, 

these magnetic beads carry on their surface with a specific sequence. Therefore, these 

beads can capture target nucleic acid sequences via base pairing. These beads are one of 

the inventions in the current study and are named “Library Enrichment Beads”. After the 

duplexes have been re-attached to magnetic beads, proteinase K can be washed away 

easily and the duplexes then processed for subsequent steps. 

The ligation of the re-attaching adaptor is an on-bead procedure and is very similar to the 

ligation of the stem-loop adaptor described in Section 4.6. Instead of ligating an adaptor to 

the 3’ end of the miRNA target, this ligation actually ligates an adaptor to the 5’ end of the 

miRNA target carried by the same Argonaute complex. The following experiments use a 

radioactive isotope to visualize the adaptor-ligated miRNA-target RNA-Argonaute complex 

owing to the low abundance of the complex. As the optimal adaptor concentration and 

ligase concentration had been determined in the ligation of stem-loop adaptor in Section 

4.6, the optimization of these two parameters are omitted here. As the enzymatic kinetics 

is different between 5’ end ligation and 3’ end ligation, a time-course analysis was 

conducted to determine the optimal ligation time for the ligation of re-attaching adaptor. 

Four time points were evaluated: 0, 12, 24 and 36 hours. On the other hand, the results 

from Section 4.6 indicated that some non-specific binding did exist after 
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immunoprecipitation. Therefore, prior to the time-course analysis, two intensive washing 

procedures to minimize the non-specific binding were examined and compared with the 

original washing procedure. The washing procedure was placed in the step immediately 

after RNase treatment. The three washing procedures under evaluation are: 

Washing procedure 1) Washing thrice with 1X Detergent-free Lysis Buffer (protease 

inhibitor-free) (the original washing procedure) 

Washing procedure 2) Washing thrice with 1X Detergent-free Lysis Buffer (protease 

inhibitor-free, 0.5% NP40) 

Washing procedure 3) Washing twice with 5X Detergent-free Lysis Buffer (protease 

inhibitor-free, 0.5% NP40) and twice with 1X Detergent-free 

Lysis Buffer (protease inhibitor-free, 0.5% NP40) 

Figure 4.7.1 shows the experimental scheme for studying the ligation of a re-attaching 

adaptor to the 5’ end of a miRNA target.  
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Figure 4.7.1 The experimental scheme for studying the ligation of a re-attaching adaptor to the 5’ end of a 

miRNA target. In order to minimize non-specific binding, two intensive washing procedures were examined. In 

addition, a time-course study was conducted to determine the optimal ligation time.  
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4.7.1 Cell culture, UV irradiation, and preparation and quantification of protein 

lysate 

K562 cell extract was used in this experiment. The procedures for cell culture, UV 

irradiation, and extraction and quantification of the protein lysate were the same as 

described in Section 4.6.1. In brief, 5 × 107 cells growing in exponential phase were 

collected. After being washed with 1X HBSS, cells were irradiated under 254 nm UV light, 

once for 400 mJ/cm2 and once for 200 mJ/cm2, on a 4℃ pre-chilled ice pack in UVC 500 

Ultraviolet Crosslinker (Amersham). Total protein was extracted in 500 µl 1X Detergent-free 

Lysis Buffer (Appendix A). The concentration of the total protein lysate was determined by 

Pierce® BCA Protein Assay Kit (Thermo Scientific) in accordance with the manufacturer's 

instructions. 

4.7.2 Preparation of beads and immunoprecipitation 

The procedures for preparing Pierce™ Protein L Magnetic Beads and the following 

immunoprecipitation were the same as the Method 2 described in Sections 4.5.2 and 4.5.3 

respectively. The input amount of the antibody for each reaction was 11.25 μg (56.25 μl). 

According to the calculation, the binding capacity of the beads was 16.5-fold higher than 

the input amount of the antibody. The elution procedure in Section 4.5.3 was omitted and 

the reactions were continued with the steps in Section 4.7.4. Three reactions were set up 

for evaluating the 3 different washing procedures, and 4 reactions for investigating of the 4 

time points (0, 12, 24 and 36 hours). 
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4.7.3 Preparation of re-attaching adaptor (radiolabeling) 

The re-attaching adaptor, which was named Re-attaching Adaptor (DNA-RNA) (Table 4.2.1), 

was ordered from IDT. The lyophilized product was dissolved with an appropriate volume 

of UltraPure™ Distilled Water (Life Technologies) to obtain the Re-attaching Adaptor (DNA-

RNA) with a concentration of 100 μM. The adaptor was labeled with [5’32P] cytidine 3’,5’-

bis(phosphate) (pCp) (PerkinElmer) by T4 RNA Ligase 1, High Concentration (NEB). A final 

reaction volume of 50 μl was set up for radiolabeling the adaptor. The components in the 

reaction mixture were as follows: 2.4 μM Re-attaching Adaptor (DNA-RNA), 1X NEBNext® 

Quick Ligation Reaction Buffer (66mM Tris-HCl, 10mM MgCl2, 1mM DTT, 1mM ATP, 6% 

Polyethylene glycol (PEG 6000), pH 7.6 at 25°C; NEB), 5 μCi/μl [5’-32P] pCp (Perkin Elmer), 3 

U/μl T4 RNA Ligase 1 (NEB), 1 U/μl RNase Inhibitor, Murine (NEB), and UltraPure™ Distilled 

Water (Life Technologies) to make up the volume to 50 μl (see Appendix C Table 4 for the 

preparation). 

The reaction mixture was incubated at 16℃ overnight (16-20 hours). Then, the ligation 

reaction was stopped by heat-inactivating T4 RNA Ligase 1 at 65 ℃ for 15 minutes. An 

additional 0.5 μl of Shrimp Alkaline Phosphatase (USB) was added to the reaction mixture 

and the mixture incubated at 37℃ for 1 hour. The reaction was stopped by heat 

inactivation again at 65℃ for 15 minutes. The reaction mixture was then topped up to 100 

µl with UltraPure™ Distilled Water (Life Technologies). The final product was purified by 

illustra™ MicroSpin™ G-25 Columns (GE Healthcare) in accordance with the manufacturer's 

instructions. The purified product was stored at -20℃ if not used immediately. 
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4.7.4 RNase treatment, ligation of re-attaching adaptor, and protein gel 

electrophoresis and visualization 

Magnetic beads from Section 4.7.2, which had been washed with 1X Detergent-free Lysis 

Buffer, were resuspended in 150 µl 1X Detergent-free Lysis Buffer (the same volume as the 

original bead preparation). RNase digestion was carried out by adding an aliquot of 3 µl, 

1:1000 diluted RNase One™ Ribonuclease (Promega) to each reaction. The reactions were 

incubated on Eppendorf ThermoMixer® C (Eppendorf) at 4℃ for 30 minutes with mixing at 

1000 rpm for 15 seconds at 2-minute intervals. 

Evaluation of intensive washing procedures 

The 3 reactions for evaluating the washing procedures were washed with the same volume 

(150 µl) of one of the following solutions: washing procedure (1) 1X Detergent-free Lysis 

Buffer (protease inhibitor-free) thrice; washing procedure (2) 1X Detergent-free Lysis Buffer 

(protease inhibitor-free, 0.5% NP40) thrice; and washing procedure (3) 5X Detergent-free 

Lysis Buffer (protease inhibitor-free, 0.5% NP40) twice plus 1X Detergent-free Lysis Buffer 

(protease inhibitor-free, 0.5% NP40) twice. Subsequently, the reactions were equilibrated 

to 1X T4 Polynucleotide Kinase Reaction Buffer (NEB) by 2 additional washes with 150 µl 1X 

Polynucleotide Kinase Reaction Buffer. The polynucleotide kinase (PNK) treatment mixture 

for each reaction had a volume of 150 µl and contained 1X T4 Polynucleotide Kinase 

Reaction Buffer (70 mM Tris-HCL, 10 mM MgCl2, 5 mM DTT, pH 7.6 at 25℃; NEB), 1 mM 

ATP, 0.5 U/μl T4 Polynucleotide Kinase, 3’ phosphatase minus (NEB), 1 U/μl RNase Inhibitor, 

Murine (NEB) and UltraPure™ Distilled Water (Life Technologies) to make up the volume to 

150 µl (see Appendix C Table 5 for the preparation). 

Evaluation of incubation time 
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Each of the 4 reactions for the time-course analysis was washed twice with 150 µl 5X 

Detergent-free Lysis Buffer (protease inhibitor-free, 0.5% NP40), and twice with 150 µl 1X 

Detergent-free Lysis Buffer (protease inhibitor-free, 0.5% NP40). Subsequently, the 

reactions were equilibrated to 1X T4 Polynucleotide Kinase Reaction Buffer (NEB) by 2 

more washes with 150 µl 1X T4 Polynucleotide Kinase Reaction Buffer. The PNK treatment 

mixture was the same as that described in the last paragraph. 

Each of the reactions was resuspended in 150 µl of the above PNK treatment mixture 

(same volume as the original bead preparation). The reactions were incubated on 

Eppendorf ThermoMixer® C at 16℃ for 1 hour with mixing at 1000 rpm for 15 seconds at 2-

minute intervals. 

Evaluation of intensive washing procedures 

The Reaction 1 for evaluating the washing procedures was washed twice with 0.5 ml of 1X 

Detergent-free Lysis Buffer (protease inhibitor-free) after the PNK treatment. The 

Reactions 2 and 3 for evaluating the washing procedures were washed twice with 0.5 ml of 

1X Detergent-free Lysis Buffer (protease inhibitor-free, 0.5% NP40) after the PNK treatment. 

Next, all the 3 reactions were equilibrated to 1X T4 RNA Ligase Reaction Buffer (without 

DTT) by 2 additional washes with 0.5 ml of 1X T4 RNA Ligase Reaction Buffer (without DTT) 

and were processed for the ligation of radiolabeled re-attaching adaptor. 

Evaluation of incubation time 

The 4 reactions for the time-course analysis were washed twice with 0.5 ml of 1X 

Detergent-free Lysis Buffer (protease inhibitor-free, 0.5% NP40) after the PNK treatment. 

Next, all the 4 reactions were equilibrated to 1X T4 RNA Ligase Reaction Buffer (without 
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DTT) by 2 more washes with 0.5 ml of 1X T4 RNA Ligase Reaction Buffer (without DTT). 

During the last wash, individual reactions in the same set of experiment were pooled 

together and re-divided again to eliminate the variations from the above preparation 

procedures. The 4 reactions were processed for the ligation of radiolabeled re-attaching 

adaptor. 

For both analyses, 480 nM of re-attaching adaptor and 1.5 U/µl of T4 RNA Ligase 1 were 

chosen for the experiment. The reaction mixture for the ligation of the radiolabeled re-

attaching adaptor for each reaction had a volume of 100 µl and consisted of 1X NEBNext® 

Quick Ligation Reaction Buffer (NEB), 1.5 U/μl T4 RNA Ligase 1 (ssRNA Ligase, NEB), 120 nM 

radiolabeled Re-attaching Adaptor (DNA-RNA), 840 nM unlabeled Re-attaching Adaptor 

(DNA-RNA), 1 U/μl RNase Inhibitor, Murine (NEB), and UltraPure™ Distilled Water (Life 

Technologies) to make up the volume to 100 μl (see Appendix C Table 6 for the 

preparation). 

Each reaction of the beads (from Section 4.7.2) was resuspended in 100 µl of the above 

ligation mixture for the radiolabeled re-attaching adaptor, and incubated on Eppendorf 

ThermoMixer® C at 16℃ with mixing at 1350 rpm for 15 seconds at 2-minute intervals. The 

3 reactions for evaluating the intensive washing procedures were collected after 36 hours 

of incubation. Meanwhile, the 4 reactions for the time-course analysis were collected after 

0, 12, 24 and 36 hours of incubation. The collected beads were washed 5 times with 0.5 ml 

of 1X Detergent-free Lysis Buffer (Proteinase Inhibitor-free) immediately after the ligation 

reaction. Elution was carried out by adding 25 μl of NuPAGE® LSD Sample Buffer (4X) 

(Thermo Fisher) and 75 µl UltraPure™ Distilled Water (Thermo Fisher) to each vial of the 

washed beads and by heating the vial for 10 minutes at 70℃. For each sample, a portion 

(50 µl) of the eluate was loaded onto NuPAGE™ Novex™ 4-12% Bis-Tris Protein Gels, 1.0 



145 

 

mm, 10-well (Thermo Fisher) and the gel run under 175V at 4℃ for 90 minutes in 1X 

NuPAGE® MOPS SDS Running Buffer (Thermo Fisher). Lastly, the gel was wrapped by a 

Saran Wrap for avoiding any leakage and then exposed to an X-ray film for 24 hours. The 

film was developed by the film processor FUJIFILM FPM 2800 (FujiFilm). The signal 

intensities of the bands were analyzed by the gel electrophoresis image analysis software 

GelAnalyzer 2010a (http://www.gelanalyzer.com/). 

 

4.8 RNA fragmentation 

In most of the cases, the targets of miRNAs are very long RNA sequences such as mRNAs 

and long non-coding RNAs. When miRNA-Argonaute complex recognizes and attaches to 

these long sequences, two long flanking sequences, which are the 5’ and the 3’ regions of 

the target RNA strand, can be found on the final complex. It looks like two threads coming 

out from the final complex (Figure 4.8.1). These long flanking strands make it very difficult, 

if not impossible, to join the interacting miRNA and target RNA together by the methods 

used in RIINGS owing to the large gap between the two interacting sequences. Even if the 

long-spanning gap can be sealed, the length of the chimeric sequence is too long for 

sequencing. In addition, the chimeric sequences must not be fragmented before 

sequencing because this action will counteract all the efforts of directly linking the two 

interacting RNAs together. A very straightforward solution to this problem is to remove the 

long flanking sequences from the complexes, but retain both ends that are long enough for 

the ligation of adaptors. Notably, this strategy makes the gaps easier to seal, narrows down 

the length of the chimeric sequences to be sequenced, and most importantly targets the 
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sequenced region of the miRNA targets to the genuine binding sites of miRNA-Argonaute 

complexes.  
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Figure 4.8.1 The microRNA-target RNA-Argonaute complex. 
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RNase A and RNase I are the candidate RNases selected for trimming the flanking RNA 

strands from the miRNA-target RNA-Argonaute complexes. RNase A is the 

endoribonuclease that was originally used in HITS-CLIP developed by Darnell's group [134]; 

however, this RNase preferentially cleaves the phosphodiester bond of RNA at the 3' end of 

pyrimidine residues (C and U) [310]. On the other hand, RNase I is an endoribonuclease 

that randomly cleaves RNA sequences endogenously without any sequence preference 

[311]. The completeness of RNA digestion by RNase depends on the enzyme concentration, 

the incubation time and the incubation temperature. In this experiment, 5 different 

dilutions were tested on both RNases: undiluted, 1/100 X, 1/1000 X, and 1/100000 X. The 

incubation temperature was fixed at 4℃ and the incubation time 30 minutes. 

Agilent 2100 Bioanalyzer (Agilent) was used to determine the fragment size after digestion. 

In addition, protein gel electrophoresis with autoradiography to visualize the ligation of the 

radiolabeled adaptor was used to check whether the trimmed flanking RNA regions were 

still long enough for ligation of adaptors. Figure 4.8.2 shows the experimental scheme for 

determining the working concentration of RNase.  
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Figure 4.8.2 The experimental scheme for determining the working concentration of RNase. Titration analyses 

were conducted to determine the optimal concentrations of RNase A and RNase I. The fragment size was 

assessed by Agilent 2100 Bioanalyzer while the ligation of adaptor was assessed by protein gel electrophoresis. 
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4.8.1 Cell culture, UV irradiation, and preparation and quantification of protein 

lysate 

K562 cell extract was used in this experiment. The procedures for cell culture, UV 

irradiation, and extraction and quantification of the protein lysate were the same as 

described in Section 4.6.1. In brief, 5 × 107 cells growing in exponential phase were 

collected. After being washed with 1X HBSS, cells were irradiated under 254 nm UV light, 

once for 400 mJ/cm2 and once for 200 mJ/cm2, on a 4℃ pre-chilled ice pack in UVC 500 

Ultraviolet Crosslinker (Amersham). Total protein was extracted in 500 µl 1X Detergent-free 

Lysis Buffer (Appendix A). The concentration of the total protein lysate was determined by 

Pierce® BCA Protein Assay Kit (Thermo Scientific) in accordance with the manufacturer's 

instructions. 

4.8.2 Preparation of beads and immunoprecipitation 

The procedures for preparing Pierce™ Protein L Magnetic Beads and the subsequent 

immunoprecipitation were the same as the Method 2 described in Sections 4.5.2 and 4.5.3 

respectively. The input amount of the antibody for each reaction was 11.25 μg (56.25 μl). 

According to the calculation, the binding capacity of the beads was 16.5-fold higher than 

the input amount of the antibody. The elution procedure in Section 4.5.3 was omitted and 

the reactions were continued with the steps in Section 4.8.3. There were 5 reactions for 

evaluating fragment size and 4 reactions for testing the ligation of adaptor 

4.8.3 RNase treatment 

Both RNase A (Affymetrix) and RNase One™ Ribonuclease (Promega) were diluted to 1/100 

X, 1/1000 X and, 1/100000 X with 1X Detergent-free Lysis Buffer. The original concentration 
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of the RNase A was 38.46 U/µl (Lot. 73715) while the original concentration of the RNase 

One™ Ribonuclease was 10 U/µl. Notably, the unit definition was not the same for these 

two RNases. All the vials of magnetic beads from Section 4.8.2, which had been washed 

with 1X Detergent-free Lysis Buffer, were resuspended in 150 µl 1X Detergent-free Lysis 

Buffer (same volume as the original bead preparation). All the reactions within a particular 

set of experiment were pooled together and the pooled mixture was re-divided again to 

eliminate the variation arising from the above preparation procedures. The RNase digestion 

for evaluating fragment size was carried out by adding an aliquot of 3 µl of undiluted, 1/100 

X, 1/1000 X, 1/100000 X and 1/10000000 X diluted RNase A (Affymetrix) to the 5 reactions 

respectively while the RNase digestion for testing the ligation of adaptor was carried out by 

adding an aliquot of 3 µl of undiluted, 1/100 X, 1/1000 X and 1/100000 X diluted RNase A 

(Affymetrix) to the 4 reactions respectively. The same was repeated for RNase One™ 

Ribonuclease (Promega). All the reactions were incubated on Eppendorf ThermoMixer® C 

(Eppendorf) at 4℃ for 30 minutes with mixing at 1000 rpm for 15 seconds at 2-minute 

intervals. 

4.8.4 RNA extraction and evaluation of fragment size 

After the RNase treatment, the reactions for evaluating fragment size were washed thrice 

with 150 µl 1X Detergent-free Lysis Buffer (protease inhibitor-free) (same volume as the 

original bead preparation). The washed beads were then resuspended in 200 µl of 1X 

Detergent-free Lysis Buffer (protease inhibitor-free). The elution was carried out by adding 

10 µl of Proteinase K (Molecular Biology Grade, NEB) to the resuspended beads. The beads 

were then incubated at 56℃ for 2 hours with mixing at 1000 rpm for 15 seconds at 2-

minute intervals. Beneficially, all proteins associated with RNAs were also removed by this 

elution method. After the incubation, the beads were discarded and the RNA-containing 
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supernatant was saved for extraction. Subsequently, The RNA was extracted by miRNeasy 

Mini Kit (Qiagen) in accordance with the manufacturer's instructions. Then, RNA 

concentration was measured by NanoDrop ND-1000 Spectrophotometer (NanoDrop 

Technologies) and stored at -70℃ until use. 

The fragment size was analyzed using Agilent 2100 Bioanalyzer (Agilent) with Agilent RNA 

6000 Pico Kit (Agilent). For each samples, around 2.5 ng of RNA was loaded for initialize the 

run. Electrophoresis was carried out in accordance with the manufacturer's instructions. 

4.8.5 Ligation of adaptor, and protein gel electrophoresis and visualization 

After the RNase treatment, the reactions for testing the ligation of adaptor were washed 

thrice 150 µl 1X Detergent-free Lysis Buffer (same volume as the original bead preparation). 

The adaptor used in this experiment and the radiolabeling procedures were the same as 

described in Section 4.6.3. The ligation of adaptor, protein gel electrophoresis and 

visualization followed the steps Section in 4.6.4, starting from the equilibration of the 

washed beads with 1X NEBuffer 1 (NEB). The RNase treatment and the subsequent washing 

steps were skipped. The concentration of the radiolabeled adaptor was 480 nM. The 

concentration of T4 RNA Ligase 1 (NEB) in the ligation master mix was 2.25 U/µl. The 

ligation time was 36 hours. 

 

4.9 UV crosslinking between RNA and protein 

In principle, RIINGS is designed for the identification of protein-mediated RNA-RNA 

interactions with exact pairwise correspondence and on a genomic scale. This method 
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requires immunoprecipitation to purify the ribonucleoprotein (RNP) complex of interest, 

ligation to link up the interacting RNA pairs, and finally high-throughput sequencing to 

sequence all the chimeric sequences. Therefore, stabilizing the RNP is critical to RIINGS. In 

order to prevent the disassembling of RNP or in vitro rearrangement after RNP extraction 

from cells, covalently crosslinking the interacting RNAs and RNA-binding protein inside the 

cells of interest (before extraction) is the commonly used technique. MicroRNA-target RNA 

interactions are mediated by RISC. The core protein of the RISC is Argonaute protein 1-4 for 

one of them. Argonaute-RNAs complexes are the target RNP when the miRNA-target RNA 

interactions are to be studied. Therefore, crosslinking of the interacting Argonaute-RNAs 

complexes is necessary. 

Two crosslinking methods were separately used in HITS-CLIP and PAR-CLIP [134, 295]. 

These two crosslinking methods are the key methods utilized in RNA-protein crosslinking. 

The crosslinking method used in HITS-CLIP is achieved by exposing the living cells under 

ultraviolet light (UV light) of 254 nm. The RNAs and proteins in close proximity would be 

crosslinked together covalently under the 254 nm UV light. On the other hand, the 

crosslinking method used in PAR-CLIP is a chemical-assisted UV-light crosslinking method. 

The chemical used in PAR-CLIP crosslinking is 4-thiouridine, which is an analogue of uridine 

and a photoactivatable-ribonucleoside. The compound 4-thiouridine can be utilized by cells 

to synthesize RNAs. Thus, the RNAs would contain 4-thiouridine. Under the induction by 

365 nm UV light, the 4-thioridine is efficiently crosslinked to the interacting proteins. Both 

approaches were tested in the current experiment. Figure 4.9.1 shows the experimental 

scheme for determining the optimal crosslinking condition.  
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Figure 4.9.1 The experimental scheme for determining the optimal crosslinking condition. Both non-chemical 

assisted- and 4-thiouridine-assisted UV crosslinking methods were tested. The non-chemical-assisted method 

used 254 nm UV light for induction and an irradiation dose of 150 mJ/cm2. The 4-thiouridine-assisted method 

used 365 nm UV light for induction and an irradiation dose of 600 mJ/cm2.  
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4.9.1 Cell culture and 4-thiouridine treatment 

K562 cell extract was used in this experiment. Both the non-chemical-assisted and 4-

thiouridine-assisted UV crosslinking methods were tested in this experiment. Cells were 

seeded in four T-175 culture flasks with 43 ml cell suspension per flask at 5 × 105 cells/ml. 

Two flasks of cells were set up for the non-chemical-assisted UV crosslinking while the 

remaining two were set up for the 4-thiouridine-assisted UV crosslinking. The four flasks of 

cells were incubated at 37℃ for 48 hours in an incubator with 5% CO2. An aliquot of 4.3 µl 

of 1 M 4-thiouridine in DMSO was added to the 2 flasks of cells for the 4-thiouridine-

assisted UV crosslinking experiment to obtain a final 4-thiouridine concentration of 100 µM 

in the cell suspension. Similarly, an aliquot of 4.3 µl of DMSO was added to the 2 flasks of 

cells for the non-chemical-assisted UV crosslinking experiment. All 4 flasks of cells were 

incubated at 37℃ with 5% CO2 for an additional 14 hours. 

4.9.2 UV irradiation, and preparation and quantification of protein lysate 

Four flasks of cells were used in this preparation. Two were 4-thiouridine-treated and two 

were control (treated with comparable volume of DMSO only). Each flask of cells was 

collected by centrifugation at 125 g (800-1000 rpm) for 5 minutes in 4 individual tubes. The 

supernatant in all the tubes were discarded. Each cell pellet was washed twice with 20 ml 

ice-cold 1X HBSS (Thermo Scientific). Cells with the same treatment were pooled together 

during the last wash for the treatment of crosslinking-assisting agent. After the pooling, the 

cells were pelleted again and the two cell pellets with different treatment of crosslinking-

assisting agent were resuspended in 8 ml of ice-cold 1X HBSS individually. Each of the 

above suspensions was then transferred to four 10 cm dishes with 2 ml of suspension for 

each dish. The cell suspension was evenly spread out on each dish by gently shaking by 

hand. In other words, there were 4 dishes of cells for each kind of treatments (4 dishes for 
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4-thiouridine treated and 4 dishes for control). All dishes of cells were irradiated with 254 

nm or 365 nm UV light for a certain dose (150 mJ/cm2 or a combination of 400 and 200 

mJ/cm2) on a 4℃ pre-chilled ice pack in a UV crosslinker (UVC 500 Ultraviolet Crosslinker 

[Amersham] for 254 nm UV light, or CL-1000 Ultraviolet Crosslinker [UVP] for 365 nm UV 

light). Specifically, to both sets of the 4 dishes, 2 dishes of cells (one is 4-thiouridine treated 

and one is control) were irradiated under 254 nm UV light for 150 mJ/cm2; 2 dishes of cells 

(one is 4-thiouridine treated and one is control) were irradiated twice under 254 nm UV 

light, once for 400 mJ/cm2 and once for 200 mJ/cm2; 2 dishes of cells (one is 4-thiouridine 

treated and one is control) were irradiated under 365 nm UV light for 150 mJ/cm2; and 2 

dishes of cells (one is 4-thiouridine treated and one is control) were irradiated twice under 

365 nm UV light, once for 400 mJ/cm2 and once for 200 mJ/cm2. There was a 1-minute 

interval between the 2 irradiations for the dishes requiring a second time irradiation. The 

suspension was well mixed before each irradiation. Therefore, there were 8 different 

treatments of cells (Figure 4.9.2). Total protein was extracted in 1X Detergent-free Lysis 

Buffer (Appendix A). Protein extraction and quantification of the protein lysate were the 

same as described in Sections 4.3.2 and 4.3.3 respectively.  
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Figure 4.9.2 Summary of sample treatments for optimizing crosslinking condition.  
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4.9.3 Preparation of beads and immunoprecipitation 

The procedures for preparing Pierce™ Protein L Magnetic Beads and the subsequent 

immunoprecipitation was the same as the Method 2 described in sections 4.5.2 and 4.5.3 

respectively. The amount of the antibody input for each reaction was 11.25 μg (56.25 μl). 

According to the calculation, the binding capacity of the beads was 16.5-fold higher than 

the amount of the antibody. The elution procedure in 4.5.3 was omitted and the reactions 

were continued with the steps in Section 4.9.4. 

4.9.4 RNase treatment, ligation of stem-loop adaptor, and protein gel 

electrophoresis and visualization 

The procedures for RNase treatment were the same as described in Section 4.6.4. Briefly, 

an aliquot of 3 µl, 1:1000 diluted RNase One™ Ribonuclease (Promega) was added to the 

beads for the RNase digestion at 4℃ for 30 minutes. The adaptor used in this experiment 

and the radiolabeling procedures were the same as described in Section 4.6.3. The ligation 

of adaptor, and protein gel electrophoresis and visualization were carried out as described 

in Section 4.6.4, starting from the equilibration of the washed beads with 1X NEBuffer 1 

(NEB). The concentration of the radiolabeled adaptor was 480 nM. The concentration of T4 

RNA Ligase 1 (NEB) in the ligation master mix was 2.25 U/µl. The ligation time was 36 hours. 

 

4.10 Conversion of 2',3'-cyclic monophosphate end 

This is an important step that can drastically enhance the ligation of the stem-loop adaptor 

to the 3’ end of the target RNAs. In the RIINGS method, RNase fragmentation is required. 

Both RNase A and RNase I were investigated in the current study. These two RNases are 
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endogenous ribonuclease that could potentially be used in RIINGS. They catalyze the 

cleavage of RNA dinucleotide bonds endogenously, and leave a 5´ hydroxyl end and 2´,3´-

cyclic monophosphate ends on the product RNAs or on the product monoribonucleotides. 

The 2´,3´-cyclic monophosphate end is an intermediate product. This end is further 

converted by the RNases to the corresponding 3' monophosphate via hydrolysis; however, 

the hydrolysis is very slow (Figure 4.10.1) [312, 313]. As the result, the cleaved RNAs mainly 

have 5´ hydroxyl end and 2´,3´-cyclic monophosphate ends at their two termini. 
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Figure 4.10.1 The hydrolysis of 2',3'-cyclic monophosphate nucleotide to 3' monophosphate ribonucleotide. 
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Notably, all these ends are not suitable for ligation because they are not the substrates of 

ligases [314]. These ends should be converted to the corresponding 5’ monophosphate end 

and 3’ hydroxyl end before ligation. T4 Polynucleotide kinase (T4 PNK) is a robust enzyme 

that can convert the 5’ hydroxyl end to 5’ monophosphate end via its phosphorylation 

activity. On the other hand, the 3’ monophosphate end can be converted to the 3’ hydroxyl 

end rapidly by many of the phosphatases. Examples for these phosphatases are Antarctic 

phosphatase (AP), shrimp alkaline phosphatase (SAP) and calf intestinal alkaline 

phosphatase (CIP). Nevertheless, these phosphatases are not able to remove the 

phosphate group from the 2',3'-cyclic monophosphate end. 

In fact, T4 PNK has two enzymatic activities: addition of 5’ phosphate to oligonucleotides (5’ 

kinase activity) and removal of 3’ phosphoryl groups (3’ phosphatase activity) [315]. 

Besides, T4 PNK is able to convert the 2',3'-cyclic monophosphate end to 3’ hydroxyl end 

via either one of two possible catalytic processes suggested by Das et. al. in 2013 [315]. The 

ordinary phosphatase activity and 2',3'-cyclic monophosphate hydrolytic activities of the T4 

PNK are illustrated in Figure 4.10.2. Therefore, T4 PNK is the enzyme particularly suitable 

for converting the 2',3'-cyclic monophosphate end to 3’ hydroxyl end that can be used in 

the subsequent ligation. The present experiment tested whether the additional PNK 

treatment could improve the efficiency of ligating the stem-loop adaptor via the conversion 

of both 3’ monophosphate end and 2',3'-cyclic monophosphate end to 3’ hydroxyl end. This 

evaluation was performed using both RNaseA-fragmented RNA and RNaseI-fragmented 

RNA. Figure 4.10.3 shows the experimental scheme for investigating whether additional T4 

PNK treatment could improve the efficiency of ligating stem-loop adaptor ligation. 
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Figure 4.10.2 Pathways of RNA 3′ end-healing by T4 polynucleotide kinase. (a) A 2-step mechanism of 

removing 3′-phosphate via the (Step 1) formation and (Step 2) hydrolysis of a covalent phosphoaspartyl-enzyme 

(P-Asp-Enz) intermediate. (b) Presented here are two possible pathways for removing a 2′,3′-cyclic phosphate. 

Involved in a common 1st step is the attack by the aspartate nucleophile on the 2',3'-cyclic monophosphate end 

of the RNA to (Step 1) form and then (Step 2) hydrolyze a covalent RNA-(P-Asp-Enz) intermediate. In the Step 1 

reaction presented, the O2′ of the ribose is the leaving group while the 3′-phosphate of the RNA is linked to the 

enzyme. Two versions of the hydrolytic reaction (Steps 2a or 2b) are shown here. In Step 2a, the enzymatic 

aspartate is the leaving group while the 3′ monophosphate end of the RNA is the product that can enter the 

reaction described in (a) to be subsequently converted to 3’ hydroxyl end. In Step 2b, the O3′ of the ribose is 

the leaving group and a phosphoaspartyl-enzyme remains. (Adopted from Nucleic Acids Research. 2013; 41: 

355-365)  

b. 

a. 
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Figure 4.10.3 The experimental scheme for investigating whether additional T4 PNK treatment could improve 

the efficiency of ligating stem-loop adaptor ligation. The franking/protruding RNAs on the Argonaute complex 

were trimmed by either RNase I or RNase A. Both the 3’ ends generated by these two RNase were investigated. 

T4 PNK treatment was additionally added to the procedure at the point that immediately after the RNase 

digestion. 
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4.10.1 Cell culture, UV irradiation, and preparation and quantification of protein 

lysate 

K562 cell extract was used in this experiment. The procedures for cell culture, UV 

irradiation, and extraction and quantification of the protein lysate were the same as 

described in Section 4.6.1. In brief, cells were irradiated under 254 nm UV light 2 times, 

once for 400 mJ/cm2 and once for 200 mJ/cm2, on a 4℃ pre-chilled ice pack in UVC 500 

Ultraviolet Crosslinker (Amersham). Total protein was extracted in 1X Detergent-free Lysis 

Buffer (Appendix A). 

4.10.2 Preparation of beads and immunoprecipitation 

The procedures for preparing Pierce™ Protein L Magnetic Beads preparation and the 

succeeding immunoprecipitation were the same as the Method 2 described in Sections 

4.5.2 and 4.5.3 respectively. The amount of the antibody input for each reaction was 11.25 

μg (56.25 μl). According to the calculation, the binding capacity of the beads was 16.5-fold 

higher than the amount of the antibody. The elution procedure of Section 4.5.3 was 

omitted and the reactions were continued with the steps in Section 4.10.3. There were 2 

reactions (control and with an additional T4 PNK treatment) for investigating the possible 

improvement in the ligation of stem-loop adaptor with an additional T4 PNK treatment 

after RNase I fragmentation. Similarly, there were also 2 such reactions (control and with 

an additional T4 PNK treatment) after RNase A fragmentation. 

4.10.3 RNase treatment 

The procedures for RNase treatment followed those described in Section 4.6.4 with some 

differences (see below). For the 2 reactions used to investigate the RNA fragmentation by 
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using RNase I, an aliquot of 3 µl, 1:1000 diluted RNase One™ Ribonuclease (Promega) was 

added to each vial of the beads for digestion at 4℃ for 30 minutes. For the other 2 

reactions used to investigate the RNA fragmentation by using RNase A, an aliquot of 3 µl, 

1:1000 diluted RNase A (Affymetrix) was added to each vial of the beads for digestion at 

4℃ for 30 minutes. 

4.10.4 T4 PNK treatment 

The reactions were washed thrice with 150 µl 1X Detergent-free Lysis Buffer (same volume 

as the original bead preparation) after the RNase treatment. Then, the beads were 

equilibrated to 1X PNK Buffer (without DTT) by 2 additional washes with 150 µl 1X PNK 

Buffer (without DTT). The T4 PNK treatment mixture for each 150-µl reaction had the 

following components: 1X Polynucleotide Kinase Reaction Buffer (70 mM Tris-HCL, 10 mM 

MgCl2, 5 mM DTT, pH 7.6 at 25℃; NEB), 1 U/μl T4 Polynucleotide Kinase (NEB), 1 U/μl 

RNase Inhibitor, Murine (NEB), and UltraPure™ Distilled Water (Life Technologies) to make 

up the volume to 150 µl (see Appendix C Table 7 for the preparation). 

The beads for the experiment were resuspended in 150 µl T4 PNK treatment mixture (see 

above; same volume as the original bead preparation). The beads for the control were 

resuspended in 150 µl of the above T4 PNK treatment mixture without T4 Polynucleotide 

Kinase. The reaction mixtures were incubated on Eppendorf ThermoMixer® C at 16℃ for 30 

minutes with mixing at 1000 rpm for 15 seconds at 2-minute intervals. The beads were 

washed once with 150 µl 1X Detergent-free Lysis Buffer after T4 PNK treatment. Next, the 

beads were equilibrated to 1X NEBuffer 1 (NEB) by 2 additional washes with 150 µl 1X 

NEBuffer 1 (10mM Bis-Tris-Propane-HCl, 10mM MgCl2, 1mM DTT, pH 7.0 at 25℃; NEB) and 

then processed for the steps in Section 4.10.5. 
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4.10.5 Ligation of stem-loop adaptor, and protein gel electrophoresis and 

visualization 

The adaptor used in this experiment and the radiolabeling procedures were the same as 

described in Section 4.6.3. The ligation of adaptor, and protein gel electrophoresis and 

visualization followed those in Section 4.6.4 with the procedures starting from the CIP 

treatment. The concentration of the radiolabeled adaptor was 480 nM. The concentration 

of T4 RNA Ligase 1 (NEB) in the ligation master mix was 2.25 U/µl. The ligation time was 36 

hours. 

 

4.11 Analysis of AGO complexes isolated by immunoprecipitation 

Obtaining stabilized Argonaute complexes of high purity, in which each complex has miRNA, 

target RNA and Argonaute protein, is one of the most important parts and one of the core 

techniques in RIINGS. The complexes, particularly the RNA duplex inside the Argonaute 

protein, must be in their native forms because the RNA duplex cannot be ligated or the 

level of RNA-duplex in vitro dissociation/reassociation can be elevated if the RNA duplex is 

denatured (the two RNA sequences separated from each other). 

There are three important questions to address. First, does the isolated Argonaute 

complexes pure enough for identifying the Argonaute-mediated miRNA-target RNA 

interactions? Second, are the miRNA-target RNA duplexes stable enough to get through the 

processes of physically joining the two individual sequences together (what is the melting 

temperature of the duplexes)? Third, does the quantity of the harvested duplexes good 

enough for representing the profile of the entire interactome? All these questions are 
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equally important. Accordingly, three sets of experiment were designed to examine these 

issues. 

4.11.1 Assessment of AGO complexes for purity by mass-spectrometry 

Prior to evaluating the purity of Argonaute complexes by mass spectrometry, the purity 

had been roughly assessed by silver staining of SDS-PAGE as described in Section 4.5.5. 

However, the silver staining method is not capable of identifying the proteins and not 

sensitive enough to visualize some proteins present in very trace amounts. In order to 

further assess the purity of the purified Argonaute complexes and identify protein 

contaminants if any, TripleTOF™ 6600 (AB SCIEX) was used for these analyses. This mass 

spectrometer is equipped with NANOSpray® III Source (AB SCIEX) and ekspert™ nanoLC 415 

(eksigent®), and thus combines liquid chromatography with quadrupole/time-of-flight 

(QqTOF) hybrid mass spectrometry with ion source provided by electrospray ionization (i.e. 

a Nano LC-ESI-Q-TripleTOF-MS). Figure 4.11.1 shows the experimental scheme for assessing 

the purity of purified Argonaute complexes.  
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Figure 4.11.1 The experimental scheme for assessing the purity of purified Argonaute complexes. The purified 

proteins from a preparation of AGO complexes (immunoprecipitation of AGO proteins in RIINGS) were eluted 

under a denaturing condition to make sure all the captured proteins could be eluted from the magnetic beads. 

Then, the eluate went through ordinary pretreatments for analysis by mass spectrometry. Mass spectrometry 

analysis was carried out on TripleTOF™ 6600 (AB SCIEX), which is equipped with NANOSpray® III Source (AB 

SCIEX) and ekspert™ nanoLC 415 (eksigent®).  
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4.11.1.1  Cell culture, UV irradiation, and preparation and quantification of protein 

lysate 

K562 cell extract was used in this experiment. The procedures for cell culture, UV 

irradiation, and protein lysate preparation and quantification were the same as described 

in Section 4.6.1. In brief, cells were irradiated under 254 nm UV light 2 times, once for 400 

mJ/cm2 and once for 200 mJ/cm2, on a 4℃ pre-chilled ice pack in UVC 500 Ultraviolet 

Crosslinker (Amersham). Total protein was extracted in 1X Detergent-free Lysis Buffer 

(Appendix A). 

4.11.1.2 Preparation of beads and immunoprecipitation 

The procedures for preparing Pierce™ Protein L Magnetic Beads and the ensuing 

immunoprecipitation were the same as the Method 2 described in Sections 4.5.2 and 4.5.3 

respectively. The amount of the antibody input for each reaction was 11.25 μg (56.25 μl). 

According to the calculation, the binding capacity of the beads was 16.5-fold higher than 

the amount of the antibody. The elution procedure in Section 4.5.3 was omitted and the 

reactions were continued with the steps in Section 4.11.1.3. 

4.11.1.3  RNase treatment 

The procedures for RNase treatment were similar to those described in Section 4.6.4. 

Briefly, an aliquot of 3 µl, undiluted RNase One™ Ribonuclease (Promega) was added to the 

beads for RNase digestion at 4℃ for 30 minutes. The beads were washed thrice with 150 μl 

1X Detergent-free Lysis Buffer (protease inhibitor-free) (Appendix A). 
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4.11.1.4  Elution and trypsinization 

The beads were washed once with 500 µl Pre-Urea Wash Buffer and then the purified 

protein was eluted with 30 µl of Urea Elution Buffer with incubation on Eppendorf 

ThermoMixer® C at 37℃ for 30 minutes with mixing at 1000 rpm for 15 seconds at 2-

minute intervals [304]. The supernatant was collected and transferred to a new 1.5-ml 

centrifuge tube. An aliquot of 30 µl of 20 mM DTT was added to the eluate to obtain a final 

concentration of 10 mM DTT in the mixture. The mixture was incubated on Eppendorf 

ThermoMixer® C at 25℃ for 30 minutes with mixing at 1000 rpm for 15 seconds at 2-

minute intervals. Next, an aliquot of freshly prepared 30 µl of 75 mM iodoacetamide (IAA) 

was added to the eluate to give a final concentration of 25 mM IAA in the mixture. The 

mixture was incubated on Eppendorf ThermoMixer® C at 25℃ for 1 hour with mixing at 

1000 rpm for 15 seconds at 2-minute intervals. For trypsinization, 228 µl of UltraPure™ 

Distilled Water (Life Technologies) and 36 µl of 10X Trypsin Reaction Buffer were added to 

the DTT- and IAA-treated mixture sequentially. Then, an aliquot of 6 µl of 0.4 µg/µl Trypsin 

(Promega) was added to the eluate. At this point, the urea concentration in the mixture 

was reduced down to 0.5 M. This is the urea concentration that the trypsin can tolerate. 

The mixture was incubated on Eppendorf ThermoMixer® C at 37℃ for 16 hours with mixing 

at 1200 rpm for 15 seconds at 2-minute intervals. The reaction was stopped by adding 36 µl 

of 1% formic acid to give a final concentration of ~0.1% formic acid in the trypsinized 

mixture. The trypsinized mixture was stored at -20℃ until being analyzed by mass 

spectrometry [316]. 

4.11.1.5 Mass spectrometry analysis 

Mass spectrometry analysis was carried out on TripleTOF™ 6600 (AB SCIEX. A portion of 0.5 

µg of peptide sample was used to initiate the run of Information Dependent Acquisition on 
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TripleTOF™ 6600 (AB SCIEX). The sample was loaded onto NanoLC Trap with the phase of 

ChromXP C18CL (3 μm particle diameter, 300 Å pore size) and with the column size at 350 

μm inner diameter × 0.5 mm long (eksigent). Then, the sample was separated by NanoLC 

column with the phase of ChromXP C18CL (3 μm particle diameter, 12 nm pore size) and 

with the column size at 75 µm inner diameter x 15 cm long (eksigent). Sample was run 

using a protocol of 30-minute gradient from 95% solvent A (MS) and 5% solvent B (MS) to 

65% solvent A for MS and 35% solvent B for MS at a flow rate of 300 nl/min. Data were 

acquired under the conditions of an ion spray voltage of 2300 V, nebulizer gas at 15 pounds 

per square inch and curtain gas at 30 pounds per square inch. The total run time was 70 

minutes. The protocol of Information Dependent Acquisition was set up with the MS survey 

range between 0.350 and 1.500 kilodalton (kDa) in positive mode with accumulation time 

at 250 ms followed by dependent tandem MS scan with a mass range between 100 and 

1800 Da in positive mode with accumulation time at 100 ms. The 40 most intense ions with 

charge state at 2+ to 4+ under the high-sensitivity mode were monitored in each detection 

cycle. Exclusion of former target ions was set for a period of 18 seconds after each 

occurrence and at a mass tolerance of 50 parts per million. The raw data were analyzed by 

ProteinPilot™ Software 5.0. The data were searched against the proteomic data of Homo 

sapiens in the database of UniProt Proteomes database (16 October 2016, 20123 reviewed 

proteins). The result was filtered by false discovery rate in less than 1% at both the peptide 

level and the protein levels. 

4.11.2 Thermostability of miRNA-target site duplexes 

The thermostability of miRNA-target RNA duplexes is extremely critical to RIINGS. If the 

duplexes can easily be dissociated at low temperature, the idea of the whole method 

would fall apart. The two interacting RNAs in the duplex can no longer be ligated together 
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under the principle used in RIINGS. Furthermore, the melting temperature of the miRNA-

target RNA duplexes also restricts the reaction temperature in the steps after the duplexes 

have been extracted. The reaction temperatures should be lower than the melting 

temperature of the duplexes; otherwise, duplexes of interest would be dissociated from 

each other. Here, the melting curve analysis was used to investigate the melting 

temperature of miRNA-target RNA target site duplexes extracted from K562 cells. Two 

different amounts of proteinase K (8 U and 24 U) and two different digestion temperatures 

(4℃ and 16℃) were tested for the preparation of miRNA-target RNA duplexes. The 

measurement was carried out on LightCycler® 480 (Roche). Figure 4.11.2 shows the 

experimental scheme for investigating the melting temperature of the miRNA-target RNA 

target site duplexes.  
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Figure 4.11.2 The experimental scheme for investigating the melting temperature of the miRNA-target RNA 

target site duplexes. This experiment was set up for assessing the melting curve of the miRNA-target RNA 

target site duplexes. In examining the suitable condition for releasing the duplexes by proteinase K, two 

different proteinase K concentrations and two different reaction temperatures for proteinase K digestion were 

examined. 
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4.11.2.1 Cell culture, UV irradiation, and preparation and quantification of protein 

lysate 

K562 cell extract was used in this experiment. The procedures for cell culture, UV 

irradiation, and protein lysate preparation and quantification were the same as described 

in Section 4.6.1. In brief, cells were irradiated under 254 nm UV light 2 times, once for 400 

mJ/cm2 and once for 200 mJ/cm2, on a 4℃ pre-chilled ice pack in UVC 500 Ultraviolet 

Crosslinker (Amersham). Total protein was extracted in 1X Detergent-free Lysis Buffer 

(Appendix A). 

4.11.2.2  Preparation of beads and immunoprecipitation 

The procedures for preparing Pierce™ Protein L Magnetic Beads and the subsequent 

immunoprecipitation were the same as the Method 2 described in Sections 4.5.2 and 4.5.3 

respectively with some minor changes. There were 4 reactions set up to investigate the 

optimum condition for proteinase K to release the RNA duplexes from the protein 

complexes. The reactions in this experiment were scaled up 2-fold: 4 mg of total protein 

extract was used as the starting material for the immunoprecipitation reaction. The 

amount of the antibody input for each reaction was 22.5 μg (112.5 μl). The input beads for 

initializing the reaction were 300 µl. According to the calculation, the binding capacity of 

the beads was 16.5-fold higher than the amount of the antibody. The elution procedure in 

Section 4.5.3 was omitted and the reactions were continued with the steps in Section 

4.11.2.3. 
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4.11.2.3  RNase treatment 

The procedures for RNase treatment were similar to those described in Section 4.6.4 with 

some minor changes. An aliquot of 6 µl undiluted RNase One™ Ribonuclease (Promega) 

was added to the beads for RNase digestion at 4℃ for 30 minutes. The beads were washed 

thrice with 1 ml of 1X Detergent-free Lysis Buffer (protease inhibitor-free) (Appendix A). 

4.11.2.4 Elution and melting curve analysis of RNA duplex 

Each vial of beads was resuspended in 200 µl 1X Detergent-free Lysis Buffer (protease 

inhibitor-free). Proteinase K (NEB) was added to the vials to digest the proteins: 8 U (10 µl) 

to two vials and 24 U (30 µl) to the remaining two vials. This resulted in eluting and 

releasing the miRNA-target RNA target site duplexes from the protein complexes. One of 

the reactions with 8 U of proteinase K and one of the reactions with 24 U of proteinase K 

were incubated on Eppendorf ThermoMixer® C at 4℃ for 24 hours with mixing at 1250 rpm 

for 15 seconds at 2-minute intervals. The remaining two vials were incubated on Eppendorf 

ThermoMixer® C at 16℃ for 24 hours with mixing at 1250 rpm for 15 seconds at 2-minute 

intervals. After digestion, the supernatant from each vial was collected and transferred to a 

new centrifuge tube. All the samples were kept on ice immediately to prevent dissociation 

of the duplexes. 

Melting curve analysis was carried out using LightCycler® 480 (Roche) immediately after 

the samples had been obtained. Melting curves were examined under 9 different 

conditions with 3 different Syto 9 (Molecular Probes) concentrations (1.5, 2.0 and 2.5 µM) 

and 3 different amounts of RNA duplexes (7.5, 10.0 and 12.5 µl) each in a reaction volume 

of 20 µl. A parallel set of 9 reaction mixtures for blanks was also set up with the respective 

samples being replaced by equivalent volumes of blank that only had the corresponding 
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amount of proteinase K in 1X Detergent-free Lysis Buffer (protease inhibitor-free). Details 

of how to prepare these reaction mixtures can be found in Appendix C Table 8. The 

reaction mixtures were prepared in a 96-well plate (LightCycler® 480 Multiwell Plate 96, 

white; Roche) placed on a pre-chilled PCR-Cooler 0.2 ml (Eppendorf). Master Mixes 

containing different volumes of Duplex Buffer (100 mM potassium acetate; 30 mM HEPES, 

pH 7.5; IDT) and Syto 9 (50 µM, diluted in water) were prepared and loaded into the plate 

prior to loading the sample. Melting analysis was performed using the following thermal 

cycles: rapid ramping (4.4℃/seconds) to 20℃ and holding at 20℃ for 30 seconds, slowing 

ramping (0.02℃/seconds) to 90℃ with 25 signal acquisitions per ℃ during this slow 
ramping phase, rapid cooling (2.2℃/second) to 40℃ and holding at 40℃ for 10 seconds 

for protecting the machine. 

4.11.3 Quantification of miRNA- target RNA duplexes 

The quantity of the yielded miRNA-target RNA duplexes is another important issue that we 

have to concern. The more the number of the chimeric sequences obtained from the 

library preparation, the more representative the whole interactome. In other words, the 

read depth of the subsequent next-generation sequencing is inherently increased if the 

number of the chimeric sequences in the sample is increased. This quantity gives a good 

estimate of how representative the prepared library is before sequencing. 

However, it is difficult to count the absolute number of chimeric sequences directly. Only a 

few approaches can give us a rough idea to the answer. First, the results from the 

Bioanalyzer 2100 (Agilent) can be used to calculate an approximate molar amount of the 

yielded RNA duplexes because the results indicate the size range of the fragmented RNAs 

in the experiment for determining the RNase working concentration (Section 4.8, Section 
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5.6.1 and Section 5.6.2). In this experiment, all the flanking (protruding) RNAs from the 

Argonaute-containing complexes had been trimmed and washed away. Therefore, the 

RNAs input to the Bioanalyzer 2100 (Agilent) were actually the miRNAs and their 

corresponding target RNA target sites. On the other hand, the molecular mass of adenosine 

monophosphate, guanosine monophosphate, uridine monophosphate and cytidine 

monophosphate are 347.22 g/mol, 363.22 g/mol, 324.18 g/mol and 323.20 g/mol 

respectively. They are the building blocks of RNA and their average molecular mass is 

339.46 g/mol. Accordingly, the molecular mass of the input RNA duplexes can be estimated 

because we can approximately determine the average RNA length based on the results 

from Bioanalyzer 2100 (Agilent). The molecular mass of RNA can be calculated using 

Equation 1 as follows: 

 

./0123045 .466 (7/9/0) = (; ×  .) − (>?. @A × (; − >)) 

where n is the length of the RNA, M is the averaged molecular mass of the 

ribonucleotide monophosphate (M = 339.46 g/mol). The loss of a water molecule 

during each condensation reaction has been taken into account con in this formula. 

 

Together with the molecular mass, the volume and the concentration (w/v), the molar 

amount can be calculated using Equation 2. The concentration (w/v) can be measured by 

either Bioanalyzer 2100 (Agilent) or NanoDrop ND-1000 Spectrophotometer (NanoDrop 

Technologies). 

(Equation 1) 
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            ./01 (9/0) = B/;21;C54CD/; (7/30)  ×  E49F01 G/0391 (30) 
./0123045 .466 (7/9/0)  

 

The molecule number can then be calculated using Equation 3. 

 

./012301 ;39H15 = ./01 (9/0) × IJ  

 

Where NA is the Avogadro constant (6.022 X 1023 mol-1). 

Second, quantitative real-time polymerase chain reaction (qPCR) can also be used to 

quantify the chimeric sequences in the library prepared by RIINGS. During the library 

preparation, a stem-loop adaptor sequence is eventually inserted in between each pair of 

miRNA and its corresponding target RNA target site in the chimeric sequence. Furthermore, 

two sequencing adaptors are added to the two ends of the chimeric sequence. Therefore, a 

hydrolysis probe (Chimera Quanti Probe) can be designed to be complementary to the loop 

region and a set of primers (Lib-A Primer A and Lib-A Primer B) complementary to the two 

sequencing adaptors. This is actually a hydrolysis-probe-based qPCR assay. The PCR 

efficiency and the working range of the assay would be tested with a synthetic template 

(Chimera Quanti Synt Temp). All the sequences of the primers, hydrolysis probe and 

(Equation 2) 

(Equation 3) 
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synthetic template using in this experiment can be found in Table 4.2.1. Figure 4.11.3 

shows the design of the Chimeric Sequence qPCR Assay. 

With these two methods, we can monitor the quantity of the miRNA-target RNA duplex at 

two different levels during the RIINGS experiment. The first approach can monitor the 

duplex at the point after purification. The second approach can monitor the duplex at the 

point after the chimeric RNA has been constructed from the two interacting RNAs. 
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Figure 4.11.3 The design of the Chimeric Sequence qPCR Assay. A hydrolysis probe (Chimera Quanti Probe) 

was designed to be complementary to the loop region while two primers (Lib-A Primer A and Lib-A Primer B) 

were designed to be complementary to the two sequencing adaptors. 

  



181 

 

4.11.3.1 Validation of Chimeric Sequence Quantification Assay 

 A 10-fold serial dilution of the synthetic template (Chimera Quanti Synt Temp; Table 4.2.1) 

was prepared to give the following concentrations: 100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 

1 pM, 100 fM, 10 fM, 1 fM, 100 aM, 10 aM and 0 M. All dilutions were assayed in triplicate. 

The qPCR was carried out on LightCycler® 480 (Roche) in 96-well format. Dispensed in a 96-

well plate (LightCycler® 480 Multiwell Plate 96, white; Roche), the 20-µl reaction mixtures 

each contained 1 µl diluted synthetic template (Chimera Quanti Synt Temp; see above), 10 

µl TaqMan® Universal PCR Master Mix II, no UNG (ABI), 250 nM hydrolysis probe (Chimera 

Quanti Probe), 500 nM each of the two primers (Lib-A Primer A and Lib-A Primer B). The 

final volume was adjusted to 20 µl by adding appropriate volume of water. The 

amplification cycles of the Chimeric Sequence qPCR Assay were 95℃ 10 minutes followed 

by 50 cycles of 95℃/15 seconds and 60℃/1 minute. 

 

4.12 Extraction of interacting duplexes by Proteinase K 

In order to release the miRNA-target RNA target site duplexes from the Argonaute protein 

complexes, proteinase K was selected for the digestion of the attached Argonaute protein. 

Proteinase K is a subtilisin-related serine proteinase [317] and is able to work in a broad 

range of conditions, including different temperatures and buffers [318]. This enzyme is 

capable of hydrolyzing nearly all proteins (including keratin) to their corresponding amino 

acid residues. 

The digestion condition is essential in this digestion process. While the protein attaching to 

the miRNA-target RNA target site duplex must be removed, the two interacting RNAs must 
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be maintained in duplex form. Therefore, the temperature for proteinase K digestion must 

not be too high because dissociation of the RNA duplexes will increase with increasing 

temperature. Moreover, the reaction buffer must not contain any nucleic acid denaturing 

agent. 

With the regard to these issues, a mock experiment was first used to roughly check the 

proteinase K digestion at low temperature (4-16℃). Bovine serum albumin (BSA) was 

chosen as the substrate in this pilot test. A time-course investigation into the proteinase K 

digestion was conducted. Each of the time-course experiments was incubated at 4 different 

digestion temperatures. The digestion temperatures were 4℃, 8℃, 12℃ and 16℃. The 

experiment was performed in 1X Detergent-free Lysis Buffer (Appendix A). The 

completeness of the digestion was visualized by SDS-PAGE with Coomassie blue staining. 

Figure 4.12.1 shows the experimental scheme for a quick check of proteinase K digestion at 

low temperature (4-16℃). 

Moreover, L-Amino Acid Quantification Kit (Sigma-Aldrich), which can be used to quantify 

the L-amino acid concentration, was used to monitor the increment of the amino acid level 

during proteinase K digestion in the real situation (the substrate was the immuno-

precipitated Argonaute complexes). The kinetic curve of plotting amino acid concentration 

against time could suggest an optimal digestion time and digestion temperature in the real 

situation in RIINGS. Figure 4.12.2 shows the experimental scheme for monitoring the 

increment of the amino acid level during proteinase K digestion of immunoprecipitated 

Argonaute complexes. 

Furthermore, melting curve analysis, which was used to investigate the melting 

temperature of miRNA-target RNA target site duplexes extracted from K562 cells in Section 
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4.11.2, was also used to further confirm the optimal digestion time and digestion 

temperature in the real situation in RIINGS. As the melting peak height is proportional to 

the duplex concentration, the melting peak height can be used as a reference for 

comparing the relative duplex concentration in the extract. The duplexes extracted by 

proteinase K under different digestion times and different digestion temperatures were 

investigated. The figure of the experimental scheme and the experimental procedures are 

the same as those in Section 4.11.2. 
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Figure 4.12.1 The experimental scheme for a quick check of proteinase K digestion at low temperature (4-

16℃). A time course experiment has been conducted to have a quick look at the digestion progress of 

proteinase K. 4 different digestion temperatures have been investigated. BSA has been used as the substrate in 

this mock experiment.  
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Figure 4.12.2 The experimental scheme for monitoring the increment of the amino acid level during the 

proteinase K digestion of immunoprecipitated Argonaute complexes. The Argonaute complexes were first 

prepared by immunoprecipitation. The flanking RNAs were then trimmed away. Proteinase K was used to digest 

the extracted Argonaute complexes. The amino acid concentration in the supernatant at different time points 

was finally quantified by L-Amino Acid Quantification Kit (Sigma-Aldrich).  
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4.12.1 Mock experiment for checking proteinase K digestion at low temperature 

(4-16℃) 

BSA was selected as the digestion substrate in this mock experiment. The reactions were 

set up in final volume of 25 µl. A master mix was first prepared and then dispensed into 

individual PCR tubes. Each reaction mixture contained 1X Detergent-free Lysis Buffer 

(Appendix A), 2 µg/µl BSA (Thermo Scientific), 1U proteinase K (NEB) and sterile water to 

make up to 25 µl. The reactions were incubated on Veriti® 96-well Thermal Cycler (ABI). 

There were 4 sets of the time-course experiment prepared for investigating 4 different 

digestion temperatures. The digestion temperatures were 4℃, 8℃, 12℃ and 16℃. Each set 

of the time-course experiment contained 9 reactions for 9 time points: 0, 0.5, 1, 2, 4, 6, 9, 

12 and 24 hours. The reactions were terminated by heat inactivation at 95℃ for 10 minutes. 

SDS-PAGE was used to visualize the digested BSA. All the samples were mixed with 2X 

Laemmli Sample Buffer (Appendix A) in a 1:1 ratio and heat denatured at 95℃ for 5 

minutes before being loaded onto the gel. The loading volume of each sample was 20 μl (i.e. 

10 µl sample + 10 µl 2X Laemmli Sample Buffer). The SDS-PAGE was carried out on Mini-

PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad). The gels used in the SDS-PAGE were 

15% separating and 4% stacking gels (Appendix B) of 1 mm thick. Gels were allowed to 

polymerize for at least 2 hours. According to the instructions from the manufacturer, the 

SDS-PAGE was run under constant voltage at 200V until the dye front reached the bottom 

of the gel in 1X SDS-PAGE Running Buffer. The electric power was supplied by PowerPac™ 

Basic Power Supply (Bio-Rad). The gels were soaked in Coomassie Brilliant Blue R-250 

Staining Solution with shaking for 1 hour after electrophoresis. Then, the protein bands on 

the gels were differentiated by soaking in Coomassie Brilliant Blue Destaining Solution with 

shaking. The Coomassie Brilliant Blue Destaining Solution was changed when the gel color 
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and the solution color appeared the same. The gels were destained until the background 

became clear. 

4.12.2 Measurement of amino acid level during proteinase K digestion 

K562 cell extract was used in this experiment for the preparation of the miRNA-target site-

Argonaute complexes. The procedures for preparing miRNA-target RNA-Argonaute 

complexes were the same as those for the thermostability of miRNA-target site duplexes 

described in Section 4.11.2. First, the procedures for cell culture, UV irradiation, and 

preparation and quantification of protein lysate strictly followed those in Section 4.11.2.1. 

Second, the procedures for preparing bead and the ensuing immunoprecipitation were 

exactly the same as those in Section 4.11.2.2. There were 4 reactions set up to examine the 

kinetics for monitoring the increment of the amino acid level during the proteinase K 

digestion in the real situation. Third, the RNase treatment followed the steps described in 

Section 4.11.2.3. 

After the preparation of the miRNA-target site-Argonaute complexes, the beads with the 

complexes were resuspended in 200 µl 1X Detergent-free Lysis Buffer (protease inhibitor-

free). Proteinase K was added to the beads to digest proteins. This resulted in releasing 

amino acids to the supernatant and the concentration of the amino acid increased with 

increasing incubation time. Two of the reactions were added with 8 U of proteinase K (NEB) 

while the remaining two reactions were added with 24 U of proteinase K (NEB) for 

digestion. One of the reactions with 8 U of proteinase K and one of the reactions with 24 U 

of proteinase K were incubated on Eppendorf ThermoMixer® C at 4℃ for 24 hours with 

mixing at 1250 rpm for 15 seconds at 2-minute intervals. The remaining two reactions were 

incubated on Eppendorf ThermoMixer® C at 16℃ for 24 hours with mixing at 1250 rpm for 
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15 seconds at 2-minute intervals. A portion of 15 µl bead suspension was collected and 

transferred to a new centrifuge tube at 0, 2, 4, 6, 12, 18, 24 hours after the digestion. The 

beads were collected by placing the vial on a magnetic stand for 30 seconds. The 

supernatant was transferred to a PCR tube and proteinase K inactivated at 95℃ for 10 
minutes immediately. All the samples were kept in a freezer at -20℃ until the amino acid 
concentration measurement. 

The amino acid concentration of supernatant samples was quantified by L-Amino Acid 

Quantification Kit (Sigma-Aldrich) in accordance with the manufacturer's instructions for 
fluorometric detection. An aliquot of 5 µl sample was used to initialize the quantification 

reaction for each sample. The reactions for the measurement were prepared on ice and a 

reaction mixture of 30 µl was pipetted into a 96-well plate (LightCycler® 480 Multiwell Plate 

96, white; Roche) on a pre-chilled PCR-Cooler 0.2 ml (Eppendorf). The fluorescence 

intensity was measured by LightCycler® 480 (Roche) in 96-well format with the filter 

combination of λEx = 523 nm / λEm = 610 nm. 

 

4.13 Mismatch repair of miRNA-target RNA heteroduplexes at 

miRNA 5’ and 3’ ends 

During miRNA targeting, miRNA incorporated in the Argonaute protein binds to the target 

site via partial base pairing. This imperfect pairing results in some mismatches and/or 

bulging structures in the miRNA-target heteroduplex. In real situations, the mismatches 

may also be at either end or both ends of the miRNA and lift up the 5’ and/or 3’ ends of the 

miRNA (Figure 4.13.1a). However, any mismatched end is unfavorable to RIINGS in the gap 
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repairing (filling) step because no ligase is able to ligate a nick with a mismatch at either 

side of the nicking site. 

In order to repair the mismatches with the miRNA target at the 5’ and the 3’ ends of miRNA, 

ligation of a pair of mismatch repairing adaptors (short RNA oligos; simply called repairers 

hereafter) is needed. This pair of repairers extends the 5' and the 3' mismatched ends to 

new extended ends that each perfectly match to their corresponding target sequence 

(Figure 4.13.1b). However, there are several remarkable challenges in this task. First, the 

sequence of the target RNA is not known in advance in the real situation. Second, a 

repairer with a particular sequence is unable to ligate to a particular end specifically even if 

the required sequence is known. Third, the requisite length of the repairer is not easy to 

determine because the minimal number of bases needed to reform a stable complimentary 

end is unknown. Fourth, the rate of successful repair would be extremely low if the repairer 

is composed of degenerate bases; for example, a tetramer N (NNNN) would theoretically 

generate a complimentary end with all four bases matched with a probability of (1/4)4 or 

1/256. 

There are two possible ways to resolve the difficulties in the mismatch repair. One 

approach is the use of inosine in the repairers while the other approach is the use of 5-

nitroindole in the repairers (see Section 6.8 for discussion). Two different sets of mock 

experiments were designed for evaluating the ligation of all these repairers. One set was 

used for testing the ligation of miRNA 5’ repairers (inosine-containing 5’ repairer and 5-

nitroindole-containing 5’ repairer) to the 5’ end of miRNAs. This set of mock tests were 

carried out on four different sets of mock miRNA-target RNA duplexes that were designed 

to mimic the 5’ end of the miRNAs with no mismatch, 1 mismatch, 2 mismatches or 3 

mismatches. The other set was used for testing the ligation of miRNA 3’ repairers (inosine-
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containing 3’ repairer and 5-nitroindole-containing 3’ repairer) to the 3’ end of miRNAs. 

This set of mock tests was carried out on the same sets of mock duplexes used in testing 

the ligation of miRNA 5’ repairers. Figure 4.13.2 shows the four duplexes used in the mock 

tests. Table 4.2.1 shows the sequences of these RNA oligos. Since the shortest 

commercially available oligo is 4-mer oligo, the mock test was started with tetramer 

repairers.  
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Figure 4.13.1 An example of miRNA-target RNA duplex and the strategy for repairing the mismatches at the 

both ends of the miRNA. (a) The figure shows examples of bulging and mismatched structures in the miRNA-

target RNA duplex. (b) The figure illustrates the repair of miRNA 5’ mismatch (the upper panel) and the repair of 

miRNA 3’ mismatch (the lower panel).  
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Figure 4.13.2 Four mock duplexes for mimicking miRNA duplexes with mismatch(es) at the 5’ and 3’ ends of 

miRNAs. From top to bottom, the first mock duplex mimics the miRNAs that have 1 mismatch at the 5’ end and 

no mismatch at the 3’ end. The second mock duplex mimics the miRNAs that have no mismatch at the 5’ end 

and 1 mismatch at the 3’ end. The third mock duplex mimics the miRNAs that have 3 mismatches at the 5’ end 

and 2 mismatches at the 3’ end. The fourth mock duplex mimics the miRNAs that have 3 mismatches at the 5’ 

end and 2 mismatches at the 3’ end.  
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4.13.1 Random cytosine/inosine tetramer 

Inosine (I) is a natural base found in RNAs. It can pair up with adenosine (A), uracil (U) and 

cytosine (C), but not guanosine (G) in RNA [319]. Accordingly, inosine cannot be used alone 

in the repairers. It must be used together with cytosine in the repairers to compensate for 

the inosine-guanosine mismatch. Therefore, tetramer of degenerate bases composed of 

cytosine and inosine was the design chosen in this approach. Tetramer with phosphate 

groups on both ends was the miRNA 3’ end repairer while tetramer with hydroxyl groups 

on both ends was the miRNA 5’ end repairer. 

4.13.1.1 Evaluation of inosine-containing miRNA 5’ repairer 

First, “Random C/I Tetramer” (Table 4.2.1) with hydroxyl groups on both ends (miRNA 5’ 

repairer) was tested in a set of mock experiments mimicking the ligation of 5’ repairer to 

the 5’ end of the miRNAs with 2 mismatches or 3 mismatches. Second, tetramer N (N 

stands for A, U, C or G) (Table 4.2.1) with hydroxyl groups on both ends were also tested in 

the same set of mock experiments. Third, tetramer C (Table 4.2.1) and tetramer (CCCI) with 

hydroxyl groups on both ends (Table 4.2.1) were tested in the mock experiment mimicking 

the ligation of the repairer to the 5’ end of the miRNAs with 3 mismatches. Figure 4.13.3 

shows the experimental scheme.  
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Figure 4.13.3 The scheme of the mock experiments mimicking the ligation of miRNA 5’ repairers to miRNAs 

with different numbers of 5’ mismatches with the target RNA. From top to bottom, the first panel shows the 

ligation of 5’ repairers (green) to the 5’ end of the mock miRNA (red) whose 5’ end has 2 mismatches with the 

target RNA (blue). The second panel shows the ligation of 5’ repairers to the 5’ end of the mock miRNA whose 5’ 

end has 3 mismatches with the target RNA. Note that the miRNA 5’ repairers have hydroxyl groups at both 3’ 

and 5’ ends.  



195 

 

Preparation of the mock duplexes 

Appendix C Table 9 shows the preparation of annealing reaction mixtures. Briefly, 

an aliquot of 1.5 μl Artificial Binding Site (RNA) (100 μM) and an aliquot of 0.15 μl 

of either Artificial Mir3 (100 μM) or Artificial Mir4 (100 μM) (see Figure 4.13.2) 

were mixed in a PCR tube for each reaction. The annealing of the mock duplexes 

was carried out on Veriti® 96-well Thermal Cycler (ABI): 95℃ 1 minute and 80℃ 1 

minute followed by gradual cooling down to 25℃ at a ramping rate of 1% of the 

full ramping speed. The reaction was then further cooled down to 4℃ and kept at 

this temperature until use. 

Ligation of miRNA 5’ end repairers 

Appendix C Table 10 shows the preparation of miRNA 5’ repairer ligation mixtures. 

Briefly, the setup started with preparing a master mix that did not contain the 

annealed duplex in a clean tube. For each reaction of this master mix, an aliquot of 

6 μl of water was first added to the tube. Then, 1 μl of 10X T4 RNA Ligase Reaction 

Buffer (NEB), 0.1 μl of ATP (100 mM) (NEB), 0.75 μl of miRNA 5’ mismatch repairer 

(1000 μM) and 0.5 μl of T4 RNA Ligase 1 (ssRNA Ligase), High Concentration (30U/ 

μl, NEB) were transferred into the tube sequentially. The master mix was mixed 

and spun down briefly. Next, the master mix was chilled on ice until the 

temperature was equilibrated (preventing denaturation of the duplex at room 

temperature). The 1.65-μl annealed duplex was then added to the 8.35-μl master 

mix to obtain the 10-μl reaction mixture (The annealed duplexes and master mixes 

could be scaled up proportionally if multiple reactions were to perform in parallel). 
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The mixture was mixed and spun down briefly. Finally, the tubes were immediately 

incubated in thermal block of Veriti® 96-well Thermal Cycler (ABI). 

A time-course study was conducted for evaluating the ligation of “Random C/I 

Tetramer” to 5’ end with 2 mismatches (Artificial Binding Site (RNA) + Artificial Mir4) 

and to 5’ end with 3 mismatches (Artificial Binding Site (RNA) + Artificial Mir3). The 

incubation conditions were 16℃ for 0, 2, 4, 8, 16 and 24 hours. All the reactions 

were inactivated at 65℃ for 15 minutes. Similarly, a time-course study was also 

carried out for evaluating the ligation of tetramer N to 5’ end with 2 mismatches 

and to 5’ end with 3 mismatches, and tetramer C or tetramer (CCCI) to 5’ end with 

3 mismatches. The incubation conditions were 16℃ for 0, 0.5, 1, 1.5, and 2 hours. 

All the reactions were inactivated at 65℃ for 15 minutes. 

RNA denaturing gel electrophoresis, staining and visualization 

Hoefer Electrophoresis Unit SE600 (Hoefer) equipped with PolyScience® Digital 

Temperature Controller (PolyScience) was used to run the denaturing/urea 

polyacrylamide gel electrophoresis (Urea-PAGE). All the samples were mixed with 

2X Urea-PAGE Loading Buffer (Appendix A) in a 1:1 ratio and heat-denatured at 

90℃ for 5 minutes. The samples were then chilled on ice immediately for at least 1 

minute. The loading volume of each sample was 10 μl (5 μl sample + 5 μl 2X Urea-

PAGE Loading Buffer). The urea polyacrylamide gels used in this Urea-PAGE were 

8M urea, 10% TBE-polyacrylamide gel (Appendix B). Gels were set up in SE6102 

Glass Plates (PR) (18 cm width X 16 cm length, Hoefer) with 1 mm spacers 

according to the instructions from the manufacturer. Gels were allowed to 

polymerize for at least 2 hours. Electrophoresis was pre-run under constant voltage 
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at 150 V for 30 minutes at 50℃ in 1X TBE Buffer. Then, the samples were loaded 

onto the wells of the gel and run under constant voltage at 150V for 2.5 hours at 

50℃ in 1X TBE Buffer. The electric power was supplied by PowerPac™ Basic Power 

Supply (Bio-Rad). After electrophoresis, the gel was post-stained for 5 to 10 

minutes in 0.5X SYBR® Gold nucleic acid gel stain (Life Technologies) that was 

diluted in 1X TBE Buffer. The image was then captured by ChemiDoc™ MP Imaging 

System (Bio-Rad) with Image Lab™ Software version 4.1. 

4.13.1.2 Evaluation of inosine-containing miRNA 3’ repairer 

Two miRNA 3’ repairers, “Tetramer C-Phosphorylated” (Table 4.2.1) and “Tetramer-

Phosphorylated (ICCC)” (Table 4.2.1), with phosphate groups on both ends were tested in a 

set of mock experiments mimicking the ligation of 3’ repairer to the 3’ end of the miRNAs 

with 2 mismatches or 3 mismatches. Figure 4.13.4 shows the experimental scheme. 
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Figure 4.13.4 The scheme of the mock experiments mimicking the ligation of miRNA 3’ repairers to miRNAs 

with different numbers of 3’ mismatches with the target RNA. From top to bottom, the first panel shows the 

ligation of 3’ repairers (green) to the 3’ end of the mock miRNA (red) whose 3’ end has 2 mismatches with the 

target RNA (blue). The second panel shows the ligation of 3’ repairers to the 3’ end of the mock miRNA whose 3’ 

end has 3 mismatches with the target RNA. Note that the miRNAs 3’ repairers have phosphate groups at both 3’ 

and 5’ ends.  



199 

 

5’ Dephosphorylation of mock miRNAs 

The mock miRNAs for evaluating the ligation of miRNA 3’ repairers to their 3’ end 

needed to have the phosphate group on their 5’ end removed prior to the 

evaluation experiment. Appendix C Table 11 shows the preparation of 

dephosphorylation reaction mixtures. Briefly, an aliquot of 8 μl of water, 2 μl of 

10X Shrimp Alkaline Phosphatase Reaction Buffer (USB), 5 μl of Shrimp Alkaline 

Phosphatase (1 U/μl, USB) and 5 μl of either Artificial Mir 3 (100 μM) or Artificial 

Mir 4 (100 μM) (see Figure 4.13.2) were mixed in a PCR tube for each 20-μl 

dephosphorylation reaction. The tubes were incubated in the thermal block of 

Veriti® 96-well Thermal Cycler (ABI): 37℃ for 24 hours and then 65℃ for 15 

minutes (inactivation). The dephosphorylated mock miRNAs were ready for use in 

the assessment of 3’ end repairer ligation. 

Preparation of the mock duplexes, ligation of miRNA 3’ end repairers and RNA 

denaturing gel electrophoresis 

The procedures for the preparation of mock duplexes, ligation of miRNA 3’ 

repairers, and Urea-PAGE were the same as those described in Section 4.13.1.1. 

Dephosphorylated “Artificial Mir3” and “Artificial Mir4” were annealed to “Artificial 

Binding Site (RNA)” individually for mimicking the 3’ end of miRNAs with 2 

mismatches and 3 mismatches respectively. Two miRNA 3’ repairers were 

evaluated for their ligation to both of the mock duplexes prepared above. These 

two miRNA 3’ repairers were “Tetramer C-Phosphorylated” and “Tetramer-

Phosphorylated (ICCC)”. Since the concentration of mock miRNAs were reduced 4 

times after dephosphorylation, the volume of dephosphorylated mock miRNA 
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added to the annealing mixture (Appendix C Table 12) and the ligation mixture 

(Appendix C Table 13) were increased 4 times accordingly. A time-course study was 

conducted for evaluating the ligation of these 3’ repairers to 3’ end with 2 

mismatches and to 3’ end with 3 mismatches. The incubation conditions were 16℃ 

for 0, 2, 4, 8, 16, 24 and 36 hours. 

4.13.2 5-Nitroindole-containing repairers 

5-Nitroindole is an artificial base. Unlike ordinary bases, 5-nitroindole is a genuine universal 

base and can pair up with all canonical natural DNA bases, i.e. A, T, C and G [320, 321]. 

Accordingly, the repairer is much more favorable in mismatch repairing if it is a 5-

nitroindole oligomer. However, the 5-nitroindole base may not be a suitable substrate for 

T4 RNA Ligase 1 and other enzymes because this base is an artificial base. Moreover, RNA 

substrates of T4 RNA Ligase 1 have to fulfil the following requirements: the 5’ end with 5’ 

phosphate group (donor end that provides electrons) should have at least one base, and 

the 3’ end with 3’ hydroxyl group (acceptor end that receives electrons) should have at 

least three bases [314]. With regard to the above suspicion and the substrate requirement 

of T4 RNA Ligase 1, two 5-nitroindole-containing miRNA 5’ repairers and two 5-nitroindole-

containing miRNA 3’ repairers were designed and evaluated. 

4.13.2.1 Evaluation of 5-nitroindole-containing miRNA 5’ repairer 

The two miRNA 5’ repairers were “5’ Repairer (GXXGA)” and “5’ Repairer (GXAGA)” (Table 

4.2.1). Both their 5’ and 3’ ends had hydroxyl groups and their RNA sequences were GXXGA 

and GXAGA respectively (X represents 5-nitroindole). During the ligation of 5’ repairer, the 

5’ end of miRNA (donor end) attacked the 3’ end of the repairer (acceptor end) and formed 

a phosphodiester bond at the junction. Therefore, the acceptor end of “5’ Repairer 
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(GXXGA)” in fact contained one 5-nitroindole (XGA) whereas “5’ Repairer (GXAGA)” did not 

contain 5-nitroindole (AGA). The experimental scheme of this evaluation was identical to 

Figure 4.13.3 except the repairers. 

Annealing of the mock duplexes 

The procedure for annealing the mock duplexes for this investigation was the same 

as that described in Section 4.13.1.1. An aliquot of 1.5 μl Artificial Binding Site (RNA) 

(100 μM) and anyone of an aliquot of 0.15 μl Artificial Mir1 (100 μM), 0.15 μl 

Artificial Mir2 (100 μM), 0.15 μl Artificial Mir3 (100 μM) or Artificial Mir4 (100 μM) 

(see Figure 4.13.2) were mixed to generate the duplexes. 

Ligation of miRNA 5’ repairers 

First, the “5’ Repairer (GXXGA)” and “5’ Repairer (GXAGA)” were evaluated using 

mock duplexes in which the 5’ end of the mock miRNAs had 2 mismatches 

(Artificial Binding Site (RNA) + Artificial Mir4) or 3 mismatches (Artificial Binding 

Site (RNA) + Artificial Mir3) (see Figure 4.13.2). The experimental procedures were 

the same as those described in Section 4.13.1.1. 

Second, evaluation of “5’ Repairer (GXAGA)” was repeated in another buffer 

system (NEBNext® Quick Ligation Reaction Buffer) for duplexes with the 5’ end of 

the mock miRNAs that had no mismatches (Artificial Binding Site (RNA) + Artificial 

Mir2), 1 mismatch (Artificial Binding Site (RNA) + Artificial Mir1), 2 mismatches 

(Artificial Binding Site (RNA) + Artificial Mir4) or 3 mismatches (Artificial Binding 

Site (RNA) + Artificial Mir3). Appendix C Table 14 shows the preparation of the 

miRNA 5’ repairer ligation mixtures. Briefly, the setup of the 10-μl ligation reaction 
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was generally the same as that described in Section 4.13.1.1 with some exceptions. 

For each reaction of the master mix, only an aliquot of 5.1 μl of water was first 

added to the tube. Then, 2 μl of 5X NEBNext® Quick Ligation Reaction Buffer (NEB), 

0.75 μl of miRNA 5’ mismatch repairer (1000 μM) and 0.5 μl of T4 RNA Ligase 1 

(ssRNA Ligase), High Concentration (30U/μl, NEB) were transferred into the tube 

sequentially. The master mix was mixed and spun down briefly. Then, the prepared 

master mix was used in the subsequent procedures mentioned in Section 4.13.1.1. 

Time-course studies were conducted for evaluating the 5’ repairers with reaction 

mixtures prepared using two different buffers. The incubation conditions were 

16℃ for 0, 0.5, 1, 1.5, and 2 hours for the first evaluation, and 16℃ for 0, 0.5, 1, 2, 

and 4 hours for the second evaluation. All the reactions were inactivated at 65℃ 

for 15 minutes. 

RNA denaturing gel electrophoresis, staining and visualization 

The procedures for gel electrophoresis, staining and visualization were the same as 

those described in Section 4.13.1.1. 

4.13.2.2 Evaluation of 5-nitroindole-containing miRNA 3’ repairer 

The two miRNA 3’ repairers were “3’ Repairer (AAXXG)” and “3’ Repairer (AXXXG)” (Table 

4.2.1). Both their 5’ and 3’ ends were phosphorylated and their RNA sequences were 

AAXXG and AXXXG respectively. In contrast to the 5’ repairer, the 5’ end of the miRNA 3’ 

repairer (donor end) was ligated to the 3’ end of miRNA (acceptor end) during the ligation 

of 3’ repairer. Therefore, the donor (5’) end of both “3’ Repairer (AAXXG)” and “3’ Repairer 

(AXXXG)” was an adenosine. The donor adenosine was next to an adenosine in the former 
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repairer, but immediately next to 5-nitroindole in the latter repairer. The experimental 

scheme of this evaluation was identical to Figure 4.13.4 except the repairers. 

Annealing of the mock duplexes 

The procedure for annealing the mock duplexes for this investigation was the same 

as that described in Section 4.13.1.1. An aliquot of 1.5 μl Artificial Binding Site (RNA) 

(100 μM) and anyone of an aliquot of 0.15 μl Artificial Mir1 (100 μM), 0.15 μl 

Artificial Mir2 (100 μM), 0.15 μl Artificial Mir3 (100 μM) or Artificial Mir4 (100 μM) 

(see Figure 4.13.2) were mixed to generate the duplexes. 

Ligation of miRNA 3’ repairers 

First, the “3’ Repairer (AAXXG)” was evaluated using mock duplexes in which the 5’ 

end of the mock miRNAs had 2 mismatches (Artificial Binding Site (RNA) + Artificial 

Mir3) or 3 mismatches (Artificial Binding Site (RNA) + Artificial Mir4) (see Figure 

4.13.2). The experimental procedures were the same as those described in Section 

4.13.1.1. 

Second, evaluation of “3’ Repairer (AXXXG)” was evaluated in NEBNext® Quick 

Ligation Reaction Buffer (NEB) for duplexes with the 3’ end of the mock miRNAs 

that had no mismatches (Artificial Binding Site (RNA) + Artificial Mir1), 1 mismatch 

(Artificial Binding Site (RNA) + Artificial Mir2), 2 mismatches (Artificial Binding Site 

(RNA) + Artificial Mir3) or 3 mismatches (Artificial Binding Site (RNA) + Artificial 

Mir4) (see Figure 4.13.2). The experimental procedures were the same as those 

described for the second evaluation in Section 4.13.2.1. The miRNA 3’ repairer 
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ligation mixtures were prepared as indicated in Appendix C Table 14 except that 

the 3’ repairer (AXXXG) was used instead. 

Time-course studies were conducted for these two evaluation experiments. The 

incubation conditions were 16℃ for 0, 2, 4, 8, 16, 24 and 36 hours for the first 

evaluation, and 16℃ for 0, 0.5, 1, 2, and 4 hours for the second evaluation. All the 

reactions were inactivated at 65℃ for 15 minutes. 

RNA denaturing gel electrophoresis, staining and visualization 

The procedures for gel electrophoresis, staining and visualization were the same as 

those described in Section 4.13.1.1. 

 

4.14 Evaluation of the repair of the nick for joining the interacting 

miRNA-target RNA sequences and the potential of extension 

from the miRNA 3’ end after mismatch repair 

This is an extension of investigations into the sequences of the miRNA 5’ and 3’repairers. 

After the miRNA 5’ repairer has been ligated to the 5’ end of the miRNAs and the mismatch 

at the 5’ end of the miRNAs successfully repaired (after the second mismatch repair as seen 

in Figure 3.1), a gap is consequently formed between the miRNA sequence and the “Stem-

Loop Adaptor (RNA)”. Note that the “Stem-Loop Adaptor (RNA)” forms an intra-strand 

duplex stem-loop with the 3’ end recessed on the stem structure and facing the 5’ end of 

the miRNA and the 5’ end of the linked miRNA 5’ repairer (see Figure 3.1). This gap has to 

be repaired or filled in order to physically link the interacting miRNA and target RNA 
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together. After the gap is filled, a nick between the 5’ end of the miRNA 5’ repairer and the 

3’ end of the “Stem-Loop Adaptor (RNA)” also has to be sealed (Figure 4.14.1a); note that a 

nick refers to a break in a double-stranded nucleic acid duplex where adjacent nucleotides 

of one strand are not linked by a phosphodiester bond. Likewise, extension from the 3’ end 

of the miRNA 3’ repairer to the restriction enzyme site on the “Re-attaching Adaptor” by 

repeated ligation of some short RNA oligos is required after the miRNA 3’ repairer has been 

ligated to the 3’ end of the miRNAs and the mismatch at the 3’ end of the miRNAs 

successfully repaired (Figure 4.14.1b). This task can be achieved by T4 RNA ligase 2 (NEB) – 

a ligase that actively catalyzes the joining of nicks on double-stranded RNA.  
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Figure 4.14.1 Examples of two special nicks that require sealing. A nick refers to a break in a double-stranded 

nucleic acid duplex where adjacent nucleotides of one strand are not linked by a phosphodiester bond. (a) The 

figure illustrates the nick between the 5’ end (with phosphate) of the miRNA 5’ repairer (green) and the 3’ end 

(with hydroxyl) of the extension from the “Stem-Loop Adaptor (RNA)” (purple). (b) The figure illustrates the nick 

between the 3’ end (with hydroxyl) of the miRNA 3’ repairer (green) and the 5’ end (with phosphate) the short 

RNA oligo (purple) for extending the 3’ end of the miRNA 3’ repairer. 
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One issue found in the ligation of miRNA repairers to the 5’ and 3’ ends of the miRNA also 

occurs in the ligation of these two special nicks as illustrated in Figure 4.14.1. This is 

whether the 5-nitroindole is a suitable substrate for T4 RNA Ligase 2. Two sets of mock 

experiments were designed for evaluating this issue. 

First, the repair of the nick as illustrated in Figure 4.14.1a was evaluated with two sets of 

mock duplexes. An RNA oligo with stem-loop structure and recessed 3’ end was used as a 

template (Repaired 5’ end Template, Table 4.2.1 and Figure 4.14.2a). Two other RNA oligos 

with 5-nitroindole close to the 5’ end, which could anneal to the 5’ protruding single-strand 

part of the “Repaired 5’ end Template”, were used to mimic the repaired 5’ end of miRNA 

(Figure 4.14.2a). One of these 5-nitroindole-containing oligo was “Repaired 5’ end (GUXG-)”, 

which contained a 5-nitroindole base (X) at the third position from its 5’ end (Table 4.2.1). 

The other 5-nitroindole-containing oligo was “Repaired 5’ end (GXAG-)”, which contained a 

5-nitroindole base (X) at the second position from its 5’ end (Table 4.2.1). These three 

oligos could form two different kinds of nicks mimicking the special nick shown in Figure 

4.14.1a. One of these had a 5-nitroindole base at the third position from the donor (5’) end 

while the other had a 5-nitroindole base at the second position from the donor (5’) end. 

Ligation was evaluated for these two different nicks (Figure 4.14.2a). 

Second, the repair of the nick as illustrated in Figure 4.14.1b was also evaluated with two 

sets of mock duplexes. An RNA oligo with stem-loop structure and recessed 5’ end was 

used as a template (Repaired 3’ end Template, Table 4.2.1 and Figure 4.14.2b). Two other 

RNA oligos with 5-nitroindole close to the 3’ end, which could anneal to the 3’ protruding 

single-strand part of the “Repaired 3’ end Template”, were used to mimic the repaired 3’ 

end of miRNA (Figure 4.14.2b). One of these 5-nitroindole-containing oligo was “Repaired 3’ 

end (-XXAG)”, which contained two 5-nitroindole bases (XX) at the third and fourth 
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positions from its 3’ end (Table 4.2.1). The other 5-nitroindole-containing oligo was 

“Repaired 3’ end (-XXXG)”, which contained three 5-nitroindole bases (XXX) at the second 

to fourth positions from its 3’ end (Table 4.2.1). These three oligos could form two different 

kinds of nicks mimicking the special nick shown in Figure 4.14.1b. One of these had two 5-

nitroindole bases at the third and fourth positions from the acceptor (3’) end while the 

other had three 5-nitroindole bases at the second to fourth positions from the acceptor (3’) 

end. Ligation was evaluated for these two different nicks (Figure 4.14.2b). 
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Figure 4.14.2 The scheme of the mock experiments mimicking the ligation of two different kinds of nicks that 

are generated after the repair of the 5’ and 3’ ends of mismatched miRNA. (a) The figure shows the ligation of 

the nick between the 5’ end (with phosphate) of the miRNA 5’ repairer (red) and the recessed 3’ end (with 

hydroxyl) of the “Stem-Loop Adaptor (RNA)” (blue). (b) The figure shows the ligation of the nick between the 3’ 

end (with hydroxyl) of the miRNA 3’ repairer (red) and the 5’ end (with phosphate) of the short RNA oligo (blue) 

for extending the 3’ end of the miRNA 3’ repairer. 
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4.14.1 Preparation of the mock duplexes 

Appendix C Table 15 shows the preparation of annealing reaction mixtures. Briefly, an 

aliquot of 0.2 μl “Repaired 5’ end Template” (100 μM) and an aliquot of 0.2 μl of either 

“Repaired 5’ end (GUXG-)” (100 μM) or “Repaired 5’ end (GXAG-)” (100 μM) were mixed in 

a PCR tube for each reaction for mimicking the first kind of nick illustrated in Figure 4.14.1a. 

Similarly, an aliquot of 0.2 μl “Repaired 3’ end Template” (100 μM) and an aliquot of 0.2 μl 

of either “Repaired 3’ end (-XXAG)” (100 μM) or “Repaired 3’ end (-XXXG)” (100 μM) were 

mixed in a PCR tube for each reaction for mimicking the second kind of nick illustrated in 

Figure 4.14.1b. 

The annealing of the mock duplexes was carried out on Veriti® 96-well Thermal Cycler (ABI): 

95℃ for 1 minute and 80℃ for 1 minute followed by gradual cooling down to 25℃ at a 

ramping rate of 1% of the full ramping speed. The reaction was then further cooled down 

to 4℃ and kept at this temperature until use. 

4.14.2 Nick repair 

Appendix C Table 16 shows the preparation of ligation mixtures for evaluating the repair of 

the nicks. Briefly, the setup started with preparing a master mix that did not contain the 

annealed duplex in a clean tube. For each reaction of this master mix, an aliquot of 7.1 μl of 

water was first added to the tube. Then, 2 μl of 5X NEBNext® Quick Ligation Reaction Buffer 

(NEB) and 0.5 μl of T4 RNA Ligase 2 (dsRNA Ligase) (10U/ μl, NEB) were transferred into the 

tube sequentially. The master mix was mixed and spun down briefly. Next, the master mix 

was chilled on ice until the temperature was equilibrated (preventing denaturation of the 

duplex at room temperature). The 0.4-μl annealed duplex was then added to the 9.6-μl 

master mix to obtain the 10-μl reaction mixture (The annealed duplexes and master mixes 
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could be scaled up proportionally if multiple reactions were needed in parallel). The 

mixture was mixed and spun down briefly. Finally, the tubes were immediately incubated 

in the thermal block of Veriti® 96-well Thermal Cycler (ABI). 

A time-course study was conducted for evaluating the repair to all the nicks under study. 

The incubation conditions were 4℃ for 0, 2, 4, 8, 16, 24 and 36 hours. All the reactions 

were inactivated at 65℃ for 20 minutes. 

4.14.3 RNA denaturing gel electrophoresis, staining and visualization 

Hoefer Electrophoresis Unit SE600 (Hoefer) equipped with PolyScience® Digital 

Temperature Controller (PolyScience) was used to run the denaturing/urea-formamide 

polyacrylamide gel electrophoresis (Urea-formamide-PAGE). All the samples were mixed 

with 2X Urea-PAGE Loading Buffer (Appendix A) in a 1:1 ratio and heat-denatured at 90℃ 

for 5 minutes. The samples were then chilled on ice immediately for at least 1 minute. The 

loading volume of each sample was 10 μl (5 μl sample + 5 μl 2X Urea-PAGE Loading Buffer). 

The urea-formamide polyacrylamide gels used in this Urea-formamide-PAGE were 7.5 M 

urea, 30% formamide, 10% TBE-polyacrylamide gel (Appendix B). Gels were setup in 

SE6102 Glass Plates (PR) (18 cm width X 16 cm length, Hoefer) with 1 mm spacers 

according to the instructions from the manufacturer. Gels were allowed to polymerize for 

at least 2 hours. Electrophoresis was pre-run under constant voltage at 150 V for 30 

minutes at 50℃ in 1X TBE Buffer. Then, the samples were loaded into the wells of the gel 

and run under constant voltage at 170V for 2.5 hours at 50℃ in 1X TBE Buffer. The electric 

power was supplied by PowerPac™ Basic Power Supply (Bio-Rad). After electrophoresis, the 

gel was post-stained for 5 to 10 minutes in 0.5X SYBR® Gold nucleic acid gel stain (Life 
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Technologies) diluted in 1X TBE Buffer. The image was then captured by ChemiDoc™ MP 

Imaging System (Bio-Rad) with Image Lab™ Software version 4.1. 

 

4.15 The repair of the gap for joining the interacting miRNA and its 

target RNA together 

After the ligation of the “Stem-Loop Adaptor” to the 3’ end of the miRNA target, the 5’ end 

of the miRNA and the 3’ end of the miRNA target in the same duplex are aligned in a head-

to-tail position with a gap in between. This gap has to be repaired for joining the two 

interacting RNAs together. 

Two possible approaches are potentially able to fill this gap for joining the two interacting 

RNAs. The first approach is “gap repair by synthesis” while the second approach is “gap 

repair by ligation” (these two approaches will further be discussed in Section 6.9). The 

current study adopted the approach involving ligation of short RNA oligos for filling up the 

gap (gap repair by ligation, Figure 4.15.1). As the sequence in the gap is not known, the 

filler RNA oligo must be of random sequence. Currently, T4 RNA ligase 2 (NEB) is used in 

this approach to ligate RNA random tetramers (5’ phosphate group-NNNN-hydroxyl group 

3’) to both of the RNA ends in the gap repeatedly until the gap is completely filled or 

remains as a three-base gap, two-base gap or one-base gap. This is because a three-base 

gap, two-base gap and one-base gap cannot be filled by a tetramer oligo (Figure 4.15.1). 

The T4 RNA ligase 2 (NEB) used here preferentially catalyzes the joining of double-stranded 

RNA with blunt end or cohesive end, and the repair of nicks in double-stranded RNA. On 

the other hand, tetramer RNA oligo is the shortest RNA oligo that is commercially available 

at IDT. Therefore, RNA random tetramer has been chosen as the filler oligo. 
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Furthermore, T4 DNA Ligase (NEB) and nucleoside monophosphates (NMPs — a mixture of 

adenosine 5'-monophosphate, uridine 5'-monophosphate, cytidine 5'-monophosphate and 

guanosine 5'-monophosphate in a ratio of 1:1:1:1), which substituted T4 RNA Ligase 2 and 

RNA random tetramer in the mock experiment respectively, were tested as well. 

A mock experiment was designed to evaluate the approach of “gap repair by ligation”. Two 

RNA oligos, one mimicking miRNA (labeled with FAM at its 3’ end) and another mimicking 

target RNA after ligation of stem-loop adaptor to its 3’ end (labeled with HEX at its 5’ end), 

were first annealed to generate a gap for investigating the gap repair. The two RNA oligos 

were Artificial Mir 5 (FAM) (23 nt) and Artificial Binding Site (RNA, HEX) (82 nt) (Table 4.2.1). 

The gap between the two annealed sequences was a 16-base gap with random sequence 

(Figure 4.15.2). The gap could be filled by four RNA tetramers in stoichiometric manner. 

After the gap was fixed, a joined sequence (121 nt) with both fluorescent labels (FAM and 

HEX) was generated. 

All the fluorescent-labeled sequences were different in length, and could be separated by 

gel electrophoresis and detected by any gel-imaging system supporting fluorescence 

detection. Figure 4.15.2 shows the experimental scheme for evaluating the approach of 

“gap repair by ligation”. 
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Figure 4.15.1 An example of repairing the gap between the 5’ end of an miRNA and the 3’ end of the miRNA 

target in the same duplex by the ligation approach. The length of the gap varies since the digestion of RNA by 

RNase is a random process. Since RNA random tetramer is selected as the filler in the current approach, four 

possibilities can occur. First, the gap can be completely filled (the top result at the right-hand-side of the figure). 

Second, a three-base gap remains and this gap cannot be filled by RNA tetramer (the second result at the right-

hand-side of the figure). Third, a two-base gap remains and this gap cannot be filled by RNA tetramer (the third 

result at the right-hand-side of the figure). Fourth, a one-base gap remains and this gap cannot be filled by RNA 

tetramer (the bottom result at the right-hand-side of the figure). 
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Figure 4.15.2 The scheme of the mock experiments mimicking the repair of the gap between the 5’ end of an 

miRNA and the 3’ end of the miRNA target in the same duplex by the ligation approach. A 16-base gap with 

random sequence was generated for the evaluation. This gap was constructed by a duplex composed of an 

miRNA mimic (23 nt and labeled with FAM) and a target RNA mimic (82 nt and labeled with HEX). RNA random 

tetramer was used to repair this gap and generate a 121-nt RNA sequence with both FAM and HEX labels. The 

ligation was evaluated under different conditions. 
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4.15.1 Preparation of the gap 

Appendix C Table 17 shows the preparation of annealing reaction mixtures. Briefly, an 

aliquot of 0.1 μl Artificial Mir 5 (FAM) (23 nt, 100 μM) and an aliquot of 0.1 μl of Artificial 

Binding Site (RNA, HEX) (82 nt, 100 μM) were mixed in a PCR tube for each reaction for 

mimicking the 16-base gap illustrated in Figure 4.15.2. Annealing of the mock duplexes was 

carried out on Veriti® 96-well Thermal Cycler (ABI): 95℃ 1 minute and 80℃ 1 minute 

followed by gradual cooling down to 25℃ at a ramping rate of 1% of the full ramping speed. 

The reaction was then further cooled down to 4℃ and kept at this temperature until use. 

4.15.2 Gap repair 

Seven ligation conditions were evaluated in a pilot study. All the tested conditions were 

conducted in 1X NEBNext® Quick Ligation Reaction Buffer (66mM Tris-HCl, 10mM MgCl2, 

1mM DTT, 1mM ATP, 6% Polyethylene glycol (PEG 6000), pH 7.6 at 25°C; NEB). In the 1st 

condition, the filler for repairing the gap was 100 μM 5-P Tetramer N (5’ phosphate group-

NNNN-hydroxyl group 3’) and the ligation was achieved by 5 U of T4 RNA Ligase 2 (dsRNA 

Ligase) (NEB). The concentration of the gap was 2 μM (2 μM Artificial Mir 5 (FAM) + 2 μM 

Artificial Binding Site (RNA, HEX)). Thus, the ratio of the number of the filler required for 

filling up the gap (each 16-base gap required 4 RNA tetramer molecules) to the filler 

available was 1:12.5. In the 2nd condition, the filler for repairing the gap was 200 μM 5-P 

Tetramer N and the ligation was achieved by 5 U of T4 RNA Ligase 2 (dsRNA Ligase). The 

concentration of the gap was 1 μM (1 μM Artificial Mir 5 (FAM) + 1 μM Artificial Binding 

Site (RNA, HEX)). Thus, the ratio of the number of the filler required for filling up the gap to 

the filler available was 1:50. In the 3rd condition, the filler for repairing the gap was 200 

μM 5-P Tetramer N and the ligation was achieved by 1000 U of T4 DNA Ligase (NEB). The 
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concentration of the gap was 1 μM. The ratio of the number of the filler required for filling 

up the gap to the filler available was 1:50. In the 4th condition, the filler for repairing the 

gap was 1 mM NMPs (nucleoside monophosphates — a mixture of adenosine 5'-

monophosphate, uridine 5'-monophosphate, cytidine 5'-monophosphate and guanosine 5'-

monophosphate in a ratio of 1:1:1:1, 1 mM of each NMP) and the ligation was achieved by 

5 U of T4 RNA Ligase 2 (dsRNA Ligase). The use of NMPs as the filler in this examined 

condition was used to study whether the T4 RNA Ligase 2 could utilize monomer N 

(ribonucleoside monomers) to repair the gap. The concentration of the gap was 1 μM. In 

the 5th condition, the filler for repairing the gap were 200 μM 5-P Tetramer N and 1 mM 

NMPs and the ligation was achieved by 5 U of T4 RNA Ligase 2 (dsRNA Ligase). The use of 5-

P Tetramer N and NMPs as the filler in this examined condition was used to study whether 

the repair could be enhanced. The concentration of the gap was 1 μM. In the 6th condition, 

the filler for repairing the gap was 1 mM NMPs and the ligation was achieved by 1000 U of 

T4 DNA Ligase. The concentration of the gap was 1 μM. In the 7th condition, the filler for 

repairing the gap were 200 μM 5-P Tetramer N and 1 mM NMPs and the ligation was 

achieved by 1000 U of T4 DNA Ligase. The concentration of the gap was 1 μM. 

Appendix C Table 18 shows the preparation of reaction mixtures of the above conditions 

for evaluating the gap repair. Briefly, the setup started with preparing a master mix that did 

not contain the duplex with gap, and ligase in a clean tube. For each reaction of this master 

mix, an aliquot of 4.3-6.1 μl of water was first added to the tube. Then, 2 μl of 5X NEBNext® 

Quick Ligation Reaction Buffer (NEB), 0-2 μl of 5-P Tetramer N (1000 μM) and 0-1 μl of 

NMPs (10 mM) were added to the vial sequentially. The master mix was mixed well and 

spun down briefly. Next, the master mix was chilled on ice until the temperature was 

equilibrated (preventing denaturation of the duplex at room temperature). An aliquot of 

0.2-0.4-μl annealed duplex, which was prepared as described in Section 4.15.1 was then 
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added to the 9.1-9.3-μl master mix to obtain a 9.5-μl reaction mixture (The annealed 

duplexes and master mixes could be scaled up proportionally if multiple reactions were 

needed in parallel). The mixture was mixed and spun down briefly. Then, the tubes were 

immediately incubated in the thermal block of a Veriti® 96-well Thermal Cycler (ABI) at 4℃ 

for 30 minutes to allow the filler to hybridize to the template within the gap for some time. 

Finally, an aliquot of 0.5 μl of ligase (T4 RNA Ligase 2 (10 U/μl, NEB) or T4 DNA Ligase (2000 

U/μl, NEB)) was added to the 9.5-μl master mix to obtain the 10-μl final reaction mixture. 

The mixture was mixed and spun down briefly again. Then, the tubes were immediately 

incubated in the thermal block of a Veriti® 96-well Thermal Cycler (ABI). The incubation 

condition was 16℃ for 36 hours. All the reactions were stopped by inactivating the enzyme 

at 65℃ for 20 minutes. 

In addition, a time-course study for further investigating the optimal ligation time in the 

selected ligation condition was conducted. Five time points were investigated: 0, 3, 6, 12 

and 18 hours. The experiment was repeated at 4℃ and 16℃. 

Appendix C Table 19 shows the preparation of reaction mixtures for the above time-course 

study. Briefly, the setup started with preparing a master mix that did not contain the 

duplex with gap, and ligase in a clean tube. For each reaction of this master mix, an aliquot 

of 4.3 μl of water was first added to the tube. Then, 2 μl of 5X NEBNext® Quick Ligation 

Reaction Buffer (NEB) and 2 μl of 5-P Tetramer N (1000 μM) were added to the vial 

sequentially. The master mix was mixed and spun down briefly. Next, the master mix was 

chilled on ice until the temperature was equilibrated (preventing denaturation of the 

duplex at room temperature). An aliquot of 0.2-μl annealed duplex, which was prepared as 

described in Section 4.15.1 was then added to the 8.3-μl master mix to obtain an 8.5-μl 

reaction mixture (The annealed duplexes and master mixes could be scaled up 
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proportionally if multiple reactions were needed in parallel). The mixture was mixed and 

spun down briefly. Then, the reactions for the time points were immediately incubated in 

the thermal block of a Veriti® 96-well Thermal Cycler (ABI) at 4℃ for 30 minutes to allow 

the filler to hybridize to the template within the gap for some time. Finally, an aliquot of 

1.5 μl of 1/3X diluted T4 RNA Ligase 2 (10 U/μl, NEB), which was equivalent to 5 U of T4 

RNA Ligase 2, was added to each of the 8.5-μl master mix to obtain the 10-μl final reaction 

mixture. The diluted T4 RNA Ligase 2 allowed much more accurate pipetting. The mixture 

was mixed and spun down briefly again. Then, the tubes were immediately incubated in 

the thermal block of a Veriti® 96-well Thermal Cycler (ABI). The incubation conditions were 

16℃ for 0, 3, 6, 18 and 18 hours, and 4℃ for 0, 3, 6, 18 and 18 hours. All the reactions were 

stopped by inactivating the enzyme at 65℃ for 20 minutes. 

4.15.3 RNA denaturing gel electrophoresis, staining and visualization 

The RNA denaturing gel electrophoresis procedure was the same as described in Section 

4.14.3 with the exception of using 2X Urea-PAGE Loading Buffer (Bromophenol Blue-

free)(Appendix A) instead of 2X Urea-PAGE Loading Buffer for the sample loading buffer. 

The absence of the bromophenol blue in the sample loading buffer can prevent the 

interference of the dye in reading the result. After electrophoresis, the gel image was 

scanned by Typhoon 9400 Variable Mode Imager (Amersham Biosciences) with Typhoon 

Scanner Control version 5.0 (Amersham Biosciences). The image was extracted by 

ImageQuant™ TL (Amersham Biosciences). 

The gel was then counterstained by SYBR® Gold nucleic acid gel stain (Life Technologies). 

The gel was post-stained for 5 to 10 minutes in 0.5X SYBR® Gold nucleic acid gel stain 
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diluted in 1X TBE Buffer. The image was then captured by ChemiDoc™ MP Imaging System 

(Bio-Rad) with Image Lab™ Software version 4.1. 

 

4.16 Reverse transcription of RNA templates with 5-nitroindole base 

Reverse transcription is the last step of the library preparation in RIINGS. This step actually 

converts the RNA chimeras, which represent the miRNA-target RNA interacting pairs, into 

cDNA. The product cDNA library can be sequenced by next-generation sequencing and the 

miRNA interactome can be finally revealed. However, an important issue in the conversion 

must be considered. 

A pair of mismatch repairers is actually ligated to the 5’ and the 3’ ends of the miRNA for 

repairing the mismatches in those two ends (see Section 4.13 and Figure 4.13.1). The 

results of the ligation of the two repairers indicate that they can be efficiently ligated to the 

5’ and the 3’ ends of miRNA with 0 to 3 mismatches (see the results in Section 5.11.2). 

Indeed, these two repairers are 5-nitroindole base-containing short RNA oligos. Accordingly, 

the RNA chimeras also contain 5-nitroindole bases (upstream of miRNA 5’ end and 

downstream of miRNA 3’ end). The 5-nitroindole base is one of the artificial bases that can 

pair up with all four natural bases non-selectively (see Section 6.8 for more information of 

the use of 5-nitroindole in RIINGS). However, we do not know whether reverse 

transcriptases (i.e. RNA-dependent DNA polymerases) are able to use 5-nitroindole base as 

the substrate to synthesize cDNA. 

Two mock experiments were designed for investigating the above concern. Two 5-

nitroindole base-containing RNA templates were designed. One was used to evaluate 
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whether the polymerase could deal with successive 5-nitroindole bases. From 3’ to 5’, the 

template contained 5-nitroindole bases at position 26, positions 35-36 and positions 46-48 

(see Figure 4.16.1). The full length of this sequence was 52 nt and was named 5-NitInd RT 

temp 1 (Table 4.2.1). This template was used to test the ability of the polymerase in dealing 

with one, two successive and three successive 5-nitroindole bases. After the confirmation 

of only one 5-nitroindole base substitution in the template RNA could be utilized by Bst 3.0 

DNA polymerase in the above experiment (see result in Section 5.14.1), an additional mock 

experiment was performed to further study the real situation. A second RNA template, 

which contained 5-nitroindole bases at positions 22 and 44 (3’ to 5’) (see Figure 4.16.1), 

was designed for this purpose. This was a template actually mimicking two single 5-

nitroindole bases included in the 5’ repairer and the 3’ repairer. The full length of this 

sequence was 50 nt and was named 5-NitInd RT temp 2 (Table 4.2.1). Ten polymerases 

with RNA-dependent DNA polymerase activity from different companies were tested. 

Figure 4.16.1 shows the experimental scheme for evaluating whether the polymerases 

could utilize 5-nitroindole base as the template for synthesizing cDNA. 
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Figure 4.16.1 The scheme of the mock experiments for evaluating whether the polymerases can utilize 5-

nitroindole base as the template for synthesizing cDNA. In experiment 1, 5-NitInd RT temp 1 was used as the 

template to evaluate whether the candidate polymerases could deal with a template that contained successive 

5-nitroindole bases. One to three successive 5-nitroindole bases were evaluated. In experiment 2, 5-NitInd RT 

temp 2 was used as a template to mimic the real situation. Bst 3.0 DNA polymerase was tested in this 

experiment. 
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4.16.1 Reverse transcription with 5-nitroindole-containing template 

4.16.1.1 Experiment 1 (for evaluating whether the candidate polymerases could deal 

with successive 5-nitroindole) 

Ten polymerases with RNA-dependent DNA polymerase activity from different companies 

were tested. These polymerases were (i) Tth DNA Polymerase (5U/μl, Promega, M2101), (ii) 

MMLV (200U/μl, Promega, M1705), (iii) MMLV RNaseH-, Point Mutant (200U/μl, Promega, 

M3681), (iv) MMLV (200U/μl, Invitrogen, 28025-021), (v) SuperScript II (200U/μl, 

Invitrogen, 18064-014), (vi) SuperScript III (200U/μl, Invitrogen, 18080-044), (vii) 

Transcriptor High Fidelity Reverse Transcriptase (20U/μl, supplied with Transcriptor High 

Fidelity cDNA Synthesis Kit, Roche, 05081963001), (viii) Cloned AMV Reverse Transcriptase 

(15U/μl, Invitrogen, 12328-019), (ix) AMV Reverse Transcriptase (25U/μl, USB, 70041Y), (x) 

Bst 3.0 DNA Polymerase (8U/μl, NEB, M0374S). Basically, all the candidate polymerases 

were tested in both 5X NEBNext® Quick Ligation Reaction Buffer (66mM Tris-HCl, 10mM 

MgCl2, 1mM DTT, 1mM ATP, 6% Polyethylene glycol (PEG 6000), pH 7.6 at 25℃; NEB) and 

CutSmart® Buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium 

acetate, 100 μg/ml BSA, pH 7.9 at 25℃; NEB). Tth DNA Polymerase was additionally tested 

in the RT 10X Buffer (10 mM Tris-HCl, 90 mM KCl, pH 8.3 at 25℃; Promega) supplied with 

the enzyme. Bst 3.0 DNA Polymerase was additionally tested in the 10X Isothermal 

Amplification Buffer II (20 mM Tris-HCl, 10 mM (NH4)2SO4, 150 mM KCl, 2 mM MgSO4, 0.1% 

Tween® 20, pH 8.8 at 25℃; NEB) supplied with the enzyme. Two concentrations of dNTPs 

were evaluated: 0.5 and 2 mM (each dNTP). Five concentrations of MnCl2 were evaluated: 

0, 1, 2, 3 and 5 mM. 
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Appendix C Table 20 shows the preparation of the reverse transcription reaction mixtures. 

For each reaction, briefly, an aliquot of 5.27-9.02 μl of water was first added to a clean tube. 

Then, 0-0.625 μl of MnCl2 (100 mM), 0.625-2.5 μl of dNTPs, 2.5 μl of 5X buffer or 1.25 μl of 

10X buffer (the buffer was one of the four buffers tested: (1) 5X NEBNext® Quick Ligation 

Reaction Buffer, (2) CutSmart® Buffer (10X), (3) RT 10X Buffer (tested with Tth DNA 

Polymerase only), (4) 10X Isothermal Amplification Buffer II (tested with Bst 3.0 DNA 

Polymerase only)), 0.3 μl of 5-NitInd RT temp 1 and 0.3 μl of 5-NitInd RT primer 1 (Table 

4.2.1) were added to the vial sequentially. The master mix was mixed and spun down 

briefly. An aliquot of 1 μl polymerase was finally added. The polymerase was one of the ten 

polymerases tested (see above for details. The mixture was mixed and spun down again. All 

the reactions were incubated in the thermal block of a Veriti® 96-well Thermal Cycler (ABI). 

The incubation conditions were 25℃ for 10 minutes followed by (a) 55℃ for 1, 2, 4, 8, 16, 

24 and 36 hours (for polymerase (i), (iii), (vii), (viii) and (x) only), (b) 42℃ for 1, 2, 4, 8, 16, 

24 and 36 hours (for polymerase (ii), (iv), (v) and (ix) only), and (c) 50℃ for 1, 2, 4, 8, 16, 24 

and 36 hours (for polymerase (vi) only). All the reactions were stopped by heat inactivation 

at 85℃ for 5 minutes (polymerase (i) cannot be heat-inactivated and reactions with this 

polymerase were frozen at -20℃ immediately). Finally, all the samples were stored at -20℃ 

until gel electrophoresis. An extra reaction for time 0 (without incubation but with heat 

inactivation) was performed as well. 

4.16.1.1.1 Experiment 2 (for further studying the real situation) 

As only the Bst 3.0 DNA Polymerase (NEB, M0374S) had the ability in dealing with 5-

nitroindole base (single substitution, but not successive substitutions), experiment 2 tested 

this polymerase only. 
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Appendix C Table 21 shows the preparation of the reverse transcription reaction mixtures. 

For each reaction, briefly, an aliquot of 4.65 μl of water was first added to a clean tube. 

Then, 1.25 μl of MnCl2 (100 mM), 2.5 μl of dNTPs, 2.5 μl of 5X NEBNext® Quick Ligation 

Reaction Buffer (NEB), 0.3 μl of 5-NitInd RT temp 2 and 0.3 μl of 5-NitInd RT primer 2 (Table 

4.2.1) were added to the vial sequentially. The master mix was mixed and spun down 

briefly. An aliquot of 1 μl Bst 3.0 DNA Polymerase (8U/μl, NEB, M0374S) was finally added. 

The mixture was mixed and spun down again. All the reactions were incubated in the 

thermal block of a Veriti® 96-well Thermal Cycler (ABI). 

The incubation conditions were 25℃ for 10 minutes followed by 50℃ for 1, 2, 4, 8, 16 and 

24 hours. All the reactions were stopped by inactivation at 80℃ for 5 minutes and stored at 

-20℃ until gel electrophoresis. An extra reation for time 0 (without incubation but with 

heat inactivation) was performed as well. 

4.16.2 RNA denaturing gel electrophoresis, staining and visualization 

The procedures for gel electrophoresis, staining and visualization were the same as those 

described in Section 4.14.3. 
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5. Results 

5.1 Comparison of AGO expression level in cell-lines and the yield 

of AGO in different extraction buffers 

Two different non-denaturing protein extraction buffer were tested for the yield of AGO 

proteins (see Figure 4.3.1). The yield was tested with three different cell-lines. The three 

cell-lines were MEC-1, K562 and Raji. Equal amounts of total protein lysates were loaded 

for SDS-PAGE. Figure 5.1.1 summarizes the results from the series of experiments. 

The western blotting result showed that the level of AGO proteins in the total protein 

lysate extracted by 1X Detergent-free Lysis Buffer was significantly higher than that 

extracted by 1X Detergent-containing Lysis Buffer (with 1% NP-40). This result was 

reproduced in all three different cell-lines. There was 49.20% (p = 0.046) increment in MEC-

1 total protein lysate, 50.09% (p = 0.027) increment in K562 total protein lysate and 58.32% 

(p = 0.039) increment in Raji total protein lysate when the total protein lysate was 

extracted by 1X Detergent-free Lysis Buffer. These results indicated that the 1X Detergent-

free Lysis Buffer yielded higher amount of AGO proteins in total protein extraction. Figure 

5.1.1a shows the western blotting result and Figure 5.1.1b to Figure 5.1.1d show the 

corresponding intensity charts of the western blotting result for MEC-1, K562 and Raji cells 

respectively. Thus, 1X Detergent-free Lysis Buffer was selected for protein extraction in 

RIINGS. 

On the other hand, the comparison of the expression of AGO proteins among MEC-1, K562 

and Raji cells showed that K562 cells expressed the highest amount of AGO proteins, MEC-

1 cells were the second and Raji cells expressed the lowest amount of AGO proteins (Figure 
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5.1.1a). The expression of AGO protein in K562 cells was 1.30-fold higher than in MEC-1 

cells (p = 0.036) and 2.91-fold higher than in Raji cells (p = 0.00024) when the total protein 

lysates were prepared in 1X Detergent-free Lysis Buffer. Compared to the MEC-1 cells and 

Raji cells, K562 cells were the most suitable for the current method development. Figure 

5.1.1e shows the level of AGO proteins in MEC-1, K562 and Raji cell lysates. 
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Figure 5.1.1 The AGO protein levels in total protein lysates extracted from three different cell lines with two 

selected non-denaturing extraction buffers. (a) The AGO proteins (~100 kDa) were examined by western 

blotting. This was the western blotting result of MEC-1, K562 and Raji cell lysates that were prepared in either 

1X Detergent-containing Lysis Buffer (d+) or 1X Detergent-free Lysis Buffer (d-). (b) to (d) The comparison of the 

level of AGO proteins in cell lysates extracted from (b) MEC-1, (c) K562 and (d) Raji cell with either 1X 

Detergent-containing Lysis Buffer (d+) or 1X Detergent-free Lysis Buffer (d-). (e) The expression level of AGO 

proteins in three different cell-lines. The total protein lysates were prepared in 1X Detergent-free Lysis Buffer. 

All the bar charts were plotted based on the mean value ± SD (n = 3). The intensity of each band was quantified 

(in arbitrary unit) by Image Lab™ Software version 4.1.  
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5.2 Comparison of three anti-AGO antibodies in AGO binding ability 

Three different anti-AGO antibodies were tested for their ability and specificity of binding 

the AGO proteins in three different K562 total protein lysates each with a different 

denaturing status (see Figure 4.4.1). The three tested antibodies were Anti-pan Ago 

Antibody, clone 2A8 (Millipore), eIF2C Antibody (B-3) (Santa Cruz) and eIF2C2 (4F9) (Santa 

Cruz). The three tested protein lysates were denatured protein lysate, non-denatured 

protein lysate, and denatured protein lysate with buffer exchange to non-denaturing buffer. 

Dot blotting analysis was used to evaluate which antibody specifically bound the non-

denatured AGO proteins and also which antibody had the highest binding ability for binding 

the non-denatured AGO proteins. The dot blotting result showed the ability of the three 

antibodies to bind AGO proteins of different denaturing status. Figure 5.2.1 summarizes the 

results of this experiment.  

The result revealed that the ability of Anti-pan Ago Antibody, clone 2A8 to bind the non-

denatured AGO proteins was significantly lower than that of eIF2C Antibody (B-3) by 

101.70% (p = 0.036) and also significantly lower than that of eIF2C2 (4F9) by 79.43% (p = 

0.0076). On the other hand, eIF2C2 (4F9) specifically bound non-denatured AGO proteins. 

The ability of eIF2C2 (4F9) to bind the AGO proteins in non-denatured protein lysate was 

significantly higher than that to bind the AGO proteins in denatured protein lysate by 2.37-

fold (p = 0.00017). In addition, this antibody did not bind the AGO proteins in denatured 

protein lysate with buffer exchange to non-denaturing buffer. However, eIF2C Antibody (B-

3) did not show any preference in binding the three forms of AGO proteins. There was no 

significant difference in the binding among the AGO proteins in denatured protein lysate, 

the AGO proteins in non-denatured protein lysate, and the AGO proteins in denatured 

protein lysate with buffer exchange to non-denaturing buffer. 
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Consequently, eIF2C2 (4F9) was the only antibody fulfilling the requirements for RIINGS 

among the three tested antibodies. This antibody strongly and specifically bound non-

denatured AGO proteins. 
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Figure 5.2.1 Dot blotting analysis for evaluating the binding ability and specificity of anti-AGO antibodies 

against the non-denatured form of AGO proteins. Three different anti-AGO antibodies were tested for their 

binding to three protein lysates with different denaturing status. (a) The original dot blotting result showed the 

ability of the three antibodies to bind AGO proteins of different denaturing status. From top to bottom row, 

they were Anti-pan Ago Antibody, clone 2A8 (Millipore), eIF2C Antibody (B-3) (Santa Cruz) and eIF2C2 (4F9) 

(Santa Cruz). From left to right column, they were denatured lysate, non-denatured lysate and denatured lysate 

with buffer exchange to non-denaturing buffer. (b) The bar chart showed the intensities of each dot. The bar 

chart was plotted based on the mean value ± SD (n = 3). The intensity (in arbitrary unit) of each dot was 

quantified by Image Lab™ Software version 4.1. 

  



233 

 

5.3 Immunoprecipitation 

The yielding ability of the IP methods was investigated by western blotting while the purity 

of the yielded AGO proteins was examined by SDS-PAGE with silver staining.  

5.3.1 Evaluation of the immunoprecipitation result by western blotting 

Two different IP procedures were evaluated. In Method 1, the antibody was first 

immobilized on the beads and then these beads were used to capture the target protein 

from the total protein lysate (see Figure 4.5.1). In Method 2, the antibody and the total 

protein lysate were first incubated together for enough of time to allow the target protein 

and the antibody to bind each other. Then, beads were used to capture the target protein-

antibody complex (see Figure 4.5.1). Western blotting was used to evaluate the yielding 

ability of these two different methods of immunoprecipitating the AGO proteins. The 

antibody eIF2C2 (4F9) (Santa Cruz) was used in this experiment (see Section 5.2). Figure 

5.3.1 summarizes the results of western blotting.  

The result showed that Method 1 and Method 2 yielded 86.97% ± 8.76% and 106.88% ± 

15.26% of AGO proteins from the total protein lysates respectively. The yielding ability of 

Method 2 was significantly higher than that of Method 1 by 1.23–fold (p = 0.022). 

According to this result, therefore, the IP method 2 was selected for use in RIINGS. Actually, 

the yield of the AGO complex is very important to RIINGS because the abundance of the 

AGO complex is expected to be low. We generally know that the abundance of miRNAs 

(comprising less than 1% of total RNA) and a particular protein (a particular protein vs. total 

protein) is low. Therefore, an approach that can yield a higher amount of AGO complex is 

preferred in RIINGS if the purity of the isolated AGO complex is good enough. In fact, the 
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purity of the isolated AGO complex is pure enough for RIINGS by the approach currently 

used (this will be found in Sections 5.3.2 and 5.9.1). 

Moreover, the input amount of the antibody for IP was also investigated. Two different 

amounts (7.5 µg and 15 µg) of the antibody were used to initialize the IP experiment. A 

lesser amount (7.5 µg) of the antibody was used in the pilot study of the current IP 

experiment. This amount showed consistent yield in the current IP with many replicates 

(see Figure 5.3.1a; other data not shown). Western blotting was used to evaluate the 

yielding ability of these two different input amounts of eIF2C2 (4F9) (Santa Cruz). The result 

showed that the yielding ability of the two initial amounts of antibody did not show any 

significant difference. With the consideration of the varying amounts of AGO complex may 

among cells or tissues and in order to ensure that IP could capture the AGO complex as 

much as possible, the optimal input amount of the eIF2C2 (4F9) was chosen at 11.25 µg per 

reaction (the average of the tested amounts). This decision also considered the cost 

involved.  



235 

 

 

 

Figure 5.3.1 Western blotting analysis for evaluating immunoprecipitation performed with different 

modifications in the procedure. (a) Western blotting was used to evaluate the yield of AGO proteins by two 

different immunoprecipitation (IP) methods. From lane 1 to 5 were total protein extract, supernatant after IP 

Method 1, eluate from IP Method 1, supernatant after IP Method 2, and eluate from IP Method 2 respectively. 

(b) A bar chart indicated the corresponding intensity of the protein bands in (a). (c) Western blotting was used 

to evaluate the yield of AGO proteins by two different input amounts of antibody for IP. IP Method 2 was used 

in this evaluation. From lane 1 to 5 were total protein extract, supernatant after IP with 7.5 µg antibody, eluate 

from IP with 7.5 µg antibody, supernatant after IP with 15 µg antibody, and eluate from IP with 15 µg antibody 

respectively. (d) A bar chart indicated the corresponding intensity of the protein bands in (c). All the bar charts 

were plotted based on the mean value ± SD (n = 4). The intensity of each band was quantified by Image Lab™ 

Software version 4.1.  
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5.3.2 Evaluation of the purity of the yielded AGO proteins by SDS-PAGE with silver 

staining 

The purity of the yielded AGO proteins was first evaluated by SDS-PAGE with silver staining. 

This method was only able to visualize the proteins, which included the target AGO 

proteins and other co-purified proteins. However, it was unable to identify the co-purified 

proteins. Therefore, an in-depth evaluation by using mass-spectrometry was also 

conducted for identifying the co-purified proteins (results shown in Section 5.9.1). 

The proteins in the eluate from the IP were first separated by the SDS-PAGE. Silver staining 

was then used to visualize protein bands on the gel. Besides assessing the purity of the 

yielded AGO proteins, the original eIF2C2 (4F9) (Santa Cruz) and the supernatant of the 

antibody solution after conjugation to the beads from the bead preparation for IP Method 

1 were also loaded for the gel electrophoresis. The original antibody was used as a 

reference for the antibody bands. The supernatant was used to evaluate for the 

completeness of the antibody conjugation in the bead preparation for IP Method 1.  

Figure 5.3.2 revealed the completeness of the bead-antibody conjugation in the bead 

preparation for IP Method 1 and the purity of the eluates purified by either Method 1 or 

Method 2. Lane 1 was the protein ladder. Lane 2 was eIF2C2 (4F9) (an IgA antibody). The 

molecular weight of the two major bands was quite similar to the light chain and the heavy 

chain (α chain) of an IgA antibody respectively. The expected molecular weight of the light 

chain and the heavy chain of an IgA antibody was ~25 kDa and ~55 kDa respectively [322]. 

Lane 3 was the supernatant of the antibody solution after conjugation to the beads from 

the bead preparation for IP Method 1. The gel picture showed that no heavy chain and light 

chain of eIF2C2 (4F9) could be detected. Thus, the antibody conjugation in the bead 

preparation for IP Method 1 was complete. Lane 4 was the total protein lysate of K562 cells. 
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Lanes 5 and 6 were the supernatant and the eluate of K562 cells’ total protein lysate after 

IP (Method 1). The result showed that the majority of the proteins from the total protein 

lysate were retained in the supernatant. Nearly all the antibody and some other proteins 

were detected in the eluate. There were several bands close to the molecular weight of 

AGO proteins (~100 kDa). Therefore, the IP (Method 1) successfully removed the majority 

of the proteins from the crude lysate, but still co-purified some other proteins with the 

AGO proteins, and some of these contaminants had a similar molecular weight to AGO 

proteins. Lanes 7 and 8 were the supernatant and the eluate of K562 cells’ total protein 

lysate after IP (Method 2). Likewise, the result showed that the majority of the proteins 

from the total protein lysate were retained in the supernatant. Nearly all the antibody and 

some other proteins were detected in the eluate. There was no big difference between the 

pattern of the results from Method 1 and Method 2. 

As the result, IP Method 2 was selected in RIINGS with the consideration of the ability of 

harvesting the AGO proteins and the clearance of contaminants. Furthermore, an amount 

of 11.25 µg eIF2C2 (4F9) was chosen as the initial amount for the IP in order to ensure the 

yield of AGO proteins (see Section 5.3.1).  
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Figure 5.3.2 Silver staining of SDS-polyacrylamide gel for evaluating the efficiency of various steps in two 

immunoprecipitation methods. Samples loaded in the gel are as follows: lane 1, the protein ladder; lane 2, 

eIF2C2 (4F9); lane 3, the supernatant of the antibody solution after conjugation to the beads from the bead 

preparation for immunoprecipitation Method 1; lane 4, total protein extract of K562 cells; lanes 5 and 6, the 

supernatant and the eluate of K562 cells’ total protein extract after immunoprecipitation (Method 1) 

respectively; and lanes 7 and 8, the supernatant and the eluate of K562 cells’ total protein extract after 

immunoprecipitation (Method 2) respectively. Aliquots each containing 20 µg total protein extract (lane 4) and 

proteins with equivalent portion to the 20 µg total protein extract were loaded for the SDS-PAGE.  
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5.4 Conditions for the ligation of stem-loop adaptor  

Three ligation parameters were optimized for the ligation of stem-loop adaptor, including 

ligation time, adaptor concentration and input amount of the ligase. All these three 

conditions were investigated by protein gel electrophoresis with autoradiography to 

visualize the results (see Figure 4.6.1). In brief, the stem-loop adaptor was first radiolabeled 

with 32P-γ-ATP. After the adaptor had been ligated to the 3' end of the miRNA target, the 

sample was resolved by protein gel electrophoresis with NuPAGE™ Novex™ 4-12% Bis-Tris 

Protein Gels, 1.0 mm, 10-well (Thermo Fisher). Electrophoresis was run under 175V at 4℃ 

for 90 minutes in 1X NuPAGE® MOPS SDS Running Buffer (Thermo Fisher). The gel image 

was finally visualized by autoradiography on X-ray film and analyzed by GelAnalyzer 2010a.  

5.4.1 Optimal ligation time for the ligation of stem-loop adaptor  

A time-course study was conducted to identify the optimal ligation time for the ligation of 

the stem-loop adaptor to the 3' end of the miRNA target. Figure 5.4.1a shows the progress 

of the ligation reaction at different time points; 0, 12, 24 and 36 hours for lanes 1 to 4 

respectively. A radioactive smear of about 220 kDa in molecular mass was detected with 12 

to 36 hours of ligation. This smear was probably the AGO complexes that each consisted of 

an AGO protein, a miRNA and a target RNA. The expected molecular weight of all the 

isoforms of the AGO protein were about 100 kDa [323]. The shift in the molecular weight 

was due to the associated RNAs and the stem-loop adaptor. Figure 5.4.1b shows the plot of 

the corresponding radioactive signals of the AGO complex smears against time. Ligation 

progressed rapidly from 0 to 24 hours. This trend started to plateau after 24 hours. The 

increment between 24 hours and 36 hours was 9.60% only (p = 0.0014). Therefore, the 

optimal ligation time for the ligation of the stem-loop adaptor could be 24 to 36 hours. 
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Figure 5.4.1 Time-course analysis for studying the ligation of a stem-loop adaptor to the 3' end of the miRNA 

target. (a) The ligation of the stem-loop adaptor was visualized by autoradiography. From lane 1 to 4, the 

ligation time was 0, 12, 24 and 36 hours respectively. b) The corresponding plot of intensity against time 

illustrated the completeness of the ligation during the time course studied. The signal intensities (in arbitrary 

unit) were based on the mean value ± SD (n = 3). 
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5.4.2 Optimal adaptor concentration for the stem-loop adaptor ligation 

A titration study was conducted to optimize the optimal stem-loop adaptor concentration 

for its ligation to the 3' end of the miRNA target. The tested stem-loop adaptor 

concentrations were 240 nM, 480 nM, 720 nM and 960 nM. The actual amounts of the 

stem-loop adaptor in the reactions were 24 pmole, 48 pmole, 72 pmole and 96 pmole 

respectively. Figure 5.4.2a showed the ligation reactions with different concentrations of 

the stem-loop adaptor and with the same concentration of T4 RNA Ligase 1 at 1.5 U/µl. A 

radioactive smear of about 220 kDa in molecular mass was detected in all reactions. As has 

been explained above (Section 5.4.1) this smear was most likely the AGO complex 

composed of an AGO protein, a miRNA and a target RNA ligated with the radiolabeled 

stem-loop adaptor. The shift in the molecular weight of the AGO protein was due to the 

intercalated miRNA (~7 kDa), target RNA (depended on the length of the sequence) and the 

stem-loop adaptor (~17.5 kDa). From Figure 5.4.2b, it is obvious that the amount of AGO 

complex with ligated stem-loop adaptor increased with increasing concentrations of the 

input radiolabeled stem-loop adaptor, and that the increase steadily slowed down. To take 

into account such factors as the varying amounts of AGO complex in different cells or 

tissues, completeness of the ligation reaction and the cost involved, the optimal stem-loop 

adaptor concentration was chosen to be 2000 nM.  
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Figure 5.4.2 Titration study for determining the optimal concentration of the stem-loop adaptor in the 

ligation of the adaptor to the 3' end of the miRNA target. (a) The ligation of the stem-loop adaptor was 

visualized by autoradiography. From lane 1 to 4, the concentration of the stem-loop adaptor was 240, 480, 720 

and 960 µM respectively. (b) The radioactive signals (intensities of the smears) from AGO-miRNA-target RNA 

complex were plotted against the adaptor concentrations. The higher the intensity, the more the adaptor 

ligated to the 3' end of the miRNA target. The signal intensities (in arbitrary unit) were based on the mean value 

± SD (n = 3). 
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5.4.3 Optimal concentration of T4 RNA Ligase 1 for the ligation of the stem-loop 

adaptor 

A titration study was conducted to optimize the concentration of the T4 RNA Ligase 1 (NEB) 

for the ligation of the stem-loop adaptor. The tested concentrations of the T4 RNA Ligase 1 

in the ligation reaction were 1.5 U/µl (lanes 1-5) and 3 U/µl (lanes 6-19) as shown in Figure 

5.4.3a. The concentration of the stem-loop adaptor in all the samples was fixed at 960 nM. 

A radioactive smear of about 220 kDa (the AGO complex; see Section 5.4.1 and Section 

5.4.2) was detected in all reactions except those for 0-hour time points. As shown in Figure 

5.4.3b, there was no big different between the reactions with 1.5 U/µl and 3 U/µl of T4 

RNA Ligase 1 during the time course. To consider again such factors as the varying amounts 

of AGO complex in different cells or tissues, the completeness of the ligation reaction, and 

the cost involved, the optimal working concentration of the T4 RNA Ligase 1 was chosen to 

be 2.25 U/µl (the average of the two tested concentrations).  
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Figure 5.4.3 Titration study for determining the optimal concentration of T4 RNA Ligase 1 in the ligation of 

the adaptor to the 3' end of the miRNA target. (a) The ligation of the stem-loop adaptor was visualized by 

autoradiography. From lane 1 to 5 (ligation times of 0, 6, 12, 24 and 36 hours respectively), the concentration of 

the T4 RNA Ligase 1 in the reaction was 1.5 U/µl. From lane 6 to 10 (ligation times of 0, 6, 12, 24 and 36 hours 

respectively), the concentration of the T4 RNA Ligase 1 in the reaction was 3 U/µl. (b) The radioactive signals 

from AGO-miRNA-target RNA complex were plotted against time for the ligase concentrations tested. The 

higher the intensity, the more the adaptor ligated to the 3' end of the target RNA. The signal intensities (in 

arbitrary unit) were based on the mean value ± SD (n = 3).  
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5.5 Conditions for the ligation of re-attaching adaptor  

With the ligation results of Section 5.4 taken in consideration, two intensive washing 

procedures for minimizing non-specific binding were examined in this section for the 

ligation of the re-attaching adaptor (see Figure 4.7.1). In addition, time-course analysis was 

also conducted to determine the optimal ligation time for the ligation of re-attaching 

adaptor (see Figure 4.7.1). Four time points were evaluated: 0, 12, 24 and 36 hours. All 

these investigations were assessed by protein gel electrophoresis with autoradiography to 

visualize the results. The re-attaching adaptor was first radiolabeled with [5’-32P] pCp 

(PerkinElmer). After the adaptor had been ligated to the 5' end of the miRNA target RNA, 

the sample was resolved by protein gel electrophoresis with NuPAGE™ Novex™ 4-12% Bis-

Tris Protein Gels, 1.0 mm, 10-well (Thermo Fisher). The gel electrophoresis was run under 

175V at 4℃ for 90 minutes in 1X NuPAGE® MOPS SDS Running Buffer (Thermo Fisher). The 

gel image was finally visualized by autoradiography on X-ray film and analyzed by 

GelAnalyzer 2010a.  

5.5.1 Intensive washing procedures evaluation 

In order to eliminate the non-specific binding occurring during IP, two intensive washing 

procedures were examined and compared with the original washing procedure. The 

washing procedure under evaluation was placed in the step immediately after RNase 

treatment (see Figure 4.7.1). Figure 5.5.1 shows the evaluation result of the three washing 

procedures. Washing procedure 2 did not show any significant difference when compared 

with the original washing procedure (Washing procedure 1). However, Washing procedure 

3 removed a lot of non-specific binding from the immunoprecipitated fraction when 

compared with the original washing procedure (Washing procedure 1). This result indicated 
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that Washing procedure 3 actually could help minimize non-specific binding in the 

immunoprecipitated fraction. 

Moreover, the pattern of the non-specific bands in Figure 5.5.1 was different from those 

for the ligation of stem-loop adaptor in Section 5.4, in which the ligation was performed on 

the 3' end of the miRNA target. Notably, the non-specific bands found for the ligation of 

the re-attaching adaptor to the 5' end of the miRNA target were more and clearer than 

those for the ligation of the stem-loop adaptor. This result might indicate that the ligation 

on 5' end was much robust than that on 3' end.  
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Figure 5.5.1 Evaluation of three washing procedures in eliminating non-specific binding occurring during 

immunoprecipitation. From the left to the right, the lanes showed the preparation of the samples washed with 

the original washing procedure (Washing procedure 1), the Washing procedure 2 and the Washing procedure 3, 

respectively, to eliminate the non-specific binding during immunoprecipitation.  
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5.5.2 Optimal ligation time for the ligation of re-attaching adaptor  

A time-course study was conducted to determine the optimal ligation time for ligating the 

re-attaching adaptor to the 5' end of the miRNA target. The time points were 0, 12, 24 and 

36 hours (Figure 5.5.2). A radioactive smear of about 220 kDa in molecular mass was 

detected from lane 2 to lane 4 (Figure 5.5.2a). In a way similar to that for the ligation of 

stem-loop adaptor to the 3’ end of the miRNA target (see Section 5.4), this smear was 

probably the AGO complex. As shown Figure 5.5.2b, the ligation reaction progressed 

rapidly and reached a plateau by 12 hours. One-way ANOVA indicated that there was no 

significant difference among the last 3 time points (12, 24 and 36 hours). Accordingly, the 

optimal ligation time for ligating the re-attaching adaptor to the 5’ end of the miRNA target 

was chosen to be 12 hours. 
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Figure 5.5.2 Time-course study for assessing the ligation of the re-attaching adaptor to the 3' end of the 

miRNA target. (a) The ligation of the re-attaching adaptor was visualized by autoradiography. From lane 1 to 4, 

the ligation time was 0, 12, 24 and 36 hours respectively. (b) The radioactive signals of the AGO-miRNA-target 

RNA complex were plotted against time. The signal intensities (in arbitrary unit) were based on the mean value 

± SD (n = 3).  
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5.6 Determination of RNases working concentration 

RNase A (Affymetrix) and RNase One™ Ribonuclease (Promega) were tested for trimming 

the flanking RNAs on the immunoprecipitated AGO complex, and their optimal 

concentrations were determined (see Figure 4.8.2). The original concentration of the RNase 

A was 38.46 U/µl (Lot. 73715) while the original concentration of the RNase One™ 

Ribonuclease was 10 U/µl. Of note was the different unit definition for these two RNases. 

Four different dilutions of each RNase were tested: undiluted, 1:100 diluted, 1:1000 diluted 

and 1:100000 diluted. An additional reaction without RNase treatment was used as the 

undigested control. After each of the RNA treatment, the effects were evaluated in terms 

of (a) the fragment size of AGO-associated RNAs and (b) the accessibility of the digested 

AGO complex for the ligation of a stem-loop adaptor. The fragment size was evaluated by 

Bioanalyzer 2100 (Agilent) while the accessibility for adaptor ligation was evaluated by 

protein gel electrophoresis with autoradiography to visualize the ligation of the 

radiolabeled adaptor. 

5.6.1 Evaluation of the fragment size after RNase A treatment 

A titration study was conducted to determine the optimal RNase A concentration for the 

procedure of RNA fragmentation in RIINGS. Without digestion (Figure 5.6.1a), the extracted 

RNAs (undigested control) varied greatly in size from ~40 nt to ~4200 nt with many 

fragments showing prominent peaks. With digestion by undiluted RNase A (Figure 5.6.1b), 

the majority of the extracted RNAs packed between ~40 nt and ~200 nt with 2 distinct 

peaks at ~100 nt. With digestion by 1:100-diluted RNase A (Figure 5.6.1c), the extracted 

RNAs distributed in size from ~40 nt to ~2000 nt with a skew toward smaller size and 

multiple distinct peaks at ~100 nt. In fact, the majority of the RNAs were less than 500 nt. 

With digestion by 1:1000-diluted RNase A (Figure 5.6.1d), the extracted RNAs varied in size 
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from ~40 nt to ~2600 nt with multiple distinctive peaks between ~100 nt and ~200 nt. The 

majority of the RNAs were less than 1000 nt. With digestion by 1:100000-diluted RNase A 

(Figure 5.6.1e and f), the distribution and the banding patterns of the extracted RNAs 

closely resembled those of the undigested control (Figure 5.6.1a). This indicated that the 

RNase activity was negligible at this dilution. Table 5.6.1 lists the details of the upper 

border, lower border and average length of the sequence length distribution of the 

extracted RNAs after digestion by RNase A. 
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Figure 5.6.1 Analysis of the sequence length distribution of the miRNA target site after RNA fragmentation 

with different amounts of RNase A. The RNA samples (undigested or digested) were analyzed using Bioanalyzer 

2011 to give (a)-(e) the electrophoretograms or (f) the corresponding gel picture. RNAs extracted from the AGO 

complex were mixed with 3 µl of (a) water (i.e. undigested control) or (b)-(e) different dilutions of RNase A 

(Affymetrix) in a 150-µl fragmentation reaction. The RNase A added were (b) undiluted, (c) 1:100 diluted, (d) 

1:1000 diluted, and (e) 1:100000 diluted. For the electrophoretograms (a)-(e), the x-axis shows the size of the 

RNAs in nucleotides (nt) while y-axis indicates the amount of RNAs in arbitrary fluorescent unit (FU). (f) The gel 

picture converted from the above electrophoretograms to mimic a gel electrophoresis picture. The 25-nt peaks 

seen in (a)-(e) and the 25-nt green bands seen in (f) represent the marker fragment (RNA 6000 Pico Marker, 

Agilent) that migrates to a position equivalent to a 25-nt RNA transcript.  
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Table 5.6.1 The fragment size distribution and the average length of the RNA fragments extracted from AGO 

complex after RNase A treatment. 

  Fragment distribution (nt)   Average length (nt) 

  Lower CV Upper CV   Length CV 

no RNase 41.67 5.00% 4170.00 11.00% 
 

637.33 21.52% 

undiluted 37.33 5.58% 499.33 9.15% 
 

103.33 1.48% 

1:100 37.33 8.18% 1994.33 35.31% 
 

164.33 6.68% 

1:1000 37.00 7.15% 2633.67 17.96% 
 

236.00 16.84% 

1:100000 40.00 4.33% 4198.33 14.27% 
 

648.00 21.30% 
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5.6.2 Evaluation of the fragment size after RNase One™ Ribonuclease treatment 

A titration study was conducted to determine the optimal RNase One™ Ribonuclease 

concentration for the procedure of RNA fragmentation in RIINGS. Without digesting (Figure 

5.6.2a) , the extracted RNAs distributed in size from ~50 nt to ~4000 nt with many 

fragments showing distinct peaks. With digestion by undiluted RNase One™ Ribonuclease 

(Figure 5.6.2b), the extracted RNAs packed between ~40 nt and ~200 nt with 3 distinct 

peaks centering around ~100 nt. With digestion by 1:100-diluted RNase One™ 

Ribonuclease (Figure 5.6.2c), the extracted RNAs varied in size from ~40 nt to ~1900 nt with 

major peaks close to ~200 nt. In effect, the majority of the RNAs were less than 500 nt. 

With digestion by 1:1000-diluted RNase One™ Ribonuclease (Figure 5.6.2d), the extracted 

RNAs showed a much broader distribution from ~40 nt to ~2900 nt with many prominent 

peaks in between. With digestion by 1:100000-diluted RNase One™ Ribonuclease (Figure 

5.6.2e and f) , the distribution and the banding patterns of the extracted RNAs were very 

similar to those of the undigested control (Figure 5.6.2a). This indicated that the RNase 

activity was insignificant at this dilution. Table 5.6.2 lists the details of the upper border, 

lower border and average length of the sequence length distribution of the extracted RNAs 

after digestion by RNase One™ Ribonuclease. 

All in all, digestion by either RNase A or RNase One™ Ribonuclease gave very similar size 

distributions of the RNAs extracted from the immunoprecipitated AGO complex at the 

corresponding dilutions. However, a slight difference existed between RNase A or RNase 

One™ Ribonuclease. The ribonuclease activity of RNase One™ Ribonuclease was slightly 

less than that of RNase A. This could be observed from 1:100 dilution and 1:1000 dilution 

(Figure 5.6.1c & d vs Figure 5.6.2c & d, and Table 5.6.1 vs Table 5.6.2). At 1:100 dilution, the 

distribution of RNA fragments was shifted to the right slightly when the RNAs were treated 
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with RNase One™ Ribonuclease. This shift was more extensive when the dilution was 

1:1000. These right shifts indicated the comparatively longer fragments, and also implied 

the weaker ribonuclease activity of RNase One™ Ribonuclease.  
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Figure 5.6.2 Analysis of the sequence length distribution of the miRNA target site after RNA fragmentation 

with different amount of RNase One™ Ribonuclease. The RNA samples (undigested or digested) were analyzed 

using Bioanalyzer 2011 to give (a)-(e) the electrophoretograms or (f) the corresponding gel picture. RNAs 

extracted from the AGO complex were mixed with 3 µl of (a) water (i.e. undigested control) or (b)-(e) different 

dilutions of RNase One™ Ribonuclease (Promega) in a 150-µl fragmentation reaction. The RNase One™ 

Ribonuclease added were (b) undiluted, (c) 1:100 diluted, (d) 1:1000 diluted, and (e) 1:100000 diluted. For the 

electrophoretograms (a)-(e), the x-axis shows the size of the RNAs in nucleotides (nt) while y-axis indicates the 

amount of RNAs in arbitrary fluorescent unit (FU). (f) The gel picture converted from the above 

electrophoretograms to mimic a gel electrophoresis. The 25-nt peaks seen in (a)-(e) and the 25-nt green bands 

seen in (f) represent the marker fragment (RNA 6000 Pico Marker, Agilent) that migrates to a position 

equivalent to a 25-nt RNA transcript.  
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Table 5.6.2 The fragment size distribution and the average length of the RNA fragments extracted from AGO 

complex after RNase One™ Ribonuclease treatment. 

 
Fragment distribution (nt) 

 
Average length (nt) 

  Lower CV Upper CV   Length CV 

no RNase 48.67 18.98% 4000.33 0.58% 
 

892.00 16.99% 

undiluted 35.00 2.86% 447.00 26.46% 
 

105.33 3.33% 

1:100 37.00 4.68% 1876.00 26.96% 
 

195.33 12.27% 

1:1000 38.67 3.95% 2869.00 17.12% 
 

407.33 12.13% 

1:100000 48.00 4.17% 3801.67 8.75% 
 

894.33 11.49% 
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5.6.3 Evaluation of the accessibility of the immunoprecipitated AGO complex for 

ligation after RNase A treatment 

In order to check whether the RNA ends on the immunoprecipitated AGO complex after 

the trimming by RNase A were long enough for adaptor ligation, an experiment was used to 

evaluate this accessibility. A radiolabeled adaptor was first ligated to the trimmed RNA 3’ 

end on the immunoprecipitated AGO complex. Then, protein gel electrophoresis was used 

to resolve the complex. Finally, the smear representing the immunoprecipitated AGO 

complex, which was successfully ligated with the radiolabeled adaptor, was visualized by 

autoradiography. Figure 5.6.3 summarizes the results of this experiment based on RNase A. 

The immunoprecipitated AGO complex consisted of an AGO protein (~100 kDa), a miRNA 

(~7 kDa) and a target RNA (depended on the length of the sequence). Therefore, the 

location of AGO complex could be determined by the band shift and appeared as a smear 

that was indicated by a vertical blue line on the left hand side of each lane in Figure 5.6.3a. 

These smears gradually increased in molecular mass and spread wider with decreasing 

concentration of RNase A used. This pattern agreed with the finding in Section 5.6.1, in 

which the sequence length (or the molecular mass) and the length distribution of the RNAs 

from the immunoprecipitated AGO complex gradually increased with decreasing 

concentration of RNase A. Therefore, the increasing molecular mass of the smears was 

most probably due to the increasing sequence length of the RNAs from the 

immunoprecipitated AGO complex. This result also implied that this smear most likely 

carried an RNA binding protein because the molecular mass of this smear was sensitive to 

RNase treatment. 

From Figure 5.6.3b, it is obvious that the ligation of radiolabeled stem-loop adaptor 

increased with decreasing concentration of RNase used. The increment in ligation between 
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the sample treated with undiluted RNase A and the sample treated with 1:100 diluted 

RNase A was not significant. However, the increment in ligation was 2.35-fold (p = 0.0026) 

between the sample treated with 1:100 diluted RNase A and the sample treated with 

1:1000 diluted RNase A, and 1.86-fold (p = 0.0038) between the sample treated with 

1:1000 diluted RNase A and the sample treated with 1:100000 diluted RNase A. The spatial 

hindrance was expected to be large enough to block the ligation reaction dramatically 

when the protruding RNAs were too short. Indeed, the result matched the expectation. 
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Figure 5.6.3 Evaluation of the accessibility of the immunoprecipitated AGO complex for ligation of adaptor to 

the RNA 3’ end on the AGO complex after RNase A treatment. (a) The ligation of the radiolabeled stem-loop 

adaptor was visualized by autoradiography. The vertical blue line on the left hand side of each lane indicated 

the location of the smear representing the immunoprecipitated AGO complex ligated with the radiolabeled 

stem-loop adaptor while the blue dot showed the peak of the smear. From lanes 1 to 4, the marked smears 

were the immunoprecipitated AGO complex after digestion of the protruding RNAs with (1) undiluted, (2) 

1:100-diluted, (3) 1:1000-diluted and (4) 1:100000-diluted RNase A in a 150-µl fragmentation reaction. (b) The 

radioactive signals (intensities of the bands) from the AGO complex with ligated radiolabeled stem-loop adaptor 

were plotted against the concentration of RNase A used. The higher the intensity, the more the adaptor ligated 

to the 3' end of the miRNA target. The signal intensities (in arbitrary unit) were based on the mean value ± SD (n 

= 3).  
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5.6.4 Evaluation of the accessibility of the immunoprecipitated AGO complex for 

ligation after RNase One™ Ribonuclease treatment 

The whole experiment assessing the accessibility of the immunoprecipitated AGO complex 

for ligation was repeated with RNase One™ Ribonuclease in place of RNase A. Figure 5.6.4 

summarizes the results of this experiment based on RNase One™ Ribonuclease. 

The smears representing the AGO complex with ligated radiolabeled stem-loop adaptor 

gradually increased in molecular mass and spread wider with decreasing concentration of 

RNase One™ Ribonuclease used (Figure 5.6.4a). This pattern agreed with the finding in 

Section 5.6.2, in which the sequence length (or the molecular mass) and the length 

distribution of the RNAs from the immunoprecipitated AGO complex gradually increased 

decreasing concentration of RNase One™ Ribonuclease. Therefore, the increasing 

molecular mass of the smears was most probably due to the increasing sequence length of 

the RNAs from the immunoprecipitated AGO complex. This result also implied that this 

smear most likely contained an RNA binding protein because the molecular mass of this 

smear was sensitive to RNase treatment. 

When the concentration of RNase One™ Ribonuclease was reduced from undiluted to 

1:100-diluted, the extent of ligation increased 2.63-fold (p = 0.0032) (Figure 5.6.4b). 

However, the extent of ligation did not increase further with decreasing concentration of 

RNase One™ Ribonuclease lower than a dilution of 1:100. This result also matched the 

expectation based on spatial hindrance.  

On the other hand, the increasing trend in the extent of ligation was obviously very 

different between these two RNases under evaluation (Figure 5.6.3b vs Figure 5.6.4b). For 

RNase A, it increased gradually with decreasing RNase concentration (Figure 5.6.3b). 
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However, it reached a plateau with 1:100-diluted RNase One™ Ribonuclease (Figure 5.6.4b). 

This difference might be due to the fragment length differences between the two RNase 

treatments, which in turn might be due to the repair of 2'3' cyclic monophosphate end (see 

a detailed discussion in Section 6.5).  
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Figure 5.6.4 Evaluation of the accessibility of the immunoprecipitated AGO complex for ligation of adaptor to 

the RNA 3’ end on the AGO complex after RNase One™ Ribonuclease treatment. (a) The ligation of the 

radiolabeled stem-loop adaptor was visualized by autoradiography. The vertical blue line on the left hand side 

of each lane indicated the location of the smear representing the immunoprecipitated AGO complex ligated 

with the radiolabeled stem-loop adaptor while the blue dots located the peaks of the smears. From lanes 1 to 4, 

the marked smears were the immunoprecipitated AGO complex after digestion of the protruding RNAs with (1) 

undiluted, (2) 1:100-diluted, (3) 1:1000-diluted and (4) 1:100000-diluted RNase One™ Ribonuclease in a 150-µl 

fragmentation reaction. (b) The radioactive signals (intensities of the bands) from the AGO complex with ligated 

radiolabeled stem-loop adaptor were plotted against the concentration of RNase One™ Ribonuclease used. The 

higher the intensity, the more the adaptor ligated to the 3' end of the miRNA target. The signal intensities (in 

arbitrary unit) were based on the mean value ± SD (n = 3).  
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5.7 Optimization of crosslinking condition 

The two crosslinking methods used in HITS-CLIP and PAR-CLIP were evaluated in the 

current study to determine an optimal crosslinking condition for K562 cells. The 

comparison of the crosslinking methods was conducted by irradiating the K562 cells either 

with or without 4-thiouridine treatment and with either 254 nm UV light or 365 nm UV 

light. Total protein of the cells was then extracted and the target Argonaute complex 

purified by IP. After the ligation of a radiolabeled adaptor to the purified Argonaute 

complex, the result was visualized by protein gel electrophoresis with autoradiography on 

X-ray film and was analyzed by GelAnalyzer 2010a (see Figure 4.9.1). 

Figure 5.7.1 summarizes the results of comparing the two crosslinking methods for K562 

cells. Levene’s test was used to test the homogeneity of variances across different groups 

of samples prepared by different crosslinking conditions, and did not show significant 

difference (p = 0.451). This indicated that the variances were equal across groups. One-way 

ANOVA comparing these eight groups of samples showed significant differences among 

these groups (p = 0.006). Post-hoc test (Tukey HSD) indicated that significant results found 

by ANOVA could be ascribed to significantly higher yield by the group treated with 4-

thiouridine and crosslinked by 600 mJ, 254 nm UV light when compared to any one of the 

following four groups (pairwise comparisons): (i) the group treated with 4-thiouridine and 

crosslinked by 150 mJ, 365 nm UV light (1.37-fold; p = 0.024); (ii) the group without 4-

thiouridine treatment and crosslinked by 150 mJ, 254 nm UV light (1.41-fold; p = 0.012); (iii) 

the group without 4-thiouridine treatment and crosslinked by 150 mJ, 365 nm UV light 

(1.42-fold; p = 0.011); and (iv) the group without 4-thiouridine treatment and crosslinked 

by 600 mJ, 365 nm UV light (1.36-fold; p = 0.027). However, these differences were not big 

differences (only up to 36% – 42% higher in the group the group treated with 4-thiouridine 
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and crosslinked by 600 mJ, 254 nm UV light). Therefore, all the eight crosslinking conditions 

could be used for the crosslinking in RIINGS according to the above findings. However, 

crosslinking would be much better with lower-energy UV light (i.e. 356 nm) than with 

higher-energy UV light (i.e. 254 nm) because the higher-energy of UV light may damage the 

target AGO complex and even to the RNA duplex structure to a greater extent. 
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Figure 5.7.1 Comparison of the efficiency of crosslinking by different strategies. (a) The target AGO complex 

prepared by different crosslinking methods and labeled via 3’ adaptor ligation to the 3’ end of the target RNA 

were separated by protein gel electrophoresis and visualized by autoradiography. The gel photo on the left-

hand side shows 4-thiouridine-treated samples whereas the photo on the right-hand side shows the 

corresponding control samples (without 4-thiouridind treatment). Lane 1 is the sample crosslinked by 150 mJ, 

254 nm UV light. Lane 2 is the sample crosslinked by 600 mJ, 254 nm UV light. Lane 3 is the sample crosslinked 

by 150 mJ, 365 nm UV light. Lane 4 is the sample crosslinked by 600 mJ, 365 nm UV light. (b) The corresponding 

bar chart shows the signal intensities of the smears representing AGO complex prepared by different 

crosslinking methods. The stronger the signal intensity, the more the AGO complex yielded in the sample. Signal 

intensities represent mean values ± SD (n = 3).  
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5.8 Conversion of 2´, 3´-cyclic monophosphate end 

T4 polynucleotide kinase (T4 PNK) was used to convert the 2´,3´-cyclic monophosphate end 

of the fragmented RNA, which was generated by either RNase A or RNase I during the RNA 

fragmentation process, to the corresponding 3’ hydroxyl end to facilitate the ligation of the 

stem-loop adaptor. A side-by-side comparison was conducted to determine whether 

additional T4 PNK treatment could improve the efficiency of the ligation of the stem-loop 

adaptor to the 3’ end of miRNA target via the conversion of 3’ monophosphate end and 

2',3'-cyclic monophosphate end to 3’ hydroxyl end. The additional T4 PNK treatment was 

placed in the step immediately after the RNase treatment (see Figure 4.10.3). This 

additional treatment was carried out on Eppendorf ThermoMixer® C at 16℃ for 30 minutes 

with mixing at 1000 rpm for 15 seconds at each 2-minute intervals. The efficiency of 

adaptor ligation was evaluated by protein gel electrophoresis followed by autoradiography 

to visualize the ligation of the radiolabeled adaptor to the 3’ end of the RNA that was 

bound to the Argonaute complex. 

5.8.1 Evaluation of the effect of T4 PNK treatment to the stem-loop adaptor 

ligation (RNA was fragmented by RNase A) 

A comparison between with and without additional T4 PNK treatment in the ligation of the 

stem-loop adaptor was conducted to evaluate the effect of additional T4 PNK treatment on 

the adaptor ligation. Here, RNA fragmentation was achieved by the use of RNase A 

(Affymetrix). Figure 5.8.1 summarizes the results of this comparison with the RNAs being 

digested by RNase A. The signal intensity of AGO complex with ligated radiolabeled adaptor 

was 2.31 folds higher (p = 0.002) in the reaction with additional T4 PNK treatment than in 

the reaction without additional T4 PNK treatment. Obviously, T4 PNK treatment was 

beneficial to the ligation of stem-loop adaptor in RIINGS when RNA fragmentation was 
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conducted by RNase A. This was most likely because 2´,3´-cyclic monophosphate end on 

the RNA generated by RNase A digestion was successfully repaired and converted to 3’ 

hydroxyl end by the T4 PNK.  
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Figure 5.8.1 Comparison of the efficiency of ligating a stem-loop adaptor to the 3’ end of RNase A-digested 

RNAs with and without additional T4 PNK treatment. (a) The ligation of the stem-loop adaptor was visualized 

by autoradiography. Lane 1 was the control (the reaction without additional T4 PNK treatment). Lane 2 was the 

reaction with additional T4 PNK treatment. (b) The corresponding bar chart showed the signal intensities of the 

smears representing AGO complex with the ligated radiolabeled adaptor between the two studied conditions. 

The higher the intensity, the more the adaptor ligated to the 3’ end of the miRNA target. Signal intensities were 

based on the mean value ± SD (n = 3).   
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5.8.2 Evaluation of the effect of T4 PNK treatment to the stem-loop adaptor 

ligation (RNA was fragmented by RNase I) 

A comparison between with and without additional T4 PNK treatment in the ligation of the 

stem-loop adaptor was carried out to assess the effect of the additional T4 PNK treatment 

on the adaptor ligation. Here, the RNA fragmentation was achieved by the use of RNase I 

(Promega). Figure 5.8.2 summarizes the results of this comparison with the RNAs being 

digested with RNase I. The signal intensity of AGO complex with ligated radiolabeled 

adaptor was 2.44 folds higher (p = 0.00009) in the reaction with additional T4 PNK 

treatment than in the reaction without additional T4 PNK treatment. Clearly, the T4 PNK 

treatment was beneficial to the ligation of stem-loop adaptor in RIINGS when RNA was 

digested by RNase I. This was most likely because 2´,3´-cyclic monophosphate end on the 

RNA produced by RNase I digestion was successfully converted to 3’ hydroxyl end by the T4 

PNK.  
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Figure 5.8.2 Comparison of the efficiency of ligating a stem-loop adaptor to the 3’ end of RNase I-digested 

RNAs with and without additional T4 PNK treatment. (a) The ligation of the stem-loop adaptor was visualized 

by autoradiography. Lane 1 was the control (the reaction without additional T4 PNK treatment). Lane 2 was the 

reaction with additional T4 PNK treatment. (b) The corresponding bar chart showed the signal intensities of the 

smears representing AGO complex with the ligated radiolabeled adaptor between the two studied conditions. 

The higher the intensity, the more the adaptor ligated to the 3’ end of the miRNA target. The signal intensities 

were based on the mean value ± SD (n = 3).  
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5.9 The properties of the isolated AGO complex 

Three important properties of AGO complex for RIINGS experiment were assessed: the 

purity of the IP-purified AGO complex, the stability of the miRNA-target RNA duplex, and 

the quantity of the miRNA-target RNA duplex. The results of these three investigated 

properties are reported in the following three sections respectively. 

5.9.1 Evaluation of the purity of the immunoprecipitation purified AGO complex 

by mass spectrometry 

The purity of the IP-purified AGO complex was first evaluated by SDS-PAGE with silver 

staining. The result can be found in Section 5.3.2. In addition, the purity was also assessed 

by TripleTOF™ 6600 (AB SCIEX) (see Figure 4.11.1) The MS data were analyzed by 

ProteinPilot™ Software 5.0. Table 5.9.1 lists the proteins that were identified in the IP-

purified protein eluate. The proteins in the list were filtered by a false discovery rate of less 

than 1% at both the peptide level and the protein level, and listed in a descending order by 

the confidence score of protein. The first column from the left hand side (Order) was the 

order number of the specified protein relative to the proteins in the list. It was ranked by 

the confidence score of the protein. The second column (Unused ProtScore (Conf)) was a 

transformation of the percent confidence of a protein. The transformation actually made 

the percent confidence more easily to compare and read. The calculation was followed 

Equation 4. 

QRSTUVSRW =  −XSY Z1 − QRWVW[T VS[\]^W[VW
100 _                            (Equation 4) 

For example, if the percent confidence of a protein was 99%, the ProtScore would be 2. 

Therefore, the higher the score in the second column, the higher the confidence of 
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identifying the protein concerned. The third column (%Cov(95)) was the percentage of 

amino acids matched to the full length of the protein sequence. The identified peptide 

sequences used in this alignment should have confidence of not less than 95%. The forth 

column was the full names of the proteins. The fifth column was the species to which the 

specified protein belonged. The sixth column was the number of peptides that covered the 

specified protein. The seventh column was the gene symbols of the proteins. 

In Table 5.9.1, there were 148 proteins that were identified with confidence greater than 

99% by TripleTOF™ 6600. AGO1 and AGO2 were included in these 148 identities. AGO1 was 

covered by 16 peptides with confidence of not less than 95% and with coverage of 20.65% 

of the full length of the protein. AGO2 was covered by 27 peptides with confidence of not 

less than 95% and with coverage of 30.38% of the full length of the protein. On the other 

hand, AGO3 and AGO4 were identified with confidence in 0% and 61.98% respectively. 

They were covered by 11 and 10 peptides with confidence of not less than 95% respectively. 

The coverage of the full length of AGO3 and AGO4 were 11.51% and 11.38% respectively. 

The differences of the percent confidence in calling the protein may partially be due to the 

amount of the corresponding AGO protein in the eluate. It implied that AGO2 and AGO1 

may be the dominant AGO proteins among the four AGO proteins in K562 cells. 

Besides the targeted AGO1-4, a large number of other proteins were co-purified by the 

current IP process. About 40% of these co-purified proteins were nucleic acid binding 

proteins and were mainly RNA binding protein among the list in Table 5.9.1. Moreover, 

40% of these nucleic acid binding proteins were ribosomal proteins and were related to 

translation process in living cells. According to their functions, the other nucleic acid 

binding proteins were related to mRNA transcription, maturation, transportation, storage 

and translation. Only two proteins, TNRC6A (order 103) and TNRC6B (order 6), were related 
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to miRNA-mediated cellular process. These two proteins actually interacted with the RISC 

and contributed to AGO-mediated cellular process. Thus, this is not surprising that they 

were co-purified by the current IP process. 

All in all, although there were a large number of proteins co-purified by the current IP 

process, it was not necessary to further purify the purified AGO1-4 to exclude other co-

purified proteins. It is because these co-purified proteins did not introduce any miRNA-

target RNA duplex other than AGO-introduced duplex to the current investigation. 

Furthermore, the co-purified proteins would be digested by proteinase K in the following 

step. On the other hand, co-purified RNAs would not establish reads in the next generation 

sequencing easily.  
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Table 5.9.1 The list of the current immunoprecipitation process purified proteins. Analysis was conducted by 

TripleTOF™ 6600 (AB SCIEX). The AGO1-4 proteins are shown in bold letters. Because the confidence for AGO3 

and AGO4 was than 99%, they are highlighted in yellow. 

Order 
Unused ProtScore 

(Conf) %Cov(95) Name Species Peptides(95%) Gene Name 

1 54.68 70.72 Tubulin beta chain  HUMAN 50 TUBB  

2 49.09 30.38 Protein argonaute-2  HUMAN 27 AGO2  

3 38.44 26.80 Heat shock protein HSP 90-beta  HUMAN 19 HSP90AB1  

4 38.21 48.56 Tubulin alpha-1B chain  HUMAN 30 TUBA1B 

5 27.82 55.80 Pyrroline-5-carboxylate reductase 1, mitochondrial  HUMAN 18 PYCR1 

6 26.68 10.15 Trinucleotide repeat-containing gene 6B protein  HUMAN 16 TNRC6B  

7 26.02 53.09 40S ribosomal protein S3  HUMAN 13 RPS3  

8 25.45 20.42 Collagen alpha-1(I) chain  HUMAN 32 COL1A1 

9 22.69 32.53 Actin, cytoplasmic 2  HUMAN 13 ACTG1  

10 21.9 18.89 Heat shock cognate 71 kDa protein  HUMAN 11 HSPA8  

11 21.71 14.38 Heterogeneous nuclear ribonucleoprotein M  HUMAN 8 HNRNPM  

12 21.62 47.81 Pyrroline-5-carboxylate reductase 2  HUMAN 16 PYCR2 

13 19.66 40.06 60S acidic ribosomal protein P0  HUMAN 9 RPLP0 

14 19.05 57.93 40S ribosomal protein S19  HUMAN 10 RPS19 

15 18.31 28.67 40S ribosomal protein S2  HUMAN 9 RPS2  

16 17.48 26.84 Putative elongation factor 1-alpha-like 3  HUMAN 13 EEF1A1P5  

17 16.56 25.24 Receptor of activated protein C kinase 1  HUMAN 8 RACK1  

18 16.04 17.28 Alpha-enolase  HUMAN 8 ENO1  

19 15.45 31.29 Nucleophosmin  HUMAN 9 NPM1  

20 13.87 19.86 Serpin H1  HUMAN 7 SERPINH1  

21 13.84 25.00 Poly(rC)-binding protein 1  HUMAN 7 PCBP1 

22 13.07 18.72 Heat shock 70 kDa protein 1B  HUMAN 9 HSPA1B 

23 12.82 11.62 Transcription intermediary factor 1-beta  HUMAN 6 TRIM28  

24 12.79 20.65 Protein argonaute-1  HUMAN 16 AGO1  

25 12.3 29.27 Heat shock protein beta-1  HUMAN 7 HSPB1  

26 12.22 20.19 Testin  HUMAN 8 TES 

27 12 6.81 Collagen alpha-2(I) chain  HUMAN 10 COL1A2 

28 11.25 3.40 Golgin subfamily A member 3  HUMAN 4 GOLGA3 

29 10.97 23.41 Ras-related protein Rab-1A  HUMAN 5 RAB1A  

30 10.96 14.83 RNA-binding motif protein, X chromosome  HUMAN 6 RBMX  

31 10.8 19.95 Heat shock protein HSP 90-alpha  HUMAN 14 HSP90AA1  

32 10.76 11.07 D-3-phosphoglycerate dehydrogenase  HUMAN 5 PHGDH  

33 10.61 19.76 Heterogeneous nuclear ribonucleoprotein F  HUMAN 7 HNRNPF  

34 10.49 41.54 40S ribosomal protein S15a  HUMAN 7 RPS15A  

35 10.26 16.29 40S ribosomal protein S3a  HUMAN 5 RPS3A  

36 10.23 28.08 40S ribosomal protein S16  HUMAN 5 RPS16 

37 9.41 11.15 T-complex protein 1 subunit alpha  HUMAN 5 TCP1  

38 9.32 9.29 Heterogeneous nuclear ribonucleoprotein K  HUMAN 4 HNRNPK  

39 9.22 8.59 Poly(U)-binding-splicing factor PUF60  HUMAN 5 PUF60  

40 8.75 10.84 Serum albumin  HUMAN 8 ALB  

41 8.71 24.85 40S ribosomal protein S10  HUMAN 4 RPS10 

42 8.48 35.92 Histone H4  HUMAN 4 HIST1H4A  

43 8.44 22.50 Four and a half LIM domains protein 3  HUMAN 5 FHL3  

44 8.34 8.70 Keratin, type II cytoskeletal 8  HUMAN 4 KRT8  

45 8.31 10.70 78 kDa glucose-regulated protein  HUMAN 6 HSPA5  

46 8.23 4.31 Elongation factor 2  HUMAN 4 EEF2  

47 8.2 6.59 Calnexin  HUMAN 4 CANX 

48 8.16 11.44 Heterogeneous nuclear ribonucleoproteins C1/C2  HUMAN 4 HNRNPC  

49 8.04 24.51 40S ribosomal protein S5  HUMAN 5 RPS5 

50 7.93 6.97 Endoplasmin  HUMAN 6 HSP90B1 

51 7.64 22.52 40S ribosomal protein S14  HUMAN 5 RPS14  

52 7.29 17.41 14-3-3 protein gamma  HUMAN 3 YWHAG 

53 7.19 2.94 Rho guanine nucleotide exchange factor 2  HUMAN 3 ARHGEF2  

54 6.86 24.24 60S ribosomal protein L12  HUMAN 3 RPL12 

55 6.8 20.22 60S ribosomal protein L11  HUMAN 4 RPL11 

56 6.66 7.28 Insulin-like growth factor 2 mRNA-binding protein 1  HUMAN 3 IGF2BP1  

57 6.47 7.87 Zyxin  HUMAN 4 ZYX 

58 6.32 27.14 60S ribosomal protein L23  HUMAN 3 RPL23 

59 6.27 25.77 40S ribosomal protein S7  HUMAN 4 RPS7 

60 6.15 13.73 Glyceraldehyde-3-phosphate dehydrogenase  HUMAN 3 GAPDH  

61 6.06 9.45 Leucine-rich repeat-containing protein 59  HUMAN 3 LRRC59  

62 6.05 13.36 Trypsin-1  HUMAN 7 PRSS1  

63 6 64.49 Tubulin beta-4B chain  HUMAN 50 TUBB4B  

64 6 44.89 Tubulin alpha-3C/D chain  HUMAN 26 TUBA3C  

65 6 46.38 40S ribosomal protein S28  HUMAN 3 RPS28 

66 5.66 34.88 Signal recognition particle 9 kDa protein  HUMAN 3 SRP9 

67 5.51 3.43 Enhancer of mRNA-decapping protein 4  HUMAN 3 EDC4  

68 5.42 62.61 60S acidic ribosomal protein P2  HUMAN 4 RPLP2  

69 5.42 6.72 Thyroid receptor-interacting protein 6  HUMAN 3 TRIP6  

70 5.33 3.09 Probable ATP-dependent RNA helicase DDX5  HUMAN 2 DDX5  

71 5.28 1.12 CAD protein  HUMAN 2 CAD 

72 5.13 2.51 Bifunctional glutamate/proline--tRNA ligase  HUMAN 4 EPRS  

73 4.93 24.69 Nuclease-sensitive element-binding protein 1  HUMAN 3 YBX1  
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74 4.83 2.16 Exportin-2  HUMAN 2 CSE1L  

75 4.77 22.40 60S ribosomal protein L9  HUMAN 4 RPL9  

76 4.65 5.18 Alpha-2-HS-glycoprotein  HUMAN 2 AHSG  

77 4.46 8.46 Heterogeneous nuclear ribonucleoprotein H  HUMAN 5 HNRNPH1  

78 4.45 3.59 Aspartate--tRNA ligase, cytoplasmic  HUMAN 2 DARS  

79 4.4 3.76 Protein disulfide-isomerase A3  HUMAN 2 PDIA3  

80 4.4 3.61 TRAF-type zinc finger domain-containing protein 1  HUMAN 2 TRAFD1  

81 4.38 2.04 Protein diaphanous homolog 1  HUMAN 2 DIAPH1  

82 4.28 26.56 Ubiquitin-60S ribosomal protein L40  HUMAN 3 UBA52  

83 4.28 2.40 Importin subunit beta-1  HUMAN 2 KPNB1  

84 4.27 9.76 Cyclin-dependent kinase 1  HUMAN 3 CDK1  

85 4.24 15.65 Hemoglobin subunit gamma-2  HUMAN 2 HBG2 

86 4.22 5.07 Polyadenylate-binding protein 3  HUMAN 3 PABPC3  

87 4.17 22.69 40S ribosomal protein S20  HUMAN 3 RPS20 

88 4.16 22.62 40S ribosomal protein S27  HUMAN 2 RPS27  

89 4.16 4.02 T-complex protein 1 subunit theta  HUMAN 2 CCT8  

90 4.14 18.75 60S ribosomal protein L22  HUMAN 2 RPL22 

91 4.12 18.31 Hemoglobin subunit zeta  HUMAN 2 HBZ  

92 4.12 4.97 RuvB-like 2  HUMAN 2 RUVBL2  

93 4.08 7.12 40S ribosomal protein SA  HUMAN 2 RPSA  

94 4.02 39.29 40S ribosomal protein S29  HUMAN 3 RPS29 

95 4 17.53 Poly(rC)-binding protein 2  HUMAN 5 PCBP2 

96 3.98 3.85 T-complex protein 1 subunit gamma  HUMAN 2 CCT3  

97 3.92 5.44 
Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit 1  HUMAN 3 RPN1 

98 3.88 4.11 TAR DNA-binding protein 43  HUMAN 2 TARDBP  

99 3.87 6.16 Eukaryotic initiation factor 4A-I  HUMAN 2 EIF4A1  

100 3.72 3.36 PDZ and LIM domain protein 5  HUMAN 2 PDLIM5  

101 3.64 10.09 Ras-related protein Rab-11B  HUMAN 2 RAB11B  

102 3.62 3.63 YTH domain-containing family protein 2  HUMAN 2 YTHDF2  

103 3.57 1.83 Trinucleotide repeat-containing gene 6A protein  HUMAN 3 TNRC6A  

104 3.46 3.03 Heterogeneous nuclear ribonucleoprotein U  HUMAN 2 HNRNPU  

105 3.42 2.10 Fermitin family homolog 3  HUMAN 1 FERMT3  

106 3.29 4.07 Nicotinamide phosphoribosyltransferase  HUMAN 2 NAMPT  

107 3.29 5.04 RuvB-like 1  HUMAN 2 RUVBL1  

108 3.26 2.95 T-complex protein 1 subunit eta  HUMAN 2 CCT7  

109 3.1 0.41 eIF-2-alpha kinase activator GCN1  HUMAN 1 GCN1  

110 3.1 8.43 LIM and SH3 domain protein 1  HUMAN 2 LASP1  

111 3.01 0.89 Trifunctional purine biosynthetic protein adenosine-3  HUMAN 1 GART  

112 2.99 3.14 60 kDa heat shock protein, mitochondrial  HUMAN 2 HSPD1  

113 2.94 1.15 Alpha-2-macroglobulin  HUMAN 2 A2M  

114 2.92 3.44 Polypyrimidine tract-binding protein 3  HUMAN 2 PTBP3  

115 2.89 2.44 Methionine--tRNA ligase, cytoplasmic  HUMAN 2 MARS 

116 2.86 4.85 Putative RNA-binding protein Luc7-like 2  HUMAN 2 LUC7L2  

117 2.85 10.43 60S ribosomal protein L30  HUMAN 1 RPL30 

118 2.82 13.23 THO complex subunit 4  HUMAN 2 ALYREF  

119 2.69 2.83 Heterogeneous nuclear ribonucleoproteins A2/B1  HUMAN 1 HNRNPA2B1  

120 2.63 5.03 Peroxiredoxin-1  HUMAN 1 PRDX1  

121 2.62 1.92 Nucleolar RNA helicase 2  HUMAN 1 DDX21 

122 2.59 3.32 ATP-dependent RNA helicase DDX3X  HUMAN 2 DDX3X  

123 2.59 0.94 Leucine--tRNA ligase, cytoplasmic  HUMAN 1 LARS  

124 2.59 2.20 Paxillin  HUMAN 1 PXN 

125 2.58 6.32 Eukaryotic translation elongation factor 1 epsilon-1  HUMAN 1 EEF1E1  

126 2.54 2.37 116 kDa U5 small nuclear ribonucleoprotein component  HUMAN 2 EFTUD2  

127 2.5 1.06 Large proline-rich protein BAG6  HUMAN 1 BAG6  

128 2.37 1.09 Reticulon-4  HUMAN 1 RTN4  

129 2.36 5.44 Nuclear migration protein nudC  HUMAN 2 NUDC 

130 2.35 1.13 Cytoskeleton-associated protein 5  HUMAN 2 CKAP5  

131 2.34 2.72 Voltage-dependent anion-selective channel protein 2  HUMAN 1 VDAC2 

132 2.33 3.78 X-ray repair cross-complementing protein 6  HUMAN 2 XRCC6  

133 2.33 1.69 Lactotransferrin  HUMAN 1 LTF  

134 2.3 8.63 14-3-3 protein epsilon  HUMAN 2 YWHAE 

135 2.28 2.84 ATP-dependent RNA helicase DDX1  HUMAN 1 DDX1 

136 2.24 8.00 40S ribosomal protein S25  HUMAN 1 RPS25 

137 2.22 12.43 Cellular nucleic acid-binding protein  HUMAN 2 CNBP  

138 2.18 1.88 Coatomer subunit beta'  HUMAN 2 COPB2 

139 2.14 4.43 Catechol O-methyltransferase  HUMAN 1 COMT 

140 2.13 2.72 60S ribosomal protein L8  HUMAN 2 RPL8 

141 2.11 38.84 Tubulin alpha-4A chain  HUMAN 25 TUBA4A  

142 2.11 7.39 60S ribosomal protein L18a  HUMAN 1 RPL18A 

143 2.1 2.62 Protein-glutamine gamma-glutamyltransferase 2  HUMAN 2 TGM2 

144 2.07 2.70 Ras GTPase-activating protein-binding protein 2  HUMAN 1 G3BP2  

145 2.05 2.83 Muscleblind-like protein 1  HUMAN 1 MBNL1  

146 2.02 1.00 Extended synaptotagmin-1  HUMAN 1 ESYT1  

147 2.01 1.22 Transportin-1  HUMAN 1 TNPO1  

148 2.01 2.81 Eukaryotic translation initiation factor 3 subunit G  HUMAN 1 EIF3G  

233 0.42 11.38 Protein argonaute-4  HUMAN 10 AGO4  

684 0 11.51 Protein argonaute-3  HUMAN 11 AGO3  
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5.9.2 Evaluation of the thermostability of the miRNA-target RNA duplex by 

melting curve analysis 

Melting curve analysis was used to assess the thermostability of the miRNA-target RNA 

duplexes. The analysis was conducted by the use of genuine miRNA-target site interacting 

duplexes that was obtained from K562 cells (see Figure 4.11.2). The release of the 

interacting duplexes was conducted by proteinase K digestion in the concentration of 0.1 

U/μl of proteinase K at 4℃. A serial of digestion times were investigated, i.e. 1, 2, 4, 6, 9, 12, 

15, 18, 24, 36 hours through three different batch of experiments. The first 4 time points 

were in one batch. The three successive time points following by the first four time points 

were in the second batch. The last 3 time points were in the last batch. Nine melting 

conditions (see Appendix C Table 8) were performed on each sample collected from 

different time points to obtain the most regular melting peak. 

Figure 5.9.1 shows the melting curves of the interacting duplexes that were released by 

digestion with proteinase K for 10 different lengths of time. For these 10 different times of 

digestion (1 hour to 36 hours), the patterns of the melting peaks did not show any obvious 

differences. This suggested that the miRNA-target RNA duplexes could be released from 

the AGO complex even with one hour of proteinase K digestion, and were still stable even 

after a prolonged time in 1X Detergent-free Lysis Buffer at 4℃ (the experiment was tested 

up to 36 hours). The latter observation was supported by re-melting analysis of the samples, 

in which the RNA duplexes were completely melted before a repeat melting analysis was 

performed again. As expected, the originally identified melting peak disappeared in the re-

melting experiments (Figure 5.9.2). The disappearance of the duplexes in the re-melting 

analysis implied that they could not be reformed once completely melted (see discussion in 

Section 6.3). Therefore, melting peaks would not be observed if the duplexes were not 
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stable in the prolonged incubation. The average melting temperatures of the in vivo 

extracted miRNA-target RNA duplexes were 36.74℃, 38.01℃ and 38.82℃ when the 
volumes of the sample added were 7.5 μl, 10 μl and 12.5 μl respectively.  
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Figure 5.9.1 Melting curve analysis of miRNA-target RNA duplexes extracted from K562 cells for investigating 

the thermostability of this duplex mixture. Digestion by proteinase K for releasing the interacting RNA duplex 

from AGO complex was carried out for 10 different durations and evaluated by melting curve analysis of the 

extracted RNA duplexes . The samples collected from these time points (shown on each plot) were analyzed 

individually. The mixtures for melting analysis contained 1.5 µM Syto 9 and different volumes of samples (7.5 µl, 

red curves; 10 µl, green curves; and 12.5 µl, yellow curves). The blue lines in each plot are the three 

corresponding control samples (the same setup with the sample, but without duplex).  



280 

 

 

 

 

 

 

 

 

 

Figure 5.9.2 Re-melting analysis of miRNA-target RNA duplexes extracted from K562 cells. Two sets of typical 

re-melting curve are shown in here. These two samples have been collected after 1 hour (the first time point) 

and 36 hours (the last time point) of proteinase K digestion. The samples collected from these two time points 

(shown on each plot) were analyzed individually. The mixtures for melting analysis contained 1.5 µM Syto 9 and 

different volumes of samples (7.5 µl, red curves; 10 µl, green curves; and 12.5 µl, yellow curves). The blue lines 

in each plot are the three corresponding control samples (the same setup with the sample, but without duplex). 
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5.9.3 The quantity of the isolated miRNA-target RNA duplex 

Two approaches were used to investigate the quantity of the yielded miRNA-target RNA 

duplex. First, the quantity was determined by Bioanalyzer 2100 (Agilent). Second, the 

quantity was determined by Chimeric Sequence qPCR assay that was developed in this 

study. 

Quantification by Bioanalyzer 2100 

Since the molecular mass of the isolated miRNA-target RNA duplex could roughly 

be determined by Bioanalyzer 2100, the molar amount of the RNA molecules was 

calculated according the equations shown in Section 4.11.3. The concentration of 

the isolated duplex was measured by either Bioanalyzer 2100 with Agilent RNA 

6000 Pico Kit (Agilent) or NanoDrop ND-1000 Spectrophotometer (NanoDrop 

Technologies). The volume of the isolated duplex was equal to the elution volume 

(30 µl) in RNA extraction by miRNeasy Mini Kit (Qiagen). The results indicated that 

the molar amounts of the yielded RNA molecules from the effecting AGO complex 

were quite similar after digestion by different concentrations of RNase A 

Ribonuclease (Table 5.9.2). Their amounts were in the order of several picomoles 

(pmol). Similarly, the molar amounts of the yielded RNA molecules from the 

effecting AGO complex were also similar after digestion by different concentrations 

of RNase One™ Ribonuclease, and were in the order of several picomoles (Table 

5.9.3). These results agreed with the expectation because the yielded molar 

amount of effecting Ago complex was the same between the reactions when the 

amounts of protein lysate and anti-Ago antibody-conjugated beads for initiating 

each experiment were the same.  
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Table 5.9.2 The quantity of the extracted RNA fragments from effecting AGO complex after RNase A 

Ribonuclease treatment (RNA length and concentration were each shown as an average of 3 replicates). 

RNA Average length 

RNA concentration measured by 

Bioanalyzer 2100 

RNA concentration measured by 

NanoDrop ND-1000 

  length CV (%) 

Calculated 

molecular 

mass 

Average 

concentration 

(ng/µl) 

Volume 

(µl) 

pmol 
(RNA 

molecules)   

Average 

concentration 

(ng/µl) 

Volume 

(µl) 

pmol 
(RNA 

molecules) 

no RNase 637.33 21.52% 204882.45 25.21 30 3.69 22.28 30 3.26 

undiluted 103.33 1.48% 33233.49 6.58 30 5.94 8.57 30 7.73 

1:100 164.33 6.68% 52841.33 12.55 30 7.12 13.20 30 7.50 

1:1000 236.00 16.84% 75877.86 16.72 30 6.61 15.87 30 6.27 

1:100000 648.00 21.30% 208311.14 18.39 30 2.65 19.77 30 2.85 
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Table 5.9.3 The quantity of the extracted RNA fragments from effecting AGO complex after RNase One™ 

Ribonuclease treatment (RNA length and concentration were each shown as an average of 3 replicates). 

RNA Average length 

RNA concentration measured by 

Bioanalyzer 2100 

RNA concentration measured by 

NanoDrop ND-1000 

  length SD (%) 

Calculated 

molecular 

mass 

Average 

concentration 

(ng/µl) 

Volume 

(µl) 

pmol 
(RNA 

molecules)   

Average 

concentration 

(ng/µl) 

Volume 

(µl) 

pmol 
(RNA 

molecules) 

no RNase 892.00 16.99% 286742.50 24.08 30 2.52 26.13 30 2.73 

undiluted 105.33 3.33% 33876.37 7.41 30 6.56 11.40 30 10.10 

1:100 195.33 12.27% 62805.97 17.14 30 8.19 19.37 30 9.25 

1:1000 407.33 12.13% 130951.25 22.05 30 5.05 23.68 30 5.43 

1:100000 894.33 11.49% 287492.53 20.46 30 2.14 24.68 30 2.58 
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Quantification by Chimeric Sequence qPCR assay 

The Chimeric Sequence Quantification Assay was evaluated by measuring serial 

dilutions of a synthetic template with known concentration. The measurement was 

carried out on LightCycler® 480 (Roche) in 96-well format. The regular amplification 

curves of sample concentrations from 10 nM to 1 fM indicated that the working 

range of the current quantification assay was between 10 nM and 1 fM (Figure 

5.9.3a). The efficiency of the current quantification assay was 1.7074, indicating 

that the PCR was amplified by 1.7074 folds in each cycle (Figure 5.9.3b). The R2 of 

this evaluation was 1 (Figure 5.9.3b).  
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Figure 5.9.3 qPCR results for determining the working range and PCR efficiency of the Chimeric Sequence 

Quantification Assay. (a) The figure shows the amplification curves of serial dilutions of the synthetic template. 

(b) From the corresponding standard curve, the PCR amplification efficiency was found to be 1.7074 and the 

working range of the current quantification assay was between 10 nM and 1 fM. The standard curve was 

constructed by plotting the log value of the concentration on x-axis and the crossing point (Cp-value) on the y-

axis. Each data point was the mean value (± SD) for 3 replicate measurements.  
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5.10 Determination of optimal condition for digestion by proteinase 

K 

Two different experiments were used to investigate the digestion of proteinase K under 

different conditions. First, a mock experiment based on digestion of BSA was used to 

demonstrate the digestion of proteinase K under different temperatures. Second, an 

experiment monitoring the concentration of released amino acids was used to further 

evaluate the digestion of proteinase K under different temperatures. 

5.10.1 Separation of proteinase K digested BSA by gel electrophoresis 

Four time-course mock experiments of digesting BSA at a concentration of 1 mg/ml in 1X 

Detergent-free Lysis Buffer by 0.04U/µl of proteinase K at 4℃, 8℃, 12℃ and 16℃ were 

conducted to demonstrate the digestion completeness of BSA by proteinase K. The time 

points were 0, 0.5, 1, 2, 4, 6, 9, 12 and 24 hours and the volume of each individual reaction 

was 25 µl. There was no obvious difference among the four digestion temperatures (Figure 

5.10.1). At any one temperature being tested, proteinase K efficiently digested the BSA 

substrate: no intact BSA remained in the reactions even if the digestion time was as short 

as 0.5 hours. On the other hand, small amounts of small protein fragments were detected 

in each reaction (from 0 hour to 24 hours digestion). The fragments were less than 15 kDa 

in size. This observation implied that the majority of BSA was digested into fragments that 

were too small to be retained in the current electrophoresis. The relative less amount of 

these small protein fragments at time 0 was most likely owing to some degradation in the 

original BSA protein.  
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Figure 5.10.1 SDS-PAGE of BSA and its breakdown products after digestion by proteinase K. Four sets of time-

course study were conducted for evaluating the digestion completeness of proteinase K at 4℃, 8℃, 12℃ and 

16℃. From lane 1 to 10, the samples were PageRuler Plus Prestained Protein Ladder (Thermo Scientific), BSA 

digested for 0, 0.5, 1, 2, 4, 6, 9, 12 and 24 hours by proteinase K respectively.  
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5.10.2 Monitoring of amino acid concentration during digestion of isolated RISCs 

by proteinase K 

L-Amino Acid Quantification Kit (Sigma-Aldrich) measures amino acid concentration, and 

was used to further investigate the digestion by proteinase K (NEB) of isolated AGO 

complex at low temperature (see Figure 4.12.2). Two temperatures for proteinase K 

digestion were investigated: 4℃ and 16℃. In addition, two different concentrations of 

proteinase K in the digestion reaction were also investigated at each of the above digestion 

temperatures: 0.038 U/µl and 0.1 U/µl. Therefore, four different digestion conditions were 

studied accordingly. For each individual condition, a time-course study was performed and 

the time points were 0, 2, 4, 6, 12, 18, 24 hours. 

The digestion of isolated AGO complex with 0.038 U/µl of proteinase K revealed that the 

net concentrations of the released amino acid increased with increasing digestion time and 

reached ~200 μM after 24 hours digestion both at 4℃ and 16℃ (Figure 5.10.2a and b, 

graphs on the right). Likewise, the digestion of isolated AGO complex with 0.1 U/µl of 

proteinase K revealed the net concentrations of the released amino acid also increased 

with increasing digestion time and reached ~400 μM after 24 hours digestion both at 4℃ 

and 16℃ (Figure 5.10.2c and d, graphs on the right). Notably, an increased amount of input 

proteinase K in the digestion increased the net concentration of released amino acid by 

about 2-fold. However, the digestion was not affected by temperature.  

The R2 values of some plots were not very high (0.6 – 0.7) probably because of low 

concentration of amino acids in the mixture and/or small differences of amino acids 

between the experimental and the control mixtures, particularly for the first few time 

points (their time interval was too close). However, the trend of increasing concentrations 

of released amino acid over time was still very obvious.  
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Figure 5.10.2 The result in monitoring the released amino acid concentration during the digestion of isolated 

AGO complex by proteinase K. Digestion of isolated AGO complex was performed using proteinase K at a 

concentration of (a) 0.038 U/µl at 4℃, (b) 0.038 U/µl at 16℃, (c) 0.1 U/µl at 4℃, and (d) 0.1 U/µl at 16℃. All 

graphs are plots of amino acid concentration against time of digestion. On the left-hand side are the plots for 

digestion mixtures with AGO complex added (red lines, experimental curves) or without AGO complex added 

(blue lines, control curves – background digestion). On the right-hand side are plots of net concentration of 

released amino acid in the samples. The amino acid concentrations show mean values ± SD (n = 3). 
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5.11 MicroRNA mismatch repairs 

Both inosine and 5-nitroindole can be used to reduce the complexity of the miRNA 5’ 

repairer and miRNA 3’ repairer. In order to evaluate the feasibility of including either 

nucleoside in the two repairers, two different sets of mock experiments were designed for 

evaluating the ligation of these repairers to the 5’ end and the 3’ end of miRNAs. 

5.11.1 Random cytosine/inosine tetramer 

Inosine is a natural base found in RNAs. This base can pair up with adenosine (A), uracil (U) 

and cytosine (C), but not guanosine (G) in RNA [319]. Thus, inosine is potentially able to 

reduce the complexity of the repairers. Assuming that a natural base is compatible for T4 

RNA Ligase 1, 4-base repairers with random cytosine/inosine were first evaluated. Note 

that, as a single-stranded RNA ligase, T4 RNA ligase 1 joins two single-stranded RNA oligos 

rather than nicks on double-stranded RNAs as long as the 5’ end has a phosphate group 

and the 3’ end a hydroxyl group. 

5.11.1.1 5’ end repair 

The miRNA 5’ end repairer “Random C/I Tetramer” (Table 4.2.1) with hydroxyl groups on 

both ends was first evaluated (see Figure 4.13.3). The results showed that the ligation of 

“Random C/I Tetramer” was not efficient in both mock experiments for mimicking the 

ligation of 5’ repairer to the 5’ end of the miRNAs with 3 mismatches (Figure 5.11.1a) or 2 

mismatches (Figure 5.11.1b). In the above evaluation, six ligation times (0, 2, 4, 8, 16 24 

and 36 hours) were investigated. The two investigated mock miRNAs were ligated with the 

“Random C/I Tetramer” very slowly and the ligation of the mock miRNA with 3 mismatches 

(Artificial Mir3) was better than that with 2 mismatches (Artificial Mir4) (Figure 5.11.1a vs. 



291 

 

Figure 5.11.1b). As the ligation of “Random C/I Tetramer” was inefficient, it was suspected 

that inosine was not a good substrate for T4 RNA Ligase 1. 

“Tetramer N” (Table 4.2.1) was then used to confirm whether the ligation of a 5’ repairer to 

the 5’ end of mock miRNA was repressed by the inclusion of inosine in the 5’ repairer. With 

the replacement of “Random C/I Tetramer” by “Tetramer N”, the ligation was improved 

tremendously. Both the ligation of “Tetramer N” to the 5’ end of the mock miRNAs with 3 

mismatches (Artificial Mir3; Figure 5.11.1c) and to the 5’ end of the mock miRNAs with 2 

mismatches (Artificial Mir4; Figure 5.11.1d) were almost complete in 2 hours. The ligation 

of “Tetramer N” was slightly faster for the mock miRNA with 3 mismatches than for that 

with 2 mismatches. These results demonstrated that the ligation efficiency of the 5’ 

repairer could be improved if the inosine was removed from the repairer. 

Two other 5’ repairers, “Tetramer (CCCI)” and “Tetramer C” (Table 4.2.1), were used to 

demonstrate more clearly the effect of inosine in the 5’ repairer on ligation. The 3’ base 

was an inosine for the former repairer and a cytosine for the latter repairer. Both the 

repairers were tested for ligation to the 5’ end of a mock miRNA with 3 mismatches 

(Artificial Mir3) for up to 2 hours. The ligation of “Tetramer (CCCI)” to the 5’ end of the 

mock miRNAs with 3 mismatches was much less efficient than the ligation of “Tetramer C” 

to the same set of mock miRNA-target RNA duplex (Figure 5.11.1e vs. Figure 5.11.1f). These 

results confirmed that the inosine was not a good substrate for T4 RNA Ligase 1. 
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Figure 5.11.1 Mock experiment for evaluating the ligation of inosine-containing 5’ repairer to the 5’ end of 

mock miRNAs. Random C/I Tetramer (a & b) or Tetramer N (c & d) was ligated to the 5’ end of the mock 

miRNAs that had 3 mismatches (Artificial Mir3; a & c) or 2 mismatches (Artificial Mir4; b & d) with the 43-nt 

Artificial Binding site (RNA). In addition, Tetramer (CCCI) (e) or Tetramer C (f) was ligated to the 5’ end of the 

mock miRNA that had 3 mismatches (Artificial Mir3). All tested 5’ repairers (Random C/I Tetramer and Tetramer 

N) were 4 nt long while the mock miRNAs were 22 nt long (see Figure 4.13.2). Therefore, the ligation products 

were 26 nt long. In (a) to (f), lane 1 was Small RNA Marker (Abnova; 100 nt, 50 nt, 40 nt, 30 nt and 20nt from 

top to bottom), lane 2 was the mock miRNA, lane 3 was the mock target RNA, and the successive lanes were 

the time points studied. In (a) and (b), the time points were 0, 2, 4, 8, 16 24 and 36 hours. In (c) to (f), the time 

points were 0, 0.5, 1, 1.5 and 2 hours.  
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5.11.1.2 3’ end repair 

Two miRNA 3’ end repairers with phosphate groups on both ends were evaluated: 

“Tetramer-Phosphorylated (ICCC)” and “Tetramer C-Phosphorylated” (Table 4.2.1). There 

was only one difference between these two repairers with the 5’ end being an inosine for 

“Tetramer-Phosphorylated (ICCC)” and a cytosine for “Tetramer C-Phosphorylated”. These 

two miRNA 3’ end repairers were used to evaluate the effect of inosine in the miRNA 3’ end 

repairers on their ligation to the 3’ end of miRNA. In the evaluation of “Tetramer-

Phosphorylated (ICCC)”, the efficiency was very poor for the ligation of this 3’ repairer to 

the mock miRNAs with 2 mismatches (Artificial Mir3) or 3 mismatches (Artificial Mir4) at 

the 3’ end of the mock miRNAs (Figure 5.11.2a and Figure 5.11.2b respectively). The 

ligation was evaluated for up to 36 hours. In contrast, the repeat experiments with 

“Tetramer C-Phosphorylated” showed that the ligation efficiency was much better. Figure 

5.11.2c shows the ligation result of “Tetramer C-Phosphorylated” to the mock miRNAs with 

2 mismatches at the 3’ end of the mock miRNA. Figure 5.11.2d shows the ligation result of 

“Tetramer C-Phosphorylated” to the mock miRNAs with 3 mismatches at the 3’ end of the 

mock miRNA. 

These results indicated that inosine in the miRNA 3’ repairer drastically impaired the 

ligation of the repairer to the 3’ end of the mock miRNAs and that inosine was not a good 

substrate for T4 RNA Ligase no matter in the donor end or acceptor end. Remarkably, the 

ligation of a repairer to the 5’ end of the mock miRNA was much more efficient than that to 

the 3’ end of the mock miRNA. For example, the ligation of “Tetramer C” (a tested 5’ 

repairer) to the 5’ end of the mock miRNA with 3 mismatches yielded more than half of the 

expected ligation product in about 2 hours (Figure 5.11.1f). In comparison, the ligation of 

“Tetramer C-Phosphorylated” (a tested 3’ repairer) to the 3’ end of the mock miRNA with 3 
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mismatches yielded only about half of ligation product about 16 hours of incubation and 

the result hardly changed even after prolonged incubation (Figure 5.11.2d).  
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Figure 5.11.2 Mock experiment for evaluating the ligation of inosine-containing 3’ repairer to the 3’ end of 

mock miRNAs. Tetramer-Phosphorylated (ICCC) (a & b) or Tetramer C-Phosphorylated (c & d) was ligated to the 

3’ end of the mock miRNAs that had 2 mismatches (Artificial Mir3; a & c) or 3 mismatches (Artificial Mir4; b & d) 

with the 43-nt Artificial Binding site (RNA). All tested 3’ repairers (Tetramer-Phosphorylated (ICCC) and 

Tetramer C-Phosphorylated) were 4 nt long while the mock miRNAs were 22 nt long (see Figure 4.13.2). 

Therefore, the ligation products were 26 nt long. In (a) to (d), lane 1 was Small RNA Marker (Abnova; 100 nt, 50 

nt, 40 nt, 30 nt and 20nt from top to bottom), lane 2 was the mock miRNA, lane 3 was the mock target RNA, 

and the successive lanes were the time points studied (0, 2, 4, 8, 16, 24 and 36 hours). 
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5.11.2 5-nitroindole-containing repairer 

5-Nitroindole is a universal base that can pair up with all canonical DNA bases, i.e. A, T, C 

and G, non-selectively [320, 321]. As 5-Nitroindole (X) is an artificial base, it may not be a 

suitable substrate for T4 RNA Ligase 1 and other enzymes. The results in Section 5.11.2.1 

and 5.11.2.2 show (i) whether the 5-nitroindole is a suitable substrate for T4 RNA Ligase 1 

when included in constructing the repairers, and (ii) how close the base can be placed to 

the donor and the acceptor ends. 

5.11.2.1 5’ end repair 

The miRNA 5’ end repairer “5’ Repairer (GXXGA)” (Table 4.2.1) with hydroxyl groups on 

both ends was first evaluated. The results showed that the ligation of “5’ Repairer (GXXGA)” 

was not efficient in both mock experiments for mimicking the ligation of 5’ repairer to the 5’ 

end of the miRNAs with 3 mismatches (Figure 5.11.3a) or 2 mismatches (Figure 5.11.3b). In 

the above evaluation, five ligation times (0, 0.5, 1, 1.5 and 2 hours) were investigated. The 

two investigated mock miRNAs were ligated to the “5’ Repairer (GXXGA)” very slowly and 

the ligation of the mock miRNA with 3 mismatches was better than that with 2 mismatches 

(Figure 5.11.3a vs. Figure 5.11.3b). As the ligation of “5’ Repairer (GXXGA)” was inefficient, 

it was suspected that 5-nitroindole was not a good substrate for T4 RNA Ligase 1. 

Another miRNA 5’ repairer “5’ Repairer (GXAGA)” (Table 4.2.1) with hydroxyl groups on 

both ends and with a replacement of “X” (5-nitroindole) by “A” at the third position from 

the acceptor (3’) end was used to evaluate whether the ligation could occur when the “X” 

was placed at the fourth position from the acceptor end (one more base farther away 

when compared with “5’ Repairer (GXXGA)”). With the replacement of “5’ Repairer 

(GXXGA)” by “5’ Repairer (GXAGA)”, the ligation of the 5’ repairer to the 5’ end of mock 
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miRNAs was improved dramatically. The ligation of “5’ Repairer (GXAGA)” to the 5’ end of 

the mock miRNAs with 3 mismatches (Artificial Mir3) was almost complete in 2 hours 

(Figure 5.11.3c) whereas the ligation of the same repairer to the 5’ end of the mock 

miRNAs with 2 mismatches (Artificial Mir4) was about 50% complete in 2 hours (Figure 

5.11.3d). These results suggested that the ligation efficiency of the 5’ repairer would not be 

inhibited if 5-nitroindole was placed at the fourth position from the acceptor (3’) end of the 

miRNA 5’ repairer. 
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Figure 5.11.3 Mock experiment for evaluating the ligation of 5-nitroindole-containing 5’ repairer to the 5’ end 

of mock miRNAs. The 5’ Repairer (GXXGA) (a & b) or 5’ Repairer (GXAGA) (c & d) was ligated to the 5’ end of 

the mock miRNAs that had 3 mismatches (Artificial Mir3; a & c) or 2 mismatches (Artificial Mir4; b & d) with the 

43-nt Artificial Binding Site (RNA). All tested 5’ repairers (5’ Repairer (GXXGA) and 5’ Repairer (GXAGA)) were 5-

nt long while the mock miRNAs 22-nt long (see Figure 4.13.2). Therefore, the ligation products were 27-nt long. 

In (a) to (d), lane 1 was Small RNA Marker (Abnova; 100 nt, 50 nt, 40 nt, 30 nt and 20nt from top to bottom), 

lane 2 was the mock miRNA, lane 3 was the mock target RNA (this lane was missing in (b) by mistake), and the 

successive lanes were the time points studied (0, 0.5, 1, 1.5, and 2 hours). 

  



299 

 

The ligation of “5’ Repairer (GXAGA)” was then evaluated again in NEBNext® Quick Ligation 

Reaction Buffer (NEB) to find reaction conditions for a faster ligation process. The 

evaluation of ligation was expanded to mock miRNAs with no mismatch and one mismatch 

as well. 

With a change in the reaction buffer system (from T4 RNA Ligase Reaction Buffer (NEB) to 

NEBNext® Quick Ligation Reaction Buffer (NEB)), ligation of “5’ Repairer (GXAGA)” to the 5’ 

end of the mock miRNAs with 3 mismatches and 2 mismatches were both enhanced. With 

this change in the reaction buffer system, the ligation was complete in 0.5 hour (Figure 

5.11.4d) rather than 2 hours (Figure 5.11.3c) for mock miRNA with 3 mismatches, and 

complete in 2 hours (Figure 5.11.4c) rather than half complete in 2 hours (Figure 5.11.3d) 

for mock miRNA with 2 mismatches. In the presence of NEBNext® Quick Ligation Reaction 

Buffer (NEB) again, the ligation of “5’ Repairer (GXAGA)” to the 5’ end of the mock miRNAs 

with one mismatch and no mismatch were complete in 2 hours (Figure 5.11.4b) and 4 

hours (Figure 5.11.4a) respectively. 

These results indicated that NEBNext® Quick Ligation Reaction Buffer (NEB) was able to 

speed up the ligation of short RNA (repairer), and the repairer containing 5-nitroindole four 

bases from the acceptor (3’) end could be efficiently ligated to 5’ end of mock miRNAs with 

0 – 3 mismatches. 
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Figure 5.11.4 Mock experiment for evaluating the ligation of 5-nitroindole-containing 5’ repairer to the 5’ end 

of mock miRNAs in NEBNext® Quick Ligation Reaction Buffer (NEB). The 5’ Repairer (GXAGA) was ligated to 

the 5’ end of the mock miRNAs that had 0 mismatch (Artificial Mir2; a), 1 mismatch (Artificial Mir1; b), 2 

mismatches (Artificial Mir4; c) or 3 mismatches (Artificial Mir3; d) with the 43-nt Artificial Binding Site (RNA). 

The tested 5’ repairer (5’ Repairer (GXAGA)) was 5-nt long while the mock miRNAs (Artificial Mir1 to Mir4) were 

22-nt long. Therefore, the ligation products were 27-nt long. In (a) to (d), lane 1 was Small RNA Marker (Abnova; 

100 nt, 50 nt, 40 nt, 30 nt and 20nt from top to bottom), lane 2 was the mock miRNA, lane 3 was the mock 

target RNA, and the successive lanes were the time points studied (0, 0.5, 1, 2, and 4 hours). 
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5.11.2.2 3’ end repair 

In a similar way, the miRNA 3’ end repairer “3’ Repairer (AAXXG)” (Table 4.2.1) with 

hydroxyl groups on both ends was first evaluated using T4 RNA Ligase Reaction Buffer (NEB) 

in the ligation reaction. The results showed that the ligation of “3’ Repairer (AAXXG)” was 

efficient in both mock experiments for mimicking the ligation of 3’ repairer to the 3’ end of 

the miRNAs with 2 mismatches (Figure 5.11.5a) or 3 mismatches (Figure 5.11.5b). In the 

above evaluation, seven ligation times (0, 2, 4, 8, 16, 24 and 36 hours) were investigated. 

The two investigated mock miRNAs were ligated to the “3’ Repairer (AAXXG)” with 

complete ligation occurring in 16-24 hours of incubation, and the ligation to both kinds of 3’ 

ends (with 2 and 3 mismatches) was comparable (Figure 5.11.5a vs. Figure 5.11.5b). 

The evaluation of ligation of 5-nitroindole-containing miRNA 3’ repairer was then expanded 

to mock miRNAs with no mismatch and one mismatch as well. The evaluated 3’ repairer 

and reaction buffer were changed to “3’ Repairer (AXXXG)” (one base closer to the 5’ end 

when compared with “3’ Repairer (AAXXG)”) and NEBNext® Quick Ligation Reaction Buffer 

(NEB) respectively in this expanded evaluation. The ligation of this repairer to the 3’ end of 

mock miRNAs with no mismatch, 1 mismatch, 2 mismatches and 3 mismatches were 

completed in 0.5 hours (Figure 5.11.5c), 0.5 hours (Figure 5.11.5d), 1 hour (Figure 5.11.5e) 

and 2 hours (Figure 5.11.5f) respectively. 

These results suggested that the ligation of 5-nitroindole-containing miRNA 3’ repairer to 

the 3’ end of mock miRNA with 0 - 3 mismatches could be achieved efficiently even if the 

artificial base was located at the second position from the donor (5’) end. The NEBNext® 

Quick Ligation Reaction Buffer (NEB) was also able to speed up these ligation reactions 

because the ligation of “3’ Repairer (AAXXG)” in T4 RNA Ligase Reaction Buffer (NEB) took 

16-24 hours for completion while the ligation of 3’ Repairer (AXXXG)” in NEBNext® Quick 
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Ligation Reaction Buffer (NEB) took only 0.5-2 hours for completion (Figure 5.11.5a and b 

vs. c to f). 
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Figure 5.11.5 Mock experiment for evaluating the ligation of 5-nitroindole-containing 3’ repairer to the 3’ end 

of mock miRNAs. The 3’ Repairer (AAXXG) was ligated to the 3’ end of the mock miRNAs that had 2 mismatches 

(Artificial Mir3; a) or 3 mismatches (Artificial Mir4; b) with the 43-nt Artificial Binding Site (RNA). On the other 

hand, 3’ Repairer (AXXXG) was ligated to the 3’ end of the mock miRNAs that had 0, 1, 2 or 3 mIsmatches 

(Artificial Mir1 to Mir4; c to f, respectively) with the Artificial Binding Site (RNA). The tested 3’ repairers (3’ 

Repairer (AAXXG) and 3’ Repairer (AXXXG)) were 5-nt long while the mock miRNAs (Artificial Mir1 to Mir4) were 

22-nt long. Therefore, the ligation products were 27-nt long. The reaction buffer was T4 RNA Ligase Reaction 

Buffer (NEB) in (a) and (b), but was changed to NEBNext® Quick Ligation Reaction Buffer (NEB) in (c) to (f). In (a) 

to (f), lane 1 was Small RNA Marker (Abnova; 100 nt, 50 nt, 40 nt, 30 nt and 20nt from top to bottom), lane 2 

was the mock miRNA, lane 3 was the mock target RNA, and the successive lanes were the time points studied (0, 

2, 4, 8, 16, 24 and 36 hours in (a) and (b); 0, 0.5, 1, 2 and 4 hours in (c) to (f)).  
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5.12 Nick repairing for joining the interacting miRNA-target RNA 

sequences and for extending the 3’ end of the miRNA 3’ repairer 

As the same issue found in the ligation of miRNA repairers to the 5’ and 3’ ends of the 

miRNA also occurs in the joining of two special nicks (see Figure 4.14.1) by T4 RNA Ligase 2, 

two sets of mock experiments were conducted for evaluating these nick repairs. This issue 

is whether the 5-nitroindole is a suitable substrate for T4 RNA Ligase 2. 

In the evaluation of the repair of the first kind of nick as illustrated in Figure 4.14.1a, the 

results indicated that the T4 RNA Ligase 2 was able to join very efficiently both the nick 

containing a 5-nitroindole base at the third position and the nick containing a 5-nitroindole 

base at the second position from the donor (5’) end (Figure 5.12.1a and b). All the nick 

repairs were completed in 2 hours. 

In the evaluation of the repair of the second kind of nick as illustrated in Figure 4.14.1b, the 

results indicated that the T4 RNA Ligase 2 was able to join very efficiently the nick 

containing two 5-nitroindole bases at the third and fourth positions from the acceptor (3’) 

end (Figure 5.12.1c). The repair of this nick was completed in 2 hours. In addition, the ligase 

was also able to join the nick containing three 5-nitroindole bases at the second to fourth 

positions from the acceptor (3’) end (one base closer to the acceptor end when compared 

with the former mock example) (Figure 5.12.1d). The repair of this nick was completed in 

about 16 hours. 
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Figure 5.12.1 Mock experiment for evaluating the joining of two different kinds of nicks generated after the 

repair of the 5’ and the 3’ ends of mismatched miRNA. The joining of the nick occurred between (a & b) the 5’ 

end of the miRNA 5’ repairer and the 3’ end of the “Stem-Loop Adaptor (RNA)” or (c & d) the 3’ end of the 

miRNA 3’ repairer and the short RNA oligo for extending the 3’ end of the miRNA 3’ repairer (see Figure 4.14.1). 

Short RNA oligos mimicking the repaired ends of miRNAs had a 5-nitroindole base (X) at the (a) 3rd or (b) 2nd 

position from the donor (5’) end forming the nick, (c) XX at the 3rd and 4th positions from the acceptor (3’) end 

forming the nick, or (d) XXX at the 2nd to 4th positions from the acceptor (3’) end forming the nick (see Figure 

4.14.2). Short RNA oligos were 18 nt (Repaired 5’ end (GUXG-) and Repaired 5’ end (GXAG-)) or 17 nt (Repaired 

3’ end (-XXAG) and Repaired 3’ end (-XXXG)) long while the templates were 34 nt (Repaired 5’ end Template) or 

33 nt (Repaired 3’ end Template) long. Therefore, the ligation products were 52 nt long in (a & b) and 50 nt long 

in (c & d). In (a) to (d), lane 1 was Small RNA Marker (Abnova: 100 nt, 50 nt, 40 nt, 30 nt and 20nt from top to 

bottom), lane 2 was the oligo for mimicking the repaired ends of miRNA, lane 3 was the template for 

constructing the nicks, and the successive lanes were the time points studied (0, 2, 4, 8, 16, 24 and 36 hours). 
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5.13 Gap repair by ligation 

For generating the chimeric RNA molecule that represents the interacting miRNA and its 

target RNA, the gap between the 5’ end of miRNA and the 3’ end of target RNA (with the 

Stem-Loop Adaptor (RNA) already ligated) has to be repaired in the idea of RIINGS. A mock 

experiment was set up for investigating the ligation approach for repairing the gap. First, 

seven ligation conditions were evaluated. Second, a time-course study for identifying the 

optimal ligation time in the selected working condition was conducted. 

5.13.1 Selection of working condition for the approach of “gap repair by ligation” 

The conjugation of the two interacting mock RNAs only occurred in the enzymatic reactions 

that were commonly catalyzed by T4 RNA ligase 2 (dsRNA Ligase)(NEB) (see the yellow 

bands in lane 1, 2, 4 and 5 in the right panel in Figure 5.13.1). Except for the reaction shown 

in lane 4, the other three reactions gave the expected product (121-nt conjugated RNA) 

(Figure 5.13.2). In lane 1 and 2, the ligation conditions were quite similar. The filler in these 

two conditions was 5-P Tetramer N. The only difference between these two conditions was 

the ratio of the number of the filler required for filling up the gap (each 16-base gap 

required 4 RNA tetramer molecules to repair) to the filler available. The ratio was 1:12.5 in 

lane 1, and 1:50 in lane 2. This difference did not affect the yield of the conjugated RNA 

(Figure 5.13.1), but a larger amount of the filler (5-P Tetramer RNA) was consumed in 

single-strand ligation in the reaction in lane 2 (detected by counterstain with SYBR® Gold 

nucleic acid gel stain, see Figure 5.13.2). This result indicated that the increased input of 

the filler did not increase the yield of the conjugated RNA. On the other hand, the reaction 

condition of lane 5 was the same as lane 2 plus 1 mM NMPs. The addition of 1 mM NMPs 

served to test whether NMPs could act as supplementary filler in the gap filling reaction. 

However, the supplementary filler did not provide any contribution in the gap repair as the 
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yield of the expected gap-repaired product (121 nt) in lane 5 was closely similar to those in 

lane 1 and lane2. Interestingly, the exceptional lane, lane 4, also had a yellow band 

indicating the occurrence of conjugation of the two mock RNAs. However, the product 

length of the yellow band was distinct from those in lane 1, 2 and 5. With this observed 

product length, this product was probably the result of direct ligation between Artificial Mir 

5 (FAM) (23 nt) and Artificial Binding Site (RNA, HEX) (82 nt) because the observed length of 

this product was close to the length of the directly ligated product (105 nt). This result 

might be due to a combination of reasons. First, “the presence of NMPs in the reaction”— 

NMPs may be able to destabilize the stability of the duplex through the competition in base 

pairing. Second, “the absence of 5-P Tetramer N”— when the 5-P Tetramer N was ligated 

to the Artificial Mir 5 (FAM), the length of the duplex prolonged and the stability of the 

duplex could be increased accordingly. Thus, with the loss of the stabilizing effect from the 

5-P Tetramer N and the presence of destabilizing effect from NMPs, the duplex was 

dissociated and the two mock sequences were ligated together. Furthermore, the result in 

lane 4 also indicated that the NMPs could not be the substrate of T4 RNA ligase 2. 

According to all the above observations, the condition of lane 1 was selected for 

performing the gap repair. 
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Figure 5.13.1 The result of the seven conditions for conjugating the two interacting RNAs by the approach of 

“gap repair by ligation”. From left to right in the left panel, lane 1 is Artificial Mir 5 (FAM), and lane 2 Artificial 

Binding Site (RNA, HEX). From left to right in the right panel, lanes 1 to 7 are the samples prepared under 

condition 1 to 7 respectively. The details of these conditions are available in Section 4.15.1 and are shown on 

the top of the panel. 
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Figure 5.13.2 Counterstaining by SYBR® Gold nucleic acid gel stain of the gel shown in Figure 5.13.1. The 

additional leftmost lane in the left panel is Small RNA Marker (Abnova). The expected length of Artificial Mir 5 

(FAM) and Artificial Binding Site (RNA, HEX) were 23 nt and 82 nt respectively. The expected length of the 

directly ligated product of Artificial Mir 5 (FAM) and Artificial Binding Site (RNA, HEX) was 105 nt. The expected 

length of the gap-repaired product was 121 nt. The bands had a ladder-like pattern in lanes 1, 2 and 5 in the 

right panel were the truncated products of 5-P Tetramer N. The expected length of 5-P Tetramer N and the 

truncated product of itself were multiple of 4 nt. They were 4 nt, 8 nt, 12 nt, 16 nt, 20 nt, 24 nt 28 nt and so on.  
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5.13.2 Optimal treatment time for conjugating the two interacting RNAs 

After the working condition for the “gap repair by ligation” was defined, a time-course 

study for identifying the optimal treatment time was then performed. Incubation at both 

4℃ and 16℃ was evaluated. The results in Figure 5.13.3 indicated that ligation occurred in 

both ends during incubation, regardless of the incubation temperature (The gap filling 

starts at both 3’ and 5’ ends. In other words, the following products can be identified in the 

gel: Artificial Mir 5 (FAM) plus 1 filer, 2 filers, 3 filers and 4 filers, and Artificial Binding Site 

(RNA, HEX) plus 1 filer, 2 filers, 3 filers and 4 filers). Nevertheless, a product band with both 

labels only appeared in the set of experiments that was incubated at 16℃. This indicated 

that ligation at 16℃ was more efficient than that at 4℃. 

On the other hand, Figure 5.13.4 shows the increasing amount of conjugated product with 

expected size (121 nt and represented by the fluorescence intensity) with increasing 

incubation time at 16℃. Levene’s test was used to test the homogeneity of variances 

across different groups of samples prepared by different crosslinking conditions, and did 

not show significant difference (p = 0.117). This indicated that equal variance across groups 

could be assumed. One-way ANOVA comparing these five groups of samples showed 

significant differences among these groups (p = 0.00000027). Post-hoc test (Tukey HSD) 

indicated that increment from time 0 to 3-hour-incubation was not statistically significant 

(5.47-fold; p = 0.462); increment from 3-hour-incubation to 6-hour-incubation was 

statistically significant (2.91-fold; p = 0.016); increment from 6-hour-incubation to 12-hour-

incubation was statistically significant (1.81-fold; p = 0.0038); increment from 12-hour-

incubation to 18-hour-incubation was statistically significant (1.29-fold; p = 0.048). 

However, the increasing trend slowed down during the time course and started to plateau 
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between 12-hour-incubation and 18-hour-incubation. Therefore, the optimal incubation 

time for the gap repair was 12 hours at 16℃. 
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Figure 5.13.3 Time-course analysis for studying the conjugation of the two interacting RNAs by the approach 

of “gap repair by ligation” at 4℃ and 16℃. From left to right in the left panel, the lanes are the samples 

incubated for 0, 3, 6, 12 and 18 hours respectively. The incubation temperature was 4℃. From left to right in 

the right panel, the lanes are the samples incubated for 0, 3, 6, 12 and 18 hours respectively. The incubation 

temperature was 16℃. Artificial Mir 5 (FAM) was represented in green color; Artificial Binding Site (RNA, HEX) 

was represented in red color; conjugated product with both FAM and HEX labels was represented in yellow 

color. 
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Figure 5.13.4 The fluorescence intensity of the conjugated products (yellow bands seen in Figure 5.13.3) 

during the time course studied for “gap repair by ligation”. The corresponding plot of intensity against time 

illustrates the amount of the conjugated products during the time course studied. The signal intensities (in 

arbitrary unit) were based on the mean value ± SD (n = 3). 
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5.14 Reverse transcription of the chimeric sequences – nitroindole 

base-containing template 

Two experiments were performed to study whether there were reverse transcriptases 

(specifically the RNA-dependent DNA polymerase activity) able to convert RNA templates 

with 5-nitroindole base substitution(s) to cDNA. First, ten candidate polymerases were 

tested for their ability to convert RNA templates with one, two successive and three 

successive 5-nitroindole bases to cDNA. Second, the selected polymerase was then further 

investigated in a mock experiment mimicking the real situation. 

5.14.1 Selection of polymerase for converting RNA templates with 5-nitroindole 

base substitution(s) to cDNA 

The experiment (Experiment 1) only identified that Bst 3.0 DNA Polymerase (NEB, M0374S) 

had some ability to convert 5-nitroindole-containing RNA templates to cDNA. Other tested 

polymerases did not show any similar conversion when dealing with 5-nitroindole base. 

The conversions initiated by these nine polymerases were completely blocked by the first 

5-nitroindole base-containing site at position 26 (see Figure 4.16.1 for the sequence 

structure of the template).  

The extension mediated by Bst 3.0 DNA Polymerase was partially blocked by the first 5-

nitroindole base-containing site at position 26 (from template 3’ end to 5’ end) and was 

blocked by the second 5-nitroindole base-containing site at positions 35-36 (from template 

3’ to 5’) (Figure 5.14.1). The reactions were conducted under the following conditions: 2.4 

μM of 5-NitInd RT temp 1, 2.4 μM of 5-NitInd RT primer 1, 5 mM of MnCl2, 2 mM of dNTPs, 

1X NEBNext® Quick Ligation Reaction Buffer and 0.64U/μl of Bst 3.0 DNA Polymerase. The 

final volume of each reaction was 12.5 μl. The incubation conditions were 25℃ for 10 
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minutes followed by 55℃ for 1, 2, 4, 8, 16, 24 and 36 hours. All the reactions were stopped 

by inactivation at 85℃ for 5 minutes. During the time course under investigation, the 

extension gradually escaped from the first 5-nitroindole base-containing site to the second 

5-nitroindole base-containing site. Figure 5.14.1 shows the bands, which were the 

extension product blocked by the first 5-nitroindole base-containing site (position 26, from 

template 3’ end to 5’ end), gradually decreased in their intensity during the time. 

Meanwhile, the bands, which were relavent to the extension of the sequence blocked by 

the second 5-nitroindole base-containing site (positions 35-36, from template 3’ end to 5’ 

end), gradually increased in their intensity in the course of time. Notably, there was no 

obvious band that could represent the product of the sequence blocked by the third 5-

nitroindole base-containing site (positions 46-48, from template 3’ end to 5’ end). This 

implied that the extension could be fully blocked by the second 5-nitroindole base-

containing site, which contained two successive 5-nitroindole bases. 

Therefore, this experiment found that Bst 3.0 DNA Polymerase was the only polymerase for 

converting 5-nitroindole base-containing RNA template to cDNA. This polymerase could 

deal with RNA templates with single 5-nitroindole base substitution but not successive 

substitutions. This polymerase was selected for converting the chimeric RNA library to 

cDNA library in RIINGS. 
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Figure 5.14.1 Reverse transcription of 5-nitroindole base-containing RNA templates by Bst 3.0 DNA 

Polymerase. 5-NitInd RT primer 1 (22 nt DNA) was used as the primer to convert the 5-NitInd RT temp 1 (52 nt) 

to cDNA. Three 5-nitroindole substitution sites were found in the RNA template at position 26, positions 35-36 

and positions 46-48 (from template 3’ end to 5’ end). From left to right, lane 1 was Small RNA Marker (Abnova; 

100 nt, 50 nt, 40 nt, 30 nt and 20 nt from top to bottom), lane 2 was 5-NitInd RT primer 1, lane 3 was 5-NitInd 

RT temp 1, and the successive lanes were the time points studied (0, 1, 2, 4, 8, 16 24 and 36 hours). 
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5.14.2 The reaction completeness of Bst 3.0 DNA Polymerase in converting a mock 

template mimicking the real situation 

 The experiment (Experiment 2) revealed that Bst 3.0 DNA Polymerase (NEB, M0374S) was 

able to deal with the RNA template with two separated 5-nitroindole base substitutions. 5-

NitInd RT temp 2 was the RNA template used in this experiment — a template mimicking 

the chimeras that had two separated 5-nitroindole base substitutions originating from the 

5’ and 3’ repairers (each repairer had one substitution). The result showed that the 

extension of the 5-NitInd RT primer 2 was blocked by the first 5-nitroindole substitution at 

position 22 (from template 3’ end to 5’ end) only very slightly and was slightly blocked by 

the second 5-nitroindole substitution at position 44 (from template 3’ end to 5’ end) 

(Figure 5.14.2). The majority of 5-NitInd RT primer 2 was extended to the end of the 

template (Figure 5.14.2). This result actually supported the usefulness of Bst 3.0 DNA 

Polymerase in RIINGS for converting the chimeric RNA library to cDNA library. 

Notably, the working condition of these experiments had some minor changes that could 

help minimize non-specific elongation. These included the increase of MnCl2 concentration 

from 5 mM in Experiment 1 to 10 mM in Experiment 2 and the incubation temperature 

reduced from 55 ℃ in Experiment 1 to 50℃ in Experiment 2. 
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Figure 5.14.2 Reverse transcription of a mock RNA template mimicking the real RNA chimeras prepared by 

RIINGS. 5-NitInd RT primer 2 (17 nt DNA) was used as the primer to convert the 5-NitInd RT temp 2 (50 nt) to 

cDNA. Two single 5-nitroindole substitutions in the template RNA were at positions 22 and 44 (from template 3’ 

end to 5’ end). From left to right, lane 1 was Small RNA Marker (Abnova; 100 nt, 50 nt, 40 nt, 30 nt and 20 nt 

from top to bottom), lane 2 was 5-NitInd RT primer 2, lane 3 was 5-NitInd RT temp 2, and the successive lanes 

were the time points studied (0, 1, 2, 4, 8, 16 and 24 hours). 
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6. Discussion 

6.1 Antibody for immunoprecipitation (IP) 

There are many anti-AGO antibodies that are commercially available. However, the 

selection of an appropriate antibody is very critical. This is not only for RIINGS, but also for 

other IP-related experiments because the selection of antibody directly determines the 

success of IP. Faulty or inappropriate selection can cause a waste of time and money. The 

selection of an antibody for IP starts with noting and understanding the properties of the 

antibodies from the information provided by the manufacturers. This does not mean that 

we need to entirely rely on the recommendations (e.g. suitability for use with which type of 

experiments) and neglect other details. Several important issues have to be considered. 

First, what is the immunogen used for raising the antibody? In general, many antibodies 

are raised by using epitopes (small fragments of a protein) as the immunogens while others 

are raised by intact proteins. An antibody raised by an epitope only recognizes the 

corresponding epitope. If the epitope is not fully exposed on the protein surface in the 

native form of the protein, the antibody should not be used in co-IP (a technique for 

identifying the interacting partner of the target protein). This kind of antibodies can be 

used to capture the target protein when the target protein is denatured. 

Second, is the antibody a monoclonal antibody or a polyclonal antibody? A monoclonal 

antibody is produced from a single clone of B-cells while a polyclonal antibody represents a 

collection of antibodies produced from many different B-cell clones. The monoclonal 

antibody only recognizes a particular site or epitope on the target protein (one antibody 

targets on one site) while the polyclonal antibody may target multiple sites. The polyclonal 
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antibody has the advantage that the antibody has a bigger chance of capturing the target. 

Like a shot from a shotgun, some bullets may hit the target while others may not. For the 

polyclonal antibody, some of the antibodies from some clones may be able to capture the 

target protein efficiently while others may not be. In brief, not all antibodies in the 

collection are able to capture the target. On the other hand, for a monoclonal antibody 

able to capture the target, the capturing efficiency is expected to be much better because 

all the applied antibody molecules are able to capture the target. 

Third, what is the origin of the antibody (raised from which animal)? If western blotting, 

ELISA or other related experiment is required in the future, the origin of the antibody may 

be critical. It is because the antibody used in the IP might be eluted together with the 

target protein. When this eluate is used for running a western blotting as an example, the 

IP antibody would also appear on the membrane. This antibody can generate two very 

strong bands (one is the heavy chain and the other is the light chain) on the membrane if a 

second antibody that can recognize this IP-antibody is used. These two additional bands 

may affect the interpretation of the results. 

The antibody selected for RIINGS was eIF2C2 (4F9) (Santa Cruz) (see Section 6.2). This 

antibody (4F9) is most likely able to recognize human AGO1-4 through a common epitope 

on AGO1-4 protein [308]. Sequential overlapping peptides have been used for mapping the 

epitope on AGO2 that is exactly recognized by eIF2C2 (4F9) by Ikeda et al [308]. However, 

all the tested peptides gave negative results. This suggests that eIF2C2 (4F9) may target a 

conformational epitope. If it is the case, it can explain why the antibody only recognize the 

natural form of AGO proteins, but not the denatured form – a recognition bias confirmed 

by Ikeda et al. and the dot blotting result in current study (Figure 5.2.1). Therefore, eIF2C2 

(4F9) is particularly suitable for capturing biologically functioning miRNAs because 
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denatured AGO complex, which may also contain damaged structure of the interacting RNA 

duplex, are excluded by the recognition bias. 

 

6.2 Immunoprecipitation 

To start an immunoprecipitation (IP) experiment, protein lysate must be well prepared in 

an appropriate buffer. Lysate preparation is the first critical step in IP. Two major kinds of 

lysis buffers can be used for extracting proteins from cells. 

The first kind of lysis buffer is the non-denaturing lysis buffer. This kind of buffer does not 

contain any denaturing agents and is particularly suitable for sample preparation in co-IP. 

There are two subtypes of non-denaturing lysis buffers. One subtype does not contain any 

detergent while the other subtype contains detergent. The key function of the detergent is 

to make the insoluble proteins become soluble in aqueous-based buffer. Usually non-ionic 

detergents, such as NP-40 and Triton X, are much preferred in detergent-containing non-

denaturing buffer because they are not that active in physically interacting with charged 

groups on proteins, which are usually important in maintaining the 3-dimensional structure 

of proteins. On the other hand, ionic detergents, such as sodium dodecyl sulfate and 

lithium dodecyl sulfate, can also be used as assisting agents to make the insoluble proteins 

become soluble. However, ionic detergents are much stronger than non-ionic detergents 

and may denature proteins. For extracting soluble proteins, detergent-free non-denaturing 

buffer is good enough for the extraction and lysate preparation. Notably, a mechanical 

lysing method for disrupting cells and releasing the soluble proteins is required. In addition, 

heat generation during the disruption step must be prevented to avoid denaturing proteins. 
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The second kind of lysis buffer is the denaturing lysis buffer. This kind of buffer contains 

denaturing agents and is not preferred in co-IP experiments and in recovering the isolated 

protein for studying the protein properties that require the native structure of the protein, 

e.g. protein activity and protein conformation. However, for epitopes hiding inside the 

native form of the protein, denaturing lysis buffers are capable of exposing this kind of 

epitopes to the surface for the corresponding antibodies to access and recognize. 

Moreover, this kind of buffers can also be used for insoluble proteins that cannot be 

extracted from cells with non-ionic detergents. Heating and reducing agents can facilitate 

the extraction of these proteins by denaturing them and breaking the disulfide bonds 

inside the protein respectively.  

There are two approaches to performing the IP experiment. One of these approaches is to 

immobilize the antibodies on the beads prior to the capture of the target protein from the 

total lysate. The other approach is to incubate the total lysate with the antibodies first, and 

then capture the antibody-target protein complexes by adding the beads to the lysate-

antibody mixture. The first strategy can usually reduce non-specific binding. However, this 

strategy also reduces the yield of the target protein. The second strategy can usually 

elevate the yield of the target protein; however, the purity may be relatively poorer than 

that of the first strategy (see Figure 4.5.1). These differences can perhaps be explained by 

the freedom of movement of the molecules. In the second strategy, the freedom of 

movement of the antibody and the target protein (including the proteins in non-specific 

bindings) is relatively higher than that in the first strategy, and hence results in a higher 

opportunity for the antibody meeting the target protein at any moment. In contrast, the 

freedom of movement of the antibody is relatively lower in the first strategy than in the 

second strategy. This would result in lowering the opportunity of capturing the target 

protein and eventually reducing the yield of the target protein. 
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Furthermore, after the conjugation of antibody onto the proper beads in the first strategy, 

the antibody and the beads can be further covalently crosslinked by some chemicals. This 

crosslinking step is beneficial in preventing the IP-antibody from getting into the eluate. In 

reality, the immobilization of the antibody on the beads is usually achieved via the binding 

between antibody and protein A or G, which is pre-crosslinked on beads. This is not a 

covalent bonding and can be destroyed during elution. The chemicals that are used for 

further covalently crosslinking the antibody and protein A or G, such as disuccinimidyl 

suberate, have two functional groups each on one end of a long spacer. Each of the 

functional groups can react with an amine group on protein and form covalent linkage. 

Therefore, when the two functional groups on the same molecule form covalent linkages 

with the antibody and the protein A or G simultaneously, the antibody would covalently 

immobilize on the relevant beads. 

The elution of the isolated target protein is usually achieved by adding elution buffer to the 

target protein-carrier beads. Based on different elution strategies, the elution buffers can 

be classified into two major types – denaturing buffer and non-denaturing buffer. 

Denaturing buffers, such as Laemmli sample buffer (Appendix A) often used as sample 

loading buffer in SDS-PAGE, usually contain denaturing agent in the buffer for disrupting 

the binding between the isolated target protein and the antibody and hence enable the 

isolated target protein to be released from the beads. In fact, this is exactly the function of 

the strong ionic-detergent SDS in Laemmli buffer. Non-denaturing elution buffers elute the 

isolated target protein by means of transiently denaturing the proteins (including target 

protein and the antibody) or disrupting the charge interactions between the isolated target 

protein and the antibody. Both strategies can eventually disrupt the binding between the 

isolated target protein and the antibody. Low-pH buffers (e.g. 0.1 M Tris-glycine buffer, pH 

2.7) and high-salt buffers are the two kinds of buffers used in these denaturing and non-



324 

 

denaturing strategies respectively. Neutralization of pH and dialysis for removing the high 

concentration of salt are necessary after the above elution strategies respectively. 

Denaturing elution has the advantage of higher efficiency in harvesting the isolated target 

protein, but the disadvantage of disrupting the native conformation and activity(ies) of the 

target protein. In contrast, non-denaturing elution has just the opposite effects. The 

selection of elution buffer is highly constrained by the requirements of subsequent steps. 

In RIINGS, the antibody eIF2C2 (4F9) (Santa Cruz) was selected for isolating the AGO 

complex. This is an IgA antibody that has no free fragment-crystallizable region (Fc region) 

on the antibody for the binding of protein A or G. Instead, protein L magnetic beads were 

used to immobilize the eIF2C2 (4F9) antibody for the IP experiment, in which the “L” in the 

name means light chain. Protein L is capable of binding the light chain of antibody. Because 

the assessed purity of the isolated AGO complex was good (see Sections 5.3.2 and 5.9.1), 

the IP experiment was performed using the approach of allowing the antibody to capture 

the target protein in the crude lysate first, and then using protein L magnetic beads to 

immobilize the target protein-antibody interacting complex for maximizing the yield of 

AGO complex. The elution was then carried out by adding proteinase K to the beads with 

AGO complex because the RIINGS target of interest is miRNA-target RNA duplex, which is 

not susceptible to digestion by proteinase K. All the proteins were digested accordingly 

under a low-temperature (4℃) condition. This elution method has the advantages of being 

efficient and mild. The AGO protein on each RNA duplex and together with other co-

purified proteins can be removed by proteinase K digestion. As the result, the miRNA-

target RNA duplex of interest can be efficiently released under an extremely mild condition. 

 



325 

 

6.3 Generation of the chimeric sequence by the use of stem-loop 

adaptor 

The use of stem-loop adaptor in assisting the physical linkage between the two strands of 

the interacting miRNA-target RNA duplex is one of the key, strategic designs in RIINGS. The 

ligation of the “Stem-Loop Adaptor (RNA)” to the 3' end of the trimmed miRNA target (i.e. 

target RNA that interacts with miRNA) has three effects. It (i) extends the 3' end of the 

target RNA target site, (ii) flips it over and backward, and (iii) positions the 3' end of the 

“miRNA target” and the 5' end of the miRNA in a head-to-tail manner with a gap in 

between (see Figure 3.1). By repairing the gap in between, chimeric sequence that 

represents the interacting miRNA-target RNA duplex is generated. Importantly, the 

Argonaute protein on the RNA duplex has to be removed before the gap is repaired 

because the Argonaute protein on the interacting RNA duplex in effect prevents the miRNA 

from being engaged in the ligation process, which is unfavorable to the gap repairing 

process. Similarly, this problem also exists in the CLASH [299] and MARIO [302] methods. 

However, the inventors of CLASH and MARIO have not made any effort to resolve this issue. 

Unlike the strategy used in CLASH and MARIO for generating the chimeric sequence (for 

the details of the strategy, please refer to Sections 1.5.5 and 1.5.6), the current strategy 

efficiently and physically joins the interacting miRNA-target RNA duplex even if the miRNA 

is shielded by the Argonaute protein. In the generation of the chimeric sequence, the 

current strategy can avoid the bias of only ligating the interacting miRNA-target RNA 

duplexes that do not have spatial hindrance. In fact, this bias is an inherent drawback in 

CLASH and MARIO (see Sections 1.5.5 and 1.5.6). 

However, the removal of the Argonaute protein may not be beneficial because the 

Argonaute protein on the interacting miRNA-target RNA duplex may also function as a 
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stabilizer for preventing the interacting duplex from melting. The removal of the Argonaute 

protein may destabilize the duplex and dissociate the duplex. Therefore, it is critical for the 

development of RIINGS that the thermostability of the interacting miRNA-target RNA 

duplex is assessed after the removal of the Argonaute protein. Melting curve analysis 

revealed that the melting temperature of the interacting miRNA-target RNA duplex was 

about 40℃ (see results in Section 5.9.2). This indicates that the duplex is stable at low 

temperature like 4-16℃, and strongly supports the current strategy for generating the 

chimeric sequence.  

Critically, the analysis of re-melting to the duplex samples, in which the RNA duplex was 

completely melted before a repeat melting analysis, revealed that the miRNA-target RNA 

duplex could not reform once the duplex was melted. Normally, repeated melting is 

possible and can always be performed in experiments involving melting curve analysis such 

as high-resolution melting for genotyping and dissociation curve analysis in SYBR-Green I-

based qPCR assay because the two interacting nucleic acid sequences can re-anneal after 

each melting. However, the two interacting RNAs (miRNA and target RNA) in each duplex of 

the Argonuate complex are unique in the current situation, i.e. the diversity of the 

sequence of these duplexes is high. In fact, there is a pool of duplexes with different 

sequences in the sample extracted in vivo, in which the duplexes are constructed by 

different miRNAs and their corresponding target RNAs via imperfect base pairing. 

Therefore, the interacting RNAs are difficult to pair up again with their original partners 

once the duplexes are melted because the chance of identifying the original partner or a 

comparable partner is extremely difficult under “a very dilute condition” because the 

abundance is very low indeed for each particular miRNA sequence and their corresponding 

target RNA in the pool. Here, the idea of “a very dilute condition” does not mean that the 
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concentration of the RNA is really low, but means that an RNA with a particular sequence is 

very few in the RNA pool. 

After the thermostability of the interacting miRNA-target RNA duplex was confirmed, 

another critical issue demanded immediate attention for the development of RIINGS. This 

issue was whether the proteinase K was able to remove the Argonaute protein from the 

Argonaute complex at low temperature (e.g. 4-16℃). The results in Section 5.10.1 revealed 

that proteinase K was very efficient in digesting BSA at 4-16℃ (no difference among 

different digestion temperatures 4℃, 8℃, 12℃ and 16℃), indicating that the activity of 

proteinase K was high even at 4-16℃. Measuring the concentrations of amino acids 

released during digestion of isolated Argonaute complex by proteinase K showed that the 

efficiency of proteinase K digestion depended on the concentration of proteinase K rather 

than the digestion temperature (see Section 5.10.2). 

In the time-course study conducted to determine the optimal ligation time for ligating the 

stem-loop adaptor to the 3’ end of the miRNA target, a radioactive smear of about 220 kDa 

was detected in lane 2 to lane 4 in Figure 5.4.1a (Section 5.4.1). This smear was most likely 

the AGO complex, which consisted of an AGO protein, a miRNA and a target RNA. The shift 

in molecular weight was attributed to the intercalated RNAs and the stem-loop adaptor. 

The molecular weight of the miRNA (~22 nt) was about 7 kDa while the stem-loop adaptor 

(46 nt) was about 17.5 kDa. The molecular weight of the target RNA would depend on the 

length (and hence size) of the target RNA remaining after RNA digestion. Normally, the 

target RNA showed a distribution of size with an average of about 400 nt after the RNA was 

digested by 1:1000 diluted RNase One™ Ribonuclease (Promega) (see Section 5.6.2 and 

Figure 5.6.2d). Thus, the molecular weight of the target RNA was about 140 kDa. 

Furthermore, this also explained why the radioactive band was a smear. Overall, the total 
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increased molecular weight should be about 164.5 kDa in this case. However, the actual 

band shift was less than this calculation because the RNA was negatively charged under the 

gel electrophoresis condition and the conformation of the flanking/protruding RNA may 

also shrink into a relatively small size with less spatial hindrance. 

 

6.4 Rescue of the released interacting miRNA-target RNA duplex 

from proteinase-K-containing buffer by the “Re-attaching 

Adaptor” 

Since the interacting miRNA-target RNA duplex is released from the magnetic beads by 

proteinase K, the obtained solution with the released RNA duplex also contains proteinase 

K. Proteinase K strongly inhibits all enzymatic reactions by its robust proteolytic activity. 

Therefore, proteinase K must be removed before proceeding to the steps of the second 

mismatch repair and gap filling in RIINGS. Moreover, the interacting miRNA-target RNA 

duplex has not yet been physically linked together at this point. Accordingly, designing a 

novel method for recovering the interacting miRNA-target RNA duplex from the 

proteinase-K-containing buffer is a critical problem in RIINGS. First, this method should not 

require a harsh working condition. The working condition must be mild enough to keep the 

interacting miRNA-target RNA in duplexed form. Therefore, inactivation of proteinase K by 

heat denaturation (95℃ for 10 minutes) is not applicable in the current situation. Second, 

isolation via capturing biotinylated oligos by streptavidin-conjugated beads, which is widely 

used for recovering target molecules, is not applicable here either because streptavidin (a 

protein) is easily degraded by proteinase K already present in the buffer. Therefore, ligating 

a biotinylated adaptor to the interacting miRNA-target RNA duplex for recovering the 
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duplex would not work in RIINGS. Third, the method should be able to recover the RNA 

duplex rapidly and efficiently. The longer is the time of keeping the duplex in the 

intermediate stage, the higher is the risk of dissociating the duplex. In addition, RNA is not 

a very stable molecule for long-term storage. Therefore, shortening the recovery time is 

beneficial to the whole process of RIINGS. 

A very good approach that met all the above demanding requirements for recovering the 

released miRNA-target RNA duplex was developed in the current study. By taking the 

advantages of being rapid, specific and non-susceptible to proteinase K digestion, a 

potential design based on base pairing of nucleic acids has been chosen for developing the 

recovery method. First, an adaptor called “Re-attaching Adaptor” is ligated to the 5’ end of 

the target RNA on the isolated AGO complex (Figure 3.1). Actually, it is a DNA adaptor 

carrying (from 5’ end) a specific sequence, a restriction enzyme site and a few bases of RNA 

at its 3’ end. The specific sequence can pair up with an antisense DNA oligo conjugated on 

“Library Enrichment beads”. As the result, the “Library Enrichment beads” recover the 

miRNA-target RNA duplex rapidly and efficiently through annealing. Cleavage of the 

restriction enzyme site by the corresponding restriction enzyme finally releases the 

chimeric sequence product from the “Library Enrichment beads” (Figure 3.1). The released 

chimeric sequence is in a stem-loop structure with a sticky end at the end of the stem. This 

sticky end facilitates the ligation of the sequencing adaptor to the chimeric sequence. On 

the other hand, the few bases of RNA at the 3’ end of the adaptor enables the ligation of 

this adaptor to the 5’ end of the target RNA by the T4 RNA Ligase 1. T4 RNA Ligase 1 is an 

enzyme that catalyzes the joining of two single-stranded RNA sequences through the 

formation of a phosphodiester bond in between. The required phosphate group is provided 

by the 5’ phosphate end (donor end) while the 3’ hydroxyl end (acceptor end) is the end to 

receive the electrons from the phosphate group in the formation of a phosphodiester bond. 
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This enzyme does not catalyze the ligation of a 5’-phosphorylated RNA to DNA with 3’ 

hydroxyl end, but to RNA with 3’ hydroxyl end. Thus, the addition a few bases of RNA at the 

3’ end of the adaptor actually enables the ligation of the “Re-attaching Adaptor” to the 5’ 

end of the target RNA. 

 

6.5 Trimming of flanking RNA 

Ribonuclease (abbreviated RNase) catalyzes the degradation of RNA. There are two classes 

of ribonucleases based on the positon of degradation: exoribonuclease and 

endoribonuclease. Based on the mechanisms of degradation, RNases can be divided into 

phosphorolytic RNase (EC 2.7) and hydrolytic RNase (EC 3.1). Phosphorolytic RNases break 

down RNA by cleaving the phosphodiester bond between two ribonucleosides via the 

attack of an inorganic phosphate and this reaction releases diphosphate nucleotides. The 

hydrolytic RNases cleave RNA by hydrolyzing the phosphodiester bond between two 

ribonucleosides. On the other hand, exoribonucleases degrade RNA by cleaving the RNA 

molecule from the 5’ or 3’ end of the RNA molecule while endoribonucleases degrade RNA 

by cleaving internal phosphodiester bonds of RNA molecule [324]. 

Both RNase A and RNase One Ribonuclease belong to EC 3.1.27.5 and are 

endoribonucleases [324]. The enzymes of this family are able to cleave RNA sequences 

endogenously. In fact, They catalyze the cleavage of RNA dinucleotide bonds endogenously, 

and leave a 5´ hydroxyl end and 2´,3´-cyclic monophosphate ends on the product RNAs or 

on the product monoribonucleotides. The 2´,3´-cyclic monophosphate end is an 

intermediate product. This end is further converted by the RNases to the corresponding 3' 

monophosphate via hydrolysis; however, the hydrolysis is very slow (Figure 4.10.1) [309, 
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310]. As the result, the cleaved RNAs mainly have 5´ hydroxyl end and 2´,3´-cyclic 

monophosphate end at their two termini. However, there is an intrinsic difference between 

these two RNases. RNase A preferentially cleaves the phosphodiester bond of RNA at the 3' 

end of pyrimidine residues (C and U) [310]. However, RNase I randomly cleaves RNA 

sequences endogenously without any sequence preference [311]. 

To facilitate the generation of the chimeric sequence through the approach used in RIINGS 

(see Section 6.3 or Figure 3.1), it is necessary to trim the two long flanking sequences, 

which are the 5’ and the 3’ regions of the target RNA strand, and protrude from the 

Argonaute complex. This task can be achieved by RNase. However, the digestion process 

should be under control because both retained ends must be kept long enough for the 

ligation of adaptors (see Figure 3.1). In fact, the completeness of RNA digestion by RNase 

depends on the enzyme concentration, the incubation time and the incubation 

temperature. 

In the current situation, the incubation temperature should not be too high in order to 

avoid dissociation of the miRNA-target RNA complexes. Therefore, the incubation 

temperature to be tested was fixed at 4℃. 

Two issues were considered for the incubation time. First, in order to shorten the total 

processing time for RIINGS, the incubation time for each individual step should not be too 

long. Second, variation of the fragment size of the product RNAs would be expected to be 

great if the incubation time is too short. For example, if the incubation time is set to 5 

minutes and you need 3 minutes to finish the process for 10 samples, a variation of 3 

minutes is equivalent to adding an additional 60% of incubation time to the original 
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incubation. Considering manipulation convenience, the incubation time was therefore fixed 

at 30 minutes. It would be an appropriate incubation time for this step. 

When the digestion temperature and time are fixed, the concentration of the input RNase 

is the only remaining parameter that requires optimization. The results of evaluation of 

fragment size after RNase treatment indicated that the fragment size was negatively 

correlated with the input concentration of the both RNases (see Sections 5.6.1 and 5.6.2). 

The results of evaluation of the accessibility of the immunoprecipitated AGO complex for 

ligation after RNase treatment indicated that treating with 1:100-diluted and 1:1000-

diluted RNase A gave significantly different results (see Section 5.6.3). This result also 

implies that an increase of RNase A concentration between these dilutions can significantly 

decrease the accessibility of the retained ends for adaptor ligation. Likewise, treating with 

undiluted and 1:100-diluted RNase One™ Ribonuclease also gave significantly different 

results (see Section 5.6.4). This in turn implies that an increase of RNase One™ 

Ribonuclease concentration between these dilutions can significantly decrease the 

accessibility of the retained ends for adaptor ligation. Considering all these results 

(fragment size and accessibility), 1:100-diluted and 1:1000-diluted RNase A, and undiluted 

and 1:100-diluted RNase One™ Ribonuclease were the chosen concentrations of these 

RNases for use in the pilot run of RIINGS. 

6.6 The stability of the isolated miRNA-target RNA duplexes 

Not surprisingly, the measured melting temperature of the isolated miRNA-target RNA 

duplexes from living cells (K562) is lower than that of a long duplex about ~20 bp. As we 

know, the melting temperature of primers (~20 bp) is usually about 50-60℃. Furthermore, 

the stability of duplex is known to be in the order of double-stranded RNA > double-
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stranded DNA [325]. However, why is the melting temperature of the duplexes that are 

extracted from living cells (K562) only 40℃ or less (see results in Section 5.9.2)? It is likely 

due to the existence of mismatch(es) and bulging(s) in the miRNA-target RNA duplexes. A 

previous study has found that the change of melting temperature (∆Tm) in double-stranded 

DNA with 0.55% to 7.2% base pair mismatch corresponds to a reduction of 0.28-4.17℃ in 

melting temperature [326]. A DNA duplex with 5% base pair mismatch (equivalent to 1 

mismatch in a 20-bp duplex) corresponds to a reduction of ~3℃ in melting temperature 

[326]. In fact, a pairing between miRNA and target RNA usually contains multiple 

mismatches and even with bulging. Therefore, the low melting temperature of the miRNA-

target RNA duplexes obtained from a living cell can be explained. 

 

6.7 Why is the purity of the Argonaute complexes important and 

how pure should the complexes be? 

When Argonaute-mediated miRNA-target RNA interactions are to be studied, the 

Argonaute-miRNA-target RNA complexes are the complexes that we need to focus on. Each 

of these complexes includes an RNA duplex inside. However, the two individual RNA 

sequences are not covalently linked together. The two RNA sequences are hybridized 

together only via some relatively weak forces, e.g. hydrogen bonds. Accordingly, the two 

interacting RNA sequences have to be linked together before sequencing via ligating a 

stem-loop adaptor and then filling the gap between the two individual RNA sequences in 

the design of RIINGS. In order to achieve ligation, the protein part (Argonaute) of the 

complex must be removed in advance. It is because the Argonaute protein most likely 
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shields the ends of the miRNA as has been shown in previous crystal structure 

investigations of the Argonaute complexes [133, 214, 219, 309]. 

Obviously, purified miRNA-target RNA duplexes without any contaminants are the required 

input for the chimeric sequence preparation in RIINGS. Why do the Argonaute complexes 

require purification? First, the chimeric sequences prepared by RIINGS have to be 

determined by next-generation sequencing (NGS) in RIINGS. If the Argonaute complexes 

are contaminated with some other RNA binding proteins (RBPs) during the library 

preparation, the RNAs from these unknown RBPs can also be sequenced by NGS. As a result, 

these junk reads would consume the sequencing capacity and reduce the read depths of 

the genuine chimeric sequences. The more are the junk reads, the less are the chimeric 

reads that represent the interacting miRNAs and their corresponding target RNAs (the 

meaningful reads). Therefore, depleting the intrinsic RBPs is one of the aims of the 

purification step. Second, proteinase K is very robust and efficient in digesting nearly all the 

proteins to their corresponding residues (amino acids), including keratin. Thus, proteinase 

K is the proteinase selected for removing the Argonaute protein in RIINGS. To this end, the 

purity of the isolated AGO complex is still not guaranteed because both the AGO protein on 

the interacting miRNA-target RNA duplex and other impurities (co-purified proteins) can be 

digested by proteinase K. Nevertheless, the kinetics of proteinase K follows the Michaelis-

Menten equation as proteinase K is an enzyme. The reaction velocity would reach a 

maximum value when the substrate concentration is high enough and the enzyme 

concentration remains unchanged. In other words, the enzymatic reaction takes longer 

time to reach the chemical equilibrium if the substrate concentration is high. Therefore, 

minimizing the input protein amount can shorten the reaction time for digesting the 

Argonaute protein in the process of RIINGS. The purer the Argonaute complex is obtained, 

the more efficient the proteinase K digests. 
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6.8 Repair of mismatches at microRNA ends 

Mismatches can usually be identified in miRNA targeting because the binding of miRNAs to 

their targets does not require full complementarity. In other words, partial 

complementarity is sufficient for the miRNA to function. These mismatches often come to 

the 5’ and 3’ ends of miRNAs too. Therefore, mismatch repairing at both ends of miRNAs 

before the conduction of gap filling is critical because there is no ligase that is able to ligate 

a nick with a mismatch at either side of the nicking site. However, there are several 

remarkable difficulties in this task. First, the sequence of the target RNA is not known in 

advance in the real situation. Second, a repairer with a particular sequence is unable to be 

ligated to a particular end specifically even if the required sequence is known. Third, the 

requisite length of the repairer is not easy to determine because the minimum number of 

bases needed to reform a stable complimentary end is unknown. Fourth, the rate of 

successful repair would be extremely low if the repairer is made up of degenerate bases. 

For example, a tetramer N (NNNN) would generate a complimentary end with all four 

bases matched with a probability of (1/4)4 or 1/256. Even if wobble base pairing (G:U 

pairing) [319] is considered in the design of repairers, the calculated chance for four bases 

matched is (1/3)4 or 1/81. (The calculation can be explained below. U, C and G are enough 

for pairing up with all possible canonical RNA bases with wobble base pairing because G 

can replace the function of A in pairing. In these three remaining bases, U pairs up with A 

with a chance of 1/4, C pairs up with G with a chance of 1/4 and G pairs up with C and U 

with a chance of 1/2. Therefore, the average chance of matching for a degenerate base 

that only contains U, C and G is 1/3. For four degenerate bases, the chance is reduced to 
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1/81. However, I eventually found that this calculation was wrong. The correct calculation 

is discussed in Section 6.8.6). 

6.8.1 Contribution of universal base in the mismatch repairers 

In order to solve the problems raised above, reducing the complexity of the two repairers is 

a straightforward solution to the difficulties in designing a set of suitable repairers for 

current mismatch repairs. Two kinds of bases can be chosen for the above purpose: natural 

universal base and artificial universal base. Inosine is a well-known natural universal base. 

It commonly exists in tRNAs and other RNAs [327, 328]. The advantage of inosine is that it 

may be utilized by T4 RNA Ligase 1 (a ligase used in the ligation of repairers) and other 

enzymes because it is a natural base. However, inosine is not truly universal in base pairing. 

It only pairs up with A, U and C in RNA [319] (and with A, T, C and G in DNA [329]), and 

preferentially pairs up with C in DNA, but not the others bases [329]. On the other hand, 5-

nitroindole is an artificial base also considered in current construction of repairers. The 

advantage of 5-nitroindole is that it can non-selectively pair up with all canonical natural 

DNA bases, i.e. A, T, C and G because it is a true universal base [320, 321]. However, the 

commercially available form of 5-nitroindole is deoxyribonucleoside 5-nitroindole. 

Together with its artificial nature, 5-nitroindole base may not be a good substrate for T4 

RNA Ligase 1 and other enzymes. 

6.8.2 Ligation of miRNA 5’ and 3’ repairers by T4 RNA Ligase 1 

Ligation of repairers (both miRNA 5’ and 3’ repairers) involves the ligation of single-

stranded repairer (RNA) to single-stranded miRNA (here single-stranded because of 

mismatches with the miRNA target), i.e. the joining of two single-stranded RNA molecules. 

This kind of ligation can be carried out by T4 RNA Ligase 1 (NEB) — an RNA ligase that 
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catalyzes the formation of phosphodiester bond between a 5’ phosphate group and a 3’ 

hydroxyl group through a condensation reaction [314, 330]. This enzyme actively catalyzes 

the joining of two single-stranded RNAs or one single-stranded RNA (self-ligation), but it 

also catalyzes the joining of nicks on double-stranded RNA. The minimal substrates of T4 

RNA Ligase 1 in the joining of two single-stranded RNAs are a nucleoside 3’,5’-bisphosphate 

donor (pNp) and a trinucleoside diphosphate acceptor (NpNpN) [314]. 

Both inosine and 5-nitroindole were evaluated in the construction of 5’ and 3’ repairers 

(see Section 5.11). The results indicated that inosine did not show any advantages for being 

a substrate of T4 RNA Ligase 1. Both inosine and 5-nitrindole should not be included in the 

minimal substrates of T4 RNA Ligase 1. In other words, the 5’ end of the RNA for joining 

and the first 3 bases at the 3’ end of the RNA for joining should not be inosine or 5-

nitroindole. If inosine or 5-nitroindole is included in these particular positions, the ligation 

of repairers to either sides of miRNA can be strongly impaired. These requirements suggest 

that the first 3 bases at the 3’ end (donor end) of the miRNA 5’ repairer and the 5’ end 

(acceptor end) of the miRNA 3’ repairer should be canonical bases. To maintain the ability 

in repairing the mismatches, random canonical bases are employed in these particular sites. 

On the other hand, 5-nitroindole is much more appropriate to be placed in other positions 

of the repairers because inosine does not show any advantages for being a substrate of T4 

RNA Ligase 1 and 5-nitroindole is a true universal base in pairing up with all canonical bases. 

Thus, 5-nitroindole is selected in constructing the two mismatch repairers in RIINGS. 

6.8.3 Repair of 5-nitroindole-containing nicks by T4 RNA Ligase 2 

On the other hand, two essential processes for generating the chimeric sequence of 

interest in RIINGS is needed after the ligation of the repairers for repairing the mismatches 
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at the 5’ and the 3’ ends of miRNAs. One of them is the repair of the gap between the 5’ 

end of the miRNA 5’ repairer and the 3’ end of the “Stem-Loop Adaptor (RNA)”. The other 

one is the extension of the 3’ end of the miRNA 3’ repairer for allowing this end to reach 

and form duplex at the restriction enzyme site that is located at the “Re-attaching Adaptor”. 

Both of these processes are achieved by the repeated ligation of the “Random Tetramer (5’ 

phosphorylated)” in RIINGS. This is a strategy of using random tetramer to fill up and repair 

the gap between the 5’ end of the miRNA 5’ repairer and the 3’ end of the “Stem-Loop 

Adaptor (RNA)” sequentially, and concurrently extend the 3’ end of the miRNA 3’ repairer 

(see Figure 3.1). In fact, this ligation is a process of continuous nick repair in double-

stranded manner and can be carried out by T4 RNA Ligase 2. In contrast to T4 RNA Ligase 1, 

T4 RNA Ligase 2 is an enzyme that actively catalyzes the joining of nicks on double-stranded 

RNA although it also catalyzes the joining of two single-stranded RNAs or a single-stranded 

RNA (RNA self-ligation). 

Since miRNA 5’ and 3’ repairers are 5-nitroindole-containing sequences, the nicks involving 

these two repairers are different from nicks not involving them. In reality, there is no 

information at all about whether the T4 RNA Ligase 2 can deal with these two kinds of nicks 

(One kind contains 5-nitroindole close to the donor (3’) end while the other kind contains 

5-nitroindole close to the acceptor (3’) end). Therefore, a set of additional mock 

experiments was conducted for evaluating the joining of these two kinds of nicks. The 

results indicated that the joining of the two kinds of nicks was still allowed even when the 

second position of the donor (5’) end or the acceptor (3’) end was a 5-nitroindole base (see 

Section 5.12). However, additional experiments have not yet been conducted for 

investigating whether ligation can still occur if the 5-nitroindole base is placed at the first 

position of the donor end or the acceptor end. It is because the binding of 5-nitroindole to 

any of the four canonical bases is weaker than C≡G pairing and A=U pairing [320, 331]. If 
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this less stable base pairing is introduced to the first position of the new extended ends 

(the 5’ end of the 5’ repairer and the 3’ end of the 3’ repairer), the stability of these two 

repairers may reduce. 

6.8.4 Reverse transcription of 5-nitroindole-containing RNA template 

As the 5-nitroindole-containing miRNA repairers are used in the construction of the 

chimeric sequence, the final chimeric sequence product also contains 5-nitroindole. This 

product is in fact a pool of 5-nitroindole-containing RNA sequences. These chimeric 

sequences need to be converted to DNA sequences before high-throughput sequencing. In 

the current investigation, Bst 3.0 DNA Polymerase (NEB) is the only polymerase that can 

reverse-transcribe the 5-nitroindole-containing RNA to cDNA. Bst 3.0 DNA Polymerase is a 

DNA/RNA-dependent DNA polymerase. This enzyme can choose either DNA or RNA 

sequence as the template to synthesize a complementary DNA sequence from a primer. In 

the evaluation of Bst 3.0 DNA Polymerase, two continuous 5-nitroindole bases at the 

template RNA can obviously impair the extension of the complementary sequence and 

three continuous 5-nitroindole bases can completely block the extension of the 

complementary sequence. The polymerase can only deal with a single substitution of 5-

nitroindole in RNA template. 

6.8.5 The setup of the miRNA 5’ and 3’ repairers 

According to the above findings, the first three bases at the 3’ end of the miRNA 5’ repairer 

should be canonical bases. If tetramer repairer is desired, the fourth position from the 3’ 

end (or the first position from the 5’ end) should be canonical base as well because 5-

nitroindole base is not preferred at the first position of the new extended end (see Section 

6.8.3 for the reason). Alternatively, the fourth position can be 5-nitroindole base if a 
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pentamer repairer is desired because a canonical base can be placed at the fifth position so 

that the 5-nitroindole base will not be located at the first position of the new extended end. 

In this design, the probability of the complementary of the entire pentamer repairer to a 

particular sequence is the matching probability of each canonical base raised to the power 

of four ([Pcanonical base]
4), the same probability of a tetramer repairer. However, if only the 

first four bases at the new extended end (5’ end of the 5’ repairer), the probability of 

complementarity would increase to [Pcanonical base]
3. Moreover, the existence of 5-nitroindole 

in the 5’ repairer can indeed help to determine the 5’ end of the miRNA because 5’ 

heterogeneity is commonly present in miRNAs. The 5-nitroindole base would be converted 

into canonical bases during reverse transcription. As the result, an induced variation can be 

detected in the sequencing result and regarded as a mark. Thus, the pentamer design is 

selected for constructing the miRNA 5’ end repairer in RIINGS. 

On the other hand, the first position at the 5’ end of the miRNA 3’ repairer must be a 

canonical base according to the results in Section 5.11.2.2. Meanwhile, the assignment of a 

canonical base at the first position of the 3’ end is also preferable in this repairer because 

5-nitroindole is not desirable at the first position of the new extended end. Therefore, only 

the two remaining positions in the middle are suitable for the 5-nitroindole base. As 

continuous 5-nitroindole bases at RNA template can strongly inhibit the reverse 

transcription, only one 5-nitroindole base can be included in the 3’ repairer. In the pilot 

design, the 5-nitroindole base is placed at the third position from the 5’ end. This design 

might have the advantage of stabilizing the binding of the 3’ repairer. Because the 5’ end of 

the 3’ repairer is the end directly connected to the mismatched 3’ end of the miRNA and 

this end may thus be very unstable in annealing, the placement of 5-nitroindole away from 

this end may have some positive effect in stabilizing the binding of the 3’ repairer. Likewise, 
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the existence of 5-nitroindole in the 3’ repairer can indeed help to determine the 3’ end of 

the miRNA as 3’ heterogeneity is commonly present in miRNAs. 

6.8.6 The use of canonical bases in the repairers and the calculation of the 

matching probability 

Canonical RNA bases have to be included in both miRNA 5’ and 3’ repairers. There are 4 

canonical RNA bases, i.e. A, U, C and G. Unlike the base pairing in DNA bases, G:U pairing is 

also allowed in RNA base pairing. The G:U pairing is one of the wobble base pairings [319]. 

With this additional base pairing, the pairing of all the four canonical bases can indeed be 

covered by only two bases because G can pair up with C and U, and U can pair up with A 

and G. Therefore, random G/U base is good enough for matching up with all four possible 

canonical bases. 

Using random G/U for constructing the miRNA 5’ and 3’ repairer can reduce the complexity 

of these repairers when compared with random A/U/C/G. Accordingly, the matching 

probability of the 5’ repairer should be (1/2)4 = 1/16 if random G/U is included in all four 

canonical base positions in the 5’ repairer. The matching probability would increase to 

(1/2)3 = 1/8 if only the first four bases are considered at the new extended end of this 

repairer (since the second position from the 5’ end of the 5’ repairer is a 5-nitroindole, the 

power in the above calculation should be 3 instead of 4). On the other hand, the matching 

probability of the 3’ repairer should be (1/2)3 = 1/8 as it has 3 canonical base positions. 

Consequently, the probability of repairing both ends of each miRNA is (1/8)2 = 1/64. 

 



342 

 

6.9 The repair of the gap for joining the two interacting RNAs 

After the “Stem-loop Adaptor (RNA)” is ligated to the 3’ end of target RNA, a gap is 

generated between the 5’ end of miRNA and 3’ end of the stem-loop adaptor (see Figure 

3.1 and Section 6.3). Two possible approaches can be used to fill this gap for joining the 

two interacting RNAs together. The first approach is “gap repair by synthesis”. The second 

approach is “gap repair by ligation”.  

In the first approach, the gap is first filled by an appropriate polymerase. After that, the 

nick between the newly synthesized sequence and the miRNA has to be sealed by a ligase 

(Figure 6.9.1, gap repair by synthesis). In fact, this approach is quite complicated. First, the 

polymerase must be able to synthesize a complementary strand for filling up the gap with 

the given RNA template and such polymerase should not have strand displacement activity. 

RNA-dependent DNA polymerase and RNA-dependent RNA polymerase are the two kinds 

of polymerases that can utilize RNA as templates for synthesizing a complementary strand. 

Polymerases of the former category are used to assemble complementary DNA strand 

while polymerases of the latter category are used to assemble complementary RNA strand. 

Second, the nick between the 5’ end of miRNA and the 3’ end of the newly synthesized 

sequence (Figure 6.9.1, gap repair by synthesis) needs to be sealed. However, no ligase can 

deal with the nick that is formed between the 5’ end of RNA and the 3’ end of DNA on a 

template RNA (Figure 6.9.1, left column of gap repair by synthesis) [312]. Therefore, gap 

filling by RNA-dependent DNA polymerase is not applicable here and only the RNA-

dependent RNA polymerase is potentially usable in the process of “gap repair by synthesis”. 

However, the use of RNA-dependent RNA polymerase in laboratory applications is lagging 

far behind when compared with other kinds of polymerases. Therefore, this kind of 

polymerases lacks commercial value and commercial sources. Phi6 RNA Replicase is an 
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RNA-dependent RNA polymerase supplied by Thermo Scientific. This polymerase is a 

primer-independent polymerase, which initiates the synthesis of complementary RNA from 

the 3’ end of a single-stranded nucleic acid template (DNA or RNA). According to the 

product description, this polymerase may have template specificity, which means it 

requires a specific recognition sequence for initiating the synthesis. Furthermore, the 

provided protocol indicates that this enzyme has strand displacement activity on RNA/DNA 

hybrid. However, we do not know whether this enzyme also has strand displacement 

activity on double-stranded RNA, which is detrimental to RIINGS. Considering all the above 

issues, the Phi6 RNA Replicase is not a suitable polymerase for filling the gap in RIINGS. 

Moreover, our knowledge of the properties of RNA-dependent RNA polymerases is lacking. 

Therefore, we are unable to find a suitable RNA-dependent RNA polymerase for evaluating 

the possibility of “gap repair by synthesis” up to the moment of submitting this thesis. 

In the second approach, the gap has to be filled up by short RNA oligos, and the reaction is 

catalyzed by a ligase (Figure 6.9.1, gap repair by ligation). T4 RNA ligase 2 (NEB) is a ligase 

that preferentially ligates double-stranded RNA or nick on double-stranded RNA. The 

properties of this enzyme indeed meet the requirements of “gap repair by ligation”. On the 

other hand, the short oligo for filling up the gap should have random sequence because the 

sequence of the miRNA target within the gap is unknown and variable. Moreover, one 

great disadvantage of this gap-filling strategy is that only the gap with a length equal to a 

multiple of the length of the short oligo can be repaired. For example, a tetramer RNA oligo 

only can fix the gap with a length equal to a multiple of four (4, 8, 12, 16, etc.). Tetramer 

RNA oligo cannot fix 10-base gap, 15-base gap, 17-base gap, etc. This particular setting also 

means that only 25% of the interacting miRNA-target RNA duplexes can be conjugated if a 

tetramer oligo is used. Actually, the shorter is the filler RNA used in the gap filling, the 

higher portion the duplexes can be conjugated, e.g. monomer can fill up 100% of gap, 
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dimer can fill up 50% of gap, trimer can fill up 33% of gap, tetramer can fill up 25% of gap 

and pentamer can fill up 20% of gap. Currently, the shortest RNA oligo available from IDT is 

tetramer. Therefore, random tetramer RNA oligo has been selected and evaluated in “gap 

repair by ligation” (see Section 5.13 for the results). Additionally, RNA monomer (NMPs) 

was also evaluated; however, the monomer is not a suitable substrate of T4 RNA ligase 2 

(see Section 5.13.1). Thus, only the tetramer RNA oligo can be used as the filler currently 

and the maximum effectiveness of the current gap repair approach is 25%. 

Notably, a large amount of mock duplex still cannot be ligated even the incubation has 

been performed at 16℃ and extended to 18 hours (see Section 5.13.2 and Figure 5.13.3). 

This indicates that the strategy of “gap repair by ligation” is working, but the efficiency is 

not too high. This is possibly because the filler (5-P Tetramer RNA) has been consumed in 

single-strand ligation (see Figure 5.13.2). However, because the process of “gap repair by 

ligation” is an on-bead process in the real situation, we can wash away the used ligation 

mixture and replace with new ligation mixture repeatedly until the gap is repaired. 
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Figure 6.9.1 Two gap-repair strategies: “gap repair by synthesis” and “gap repair by ligation”. 
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6.10 Advantages and applications of RIINGS 

Compared with previously developed experimental methods for identifying microRNA 

targets, the idea of the current method has the following advantages in theory. First, the 

current method is able to identify the miRNA-target site interactions in exact 

correspondence (not all the developed methods do, see Section 1.5). Second, the current 

method potentially enhances the generation of microRNA-target RNA chimeras by 

removing the spatial hindrance from Argonaute proteins. In addition, the removal of 

Argonaute proteins before generating chimeras can also avoid the bias in the generation of 

chimeras because only both miRNA and target RNA simultaneously protruding from the 

same AGO complex can be ligated and then generate the valid chimeras. Third, the 

approach to generating chimeric sequences in RIINGS is most likely able to avoid the 

generation of fake chimeras because the 3’ end of the target site (the end for generating 

chimeras) is protected by a stem-loop structure. Fourth, the increased efficiency of 

generating chimeras can result in a much better representation of the entire population of 

the miRNA-target site interactions. Therefore, RIINGS is an important method with high 

value in identifying miRNA interactomes. 

Since miRNAs play a key role in gene expression regulation (mRNA gene expression and 

long non-coding RNA functioning), the understanding of miRNA interactomes may explain 

many of phenomena in cells, such as differentiation, cell cycle regulation, cell metabolism 

and tumorigenesis. By the comparison of the differences of miRNA interactomes between 

different states of cells (e.g. cancer cells vs. normal counterpart), the detailed control and 

regulation of gene expression in response to the changes may be revealed. Because 

miRNAs can target many non-canonical target sites and target genes, e.g. 5’ UTRs, introns, 

multiple types of non-coding RNAs and pseudogenes [134, 295, 297, 299, 302], some 
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currently hidden functions of miRNAs may also be discovered. Therefore, a comprehensive 

method for identifying miRNA interactome is attractive in biology. 

 

6.11 Future work 

The first and most important work is to continue the construction of Library Enrichment 

Beads. These magnetic beads capture the interacting miRNA-target RNA duplexes released 

from Argonaute complex, and then allow the subsequent on-bead enzymatic reactions to 

be performed on the captured miRNA-target RNA duplex for generating the chimeric 

sequence. The current problem of the developed beads is that the captured mock targets 

are not efficiently released from the beads, i.e. the recovery rate of the captured sequence 

is low. This is most likely due to either or both of two possibilities. First, the spatial 

hindrance around the restriction enzyme site is great. That means that the restriction 

enzyme site for releasing the current mock target sequence by BanI is too close to the 

beads so that the BanI restriction enzyme is unable to cleave the cutting site and release 

the mock target. Second, the PEG coating may still be not good enough for covering the 

beads entirely. Originally, the beads are amine-modified magnetic beads. Each functional 

group has a positive charge. These positively charged amine groups on the beads are able 

to bind to negatively charged nucleic acid and cause non-specific enrichment of nucleic 

acids. This effect can be extended to the released mock target in the current evaluation 

and results in the released mock target re-attaching on the beads. To overcome the above 

two issues, a sandwich-like setting is worth exploring. 

The RIINGS method can potentially solve the mystery of miRNA interactomes. This Pandora 

box has been an unsolvable challenge in miRNA study and post-transcriptional regulation of 
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gene expression for about two decades. CLASH and MARIO are two experimental methods 

that are able to investigate the miRNA-target RNA interaction. However, their performance 

is not good enough. The miRNA interactions identified by CLASH were only supported by 

less than 2% of chimeric reads and more than 10% of these chimeric reads were fake 

chimeras as reported by the research team. MARIO used by the original group discovered 

only two hundred miRNA-target RNA interactions in the test cell model (including 100 

miRNA-mRNA interactions and 100 miRNA-snoRNA interactions). With RIINGS, we may able 

to unlock this unreachable mystery. This new idea may also open a new and invaluable 

research approach other than gene expression study and genomic study, which have 

already generated many fruitful results in the past. This new approach is the interactomic 

study. It has a tremendous potential in making breakthroughs to the current biological 

studies. If the genomic studies were the methods to identify the parts of a machine and the 

gene expression studies were the methods to count the number of piece of each kind of 

screw, gear, electronic component, etc. The interactomic study would be the method to 

investigate the blueprint of the connections between the parts and how the parts working 

with each other.  
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7. Conclusions 

RNA Interaction Identification by Next Generation Sequencing (RIINGS) is a method for 

investigating the exact corresponding interactions between microRNAs and their target 

RNAs on the scale of entire interactome.  

In the evaluation of the expression of AGO proteins in three different cell lines, the 

expression of AGO proteins in K562 cells is higher than in MEC-1 cells and Raji cells. 

The antibody eIF2C2 (4F9) (Santa Cruz) is selected for the immunoprecipitation step in 

RIINGS. Immunoprecipitation method that first incubates the total cell lysate with the 

antibodies for a period of time and then captures the antibody-target protein complexes by 

adding the beads to the lysate-antibody mixture has been selected in RIINGS. 

During the method development, a novel approach to linking the interacting miRNA-target 

RNA duplex via the stem-loop adaptor has been developed. This approach circumvents the 

restrictions imposed by ligase when it is used to ligate the interacting nucleic acid partners. 

This approach can be applied to the linking of other interacting nucleic acids with some 

minor modifications. 

Re-attaching Adaptor for RIINGS has been designed and the ligation condition of this 

adaptor to the 5’ end of the miRNA target site on in vivo isolated-AGO complex has been 

well optimized. 

The condition for RNase digestion has been well optimized for both RNase A and RNase I. 
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Eight different crosslinking conditions have been evaluated. However, there is no big 

difference between these conditions in the amounts of yielded AGO complex. Thus, all the 

eight crosslinking conditions can be used for the crosslinking in RIINGS. 

T4 polynucleotide kinase can be used to convert the 2´,3´-cyclic monophosphate end of the 

fragmented RNA to 3’ hydroxyl end. This treatment can improve the ligation of adaptor to 

3’ end of RNase-treated RNA.  

During the method development, a pair of mismatch repairers was invented. This pair of 

repairers each has particular sequence and length. The design minimizes the complexity of 

the two repairers and results in greater probability in repairing the 5' mismatch and the 3' 

mismatch on the miRNA to 1/16 and 1/8 respectively. 

The purity of the current immunoprecipitated AGO complex is good enough for RIINGS. No 

further purification is required for the AGO complex. 

Melting curve analysis has found that the melting peak of miRNA-target RNA duplexes is 

about 40℃ and the re-annealing of the melted duplexes is unlikely to occur. These 

evidences support the feasibility of RIINGS. 

Two approaches for estimating the amount of in vivo isolated-miRNA-target RNA duplex 

has been developed. One approach is used to estimate the amount of yielded miRNA-

target RNA duplex (before the two RNA sequences are linked) and another approach is 

used to quantify the amount of chimeras in the RIINGS-prepared library (after the two RNA 

sequences are linked). 



351 

 

Proteinase K is able to digest proteins at low temperature (4-16℃). It is able to release the 

interacting miRNA-target RNA duplex from the in vivo isolated-AGO complex at 4℃.  
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Appendices 

Appendix A: Preparation of buffers and stock solutions 

1. 0.5 M Tris-HCl, pH 8.0 

Reagent Amount to add Final concentration 

Tris 30.29 g 0.5 M 

Milli-Q Water 400 ml -- 

Adjust the pH to 8.0 with HCl. Then adjust the volume to 500 ml with Milli-Q Water and 

sterilize by autoclave. Store the buffer at 4℃. 

2. 0.5 M Tris-HCl, pH 6.8 

Reagent Amount to add Final concentration 

Tris 30.29 g 0.5 M 

Milli-Q Water 400 ml -- 

Adjust the pH to 6.8 with HCl. Then adjust the volume to 500 ml with Milli-Q Water and 

sterilize by autoclave. Store the buffer at 4℃. 

3. 1.5 M Tris-HCl, pH 8.8 

Reagent Amount to add Final concentration 

Tris 90.86 g 0.5 M 

Milli-Q Water 400 ml -- 

Adjust the pH to 8.8 with HCl. Then adjust the volume to 500 ml with Milli-Q Water and 

sterilize by autoclave. Store the buffer at 4℃. 
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4. 0.5 M EDTA, pH 8.0 

Reagent Amount to add Final concentration 

EDTA disodium salt dihydrate 93.06 g 0.5 M 

Milli-Q Water 400 ml -- 

Adjust the pH to 8.0 with NaOH. Then adjust the volume to 500 ml with Milli-Q Water and 

sterilize by autoclave. Store the buffer at room temperature. 

5. 10% (v/v) Nonidet P-40 (NP-40) 

Reagent Amount to add Final concentration 

NP-40 5 ml 10% (v/v) 

Adjust the volume to 50 ml with UltraPure™ Distilled Water (Life Technologies). Store the 

solution at room temperature. 

6. 10% (v/v) Tween® 20 

Reagent Amount to add Final concentration 

Tween 20 5 ml 10% (v/v) 

Adjust the volume to 50 ml with UltraPure™ Distilled Water (Life Technologies). Store the 

solution at room temperature. 
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7. 10% (w/v) Sodium dodecyl sulfate (SDS) 

Reagent Amount to add Final concentration 

SDS 5 g 10% (w/v) 

Dissolve in 40 ml UltraPure™ distilled water (Life Technologies). Then adjust the volume to 

50 ml. Store the solution at room temperature. 

8. 30% (w/v) Acrylamide (29:1) 

Reagent Amount to add Final concentration 

Acrylamide 72.5 g 29% (w/v) 

N,N’-methylenebisacrylamide 2.5 g 1% (w/v) 

Dissolve in 200 ml Milli-Q water. Then adjust the volume to 250 ml. Store the solution in 

dark at 4℃. 

9. 10% (w/v) Ammonium persulfate 

Reagent Amount to add Final concentration 

Ammonium persulfate 1 g 10% (w/v) 

Dissolve in 8 ml Milli-Q water. Then adjust the volume to 10 ml. This solution only can be 

stored at 4℃ for no more than 2-3 weeks because ammonium persulfate slowly decay in 

aqueous form. 

 

 



356 

 

10. 10X SDS-PAGE Running Buffer 

Reagent Amount to add Final concentration 

Tris 30.3 g 250 mM 

Glycine 144 g 1.92 M 

SDS 10 g 1% (w/v) 

Dissolve in 800 ml Milli-Q water. Then adjust the volume to 1 L. The pH of the buffer should 

be around 8.3 and pH calibration is not needed. Store the solution at room temperature. 

11. 1X SDS-PAGE Running Buffer 

Reagent Amount to add Final concentration 

10X SDS-PAGE Running Buffer 100 ml 1X 

Milli-Q water 900 ml -- 

Store the solution at room temperature. 

12. 1X Transfer Buffer 

Reagent Amount to add Final concentration 

Tris 6.06 g 25 mM 

Glycine 28.8 g 192 mM 

Methanol 400 ml 20% (v/v) 

Dissolve in 1200 ml Milli-Q water. Then adjust the volume to 2 L. The pH of the buffer 

should be around 8.3 and pH calibration is not needed. Store the solution at 4℃. 
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13. 10X TBST 

Reagent Amount to add Final concentration 

Tris 24.23 g 200 mM 

NaCl 87.66 g 1.5 M 

Tween 20 10 ml 1% (v/v) 

Milli-Q Water 800 ml -- 

   

Adjust the pH to 7.5 with HCl. Then adjust the volume to 1 L with Milli-Q Water. Store the 

solution at room temperature. 

14. 1X TBST 

Reagent Amount to add Final concentration 

10X TBST 100 ml 1X 

Milli-Q water 900 ml -- 

Store the solution at room temperature. 

15. 1X Detergent-contained Lysis Buffer 

Reagent Amount to add Final concentration 

0.5 M Tris-HCl, pH 8.0 2 ml 20 mM 

5 M NaCl (Life Technologies) 1.37 ml 137 mM 

10% NP-40 5 ml 1% 

0.5 M EDTA, pH 8.0 200 μl 2 mM 

cOmplete ULTRA Tablets 
(Roche) 1 tablet 1X 

Adjust the volume to 50 ml with UltraPure™ Distilled Water (Life Technologies). Store the 

buffer at -20℃. 
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16. 1X Detergent-free Lysis Buffer 

Reagent Amount to add Final concentration 

10X PBS (Life Technologies) 5 ml 1X 

0.5 M EDTA, pH 8.0 0.5 ml 5 mM 

cOmplete ULTRA Tablets 
(Roche) 1 tablet 1X 

Adjust the volume to 50 ml with UltraPure™ Distilled Water (Life Technologies). Store the 

buffer at -20℃. 

17. 1X Detergent-free Lysis Buffer (protease inhibitor-free) 

Reagent Amount to add Final concentration 

10X PBS (Life Technologies) 5 ml 1X 

0.5 M EDTA, pH 8.0 0.5 ml 5 mM 

Adjust the volume to 50 ml with UltraPure™ Distilled Water (Life Technologies). Store the 

buffer at -20℃. 

18. Denaturing lysis Buffer 

Reagent Amount to add Final concentration 

0.5 M EDTA, pH 8.0 0.5 ml 5 mM 

10% (w/v) SDS 5 ml 1% 

cOmplete ULTRA Tablets 
(Roche) 1 tablet 1X 

Adjust the volume to 50 ml with UltraPure™ Distilled Water (Life Technologies). Add 100 μl 

of 0.1 M dithiothreitol to 900 μl of the above buffer to obtain a final concentration of 10 

mM dithiothreitol before use. Store the buffer at RT up to 1 week. 
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19. 2X Laemmli Sample Buffer 

Reagent Amount to add Final concentration 

0.5 M Tris-HCl, pH 6.8 1.25 ml 0.0625M 

10% (w/v) SDS 2 ml 2% 

Glycerol 2.5 ml 25% 

0.5% (w/v) bromophenol blue 0.2 ml 0.01% 

Deionized water 3.55 ml -- 

Add 50 μl of β-mercaptoethanol to 950 μl of the above buffer to obtain a final 

concentration of 5% β-mercaptoethanol before use. Store the buffer at 4℃. 

20. 1X Laemmli Sample Buffer 

Reagent Amount to add Final concentration 

0.5 M Tris-HCl, pH 6.8 0.625 ml 0.03125M 

10% (w/v) SDS 1 ml 1% 

Glycerol 1.25 ml 12.5% 

0.5% (w/v) bromophenol blue 0.1 ml 0.005% 

Deionized water 7 ml -- 

Add 25 μl of β-mercaptoethanol to 975 μl of the above buffer to obtain a final 

concentration of 5% β-mercaptoethanol before use. Store the buffer at 4℃. 
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21. 2X Laemmli Sample Buffer (without dye) 

Reagent Amount to add Final concentration 

0.5 M Tris-HCl, pH 6.8 1.25 ml 0.0625M 

10% (w/v) SDS 2 ml 2% 

Glycerol 2.5 ml 25% 

Deionized water 3.75 ml -- 

Add 50 μl of β-mercaptoethanol to 950 μl of the above buffer to obtain a final 

concentration of 5% β-mercaptoethanol before use. Store the buffer at 4℃.  



361 

 

Appendix B: Preparation of polyacrylamide gels 

 

SDS polyacrylamide gel 

Stacking gel 

  4% Gel 

Milli-Q water 3 ml 

30% Acrylamide 0.67 ml 

0.5 M Tris-HCl, pH 6.8 1.25 ml 

10% SDS 50 μl 

10% Ammonium persulfate 50 μl 

TEMED (Bio-Rad) 5 μl 

Total Volume 5 ml 

The volume of 5 ml in total is sufficient for casting one stacking gel for Mini-PROTEAN Tetra 

Vertical Electrophoresis Cell (Bio-Rad). 

 

Separating gel 

  8% Gel 10% Gel 15% Gel 

Milli-Q water 3.7 ml 3.2 ml 1.8 ml 

30% Acrylamide 2.13 ml 2.67 ml 4 ml 

1.5 M Tris-HCl, pH 8.8 2 ml 2 ml 2 ml 

10% SDS 80 μl 80 μl 80 µl 

10% Ammonium persulfate 80 μl 80 μl 80 µl 

TEMED (Bio-Rad) 8 μl 8 μl 8 µl 

Total Volume 8 ml 8 ml 8 ml 

The volume of 8 ml in total is sufficient for casting one separating gel for Mini-PROTEAN 

Tetra Vertical Electrophoresis Cell (Bio-Rad).  
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Appendix C: Preparation of reaction mixtures 

 

Table 1 Composition of the radiolabeling reaction for the Stem-Loop Adaptor (RNA). 

Reagent Amount to add Final concentration 

Stem-Loop Adaptor (RNA) (100 μM) 1.2 μl 2.4 μM 
10X T4 Polynucleotide Kinase Reaction Buffer 
(NEB) 5 μl 1X 
32P-γ-ATP (10 μCi/μl, 3.3 μM, PerkinElmer) 25 μl 5 μCi/μl 

T4 Polynucleotide Kinase (10 U/μl, NEB) 5 μl 1 U/μl 

RNase Inhibitor, Murine (40 u/μl, NEB) 1.25 μl 1 U/μl 

UltraPure™ Distilled Water (Life Technologies) 12.55 μl -- 

Total 50 μl -- 

 

Table 2 Composition of the CIP treatment mixture. 

Reagent Amount to add Final concentration 

10X NEBuffer 1 (NEB) 15 μl 1X 
Alkaline Phosphatase, Calf Intestinal (10 U/μl, 
NEB) 7.5 μl 0.5 U/μl 

RNase Inhibitor, Murine (40 u/μl, NEB) 3.75 μl 1 U/μl 

UltraPure™ Distilled Water (Life Technologies) 123.75 μl -- 

Total 150 μl -- 

 

Table 3 Composition of the reaction mixture for the ligation of radiolabeled stem-loop adaptor. 

Reagent Amount to 

add 

Final 

concentration 

5X NEBNext® Quick Ligation Reaction Buffer (NEB) 20 μl 1X 
T4 RNA Ligase 1 (ssRNA Ligase), High Concentration (30 
U/μl, NEB) 5-10 μl 1.5-3 U/μl 

Radiolabeled Stem-Loop Adaptor (RNA)(2.4 µM) 10-40 µl 240-960 nM 

RNase Inhibitor, Murine (40 u/μl, NEB) 2.5 μl 1 U/μl 

UltraPure™ Distilled Water (Life Technologies) 32.5-62.5 μl -- 

Total 100 μl -- 
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Table 4 Composition of the reaction mixture for radiolabeling the Re-attaching Adaptor (DNA-RNA). 

Reagent Amount to 

add 

Final 

concentration 

Re-attaching Adaptor (DNA-RNA) (100 μM) 1.2 μl 2.4 μM 

5X NEBNext® Quick Ligation Reaction Buffer (NEB) 10 μl 1X 

[5’-32P] pCp (10 μCi/μl, 3.3 μM, PerkinElmer) 25 μl 5 μCi/μl 
T4 RNA Ligase 1, High Concentration (30 U/μl, 
NEB) 5 μl 3 U/μl 

RNase Inhibitor, Murine (40 U/μl, NEB) 1.25 μl 1 U/μl 

UltraPure™ Distilled Water (Life Technologies) 7.55 μl -- 

Total 50 μl -- 

 

Table 5 Composition of PNK treatment mixture with ATP. 

Reagent Amount to 

add 

Final 

concentration 

10X T4 Polynucleotide Kinase Reaction Buffer (NEB) 15 μl 1X 

10 mM ATP 15 μl 1 mM 
T4 Polynucleotide Kinase, 3’ phosphatase minus (10 
U/μl, NEB) 7.5 μl 0.5 U/μl 

RNase Inhibitor, Murine (40 u/μl, NEB) 3.75 μl 1 U/μl 

UltraPure™ Distilled Water (Life Technologies) 108.75 μl -- 

Total 150 μl -- 

 

Table 6 Composition of the reaction mixture for the ligation of radiolabeled re-attaching adaptor. 

Reagent Amount to 

add 

Final 

concentration 

5X NEBNext® Quick Ligation Reaction Buffer (NEB) 20 μl 1X 
T4 RNA Ligase 1 (ssRNA Ligase), High Concentration (30 
U/μl, NEB) 5 μl 1.5 U/μl 

Radiolabeled Re-attaching Adaptor (DNA-RNA)(1.2 µM) 10 µl 120 nM 

Unlabeled Re-attaching Adaptor (DNA-RNA)(10 µM) 8.4 µl 840 nM 

RNase Inhibitor, Murine (40 U/μl, NEB) 2.5 μl 1 U/μl 

UltraPure™ Distilled Water (Life Technologies) 54.1 μl -- 

Total 100 μl -- 
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Table 7 Composition of T4 PNK treatment mixture without ATP. 

Reagent Amount to add Final concentration 

10X T4 Polynucleotide Kinase Reaction Buffer 
(NEB) 15 μl 1X 

T4 Polynucleotide Kinase (10 U/μl, NEB) 15 μl 1 U/μl 

RNase Inhibitor, Murine (40 U/μl, NEB) 3.75 μl 1 U/μl 

UltraPure™ Distilled Water (Life Technologies) 116.25 μl -- 

Total 150 μl -- 

 

Table 8 Preparation of reaction mixtures for melting curve analysis pf RNA duplex. 

Condition 

1.5 µM 

Syto9, 

7.5 µl 

sample 

1.5 µM 

Syto9, 

10 µl 

sample 

1.5 µM 

Syto9, 

12.5 µl 

sample 

2 µM 

Syto9, 

7.5 µl 

sample 

2 µM 

Syto9, 

10 µl 

sample 

2 µM 

Syto9, 

12.5 µl 

sample 

2.5 µM 

Syto9, 

7.5 µl 

sample 

2.5 µM 

Syto9, 

10 µl 

sample 

2.5 µM 

Syto9, 

12.5 µl 

sample 

Duplex Buffer 

(IDT) 
11.90 9.40 6.90 11.70 9.20 6.70 11.50 9.00 6.50 

Syto 9 (50 µM, 

diluted in water) 
0.6 0.6 0.6 0.8 0.8 0.8 1 1 1 

Sample 

(Extract/Blank*) 
7.50 10.00 12.50 7.50 10.00 12.50 7.50 10.00 12.50 

Total volume 20 20 20 20 20 20 20 20 20 

*The blank was 200 µl of 1X Detergent-free Lysis Buffer (protease inhibitor-free) plus 

corresponding amount of proteinase K. 

 

Table 9 Composition of annealing reaction mixtures for evaluating miRNA 5’ end repairer. 

Reagent Amount to add Final concentration 

Artificial Binding Site (RNA)(100 μM) 1.5 μl 90.91 μM 

Artificial Mir 3 or Artificial Mir 4 (100 μM) 0.15 μl 9.09 μM 

Total 1.65 μl -- 
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Table 10 Composition of miRNA 5’ repairer ligation mixtures for evaluating miRNA 5’ end repairer. 

Reagent Amount to add Final concentration 

Annealing reaction mixture from Table 9 1.65 μl 

Artificial Binding 
Site (RNA): 15 μM 
Artificial Mir3/4: 

1.5 μM 
miRNA 5’ mismatch repairer (Random C/I 
Tetramer, tetramer N, tetramer C or tetramer 
(CCCI))(1000 μM) 0.75 µl 

75 μM (50 times of 
artificial miRNA) 

10X T4 RNA Ligase Reaction Buffer (NEB) 1 μl 1X 

ATP (100 mM)(NEB) 0.1 μl 1 mM 
T4 RNA Ligase 1 (ssRNA Ligase), High 
Concentration (30U/ μl, NEB) 0.5 μl 1.5 U/ μl 

UltraPure™ Distilled Water (Life Technologies) 6 μl -- 

Total 10 μl -- 

 

Table 11 Composition of dephosphorylation reaction mixtures 

Reagent Amount to add Final concentration 

Artificial Mir 3 or Artificial Mir 4 (100 μM) 5 μl 25 μM 
10X Shrimp Alkaline Phosphatase Reaction 
Buffer (USB) 2 μl 1X 

Shrimp Alkaline Phosphatase (1 U/μl, USB) 5 μl 0.25 U/μl 

UltraPure™ Distilled Water (Life Technologies) 8 μl -- 

Total 20 μl -- 

 

Table 12 Composition of annealing reaction mixtures for evaluating miRNA 3’ end repairer. 

Reagent Amount to add Final concentration 

Artificial Binding Site (RNA)(100 μM) 1.5 μl 90.91 μM 
Dephosphorylated Artificial Mir 3 or 
dephosphorylated Artificial Mir 4 (25 μM) 0.6 μl 9.09 μM 

Total 2.1 μl -- 
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Table 13 Composition of miRNA 3’ repairer ligation mixtures for evaluating miRNA 3’ end repairer. 

Reagent Amount to add Final concentration 

Annealing mixture from Table 12 2.1 μl 

Artificial Binding 
Site (RNA): 15 μM 
Artificial Mir3/4: 

1.5 μM 
miRNA 3’ mismatch repairer (Tetramer C-
Phosphorylated or Tetramer-Phosphorylated 
(ICCC))(1000 μM) 0.75 µl 

75 μM (50 times of 
artificial miRNA) 

10X T4 RNA Ligase Reaction Buffer (NEB) 1 μl 1X 

ATP (100 mM)(NEB) 0.1 μl 1 mM 
T4 RNA Ligase 1 (ssRNA Ligase), High 
Concentration (30U/ μl, NEB) 0.5 μl 1.5 U/ μl 

UltraPure™ Distilled Water (Life Technologies) 5.55 μl -- 

Total 10 μl -- 

 

Table 14 Table for the setup of miRNA 5’ repairer ligation mixtures in NEBNext® Quick Ligation Reaction 

Buffer (for miRNA 5’ end repairer evaluation). 

Reagent Amount to add Final concentration 

Annealing mixture from Table 9 1.65 μl 

Artificial Binding 
Site (RNA): 15 μM 
Artificial Mir3/4: 

1.5 μM 
miRNA 5’ mismatch repairer (5’ Repairer 
(GXAGA))(1000 μM) 0.75 µl 

75 μM (50 times of 
artificial miRNA) 

5X NEBNext® Quick Ligation Reaction Buffer 
(NEB) 2 μl 1X 
T4 RNA Ligase 1 (ssRNA Ligase), High 
Concentration (30U/ μl, NEB) 0.5 μl 1.5 U/ μl 

UltraPure™ Distilled Water (Life Technologies) 5.1 μl -- 

Total 10 μl -- 
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Table 15 Composition of annealing reaction mixtures for evaluating the ligation of two different kinds of 

nicks that are generated after the repair of the 5’ and 3’ ends of mismatched miRNA. 

Reagent Amount to add Final concentration 

Repaired 5’ end Template 
 or Repaired 3’ end Template (100 μM) 0.2 μl 50 μM 
Repaired 5’ end (GUXG-)  
or Repaired 5’ end (GXAG-)  
or Repaired 3’ end (-XXAG) 
or Repaired 3’ end (-XXXG) (100 μM) 0.2 μl 50 μM 

Total 0.4 μl -- 

 

Table 16 Composition of ligation mixtures for evaluating the ligation of two different kinds of nicks that are 

generated after the repair of the 5’ and 3’ ends of mismatched miRNA. 

Reagent Amount to add Final concentration 

Annealing reaction mixture from Table 15 0.4 μl 2 μM (each oligo) 
5X NEBNext® Quick Ligation Reaction Buffer 
(NEB) 2 μl 1X 

T4 RNA Ligase 2 (dsRNA Ligase) (10U/ μl, NEB) 0.5 μl 1.5 U/ μl 

UltraPure™ Distilled Water (Life Technologies) 7.1 μl -- 

Total 10 μl -- 

 

Table 17 Composition of annealing reaction mixtures for evaluating the repair of gap by the ligation approach. 

Reagent Amount to add Final concentration 

Artificial Binding Site (RNA, HEX)(100 μM) 0.2 μl 50 μM 

Artificial Mir 5 (FAM) (100 μM) 0.2 μl 50 μM 

Total 0.4 μl -- 
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Table 18 Composition of ligation mixtures for evaluating the repair of gap by the ligation approach under the 

seven conditions. The subtotal 1 should be chilled on ice until the temperature is equilibrated before the next 

step. The subtotal 2 should be incubated at 4℃ for 30 minutes before the next step. (See Section 4.15.2 for the 

details of the procedure) 

Reagent Amount to add Final concentration 

in the 10 μl reaction 

5X NEBNext® Quick Ligation Reaction Buffer 
(NEB) 2 μl 1X 

5-P Tetramer N (1000 μM) 0-2 μl 0-200 μM 

NMPs (10 mM) 0-1 μl 0-1 mM 

UltraPure™ Distilled Water (Life Technologies) 4.3-6.1 μl -- 

Subtotal 1 9.1-9.3 μl -- 

   

Subtotal 1 9.1-9.3 μl -- 

Annealing reaction mixture from Table 17 0.2-0.4 μl 1-2 μM (each oligo) 

Subtotal 2 9.5 μl -- 

   

Subtotal 2 9.5 μl -- 

T4 RNA Ligase 2 (10 U/μl, NEB) 
or T4 DNA Ligase (2000 U/μl, NEB) 0.5 μl 

0.5 U/μl (T4 RNA 
Ligase 2), 10 U/μl (T4 

DNA Ligase) 

Total 10 μl -- 
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Table 19 Composition of ligation mixtures for investigating the optimal ligation time in the repair of gap by 

the ligation approach. The subtotal 1 should be chilled on ice until the temperature is equilibrated before the 

next step. The subtotal 2 should be incubated at 4℃ for 30 minutes before the next step. (See Section 4.15.2 

for the details of the procedure) 

Reagent Amount to add Final concentration 

in the 10 μl reaction 

5X NEBNext® Quick Ligation Reaction Buffer 
(NEB) 2 μl 1X 

5-P Tetramer N (1000 μM) 2 μl 200 μM 

UltraPure™ Distilled Water (Life Technologies) 4.3 μl -- 

Subtotal 1 8.3 μl -- 

   

Subtotal 1 8.3 μl -- 

Annealing reaction mixture from Table 17 0.2 μl 1 μM (each oligo) 

Subtotal 2 8.5 μl -- 

   

Subtotal 2 8.5 μl -- 

T4 RNA Ligase 2 (10 U/μl, NEB)(1/3X diluted) 1.5 μl 
0.5 U/μl (T4 RNA 

Ligase 2) 

Total 10 μl -- 
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Table 20 Composition of reverse transcription reaction mixtures for evaluating whether candidate 

polymerases can deal with successive 5-nitroindole. 

Reagent Amount to add 

Final 

concentration 

5-NitInd RT temp 1 0.3 μl 2.4 μM 

5-NitInd RT primer 1 0.3 μl 2.4 μM 
RT 10X Buffer (supplied with Tth DNA Polymerase, 
Promega), 
10X Isothermal Amplification Buffer II (supplied with 
Bst 3.0 DNA Polymerase, NEB), 
5X NEBNext® Quick Ligation Reaction Buffer (NEB), 
CutSmart® Buffer (10X, NEB) 

2.5 μl (for 5X 
buffers) 

1.25 μl (for 10X 
buffers) 1X 

dNTPs (10 mM) 0.625-2.5 μl 0.5-2 mM 

MnCl2 (100 mM) 0-0.625 μl 0-5 mM 
Tth DNA Polymerase (5U/ μl, Promega, M2101) 
MMLV (200U/ μl, Promega, M1705) 
MMLV RNaseH-, Point Mutant (200U/ μl, Promega, 
M3681) 
MMLV (200U/ μl, Invitrogen, 28025-021) 
SuperScript II (200U/ μl, Invitrogen, 18064-014) 
SuperScript III (200U/ μl, Invitrogen, 18080-044) 
Transcriptor High Fidelity Reverse Transcriptase (20U/ 
μl, supplied with Transcriptor High Fidelity cDNA 
Synthesis Kit, Roche, 05081963001) 
Cloned AMV Reverse Transcriptase (15U/ μl, 
Invitrogen, 12328-019) 
AMV Reverse Transcriptase (25U/ μl, USB, 70041Y) 
Bst 3.0 DNA Polymerase (8U/ μl, NEB, M0374S) 1 μl 0.4-16U/μl 

UltraPure™ Distilled Water (Life Technologies) 5.27-9.02 μl -- 

Total 12.5 μl -- 
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Table 21 Composition of reverse transcription reaction mixtures for further investigating the real situation in 

converting 5-nitroindole containing RNA template to cDNA. 

Reagent Amount to add 

Final 

concentration 

5-NitInd RT temp 2 0.3 μl 2.4 μM 

5-NitInd RT primer 2 0.3 μl 2.4 μM 

5X NEBNext® Quick Ligation Reaction Buffer (NEB) 2.5 μl  1X 

dNTPs (10 mM) 2.5 μl 2 mM 

MnCl2 (100 mM) 1.25 μl 10 mM 

Bst 3.0 DNA Polymerase (8U/ μl, NEB, M0374S) 1 μl 0.64U/μl 

UltraPure™ Distilled Water (Life Technologies) 4.65 μl -- 

Total 12.5 μl -- 
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