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ABSTRACT 

 

Regulation of eukaryotic gene expression by microRNAs, 19-25 nt long non-

coding RNAs, plays a major part in organismal development and function. Individual 

miRNAs often exist as populations of length variants but the mechanisms underlying 

this heterogeneity are poorly understood. Here we identified a large set of miRNAs 

that are significantly shortened during mouse nervous system development. This 

phenomenon, which we refer to as miRNA trimming, occurs at the 3’ end of mature 

miRNAs following the Dicer processing step. Of the four miRNA-interacting 

Argonaute paralogs encoded in mammalian genomes, Ago2-bound miRNAs are 

trimmed with the highest efficiency. This is consistent with the high expression of 

Ago1 in embryonic brain and an increase in the relative abundance of Ago2 at the later 

developmental stages. We further show that the trimming efficiency is defined by the 

structure of the Argonaute PAZ domain interacting with the miRNA 3’ end as well as 

the identity of the 3’-terminal nucleotide. These results uncover the previously 

unknown Argonaute role in developmentally regulated changes in the composition of 

miRNA isoforms. 



1. INTRODUCTION 

The information encoded in genomes of higher eukaryotes is sufficient to 

program the development from a unicellular zygote to a fully grown multicellular 

organism. Expression of this genetic information stored in the form of DNA requires 

its transcription into RNA. A fraction of transcripts called messenger RNAs (mRNAs) 

is further translated into proteins, the major building blocks of contemporary cell-

based life forms. In addition to mRNAs, a number of non-coding RNAs (ncRNAs), 

both short (<200 nt) and long (>200 nt), are known to be synthesized in eukaryotic 

cells. Of these, short ncRNAs form a major class of regulatory ncRNAs mediating post 

transcriptional control of gene expression. 

 

1.1 Short ncRNAs 

Short ncRNAs (sncRNAs) have been amongst the first RNA molecules discovered in 

the cell (Holley et al., 1965). Despite their modest size, sncRNAs are known to play a 

variety of important roles ranging from structural and catalytic to adaptor and 

regulatory (Aalto & Pasquinelli, 2012; Ambros, 2004; Bartel, 2004; Bartel, 2009; 

Bushati & Cohen, 2007; Kim, 2005). The originally identified sncRNAs were 

typically 30-200 nt long and included 5S and 5.8S ribosomal RNAs (rRNAs), transfer 

RNAs (tRNAs), small nuclear (sn) and small nucleolar (sno) RNAs as well as the 7SL 

RNA component of the cytoplasmic signal recognition particle (Bachellerie et al., 

2002; Bishop et al., 1970a; Bishop et al., 1970b; Matera et al., 2007; Zieve & Penman, 

1976). Recent studies have shown that a substantially more diverse class of sncRNAs 

encoded in eukaryotic genome comes within 18-30 nt size range. These sncRNAs 

function as important players in spatiotemporal regulation of gene expression through 

mRNA degradation, translational repression and transcriptional silencing mechanisms. 
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Based on the mechanism of biogenesis and interacting protein partners these 18-30 nt 

sncRNAs can be classified into three classes (Kim et al., 2009). 

i) Piwi-interacting RNAs (piRNAs) 

s) 

s)  

ii) Small interfering RNAs (siRNA

iii) MicroRNAs (miRNA

Despite important differences in their biogenesis and function, these sncRNAs share 

several similar features including their relatively uniform lengths, presence of a 5’ 

phosphate and association with a specific member of the Argonaute protein family 

(Czech & Hannon, 2011). 

 

1.1.1 piRNAs 

piRNAs were initially identified in germ line cells of Drosophila and later 

discovered in other organisms including mammals  (Aravin et al., 2003; Grivna et al., 

2006; Horwich et al., 2007; Watanabe et al., 2006). These are single-stranded RNAs 

with a typical length of 24-30 nts. piRNAs feature phosphorylated 5’ ends and a 2’-O-

methyl (2’-O-me) modifications at their 3’ ends. piRNAs associate with members of 

the PIWI clade of the Argonaute super-family (hence the name “piRNAs”) and play a 

key role in the maintenance of the germ line stability of various organisms by 

repressing diverse transposable elements (Girard et al., 2006; Grivna et al., 2006; 

Houwing et al., 2007; Stefani & Slack, 2008; Vagin et al., 2006). 

 

1.1.2 siRNAs 

siRNAs are sncRNAs of ∼21 nt size found in invertebrates (e.g., Drosophila, 

C. elegans), vertebrates (e.g., human or mouse) and plants. siRNAs are produced from 

longer double-stranded (ds) RNA precursors by Dicer endonuclease (Dicer in mouse 
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and Dicer-2 in flies). Unlike miRNAs (section 1.1.3), this reaction does not require 

Drosha (Babiarz et al., 2008; Jones-Rhoades et al., 2006; Kawamura et al., 2008; Kim 

et al., 2009; Okamura et al., 2008; Watanabe et al., 2008). Naturally occurring 

dsRNAs are derived from transposons, sense-antisense transcript pairs and specialized 

long stem-loop structures of endogenous origin. Furthermore, siRNAs can also be 

generated by processing of exogenous long dsRNAs delivered into cells under 

laboratory conditions or as a result of viral infection (Elbashir et al., 2001b; Fire et al., 

1998; Jones et al., 1998; Liu et al., 2004; Zhao et al., 2003). Moreover, synthetic 

exogenous (exo) siRNAs are a commonly used research tool for knocking down the 

expression of specific genes in mammalian cells (Elbashir et al., 2001a). siRNAs 

associate with the Ago clade of Argonaute super–family. siRNA-loaded Ago proteins 

additionally associate with other proteins to form so-called siRNA-induced Silencing 

Complex (siRISC). This complex functions as the central part of the RNA interference 

(RNAi) machinery by inducing sequence-specific endolytic cleavage of target 

mRNAs. siRNAs in plants and worms are generated by a more complex pathway that 

relies on RNA-dependent RNA polymerases (RdRPs) (Chapman & Carrington, 2007). 

 

1.1.3 miRNAs 

miRNAs are sncRNAs of about 22 nt that are expressed in tissue-specific and 

developmentally regulated manner. Human and mouse genomes encode hundreds of 

distinct miRNAs, each potentially targeting an extensive set of mRNA targets 

(Ambros, 2004; Bartel, 2004; Bartel, 2009; Bushati & Cohen, 2007; Kim, 2005). 

miRNAs contribute in shaping the post transcriptional regulatory landscape of an 

eukaryotic cell. They base-pair to the target mRNAs within the 3’UTR or sometimes 

other mRNA regions and normally lead to mRNA translational repression or/and 
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degradation. A number of miRNAs have been shown to play critical roles in diverse 

aspects of development and physiology (Bushati & Cohen, 2007; Carrington & 

Ambros, 2003; Fineberg et al., 2009; Kim, 2005; Leung & Sharp, 2010; Wienholds & 

Plasterk, 2005).  

 The first miRNA lin-4 was discovered in Caenorhabditis elegans by Victor 

Ambros and Gary Ruvkun in 1993 as post transcriptional regulator of lin-14 transcript 

resulting in reduced protein levels (Lee et al., 1993; Wightman et al., 1993). With 

advancements in molecular biology approaches including RNA deep sequencing 

technologies and computational prediction methods a large number of miRNAs and 

their potential targets have been identified. 

 

1.2 miRNA Biogenesis 

1.2.1 miRNA genes and transcription 

miRNAs are found at diverse genomic locations including both protein coding 

(intragenic miRNAs) as well as non-protein-coding regions (intergenic miRNAs). 

Interestingly, in the latter case, mammalian miRNAs are often expressed from gene 

paralogues (Lagos-Quintana et al., 2001; Lau et al., 2001; Mourelatos et al., 2002). 

Within transcripts undergoing splicing, miRNAs can be intronic or exonic in origin 

(Kim et al., 2009; Lee et al., 2002). Individual miRNAs are often transcribed from 

separate gene promoters. In addition, a fraction of miRNAs is encoded in clusters and 

expressed in this case as a single poly-cistronic transcription unit (Baskerville & 

Bartel, 2005; Kim & Nam, 2006; Yu et al., 2006).  
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Figure 1.1: Examples of a few miRNAs expressed from different genomic locations in 
various transcriptional units (Kim et al., 2009). 
 

miRNA genes of intergenic origin are transcribed by RNA Pol II or Pol III, whereas 

intragenic miRNAs are transcribed only by Pol II. Most miRNA genes are transcribed 

by RNA polymerase II as long primary miRNA (pri-miRNA) transcripts containing a 

5’ 7-methyl guanosine cap and 3’ poly(A) tail. On the other hand, a few of the pri-

miRNAs are transcribed by RNA Pol III from corresponding promoter sequences 

associated with Alu repeats, tRNA genes, mammalian wide interspersed repeat 

(MWIR) promoter units. miRNA encoded by mouse gammaherpes virus or 

adenoviruses are also thought to be generated through Pol III transcription (Andersson 

et al., 2005; Borchert et al., 2006; Bracht et al., 2004; Cai et al., 2004; Lee et al., 

2004; Pfeffer et al., 2005). 

5 
 



1.2.2 Processing of pri-miRNA transcript 

The pri-miRNAs are processed into ∼70 nt hairpin-shaped precursor miRNA 

(pre-miRNA) by so-called microprocessor complex containing the catalytic subunit 

Drosha and the DGCR8 (humans) or Pasha (D. melanogaster) protein as its core 

subunits. Drosha is an RNaseIII type endonuclease with two RNaseIII and one dsRNA 

binding domains. Drosha cuts partially double-stranded elements of pri-miRNAs 

releasing the stem-loop pre-miRNA elements with 5’ phosphate and 3’ hydroxyl 

groups featuring a 2 nt 3’ overhang (Denli et al., 2004; Gregory et al., 2004; Han et 

al., 2004).  

 

            

 

Figure 1.2: Diagram showing the domain structure of Drosha, Dicer and their 
associated proteins (Zeng, 2006).   

 

Drosha recognizes the presence of a ∼33 base-pair stem with a terminal loop and the 

flanking 5’ and 3’ ssRNA segments. DGCR8 has two double-stranded RNA binding 

domains that interact with the stem and the flanking segments of the pri-miRNA 

substrate and helps Drosha to position its cleavage site approximately 11 bases away 

from the Y-shaped junction formed by the ssRNA and the dsRNA elements (Han et 

al., 2006; Zeng & Cullen, 2005). 
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Figure 1.3: Schematic representation of pri-miRNA biogenesis from canonical 
miRNA genes (Kim et al., 2009). 

 

As mentioned above, a number of miRNAs are encoded within introns of protein-

encoding or long non-coding RNA genes. In this case, the pre-miRNA excision has to 

be coordinated with the splicing reaction. Interestingly, the Drosha processing step 

may precede splicing of the host intron without perturbing correct joining of the exons 

(Kim & Kim, 2007). Precise substrate recognition of Drosha does not depend on 5’cap 

or 3’ poly (A) tail of pri-miRNA. Moreover, Drosha processing is generally 

independent of splicing in the case of intronic miRNAs. These considerations allow 

Drosha to process pri-miRNAs in a co-transcriptional manner, before the primary 

transcript is completely synthesized (Morlando et al., 2008; Pawlicki & Steitz, 2008). 
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Figure 1.4: Schematic representation of intronic pri-miRNA processing by Drosha 
(Kim et al., 2009). 

 
 

In a handful of cases, short miRNA-containing introns called ‘mirtrons’ are 

spliced out of the primary mRNA transcripts and processed into pre-miRNA hairpin-

like structures by intron lariat debranching enzyme and exoribonucleases rather than 

the Drosha/Microprocessor complex (Okamura et al., 2007; Ruby et al., 2007). 
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Figure 1.5: Schematic representation of the pre-miRNA biogenesis in the mirtron 
pathway (Kim et al., 2009). 
 
 

Regardless of their nuclear biogenesis mechanisms, pre-miRNAs (normally 

containing a 2 nt overhang at the 3’ end) are exported from nucleus to the cytoplasm 

through an Exportin-5/Ran-GTPase-dependent mechanism (Bohnsack et al., 2004; 

Lund et al., 2004). 

 

1.2.3 Processing of pre-miRNA and RISC loading of miRNA 

Once exported to the cytoplasm, pre-miRNAs are processed by Dicer in 

association with TRBP, PACT and other RNA-binding proteins. Dicer is an enzyme 

with two catalytic RNaseIII type endonuclease domains and a PAZ domain that 

recognizes the 3’ nucleotide overhang of the precursor miRNA (Chendrimada et al., 

2005; Lee et al., 2006). Dicer is highly conserved in most of the eukaryotic organisms. 
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Some organisms (e.g., A. thaliana, D. melanogaster) contain more than one Dicer 

homologue, each specific for distinct substrates including dsRNA and precursor 

miRNA. In other organisms (e.g., S.pombe, C. elegans and mammals), a single Dicer 

catalyzes biogenesis of both miRNAs and siRNAs (Meister & Tuschl, 2004). The 

Dicer cleavage gives rise to a duplex of mature miRNA with the partially 

complementary miRNA* strand (Ketting et al., 2001; Saito et al., 2005). Interestingly, 

a Dicer-independent mechanism is used for generating evolutionarily conserved 

miRNA miR-451, wherein Argonaute protein Ago2 cuts the corresponding pre-

miRNA precursor (Cheloufi et al., 2010; Cifuentes et al., 2010; Yang et al., 2010). 

 

                

 

Figure 1.6: Schematic representation of pre-miRNA processing by Dicer leading to 
generation of mature miRNA (Kim et al., 2009). 

 

The miRNA strand of the miRNA:miRNA* duplex gets incorporated into 

RNA-induced silencing complex (RISC), while the miRNA* strand (also called 

passenger stand) is normally degraded (Bernstein et al., 2001; Knight & Bass, 2001). 
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RISC strand preference is determined by the thermodynamic stability of the duplex 

ends. Strand that has less stability at the 5’ end in the mature miRNA duplex is 

normally selected as the miRNA/guide strand (Khvorova et al., 2003; Schwarz et al., 

2003). miRNA loading into RISC is mediated by Dicer, TRBP and Argonaute (Ago) 

proteins (Gregory et al., 2005).  

 

1.3 Argonaute protein family 

Argonaute proteins are key factors in many different RNA silencing pathways 

and play vital roles in embryonic development, cell differentiation and stem cell 

maintenance. Based on sequence similarities and phylogenetic analysis, the Argonaute 

protein super-family can be broadly divided into three clades, or subfamilies: Ago 

subfamily, PIWI subfamily and a recently identified new subfamily the 

Caenorhabditis elegans-specific group 3 Argonautes or Wagos (Carmell et al., 2002; 

Hutvagner & Simard, 2008; Joshua-Tor & Hannon, 2011; Peters & Meister, 2007; 

Yigit et al., 2006). PIWI proteins are predominantly expressed in the germ line, where 

they interact with piRNAs in a variety of organisms including Drosophila, Zebrafish 

and mouse. In contrast, Argonaute proteins tend to be expressed in a more ubiquitous 

manner (Hock & Meister, 2008). The number of Argonaute super-family genes varies 

in different organisms: 5 in Drosophila melanogaster (2 Argonaute-like and 3 Piwi-

like), 10 Argonaute-like in Arabidopsis thaliana, only 1 Argonaute-like in 

Schizosaccharomyces pombe and at least 26 Argonaute genes in C. elegans (5 

Argonaute-like, 3 Piwi-like and 18 group 3 Argonautes) (Hutvagner & Simard, 2008). 

Based on sequence similarity mammalian Argonaute super-family can be classified 

into Ago and PIWI subfamilies. In mammals including mouse, rat and humans, there 

are eight Argonaute-like genes (Carmell et al., 2002; Meister & Tuschl, 2004; Peters 
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& Meister, 2007). The human and mouse Ago subfamilies consist of four (human 

AGO1-4) and five (mouse Ago1-5) members, respectively, whereas four members of 

the PIWI subfamily are encoded in human genome and only three are found in the 

mouse (Peters & Meister, 2007). In humans, AGO1, 3 and 4 are clustered on the 

chromosome 1 and AGO2 is present on the chromosome 8. 

 

1.4 Functional domains of Argonautes 

Argonautes (Agos) have a molecular weight of about 100kDa and are 

characterized by the presence of N, PAZ, MID and PIWI domains.  

                                        

                  

 

Figure 1.7: Domain structure of Argonaute2 (Hutvagner & Simard, 2008). 

 

1.4.1 PAZ domain 

PAZ domain has a binding pocket that anchors the two nucleotide 3’ overhang 

of RNA produced by RNaseIII cleavage (Lingel et al., 2004; Ma et al., 2004; Song et 

al., 2003; Yan et al., 2003). The binding of PAZ to the guide RNAs is mediated by 

highly conserved aromatic residues, two tyrosines and a histidine that interact with the 

phosphates of the two terminal bases on the 3’ end of small RNA (Lingel et al., 2004; 

Ma et al., 2004).   

 

1.4.2 Mid domain 

Mid domain present between the PAZ and PIWI domains has a highly basic 

pocket that binds to the 5’ phosphate of small RNAs and facilitates the anchoring to 
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Argonaute protein. The mid domain of metazoan Argonautes that participate in 

miRNA pathway has a MC motif that shares homology with cap structure binding 

motif of translation initiation factor eIF4E and this MC motif can bind to cap of 

mRNAs and plays a role in efficient repression of translation (Kiriakidou et al., 2007). 

 

1.4.3 PIWI domain 

PIWI domain is the catalytic domain of Argonaute proteins with a catalytic 

triad.  PIWI domain has RNase-H like fold with three residues forming a catalytic 

triad: DDR in Ago1, DGR in Ago4 and DDH in Ago2, Ago3 of both mouse and 

human (Peters & Meister, 2007). The catalytic triad of human Ago2, D (597), D (669) 

and H (807) endows the protein with an endonuclease activity (slicer activity) that 

cleaves the target mRNA perfectly bound to miRNA (Liu et al., 2004; Meister et al., 

2004). 

                      

Figure 1.8: Diagram of Argonaute domain structure. The protein is shown interacting 
with siRNA (yellow) and its target mRNA (brown) (Song et al., 2004). 
 
 

1.5 Mechanisms of miRNA-mediated gene silencing  

miRNAs normally regulate the expression of mRNA targets either by 

repression of translation or destabilization by deadenylation or cleavage followed by 
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degradation (Du & Zamore, 2005; Meister & Tuschl, 2004; Zhao & Srivastava, 2007). 

miRNAs may bind to the target mRNAs with either imperfect or perfect/nearly perfect 

complementarity. Based on the extent of complementarity between miRNA and target 

mRNA the mechanisms of target regulation can be broadly divided into two 

categories: 

1. Target mRNA cleavage 

2. Inhibition of target translation and degradation 

 

1.5.1 Target mRNA cleavage 

When a miRNA comes in contact with target of perfect or nearly perfect 

complementarity, the miRNA-loaded RISC complex can catalyze endonucleolytic 

cleavage, or “slicing”, of the mRNA target (Hutvagner & Zamore, 2002; Martinez & 

Tuschl, 2004). Of the four human Ago paralogs (Ago1 to 4), only Ago2 has the slicer 

activity, whereas Ago1, 3 and 4 have apparently lost this activity during evolution. 

 

                                

 

Figure 1.9: Schematic representation of endonucleolytic cleavage (slicing) of a 
perfectly complementary target (Krol et al., 2010). 
 
 
 

1.5.2 Inhibition of target translation and degradation  

On the other hand, miRNAs partially complementary to their targets bring 

about translational repression or slicer-independent destabilization of the mRNA 

(Hutvagner & Zamore, 2002; Martinez & Tuschl, 2004; Nilsen, 2007). Although we 
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are still far from complete understanding of this regulatory network, several 

underlying molecular mechanisms have emerged over the years.  

Under different circumstances, miRNAs can inhibit target mRNA translation at 

either the initiation or the elongation step and both of these mechanisms obviously 

reduce the protein production output. Studies on the role of 5’-cap and 3’-poly(A)+ tail 

of target mRNA in the phenomenon of  miRNA mediated gene silencing showed that 

miRNAs  regulate the targets by affecting the initiation of  translation (Humphreys et 

al., 2005; Pillai et al., 2005). Moreover the presence of miRNA and mRNA in actively 

translating polysomes support the translational inhibition mediated RNA silencing and 

the reduced protein levels were the result of premature translational termination 

(premature ribosome drop off) or inhibition of translational elongation followed by 

protein degradation (Nottrott et al., 2006; Petersen et al., 2006).  

miRNA mediated destabilization of mRNAs by deadenylation followed by 5’ 

decapping of target mRNAs has been studied in several organisms. The association of 

deadenylase complex CCR4-NOT and decapping complex DCP1:DCP2 with miRNP 

in several cases further supports the phenomenon of miRNA mediated mRNA 

deadenylation and eventual degradation. However there have been reports questioning 

the significance of mRNA polyadenylation affecting the extent of miRISC mediated 

target deadenylation (Behm-Ansmant et al., 2006; Giraldez et al., 2006; Wu et al., 

2006).   
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Figure 1.10: Different mechanisms of miRNA gene silencing for mRNAs with 
imperfect complementarity (Filipowicz et al., 2008). 
 

mRNAs that are silenced by various mechanisms can be transported to special 

cytoplasmic foci called Processing or P bodies. The presence of miRISC components 

like miRNA, Argonaute proteins, target RNAs, decapping, deadenylation complexes 

and exonucleases suggest that P bodies act as sites of miRISC mediated mRNA 

degradation. Also, GW182 protein localized to P bodies was found to interact with 

Ago proteins suggesting the transfer of miRISC associated mRNAs to P bodies for 

degradation (Eulalio et al., 2007; Liu et al., 2005; Meister et al., 2005; Pillai et al., 

2005; Valencia-Sanchez et al., 2006). 

Interestingly, miRNA-mediated gene silencing often reduces the steady-state 

levels of target mRNAs (Guo et al., 2010). In this case, translational repression is 

quickly followed by target destabilization (Bazzini et al., 2012; Djuranovic et al., 

2012). However, in a few cases considerable repression of target mRNA translation 

was not accompanied by changes in the mRNA levels. Thus, under certain conditions, 
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miRNAs may act purely at the level of translation (Boutz et al., 2007; Chen et al., 

2006; O'Donnell et al., 2005; Saito et al., 2006; Zhao et al., 2005).   

Of all base-pairing interactions that a miRNA forms with its targets, perfect 

binding of nucleotides 2 to 8 at the miRNA 5’ end (so-called seed sequence) to 

complementary mRNA sequences plays the most critical role in the activity of miRNA 

and further target repression. Due to the apparent simplicity of this major determinant 

of the miRNA-mRNA interaction, a single miRNA may regulate multiple mRNA 

targets and on the other hand, a single mRNA can be targeted by more than one 

miRNA (Bartel, 2009; Lewis et al., 2005). In addition to the seed sequence, 

mismatches (bulges) and the complementarity between the 3’ end of miRNA and the 

corresponding sites within the mRNA target also plays a role in determining the 

recognition and efficient repression of target mRNAs (Brennecke et al., 2005; 

Brodersen & Voinnet, 2009; Doench & Sharp, 2004; Grimson et al., 2007).  

 

1.6 Post transcriptional modifications of miRNA  

Recent deep sequencing studies suggest that individual miRNAs often exist as 

populations of variants (iso-miRs) that differ in length and sometimes nucleotide 

composition (Berezikov et al., 2011; Fernandez-Valverde et al., 2010; Krol et al., 

2010; Landgraf et al., 2007; Morin et al., 2008; Wyman et al., 2011). This variability 

suggests that miRNAs might be prone to various modifications either during or after 

their biogenesis. miRNA molecules in the cell are continuously turned over by various 

ribonucleases.  

Several exoribonucleases have been implicated in miRNA degradation 

(Ramachandran & Chen, 2008). Active turnover of mature miRNAs in plants is 

regulated by the 3’-to-5’ exonuclease SDN1. On the other hand, exonuclease XRN-2 
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degrades miRNAs in Caenorhabditis elegans in the 5’ to 3’ direction (Chatterjee & 

Großhans, 2009). In some organisms, miRNAs and other short RNAs appear to be 

degraded 3’ to 5’ by the cytoplasmic RNA exosome (Bail et al., 2010; Schmid & 

Jensen, 2008). Interestingly, the 3’ ends of Argonaute-associated miRNAs have 

recently been shown to be trimmed by the 3’-to-5’ exonuclease Nibbler in Drosophila 

(Han et al., 2011; Liu et al., 2011). This reaction may potentially contribute to the 

developmentally regulated iso-miR dynamics detected for some miRNAs in 

Drosophila (Fernandez-Valverde et al., 2010). 

On the other hand, a number of chemical modifications have evolved to 

stabilize RNAs from enzymatic degradation. For example, mRNAs have a 7-

methylguanosine cap at their 5’ ends and a poly A tail at the 3’ ends (Garneau et al., 

2007). Similarly, various post transcriptional modifications help miRNAs to evade the 

exoribonucleases (Kai & Pasquinelli, 2010). Plant miRNAs are protected at 3’ end by 

a methyl group on the ribose moiety of the last nucleotide (Yu et al., 2005). A 

significant population of miRNAs undergo addition of one or several nucleotides on 

the 3’ end by multiple nucleotidyl transfereases (Wyman et al., 2011). The addition of 

one or several adenosines to the 3’ end of mature miR-122 by poly(A) polymerase, 

Gld2 was shown to stabilize the miRNA (Katoh et al., 2009). Also ZCCHC11 or 

(TUT4) an uridylyl transferase adds 1 to 3 uridines on their 3' ends of miR-26a (Jones 

et al., 2009). In some instances TUT4 also uridylates the precursor miRNA and blocks 

Dicer processing thus reducing the levels of the corresponding mature miRNA (Hagan 

et al., 2009; Heo et al., 2009; Rau et al., 2011). However the exact biological 

significance of these modifications needs to be addressed.  

Recently it has been shown in Drosophila and mouse models that miRNAs 

recruited to Argonaute proteins undergo extensive 3’-terminal trimming and tailing in 
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the presence of a perfectly complementary target mRNA to the 3’ end of miRNA and 

that this target-mediated trimming and tailing is accompanied by a reduction in the 

miRNA levels. However, the enzyme(s) involved in template-dependent miRNA 

trimming and tailing have not been identified so far (Ameres et al., 2010; Xie et al., 

2012). 

 

1.7 miRNAs in the nervous system 

A large fraction of metazoan miRNAs are expressed in a tissue-specific 

manner and at different levels during the different stages of organismal development 

(Bartel, 2004; Borchert et al., 2006). This spatio-temporal expression determines the 

specific function of the tissues and switching of the stages during organismal 

development. A number of miRNAs are expressed in the nervous system (NS) where 

they contribute to diverse developmental and physiological programs (Ashraf et al., 

2006; Chang et al., 2004; Kim et al., 2004; Kosik, 2006; Krichevsky et al., 2003; Li et 

al., 2006; Miska et al., 2004; Schratt et al., 2006; Sempere et al., 2004).  

Nervous system in triploblastic animals (animals developed from three 

germinal layers) is derived from the ectoderm. During mammalian embryogenesis, the 

entire central nervous system is formed from neural stem cells including 

neuroepithelial cells, radial glia and neural stem cells. These cells eventually 

differentiate to form neurons and glia. Neurogenesis in the adult brain is limited to 

only few sites containing adult neural stem cells: dentate gyrus of hippocampus, 

olfactory bulb and possibly the subventricular zone (Liu & Zhao, 2009). 

miRNAs are known to play an important role in both embryonic and adult 

neurogenesis. One interesting line of evidence comes from studies using genetic 

inactivation of the miRNA biogenesis pathway components. For example, maternal 
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zygotic Dicer mutants in Zebrafish showed morphogenesis defects during neurulation 

accompanied by improper brain development (Giraldez et al., 2005). Similarly, a 

reduction in all types of neurons and glial cells was noticed in Ago1 mutants of 

Drosophila (Kataoka et al., 2001).  Non-conditional Dicer mutant mice die before the 

neural tube is formed (Bernstein et al., 2003). However, conditional inactivation of 

Dicer in select NS areas is known to lead to severe neurodegenerative phenotypes 

(Hébert et al., 2010; Huang et al., 2010; Kim et al., 2007; Makeyev et al., 2007; 

Schaefer et al., 2007).  

One limitation of the above studies is that inactivation of Dicer or other 

components of the miRNA biogenesis machinery affects the total cellular miRNA pool 

and thus making it difficult to ascertain the function of a specific miRNA. To 

circumvent this, alternative approaches were developed wherein specific miRNAs 

were depleted to examine their role in cell renewal, neurogenesis, and maintenance of 

tissue identity or neural functions.  

One striking example of regulatory network deciphered using this approach is 

offered by miRNAs lsy-6 and miR-273 forming a double negative feedback loop with 

the transcription factors Die-1 and Cog-1 in determining the asymmetry of the 

chemosensory neuron pairs in nematodes (Chang et al., 2004; Johnston & Hobert, 

2003; Johnston et al., 2005; Kosik, 2006).  

In mouse, let-7a in association with TRIM32 was found to repress proliferation 

and induce neuronal stem cells differentiation by inhibiting the c-Myc expression 

(Kawahara et al., 2012; Melton et al., 2010; Schwamborn et al., 2009). miR-132 

whose transcription is regulated by CREB (cAMP response element-binding) plays a 

role in determining the dendrite length, arborization leading to the dendrite maturation 

in new born neurons of adult hippocampus (Magill et al., 2010). 
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1.8 miR-124 in nervous system development  

Expression of some miRNAs is spatially separated restricting their abundance 

to specific tissues. In the nervous system, miR-124 is one of the most conserved and 

abundantly expressed tissue specific miRNAs (Lagos-Quintana et al., 2002). This 

miRNA has been shown to be expressed at high levels in mouse brain and as well as 

P19 cell line that undergoes differentiation into neuron-like cells (Lagos-Quintana et 

al., 2003; Sempere et al., 2004). miR-124 is expressed in neurons, but not astrocytes, 

and the levels of miR-124 increase over time in the developing NS (Krichevsky et al., 

2003; Miska et al., 2004; Smirnova et al., 2005). In human and mouse, miR-124 is 

encoded by three distinct non-allelic genes (pri-miR-124-1, 124-2 and 124-3) that have 

distinct exon-intron structure. Mouse miR-124-1, 2 and 3 are located on chromosomes 

14, 3 and 2 respectively. miR-124-1 and 3 are exonic in origin whereas miR-124-2 is 

encoded in the intron of a non-coding gene. The abundance of miR-124 increases from 

embryonic to adult mouse with the progressive neuronal differentiation and nervous 

system development. Majority of mature miR-124 in P6 mouse comes from pri-miR-

124-1 whose knock out (Rncr3−/−) showed a 60 to 80% decrease in miR-124 

abundance. The contribution of pri-miR-124-2 and pri-miR-124-3 to the overall miR-

124 expression levels in the adult brain appears to be more modest (Blackshaw et al., 

2004; Sanuki et al., 2011). However, the relative expression levels of the three miR-

124 genes during embryonic development have not been studied.  
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Figure 1.11: Diagram showing the structure of the three miR-124 gene paralogs in 
mouse. 
 
 miR-124 appears to play several important functions in developing nervous 

system. In combination with the nervous system specific miRNA miR-9, miR-124 

stimulates neuronal and represses glial differentiation of ES cells in vitro (Krichevsky 

et al., 2006; Ponomarev et al., 2011). miR-124 reduces the expression of transcripts 

responsible for cell proliferation and/or stem cell function when introduced into non-

neuronal cells (Cao et al., 2007; Lim et al., 2005). In addition, miR-124 has been 

shown to regulate hundreds of non-neuronal transcripts (Hendrickson et al., 2009) and 

its introduction into HeLa and other non-neuronal cells promotes a neuronal-like 

mRNA profile (Conaco et al., 2006; Lim et al., 2005). In neuronal cells miR-124 

silences PTBP1 that encodes a global repressor of alternative pre-mRNA splicing 

hence plays a major role in differentiation of neurons from their progenitors (Makeyev 

et al., 2007; Smith et al., 2011; Spellman & Smith, 2006). SCP1, a component of the 

REST (RE1-silencing transcription repressor) complex that represses the transcription 

of neuron specific genes, is also silenced by miR-124. Interestingly, transcription of 

miR-124 genes is in turn repressed by REST, which provides double negative 

feedback regulation (Conaco et al., 2006; Makeyev & Maniatis, 2008; Visvanathan et 

al., 2007). miR-124 expressed in the Rncr3 non-coding RNA is found to repress the 
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protein levels of Lhx2 by inhibiting the translation in brain and retina leading to 

defects in dentate gyrus maturation and survival in mouse (Sanuki et al., 2011). Also 

Argonaute HITS CLIP studies revealed hundreds ofmRNA targets regulated by miR-

124 in mouse brain (Chi et al., 2009). Taken together it is evident that miR-124 is a 

critical post transcriptional regulator of nervous system development and function. 

 

    

 

Figure 1.12: Cross talk between SCP1, PTBP1 and miR-124 in non-neuronal [top]  
and neuronal cells [bottom] (Makeyev & Maniatis, 2008). 
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1.9 Objectives 

 As mentioned in the section 1.6, miRNAs are known to exist as size variants, 

or iso-miRs, that might potentially exhibit distinct biological activities. However, not 

much is known about the molecular mechanisms involved in the iso-miR generation. 

To this end, my thesis work focused on the following specific objectives: 

• To investigate the changes in miRNA size variant profile as a function of 

mammalian brain development 

• To understand changes in the expression of the four mammalian Argonaute 

paralogs in developing brain 

• Establishing the possible role of Argonaute proteins in post-transcriptional 

modification of mammalian miRNAs with a specific emphasis on the 

evolutionarily conserved neuron-specific miRNA miR-124 

• To delineate the differences in biological activities of miR-124 recruited to 

either Ago1 or Ago2 in the context of neuronal differentiation. 

 



2. MATERIALS AND METHODS 

2.1 Cell lines  

HEK293T and N2a cells were obtained from ATCC and cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone) containing 10% Fetal 

Bovine Serum (FBS; Hyclone, characterized grade), 100 IU/ml penicillin and 100 

µg/ml streptomycin (Invitrogen) and 1 mM sodium pyruvate (Invitrogen) at 37°C and 

5% CO2. Transfections were done using Lipofectamine 2000 (Invitrogen) according to 

manufacturer’s instructions. Transgenic N2a cell populations were generated using the 

HILO-RMCE procedure as described in Khandelia et al., 2011. 

 

2.2 Animals 

Tissue samples were prepared from adult and embryos of time pregnant 

C57BL/6J mice using protocols approved by the Institutional Animal Care and Use 

Committee. All the animals were ordered from National University of Singapore 

Centre for Animal Resources. 

 

2.3 Molecular cloning techniques 

2.3.1 Restriction endonuclease reaction and gel extraction 

The host plasmid and the insert or PCR products were digested to generate 

compatible cohesive or blunt ends with desired restriction endonucleases (NEB) 

according to manufacturer’s instruction. The products were electrophoresed on 1-2% 

agarose gel. The DNA of desired molecular weight respect to the 1 Kb DNA Ladder 

(Invitrogen) was extracted from the gel by using Nucleospin Extract II kit (Macherey-

Nagel) in accordance with manufacturer’s instructions. 
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2.3.2 Klenow reaction to generate blunt ends  

In a Klenow reaction cohesive ends of Plasmid or PCR product DNA were 

made blunt by incubating 1μg of DNA with 0.2 mM of dNTPs, 1 unit of DNA 

polymerase I Klenow fragment enzyme (NEB, 5 units/µl) at room temperature for 30 

minutes. The reaction was stopped by the addition of 1 μl of 0.5 M EDTA, pH 8.0 for 

a 25 μl reaction, followed by extraction with phenol: chloroform extraction and 

ethanol precipitation as described in section 2.9. 

 

2.3.3 Ligation of the DNA insert to plasmid vector DNA  

Gel purified vector and the insert were ligated at 1:3 to 1:5 ratio in 1X ligation 

buffer and T4 DNA ligase (NEB) overnight at 4°C according to the manufacturer’s 

instructions. 

 

2.3.4 Bacterial transformation and plasmid DNA propagation 

For propagation of plasmid DNA, chemically competent E. coli cells (Top10, 

Invitrogen) were used. 5 µl of plasmid DNA (10-100 ng) was incubated on ice with 25 

µl of thawed competent cells for 30 minutes. The cells were then subjected to heat 

shock for 30 seconds at 42°C on a heat block and immediately snap chilled on ice for 2 

minutes. Cells were then cultured in LB broth for 1 hour and plated on LB agar plates 

of desired antibiotic selection. 

 

2.3.5 Plasmid DNA preparation 

Bacterial cells transformed with plasmid were cultured in 3 ml (miniprep) or 

250 ml (midiprep) LB medium with desired antibiotic at 200rpm, overnight at 37°C. 
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Plasmid isolation was performed using mini or midiprep kit (Qiagen) according to 

manufacturer’s instructions. 

 

2.3.6 Plasmid DNA sequencing 

Plasmid DNA sequencing was performed by AIT biotech, Singapore using BigDye 

Terminator chemistry. 1-1.5 µg of the plasmid DNA along with 3 µl of 10 µM 

sequencing primer was provided for each reaction. 

 

2.3.7 Site-directed mutagenesis 

To introduce site specific mutations in target sequences a slightly modified 

Quikchange site-directed mutagenesis protocol (Stratagene) in which the Pfu Turbo 

DNA polymerase was substituted with the KAPA HiFi DNA polymerase (KAPA 

Biosystems) was used. Target plasmid DNA was amplified in a PCR with KAPA HiFi 

PCR Kit according to manufacturer’s instructions using site specific mutagenesis 

primers. PCR product was purified by Nucleospin Extract II kit (Macherey-Nagel) in 

accordance with manufacturer’s instructions. The purified PCR product was treated 

with 2 µl of Dpn1 (New England BioLabs), 1X NEB-4 buffer and 1X BSA in a 20 µl 

reaction for 2 hours at 37oC. Dpn1 treated DNA was then transformed in to chemically 

competent E. coli cells (Top10, Invitrogen) and the colonies were screened for mutants 

by plasmid DNA sequencing as described in section 2.3.4 and 2.3.6. 

 

2.4 Immunoblotting 

2.4.1 Protein extraction  

Cells were washed twice with ice-cold 1X PBS (PAA Laboratories) and lysed 

in extraction buffer [20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 10% 
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glycerol, 1% Nonidet P-40, 1 mM PMSF and 1X Complete EDTA free protease 

inhibitor cocktail (as recommended by Roche)] for 10 minutes at 4°C with continuous 

mixing. The lysate was collected by scraping the cells. 

Mouse brain tissues were isolated from adult or E12.5 mice in cold 1X PBS 

(PAA Laboratories) by dissecting adult or time pregnant C57BL/6J mice after 

anaesthetization. Tissues were washed thrice in ice-cold 1X PBS, frozen down in 

liquid nitrogen and homogenized with ice cold 1X extraction buffer using a ceramic 

mortar and pestle followed by incubation for 15 minutes at 4°C with continuous 

mixing. The cell or tissue lysates were cleared by centrifugation for at 20,000g for 10-

20 minutes at 4°C. Supernatant containing the protein was collected and stored at -

80°C for further analysis. 

 

2.4.2 Estimation of protein concentration  

Protein concentration was estimated by plotting their absorbance values against 

the known BSA standards using BCA protein assay kit (Thermo Scientific) according 

to manufacturer’s instructions. The absorbance was measured at 595 nm by a TECAN 

plate reader.  

 

2.4.3 SDS PAGE separation and electroblotting of proteins  

Protein samples for SDS PAGE were prepared by boiling with 1X sample 

buffer for 5 minutes at 98oC then resolved on a 4-20% gradient SDS-PAG (Thermo 

Scientific) in 1X gel running buffer (100 mM Tris base, 100 mM HEPES, and 3 mM 

SDS at pH  ∼8) for 1 hour at 100 mV. Proteins were then electroblotted on a 

nitrocellulose membrane (Whatman) for 1-2 hours at 0.65 mA/cm2 in 1X Transfer 

buffer (25 mM Tris, 192 mM glycine, and 0.1% SDS). Following the transfer, 
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nitrocellulose membrane was washed once with water and stained with Ponceau S 

(0.5% Ponceau S in 5% acetaldehyde) for 3 minutes and destained in water to confirm 

the transfer of proteins on to the membrane. Membrane was then washed with 1X 

TBST (10 mM Tris HCl, 100 mM NaCl and 0.1% Tween 20) for 2-3 times to remove 

Ponceau S stain. 

 

2.4.4 Immunological detection of proteins 

Proteins electroblotted on the membrane were blocked with 5% milk in 1X 

TBST for 1 hour followed by three washes in 1X TBST, each for 5 minutes. The 

membrane was then incubated with the following primary antibodies: rabbit 

polyclonal anti-Ago1 (Millipore; 1:1000 dilution); mouse monoclonal anti-Ago1 (kind 

gift of Mikiko Siomi); 1:500 dilution), rabbit monoclonal anti-Ago2 (Cell Signaling 

Technology; 1:1000), mouse monoclonal anti-β-tubulin (Invitrogen; 1:3000), mouse 

monoclonal anti-GAPDH (Ambion; 1:10000), mouse monoclonal anti-c-Myc (Sigma; 

1:3000) in 5% milk or 1% BSA in TBST for 2 hours at room temperature or overnight 

at 4oC. After the primary antibody probing, the membrane was washed thrice in TBST 

each for 5 minutes to remove excess antibody followed by incubation with secondary 

anti-rabbit or anti-mouse horseradish peroxidase (HRP) conjugates from (GE 

Healthcare; 1:5000) in 5% milk for half an hour to 1 hour at room temperature. The 

membrane was again washed thrice in TBST for 5 minutes each and protein bands 

were visualized by autoradiography using enhanced chemiluminescence (ECL) 

reagents from Thermoscientific according to manufacturer’s instructions. 
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2.5 In silico protein analyses 

Argonaute amino acid sequences were aligned using MUSCLE 

(http://www.ebi.ac.uk/Tools/msa/muscle/) and the similarity plots were generated in 

JProfileGrid (Tian et al., 2008); http://www.profilegrid.org/) using a 5 aa sliding 

window. The structure of the AGO1-small RNA complex (1SI3; (Ma et al., 2004)) 

was downloaded from the Protein Data Bank (http://www.pdb.org) and visualized by 

PyMOL (http://www.pymol.org/). 

 

2.6 Total RNA extraction from mouse brain and cell lines 

Brains from embryonic (E12.5) or adult (P60) mice were isolated in ice cold 

PBS (1X) (PAA Laboratories) by dissecting adult or time pregnant C57BL/6J mice 

after anaesthetization and homogenized with TRIzol (Invitrogen) in a Dounce 

homogenizer for RNA extraction. 1 ml of cold TRIzol was used for 50-100 mg of 

brain tissue. Cultured cells from a single well of a 6-well culture plate were lysed by 

pipetting in 1 ml of cold TRIzol. The homogenized samples were then incubated for 5 

minutes at room temperature. To these samples 0.2 ml chloroform was added, mixed 

vigorously and incubated for 3 minutes at room temperature, followed by 

centrifugation at 12,000g for 15 minutes at 4°C for phase separation. The aqueous 

phase containing RNA was collected, 0.5 ml of isopropanol was added, mixed gently 

and incubated for 10 minutes at room temperature followed by centrifugation at 

12,000g for 10 minutes at 4°C to pellet RNA. Supernatant was discarded and RNA 

pellet was washed with 1 ml of 75% ethanol by brief vortex followed by centrifugation 

at 7,500g for 5 minutes at 4oC. Supernatant was carefully discarded, the RNA pellet 

was air dried briefly and dissolved in DEPC-treated water. 
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2.7 miRNA Northern blot analysis  

2.7.1 RNA electrophoresis and electroblotting 

Total RNA was extracted with TRIzol (Invitrogen) as described in section 2.6. 

RNA samples for electrophoresis were prepared by adding an equal volume of 2X 

RNA loading dye (98% formamide, 10 mM EDTA, 0.025% bromophenol blue, 

0.025% xylene cyanol) to an appropriate amount of RNA (10-20 μg). Samples were 

denatured for 5 minutes at 95°C , snap chilled on ice and then resolved on a 15% 

Polyacrylamide Gel (PAG) containing 7.5 M urea, 1X TBE, 15% of 19:1 acrylamide: 

bisacrylamide, 0.87 µl/ml of TEMED and 0.03% ammonium persulphate (APS) at 

~10-20 V/cm. The resolved RNAs were then electroblotted to Hybond N+ nylon 

membrane (GE Healthcare) in 0.5X TBE for 1 hour at 2.5 mA/cm2 using a semi-dry 

transfer apparatus (BioRad Transblot SD) and subsequently UV cross-linked at 0.15 

J/cm2 using HL-2000 Hybri Linker (UVP Laboratories). 

 

2.7.2 Autoradiography, Image acquisition and data analysis 

RNA electroblotted and cross-linked to the nylon membrane was prehybridized 

in ExpressHyb buffer (Clontech) for 1 hour at 37°C followed by hybridization with the 

desired complementary end labeled DNA oligo probe for 2 hours at 37°C. The 

membrane was then washed for 10 minutes with wash buffers I and II successively 

(wash buffer I: 2X SSC and 0.05% SDS; wash buffer II: 0.1X SSC and 0.1% SDS) 

and exposed to a Storage Phosphor screen (GE Healthcare). Radioactive signals were 

scanned by a Typhoon Trio Variable Mode Imager (GE Healthcare), and the data was 

analyzed by ImageQuant TL software (GE Healthcare). 

 

 

31 
 



2.7.3 Preparation of 5’ end labeled DNA oligo probes  

DNA oligos labeled on the 5’ end with ([γ]-32P) ATP were used as probes for 

Northern blotting. For end labeling, 1.5 µM DNA oligo was incubated with 1X T4 

PNK buffer, 3 µl of ([γ]-32P) ATP (6000 Ci/mmol, Perkin Elmer) and 1 µl of T4 PNK 

enzyme (10,000 units/ml, NEB) in a 20 µl reaction volume for 30 minutes at 37°C. 

Labeled oligonucleotides were then purified using Sephadex G-25 spin columns 

(Geneaid) as per manufacturer’s instructions. 

 

2.8 RT-qPCR analysis (Reverse Transcription-quantitative Polymerase Chain 

Reaction) 

DNase I treatment: 20 µg of total RNA was treated with 5 units of RNase-free DNase I 

(Promega), 1X DNase I buffer and 40 units of rRNasin (Promega) in a 100 µl reaction 

for 1 hour at 37°C, followed by phenol chloroform extraction and ethanol precipitation 

of the RNA as described in section 2.9. RNA pellet was then dissolved in an 

appropriate amount of DEPC-treated water and quantified using a NanoDrop 1000 

spectrophotometer (Thermo Fischer Scientific). 

Reverse Transcription: For first strand cDNA synthesis by reverse transcription, 5 µg 

of DNase I treated RNA sample was incubated with 10 pmoles of random decamer 

(N10) primer in 11 µl volume for 10 minutes at 70°C followed by incubation on ice. 

To this  9 µl of reaction mixture containing 1X RT buffer, 1 mM dNTPs, 40 units 

rRNasin (Promega), 200 units Superscript III RT enzyme (Invitrogen) and 10 mM 

DTT was added and incubated for 60 minutes at 50°C. The reverse transcriptase was 

then heat inactivated for 10 minutes at 70°C and the reaction mix was diluted to 200 µl 

with sterile DEPC-treated water and stored at -80°C or used immediately. 
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Quantitative/Real-Time PCR: Quantitative analysis of gene expression by real-time 

PCR was carried out using StepOnePlus real-time PCR systems (Applied Biosystems) 

and Fast SYBR Green Master Mix (Applied Biosystems). Each real-time PCR reaction 

(reaction volume: 20 µl) consists of 5 µl of first strand cDNA, 10 µl of 2X Fast SYBR 

Green Master Mix (Applied Biosystems) and forward/reverse primers at a final 

concentration of 0.15 µM. All reactions were performed in triplicates using the 

following thermal cycling conditions: Initial denaturation for 20 seconds at 95°C, 

followed by 45 cycles of a two-step reaction, denaturation for 5 seconds at 95°C, 

annealing/extension for 45 seconds at 60°C. Transcript levels were normalized to 

HPRT or GAPDH housekeeping transcript levels. Relative fold change in expression 

was determined using the comparative ΔΔCT method. 

 

2.9 Nucleic acid precipitation  

Nucleic acid samples were extracted with an equal volume of phenol-

chloroform mixture (1:1). Water saturated acidic phenol (pH 4.5) for RNA and Tris 

HCl (pH 8.0) saturated phenol for DNA was used. The samples were mixed and 

allowed to stand at room temperature for 2 minutes followed by centrifugation at 

14,000 rpm for 10 minutes at 4oC. The aqueous phase was collected, 1/10th volume of 

3M sodium acetate and 3 volumes of 100% ethanol were added, mixed well and 

incubated for 30 minutes at -80oC to precipitate the nucleic acids. For small amounts 

of nucleic acid precipitation, 10 μg/ml of glycogen to the total volume was also added. 

Following the incubation, samples were centrifuged at 14,000 rpm, for 10 minutes at 

4oC to pellet down DNA or RNA. The nucleic acid pellet was washed with 75% 

ethanol followed by centrifugation at 5,000 rpm for 5 minutes, air dried and dissolved 

in DEPC-treated water (for RNA) or 1X TE buffer (for DNA). 
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2.10 Gel extraction of RNA 

RNA was resolved on a 5-10% PAG containing 7.5 M urea and the RNA 

fraction of desired size corresponding to the ssRNA marker (Takara Biosciences) was 

excised from the PAG. The excised gel pieces were crushed with a 1 ml pipette tip and 

incubated in gel extraction buffer [2% SDS, 0.3 M sodium acetate at pH 5.5 and 0.02 

U/µl of rRNasin (Promega)] overnight. RNA was precipitated from the above mixture 

as per the nucleic acid precipitation protocol described in section 2.9.  

 

2.11 Preparation of miRNA duplex 

miRNA duplexes were prepared by annealing complementary synthetic RNA 

oligos (Dharmacon). Reaction mix containing 20 μM each of the two oligos to be 

annealed in 1X siRNA buffer (Dharmacon) was incubated for 1 minute at 90oC and 

then slowly cooled down to the room temperature to promote annealing. 22-mer 

duplexes were prepared by annealing the 5’GGUGUUCACAGCGGACCUUGAU3’ 

antisense strand and either the 5’pUAAGGCACGCGGUGAAUGCCAA3’ or the 

5’pUAAGGCACGCGGUGAAUGCCAmA3’ miRNA strands (5’p indicates a 5’ 

phosphate and mA3’ is a 2’-OMe-modified 3’ adenosine). 21-mer duplexes were 

prepared by annealing the 5’GUGUUCACAGCGGACCUUGAU3’ antisense and the 

5’pUAAGGCACGCGGUGAAUGCCA3’ miRNA strands. 

 

2.12 Co-immunoprecipitation analysis 

Co-immunoprecipitation of mature miR-124 and Argonaute proteins was done in 

principle as described in Karginov et al., 2007. In brief, 10 cm cell culture dishes 

containing ~60% confluent HEK293T cell cultures were typically co-transfected with 

a 3xMyc-tagged Argonaute expression plasmid and a miR-124 expression plasmid 
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(Table 2.1 and section 2.21) and incubated for 48 hours. Alternatively, cells were first 

transfected with a 3xMyc-tagged Argonaute expression plasmid for 24 hours followed 

by transfection with a synthetic miRNA duplex. Cells were then washed with ice-cold 

1X PBS (PAA Laboratories) followed by 15 minutes incubation in 1 ml hypotonic 

lysis buffer containing 10 mM Tris HCl pH 7.5, 10 mM KCl, 2 mM MgCl2, 5 mM 

DTT and 1X Complete EDTA-free protease inhibitor cocktail (Roche). The cells were 

scraped off the plate and the suspensions were supplemented with the 5X ATP 

depletion mix [450 mM KCl, 100 mM glucose, 1 mg/ml yeast tRNA (Invitrogen), 0.4 

units/μl rRNasin (Promega) and 0.5 units/ml hexokinase (Sigma)] added to a final 

concentration of 1X. The cells were then homogenized in a Dounce homogenizer by 

15 strokes of pestle B. The lysates were cleared by centrifugation at 16,000g for 30 

minutes at 4oC. To immunoprecipitate the 3xMyc-tagged Argonaute complexes, anti-

c-Myc agarose beads (Sigma) were pre-blocked for 2 hours at 4oC in W1 buffer (0.5% 

Nonidet P-40, 150 mM NaCl, 2 mM MgCl2, 2 mM CaCl2, 20 mM Tris-HCl, pH 7.5, 5 

mM DTT, and 1X Complete EDTA-free protease inhibitor cocktail) additionally 

containing 1 mg/ml yeast tRNA and 1 mg/ml BSA. The beads (~35 μl resin) were then 

incubated with the cleared lysates for 4 hours at 4oC, washed once with 1 ml of ice-

cold W1 buffer and twice with 1 ml of ice-cold W2 buffer (0.5% Nonidet P-40, 650 

mM NaCl, 2 mM MgCl2, 2 mM CaCl2, 20 mM Tris, pH 7.5, 5 mM DTT, and 1X 

Complete EDTA-free protease inhibitor cocktail), for 5 minutes each. The co-

immunoprecipitated RNAs were eluted from the beads using TRIzol and analyzed by 

Northern blotting and phosphorimaging. “Input” lanes contained RNAs, TRIzol-

extracted from 5% aliquots of the cleared lysates. 
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2.13 Pulse-chase experiments 

HEK293T cells were co-transfected with the pTet-Off plasmid and an 

appropriate miR-124 expression plasmid (pEM405) or control plasmid (pEM142) 

[Table 2.1] and incubated for 24 hours. Doxycycline (Dox) was then added to the 

cultures to a final concentration of 2 µg/ml in order to repress the interaction of tTA 

with TET promoter and the incubation was continued for another 48 hours. Total RNA 

from samples isolated at different points of this time course was analyzed by Northern 

blotting and phosphorimaging as described in section 2.7.  

 

2.14 In vitro dicer assay 

20 μg of total RNA isolated from RIP-miR-124-1, 2 or 3 (section 2.21) 

transfected HEK293T cells, 24 hours post-transfection was incubated for 1 hour at 

37°C in 20 μl reactions with 0.125-0.5 units of the purified human Dicer enzyme 

(Roche) in 1X reaction buffer containing 30 mM Tris HCl pH 6.8, 50 mM NaCl, 3 

mM MgCl2, 0.1% Triton X-100, 15% glycerol, 1 mM DTT and 2 units/μl rRNasin 

(Promega). Reaction products were extracted with a 1:1 mixture of acidic 

phenol/chloroform, precipitated with ethanol and analyzed by Northern blotting and 

phosphorimaging as described in section 2.7. 

 

2.15 Ligation-Mediated RT-PCR (LM-RT-PCR) 

The LM-RT-PCR protocol was modified from Morin et al., 2008. Briefly, 500 

µg of total RNA from E12.5 or adult mouse brain was resolved by 10% PAGE 

containing 7.5 M urea and the 14-30 nt RNA fraction was extracted using a miRNA 

gel extraction kit (Abnova) according to manufacturer’s instructions. One half of the 

gel-purified RNA was ligated with 200 pmoles of the 3’ RNA adapter (5’P-
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UCGUAUGCCGUCUUCUGCUUGidT; Dharmacon) for 12 hours at 16°C in a 10 µl 

reaction containing 5 units of T4 RNA ligase, 1X ligation buffer (Ambion), and 

20units of RNase Out (Invitrogen, 40 U/µl). The ligation mixtures were heat 

inactivated for 8 minutes at 68°C, resolved by 10% PAGE containing 7.5 M urea and 

the 36-46 nt RNA fraction was extracted from the gel (Abnova) and subjected to 

reverse transcription with the 3’_RT primer and SuperScript III RT (Invitrogen). The 

gel purified RNA was subjected to reverse transcription by incubating with 5 µM 

3’_RT primer in 11 µl volume for 2 minutes at 70°C followed by incubation on ice. To 

this a 9 µl of reaction mixture (1X RT buffer, 0.75 mM dNTPs, 40 units rRNasin 

[Promega], 200 units Superscript III RT enzyme, 10 mM DTT) was added and 

incubated for 60 minutes at 50°C, followed by heat inactivation of reverse 

transcriptase for 5 minutes at 85°C. miR-124 specific sequences were then PCR 

amplified using miR-124_F1 and 3'_PCR primers (Table 2.2) and KAPATaq HotStart 

DNA Polymerase (KAPA Biosystems) as per manufacturer’s instructions. PCR 

reaction was performed using the following thermal cycling parameters: 95°C for 2 

minutes, followed by 28 cycles of a three-step reaction, denaturation at 95°C for 30 

seconds, annealing at 59°C for 30 seconds and extension at 72°C for 10 seconds and 

terminating the reaction with a final extension at 72°C for 10 minutes. The PCR 

products were then purified using a Nucleospin Extract II Kit (Macherey-Nagel) as 

recommended, ligated with pGEM-T vector (Promega) and transformed into 

chemically competent Top10 E. coli cells (Invitrogen). A total of 30 clones were 

screened by sequencing with T7 sequencing primer. 
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Figure 2.1: Flow chart of the miRNA cloning methodology 

 

2.16 Primer extension analysis 

10 μg of total RNA from the E12.5 or the adult mouse brain was annealed to 

200 fmoles of 5’ [32P]-labeled miR-124_p_ext primer (Table 2.2) complementary to 

the 3’ end of the mature miR-124 in 10 μl reaction mixture containing 10 mM Tris pH 

7.4, 0.5 mM EDTA, and 50 mM KCl. The above reactions were incubated for 5 

minutes at 70°C, 20 minutes at 37°C and finally for 10 minutes at 20°C. The annealed 

RNA-DNA hybrids were supplemented with 10 µl of the 2X reverse transcription 

mixture containing 4 µl of the 5X AMV reverse transcription buffer (Promega), 2 µl of 

10 mM dNTPs, 2 µl of DEPC-treated water (Invitrogen), 1 µl of rRNasin (40 units/µl; 

Promega) and 1 µl of the AMV reverse transcriptase (10 units/µl; Promega) and 
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incubated for 20 minutes at 42°C. The reaction products were extracted with phenol-

chloroform, separated by 15% Polyacrylamide Gel Electrophoresis (PAGE) containing 

7.5 M urea and the gel was exposed to an X-ray film. 

 

2.17 miRNA deep sequencing 

Total RNA from adult and E12.5 mouse brain was extracted with cold TRIzol 

(Invitrogen) as described in section 2.6 and sent to BGI-Hong Kong for deep 

sequencing. Deep sequencing of small RNAs from E12.5 and adult mouse brains was 

done as recommended by Illumina using a GAIIx sequencing platform. The fastq files 

were pre-filtered to remove reads containing bases with phred scores <10, followed by 

clipping the adapter sequences and post-filtering to remove reads containing bases 

with phred scores <20 and discarding reads <18 nt long using FASTX 

(http://hannonlab.cshl.edu/fastx_toolkit/). The collapsed reads (Friedlander et al., 

2008) were parsed with a bowtie (Langmead et al., 2009) index containing mature 

mouse miRNA sequences (miRBase v17; miRBase) extended by 3 nt at the 5’ ends 

and by 6 nt at the 3’ ends. No mismatches were allowed. To analyze reads with non-

templated 3’-terminal nucleotides, parsing was repeated with reads computationally 

clipped by 1-3 nucleotides at their 3’ ends. Sequences represented by <100 reads in 

either of the two brain samples were discarded. This filter was relaxed to <10 reads for 

the pair-wise analysis of trimming efficiencies of pre-miRNA “siblings”. We further 

discarded miRNA entries that could not be unambiguously distinguished from other 

miRNAs after removing three 3’-terminal nucleotides from either the experimental 

reads of the miRBase sequences. Downstream statistical analyses were carried out 

using in-house Perl and R scripts. 
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2.18 High-efficiency low-background recombination-mediated cassette exchange 

(HILO-RMCE) protocol 

N2a-A5 acceptor cells were seeded in 6-well plate at 0.5 × 106 cells per well in 

an antibiotic-free medium and cultured for a day. Then co-transfected with an RMCE 

donor plasmid pEM911 [Ago1(shAgo2-3’UTR)] or pEM912 [Ago1(shAgo2-3’UTR)] 

(Table 2.1) mixed with 1% (wt/wt) of Cre-encoding plasmid, pCAGGS-nlCre (section 

2.21). Each well was transfected with a mixture of 2 μg total DNA, 5 μl Lipofectamine 

2000 in 250 μl Opti-MEM I (Invitrogen) as per manufacturer's instructions. Cells were 

incubated with the transfection mixtures overnight, following which the medium was 

replaced with fresh media and the incubation continued for another 24 hours. Next, 

three-step selection regime was used beginning with one-half of the maximal 

puromycin concentration (2.5 μg/ml) for the first 24 to 48 h of selection, followed by 

the maximal concentration (5 μg/ml) for a few days until the puromycin-sensitive cells 

were eliminated and then returned to one-half maximal concentration to accelerate the 

proliferation of the puromycin-resistant cells. The cultures were incubated until the 

appearance of visible puromycin-resistant colonies, which were then pooled and 

expanded in medium containing one-half maximal puromycin concentration. 

 

2.19 Microscopy  

The expression of dsRed2 fluorescent marker protein from RIP-miR-124 or the 

control vector, RI vector (section 2.21) and EGFP from Dox induced pEM911 

[Ago1(shAgo2-3’-UTR)], pEM912 [Ago2(shAgo2-3’-UTR)] cassettes or pEM830 

[EGFP(shLuc)] control transgene (table 2.1) was analyzed by epifluorescence 

microscopy using an Eclipse Ti microscope (Nikon) equipped with a CoolSNAP HQ2 

CCD camera (Photometrics) using FITC filter at 10x magnification. 
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2.20 Luciferase assay 

Luciferase assay was conducted as described in Makeyev et al., 2007. In brief, 

3x104 cells were seeded per well of a 96 well plate, and immediately transfected with a 

mixture of plasmid for firefly luciferase reporter containing the mouse Ptbp1 3’UTR 

(100 ng), RIPmiR-124 (pEM208) plasmid (100 ng) and 20 ng of Renilla reniformis 

luciferase encoding plasmid (pRL-TK; Promega) using lipofectamine 2000 

(Invitrogen). Luciferase activity was measured after 24 hours of transfection using a 

Dual-Glo Luciferase Assay System (Promega) in accordance with manufacturer’s 

instructions. Renilla reniformis luciferase was used as normalization control. 

 

2.21 Plasmids and primers  

Plasmids encoding miR-124 (RIP-miR-124-1 [pEM183] or RIP-miR-124-2 

[pEM208] or RIP-miR-124-3 [pEM209]) and the corresponding control vector (RI 

vector [pEM157]), as well as the human AGO2 (pcDNA3-3xMyc-AGO2) and nlCre 

(pEM784) expression constructs have been described previously (Karginov et al., 

2007; Khandelia et al., 2011; Makeyev et al., 2007). We normally used the RIPmiR-

124-2 (pEM208) to express miR-124 unless otherwise mentioned. The pTet-Off plasmid 

encoding a tetracycline transactivator (tTA) protein was from Clontech. We used 

standard molecular cloning techniques (Sambrook, 2001 #5) and enzymes from NEB 

to generate several new constructs described in the Table 2.1. Site-specific mutations 

were introduced in plasmid DNA using modified Quikchange site-directed 

mutagenesis protocol (Stratagene) as described in section 2.3.7. All primers used in 

this study are listed in Table 2.2. 
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Table 2.1: Plasmids generated in this study 

Name Purpose Promoter Vector Insert or Treatment 
pEM 
142 

Control for 
Dox-
repressible 
miRNA 
expression 

TRE pTRE-Tight 
(Clontech) cut with 
BamHI and EcoRV 

~1.1 kb dsRed2-intron 
cassette from the RI vector 
(pEM157) (Makeyev et 
al., 2007) 

pEM 
405 

Dox-
repressible 
expression 
of the wild-
type miR-
124 

TRE pEM142 cut with 
KpnI-HpaI to 
remove the 
dsRed2-intron 
cassette 

~1.8 kb KpnI-HpaI 
fragment from RIPmiR-
124-2 (pEM208) 
(Makeyev et al., 2007) 

pEM 
455 

Control for 
3xMyc-
tagged 
Argonaute 
expression 
experiments 

CMV pcDNA3-3xMyc-
AGO2 (Karginov 
et al., 2007) treated 
with BamHI and 
BspDI and then the 
Klenow enzyme to 
remove the AGO2 
ORF 

The vector fragment was 
re-circularized with T4 
DNA ligase 

pEM 
590 

Constitutive 
expression 
of the 
3xMyc-
tagged 
human 
AGO1 

CMV pcDNA3-3xMyc-
AGO2 (Karginov 
et al., 2007) 
digested with 
BamHI, ends filled 
in with Klenow, 
followed by 
digestion with XbaI 
to remove the 
AGO2 ORF 

AGO1 ORF released from 
pIRESneo-FLAG/HA-
AGO1 (Meister et al., 
2004) by NotI digestion, 
Klenow treatment and 
SpeI digestion  

pEM 
591 

Constitutive 
expression 
of the 
3xMyc-
tagged 
human 
AGO3 

CMV pcDNA3-3xMyc-
AGO2 (Karginov 
et al., 2007) 
digested with 
BamHI, ends filled 
in with Klenow, 
followed by 
digestion with XbaI 
to remove the 
AGO2 ORF 

AGO3 ORF released from 
pIRESneo-FLAG/HA-
AGO3 (Meister et al., 
2004) by NotI digestion, 
Klenow treatment and 
SpeI digestion 

pEM 
592 

Constitutive 
expression 
of the 
3xMyc-
tagged 
human 
AGO4 

CMV pcDNA3-3xMyc-
AGO2 (Karginov 
et al., 2007) 
digested with 
BamHI, ends filled 
in with Klenow, 
followed by 
digestion with XbaI 

AGO4 ORF released from 
pIRESneo-FLAG/HA-
AGO4 (Meister et al., 
2004) by NotI digestion, 
Klenow treatment and 
SpeI digestion 
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to remove the 
AGO2 ORF 

pEM 
694 

Constitutive 
expression 
of the 
human 
AGO2 
D597A 
mutant 

CMV pcDNA3-3xMyc-
AGO2 (Karginov 
et al., 2007) 

Mutagenized using 
EMO1505 and EMO1506 
primers  

pEM 
695 

Constitutive 
expression 
of the 
AGO1 
KY>RH 
mutant 

CMV pEM590 Mutagenized using 
EMO2508 and EMO2509 
primers 

pEM 
697 

Constitutive 
expression 
of the 
3xMyc-
tagged 
human 
AGO4 

CAG pCIG digested with 
EcoRV and BglII 
to remove the 
IRES-nls-EGFP 
cassette 

~2.7 kb fragment encoding 
3xMyc-AGO4 released 
from pEM592 by AseI 
digestion, Klenow 
treatment and BamHI 
digestion 

pEM 
698 

Constitutive 
expression 
of the miR-
124 3’C 
mutant 

CMV RIPmiR-124-2 
(pEM208) 
(Makeyev et al., 
2007) 

Mutagenized using 
EMO1288 and EMO1289 
primers 

pEM 
699 

Constitutive 
expression 
of the miR-
124 3’G 
mutant 

CMV RIPmiR-124-2 
(pEM208) 
(Makeyev et al., 
2007) 

Mutagenized using 
EMO1290 and EMO1291 
primers 

pEM 
700 

Constitutive 
expression 
of the miR-
124 3’U 
mutant 

CMV RIPmiR-124-2 
(pEM208) 
(Makeyev et al., 
2007) 

Mutagenized using 
EMO1681 and EMO1682 
primers 

pEM 
728 

Constitutive 
expression 
of 3xMyc-
tagged 
human 
AGO1(AG
O2 PAZ) 

CMV PCR product 
amplified from 
pEM590 using 
KAPA HiFi and 
EMO1120 and 
EMO1121 primers 
and cut with AgeI 

PCR product amplified 
from pcDNA3-3xMyc-
AGO2 (Karginov et al., 
2007) using KAPA HiFi 
and EMO1126 and 5’-
phosphorylated EMO1127 
primers and cut with AgeI 

pEM 
729 

Constitutive 
expression 
of 3X Myc-
tagged 
human 
AGO2(AG

CMV PCR product 
amplified from 
pcDNA3-3xMyc-
AGO2 (Karginov 
et al., 2007) using 
KAPA HiFi and 

PCR product amplified 
from pEM590 using 
KAPA HiFi and 
EMO1124 and 5’-
phosphorylated EMO1125 
primers and cut with AgeI 
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O1 PAZ) EMO1122 and 
EMO1123 primers 
and cut with AgeI 

pEM 
830 
 

Dox 
inducible 
expression 
of the 
EGFP(shLu
c) cassette 

TRE pRD-RIPE 
(pEM791) 
(Khandelia et al., 
2011) cut with 
BsmBI. 

Annealed 
EMO1321/EMO1322 
oligonucleotides 

pEM 
911 

Dox 
inducible 
reprogramm
ing of N2a 
Argonaute 
expression 
pattern 

TRE pRD-RIPE 
(pEM791) 
backbone was 
amended with two 
mouse Ago2 
3’UTR-specific 
shRNAs 
(Khandelia et al., 
2011); 
EMO1530/EMO15
31 and EMO1536/ 
EMO1537), 
digested with 
BsrGI, followed by 
filling in the ends 
with Klenow and 
AgeI digestion to 
remove the EGFP 
ORF 

Mouse Ago1 ORF 
amplified from the 
corresponding cDNA 
clone using KAPA HiFi 
and EMO1687/ EMO1267 
primers and cut with AgeI 

pEM 
912 

Dox 
inducible 
reprogramm
ing of N2a 
Argonaute 
expression 
pattern 

TRE Same as above Mouse Ago2 ORF 
amplified from the 
corresponding cDNA 
clone using KAPA HiFi 
and EMO1688/ EMO1269 
primers and cut with AgeI 

pEM 
919 

Dox-
repressible 
expression 
of the miR-
124 3’C 
mutant 

TRE pEM142 digested 
with SacII and SpeI 

~0.6 kb pre-miR-124-2 
fragment released from 
pEM698 by SacII and SpeI 
digestion 

pEM 
920 

Dox-
repressible 
expression 
of the miR-
124 3’G 
mutant 

TRE pEM142 digested 
with SacII and SpeI 

~0.6 kb pre-miR-124-2 
fragment released from 
pEM699 by SacII and SpeI 
digestion 

pEM 
921 

Dox-
repressible 
expression 

TRE pEM142 digested 
with SacII and SpeI 

~0.6 kb pre-miR-124-2 
fragment released from 
pEM700 by SacII and SpeI 
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of the miR-
124 3’U 
mutant 

digestion 

pEM 
924 

Constitutive 
expression 
of the 
AGO2 
RH>KY 
mutant 

CMV pcDNA3-3xMyc-
AGO2 (Karginov 
et al., 2007) 

Mutagenized using 
EMO2484 and EMO2485 
primers 
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Table 2.2: Oligonucleotides used in this study 
 
 
ID Name Sequence, 5’ to 3’ 
   
RT-qPCR   
EMO592 mHPRT1_up1 CCAGACAAGTTTGTTGTTGGA 
EMO593 mHPRT1_down1 TTTACTAGGCAGATGGCCACA 
EMO863 mPTBP1_up5 AGTGCGCATTACACTGTCCA 
EMO864 mPTBP1_down5 CTTGAGGTCGTCCTCTGACA 
EMO1094 mAgo1_F2 TCTATCCCAGCACCTGCCTA 
EMO1095 mAgo1_R2 GCGAAGTACATGGTGCGTAGA 
EMO1098 mAgo2_F2 TGCACACGCTCTGTGTCAAT 
EMO1099 mAgo2_R2 CAGTGTGTCCTGGTGGACCT 
EMO1100 mAgo3_F1 GGTATGGCACTATGGGCAAA 
EMO1101 mAgo3_R1 CATAAACTGGTCTACGGTCTCCA 
EMO1106 mAgo4_F2 ATTCCGGGCAAGGTATCATT 
EMO1107 mAgo4_R2 CATTTTGAGGATGCGTGAGAT 
EMO1134 mGAPDH_F1 AAATGGGGTGAGGCCGGTGC 
EMO1135 mGAPDH_R1 ATCGGCAGAAGGGGCGGAGA 
EMO1160 mCTDSP1_F1 ACCGGGGGAACTACGTAAAG 
EMO1161 mCTDSP1_R1 CGGCTGAGTTGCTCAAAGAA 
EMO1162 mVAMP3_F2 AGAAGCTCTCGGAGCTAGATGA 
EMO1163 mVAMP3_R2 TGATGACAATGATCACCAGGA 
   
Cloning   
EMO1120 hAGO1_F1 GCTGTATTAAAAAGCTGACCGACAACCA 
EMO1121 hAGO1_R1 CAATCACCGGTTGTGCCTTATAAAAGGCAGTG 

GCT 
EMO1122 
 

hAGO2_F1 
 

GCTGTATTAAAAAATTAACGGACAATCAGACC 
T 

EMO1123 
 

hAGO2_R1 
 

CGATTACCGGTTGTGCCTTGTAAAACGCTGTTG 
CT 

EMO1124 hAGO1_PAZ_F1 GCACAACCGGTGATTGAGTTCATGTGTGAGGT 
EMO1125 hAGO1_PAZ_R1 GCTGCCCAGCCACAATGTTACA 
EMO1126 hAGO2_PAZ_F1 GCACAACCGGTAATCGAGTTTGTTTGTGAAGTT 

TTG 
EMO1127 hAGO2_PAZ_R1 GCTGTCCTGCCACAATGTTACAGAC 
EMO1266 mAgo1_cDNA_FP CCCGGAATTCATGGAAGCGGGACCCTCGGGAG 

CAG 
EMO1267 mAgo1_cDNA_RP CGATGCGGCCGCTCAAGCGAAGTACATGGTGC 

GTAGA 
EMO1268 mAgo2_cDNA_FP CCCGGAATTCATGTACTCGGGAGCCGGCCCCG 

TTC 
EMO1269 mAgo2_cDNA_RP CGATGCGGCCGCTCAAGCAAAGTACATGGTGC 

GCAGT 
EMO1321 ffLuc_shRNA_FP TGCTGTATTCAGCCCATATCGTTTCAGTTTTGG 

CCACTGACTGACTGAAACGATGGGCTGAATA 
EMO1322 ffLuc_shRNA_RP CCTGTATTCAGCCCATCGTTTCAGTCAGTCAGT 

GGCCAAAACTGAAACGATATGGGCTGAATAC 
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EMO1530 mAgo2_shRNA1_FP TGCTGAATCCAACTTGGTACACAATCGTTTTGG 
CCACTGACTGACGATTGTGTCAAGTTGGATT 

EMO1531 mAgo2_shRNA1_RP CCTGAATCCAACTTGACACAATCGTCAGTCAG 
TGGCCAAAACGATTGTGTACCAAGTTGGATTC 

EMO1536 mAgo2_shRNA4_FP TGCTGCAAAGACGTCTCATGTTCGATGTTTTGG 
CCACTGACTGACATCGAACAAGACGTCTTTG 

EMO1537 mAgo2_shRNA4_RP CCTGCAAAGACGTCTTGTTCGATGTCAGTCAGT 
GGCCAAAACATCGAACATGAGACGTCTTTGC 

EMO1687 mAgo1_Age1_F1 CCACCGGTCGCCACCATGGTGGACTACAAAGA 
CGACGATGACAAGTCCATGGAAGCGGGACCCTC

EMO1688 mAgo2_Age1_F1 CCACCGGTCGCCACCATGGTGGACTACAAAGA 
CGACGATGACAAGTCCATGTACTCGGGAGC 

EMO1744 mAgo3_cDNA_F1 CATGGAAATCGGCTCCGCAGGA 
EMO1745 mAgo3_cDNA_R1 GTCACGGAGAATAAGCGGCCGCTTGTTAAGCG 

AAGTACATTG 
EMO1746 mAgo4_cDNA_F1 CATGGAGGCGCTGGGAC 
EMO1747 mAgo4_cDNA_R1 CAAATTTGTTGAGTGCGGCCGCAAGACTCTCA 

GGCAAAATAC 
  
Site-specific mutagenesis  
EMO1288 miR-124_A>C_F1 GCACGCGGTGAATGCCACGAGCGGAGCCTAC 

GGCTG 
EMO1289 miR-124_A>C_R1 CAGCCGTAGGCTCCGCTCGTGGCATTCACCGC 

GTGC 
EMO1290 miR-124_A>G_F1 GCACGCGGTGAATGCCAGGAGCGGAGCCTAC 

GGCTG 
EMO1291 miR-124_A>G_R1 CAGCCGTAGGCTCCGCTCCTGGCATTCACCGC 

GTGC 
EMO1505 hAGO2_D597A_F1 CATCTTTCTGGGAGCAGCCGTCACTCACCCCC 

CC  
EMO1506 hAGO2_D597A_R1 GGGGGGGTGAGTGACGGCTGCTCCCAGAAAG 

ATG  
EMO1681 miR-124_A>T_F1 GCACGCGGTGAATGCCATGAGCGGAGCCTAC 

GGCTG 
EMO1682 miR-124_A>T_R1 CAGCCGTAGGCTCCGCTCATGGCATTCACCGC 

GTGC 
EMO2484 hAGO2_KY>RH_F1 CGGTGGCCCAGTATTTCAAGGACAAATATAAG 

CTTGTTCTGCGCTACCCCCACC 
EMO2485 hAGO2_KY>RH_R1 GGTGGGGGTAGCGCAGAACAAGCTTATATTTG 

TCCTTGAAATACTGGGCCACCG 
EMO2508 hAGO1_RH>KY_F1 GGCACAGTATTTCAAGCAGAGGCACAACCTTC 

AGCTCAAGTATCCCC 
EMO2509 hAGO1_RH>KY_R1 GGGGATACTTGAGCTGAAGGTTGTGCCTCTGC 

TTGAAATACTGTGCC 
  
Primer extension and LM-RT-
PCR  

EMO222 miR-124_p_ext TGGCATTCACCGCGT 
EMO465 miR-124_F1 TAAGGCACGCGGTGAATG 
EMO1013 3’_RT TCTGTACAAGCAGAAGACGGCATAC 
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EMO1014 3'_PCR TCTGTACAAGCAGAAGACGGCA 
  
Northern probes  
EMO12 anti_miR-124 TGGCATTCACCGCGTGCCTTAA 
EMO30 anti_U6 GCCATGCTAATCTTCTCTGTATC 
EMO1615 anti_miR-186 AGCCCAAAAGGAGAATTCTTTG 
EMO1736 anti_miR-541 AGTGTGACCAACATCAGAATCCCTT 
EMO1769 anti_miR-148b ACAAAGTTCTGTGATGCACTGA 
EMO1770 anti_miR-411 CGTACGCTATACGGTCTACTA 
EMO1771 anti_miR-381 ACAGAGAGCTTGCCCTTGTATA 
EMO1773 anti_miR-125a-5p TCACAGGTTAAAGGGTCTCAGGGA 
 



3. RESULTS 

3.1 Mammalian Argonaute identity affects miRNA length 

To understand the biological significance of the mammalian Argonaute paralog 

expansion, we co-transfected HEK293T cells with expression plasmids encoding 

3xMyc-tagged versions of the human AGO1-4 under the control of the CMV or CAG 

promoters (Figure 3.1A) together with the RIPmiR-124 construct encoding miR-124, 

an evolutionarily conserved nervous system-specific miRNA studied in our laboratory 

(Makeyev & Maniatis, 2008; Makeyev et al., 2007). Cells were harvested 72 hours 

post transfection and expression of 3xMyc-tagged Argonautes and miR-124 was 

examined by immunoblotting and Northern blotting respectively. The AGO1-3 

proteins were well expressed from a CMV promoter, whereas a CAG promoter was 

required to express AGO4 at an optimal level (Figure 3.1B). 

A high-resolution Northern blot analysis of the miR-124 RNA revealed that (i) 

Argonaute over-expression led to dramatically increased steady-state levels of the 

mature miRNA as compared to the control plasmid (Figure 3.1C) and (ii) the miR-124 

isoform population was dominated by 21-mers in the presence of recombinant AGO2 

and by 22-mers in the presence of AGO1, AGO3 or AGO4 (Figure 3.1C-D). The 

abundance of 21-mers relative to 22mers was calculated by the ratio of 21-mer to 22-

mer band intensities from Figure 3.1C and it was observed that there is a significant 

increase in this ratio with respect to recombinant AGO2 as compared to AGO1, AGO3 

or AGO4 (Figure 3.1D). 

When expression plasmids encoding 3xMyc-tagged versions of the mouse 

Ago1-4 under CMV (Figure 3.2A) were co-transfected with the RIPmiR-124 construct 

encoding miR-124 in HEK293T, mouse Argonautes behaved similar to human 

Argonautes with respect to miR-124. RNA and protein samples were harvested 72 
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hours post transfection and analysed by urea and SDS PAGE respectively. Northern 

blot analysis of the miR-124 RNA revealed an increased steady-state levels of the 

mature miR-124 and its isoform population was dominated by 21-mers in the presence 

of recombinant Ago2 and by 22-mers in the presence of Ago1, Ago3 or Ago4 (Figure 

3.2A-C) which is evident from the significant increase in the ratio of 21-mer to 22-mer 

with respect to recombinant Ago2 as compared to Ago1, Ago3 or Ago4 (Figure 3.2C). 
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Figure 3.1: Human Argonautes modulate the mature miRNA length. (A) Top, 
diagram of the 3xMyc-AGO constructs and bottom, workflow of the 3xMyc 
AGO/miR-124 co-expression experiment. (B) Immunoblot analysis of the 3xMyc-
tagged AGO1-4 proteins expressed from a CMV promoter and AGO4 expressed from 
a CAG promoter using a Myc tag-specific antibody. β-tubulin is a lane loading 
control. (C) Northern blot analysis of miR-124 co-expressed with the corresponding 
3xMyc AGO proteins or a control plasmid. The positions of the mature miR-124 and 
the pre-miR-124 precursor (pre) are marked on the right. U6 snRNA specific probe is 
used as a loading control. (D) Quantification of the results in (C) showing a 
significantly increased ratio between the 21- and 22-mers in cells over-expressing 
3xMyc AGO2 as compared to the other three Argonautes. Data are averaged from 3 
independent transfection experiments ±SD. 
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Figure 3.2: Role of mouse Argonautes in defining the mature miRNA length. (A) 
Immunoblot analysis of 3xMyc-tagged mouse Ago1-4 expressed from a CMV 
promoter. The recombinant Ago proteins were detected with a Myc tag-specific 
antibody; β-tubulin is a loading control. (B) Northern blot analysis of miR-124 co-
expressed with the corresponding 3xMyc Ago proteins or a control plasmid. U6 
snRNA-specific probe is used as a loading control. (C) Quantification of the results in 
(B) showing a significantly increased ratio between the 21- and 22-mers in cells over-
expressing 3xMyc Ago2 as compared to the other three Argonautes. Data are averaged 
from 3 independent transfection experiments ±SD. 
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3.1.1 Accumulation of mature miRNA in Ago-overexpressing cells is due to the 

miRNA-Ago interaction  

The mature miRNA accumulated in the Argonaute over-expressing cells was 

likely associated with the corresponding AGO proteins, as discussed previously 

(Diederichs & Haber, 2007). To test this prediction, we co-expressed miR-124 and the 

3xMyc-tagged AGO proteins in HEK293T cells, pulled down the complexes using a 

Myc tag-specific antibody and analyzed the co-immunoprecipitated miR-124 by 

Northern blotting (Figure 3.3A). Similar to the distributions observed in Figure 3.1C-

D, the most abundant AGO2-associated form was 21-mer, whereas 22-mer was 

predominant in the AGO1, AGO3 and AGO4 pull-downs (Figure 3.3A-B). Thus, the 

miR-124 isoform composition of the total RNA samples corresponded to the miRNA 

patterns physically associated with the over-expressed Argonautes.  
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Figure 3.3: Mature miRNA accumulates in the abundant Argonaute. (A) 
HEK293T cells were co-transfected with a miR-124 expression plasmid and either of 
the 3xMyc-tagged AGO1-4 plasmids. Argonaute-associated mature miR-124 species 
were pulled down with anti-Myc antibody 72 hours post transfection and analyzed by 
Northern blotting. (B) Quantification of the data in (A). 
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3.2 Increase in fractional abundance of Ago2 correlates with shortening of 

mature miR-124 during mouse brain development 

 

3.2.1 Increase in fractional abundance of Ago2 in developing mouse brain 

Since the above results suggested that Argonaute identity might affect the 

length of mature miRNAs. We examined the Ago1-4 expression in developing mouse 

brain both at transcript and protein levels. Quantitative RT-PCR (RT-qPCR) analyses 

showed that the embryos of 12.5 days post conception (E12.5) brain expressed readily 

detectable amounts of the Ago1 and Ago2 mRNAs (Figure 3.4A). Notably, the 

apparent Ago1 mRNA abundance decreased ~8 fold in the adult brain, while the Ago2 

expression decreased only ~2 fold (Figure 3.4A-B). The expression of Ago3 and Ago4 

was negligible at both developmental stages (Figure 3.4A). Immunoblot analyses 

confirmed that the originally high Ago1 protein levels in the E12.5 brain were 

dramatically reduced in the adult sample, whereas the Ago2 expression was relatively 

uniform at both developmental stages (Figure 3.4C). 
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Figure 3.4: Ago2 fractional abundance goes up during the mouse brain 
development. (A) RT-qPCR analysis of the Argonaute expression in E12.5 and adult 
(P60) mouse brains. Data were averaged from three biological replicates ±SD and 
analyzed by the t test. (B) Quantification of the data in (A) showing a dramatic 
decrease in the Ago1 expression in the adult brain. Negative fold changes correspond 
to down-regulation in the adult brain and positive fold changes correspond to up-
regulation in the adult brain. (C) Immunoblot analysis showing a relatively uniform 
expression of Ago2 in the E12.5 and adult mouse brains and a reduction in the Ago1 
protein levels during mouse brain development. β-tubulin is a loading control. 
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3.2.2 Increasing Ago2 fractional abundance enhances the shortening of mature 

miRNA  

To investigate the effect of this increase in the Ago2 fractional abundance, we 

analyzed the mature miR-124 in the E12.5, newborn and adult mouse brains (Figure 

3.5A). Interestingly, 22-mers were predominant in the E12.5 sample, whereas 21-mers 

became the most abundant form in the newborn and adult samples (Figure 3.5A-B). 

This indicated that the change in the Argonaute expression pattern might underlie the 

miR-124 isoform dynamics during brain development. 
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Figure 3.5: Shortening of mature miRNA is in direct relation to the increasing 
Ago2 fractional abundance during the mouse brain development. (A) Northern 
blot analysis of RNAs from E12.5, newborn (P0) and adult (P60) mouse brains 
showing progressive shortening of mature miR-124 during development. (B) 
Quantification of the data in (A) showing a change in the percentage of the 
corresponding miR-124 isoforms (20-25 nt) as a function of development. 
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3.3 Mature miRNAs are shortened following the Dicer processing step 

 

3.3.1 Mature miRNAs are shortened in the absence of precursor miRNA, a Dicer 

substrate 

The Argonaute-dependent change in the miR-124 length could theoretically be 

due to (i) altered cleavage preferences of Drosha or Dicer or (ii) a post-Dicer trimming 

of the Argonaute-loaded mature miRNAs. To distinguish between these possibilities, 

we carried out a pulse-chase experiment, in which miR-124 was expressed from a 

Dox-repressible promoter in HEK293T cells containing substantial amounts of 

endogenous AGO2 (Meister et al., 2004). The transcription was stopped with Dox 24 

hours post transfection and the subsequent changes in the miR-124 RNA were 

analyzed by Northern blotting (Figure 3.6A). The originally prominent pre-miR-124 

precursor band disappeared within 24 hours of the Dox treatment, presumably as a 

result of the Dicer processing reaction (Figure 3.6A, bottom). This allowed us to 

monitor the subsequent changes in the mature miR-124 species. Notably, the 22-mer 

miR-124 species were chased into 21-mers from 24 to 48 hours after adding Dox 

(Figure 3.6A). 

This result was consistent with the model that pre-miR-124 was initially 

processed by Dicer into 22-mers that were subsequently trimmed to 21-mers. 

 

3.3.2 Dicer cleaves precursor miRNA giving rise to 22nt size mature miRNA 

predominantly in vitro 

To directly determine the Dicer cleavage specificity, we incubated the total 

RNA from the RIPmiR-124-transfected HEK293T cells harvested 24 hours post 
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transfection with purified human Dicer in vitro (Figure 3.6B). Quantification of the 

newly formed mature miR-124 species processed from the pre-miR-124 substrate 

confirmed that Dicer indeed generated predominantly 22-mer products (Figure 3.6C). 
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Figure 3.6: Shortening of mature miRNA is independent of precursor processing 
by Dicer. (A) Pulse-chase experiment showing that the mature miR-124 length is 
reduced after the completion of the Drosha- and Dicer-dependent processing steps. 
Top, the experimental workflow; bottom left, Northern blot analysis of the 
corresponding RNA samples; bottom right, quantification of the Northern blot data 
showing an increase in the 21- to 22-mer ratio in samples from collected 24 and 48 
hours after halting the pri-miR-124 transcription by Dox. (B) RNA from miR-124-
expressing HEK293T cells in (A) at the time point 0 was incubated in vitro with 
increasing amounts of purified human Dicer and the reaction products were analyzed 
by Northern blotting. (C) Quantification of the newly formed products in (B) showing 
that Dicer generates predominantly 22-mer species. Data are averaged from the three 
Dicer lanes in (B) ±SD.  
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3.3.3 Mature miRNA with 2’-OMe protected on 3’ terminus are resistant to 

shortening 

The 3’ termini of some Argonaute-loaded miRNAs are known to undergo 

enzymatic trimming in Drosophila (Han et al., 2011; Liu et al., 2011). To test whether 

miR-124 might be shortened in the mammalian cells through a similar process, we 

transfected HEK293T cells transiently expressing 3xMyc-tagged AGO2 with synthetic 

miR-124 22-mer duplexes designed similar to siRNAs and analyzed the lengths of the 

AGO2-associated miRNAs by Northern blotting 4 and 24 hours post transfection 

(Figure 3.7A-D). The fraction of the AGO2-bound 21-mers increased over time, 

indicative of an ongoing trimming reaction. On the other hand, essentially no trimming 

was detected when we repeated this experiment with 22-mer miR-124, in which the 

3’-terminal nucleotide was protected by a 2’-OMe group (Figure 3.7A-C). This 

suggested that the AGO2-associated 21-mers were derived from the 22-mers as a 

result of the 3’ terminal nucleotide removal. 
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Figure 3.7: AGO2-loaded synthetic 22-mers are efficiently trimmed unless 
protected at the 3’ end. (A) Outline of the experiment. (B) HEK293T cells 
expressing 3xMyc-AGO2 were transfected with synthetic siRNA-like duplexes 
containing either an umodified 22-mer miR-124 or 22-mer protected at the 3’ end with 
a 2’-OMe group. The AGO2/miR-124 complexes were pulled down 4 and 24 hours 
post transfection and analyzed by Northern blotting. (C) Quantification of the data in 
(B) confirming efficient trimming of the unmodified but not 3’-protected 22-mers 
loaded into AGO2. Data are averaged from three independent experiments ±SD. (D) 
Immunoblot analysis of the 3xMyc-AGO2/miR-124 pull-down experiment. The 
3xMyc-AGO2 expression for (B) was analyzed by immunoblotting with Myc tag-
specific antibody and GAPDH antibody was used to control input lane loading and 
monitor the quality of the pull-down fractions. Asterisks indicate a weak unspecific 
band detected by the GAPDH antibody in the pull-down fractions. 
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3.3.4 miR-124 from all the three precursor paralogs is subjected to trimming  

Next we examined whether the mature miR-124 generated by the processing of 

all the 3 miR-124 precursors (miR-124-1, 2 and 3) encoded by three gene paralogs is 

subjected to trimming or not. To this end we transfected RIPmiR constructs for miR-

124a-1, 2 and 3 in HEK293T. RNA harvested after 72hours of transfection was 

subjected to northern blot analysis showed that the levels of mature miR-124 

expressed from all the above three paralogs were indistinguishable (Figure 3.8A and 

C) (Makeyev et al., 2007). Most importantly mature miR-124 from each of the three 

paralogs was subjected to extensive trimming (Figure 3.8A and B). Quantitation of (A) 

showed no significant difference in trimming efficiency of miR-124 between the three 

precursor paralogs (Figure 3.8B).  
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Figure 3.8: Mature miRNA from the three precursor paralogs is trimmed with 
equal efficiency. (A) Northern blot analysis of pre-miR-124-1, 2 and 3 expressed from 
RIPmiR constructs in HEK293T. The positions of the mature miR and the pre-miR-
124 precursor (pre) are marked on the right. U6 snRNA specific probe is used as a 
loading control. (B) Diagram of the pre-miR-124 paralogs with identical mature 
miRNA sequence (colored in blue) in the 3’ arm (miRBase). (C) Quantification of the 
results in (A) showing an extensive trimming (ratio between the 21- and 22-mers) for 
each of the miR-124-1, 2 and 3 with no significant difference between them. (D) 
Quantification of (A) showing the abundance of total mature miRNA for each of the 
miR-124-1, 2 and 3 with no significant difference between them. Data for (C) and (D) 
are averaged from 4 independent transfection experiments ±SD. 
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3.3.5 All three miR-124 precursor paralogs predominantly give rise to 22nt size 

mature miRNA in vitro without any bias 

To directly determine the Dicer cleavage specificity for each of the miR-124 

precursors, the pre-miRNA from RIPmiR-124-1, 2 and 3 transfected HEK293T cells 

harvested at 24 hours post transfection was incubated with purified human Dicer in 

vitro (Figure 3.9B).  The pre-miRNA from total RNA of RIPmiR-124-1, 2 and 3 

transfected HEK293T cells was extracted after resolving on a 10% PAGE and the gel 

purified fractions were analyzed by a high resolution northern blot (Figure 3.9A). Pre-

miR-124-1, 2 and 3 substrates were then subjected to Dicer cleavage in vitro and the 

mature miRNA thus generated was analyzed by Northern blot. We observed that Dicer 

indeed generated predominantly 22-mer products irrespective of the precursor 

substrate (Figure 3.9B). 
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Figure 3.9: Dicer generates predominantly 22-mer mature miR-124 from each of 
the precursor paralogs. (A) High resolution northern blot showing the pre mir-124-1, 
2 and 3 extracted from the total RNA of RIPmiR-124-1, 2 and 3 transfected HEK293T 
cells. (B) RNA fraction of ∼60nt size from miR-124-1, 2 and 3 expressing HEK293T 
cells in (A) was incubated in vitro with 0.125 units of purified human Dicer in an in 
vitro dicing reaction for 45 minutes and the products were analyzed by Northern 
blotting showed that Dicer generates predominantly 22-mer species. 
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3.3.6 Mature miRNAs are shortened following their loading into AGO2 

Since it was formally possible that different Argonaute proteins might have 

distinct miRNA loading preferences, we transfected HEK293T cells expressing 

3xMyc-tagged AGO1 or AGO2 with an equimolar mixture of the 22- and 21-mer 

miR-124 duplexes and analyzed the isoform distributions in the Myc-tag pull-down 

fractions 4 hours post transfection (Figure 3.10A-B). Both AGO1 and AGO2 recruited 

22- and 21-mers with comparable efficiencies thus supporting the model that the 

length of mature miRNAs is altered following their loading into AGO2. 
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Figure 3.10: miRNA length is reduced following its recruitment to AGO2.         
(A) HEK293T cells were transfected with 3xMyc-AGO1 or 3xMyc-AGO2 expression 
constructs and the tagged proteins were allowed to be expressed for 24 hours. The 
cells were then transfected for 4 hours with a mixture of siRNA-like duplexes 
containing 22- and 21-mer miR-124 strands and the AGO-associated miR-124 RNA 
was pulled down using an anti-Myc antibody and analyzed by Northern blotting. (B) 
Quantification of the data in (B) averaged from 3 independent transfection 
experiments ±SD. The loading preferences of AGO1 and AGO2 do not differ 
significantly (n.s. [not significant with p>0.05], t test). 
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3.4 Mammalian miRNAs undergo large-scale 3’-terminal trimming during 

nervous system development 

 

3.4.1 Mature miR-124 is shortened on the 3’ terminus 

To ensure that the 3’-terminal trimming also accounted for the miR-124 

isoform dynamics in the developing mouse brain, we analyzed the 3’-terminal 

sequences of miR-124 at the E12.5 and the adult stages using ligation-mediated RT-

PCR (LM-RT-PCR) followed by cloning and sequencing of the miR-124-specific PCR 

products (Figure 3.11A). All 30 clones derived from the E12.5 sample terminated in 

...CCAA3’, which corresponded to the 22-mer sequence 

5’UAAGGCACGCGGUGAAUGCCAA3’. On the other hand, ...CCA3’ (21-mer) was 

the most frequently encountered terminus in the adult clones followed by ...CCAA3’ 

(22-mer), ...CC3’ (20-mer) and ...C3’ (19-mer) (Figure 3.11A). Primer extension 

analysis of the E12.5 and adult miR-124 showed that the predominant 5’ end position 

was 5’UAAGGC... in both samples, thus confirming that the reduced length of miR-

124 in the adult brain was due to changes at the 3’ end (Figure 3.11B). 
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Figure 3.11: The miR-124, 3’ end is shortened during nervous system 
development. (A) Extensive shortening of the miR-124, 3’ end in the adult mouse 
brain. The graph shows a summary of 3’-terminal sequences of mature miR-124 
determined for 30 miR-124-specific LM-RT-PCR clones from the E12.5 and the adult 
samples. (B) Primer extension assay demonstrates that miR-124 species have 
relatively uniform 5’ termini in both the E12.5 and adult brain. The stronger extension 
signal in the adult sample correlates with a higher abundance of the mature miR-124 at 
this stage. 
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3.4.2 Deep sequencing uncovered a large fraction of small RNAs that undergo 

trimming during the nervous system development  

To find out if the 3’ ends of other miRNAs are shortened during brain 

development, we analyzed a small RNA fraction from E12.5 and adult mouse brain by 

deep sequencing and focused on 193 miRNAs that were detectably expressed in both 

samples (>100 reads), could be unambiguously distinguished from other miRNAs, and 

had no non-templated nucleotides at the 3’ end. Notably, the empirical cumulative 

distribution functions (ECDFs) of the overall miRNA length distributions in the two 

samples differed significantly (p=7.9×10-6, KS test), with the adult miRNAs being 

shorter than the E12.5 ones (Figure 3.12A). This conclusion was further supported by 

pair-wise comparisons of the average lengths of specific miRNAs in the adult and 

E12.5 samples (Figure 3.12B; p=1.76×10-29, Wilcoxon signed rank test; also see 

Tables 3.1 and 3.2). The differences in the miRNA lengths were clearly due to 

shortening of the 3’ but not the 5’ end in the adult sample (Figure 3.12C-D). Notably, 

Northern blot analyses of select miRNAs confirmed our deep sequencing data (Figure 

3.12E-H). 
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Figure 3.12: Widespread shortening of the miRNA 3’ ends during brain 
development. Statistical analyses of deep sequencing data for 193 miRNAs expressed 
in the E12.5 and the adult mouse brain and containing no non-templated nucleotides. 
(A) The overall length distribution of miRNAs expressed in the adult brain is shifted 
towards shorter species as compared to E12.5. (B) Average lengths of specific 
miRNAs tend to decrease in the adult brain as compared to E12.5. (C) The miRNA 5’ 
end coordinates do not differ significantly between the two brain samples. (D) The 3’ 
end coordinates of the adult miRNAs are diminished significantly as compared to 
E12.5. (E-H) Validation of deep sequencing data by northern blot analysis of a few 
miRNAs. Select miRNAs from E12.5 (embryonic; E), P0 (newborn; N); and P60 
(adult; A) mouse brains were analyzed by Northern blotting. (E) miRNAs predicted to 
be significantly shortened during mouse brain development. (F) miRNAs predicted to 
have relatively stable length during mouse brain development. (G-H) Lane density 
profiles for (E-F), respectively. Developmentally shortened miRNA species are 
marked by red arrowheads. 
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Table 3.1: Top fifty miRNAs significantly shortened in the adult brain. 
 
 
miRNA 
name 

Length 
difference, nt 

KS test, 
D statistic 

KS test, 
p value 

mmu-miR-409-5p -2.5372 0.8003 <2.20E-16 
mmu-miR-330* -1.9902 0.5908 <2.20E-16 
mmu-miR-3068 -1.8678 0.9514 <2.20E-16 
mmu-miR-598 -1.5090 0.4348 <2.20E-16 
mmu-miR-181c -1.5002 0.5773 <2.20E-16 
mmu-miR-139-3p -1.4001 0.5962 <2.20E-16 
mmu-miR-24 -1.2757 0.4474 <2.20E-16 
mmu-miR-708* -1.2492 0.4655 <2.20E-16 
mmu-miR-190 -1.1455 0.4662 1.30E-14 
mmu-miR-191 -1.0865 0.4234 <2.20E-16 
mmu-miR-330 -1.0566 0.4195 <2.20E-16 
mmu-miR-181a -1.0555 0.4542 <2.20E-16 
mmu-miR-33 -1.0092 0.9259 <2.20E-16 
mmu-miR-125a-5p -0.9706 0.5371 <2.20E-16 
mmu-miR-3057-5p -0.9465 0.2417 1.65E-13 
mmu-miR-181b -0.9460 0.4312 <2.20E-16 
mmu-miR-195 -0.9316 0.4986 <2.20E-16 
mmu-miR-192 -0.8823 0.442 <2.20E-16 
mmu-miR-1224 -0.8542 0.2597 <2.20E-16 
mmu-miR-3099 -0.8390 0.2878 <2.20E-16 
mmu-miR-30e -0.8228 0.2008 <2.20E-16 
mmu-miR-666-5p -0.8123 0.364 <2.20E-16 
mmu-miR-26a -0.7971 0.4004 <2.20E-16 
mmu-miR-27b* -0.7776 0.3361 2.30E-13 
mmu-miR-541 -0.7720 0.2596 <2.20E-16 
mmu-miR-200b -0.7705 0.5246 <2.20E-16 
mmu-miR-186 -0.7621 0.3026 <2.20E-16 
mmu-miR-669c -0.7146 0.3223 <2.20E-16 
mmu-miR-383 -0.7000 0.4619 <2.20E-16 
mmu-miR-181d -0.6940 0.3133 <2.20E-16 
mmu-miR-338-5p -0.6884 0.3152 <2.20E-16 
mmu-miR-21 -0.6821 0.4079 <2.20E-16 
mmu-miR-16 -0.6814 0.3811 <2.20E-16 
mmu-miR-342-5p -0.6796 0.2333 <2.20E-16 
mmu-miR-124 -0.6721 0.2435 <2.20E-16 
mmu-miR-218 -0.6672 0.4288 <2.20E-16 
mmu-miR-184 -0.6529 0.3686 <2.20E-16 
mmu-miR-877 -0.6457 0.2518 <2.20E-16 
mmu-miR-130a -0.6451 0.3201 <2.20E-16 
mmu-miR-153 -0.6397 0.2432 <2.20E-16 
mmu-miR-30c-2* -0.6364 0.3203 <2.20E-16 
mmu-miR-30a -0.6310 0.1765 <2.20E-16 
mmu-miR-7b -0.6260 0.3904 <2.20E-16 
mmu-miR-433 -0.6254 0.2498 <2.20E-16 
mmu-miR-376a* -0.6208 0.4934 <2.20E-16 
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mmu-miR-708 -0.5965 0.3629 <2.20E-16 
mmu-miR-204 -0.5770 0.2974 2.30E-06 
mmu-miR-30b* -0.5751 0.5233 <2.20E-16 
mmu-miR-7a -0.5736 0.3404 <2.20E-16 
mmu-miR-22 -0.5582 0.2252 1.35E-11 

 
Length difference is calculated by subtracting the average miRNA length in the E12.5 
sample from that in the adult sample. miRNAs analyzed by Northern blotting (Figure 
3.12 E) are shown in bold. 
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Shifts in the miRNA 3’-terminal coordinates are calculated by subtracting the average 
E12.5 3’ coordinates from the corresponding average adult 3’ coordinates. miRNAs 
trimmed more efficiently than their pre-mRNA “siblings” (and by ≥0.5 nt) are shown 
on the left (pre-miRNA product 1). Statistical analysis of the data shows that trimming 
of pre-miRNA products 2 does not correlate significantly with trimming of the 
corresponding pre-miRNA products 1 (Spearman’s correlation coefficient ρ=0.26; p 
value 0.16). 



Table 3.2: miRNAs showing no significant length changes. 
 
 
miRNA 
name 

Length 
difference, nt 

KS test, 
D statistic 

KS test, 
p value 

mmu-miR-217 -0.1768 0.0742 0.1557 
mmu-miR-384-3p -0.1585 0.0707 0.2633 
mmu-miR-323-5p -0.1313 0.1313 0.06435 
mmu-miR-672 -0.1223 0.0613 0.1363 
mmu-miR-328 -0.1035 0.0841 0.1766 
mmu-miR-337-5p -0.0780 0.0548 0.8786 
mmu-miR-322* -0.0533 0.0655 0.7105 
mmu-miR-138-1* -0.0480 0.048 0.9927 
mmu-miR-376a -0.0462 0.0515 0.4361 
mmu-miR-652 -0.0279 0.0279 0.8938 
mmu-miR-376c -0.0273 0.0563 0.8999 
mmu-miR-380-3p -0.0271 0.0337 0.9745 
mmu-miR-381 -0.0256 0.0165 0.2187 
mmu-miR-410 -0.0252 0.0171 0.9795 
mmu-miR-129-5p -0.0213 0.0128 0.989 
mmu-miR-28* -0.0209 0.0224 0.7593 
mmu-miR-344 -0.0108 0.0054 1 
mmu-miR-423-3p -0.0091 0.0222 1 
mmu-miR-148b -0.0080 0.0045 0.9952 
mmu-miR-135b -0.0068 0.0522 0.9443 
mmu-miR-20a -0.0067 0.0249 0.9913 
mmu-miR-135a-2* -0.0065 0.0881 0.1439 
mmu-miR-17 -0.0040 0.0263 0.9967 
mmu-miR-34c -0.0030 0.0025 1 
mmu-miR-151-3p 0.0000 0 1 
mmu-miR-344d 0.0000 0 1 
mmu-miR-541* 0.0000 0 1 
mmu-miR-544-5p 0.0000 0 1 
mmu-miR-92b 0.0008 0.0131 1 
mmu-miR-185 0.0067 0.0067 1 
mmu-miR-132 0.0129 0.0302 0.9872 
mmu-miR-361 0.0308 0.035 1 
mmu-miR-135a-1* 0.0380 0.0397 0.9863 
mmu-miR-495 0.0386 0.0386 0.9996 
mmu-miR-411* 0.0395 0.0282 0.9992 
mmu-miR-362-5p 0.0418 0.0209 1 
mmu-miR-496 0.1103 0.1103 0.3775 
mmu-miR-335-3p 0.1395 0.0793 0.3252 

 
Length difference is calculated by subtracting the average miRNA length in the E12.5 
sample from that in the adult sample. miRNAs analyzed by Northern blotting (Figure 
3.12 F) are shown in bold. 
 

 

76 
 



Also from a closure look at the deep sequencing data we failed to detect a 
significant correlation between the trimming efficiencies of mature miRNA “siblings” 
encoded by the same pre-miRNA in our deep sequencing data (Table 3.3), which is 
consistent with the model that trimming occurs after the two strands of the precursor 
miRNA duplex are physically separated. 
  
Table 3.3: Lack of correlation between trimming efficiencies of miRNA pairs 
produced from the same pre-miRNA precursor 
 
 

pre-miRNA product 1 pre-miRNA product 2 

miRNA name 3’ coordinate 
shift, nt miRNA name 3’ coordinate 

shift, nt 
mmu-miR-409-5p -2.537173542 mmu-miR-409-3p 0.105862688 
mmu-miR-181b-1* -2 mmu-miR-181b -0.94603856 
mmu-miR-330* -1.990232417 mmu-miR-330 -1.056629669 
mmu-miR-3068 -1.867808782 mmu-miR-3068* -0.603754693 
mmu-miR-425* -1.563636364 mmu-miR-425 -0.445631914 
mmu-miR-106b* -1.471512605 mmu-miR-106b -0.211418035 
mmu-miR-139-3p -1.400130325 mmu-miR-139-5p -0.284182244 
mmu-miR-24 -1.275713312 mmu-miR-24-2* -0.284615385 
mmu-miR-503 -1.27540107 mmu-miR-503* 0 
mmu-miR-708* -1.249244461 mmu-miR-708 -0.596548969 
mmu-miR-338-3p -1.091041515 mmu-miR-338-5p -0.68835768 
mmu-miR-181a -1.055543879 mmu-miR-181a-2* 0 
mmu-miR-125a-5p -0.970607359 mmu-miR-125a-3p -0.397138796 
mmu-miR-674* -0.956349206 mmu-miR-674 0.015642841 
mmu-miR-541 -0.771993754 mmu-miR-541* 0 
mmu-miR-200b -0.770462089 mmu-miR-200b* -0.380002236 
mmu-miR-329* -0.687773429 mmu-miR-329 -0.5 
mmu-miR-1839-3p -0.684210526 mmu-miR-1839-5p -0.157961632 
mmu-miR-16 -0.681358991 mmu-miR-16-1* -0.437229437 
mmu-miR-342-5p -0.679644855 mmu-miR-342-3p -0.472350731 
mmu-miR-325* -0.675925926 mmu-miR-325 -0.29468599 
mmu-miR-124 -0.67206246 mmu-miR-124* -0.612998648 
mmu-miR-218 -0.667239435 mmu-miR-218-2* -0.315789474 
mmu-miR-99b* -0.653927929 mmu-miR-99b -0.398142946 
mmu-miR-433 -0.625448417 mmu-miR-433* 0 
mmu-miR-376a* -0.620797362 mmu-miR-376a -0.046211993 
mmu-miR-204 -0.577044952 mmu-miR-204* -0.341059603 
mmu-miR-219-5p -0.571428571 mmu-miR-219-3p 0 
mmu-miR-380-5p -0.516646589 mmu-miR-380-3p -0.027065527 
mmu-miR-676 -0.505933907 mmu-miR-676* 0 
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To ensure that the above result was not due to a sample preparation artifact, we 

repeated the statistical analyses with 80 unambiguous miRNAs that were detectably 

expressed in both the E12.5 and adult samples (>100 reads) and contained 1-3 non-

templated nucleotides at their 3’ ends (Figure 3.13). These modified miRNA isoforms 

represented ~10% of the total reads in both samples and the non-templated extensions 

consisted predominantly of A’s and U’s (Figure 3.13A), as described earlier (Landgraf 

et al., 2007; Morin et al., 2008; Wyman et al., 2011). Importantly, when we 

computationally clipped the non-templated extensions and analyzed the lengths and 

the 5’ and 3’ coordinates of the remaining genome-encoded “stumps”, a large-scale 3’-

terminal trimming was again detected for the adult miRNAs (Figure 3.13B-D). We 

concluded that the miRNA 3’ ends receded in the adult brain but the probability of 

their subsequent extension by terminal transferases was comparable between the E12.5 

and the adult samples. 
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Figure 3.13: Statistical analyses of the deep sequencing reads corresponding to 
miRNAs with 3’-terminal non-templated extensions. (A) The nucleotide 
composition of the 3’-terminal non-templated extensions in the E12.5 and adult brain 
miRNAs. (B) Average lengths of the genome-encoded “stumps” in 3’-modified 
miRNAs tend to decrease in the adult brain as compared to E12.5. (C) The 
distributions of the miRNA 5’ end coordinates in 3’-modified miRNAs do not differ 
significantly between the two brain samples. (D) The 3’ ends of the genome-encoded 
“stumps” tend to recede in the adult as compared to the E12.5 sample.  
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3.4.3 miRNA trimming efficiency depends on the nature of the 3’-terminal 

nucleotide 

We then returned to the 193 miRNAs devoid of the non-templated extensions 

and analyzed their 3’-terminal nucleotide usage. All four nucleotides occurred fairly 

randomly at the 3’ ends of the E12.5 miRNAs (Figure 3.14A). However, the 3’ termini 

of the adult miRNAs were noticeably depleted in A’s and enriched in U’s (Figure 

3.14A; p<2.2×10-16, χ2 test). 

To test whether the corresponding nucleotide preferences of the trimming 

reaction could explain this bias, we prepared a set of miR-124 constructs encoding all 

four nucleotides at the 3’-terminal position of the mature 22-mer and analyzed the 

trimming behavior of the corresponding miRNAs in the HEK293T cells after 3 days of 

transfection (Figure 3.14B-D). Notably, the A3’-terminated (wild type) miR-124 was 

trimmed most efficiently and the U3’ miR-124 was trimmed least efficiently 

(p=4.3×10-3; ANOVA test; Figure 3.14C-D). 

Similar result was observed when the above set of miR-124 constructs 

encoding all four nucleotides at the 3’-terminal position of the mature 22-mer were 

expressed from a Dox repressible promoter in HEK293T cells (Figure 3.14E-F). The 

transcription was stopped by addition of Dox 24 hours post transfection and trimming 

efficiency of residual miRNA was followed for the successive 3 days in a time course 

experiment. The result was consistent to the above in which the A3’-terminated (wild 

type) miR-124 was trimmed most efficiently and the U3’ miR-124 was trimmed least 

efficiently (Figure 3.14E-F).  
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Figure 3.14: Effect of the 3’-terminal nucleotide identity on miRNA trimming 
(A) The usage of the 3’-terminal genome-encoded nucleotides is relatively uniform in 
the E12.5 miRNAs, whereas is becomes significantly depleted in A’s and enriched in 
U’s in the adult sample. (B) Diagram of the miR-124 expression constructs genetically 
modified to introduce all 4 nucleotides (arrowheads) at the 3’-terminal position of the 
mature miRNA (colored sequence). (C) To determine their precise lengths, the 3’ 
terminal miR-124 mutants were expressed in HEK293T cells for 72 hours from a 
constitutive promoter (CMV) and analyzed by Northern blotting alongside the 
corresponding synthetic 22-mer RNA markers.  (D) Quantitation of the data from (C) 
showing, of the four miR-124 variants described in (B), A3’ is trimmed most 
efficiently and U3’ is trimmed least efficiently in the HEK293T cells. Data were 
averaged from 3 independent transfection experiments ±SD. (E) Pulse-chase 
experiment. HEK293T cells were transfected with Dox-repressible constructs 
encoding the four miR-124 3’-terminal variants and the miRNAs were allowed to be 
expressed for 24 hours. Dox was then added to the cultures (time point 0) and the miR-
124 RNA was analyzed by Northern blotting at the indicated time points. In (E), 
mature miRNA lengths and the positions of the pre-miR-124 precursors (pre) are 
shown on the left. U6 is a loading control. (F) Quantification of the data in (E) 
demonstrating distinct trimming behaviours of the four miR-124 variants. 
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3.4.4 miRNA trimming efficiency depends on the interacting Argonaute partner in 

addition to the nature of the 3’-terminal nucleotide  

Co-expression of the four 3’-terminal miR-124 variants with the 3xMyc-tagged 

Argonautes showed that AGO2-overexpressing cells trimmed A3’ most efficiently and 

U3’ least efficiently (Figure 3.15A-B), similar to the preferences of endogenous 

HEK293T Argonaute blend. Trimming of all four miR-124 variants was rather 

inefficient in the presence of over-expressed AGO1, AGO3 or AGO4 (Figure 3.15A-

B). These results suggested that the nature of the 3’-terminal nucleotide modulates 

trimming of AGO2-loaded miRNAs. 
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Figure 3.15: Trimming of miRNA is a coordinated mechanism of Argonaute 
selectivity and 3’-terminal nucleotide identity. (A) The four 3’-terminal miR-124 
variants were co-expressed in HEK293T cells with the AGO1-4 and the trimming 
efficiency was analyzed by Northern blotting 48 hours post transfection. (B) 
Quantification of the data in (A) averaged from 3 independent transfection 
experiments ±SD. 
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3.5 Specific structural feature of the AGO2 PAZ domain enables efficient miRNA 

trimming 

 

3.5.1 PAZ domain interacts with 3’ terminal of mature miRNA and plays an 

important role in trimming 

To elucidate the mechanism for the efficient shortening of AGO2-associated 

miRNAs, we aligned the amino acid (aa) sequences of human Argonautes and focused 

on the regions showing the highest divergence (Figure 3.16A). The least conserved 

element within the PAZ domain sequence corresponded to the AGO1, 300-319 aa 

segment known to fold into a partially α-helical loop interacting with the small RNA 

3’ end (Figure 3.16A) (Ma et al., 2004). The K313 and Y314 residues were of 

particular interest since they formed hydrogen bonds with the phosphate groups of the 

3’ penultimate and ultimate nucleoside monophosphates, respectively (Figure 3.16B). 

Notably, the KY motif was conserved in AGO1, AGO3 and AGO4 across tetrapod 

vertebrates, but it was substituted with RH in AGO2 (Figure 3.16A and Figure 3.17). 
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Figure 3.16: Structure of the Argonaute PAZ domain modulates miRNA 
trimming efficiency. (A) Human Argonaute sequence similarity plot. The diagram on 
the top indicates the positions of the N, PAZ, MID and PIWI domains. The divergent 
sequence element within the PAZ domain is indicated by the arrow and the sequence 
swapped between AGO1 and AGO2 in (Figure 3.18, A-C) is highlighted in gray. A 
fragment of the PAZ sequence alignment is presented at the bottom with non-
conserved aa residues shown in red. The position of the AGO1 K313 and Y314 
residues is marked by the arrowheads. (B) Crystal structure of the AGO1 PAZ domain 
associated with a small RNA [1SI3; (Ma et al., 2004)] showing hydrogen bonds 
between the K313 and Y314 side chains and the 3’ penultimate and ultimate 
nucleoside triphosphates. 
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Figure 3.17: Phylogenetic analysis of the miRNA 3’ end-binding surface of the 
metazoan Argonaute PAZ domains. (A) Alignment of the putative 3’ end-binding 
segments for miRNA-specific Argonautes of Drosophila melanogaster (Ago1) and 
Caenorhabditis elegans  (Alg-1), as well as their orthologs from other invertebrates: 
Aedes aegypti, Bombyx mori, Tribolium castaneum, Ixodes scapularis, Daphnia pulex 
and Ascaris suum. Similar alignments were generated for (B) the Ago1-Ago4 protein 
families of fishes (Danio rerio, Tetraodon nigroviridis, Gasterosteus aculeatus and 
Oreochromis niloticus) and (C) tetrapod vertebrates (Homo sapiens, Mus musculus, 
Canis lupus familiaris, Bos taurus, Ornithorhynchus anatinus, Gallus gallus, Anolis 
carolinensis, and Xenopus tropicalis). (D) Alignment of the consensus sequences from 
(A-C) suggesting that the Ago2-specific RH motif might have diverged from the 
original KY motif following the expansion of the Ago1-Ago4 paralogs in the 
vertebrates in an ancestral tetrapod species (compare the fish and the tetrapod Ago2 
consensuses). In all panels, non-conserved residues are shown in red and the KY and 
RH motifs is highlighted in blue and pink, respectively. 
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3.5.2 Mature miR-124 trimming is correlated to the PAZ domain of Argonaute 

To address the role of the PAZ domain in the miRNA trimming, we generated 

reciprocal swap mutants of AGO1 and AGO2 that contained heterologous PAZ 

domain segments comprising the KY/RH motif (see Figure 3.18A). The engineered 

AGO1(AGO2 PAZ) and AGO2(AGO1 PAZ) proteins were expressed in HEK293T 

cells at levels similar to their wild-type counterparts (Figure 3.18A). Strikingly, miR-

124 was trimmed more efficiently in the presence of AGO1(AGO2 PAZ) as compared 

to the wild-type AGO1 protein (Figure 3.18B-C). On the other hand, trimming of 

AGO2-loaded miR-124 was suppressed by grafting the AGO1 PAZ domain (Figure 

3.18B-C). 
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Figure 3.18: PAZ domain affects trimming of mature miRNA. (A) Immunoblot 
analyses showing comparable expression of the wild type AGO1, AGO2 and their 
reciprocal PAZ domain-swapped mutants. (B) Northern blot analyses of miR-124 co-
expressed with the corresponding Argonaute proteins (A) in HEK293T cells. Cells 
were harvested at (B) 72 hours post transfection. (C) Quantification of the data in (B) 
showing the effect of the PAZ domain structure on the miRNA trimming efficiency. 
Data were averaged from 3 independent transfection experiments ±SD and compared 
using the t test. 
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3.5.3 RH amino acid residues in the PAZ domain play a key role in trimming of 

AGO2 bound miRNAs 

We hypothesized that the KY residues might stabilize the 3’ end of AGO1-, 

AGO3- and AGO4-bound miRNAs within the PAZ domain and restrict its availability 

to the yet-to-be identified mammalian miRNA trimming enzyme(s). To test this 

prediction, we mutated the RH element in AGO2 to KY and co-expressed the mutant 

protein with miR-124 in HEK293T cells (Figure 3.19A). Satisfyingly, the RH>KY 

mutation significantly suppressed the trimming of AGO2-loaded miR-124 (Figure 

3.19B-C). 
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Figure 3.19: RH residues of AGO2 PAZ domain affects trimming of mature 
miRNA. (A) Immunoblot analyses showing comparable expression of the wild type 
AGO2 and AGO2 (RH>KY) mutant. (B) Northern blot analyses of miR-124 co-
expressed with the corresponding Argonaute proteins (A) in HEK293T cells. Cells 
were harvested at (B) 72 hours post transfection. (C) Quantification of the data in (B) 
showing the effect of the PAZ domain structure on the miRNA trimming efficiency. 
Data were averaged from 3 independent transfection experiments ±SD and compared 
using the t test. 
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3.5.4 KY amino acid residues in the PAZ of AGO1 protects the 3’ end of mature 

miRNA from trimming 

Since KY residues of AGO1 PAZ domain seem to stabilize the 3’ end residues 

in mature miRNA we assumed a reciprocal mutant KY>RH mutant of AGO1 would 

stimulate the trimming of miR-124. Surprisingly the reciprocal KY>RH mutant of 

AGO1 stimulated miR-124 trimming (Figure 3.20A-C). 
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Figure 3.20: KY residues of AGO1 PAZ domain stimulates trimming of mature 
miRNA. (A) Immunoblot analyses showing comparable expression of the wild type 
AGO1 and AGO1 (KY>RH) mutant. (B) Northern blot analyses of miR-124 co-
expressed with the corresponding Argonaute proteins (A) in HEK293T cells. Cells 
were harvested at (B) 72 hours post transfection. (C) Quantification of the data in (B) 
showing the effect of the PAZ domain structure on the miRNA trimming efficiency. 
Data were averaged from 3 independent transfection experiments ±SD and compared 
using the t test. 
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3.5.5 Trimming is not affected by the slicer inactive mutant of AGO2 

The control mutation (D597A) inactivating the AGO2 slicer activity (Liu et al., 2004) 

had no effect on the miRNA trimming efficiency (Figure 3.21A-C). Therefore, the 

unusually high trimming propensity of AGO2-loaded miRNAs requires specific 

structural features of the AGO2 PAZ domain. 
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Figure 3.21: Trimming of AGO2-associated miRNA does not require the Slicer 
activity. (A) Immunoblot analysis showing that the wild-type AGO2 and the AGO2 
(D597A) mutant proteins are expressed at comparable levels. β-tubulin is a loading 
control. (B) Northern blot analysis of miR-124 co-expressed with either wild-type or 
the D597A mutant of 3xMyc-AGO2 for 48 hours. U6 is a loading control. (C) 
Quantitation of (A) showing no significant difference in the miR-124 trimming 
between AGO2 and AGO2(D597A) (n.s. [not significant with p>0.05], t test). Data are 
averaged from 3 independent replicates ±SD. 
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3.6 AGO1-loaded miR-124 is more potent in inducing neuron-like differentiation 

of neuroblastoma cells than AGO2-loaded miR-124 

 

3.6.1 Generation of Neuro2a cell lines stably expressing Ago1 or 2 and shRNA for 

Ago2 

To address the role of dramatic decrease in the Ago1/Ago2 ratio during 

nervous system development, we took advantage of the high-efficiency and low-

background recombination-mediated cassette exchange (HILO-RMCE) system 

(Khandelia et al., 2011). Using this approach we generated two recombinant 

populations of mouse Neuro2a (N2a) neuroblastoma cells expressing Dox-inducible 

cassettes with two intronic shRNAs against the endogenous Ago2 3’UTR followed by 

a transgenic open reading frame (ORF) of either Ago1 or Ago2 (Figure 3.22A). The 

sequences recognized by the Ago2-3’UTR-specific shRNAs were absent from the 

transgenic Ago2 sequence. 

The Argonaute expression patterns in the two transgenic N2a populations 

changed dramatically upon Dox treatment (Figure 3.22B-C). Ago1 was over-expressed 

and Ago2 was down-regulated in the Ago1(shAgo2-3’UTR) cells, whereas the overall 

Ago2 levels increased in the Ago2(shAgo2-3’UTR) cells as compared to the control 

cell population expressing a Dox-inducible EGFP ORF and a firefly-specific shRNA 

[EGFP(shLuc)] (Figure 3.22B-C). 

As expected, in a similar way to Adult mouse brain transiently transfected 

miR-124 was trimmed more efficiently in the Ago2(shAgo2-3’UTR) as compared to 

the Ago1(shAgo2-3’UTR) cells (Figure 3.23A-B). 
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Figure  3.22: Molecular analyses of transgenic N2a cells. (A) Diagram of the HILO-
RMCE procedure used to obtain pools of transgenic N2a cells expressing Dox-
inducible Ago1(shAgo2-3’UTR) and Ago2(shAgo2-3’UTR) cassettes. (B-C) 
Transgenic N2a cells generated as described in (A) or cells containing a Dox-inducible 
EGFP(shLuc) control transgene were treated with Dox for 72 hours and the Ago1 and 
Ago2 expression was analyzed by (B) RT-qPCR or (C) immunoblotting. Data in (B) 
were averaged from 6 independent amplification experiments ±SD and compared 
using t test.  
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Figure 3.23: Trimming of miR-124 in transgenic N2a cells. (A) Argonaute 
expression patterns were reprogrammed in the Ago1(shAgo2-3’UTR) and 
Ago2(shAgo2-3’UTR) transgenic N2a populations by 72 hour Dox treatment, the cells 
were transfected with a constitutive miR-124 expression plasmid (RIPmiR-124) or the 
corresponding vector control (RI vector) and the miRNA expression was analyzed by 
Northern blotting at 36 and 72 hours post transfection. Positions of the mature miR-
124 and its precursor (pre) are shown on the left. U6 is a loading control. (B) 
Quantification of the data from (A) showing that miR-124 is trimmed consistently 
better in Ago2-expressing cells as compared to Ago1-expressing cells. 
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3.6.2 AGO1-loaded miR-124 potentially induces neuron-like differentiation in 

neuroblastoma cells 

Since miR-124 expression is known to induce neuron-like differentiation of 

N2a cells (Makeyev et al., 2007), we examined the efficiency of this process in the 

two Argonaute backgrounds from section 3.6.1. Strikingly, miR-124 expressed in the 

Dox-treated Ago1(shAgo2-3’UTR) cells was significantly more potent in inducing the 

neurite outgrowth phenotype as compared to miR-124 expressed in the Dox-treated 

Ago2(shAgo2-3’UTR) cells (Figure 3.24A-B). This effect was not due to an overall 

higher activity of miR-124 in the Ago1(shAgo2-3’UTR) cells since miR-124 repressed 

three of its previously published targets (Ptbp1, Vamp3 and Ctdsp1) equally well in 

both backgrounds (Figure 3.24C-D). We concluded that the Ago1- and Ago2-loaded 

miR-124 may have distinct biological activities in the context of mammalian brain 

development possibly through differential regulation of a subset of targets. 
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Figure 3.24: AGO1 stimulates miR-124-induced neuronal differentiation of 
neuroblastoma cells. (A) Ago1(shAgo2-3’UTR) and Ago2(shAgo2-3’UTR) cells pre-
treated with Dox for 72 hours were transiently transfected with the miR-124 
expression plasmid RIPmiR-124 additionally encoding the dsRed2 fluorescent marker 
or the corresponding control vector (RI vector) and the transfected cell morphology 
was examined 36 hours post transfection using dsRed2 fluorescence. Note that the 
expression of RIPmiR-124 leads to the appearance of a larger number of neuron-like 
cells containing long processes in the Ago1(shAgo2-3’UTR) cells as compared to the 
Ago2(shAgo2-3’UTR) cells. No differentiated cells are obvious in the RI vector-
transfected cultures. (B) Quantification of the RIPmiR-124-induced morphological 
differentiation in Ago1(shAgo2-3’UTR), Ago2(shAgo2-3’UTR) and EGFP(shLuc) 
cells. Shown are fractions of cells containing at least one primary process longer than 
the average diameter of the cell soma. Ten randomly selected fields were imaged for 
each sample and the data were averaged ±SD and compared using the t test. (C) Cells 
were treated as in (A) except a firefly luciferase reporter containing the mouse Ptbp1 
3’UTR was co-transfected with the RIPmiR-124 or the RI vector plasmids and the 
effect of miR-124 on the expression of the reporter gene was assayed as described 
(Makeyev et al., 2007). The experiment was done in triplicate ±SD and the luciferase 
expression levels in the corresponding RI vector-transfected controls were set to 1. 
Note that in both Ago1- and Ago2-expressing cells, miR-124 inhibits the expression of 
Luc-Ptbp1 with equal efficiency (n.s. [not significant with p>0.05], t test). (D) 
Ago1(shAgo2-3’UTR) and Ago2(shAgo2-3’UTR) cells pre-treated with Dox for 72 
hours were transfected with the wild-type siRNA-like synthetic miR-124 22-mer 
duplex or a control non-targeting siRNA and the expression of three previously 
published miR-124 targets (Ptbp1, Ctdsp1, Vamp3; (Karginov et al., 2007; Makeyev 
et al., 2007) was analyzed by RT-qPCR 24 hours post transfection. Data are averaged 
from 6 experiments ±SD and the expression of the corresponding genes in siControl-
transfected samples is set to 1. Note that miR-124 reduces the abundance of all three 
target mRNAs equally well in both Argonaute backgrounds (n.s. [not significant with 
p>0.05], t test). 
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4. DISCUSSION 

4.1 Shortening of miRNAs during mouse brain development 

miRNAs have emerged as one of the critical post transcriptional regulators of 

eukaryotic gene expression. Interestingly recent studies indicate that a large fraction of 

cellular miRNAs themselves are subjected to various modifications resulting in 

numerous size variants of a given miRNA, referred to as isomiRs (Berezikov et al., 

2011; Fernandez-Valverde et al; Wyman et al., 2011). Multiple post transcriptional 

mechanisms have been implicated in the regulation of miRNA activity in a range of 

biological contexts (Krol et al., 2010). 

Our present study provides an important update to the mammalian catalog of 

post transcriptional modifications by showing that a large subset of miRNAs 

undergoes 3’-terminal miRNA trimming during mouse brain development. Moreover, 

we also provide evidence that in addition to trimming, a fraction of miRNAs in 

developing nervous system may also undergo the addition of non-templated 

nucleotides at the 3’ terminus. These modifications may lead to two possible 

functional outcomes: a change in the miRNA targeting properties or its stability 

(Katoh et al., 2009; Xie et al., 2012). 

 

4.2 miR-124 undergoes trimming after its loading to RISC complex 

miR-124 is an important brain-specific miRNA whose expression elevates 

during the mouse brain development (Krichevsky et al., 2003; Miska et al., 2004; 

Smirnova et al., 2005). We also observed a progressive trimming of mature miR-124 

during mouse brain development (Figure 3.5). Several lines of evidence strongly 

suggest that, similar to the situation in Drosophila (Han et al., 2011; Liu et al., 2011), 

mammalian trimming occurs after the pre-miRNA dicing step after the recruitment of 
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mature miRNAs into Argonaute-containing complexes. Firstly, miR-124 was trimmed 

even in the absence of detectable amounts of the pre-mRNA precursor (Figure 3.6A) 

and secondly, AGO2-loaded synthetic miRNAs were efficiently trimmed whereas the 

end blocked synthetic miRNAs were protected from trimming (Figure 3.7A-C). 

Furthermore the pre-miR-124 predominantly gives rise to 22 nt mature miR-124 in an 

in vitro dicing reaction (Figure 3.6B-C). Taken together our data convincingly 

indicates that the trimmed species of miR-124 arise after Dicer cleavage and after 

loading of mature miRNA onto the RISC complex. 

The mature miR-124 pool in the cell arises from three precursor paralogs (pri-

miR-124a-1, -2, and -3) that differ by a few nucleotides in the pre-miRNA loop region. 

Notably, not only all the three precursor paralogs give rise to mature miR-124 at 

similar levels (Figure 3.8A and C) (Makeyev et al., 2007), but the mature miR-124 

derived from each of the precursor paralogs is trimmed with identical efficiency 

(Figure 3.8A and B). Furthermore, all the three precursors give rise to predominantly 

22 nt mature miRNA species in vitro (Figure 3.9B).  Our data thus strongly suggests 

that trimming of miRNA is a post dicing event and mature miRNA is the substrate for 

trimming. 

 

4.3 Argonaute association determines miRNA trimming 

A surprising conclusion from our work is that, of the four mammalian 

Argonaute paralogs, only Ago2-loaded miRNAs undergo efficient 3’-terminal 

trimming (Figure 3.1, 3.2 and 3.3). Given the increase in fractional abundance of Ago2 

during brain development due to dramatic down-regulation of Ago1 (Figure 3.4), this 

provides a molecular mechanism for the large-scale resection of the miRNA 3’ ends in 

adult mouse brain. 
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We link the efficient trimming of Ago2-loaded miRNAs to the unusual 

structure of the Ago2 PAZ domain featuring the RH residues in its miRNA 3’-

interaction loop instead of the KY motif conserved across other miRNA-specific 

Argonautes (Figure 3.16 and 3.17). A likely outcome of the KY>RH substitution could 

be a loss of at least one of the two hydrogen bonds between the KY residues and the 

miRNA 3’end due to the relatively small size and the lack of hydroxyl in the histidine 

side chain. This might theoretically weaken the interaction of the miRNA 3’ end with 

the PAZ domain thus making it more accessible to a trimming exonuclease (Figure 

3.18, 3.19 and 3.20). Based on our phylogenetic analyses, it is tempting to speculate 

that the Ago2 RH motif might have emerged in an ancestor of the tetrapod vertebrates 

as an adaptation enabling developmental control of the miRNA trimming. Additional 

experimental work would be required to show whether all tetrapod miRNAs loaded to 

the cognate Ago2 proteins have an increased trimming propensity. 

 

4.4 Nature of the 3’ terminal nucleotide alters the trimming efficiency of miR-124 

Trimming reaction shows a 3’-terminal nucleotide bias. Indeed, 3’-terminal ‘A’ 

is substantially more accessible to trimming than the other three nucleotides. In 

addition to this, the miR-124 with terminal A nucleotide replaced, showed significant 

decrease in the trimming efficiency even in the presence of Ago2 unlike wild type 

miR-124 (Figure 3.14C-F). 

Also 3’ termini of the adult miRNAs were noticeably depleted in A’s and 

enriched in U’s (Fig. 4A; p<2.2×10-16, χ2 test) (Figure 3.14A). Considering the above 

observations we propose that the trimming machinery favors miRNAs having a 

specific nucleotide at the 3’ end as well as association with AGO2 but not AGO1, 3, or 

4 (Figure 3.15A and B).  
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Further work will be required to establish the identity of the enzyme(s) 

trimming the mammalian miRNA 3’ ends. An obvious starting point of these studies 

would be characterization of the mammalian Nibbler homologs (Han et al., 2011; Liu 

et al., 2011). Our observation that the nature of the miRNA 3’ terminal nucleotide 

affects the efficiency of the trimming reaction (Figure 3.14 and 3.15) might reflect 

biochemical preferences of this hypothetical 3’-to’5’ exonuclease and possibly 

facilitate its identification. 

 

4.5 Biological significance of miRNA trimming 

A growing body of evidence suggests that the 3’-terminus of a miRNA may 

modulate its interaction with cognate mRNAs in addition to the 5’-proximal “seed” 

sequence (Bartel, 2009; Brennecke et al., 2005; Broderick et al., 2011). It is therefore 

conceivable that the removal of one or two nucleotides from the 3’ terminus could 

diminish the miRNA binding affinity to a subset of targets requiring 3’ compensatory 

interactions. The higher biological activity of Ago1-associated miR-124 in 

neuroblastoma cells observed in our study (Figure 3.24) would generally be consistent 

with this model. Indeed, trimming of Ago2-loaded miR-124 might diminish its target 

repertoire thus potentially leading to a loss of important differentiation-specific targets 

(Figure 4.1). We are currently investigating the effect of Argonaute identity on the 

miR-124 targeting properties and potential significance of the stronger differentiation 

phenotype of Ago1-loaded miR-124 for mouse brain development. Another future line 

of research would be to examine possible effect of trimming on the miRNA half-life. 
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Figure 4.1: Proposed model outlining the role of mammalian Argonaute identity 
in miRNA trimming. Trimming of miRNAs recruited to AGO2 in adult brain might 
diminish the regulation of select targets which determine the differentiation (on top) 
unlike the miRNAs recruited to AGO1 in embryonic brain that do not undergo 
trimming (bottom).   
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In conclusion, the present work uncovers pervasive 3’-terminal trimming of 

mammalian miRNAs and suggests that the efficiency of this process might be 

developmentally regulated by changes in fractional abundance of Ago2, the only 

mammalian Argonaute compatible with efficient trimming reaction. Identification of 

the mammalian miRNA trimming enzyme(s) and understanding the possible functions 

of trimmed miRNAs in mammals and Drosophila will be important questions for 

future studies.  
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