
Investigating direct and cooperative microRNA regulation of Pax6 in vivo using a 
genome engineering approach 

 
by 

 
Bridget Ryan 

BSc, University of Victoria, 2012 
 
 

A Dissertation Submitted in Partial Fulfillment 
of the Requirements for the Degree of 

 
DOCTOR OF PHILOSOPHY 

 
in the Division of Medical Sciences 

 

 

 

 

 

 

 

 

 

ãBridget Ryan, 2019 
University of Victoria 

 
All rights reserved. This dissertation may not be reproduced in whole or in part, by 

photocopy or other means, without the permission of the author. 



 ii 

Supervisory Committee 
 
 
 
 
 

Investigating direct and cooperative microRNA regulation of PAX6 in vivo using a 
genome engineering approach 

 
by 

 
Bridget Ryan 

BSc, University of Victoria, 2019 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supervisory Committee 
 
Dr. Robert L. Chow, Department of Biology 
Supervisor 
 
Dr. John S. Taylor, Department of Biology 
Departmental Member 
 
Dr. Perry L. Howard, Department of Biology 
Departmental Member 
 
Dr. Christopher J. Nelson, Department of Biochemistry and Microbiology 
Outside Member 
 



 iii 

Abstract 
 
 

Cells must employ a diversity of strategies to regulate the quantity and 

functionality of different proteins during development and adult homeostasis. Post-

transcriptional regulation of gene transcripts by microRNAs (miRNAs) is recognized as an 

important mechanism by which the dosage of proteins is regulated. Despite this, the 

physiological relevance of direct regulation of an endogenous gene transcript by miRNAs 

in vivo is rarely investigated. 

PAX6 is a useful model gene for studying miRNA regulation directly. PAX6 is 

highly dosage-sensitive transcription factor that is dynamically expressed during 

development of the eye, nose, central nervous system, gut and endocrine pancreas, and 

is mutated in the haploinsufficiency disease aniridia. Several miRNAs have been 

implicated in regulating PAX6 in different developmental contexts. Notably, miR-7 

appears to regulate Pax6 during specification of olfactory bulb interneurons in the 

ventricular-subventricular zone (V-SVZ) of the brain and during development of the 

endocrine pancreas. 

Here, we produced a bioinformatics tool to enable selective mutation of 

candidate microRNA recognition elements (MREs) for specific miRNAs while ensuring 

that new MREs are not inadvertently generated in the process. We then performed the 

first comprehensive analysis of the mouse Pax6 3’ untranslated region (3’UTR) to 

identify MREs that may mediate miRNA regulation of Pax6 and to identify miRNAs 

capable of interacting with the 3’UTR of Pax6.  Using Pax6 3’UTR genetic reporter assay, 
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we confirmed that two MREs for miR-7-5 located at 3’UTR positions 517 and 655 

function together to regulate PAX6. We generated mice harbouring mutations in the 

Pax6 3’UTR that disrupt these miR-7-5p MREs, individually or in combination, to explore 

the biological relevance of miRNA regulation directly. PAX6 protein abundance was 

elevated in double miR-7-5p MRE mutants relative to wild type and single mutants in 

the ventral V-SVZ. However, this increase in PAX6 was not associated with an altered 

dopaminergic periglomerular neuron phenotype in the olfactory bulb. 

Our findings suggest that, in vivo, microRNA regulation can be mediated through 

redundant MRE interactions. This work also reveals that directly mutating predicted 

MREs at the genomic level is necessary to fully characterize the specific phenotypic 

consequences of miRNA-target regulation. 
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1.1 From gene to protein: molecular mechanisms underlying cellular regulation 

 The processes by which transcription of a gene though to translation and protein 

function are regulated have important implications for cells. Since cells are constantly 

subjected to changing conditions, the abundance and activity of proteins must be 

dynamically regulated. It has become clear that all steps in the pathway from gene 

expression to the final protein are subject to regulation. Chromosome structure, cis-

regulatory elements in the DNA and promoter usage can be used to control the “when” 

and “where” of transcription. From there, messenger RNA (mRNA) transcripts can be 

alternatively spliced, and their stability and use for translation subject to regulation. The 

activity of the final protein can then be further regulated through covalent attachment 

of various small molecules, interaction with other proteins, and ultimately degradation 

(Figure 1). Proper regulation of gene expression, protein stability and function are 

critical for correct development, response to stress and maintenance of homeostasis, 

and these processes are frequently dysregulated in disease. 
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Figure 1. Mechanisms for regulating protein dosage and function 

Many mechanisms can be used to regulate the quantity and functionality of a given 
protein in a cell. (A) Chromatin structure can be regulated to alter accessibility of the 
gene to transcription factors and RNA polymerase. This is accomplished by addition of 
various posttranslational modifications to histone proteins within nucleosomes [1]. 
Transcription of a gene at the level of the DNA can be regulated in several ways. (B) Cis-
regulatory regions in the DNA, enhancers and silencers, can be used to control spatial 
and temporal aspects of transcription initiation [2]. (C) Additionally, alternative 
promoter usage can be employed to generate multiple different messenger RNAs 
(mRNAs) from the same genomic sequence, which can impact mRNA stability and 
produce different protein isoforms with varying functions [3]. mRNA can be regulated at 
the level of precursor-mRNA (pre-mRNA) processing: capping, splicing and 
polyadenylation, and though interaction with RNA binding proteins (RBPs). (D) 
Alternative splicing of the mRNA can be used to generate different protein isoforms [4] 
and alternative cleavage and polyadenylation of the mRNA 3’ end can impact mRNA 
stability by altering the 3’ untranslated region (3’UTR) length [5]. (E) Mature mRNAs can 
associate with a host of RNA binding proteins (RBPs) that regulate mRNA translation and 
decay [6]. RBPs can influence processes such as polyadenylation and deadenylation of 
mRNAs to regulate mRNA turnover [7](Zhang et al., 2010). An important example is 
regulation by microRNAs (miRNAs), which can interfere with initiation of translation and 
negatively affect mRNA stability by recruiting protein complexes to the mRNA [6]. 
Translation initiation is also highly regulated and can be affected by 5’UTR secondary 
structure [8]. Once a protein has been synthesized from a given mRNA, the stability and 
functionality of that protein can be regulated in many ways. (F) Degradation of proteins 
can be regulated by covalent attachment of the small protein ubiquitin [9] and other 
post translational modifications, such as phosphorylation, methylation, acetylation, 
hydroxylation and sumoylation, can be used to alter protein function of cellular 
localization [10]. (G) The function of a protein can also be modified though interaction 
with other proteins. 
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1.2 MicroRNAs as post-transcriptional regulators 

1.2.1 Discovery of microRNAs 

 A large portion of the genome in complex organisms is transcribed into non-

coding RNAs (ncRNA), RNA that is not translated into protein [11]. Functional ncRNAs 

were first identified in the form of infrastructural ncRNAs: transfer RNAs (tRNAs), 

ribosomal RNAs (rRNAs) and small nuclear RNAs (snRNAs), which play important roles in 

translation and splicing [11, 12]. More recently, trans-acting small regulatory RNAs have 

been discovered in plants and animals that play important roles in RNA editing, 

translation and mRNA stability: the small nucleolar RNAs (snoRNAs) and short 

interfering RNAs (siRNAs)/microRNAs (miRNAs) [11]. MicroRNAs (miRNAs) are a class of 

21-25 nucleotide noncoding regulatory RNAs that are processed from stem loop 

precursors [13] and base-pair with complementary sequences in mRNAs to negatively 

regulate their translation and stability.  

 MicroRNAs were discovered through loss of function (LOF) mutations in 

Caenorhabditis elegans (C. elegans). lin-4 was the first characterized miRNA [14].  It was 

identified by a LOF mutation in C. elegans that caused a defect in developmental timing. 

This miRNA negatively regulates the protein Lin-14 via a complementary antisense 

interaction with lin-14 mRNA. Specifically, lin-4 downregulates Lin-14 protein levels 

during the first larval stage, permitting developmental progression to the second larval 

stage [14]. Following this, the miRNA let-7 was identified in C. elegans [15]. Like lin-4, 
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let-7 encodes a 22 nucleotide RNA that acts as a heterochronic gene switch. Specifically, 

it promotes a transition from the third to the fourth larval stage by temporally 

downregulating the protein Lin-41 via complementary base pairing to the 3’ 

untranslated region (3’UTR) of the Lin-41 mRNA [15].  

 Since their discovery in C. elegans, miRNAs were identified as a large class of 

regulatory molecules with many diverse targets. MicroRNAs are encoded in the 

genomes of most multicellular organisms studied [13]. Initial predictions estimated that 

the human genome encodes 200-250 miRNA genes, accounting for approximately 1% of 

the abundance of transcribed genes [16]. More recent work has produced significantly 

greater estimates of miRNA gene abundance, predicting that the human genome 

encodes approximately 1000 miRNA genes [17]. Short RNA deep-sequencing data has 

identified over 15000 miRNA gene loci and over 17000 mature miRNA sequences in 142 

species. Specifically, over 2500 and 1900 distinct mature miRNA sequences have been 

identified in human and mouse, respectively [18]. If these sequences represent genuine 

mature miRNAs, it would mean that miRNA genes are one of the most abundant classes 

of regulatory genes in mammals.  

 The number of predicted miRNA targets is also very large. Computational 

approaches that consider evolutionary conservation of predicted microRNA recognition 

elements (MREs) in 3’UTR sequences suggest that 30-60% of human protein-coding 

genes are targeted by miRNAs [19, 20]. Other computational methods using pattern-

based approaches for predicting miRNA-target heteroduplexes estimate that over 90% 
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of mammalian gene transcripts are directly regulated by miRNAs [21]. Taken together, 

these results suggest that miRNAs are a very abundant class of regulatory molecules 

with a huge number of target mRNAs.  

1.2.2 MicroRNA biogenesis 

 Similar to mRNA transcription and processing, miRNA genes are transcribed as 

precursor RNAs by RNA polymerase II and are modified with both 5’ cap structures and 

3’ polyadenylation (poly(A)) tails [22]. Though most miRNA genes are their own 

transcriptional units, some are located in the introns of precursor mRNAs (pre-mRNAs) 

and are processed from these introns [23]. Additionally, though most miRNA genes are 

isolated, many are arranged in clusters and are transcribed as multi-cistronic primary 

transcripts [24]. MiRNAs within such clusters are often related.  

 Once transcribed, the initial primary miRNA (pri-miRNA) transcript is processed 

in the nucleus by the enzyme Drosha into a 60-70 nucleotide intermediate RNA having 

hairpin secondary structure, the precursor miRNA (pre-miRNA) [25, 26]. Pre-miRNAs are 

then exported out of the nucleus where they are further processed to miRNA duplexes 

by the enzyme Dicer [27]. The double-stranded miRNA comprises the stem of the pre-

miRNA hairpin. Imprecise processing by Drosha or Dicer can generate multiple distinct 

mature miRNAs from a single pri-miRNA, termed isomiRs [28]. One strand of the miRNA 

duplex, termed the guide strand, is retained as the mature miRNA and the other strand 

is degraded [29]. Guide strand selection is asymmetric, with either the 5’ or 3’ arm of 

the pre-miRNA being favoured (Figure 2) [18, 29]. Mature miRNAs are loaded into 

Argonaute (Ago) proteins [30–32] where they function as guides, directing the RNA-
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induced silencing complex (RISC) to complementary sites in mRNAs to be silenced [33]. 

RISC is composed of the proteins Dicer, Ago and TRBP [26].  

 

 

Figure 2. Pre-miRNA processing and synthesis of 5p versus 3p mature miRNA 

Primary miRNA (pri-miRNA) transcripts are processed into approximately 60-70 
nucleotide precursor miRNA (pre-miRNA) molecules by Drosha [25]. Pre-miRNAs have 
hairpin structure. (A-B) Example pre-miRNA sequences for Mus musculus (mmu)-miR-
7a-1 and mmu-miR-375 from miRbase [18]. Further processing of the precursor miRNA 
by Dicer yields a 21-23 nucleotide mature miRNA (blue highlight in the pre-miRNA 
sequence), which is retained to serve as the guide strand in the RNA-induced silencing 
complex (RISC)[27]. The mature miRNA is derived from either the 5’ or 3’ arm of the pre-
miRNA hairpin and the complementary passenger strand is degraded (red highlight). For 
most miRNAs, either the 5’ or 3’ arm of the pre-miRNA hairpin is favoured for 
synthesizing the mature miRNA (blue text) [29]. The mature miRNA nomenclature 
appends the miRNA name with either -5p or -3p to indicate which arm of the pre-miRNA 
hairpin the mature miRNA is derived from.  (A) mmu-miR-7a-1: the 5’ arm of the pre-
miR-7a hairpin is preferentially retained and is designated miR-7a-5p. miR-7a-1-5p is 
50X more abundant than miR-7a-1-3p based on deep sequencing read count [18]. (B) 
mmu-miR-375: the 3’ arm of the pre-miR-375 hairpin is preferentially retained and is 
designated miR-375-3p. miR-375-3p is 100,000X more abundant than miR-375-5p based 
on deep sequencing read count [18]. 
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1.2.3 Mechanism of miRNA target recognition 

 Much effort has been devoted toward investigating the mechanisms by which 

miRNAs recognize their targets, as this knowledge is valuable for predicting novel 

miRNA-target interactions. In C. elegans, the miRNAs lin-4 and let-7 were found to 

contain sequence complementarity to motifs within the 3’UTRs of their targeted 

transcripts [14, 15], setting a precedent for directing subsequent searches for miRNA 

targets to mRNA 3’UTRs [13]. Mechanistically, displacement of RISC by ribosomal 

complexes during translation may be the reason for this observed restriction of miRNA 

targeting to the 3’UTR of mRNAs [34]. This evidence is supported by observations that 

the number of predicted MREs conserved above chance is low in the first 15 nucleotides 

(nt) after the stop codon, and sites within 15 nt of the stop codon are less effective [35]. 

Though it is generally accepted that miRNAs target the 3’UTRs of mRNAs, functional 

MREs and Ago-occupied miRNA-MRE heteroduplexes have been identified in mRNA 

5’UTRs and coding regions [36–40].  

Animal miRNAs generally lack perfect or near-perfect sequence complementarity 

to their target mRNAs. Often, less than half of the miRNA sequence is complementary to 

the target [41]. This differs from plant miRNAs, which generally have perfect 

complementarity to their targets [42]. Consequently, identifying mRNA targets of animal 

miRNAs has presented a greater challenge. The miRNA 5’ end, particularly nucleotides 

2-8, referred to as the miRNA “seed” region, was suggested to be critical for mediating 

miRNA target recognition in animals [43]. This is supported by several observations: 5’ 

segments of invertebrate miRNAs were perfectly complementary to their known 3’UTR 
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targets [44, 45], the 5’ ends of related animal miRNAs tend to be better conserved than 

the 3’ ends [19, 46], nucleotides upstream of most 3’UTR MREs are poorly conserved 

across homologous mRNAs [19], and mutations in the 5’ end of a miRNA that create 

mismatches between the miRNA and validated MREs abolish repression [47]. 

Additionally, the crystal structure of human Ago2 bound to miRNA reveals that binding 

to miRNA exposes the miRNA 5’ end to target recognition [31]. Overall, these results 

suggested that miRNA 5’ ends are most important for mediating target recognition, 

pairing to the miRNA 3’ end plays a limited role and that novel gene targets can be 

determined based on sequence complementarity to miRNA 5’ ends.  

Several classes of functional MRE and the characteristics of more effective MREs 

have been identified in animals based on selective conservation of 3’UTR motifs to 

miRNA 5’ ends [43] (Figure 3A). These were referred to as canonical seed matches. In 

order of increasing selective conservation and efficacy, the canonical MREs are: offset-

6mer (OS-6mer), 6mer, 7mer-A1, 7mer-m8 and 8mer [35, 48, 49]. OS-6mer MREs are 

complementary to miRNA positions 3-8 [20]. 6mer MREs are perfectly complementary 

to nucleotides 2-7 of the miRNA, starting the 5’ end.  Two types of 7mer MREs 

exist:  7mer-m8 sites are complementary to nucleotides 2-8 of the miRNA, whereas 

7mer-A1 sites are 6mer sites with an adenosine (A) across from position 1 of the 

miRNA.  Finally, 8mer MREs are complementary to nucleotides 2-8 of the miRNA and 

have an A across from position 1 [19, 35]. Interestingly, it was observed that MREs 

targeted by miRNAs that do not begin with U usually have this conserved A, leading to 

the hypothesis that the RISC recognizes the conserved A and helps facilitate the miRNA-
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mRNA interaction [19]. This hypothesis was validated by crystal structure of Ago bound 

to miRNA and target. The A across from the first miRNA nucleotide helps facilitate target 

recognition by binding Ago [31] and is not involved in Watson-Crick pairing with the 

miRNA [35, 48, 50]. 
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Figure 3. MicroRNA recognition element types (MREs) 

(A) Canonical seed matched MREs. Canonical MREs in order from lowest to highest 
efficacy: offset 6mer (OS-6mer), 6mer, 7mer-A1, 7mer-m8, 8mer [20, 51]. The miRNA 
seed, nucleotides 2-7 starting from the miRNA 5’ end, is shown in red. MRE in the mRNA 
3’UTR is shown in blue. A across from miRNA position 1 (green) binds Ago and is not 
involved in Watson-Crick pairing with the miRNA [31]. (B) Non-canonical seed matched 
MREs. Functional analyses and Argonaute (Ago) crosslinking approaches identified 
several recurring non-canonical MREs: G:U wobble sites and G-bulge sites. Functional 
miRNA-MRE pairs can harbor G:U mismatches, “wobble pairs” (purple) [19, 47, 52, 53]. 
Ago crosslinking experiments identified many miRNA-MRE pairs harboring bulges in 
either the miRNA or mRNA [40]. An abundant bulged site is the G-bulge MRE [54] where 
a guanine (G) nucleotide in the mRNA is bulged between miRNA positions 5 and 6 
(orange). (C) 3’ pairing may function to supplement pairing to the 5’ end or compensate 
for weak 5’ pairing [19, 52]. Specifically, miRNA positions 13-16 (teal) appear to be most 
important for mediating 3’ pairing [35]. Figure modified from [20] and [51]. 
 



 

 

12 
 Non-canonical MRE types have also been identified that are not selectively 

conserved but can bind miR-RISC and function to mediate target repression.  Some 

miRNA-mRNA interactions have G:U mismatches, termed “wobble” pairs, or bulges 

between the miRNA seed and MRE (Figure 3B).  Though these mismatches can function, 

they are generally considered to be detrimental [19, 47, 52]. Despite this observation, 

introduction of G:U wobbles into known functional MREs can still produce efficient 

target down-regulation, revealing that G:U wobbles may not always impair miRNA-

target interactions [53]. Argonaute High-Throughput Sequencing of RNA isolated by 

crosslinking immunoprecipitation (Ago HITS-CLIP) has been used to validate that these 

non-canonical MREs can bind miR-RISC [40, 55–57]. An abundance of miRNA-MRE 

matches containing G:U mismatches and bulges were identified using this approach 

[40]. Though non-canonical MREs may bind miR-RISC, most of these MREs are unlikely 

to be functional [49]. 

 Though the 3’ end of the miRNA is generally considered less critical for mediating 

miRNA-target recognition, it may function in the context of both canonical and non-

canonical interactions (Figure 3C). Outside of the miRNA “seed”, nucleotides 13-16 are 

the best conserved between paralogous human miRNAs, leading to the hypothesis that 

these nucleotides may participate in supplementary or compensatory pairing [35]. In 

support of this, the crystal structure of miRNA bound to Ago reveals that nucleotides 13-

16 are exposed for additional target recognition [31]. Functionally, 3’ pairing may 

enhance regulation [35], though mutations in the mRNA that disrupt 3’ pairing reveal 

that is generally does not play an important role in miRNA-mediated repression [47]. It 



 

 

13 
is important to note that extensive complementarity to the miRNA 3’ end in the absence 

of a minimal 6mer MRE is not sufficient to facilitate targeting and optimizing pairing 

energy does not ensure identification of functional targets [52]. Interestingly, 3’ 

compensatory pairing may provide target specificity between miRNA family members 

with identical 5’ sequences [19, 52].  

 The position of target sites within a 3’UTR and the local 3’UTR environment can 

also influence miRNA targeting. Though complementarity to the miRNA seed is 

important, it may not be enough to confer repression. This was exemplified by 

experiments in C. elegans that moved functionally validated MREs from one 3’UTR into 

a 3’UTR for a different mRNA, or even to different locations within the same 3’UTR. 

From this, it was evident that the 3’UTR context impacts MRE functionality [53]. 

Additional observations suggested that MREs near the middle of the 3’UTR and within 

regions of high local guanine-cytosine (GC) content are less effective, and MREs that 

reside within local adenine-uracil (AU)-rich regions are more likely to be functional [35]. 

In contrast, experiments that artificially altered the AU content in the vicinity of 

validated MREs observed little impact on site efficacy [53]. mRNA secondary structure 

may impact miRNA regulation, with MREs located within regions of predicted secondary 

structure being associated with reduced miRNA-mediated repression [58]. This may 

explain the observations that MREs located within shorter 3’UTRs (<400 nt) tend to be 

associated with stronger repression than MREs located within longer 3’UTR (>800 nt) 

[59].  
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1.3 MicroRNA function 

1.3.1 Mechanism of miRNA-mediated repression 

 As part of RISC, miRNAs act as sequence-specific guides that recruit RISC to 

mRNAs. The miRNA-RISC can downregulate gene expression by direct cleavage of target 

mRNAs [60], though direct cleavage of the mRNA is the mechanism employed primarily 

by plant miRNAs [61]. Animal miRNAs usually have a modest impact on target 

repression [50, 62] and can impact levels of both targeted mRNA and protein [50] 

through a combination of mRNA destabilization and translational repression [63]. 

However, if the miRNA is more abundant than its target, miRNAs can also function as 

switches [64]. mRNA destabilization is now thought to result from deadenylation and 

decapping of targeted transcripts, whereas translational repression is the consequence 

of inhibition of translation initiation [63, 65]. Some evidence suggests that reduction in 

protein levels following regulation by miRNAs is primarily the result of target mRNA 

destabilization [66], and translational inhibition is required first followed by mRNA 

degradation [67]. Though miRNAs are generally accepted to inhibit translation, they may 

be able to function to activate translation in quiescent cells by recruiting FXR1, a protein 

not normally part of the repressive miR-RISC [68].  

1.3.2 Developmental importance of miRNAs 

MicroRNAs play important roles during animal development and this importance 

is demonstrated by Dicer-null embryos, which are incapable of synthesizing mature 

miRNAs [27]. Dicer-null zebrafish embryos arrest at developmental day 10, once 
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maternal Dicer1 has been depleted [69]. Similarly, Dicer-null mouse embryos die early in 

embryonic development [70]. These results suggest that global miRNA function is 

essential for vertebrate development [27, 70].  

In addition to the global function of miRNAs during the early stages of embryonic 

development, miRNAs are now known to be involved in many specific developmental 

processes. Conditional knockout (CKO) of Dicer using the Cre-loxP recombination system 

is used to interrogate the importance of global miRNA function during development of 

specific tissues. For example, conditional knockout of Dicer in the developing and adult 

endocrine pancreas revealed that miRNAs play important roles in development and 

survival of β-cells, and insulin biosynthesis [71–73]. Additionally, Dicer CKO 

demonstrates that global mRNA function is indispensable for normal central nervous 

system (CNS) development. Loss of Dicer in the developing cortex caused reduced 

cortical thickness due to apoptosis and disorganized cortical structure [74].  Dicer CKO in 

retinal progenitors produced a similar apoptotic phenotype in the retina [75, 76], along 

with reduced RPC competence [76, 77], improper boundary formation between the 

neural retina and neighbouring ciliary body [76] and defects in light responses [78]. 

Similarly, Dicer ablation from specific neuronal subpopulations causes impairments.  For 

example, CKO of this enzyme in striatal dopaminergic neurons causes defects in motor 

behaviour [79] and CKO in excitatory forebrain neurons impairs neuronal differentiation, 

survival, and cell morphology [80]. In sum, all tissues likely require global miRNA 

function for correct development and maintenance.  
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It should be noted that, in addition to its functions in small RNA biogenesis, Dicer 

also has other cellular functions. For example, Dicer can translocate to the nucleus and 

is required for processing of pre-rRNA [81]. Consequently, phenotypes associated with 

Dicer knockout may not be solely due to defects in miRNA biogenesis.  

Many miRNAs are expressed in specific spatial and temporal patterns during 

development [82–88], and it has been suggested miRNAs are primarily involved in 

differentiation and tissue maintenance in multicellular organisms [89, 90]. Many pieces 

of evidence support this hypothesis. First, with some exceptions [91], miRNA expression 

is largely absent from unicellular organisms, though components of the miRNA 

biogenesis pathway predate the evolution of multicellularity [92]. Second, more 

abundant and diversified miRNA expression is typically observed as development 

progresses [85, 88, 93, 94]. For example, miRNA abundance increases with 

differentiation in erythroid cells, skin and retina [95–97]. Third, cell lineage specification 

can be influenced by the complement of miRNAs expressed. Ectopic expression of 

specific combinations of miRNAs in hematopoietic stem cells can alter their cell fate 

choices [98] and though Dicer-null embryonic stem (ESCs) are viable in culture, they 

have differentiation defects [99]. Fourth, miRNAs generally have lower levels of 

expression in tumors relative to normal adult tissue [94, 100]. Finally, as embryonic 

development progresses mouse mRNA 3’UTR length tends to progressively increase 

[101] and mRNA 3’UTRs from the adult brain, a highly complex organ with many 

different cell types, tend to be longer than other tissues[102]. These findings suggest 
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that gene transcripts may be subject to increasing miRNA-mediated regulation at later 

developmental stages [101].  

During development, transitions may occur temporally, as in differentiation, or 

during tissue patterning when spatial domains are established. MicroRNAs may function 

to sharpen these transitions by suppressing residual or unwanted transcripts [103] 

(Figure 4A-B). As evidence for this, anti-correlated expression patterns of miRNA and 

their predicted targets were observed in Drosophila [104]. Additionally, the first 

identified miRNAs, lin-4 and let-7, negatively regulate their respective target transcripts 

and promote the transition from one stage of larval development to the next [14, 

15].  Specifically, let-7 promotes the temporal differentiation of hypodermal blast cells 

into cuticular alae at the end of the fourth larval stage [15]. Since these discoveries, the 

miRNA let-7 has been identified across many different animal lineages where it is highly 

conserved in both sequence and onset of expression [105].  let-7 continues to be 

expressed later in vertebrate development and into maturity.  The lowest levels of let-7 

expression are seen in tissues that contain large proportions of immature cells, such as 

the bone marrow [105].  These results suggest that the miRNA let-7 may play an 

important role in regulating the timing of tissue differentiation in vertebrates. 

MicroRNAs are also involved in defining the spatial boundaries of tissues.  For example, 

during late embryonic development in zebrafish, miRNA-9 expression is required to 

define the boundary between the developing hindbrain and midbrain [106].  
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Figure 4. Developmental roles of miRNAs 

(A) miRNAs can function as temporal switches to enhance state changes during 
progressive differentiation. Expression pattern of the target mRNA is shown in blue and 
the miRNA in red. (B) miRNA as a spatial switch to enhance boundaries during tissue 
morphogenesis. In both (A) and (B), the miRNA is expressed in distinct domains from the 
target. In these cases, microRNAs may play a role in sharpening transitions as cells 
switch states, to help to prevent systems from spontaneously changing states or to 
prevent ambiguous cell fate choices. (C) miRNAs can function as tuners, either 
dampening target to optimal levels or preventing unwanted fluctuations in target levels 
to provide stability. Here, the miRNA is coexpressed with target and target expression is 
maintained at low levels (see inset, light blue indicates low target level)[51, 107]. 
 
 
 

Though many miRNAs are highly conserved in vertebrates and animals, 

individual miRNA gene knockout animals are often viable and lack obvious 
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developmental phenotypes [87, 108, 109]. One explanation for this is functional 

redundancy. Many miRNAs are part of miRNA families that share the same seed 

sequence. Such miRNAs may function in combination to regulate the same targets [110], 

and deletion of some members of a miRNA family can be compensated for by remaining 

family members [111, 112]. However, most C. elegans mutants that lack multiple 

members of a miRNA family do not display overt abnormalities [113]. As an alternative 

explanation, though miRNA gene mutations may not typically be associated with gross 

abnormalities, these mutants are not actually normal. For example, systematic study in 

Drosophila melanogaster reveals that, despite having a normal appearance, over 80% of 

individual miRNA mutants show general defects in survival, lifespan, fertility or other 

developmental defects [114]. Interestingly, phenotypes associated with miRNA gene 

knockout may be exacerbated by physiological stress. For example, miR-7 deletion in 

flies alters expression of transcriptional regulators involved in photoreceptor and 

sensory organ development under conditions of temperature fluctuation [115]. Several 

mouse lines lacking specific miRNA genes or clusters are viable, fertile and lack overt 

abnormalities but show impaired responses to injury and tissue damage [116–119], 

mechanical stress [120, 121], synaptic transmission [122], aging [123] or glucose stress 

and obesogenic conditions [124–126]. Additionally, loss of individual miRNAs in worms 

generates mutant phenotypes in sensitized genetic backgrounds [127].  

Observations from miRNA gene knockout animals have led to the hypothesis 

that the primary function of miRNAs is to provide stability and robustness to gene 

regulatory networks, particularly under conditions of physiological stress (Figure 
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4C)[103]. Developmental processes require the coordinated action of many 

transcription factors functioning in complex regulatory networks. An important feature 

of these networks is robustness, which results in decreased inter-individual variability 

while creating developmental stability in the face of environmental perturbations [128]. 

Computational methods provide evidence suggesting that regulatory networks 

containing miRNAs are recurrent in mammals [107]. For example, C-Myc positively 

regulates transcription of a transcription factor involved in cell cycle progression, E2F1, 

and the miR-17 cluster. Several miRNAs expressed as part of the miR-17 cluster 

negatively regulate E2F1, reducing positive feedback of E2F1 onto c-Myc [129]. This 

regulatory network containing miR-17p and miR-20a may provide tight regulation of 

proliferation in humans. Additionally, miR-7 is involved in regulatory networks for 

photoreceptor cell, proprioceptor organ, and olfactory organ development in Drosophila 

[130], where it may function to buffer developmental processes against environmental 

disturbances [115]. These networks are composed of feedback and feedforward 

network motifs, and though the mechanism of miRNAs is repressive, as part of 

networks, the ultimate result may not be repressive. 

1.3.3 Cooperative and combinatorial regulation by miRNAs 

 Genes that encode for different functional classes of proteins are differentially 

represented as predicted targets of miRNAs. Of target transcripts predicted to be 

targeted by miRNAs in humans and flies, mRNAs encoding transcriptional regulators 

were found to be enriched [131–133]. Additionally, human genes involved in 

transcriptional regulation and developmental processes, or that encode for nuclear 
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proteins tend to contain many conserved predicted MREs in their 3’UTRs, suggesting 

that proteins involved in these processes are under strong regulation by miRNAs [59].  

 A single miRNA can target many different mRNAs (Figure 5B). In silico 

approaches relying on MRE conservation suggest that single miRNAs likely target many 

different mRNAs, and that regulation of a single mRNA by a single miRNA is rare [131, 

134]. Bioinformatics predictions relying on evolutionary conservation of predicted MREs 

estimate that an individual miRNA will target, on average, 200 mRNA transcripts [135]. 

Overexpression and knockdown of individual miRNAs has been used to identify 

hundreds of putative targets [62] and Ago crosslinking immunoprecipitation RNA 

sequencing (CLIP-Seq) data reveals that a single miRNA may target hundreds of different 

mRNAs in a given cell type [40].  
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Figure 5. Many-to-many regulation to miRNAs 

miRNA-RISC complexes (miR-RISC) are shown as grey ovals (RISC) with bright coloured 
lines (miRNA). Different miRNA species are represented by different colours. (A) An 
individual miRNA may be cooperatively regulated through multiple MREs, for the same 
miRNA or different miRNAs [47, 135–137]. Regulation may be synergistic if MREs are 
closely spaced (red asterisk)[35, 59, 138]. (B) An individual miRNA may target many 
different mRNAs in a combinatorial manner. Targeted mRNAs may encode proteins that 
participate in common pathways or functional modules [90, 131, 134]. Figure modified 
from [65]. 
 
 
 
 The multiple gene transcripts predicted to be regulated by a single miRNA do not 

appear to be random, instead miRNAs may target multiple gene transcripts for proteins 

that participate in the same functional module [90]. A review of validated miRNA-target 

interactions in progenitor cell differentiation pathways for a variety of cell lineages 

highlights individual miRNAs that regulate multiple pathway components to produce 
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coherent outcomes. For example, miR-203 targets multiple regulatory proteins involved 

in promoting differentiation of epidermal stem cells [90]. Overexpression of miRNAs of 

interest combined with microarray or quantitative proteomics have also been used to 

identify common targets of single miRNAs or miRNA clusters that act coordinately as 

part of a single pathway [139–141].  

 One mRNA can also be targeted by multiple miRNAs (Figure 5A). The extent to 

which a target is repressed increases with increasing number of seed matches to a 

miRNA [47, 48, 59], and 3’ UTRs with multiple MREs for a single miRNA are more likely 

to be regulated by that miRNA [19, 52].  Genetic reporter experiments have revealed 

that multiple miRNAs can regulate a single target through multiple MREs in the 3’UTR 

[47, 135–137]. Additionally, 3’UTRs containing multiple MREs recognized by the same or 

different miRNAs are associated with greater repression, particularly when the inter-site 

spacing is small. Specifically, functional and bioinformatics analyses reveal that MREs 

spaced approximately 10 to 40 nt apart mediate optimal target repression [35, 59, 138]. 

In summary, the regulatory relationship between miRNAs and their targets can be 

described as “many-to-many” [134].  

1.3.4 Experimental approaches for studying miRNA regulation 

See Table 1 for summary of key approaches used to study miRNA regulation. 
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Table 1. Experimental approaches for studying miRNA regulation 

Approach Purpose Advantages and Limitations 
Bioinformatics MRE 
prediction 

Predict functional 
MREs in an mRNA, or 
mRNAs targeted by a 
given miRNA 

Advantage: fast and inexpensive 
Limitation: high rate of false-positive and false-
negative predictions 

Ago-HITS-CLIP Identify miRNA-
mRNA binding events 

Advantage: high throughput 
Limitation: identified miRNA-MRE interactions 
may not be functional 

miTRAP Identify miRNA-
mRNA binding events 

Advantage: exogenously expressed transcript 
contains MS2 hairpins and is easily purified 
Limitation: requires expression of an 
exogenous transcript. Identified miRNA-MRE 
interactions may not be functional 

miR-CATCH Identify miRNA-
mRNA binding events 

Advantage: identify miRNAs interacting with 
an endogenous mRNA 
Limitation: difficult to purify low abundance 
transcripts. Identified miRNA-MRE interactions 
may not be functional 

miRNA LOF (gene 
knockouts, 
antagomirs, miRNA 
sponges, TuDs) 

Identify miRNA 
targets and 
consequence of 
miRNA regulation 

Advantage: identify many putative targets of a 
miRNA. Address the biological role of a miRNA 
Limitation: regulation of presumed targets may 
not be direct 

miRNA 
overexpression 

Identify miRNA 
targets 

Advantage: identify many putative targets 
Limitation: regulation of presumed targets may 
not be direct. Can suggest interactions that do 
not occur normally. Can displace endogenous 
miRNAs by saturating RISC 

Reporter systems: 
reporter gene fused 
to 3’UTR of interest 

Identify functional 
MREs 

Advantage: fast and easy validation of 
predicted MREs 
Limitation: results may not reflect regulation of 
endogenous gene; requires expression of 
exogenous reporter genes and frequently 
involves overexpression of miRNA  

Target protectors Identify and 
characterize 
functional MREs 

Advantage: can target endogenous mRNA 
Limitation: not specific for an individual MRE; 
can block many MREs simultaneously 

Mutation of MREs at 
the genomic level 

Characterize 
functional MREs 

Advantage: disrupts endogenous MRE, specific 
to MRE of interest 
Limitation: expensive and time consuming 
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 Using knowledge of miRNA targeting, algorithms have been generated to predict 

mRNAs targeted by known miRNAs. Creating algorithms to predict miRNA targets in 

plants has been relatively easy since MREs have near perfect complementarity.  In 

animals, functional duplexes are more variable in structure; consequently, predicting 

targets is much more difficult [142]. Many different software tools have been developed 

to predict potentially functional MREs in mRNAs [19–21, 45, 49, 58, 131, 135, 143–148]. 

These tools make use of several different parameters in their predictions, such as extent 

of complementarity to the miRNA 5’ end, hybridization energy of the mRNA-miRNA 

heteroduplex, evolutionary conservation of predicted MREs within aligned orthologous 

3’UTR sequences, mRNA secondary structure, and local 3’UTR context. However, 

establishing general rules for predicting functional MREs from 3’UTR sequences is 

difficult [149]. Consequently bioinformatics-based prediction of functional MREs suffers 

from a high rate of false positive predictions [150]. Additionally, approaches that rely on 

evolutionary conservation of an MRE within aligned orthologous 3’UTR sequences from 

many species may suffer from false negative results. Functional MREs may be conserved 

between orthologous sequences but may not be located within the same relative 3’UTR 

positions [151]. Ultimately, experimentation is required to validate predicted MREs.  

 Several high-throughput capture-based approaches have been developed to 

identify miRNA-mRNA binding events [150]. Immunoprecipitation methods have been 

developed to affinity purify components of the RISC, such as Ago-HITS-CLIP, and use 

high-throughput RNA sequencing, microarray or RT-qPCR to identify miRNA-target pairs. 

One limitation of HITS-CLIP approaches is that miRNA-mRNA heteroduplex components 
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must be sequenced separately, and putative binding maps are generated using 

bioinformatics. Crosslinking, ligation, and sequencing of hybrids (CLASH) has been used 

as a strategy to identify miRNA-mRNA interaction pairs [55]. The strength of these 

approaches is that they generate large-scale miRNA-mRNA interaction maps. However, 

they may generate also many false positive predictions. For example, the non-canonical 

miRNA-MRE interactions identified by these approaches may not generally be 

functional, despite binding miR-RISC [49].  

 RNA-bait approaches have been developed to identify miRNAs interacting with a 

mRNA of interest in vitro and in vivo. miRNA trapping by in vitro affinity purification 

(miTRAP) involves introduction of an exogenous reporter transcript fused to a 3’UTR of 

interest along with multiple MS2-loops into cells of interest. The MS2 RNA loops bind an 

MS2 protein. By fusing the MS2 protein to maltose-binding protein (MBP), the reporter 

transcript can be purified along with interacting miRNAs [152]. One limitation of miTRAP 

is that it relies on in vitro expression of an exogenous reporter transcript bearing the 

3’UTR of interest. A different affinity purification strategy termed miR-CATCH was 

developed to enable affinity purification of endogenous mRNAs [153]. Here, a 

complementary biotin-tagged oligonucleotide is used to purify the transcript of interest 

along with associated miRNAs. miRNA-MRE interactions identified by these approaches 

need to be validated to address whether the interaction is associated with regulation.  

 Altering endogenous levels of a miRNA or interfering with miRNA activity can be 

used to address the biological role of a given miRNA. Several miRNA loss of function 

(LOF) approaches are available. The most reliable approach is to generate miRNA gene 
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knockouts; however, this approach is laborious and can be complicated by redundant 

miRNA genes. As alternatives to miRNA gene knockout, several miRNA competitive 

inhibition approaches have been generated for miRNA LOF: miRNA antisense 

oligonucleotides (antagomirs), miRNA sponges and tough decoys (TuD) [154]. Generally, 

these strategies function by binding a specific mature miRNA species and sequestering it 

away from its targets. miRNA overexpression has also been used to identify putative 

miRNA targets [155] and to assess the extent of the miRNA regulome in cultured cells 

[50, 62]. One limitation of miRNA LOF and overexpression strategies is that they do not 

demonstrate direct regulation. Additionally, overexpression of a miRNA can suggest 

interactions that do not occur in vivo and displace endogenous miRNAs by saturating 

RISC [156].  

 Several approaches have been developed to address whether identified MREs 

can function in miRNA-mediated repression in vitro and in vivo. Reporter systems 

involve expression of a reporter gene, such as luciferase or green fluorescent protein 

(GFP), fused to a 3’UTR sequence of interest. Levels of reporter protein are compared 

against a control reporter harboring a mutation in the MRE of interest. If the MRE is 

biologically functional, the presence of a targeting miRNA will direct RISC to the reporter 

mRNA, resulting in downregulation of reporter protein level. Reporter systems provide 

information about potentially functional miRNA-target interactions but are no 

guarantee that the endogenous transcript is regulated by the miRNA in question under 

normal physiological conditions [150]. Target protectors (TPs) have been developed as 

an alternative to exogenous reporter genes for the purpose of characterizing functional 



 

 

28 
MREs. TPs are antisense oligonucleotides designed to bind to the region of a 3’UTR 

sequence of interest containing the MRE, thus protecting the mRNA from miRNA-

mediated repression [157]. The endogenous mRNA can be targeted using this approach, 

eliminating the need for exogenous reporters. One limitation of TPs is that they are not 

perfectly specific for the MRE of interest. Given that TPs are at least 25 nucleotides in 

length [157], they may block access to neighboring MREs for other miRNAs. Thus, 

changes in the level of target mRNA or protein, or physiological observations associated 

with TP use may attributable to regulation by additional miRNAs.  

 To achieve specificity in addressing the phenotypic consequence of endogenous 

regulatory loci, the gold standard involves mutation at the genomic level. A few cases of 

gene targeting approaches being used to disrupt endogenous MREs and assess their 

phenotypic consequences have been documented in the literature. Using a classical 

gene targeting approach, a miR-155 MRE was disrupted in the 3’UTR of the gene 

encoding the enzyme activation-induced cytidine deaminase (AID) in mice with the goal 

of addressing the role of miR-155 regulation of AID during B cell class switching directly. 

Mice heterozygous for the gene encoding AID have elevated mRNA and AID protein 

when the miR-155 MRE is mutated [158]. More recently, genome engineering using 

transcription activator-like effector nucleases (TALENs) and clustered regularly 

interspaced short palindromic repeats (CRISPR)/CRISPR-associated-9 (Cas9) have been 

used to investigate the function of MREs in vivo. TALENs were used to delete an MRE for 

miR-430 in the 3’UTR of lefty2 (lft2) in zebrafish embryos. lft2 is upregulated in these 

mutant embryos, and embryos display cyclopia [159]. Additionally, CRISPR/Cas9 was 
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used to introduce an indel mutation into the bantum (ban) MRE in the 3’UTR of enabled 

(ena) in Drosophila. Level of ena in mutants overexpressing ban is unchanged. 

Expression of Ena in wing imaginal discs is important for tissue patterning. However, Ena 

is not upregulated in discs of mutants and wing development appears normal [159]. 

 Despite the importance of performing genomic mutations of MREs to address 

the role of miRNA-target regulation directly, this approach is rarely employed. We 

sought to study the impact of miRNA regulation directly by using genome engineering to 

disrupt candidate MREs in the context of an endogenous 3’UTR. Particularly, we were 

interested in addressing whether an endogenous transcript can be cooperatively 

regulated through multiple MREs in the same 3’UTR. We chose the gene Paired 

homeobox-6 (Pax6) for this investigation. Pax6 encodes a transcription factor and 

developmental gene, it exhibits a dynamic and highly regulated pattern of expression, 

and proper development is very sensitive to the correct dosage of Pax6 protein, making 

Pax6 an excellent model protein for studying miRNA regulation. 

 

1.4 The transcription factor PAX6 

1.4.1 Discovery of the paired box genes and Pax6 

 The Paired box (Pax) genes are part of a multigene family that encode 

transcription factors and were originally identified in vertebrates based on sequence 

homology to the Drosophila segmentation gene paired (prd) [160]. The prd gene 

contains a 384 base pair DNA sequence termed the paired box, which encodes a 128 
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amino acid paired domain (PD) [161]. This PD represented a novel DNA-binding domain, 

which is necessary and sufficient to mediate DNA binding [162]. A second DNA-binding 

domain, a helix-turn-helix homeodomain (HD), is also encoded by the paired gene 

[163].  The prd HD mediates DNA binding independent of the PD, and has different DNA 

sequence specificity [162].  

 Eight murine paired box-containing genes were originally isolated by genetic 

screening for paired box-containing genes in the Mus musculus (mouse) genome [164] 

and were named Pax1-8, as these genes encode transcription factors that all contain 

paired DNA binding domains [160]. Later, a ninth Pax gene was isolated from Homo 

sapiens (human) and mouse [165, 166]. Pax genes have spatially and temporally 

restricted expression patterns during development, suggesting an important role in 

cellular differentiation and tissue morphogenesis [160] and play indispensable roles 

during the development of many vertebrate organs and structures, particularly the CNS 

[166–176].  

 The sixth paired box-containing gene, Pax6, was originally isolated from mouse 

based on conservation of the paired box sequence motif with that of Drosophila [164]. 

The PAX6 amino acid sequence was deduced from its cDNA.  The predicted protein is a 

422 amino acid transcription factor that contains two DNA binding domains: a PD and a 

paired-like HD [177] (Figure 6A). PAX6 was isolated in humans by positional cloning of a 

candidate cDNA at the aniridia (AN) locus [178]. Like its murine homologue, this gene is 

predicted to encode two DNA binding domains characteristic of Pax family members: a 

PD and a HD. Like other Pax proteins, the PD is located at the amino terminus (N-
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terminus); however, the PD differs in sequence from other known PDs, suggesting 

differential DNA binding specificity [177, 179]. Mutations in the DNA sequence encoding 

the PD of Pax6, resulting in an amino acid substitutions, can reduce the DNA binding 

ability of this protein or alter its DNA targets, resulting in human disease [180]. The PD 

contains two independent DNA-binding subdomains [181, 182], the N-terminal 

subdomain PAI and the carboxy-terminal (C-terminal) subdomain RED [183]. Though PAI 

is most critical for binding DNA [181, 182], PAI and RED can function together to confer 

binding site specificity (Figure 6B)[183]. Additionally, though the PD and paired-like HD 

can recognize DNA motifs independently and the PD binds its consensus sequence more 

effectively than the HD binds its respective consensus sequence (Figure 6D)[184], they 

can also function cooperatively to expand the recognition repertoire of PAX6 [183].  
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Figure 6. Structure and DNA binding of PAX6  
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(A) Schematic representation of the PAX6 protein with amino acid (aa) positions of the 
different functional subunits shown. The Pax6 gene encodes two DNA binding domains, 
a paired domain (PD) and homeodomain (HD). Pax6 also encodes a 
proline/serine/threonine (PST) rich transactivation domain [177]. The paired domain 
contains two independent DNA binding subdomains, PAI and RED [181, 182]. A 14 aa 
insertion into PAI encoded by an alternatively spliced exon, exon 5a, generates the 
isoform Pax6(5a). The PAX6 nuclear localization signal (NLS) spans the C-terminal of PAI 
to the N-terminal of RED [185]. (B) In canonical PAX6, PAI is primarily responsible for 
DNA binding and recognizes the consensus sequence P6CON [183, 184]. (C) Insertion of 
5a into the PAI subdomain prevents PAI from participating in DNA binding. 
Consequently, PAX6(5a) recognizes a different DNA consensus sequence, 5aCON, using 
the RED subdomain as a dimer [186] or as a tetramer [187]. (D) The HD recognizes a 
unique DNA motif, P3, as a homodimer [184]. Figure modified from [188]. 
 
 
 
 In addition to encoding DNA-binding domains, the Pax6 gene encodes two 

additional functional domains. The carboxy terminus of the predicted PAX6 protein was 

found to be rich in proline, serine, and threonine (PST) [177]. Similarly, the human PAX6 

gene was found to encode a protein with a high proportion of serine and threonine 

residues at its C-terminus. This C-terminal domain of PAX6 was shown to transactivate 

transcription using reporter assays [184, 189, 190] and was referred to as the PST 

domain transactivation domain (TAD).[189] Additionally, Gallus gallus (chicken) PAX6 

contains a nuclear localization signal (NLS) that includes the C-terminal region of the PAI 

subdomain, the linker between PAI and RED, and the N-terminus of RED [185] (Figure 

6A).  
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1.4.2 Expression pattern of Pax6 during development 

 Pax6 is expressed in a spatially and temporally restricted pattern during 

mammalian and more generally, vertebrate, development. The mRNA is present in 

whole mouse embryo starting at embryonic day 8 (E8) and is most abundant at E10.5 

[177]. Additionally, Pax6 mRNA is detectable in many developing mouse tissues: eyes, 

retinas, forebrain, thalamus, pituitary, cerebellum, spinal cord, olfactory bulb, and 

olfactory epithelium [177]. Pax6 gene activity has also been documented in the 

developing and mature endocrine pancreas [191] and endocrine cells of the gut [192] 

using genetic reporters. More recently, PAX6 protein has been identified in osteocytes 

of developing calvaria and long bone [193] and in adult mouse testis [194] (Figure 7).  
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Figure 7. Summary of Pax6 expression during mouse embryonic development 

Illustration of an embryonic day (E) 12.5 mouse showing general pattern of Pax6 
expression in blue. Pax6 is expressed in developing eye structures (e), in the developing 
olfactory epithelium (oe) and olfactory bulbs (ob). Pax6 is also expressed in several 
regions of the developing brain: the forebrain (fb), hindbrain (hb) and neural tube (nt) of 
the presumptive spinal cord, but not in the roof of the developing midbrain (mb)[177] 
(Walther and Gruss). Pax6 is also present in the developing endocrine pancreas (p)[191, 
195]. 
 
 
 
 A series of coordinated morphological changes occur during vertebrate eye 

development and Pax6 is dynamically expressed during this process. The eye develops 
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from facial surface ectoderm (SE) and underlying neurectoderm. Pax6 expression is first 

detectable in the mouse following gastrulation, at E8 [196, 197], where it is present in a 

broad region of the head surface ectoderm [177]. By E8.5 the first signs of eye 

development are visible following neural tube closure as the head neurectoderm 

evaginates to form two protrusions of the lateral forebrain, the optic vesicles (OV), one 

on either side of the head [197, 198]. Pax6 expression is visible in the closed neural tube 

and OVs of the developing eyes (Figure 8A)[177]. By approximately E9 the OVs then 

contact the lens-competent SE, inducing the SE to thicken and form lens placode [197]. 

Pax6 expression is present in the vesicle epithelium, the optic stalk and the developing 

lens placode of the SE [177]. By E10.5, the lens placodes internalize to form lens vesicles 

and the OVs invaginate to form optic cups. The inner layer of the optic cup develops into 

the neuroretina and the outer portion forms the retinal pigment epithelium (RPE) 

(Figure 8B)[197, 198]. As embryogenesis progresses, Pax6 expression continues in the 

developing retinal neurectoderm, lens and corneal SE. Expression is maintained in 

specific cell types of these adult tissues [177]. Analysis of Pax6 expression during 

differentiation of lens, cornea, and retinal cells in Danio rerio (zebrafish) and mouse 

revealed that PAX6 is present in proliferating cells and that as cells differentiate, PAX6 

levels decline [199]. Corneal and lens cells that maintain their proliferative capacity 

throughout life, and ganglion and amacrine cells of the mature retina continue to 

express Pax6 (Figure 8C-D)[199]. Other ocular tissues such as the iris, ciliary body and 

lacrimal glands also express Pax6 [200, 201]. Given that miRNAs can function to sharpen 

boundaries during differentiation, it is possible that negative regulation of Pax6 during 
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differentiation of mature ocular cell types that do not express PAX6, such as 

photoreceptors and bipolar cells of the retina. 

 

Figure 8. Summary of Pax6 expression during eye development 
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Illustrations of developing and adult mouse eye showing pattern of Pax6 expression in 
blue. (A) Head end of the embryo at approximately embryonic day 9 (E9) showing head 
surface ectoderm (SE) and underlying neurectoderm. The dorsal surface of the head 
faces upward. The SE is removed to show optic vesicles, developing forebrain, midbrain 
and hindbrain. The neurectoderm is removed from the forebrain, optic vesicles and 
hindbrain to reveal neural tube structure. Note Pax6 expression is visible in developing 
ocular structures, the optic vesicles and overlying SE, and that SE has thickened to form 
lens placode[177]. (B) Three-dimensional cross section through the E10.5 developing 
eye. Pax6 is expressed in neurectoderm-derived structures: the optic stalk and optic 
cup, which consists of the inner developing retina and outer retina pigmented 
epithelium (RPE). Pax6 is also expressed in surface ectoderm-derived structures, the 
lens vesicle and presumptive cornea. Note lower level of Pax expression in developing 
RPE [177]. (C) Cross section through the postnatal day 1 (P1) eye. Pax6 is expressed in 
retinal progenitor cells of the neuroblastic layer and differentiated ganglion and 
amacrine neurons of the retina. Note low level of expression in RPCs. Pax6 expression is 
also maintained in the ciliary body, corneal epithelium and lens epithelium [199, 202]. 
(D) Cross section through adult retina showing Pax6 expression is retained in ganglion 
cells and amacrine cells of the inner nuclear layer. PAX6 is absent from bipolar cells of 
the inner nuclear layer, photoreceptor cells and RPE [199]. List abbreviations: c, cornea; 
cb, ciliary body; ce, corneal epithelium; fb, developing forebrain; gc, ganglion cell; hb, 
developing hindbrain; inl, inner nuclear layer; l, lens; le, lens epithelium; lv, lens vesicle 
mb, developing midbrain; nb, neuroblastic layer; os, optic stalk; ov, optic vesicle; pr, 
photoreceptors; r, retina; rpe, retina pigmented epithelium; se, surface ectoderm. 
 
 

 Following neural tube closure, Pax6 is expressed in distinct patterns in the 

developing brain and spinal cord. Pax6 mRNA and protein are present in the 

neuroepithelium of the developing forebrain, the telencephalon and diencephalon, and 

hindbrain, but is absent from the developing midbrain [177, 203, 204]. This expression 

pattern is maintained through cortical development. Specifically, Pax6 is expressed in 

the dorsal and lateral walls of the telencephalon in neural progenitors of the ventricular 

zone (VZ). Here, PAX6 protein can be detected in a rostralateral-high to caudomedial-

low gradient [205]. PAX6 is maintained in the proliferating neural progenitors of the 
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ventricular-subventricular zone (V-SVZ) postnatally, where it is expressed in a dorsal-

high to ventral-low gradient [206]. Negative regulation of Pax6 by miR-7 is proposed as a 

mechanism by which the spatial domain of PAX6 is established in the V-SVZ [206]. Pax6 

mRNA and protein are also expressed in the VZ of the developing spinal cord in a dorsal-

high to ventral-low gradient [177, 207]. Given its role in the V-SVZ, miR-7 may also be 

playing a role in regulating Pax6 in the developing spinal cord. Like the retina, most 

neurons in the brain and spinal cord stop producing PAX6 as they differentiate. 

However, some PAX6-positive cells in the adult forebrain and hindbrain co-express the 

neuron-specific protein Neuronal nuclei (NeuN) [208], and a sub-population of spinal 

cord interneurons continue to express PAX6 [209].  

 Two primary structures comprise the olfactory system, the olfactory epithelium 

and olfactory bulbs, and Pax6 is expressed in both developing structures. Development 

of the nasal cavity and olfactory epithelium (OE) begins following closure of the neural 

tube, at approximately E9 in the mouse. The first indication of nasal development are 

thickenings of the head SE laterally on either side of the head, the nasal placodes [210]. 

The nasal placodes invaginate to form olfactory pits at E10.5 [210] at which point they 

begin to express Pax6 [177]. Pax6 continues to be expressed in the epithelium lining the 

nasal cavity through embryogenesis [177], and expression is retained in neurons, duct 

cells, support cells and stem cells of the adult OE [211]. Development of the olfactory 

bulbs (OBs) begins with specification of OB primordium from the rostral telencephalon. 

This is followed by evagination to form OB-like structures (olfactory lobes) and arrival of 

olfactory sensory neuron axons from the OE at E12.5 [210, 212]. Pax6 is expressed in 
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olfactory lobes starting at approximately E12.5 [177]. Expression of Pax6 continues in a 

subset of interneurons in the glomerular layer (GL) of the olfactory bulbs into adulthood 

[213], particularly the dopaminergic periglomerular neurons (PGNs) [214, 215]. Negative 

regulation of Pax6 by miR-7 may be important for regulating specification of 

dopaminergic PGNs [206]. 

 Most Pax6-expressing tissues are ectodermal in origin, with the most well-

studied exception being the endocrine pancreas. The pancreas is a gland composed of 

both exocrine and endocrine cells and the endocrine pancreas plays an essential role in 

glucose metabolism and homeostasis throughout life [216]. The mature endocrine 

pancreas is composed of spheroid clusters of four cell types embedded in exocrine 

acinar cells:  the α-, β-, δ- and PP-cells, expressing glucagon, insulin, somatostatin and 

pancreatic polypeptide, respectively [216]. During embryonic development, the 

endocrine pancreas also contains rare ghrelin producing cells, the ε-cells [216]. The 

presumptive pancreas is defined at E8.5, and pancreas organogenesis begins at E9.5 

with evagination of dorsal and ventral buds from the foregut-midgut junction of the 

endoderm [216]. Pax6 gene expression is first detected in the pancreas at E9 and by 

E10.5 colocalizes with cells expressing glucagon [191, 195]. Insulin-producing cells are 

detected at E15.5, and express PAX6 [195]. During pancreas organogenesis, miR-7 is co-

expressed with Pax6 and may function to refine the proportion of endocrine pancreas 

cell types formed [217]. Pax6 continues to be expressed in the mature endocrine cells of 

the islets of Langerhans but is absent from the exocrine tissue [191].  



 

 

41 
1.4.3 Evolutionary conservation of Pax6 sequence and function 

 The sequence of the Pax6 protein coding region is highly conserved across 

vertebrates and even between vertebrates and invertebrates. The proteins encoded by 

human and mouse Pax6 genes are identical, and the amino acid sequence is 97% 

conserved between mice and zebrafish [218, 219]. Impressively, the Pax6 homologue in 

Drosophila, eyeless (ey), is 94% identical in its amino acid sequence to mouse and 

human PAX6. Additionally, the PD and HD are 80-90% conserved between mammals and 

Drosophila [219–221].  

 In addition to a high degree of sequence conservation in its coding region, Pax6 

is highly conserved in expression pattern and function. Pax6 expression in the retina, 

lens, and cornea is conserved among vertebrates [199]. These conserved patterns of 

expression are likely due to conserved cis-regulatory elements in the DNA. Several 

regulatory elements located within the mouse Pax6 locus have high sequence identity 

between mouse, quail and pufferfish [222]. Additionally, transgenic mice expressing 

reporters driven by human or pufferfish Pax6 regulatory sequences demonstrate 

conserved patterns of expression during mouse development [222, 223]. Drosophila ey 

is expressed in homologous structures to its vertebrate counterpart: it is present in the 

eye primordia and developing eye imaginal discs, and is also expressed in the nerve 

cord, optic lobes, and regions of the brain [220]. Misexpression of the mouse Pax6 gene 

in various imaginal disc primordia of the Drosophila embryo causes the development of 

ectopic eyes on the wings, legs, or antennae [224], suggesting that PAX6 function is 

conserved across mammals and flies. The eye specification transcription factor network 
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[225, 226] and expression pattern of Pax6 regulatory elements [227] are also highly 

conserved. Though there is no significant sequence identity between vertebrate and 

invertebrate Pax6 non-coding regions, putative binding sites for PAX6 and basic-helix-

loop-helix (bHLH) transcription factors are shared between vertebrates and 

invertebrates [228]. Despite the lack of sequence conservation between regulatory 

regions, insertion of a Drosophila ey enhancer upstream of a reporter in transgenic mice 

reproduces major features of the endogenous pattern of Pax6 expression, directing 

protein expression to the developing eye and CNS [227].  

 The dynamic and specific expression pattern of the Pax6 gene and protein during 

development and in adulthood suggests that PAX6 may be playing important roles in 

tissue specification, progenitor cell maintenance, differentiation and maintenance of 

differentiated cell identity. Due to the high degree of conservation in both sequence and 

function, many organisms can be used as models to dissect the function of PAX6 during 

human development and in human disease. 

 

1.5 PAX6 function and dosage sensitivity 

1.5.1 Pax6 mutations provide a window into its developmental role 

 Mutations resulting in non-functional PAX6 proteins have provided a window 

into the function of Pax6 during development and adulthood. Small eye (Sey) is a 

semidominant mutation that has arisen independently in several mouse [229, 230] and 

rat [231] populations. Eyes and nasal cavities completely fail to develop in homozygous 
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mutants [230]. During the initial stages of eye development in homozygous mutants, the 

lens placode fails to develop and subsequently the optic cup degenerates.  As a result of 

defective nasal cavity development, homozygotes die shortly after birth (Figure 

9A)[230]. The Sey phenotype is the result of mutations in the Pax6 gene, demonstrating 

that PAX6 is essential for eye and nasal development [230].  

 
Figure 9. Sensitivity of eye development of Pax6 dosage 

(A) Eyes fail to develop in mice and rats completely lacking Pax6. The absence of ocular 
structures is clearly visible at embryonic day 15 (E15) in the mouse embryo and in 
postnatal day 1 (P1) rats (arrow). Additionally, nasal cavities fail to develop, which is 
visible as a shortened shout in the mouse embryo and clearly visible in the newborn rat 
(white arrowhead)[230, 231]. (B) Mutations in one copy of the Pax6 gene cause 
haploinsufficiency. Decreased Pax6 dosage produces a small eye phenotype in rodents, 
which is visible in the E15 mouse embryo and more dramatically in the adult [230, 232]. 
In humans, insufficient PAX6 dose causes the disease aniridia, which is characterized 
primarily by complete or partial loss of the iris [233, 234]. (C) Proper Pax6 dose is 
required for normal eye development. (D) Overexpression of PAX6 can be deleterious to 
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eye development. Transgenic mice carrying multiple extra copies of PAX6 display 
microphthalmia [232] and humans harboring duplications in the region of chromosome 
11 containing the PAX6 gene have mild ocular defects, such as iris translucency [235, 
236]. Images of mouse embryos are modified from Hill et al., 1991; images of newborn 
rats are modified from Fujiwara et al., 1994; adult mouse images are modified from 
Schedl et al., 1996; image of the eye from a patient with aniridia is from Hingorani et al., 
2012; image of the eye from a patient having a duplication of the PAX6 gene is from 
Aalfs et al., 1997. 
 
 These naturally occurring mutations in the Pax6 gene of rodents provide 

information about the role of this transcription factor during eye development. The 

progression of eye development can be compared between wild-type and mutant 

rodents to elucidate the role of Pax6 in this process. Pax6 is expressed in both the OV 

and SE of wild-type mice [177, 237]. Though evagination of neurectoderm into OV 

occurs independent of Pax6 expression, retinal development arrests at this stage [231, 

237]. PAX6 is required for optic cup formation and differentiation of the neural retina 

and RPE. Interestingly, progenitor proliferation in Pax6-null OVs is reduced and 

accompanied by precocious differentiation into neurons between E9.5 and E10.5. These 

neurons do not express markers of differentiated retinal ganglion, amacrine or bipolar 

cells, and most do not survive past E13.5 [238]. Expression in the SE is also required for 

lens induction, as Pax6-null animals fail to form lens placode and develop lenses [231, 

237].  

 Developmental events are sensitive to Pax6 gene dose (Figure 9B). Mice carrying 

heterozygous mutations in the Pax6 gene have defects in eye development and have 

small eyes [230]. Heterozygous Sey mice also have reduced body size and lens size 

compared to wild-type [229]. Normal eye development depends on PAX6 meeting a 

defined concentration threshold, and consequently lens placode formation is also 
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delayed in Pax6 heterozygous mouse mutants [239]. These findings demonstrate that 

PAX6 functions in a semidominant manner and that eye development is very sensitive to 

levels of PAX6 protein.   

 PAX6 is also required for the development of the olfactory system and CNS. 

Similar to induction of lens placode, Pax6 homozygous mutant mice and rats fail to 

develop nasal placode from presumptive nasal ectoderm. Additionally, the nasal pit, OE 

[237, 241] and OBs fail to develop [242]. Normally, the OBs develop as protrusions from 

the rostral telencephalon and initially consist of mitral cells, the output neurons that 

project from the olfactory bulb to the olfactory cortex. In Pax6 homozygous mutants, 

OB-like structures form on the lateral telencephalon [241, 243]. Mitral cell genesis in the 

rostral telencephalon is normal between wild type and Pax6 mutants, however cells 

migrate laterally in the mutants [244]. Transplantation of mitral cell progenitors into 

wild type (WT) and mutant embryos reveals that this mitral cell migratory defect is non-

cell autonomous [244]. Though the olfactory system appears to develop normally in 

Pax6 heterozygous mice, main OB mass and production of dopaminergic interneurons 

are reduced [245]. Gonadotropin-releasing hormone neurons are also specified from 

cells of the developing OE and migrate to the hypothalamus. These cells are completely 

absent in Pax6-null mice [246]. Defects in cortical development are also observed in 

Pax6-null mice, notably cortical thinning [242] and defective forebrain patterning [247, 

248]. Finally, PAX6 plays a role in spinal cord development and is involved in specifying 

motor neuron and interneuron identity in the neural tube. PAX6 is expressed in dorsal 

neural tube progenitors and in a dorsal-high to ventral-low gradient in ventral neural 
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tube progenitors. Here, PAX6 is important for specifying dorsally derived hypoglossal 

motor neurons (hMNs), and ventral interneurons V1 and V2. Pax6-null mice have 

altered neural tube patterning and the generation of hMNs, V1 and V2 interneurons is 

impaired [207].  

 Development of the endocrine pancreas in also impacted by Pax6 LOF. Sey/Sey 

mice thus have disorganized islets of Langerhans [191, 195]. Additionally, all endocrine 

cell types are reduced in number [191, 195], with glucagon-producing alpha-cells being 

completely absent [191]. Similar results were observed in Pax6-null rats [249]. 

Conditional inactivation of Pax6 during endocrine pancreas development, starting at 

E9.5, results in hyperglycemia, hypoinsulinemia, reduction in α- and β-cells, loss of 

glucose transporter 2 (Glut2) expression in β-cells, a severe diabetic phenotype and 

death several days after birth [250]. PAX6 is also important for glucose homeostasis in 

adulthood. Induced conditional knockout of Pax6 in the adult mouse endocrine 

pancreas produces a severe diabetic phenotype [251]. Additionally, though Pax6 

haploinsufficient mice do not present defects in pancreatic development, they display 

impaired proinsulin processing and glucose metabolism [252].  

1.5.2 Regulation of Pax6 during neural progenitor proliferation and differentiation 

 PAX6 is involved in neuronal proliferation, differentiation, cell cycle progression, 

and maintenance of progenitor multipotency. Small eyes and cortical defects observed 

in Sey mice suggest that decreased Pax6 expression leads to disruptions in proliferation 

and differentiation [242]. Concomitant with differentiation, PAX6 protein levels are 

down-regulated in lens and most retinal cell types [199]. However, PAX6 is maintained 
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in lens, corneal and ciliary epithelial cells that retain proliferative capacity [199, 202], 

and expression is necessary for maintaining this proliferative capacity [202] further 

suggesting that Pax6 plays a role in proliferation and differentiation. Conditional 

knockout of Pax6 only in peripheral retinal progenitor cells (RPCs) of developing optic 

cup was used to address the role of PAX6 specifically in RPCs [253]. RPCs lacking PAX6 

show reductions in proliferation and have limited proneural factor expression [253, 

254]. In contrast to loss of Pax6 at the optic vesicle stage, mutant retinal tissue lack 

ganglion, photoreceptor, bipolar, horizontal and Muller cells, and produce only 

amacrine interneurons [253, 254], demonstrating that PAX6 is important for 

proliferation and maintenance of RPC multipotency.  

 During CNS development, multipotent progenitors must undergo a transition 

from symmetric divisions that increase the progenitor cell pool to asymmetric divisions 

that give rise to cells that exit the cell cycle and initiate neuronal differentiation. 

Comparison of cell cycle length and neural progenitor differentiation between WT and 

Sey mouse cortices reveals that PAX6 plays a role in regulating cell cycle progression and 

the rate of transition from symmetric to asymmetric cell division. Cell cycle length was 

shortened in Pax6-null cortical progenitors accompanied by precocious differentiation 

[255]. Regulating the number of post-mitotic cells produced in the cortex and retina 

requires tight control of both cell cycle length and the number of cells that re-enter the 

cell cycle versus those that differentiate [256]. Depletion of PAX6 early in mammalian 

corticogenesis results in precocious neuronal differentiation, depletion of the progenitor 

pool, and a subsequent reduction in cortical size [256]. Similarly, the absence of PAX6 in 
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developing Gallus gallus (chick) neural tube leads to precocious differentiation of neural 

progenitors [257]. Additionally, chick retinal progenitor cells transfected with siRNA 

against Pax6 reduces the number of cycling cells, reduces the number of differentiated 

ganglion cells, and enhances photoreceptor and amacrine cell production [258]. These 

results suggest that tightly controlled levels of Pax6 expression are required to maintain 

the proliferative capacity of neural progenitors and for correct cell fate decisions.   

1.5.3 PAX6 and human disease 

 In addition to phenotypes associated with Pax6 heterozygous mutations in 

rodents, PAX6 mutations in humans are also associated with disease. Aniridia is a 

human congenital panocular disorder characterized by complete or partial absence of 

the iris, foveal and optic nerve hypoplasia, cataracts, early onset glaucoma, and vision 

impairments [259]. Congenital aniridia has an incidence between 1:64000 to 1:96000 

and 67% of affected children have a parent with the disease The remaining 33% have 

sporadic mutations [233]. This disease is autosomal dominant and phenotypic 

expression can vary among individuals [233]. After its initial characterization, aniridia 

was found to be caused by heterozygous mutations in the PAX6 gene, suggesting that 

aniridia may be the result of insufficient PAX6 [260] (Figure 9B).  

 A diversity of mutations is associated with aniridia. Classical aniridia is associated 

with nonsense mutations in the PAX6 gene, leading to a truncated protein [179]. Many 

independent missense mutations in the gene sequence encoding the conserved PD have 

also been identified. Additionally, some mutations impact the HD sequence or affect 

alternative splicing [179]. These different missense mutations can differentially impact 



 

 

49 
PAX6 DNA binding and transactivation, and the impact of the mutation may also be 

dependent on cell type [261]. These observations lead to the suggestion that the more 

moderate phenotypes associated with these missense mutations are due to altered 

PAX6 function in a subset of PAX6-expressing cells [261]. Missense mutations have been 

identified in the TAD, which impact binding of the HD to its DNA consensus sequence 

without effecting transactivation [262]. The variable phenotypes seen in people with 

aniridia may be the result of these different mutations [179].  

 The phenotypic effects of aniridia are not confined to the eye. Structural 

magnetic resonance imaging (MRI) and tests of olfactory function demonstrate that 

many people with aniridia also have cerebral abnormalities and reduced olfaction [263]. 

People with aniridia display glucose intolerance due to impaired insulin processing and 

secretion [252, 264], leading to the suggestion that heterozygous PAX6 mutations may 

be associated with risk for maturity onset diabetes of the young (MODY). Additionally, 

people with aniridia have higher rates of obesity compared to siblings that lack the 

disease [265].  

1.5.4 Overexpression and ectopic expression of Pax6 

 Experiments involving overexpression or ectopic expression of Pax6 during 

development provide additional clues as to its role in eye development. Misexpression 

of Pax6 or the fly homologue ey in various imaginal disc primordia of the developing 

Drosophila embryo induce ectopic eye development on other structures [224]. 

Misexpression of Pax6 in Xenopus laevis (frog) causes formation of fully differentiated 

ectopic eyes, typically on the dorsal side of the head [266]. Additionally, Pax6 
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misexpression induces ectopic expression of other genes involved in eye development, 

and ectopic retinas express molecular markers of the major differentiated retinal cell 

types [266]. These results indicate that PAX6 functions in a cell-autonomous manner 

and is necessary and sufficient to trigger eye development [266].  

 Given that Pax6 and ey can induce ectopic eyes and ectopic expression of other 

proteins required for eye development they were named master control genes for eye 

morphogenesis in vertebrates and flies, respectively [221]. More accurately however, 

Pax6 is part of a coordinated genetic hierarchy [226]. Mutations in other components of 

the eye-specification transcription factor network can disrupt eye development, and 

ectopic expression of these other circuit components can promote the development of 

eye structures. For example, ectopic expression of Six3, a transcription factor 

downstream of PAX6, induces the formation of ectopic OV-like structures [267], and 

Xenopus embryos misexpressing the transcription factor Rx develop ectopic retinal 

tissue [268]. The coordinated overexpression of all eye field transcription factors, those 

being: Otx2, ET, Pax6, Six3, Rx1, and Optx2, in Xenopus is sufficient to generate ectopic 

eyes outside the nervous system [226]. Misexpression of subsets of these transcription 

factors reveal that PAX6 is the most important circuit component with respect to 

generating ectopic eyes [226].  

 Not only is Pax6 heterozygosity deleterious to normal development, increased 

PAX6 dosage can also be problematic (Figure 9D). Transgenic mice carrying five to seven 

copies of a human PAX6-bearing yeast artificial chromosome (YAC) display 

microphthalmia and lack photoreceptors [232, 269] and have cell autonomous defects 
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in late cortical progenitor proliferation, resulting in decreased thickness of superficial 

cortical layers [270]. Additionally, transgenic mice overexpressing Pax6 during early 

pancreas development display perturbed development of the endocrine pancreas, β-cell 

apoptosis, and impaired glucose stimulated insulin secretion [271]. A few cases of PAX6 

gene duplication in humans have been reported, in which a band of chromosome 11, 

including PAX6, Wilm’s Tumor 1 (WT1) and Elongation protein 4 (ELP4) genes, was 

duplicated causing mild ocular defects and mental retardation [235, 236]. These findings 

suggest that increased PAX6 dosage in humans may be also deleterious. Taken together, 

these findings demonstrate that correct Pax6 gene dose is critical for normal 

development.  

 

1.6 Regulation of Pax6 expression and function 

1.6.1 Complex spatiotemporal control of Pax6 expression 

 PAX6 is expressed in a complex spatial and temporal pattern, and correct 

maintenance of both expression pattern and protein dosage are very important for 

normal development and adult maintenance of many tissues. The pattern of expression, 

dosage and function of PAX6 has been shown to be regulated at every step along its 

biosynthesis pathway, from regulation of transcription, to mRNA processing and 

stability, to protein decay and post-translational modification.  

The PAX6 gene has a complex genomic organization. Initial characterization of 

the human PAX6 gene found it to contain 14 exons, named 0-13 [260]. Translation of 
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Pax6 beigns in exon 4, the PD is encoded by exons 4-7 and the HD encoded by exons 8-

10. The PST-rich TAD is encoded by exons 10-13 and the 3’ end of exon 13 encodes the 

3’UTR [177, 222]. Two additional exons were later identified, exon α and exon 5a, which 

are generated by alternative promoter use [222] and alternative splicing [260], bringing 

the total to 16 exons (Figure 10A). 
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Figure 10. Gene and 3'UTR structure of Pax6 

(A) Organization of mouse Pax6 genomic locus. Non-coding exons are coloured blue and 
coding exons are black. Three transcription start sites, P0, P1 and Pα[222], and an 
alternatively spliced exon, 5a[177], are shown. Pax6 contains 16 exons spread over 
approximately 28 kilobases (kb). Image modified from [188]. (B) Schematic of the 
mature Pax6 mRNA (transcript 206, Ensemble, ENSMUST0000011108610) generated 
from P0 containing exon 5a. (C) Schematic of the mouse Pax6 3’UTR showing locations 
of microRNA recognition elements (MREs) in pink[206, 217, 272–279]. The placental 
mammal base-wise conservation is generated by the University California Santa Cruz 
(UCSC) genome browser[280]. Larger peaks indicate greater selective conservation. MRE 
sequences for miRNAs previously shown to regulate Pax6 are shown for several species. 
Pink text shows conserved MRE sequences.  



 

 

54 
 
  Pax6 transcription is regulated though multiple promoters. Two promoters 

located upstream of the Pax6 translation start site, P0 and P1, were initially identified 

[222, 227, 281]. P0 and P1 derived transcripts are translated into the same protein but 

have different 5’UTR sequences [222, 281]. A third conserved transcription start site, Pα, 

was identified between exons 4 and 5 [222]. Transcription from Pα produces an 

alternative 5’UTR from exon α and results in a PAX6 isoform with a truncated paired 

domain called Pax6ΔPD (Figure 10A)[282, 283]. Overexpression of Pax6ΔPD causes 

microphthalmia in rodents and exacerbates rather than rescues the Sey phenotype 

[283], suggesting that the PAX6ΔPD isoform has distinct functions from canonical PAX6. 

Interestingly, PAX6ΔPD was shown to bind full-length PAX6 and enhance transcriptional 

activation through PAX6 [284]. Transcription from these three promoters is differentially 

regulated during development [227, 281, 285].  

 PAX6 is also regulated through alternative splicing. Previous characterization of 

the Pax6 cDNA from mouse [177] and zebrafish [218] identified 42 base pair (bp) 

insertion in the paired domain encoding an additional 14 amino acids (aa). This insertion 

was later identified as an alternatively spliced exon, exon 5a (Figure 10A)[260]. 5a alters 

the DNA sequence recognition of the PD [286] and transcriptional activity of the PAX6 

protein. Normally, the PAX6 PD binds DNA primarily using the PAI subdomain [182]. 

However, insertion of these 14 aa into PAI generates a PAX6 isoform that can recognize 

DNA exclusively using the RED subdomain (Figure 6C)[186]. The intact PD primarily 

recognizes the consensus sequence P6CON [182, 183] and with disruption of the RED 

subdomain, the PAX6 PD instead binds a different tetrameric consensus sequence, 
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5aCON, as a dimer [186] or as a tetramer [187]. Thus, PAX6 versus PAX6(5a) have 

distinct DNA-binding activities and altered transactivation potential [287]. Consequently, 

alternative splicing provides a mechanism to diversify the sequence motifs recognized 

by PAX6 and may enable PAX6 to switch its complement of regulated genes. The 

different isoforms are expressed in different relative proportions during chick retinal 

development [288] and mouse brain development [289]. Potential roles of PAX6 versus 

PAX6(5a) are revealed by missense mutations that disrupt either PAI or RED subdomains 

of the PD. Missense mutations in the PAI subdomain are associated with anterior 

segment defects in humans [290] whereas mutations in the RED subdomain are 

associated with foveal hypoplasia [291]. Cumulatively, these data suggest the two 

isoforms transactivate different target genes and have different developmental roles.  

 Appropriate gene function is dependent on more than just the coding sequence 

but also on non-coding regulatory elements. Numerous cis-regulatory elements were 

identified within the Pax6 locus that are responsible for controlling the spatiotemporal 

expression pattern of Pax6 [222, 227, 281, 292–295]. These cis-regulatory elements 

control transcription from P0, P1 and Pα and are located both upstream of the Pax6 

gene and within introns [188]. Transgene reporter assays were used to determine the 

distinct expression patterns of Pax6 cis-regulatory elements. Many of these enhancers 

drive Pax6 expression in partially overlapping patterns, providing precision and 

robustness [188]. 

 In addition to proximally located cis-regulatory elements, key developmental 

genes are often regulated by highly conserved elements located hundreds of kilobases 
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(kb) away from transcription start sites [296]. For example, other elements involved in 

regulating Pax6 transcription were identified at a distance from the 3’ end. Presence of 

these enhancers was first observed in individuals having either translocations in the 

PAX6 gene that left the gene intact but still produced aniridia phenotypes [297–299] or 

small chromosomal deletions 3’ to the PAX6 gene [300]. Additionally, proximal 

enhancers for Pax6 are insufficient to produce the complete pattern of Pax6 expression 

[283, 294] leading to the hypothesis that regulatory elements for PAX6 also reside 100+ 

kb downstream of the PAX6 gene. Location and function of these elements was 

confirmed by sequence conservation and transgenic reporter expression [283, 294, 295, 

298, 301]. In sum, the Pax6 gene contains a complex set of regulatory elements to 

control spatial and temporal aspects of its transcription.  

1.6.2 Functional regulation of the PAX6 protein 

 In addition to alternative promoter use and splicing, which can generate 

different PAX6 isoforms having distinct functions, post-translational modification of 

PAX6 can influence transcriptional transactivation by PAX6. Reversable addition and 

removal of phosphate groups by protein kinases and phosphatases is commonly used at 

alter protein function [10]. Several sites of phosphorylation are present within the TAD 

that enhance transcriptional transactivation by PAX6 [190, 302]. Additionally, system-

wide analysis of protein phosphorylation signatures during neurite growth [303] and 

mitosis [304] identified multiple sites of phosphorylation in the PAX6 PD and HD [305]. 

The specific role of phosphorylation of PAX6 at these locations remains unknown. PAX6 

can also be dephosphorylated to dampen its transcriptional activity [306].  
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 PAX6 can be modified by the addition of other small molecules, ubiquitin, the 

small ubiquitin-like modifier (SUMO) and carbohydrates, to alter function and stability. 

Large-scale proteomics analysis identified a site of ubiquitinylation in the PD of PAX6 

[305, 307]. PAX6 can bind the E3 ubiquitin ligases Trim11 [308] and Mid1 [309], resulting 

in ubiquitination and degradation of PAX6. Ubiquitinylation of PAX6 may play an 

important role in regulating neurogenesis in mammals [308] and eye morphogenesis in 

Xenopus [309]. Binding of PAX6ΔPD to its HD consensus sequence, P3, is enhanced by 

sumoylation [310]. Vertebrate PAX6 also contains many predicted glycosylation sites 

[311] and quail PAX6 can be modified by addition of O-N-acetylglucosamine though the 

specific role of this modification remains unknown [312].  

 The transcriptional activity of PAX6 can be influenced by its interaction with 

other proteins. PAX6 can alter expression of target genes by binding proteins involved in 

histone modification and chromatin remodeling [313, 314]. In vitro co-

immunoprecipitation (co-IP) and reporter assays reveal that PAX6 may interact with 

different homeodomain-containing proteins, such as Pbx1, HoxB1 and Chx10, and that 

these interactions may enhance transactivation by PAX6 [284]. PAX6 can function 

cooperatively though direct interactions with other transcription factors during 

dopaminergic fate specification in the olfactory bulb [315] lens development [316] and 

to control expression of genes encoding endocrine pancreas hormones [317, 318].  
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1.6.3 Regulation of Pax6 at the level of mRNA turnover and protein synthesis 

 Given the importance of maintaining the correct expression pattern and dosage 

of PAX6, post-transcriptional regulation of Pax6 by miRNAs may represent an important 

regulatory mechanism. This possibility was hinted at early on, with the discovery that 

the Pax6 3’UTR sequence is highly conserved. Glaser et al., (1992) noted that the Pax6 

3’UTR has 88% sequence identity between human and mouse, and positions 619-732 in 

the human PAX6 3’UTR are 99.1% identical to mouse and 89.4% identical to zebrafish 

[260]. The 3’ end of the 3’UTR is better conserved between mouse and zebrafish than 

the coding sequence [218]. These observations suggest that the 3’UTR is playing an 

important role in regulating translation or stability of the Pax6 transcript (Figure 10C).  

 Non-coding mutations located 3’ to the PAX6 coding sequence are recognized to 

be associated with aniridia. In addition to mutations in enhancer regions located over 

100 kb downstream of the PAX6 gene [319], some mutations the impact the 3’UTR of 

the PAX6 transcript have been observed. Mutations that change the stop codon and 

cause the C-terminus to run into the 3’UTR have been identified in people with severe 

aniridia phenotypes [320]. For example, a 103 bp deletion was identified in a family with 

aniridia that produces a frameshift mutation and C-terminal extension of the PAX6 

coding region into the 3’UTR [321]. Though this mutation does alter the C-terminus of 

the PAX6 protein, extension of the stop codon into the 3’UTR could alter miRNAs 

interaction with any MREs in the affected 3’UTR [34]. The region of 3’UTR converted 

into coding sequence contains predicted MREs for miR-375 and miR-365 [321]. An 

additional aniridia-associated mutation is present in the PAX6 3’UTR, though its impact 
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on miRNA regulation is unknown [322]. These observations further suggest that the 

PAX6 3’UTR is playing an important regulatory role.  
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Table 2. Summary of miRNAs predicted to regulate Pax6 

MicroRNA Position* 
(human) 

Position* 
(mouse) 

Proposed function 

291a 
294 
295 

NA 112 Promote early mesoderm and endoderm 
specification at the expense of ectoderm 
specification of mouse embryonic stem cells 

96 
182 

660, 975 636, 958 Promote epidermal specification and prevent 
neural specification of human embryonic stem 
cells  
Promote proliferation and invasion in glioma 

365 266 260 Inhibit astrocyte to neuron conversion following 
stroke 
Tumor suppressor, downregulated in 
retinoblastoma 

7 537, 681 517, 655 Refine PAX6 gradient in the V-SVZ and 
negatively regulate dopaminergic 
periglomerular neuron fate in the olfactory bulb 
Promote oligodendrogenesis at the expense of 
neurogenesis during cortical development 
Promote the formation of ghrelin positive cells 
at the expense of insulin and glucagon positive 
cells during endocrine pancreas cell types  

375 207 201 Inhibit specification of dopaminergic neurons in 
the frog accessory olfactory bulb in response to 
non-kin odorants 
Promote motor neuron differentiation of 
human embryonic stem cells 

450b-5p 571 551 Prevent ocular commitment of eyelid 
epithelium 

223 4854 NA Promote proliferation and invasion in glioma 
328 2500 NA Increases risk for extreme myopia by negatively 

regulating PAX6 
Protects against Rolandic epilepsy by negatively 
regulating PAX6 

* Position refers to the nucleotide starting position of the MRE in the 3’UTR. Position 1 
is the first nucleotide following the stop codon.  
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 Several miRNAs may play roles during temporal transitions in cell fate by directly 

targeting Pax6 (Figure 10C, Table 2). The miR-290-295 cluster (miR-291a, 294 and 295) is 

highly expressed in ESCs [323] and in vitro work in mouse ESCs (mESCs) suggests that 

the miR-290 family of miRNAs facilitate early mesendoderm lineage specification by 

targeting the pro-ectodermal Pax6. miR-290-295-null mESCs have elevated levels of 

PAX6 protein and when induced to differentiate are biased toward expressing 

ectodermal markers [272]. During in vitro differentiation of human ESCs (hESCs) into 

neuroectodermal and epidermal cells, the miR-96 family of miRNAs (miR-96, 182, 183) 

may target PAX6 in epidermal-fated ectodermal cells. In so doing, they may help 

sharpen the boundary between cells fated to become epidermis versus neuroectoderm. 

miR-96 and 182 are down-regulated in hESCs upon induction of neuroectodermal fate 

and overexpression of miR-96 in hESCs represses expression of neural markers [273]. 

Similarly, miR-7 was may promote oligodendrogenesis at the expense of neurogenesis in 

vitro by targeting Pax6. miR-7a is expressed at high levels in oligodendrocyte precursor 

cells relative to neural progenitor cells (NPCs). Overexpression and inhibition of miR-7 in 

NPCs promotes and represses oligodendrogenesis, respectively [274]. Following stroke, 

miR-365 repression of Pax6 in astrocytes may impair conversion of astrocytes to 

neurons [275]. Following cerebral ischemia in rats, miR-365 expression is upregulated in 

ipsilateral striatum, and either miR-365 antagomir or PAX6 overexpression causes cells 

expressing an astrocyte-specific reporter to switch to expressing markers of mature 

neurons. miR-375 may influence specification of neurotransmitter cell fates during 

Xenopus laevis (frog) accessory olfactory bulb (AOB) development [276]. The proportion 
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of neurons expressing tyrosine hydroxylase (TH) or gamma-aminobutyric acid (GABA) in 

the frog AOB can be influenced by exposure to kin or non-kin odorants, with exposure 

to kin odorants resulting in a switch in neuronal phenotype from GABA-expressing to 

TH-expressing. PAX6 is associated with dopaminergic differentiation [324], and knocking 

down Pax6 blocks adoption of TH fate by AOB neurons. miR-375 is upregulated in the 

AOB of larva exposed to non-kin odorants and blocking the miR-375 MRE in the Pax6 

3’UTR using a TP results in an increase in the proportion of TH+ interneurons relative to 

GABA+. Finally, miR-375 regulation of PAX6 may play an important role in reinforcing 

the developmental switch from neural progenitor to motor neurons in the spinal cord 

[277]. miR-375 is upregulated during motor neuron differentiation of hESCs and 

overexpression of miR-375 in cultured motor neuron progenitors results in a decrease in 

PAX6 protein. Taken together, miRNAs in the 290-295 cluster, in the miR-96 family, miR-

7, miR-365 and miR-375 may play important roles in sharpening cell type transitions by 

negatively regulating Pax6.  

 MicroRNAs have also been identified that may play important roles in 

establishing spatial domains during embryogenesis by targeting Pax6 (Figure 10C, Table 

2). miR-450b-5p may regulate Pax6 during eye development to prevent ocular 

commitment of presumptive eyelid epidermis and sharpen the boundary between 

PAX6-positive corneal epithelium and PAX6-negative epidermis [279]. miR-450b-5p and 

PAX6 are expressed in mutually exclusive domains during mouse eye development, with 

PAX6 being restricted to developing corneal epithelium and conjunctiva, and miR-450b-

5p detected in corneal stroma and eyelid epithelium. In the early postnatal mouse V-
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SVZ, Pax6 is expressed in a dorsal-high ventral-low gradient. miR-7, which is expressed 

in an opposing gradient, may participate in defining the spatial expression pattern of 

Pax6 in this region [206]. Expression of PAX6 in V-SVZ progenitors is important for 

dopaminergic periglomerular neuron (PGN) specification in the olfactory bulb, and 

electroporation of miR-7 sponge into the ventral V-SVZ increases dopaminergic 

specification [206].  

 MicroRNAs may also function to tune Pax6, ensuring that the correct dosage of 

PAX6 is maintained during development and adulthood. During mouse pancreatic 

development, Pax6 and miR-7 are coexpressed in developing islets and fine-tuning of 

Pax6 levels by miR-7 may refine the proportion of endocrine cell types formed.  

Knockdown of miR-7 in embryonic pancreas explants increases insulin and glucagon 

positive cell formation at the expense of ghrelin positive cell formation in pancreatic 

islets [217]. TPs that shield the MREs for miR-7 and miR-375 in the Pax6 3’UTR are 

associated with increased PAX6 protein, both in cultured mouse β-cell line (βTC-6) and 

in isolated adult mouse pancreatic islets [278], providing support for direct regulation of 

Pax6 through these MREs.  

 Deregulated fine-tuning of PAX6 levels by miRNAs may contribute to human 

cancers. The role of PAX6 in human cancers is complicated, with PAX6 acting as a tumor 

suppressor in some tissue contexts and promoting tumorigenesis in others [325]. For 

example, several human cancer cell lines and tumors have reduced levels of PAX6 with 

corresponding increases in levels of miRNAs predicted to target PAX6. miR- 223 and the 

miR-96 family, which are upregulated in glioma cell lines, may directly target PAX6 to 
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promote proliferation and invasion [326, 327]. Conversely, PAX6 promotes 

tumorigenesis in human retinoblastoma cell lines [328]. miR-365-3p, which is 

downregulated in retinoblastoma, may function as a tumor suppressor by directly 

targeting PAX6 [329].  

 MicroRNA single nucleotide polymorphisms (miR-SNPs) are 3’UTR-located SNPs 

that alter MREs [330]. A miR-SNP was identified in the human PAX6 3’UTR that may alter 

regulation by miR-328. The allele predicted to create a miR-328 MRE, the C allele, is 

associated with risk for extreme myopia relative to the alternative T allele [331]. miR-

328 is expressed in murine ocular tissues, and miR-328 overexpression decreases PAX6 

mRNA and protein in a cultured human RPE cell line [332], suggesting that reduced PAX6 

associated with the C allele increases the risk for extreme myopia. Conversely, the T 

allele lacking the predicted miR-328 MRE is associated with Rolandic epilepsy [333]. The 

authors suggest that increased expression of PAX6 due to disrupted miR-328 binding 

causes increased epilepsy susceptibility. Reporter assays demonstrate that miR-328 can 

potentially regulate through the PAX6 3’UTR [331–333]. Though these miR SNP studies 

provide information about potential functional consequences of disrupted and created 

MREs in an endogenous 3’UTR, they are correlative. Curiously, the miR SNP is not 

located in the 3’UTR sequence predicted to bind the miR-328 seed and overexpression 

of miR-328 can decrease reporter expression through the T allele, albeit to a lesser 

extent than the C allele [332], suggesting that this miR-SNP impacts miR-328 3’ 

supplementary pairing. 
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1.7 Project objectives 

 Despite evidence that single miRNA-MRE interactions rarely mediate strong 

repression [50, 62] and regulation through multiple MREs in the same 3’UTR can 

enhance repression [19, 47, 52, 135–138], investigations into the functional relevance of 

miRNA regulation are often focused on one target regulated by one miRNA through one 

predicted MRE. Moreover, the physiological relevance of miRNA regulation of a single 

target is typically studied indirectly, using 3’UTR reporters, and miRNA overexpression 

or knockdown. Though these methods can suggest miRNA-target interactions, positive 

results do not guarantee that genuine regulation is occurring endogenously, under 

normal physiological conditions. Additionally, phenotypic effects associated with miRNA 

overexpression and knockdown are likely exaggerated and misrepresent the role one 

miRNA is playing in the regulation of one target. Target protectors provide useful 

alternatives, though they lack specificity for the MRE(s) of interest. 

 To address these limitations, we set out to accomplish three goals. First, we 

developed a software tool to facilitate design of MRE mutations. Successful mutations 

must disrupt the MRE of interest, preventing the intended miRNA from binding, while 

also avoiding introduction of new MREs for other miRNAs. Second, we used 

bioinformatics, miRNA expression analyses and assays in cultured cells to identify a 

cohort of candidate miRNA regulators of a single gene, Pax6. Finally, we generated 

mouse models to investigate the biological relevance of cooperative Pax6 regulation by 

miRNAs in vivo.  
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Chapter 2: ImiRP, a computation approach to microRNA 
target site mutation 
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This chapter is adapted from the following publication: 

Ryan BC, Werner TS, Howard PL, Chow RL. (2016) BMC Bioinformatics, 17:190. 
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BCR designed the project, tested the software, and prepared the manuscript. TSW 

designed, developed and tested the software, and edited the manuscript. PLH edited 

the manuscript. RLC edited the manuscript and supervised the entire project. All authors 

read and approved the entire manuscript. 

 

2.1 Abstract 

MicroRNAs (miRNAs) are small ~22 nucleotide non-coding RNAs that function as 

post-transcriptional regulators of messenger RNA (mRNA) through base-pairing to 6-8 

nucleotide long target sites, usually located within the mRNA 3’ untranslated region. A 

common approach to validate and probe microRNA-mRNA interactions is to mutate 

predicted target sites within the mRNA and determine whether it affects miRNA-

mediated activity. The introduction of miRNA target site mutations, however, is 

potentially problematic as it may generate new, “illegitimate sites” target sites for other 

miRNAs, which may affect the experimental outcome. While it is possible to manually 

generate and check single miRNA target site mutations, this process can be time 

consuming, and becomes particularly onerous and error prone when multiple sites are 

to be mutated simultaneously. We have developed a modular Java-based system called 

ImiRP (Illegitimate miRNA Predictor) to solve this problem and to facilitate miRNA target 
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site mutagenesis. 

The ImiRP interface allows users to input a sequence of interest, specify the 

locations of multiple predicted target sites to mutate, and set parameters such as 

species, mutation strategy, and disallowed illegitimate target site types. As mutant 

sequences are generated, ImiRP utilizes the miRBase high confidence miRNA dataset to 

identify illegitimate target sites in each mutant sequence by comparing target site 

predictions between input and mutant sequences. ImiRP then assembles a final mutant 

sequence in which all specified target sites have been mutated. 

ImiRP is a mutation generator program that enables selective disruption of 

specified miRNA target sites while ensuring predicted target sites for other miRNAs are 

not inadvertently created.  ImiRP supports mutagenesis of single and multiple miRNA 

target sites within a given sequence, including sites that overlap. This software will be 

particularly useful for studies looking at microRNA cooperativity, where mutagenesis of 

multiple microRNA target sites may be desired. The software is available at imirp.org 

and is available open source for download through GitHub (https://github.com/imirp). 

 

2.2 Introduction 

As described in chapter 1, miRNAs represent a class of abundant non-coding 

regulatory RNAs that are involved in many cellular processes. Given this, many 

computational tools have been developed for studying miRNAs. For example, several of 

programs are available to address challenges associated with miRNA discovery [16, 334] 

and numerous applications enable identification of miRNA recognition elements (MREs) 
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in mRNAs [19–21, 45, 58, 131, 135, 143–148, 335]. MRE prediction programs make use 

of a number of different parameters in their predictions, such as extent of 

complementarity to the miRNA 5’ end, hybridization energy of the mRNA-miRNA 

heteroduplex, evolutionary conservation of predicted MREs, mRNA secondary structure, 

and local 3’UTR context. Additionally, other software tools are available for predicting 

the impact of 3’UTR SNPs on miRNA binding [146], for assessing the impact of mutations 

in miRNA genes [335], and for comparing the predicted set of target genes for two 

different miRNAs [335]. 

Currently, there are no software tools available for generating mutations to 

disrupt predicted MREs in a given mRNA sequence. Disrupting MREs by mutation is 

important for examining miRNA-mRNA interactions experimentally. Mutating a 

predicted MRE is commonly used in reporter-based experiments to determine whether 

a predicted MRE can be regulated by a candidate miRNA. In addition, mutations that 

disrupt one or more MREs in a given 3’ UTR can be used to examine the biological 

relevance of the MRE(s) in question. One problem that can arise when an MRE is 

mutated is that the mutation itself can create a new or “illegitimate” MRE for a different 

miRNA (Figure 11). If the miRNA that targets the illegitimate site is present in the cell of 

tissue of interest, it could confound the data. Therefore, care must be taken when 

devising a mutation strategy to ensure that mutations do not inadvertently create new 

MREs. Small nucleotide polymorphisms (SNPs) that create functional MREs associated 

with phenotypes have been reported [331, 336–339].  

Our primary goal is to study the direct role Pax6 regulation by miRNAs 
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endogenously. Consequently, we want to ensure that, upon mutating MREs in the Pax6 

3’UTR, functional MREs for other miRNAs are not created in the process. 

 

 
Figure 11. The problem associated with miRNA target site mutagenesis 

A wild type 3’UTR sequence contains a predicted 7mer-m8 MRE for miR-7-5p (green).  
Mutation disrupts the interaction between miR-7 and its MRE but creates an illegitimate 
7mer-m8 MRE for miR-296-3p in the process (red). 
 

 

Our goal is to develop a modular, open source application that can run through a 

web interface or be downloaded and adapted to specialized projects. We created a 

Java-based system called ImiRP (Illegitimate miRNA Predictor) to generate MRE 

mutations in any sequence of interest and address the problem of illegitimate MRE 

creation. Users input a DNA or RNA sequence and specify the location of predicted 

MREs to be mutated. ImiRP then automates the processes of mutation generation, 

illegitimate MRE identification, and synthesis of a final mutant sequence lacking new 
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predicted MREs. ImiRP is particularly useful for investigating regulation of a single mRNA 

by multiple miRNAs, where situations such as target site overlap make mutagenesis 

design more challenging to perform manually. Currently, PITA is the only program that 

permits input of any mRNA sequence of interest. Using PITA, the MRE predictions for a 

wild type sequence can be compared to mutated sequences to identify a mutation 

strategy that does not generate illegitimate MREs.  However, the process of generating 

mutations and analyzing PITA output manually is time consuming, prone to error, and 

becomes very challenging when multiple predicted MREs are mutated simultaneously. 

 

2.3 Implementation 

2.3.1 Input user interface 

The ImiRP application is available at imirp.org. After creating a new project, the user 

enters a DNA or mRNA sequence of interest (i.e. 3’UTR) and specifies the organism of 

interest. All animal species with mature miRNA sequences available through miRBase 

version 21 (mirbase.org) are available for selection [18]. Users then define the 

position(s) of predicted MRE(s) to be mutated by selecting the nucleotide position of the 

input sequence that is complementary to position 7 of the targeting miRNA (Figure 

12A). ImiRP will then highlight a stretch of six nucleotides starting from the nucleotide 

position that was entered. These six nucleotides define the mRNA region 

complementary to miRNA positions 2-7 starting from the 5’ end, the miRNA “seed”, and 

are collectively called a “mutation site” (Figure 12A). As an example, to introduce 
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mutations into a 7mer-m8 MRE, in which base pair complementarity occurs at miRNA 

positions 2-8, the input nucleotide position that is complementary to miRNA position 7 

is entered in the “Mutation Site” input window. ImiRP introduces substitution mutations 

into the 3’UTR sequence specified as mutation sites.  

We chose the design strategy of specifying six nucleotide “mutation sites” into 

which substitution mutations are introduced for several reasons. MREs vary in size and 

type (e.g. 6mer, 7mer-m8, 7mer-A1 or 8mer) and the miRNA seed region is used for 

mRNA target recognition for all major MRE types (Figure 3) [20, 51]. Consequently, 

disrupting base pairing between miRNA positions 2-7 and the MRE, by mutating multiple 

nucleotides in the MRE, can interfere with miRNA-MRE interaction [31] and miRNA 

mediated repression [47, 52, 53]. Additionally, this approach to defining mutation sites 

was chosen for practical reasons. Computational demands on the software are reduced 

by limiting the size of regions of the input sequence that can be mutated to six-

nucleotide windows. 

 Upon defining the project parameters, the ImiRP user interface allows 

researchers to specify mutation parameters (Figure 12B).  The user can select the types 

of MREs, termed “invalid sites”, that they wish to exclude from their mutant 

sequence.  Any mutant sequence containing MRE types defined as “invalid” will be 

rejected.  

ImiRP can identify five classes of MRE: 6mer, 7mer-m8, 7mer-A1, 8mer, and 

offset 6mer (OS-6mer) [20, 51]. 6mer MREs are complementary to positions 2-7 of the 

miRNA, 7mer-A1 MREs are complementary to positions 2-7 and have an A across from 
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miRNA position 1, 7mer-m8 MREs are complementary to miRNA positions 2-8 and 8mer 

sites are 7mer-m8 sites with an A across from position 1 [20]. OS-6mer MREs are 

complementary to positions 3-8 of the miRNA [20]. ImiRP also recognizes predicted 

MREs containing a single G:U mismatch, called “wobble” pairs [19, 47, 52, 53, 149]. By 

manually selecting and using arrow buttons in the user interface, invalid site types can 

be designated (Figure 12B). For instance, perfect 6-8mer MREs can be specified as 

invalid by moving them into the select list entitled “Invalid Site Types”. In this example, 

the resulting mutant sequence(s) would lack newly created 6-8mer sites that are perfect 

matches to the miRNA, but permit newly created 6-8mer sites containing G:U wobble 

base pairs between the miRNA and MRE.  

The interface also enables users to specify a desired mutation strategy. The 

nucleotide bases to use for mutagenesis can be selected from a checklist. For example, 

by selecting only G (guanine), ImiRP will generate mutant sequences by substituting 

nucleotides within the defined MRE(s) to G only. In this example, if the unmutated MRE 

already contains guanine residues, these nucleotides will not be mutated. The number 

of nucleotide changes to introduce per specified MRE, ranging from two to six, can be 

defined from a drop-down menu. For example, selecting “2 changes per site” will ensure 

that two adjacent nucleotide changes are introduced into each specified MRE. 
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Figure 12. ImiRP user interface 
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(A) The user is first directed to create a project and specify project parameters.  The 
project can be named, and in this example we have named the project “ImiRP Test”.  A 
DNA or RNA sequence must be input along with information about the species of 
interest.  The input sequence will be displayed for viewing.  Finally, at least one 
“mutation site” (the region into which mutations will be introduced) is specified by 
typing the sequence position complementary to miRNA position 7 into the textbox.  All 
selected mutation sites, complementary to miRNA positions 2-7, appear bolded in the 
displayed original input sequence for inspection.  In this example, a segment of the 
mouse Pax6 3’UTR and three hypothetical predicted MREs are used as input.  (B) Upon 
creation of a project, the user is asked to specify mutation parameters.  In the 
“Mutation Strategy” tab, nucleotides to use for mutation and number of nucleotide 
changes per specified mutation site can be selected.  In the “Define Invalid Sites” tab, 
users can specify the types of newly created MREs they do not want present in their 
final mutant sequence.  In this case, any mutant sequences provided as output will 
contain two adjacent nucleotide changes per specified MRE using all four nucleotides 
for mutation, and no mutant sequences containing newly created 8mer, 7mer-m8, or 
7mer-A1 predicted MREs will be provided as output.  
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2.3.2 ImiRP Workflow 

Conceptually, ImiRP can be subdivided into three modules (Figure 13):  

 

 
Figure 13. ImiRP workflow 

ImiRP can be divided into three major modules.  The Sequence Mutation module (A) 
feeds mutated sequences into the Target Site Prediction module (B), the results of 
which are supplied to the Master Mutant Assembly module (C) to optimize and output a 
final mutant sequence. 
  

 

a) Sequence mutation module 

When ImiRP is run, information about the input sequence, defined regions to 

mutate, and desired mutation strategy are sent to the Sequence Mutation module 
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(Figure 13A). This module first divides the input sequence into “mutationally 

independent” regions based on the spacing between MREs to be mutated. Since the 

largest recognized MRE is eight nucleotides [20], two predicted MREs spaced at least 

seven nucleotides apart can be mutated independent of one another without 

generating an illegitimate MRE that spans both mutations. Simultaneously mutating two 

predicted MREs spaced less than seven nucleotides apart could generate a new MRE for 

a different miRNA containing mutated nucleotides from each of the original target sites. 

Consequently, predicted MREs spaced less than seven nucleotides apart are grouped 

into a single independent region, and each independent region is annotated based on 

the positions of the first and last nucleotides of sites within the region relative to start of 

the input sequence (Figure 14A). All specified MREs within a given independent region 

are mutated as a unit, while MREs within other regions are left unchanged. This process 

is repeated for each independent region (Figure 14B). 
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Figure 14. The Sequence Mutation module 

(A) The input sequence is divided into “mutationally independent” regions.  User-
specified MREs spaced less than 7 nucleotides apart are grouped into a single 
independent region and are annotated based on the positions of the first and last 
nucleotides of sites within the given region.  (B) To reduce computational overhead, 
MREs within a given independent region are mutated as a unit, while MREs in other 
regions are unchanged. 
 
 

b) Target site prediction module 

 Mutant 3’UTR sequences generated by the Sequence Mutation module are sent 

to the Target Site Prediction module (Figure 13B). This module is responsible for 

identifying predicted miRNA MREs present in each mutant sequence that are absent 

from the original input sequence. The custom ImiRP miRNA prediction component uses 

pattern recognition to identify regions of each mutant 3’UTR sequence that are 

complementary to the 5’ seed regions of known mature miRNAs. High confidence 

FASTA-format miRNA sequences were obtained from the most recent release of 

miRBase, version 21 [18]. High confidence miRNAs have at least ten small RNA 
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sequencing reads that map to each arm of the pre-miRNA hairpin sequence, or have at 

least five reads mapped to each arm and at least 100 reads in total [18]. 

 The prediction module compares the MRE predictions for the input sequence to 

predictions for each mutant sequence. The predicted MREs that are present in each 

mutant sequence and absent from the input sequence (i.e. the illegitimate MREs) are 

stored in a database along with the respective mutant sequences (Figure 15). 

Information in the database is accessed by the Master Mutant Assembly module (Figure 

13C) for synthesis of a final mutant sequence. 

 

 
Figure 15. The Target Site Prediction module 

Predicted miRNA target sites within input and mutant sequences are identified using a 
custom component that identifies predicted target sites based on complementarity to 
the miRNA 5’ end.  FASTA-format miRNA sequence data was collected from miRBase 
version 21 [11].  Information about predicted sites present in each mutant sequence 
that are absent from the input sequence are stored in a database for analysis. 
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c) Master mutant assembly module 

 The Master Mutant Assembly module first eliminates all mutant sequences 

containing predicted MREs that were specified as invalid through the user interface. This 

process is repeated for each independent region. As valid mutations for each region are 

generated, they are displayed in an output user interface (Figure 16). The output 

interface displays up to five valid mutants for each independent region. The specified six 

nucleotide “mutation sites” and mutated nucleotides are displayed in the output 

sequences. Here, the user can select a single desired mutant for each independent 

region and ImiRP generates an assembled mutant sequence in which all specified MREs 

have been mutated without creating any illegitimate predicted MREs of the types 

specified.  

A zip folder containing four files is made available for download through the 

output user interface. The project information text file contains the assembled mutant 

DNA sequence, and three CSV files contain information about: i) MRE predictions for the 

input sequence, ii) MRE predictions for the assembled mutant sequence, and iii) new 

predicted MREs present in the mutant sequence. If any regions fail to generate valid 

results, the user will be alerted to reprocess those regions using a different mutation 

strategy. Accumulated results from multiple mutation runs are displayed in the results 

tab of the output user interface. In the future, we plan to annotate each valid mutant 

sequence displayed in the results with a “mutation run identifier” so that it is clear 

which mutation parameters were used to generate each sequence. 
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Figure 16. ImiRP Output User Interface 

Input mutation sites spaced less than seven nucleotides apart are grouped into 
independent regions and each region is mutated independently of other regions.  The 
output user interface displays up to five mutant sequences for each region that satisfy 
the specified mutation parameters. For example, the output mutations for ImiRP Test 
(Figure 12) will not have generated any new 8mer, 7mer-m8, or 7mer-A1 predicted 
MREs. The original input sequence for each region is displayed above the mutants for 
comparison, and brackets denote the bounds of each specified mutation site.  The user 
must select one desired mutant for each region, and the changes are displayed as an 
assembled mutant sequence. Once the selection process is complete, the user may 
download a folder containing information about their assembled mutant sequence and 
predicted MREs in the input and mutant sequences.  
 
 

2.3.3 Project organization 

ImiRP’s code is organized into two separate Scala Build Tool (SBT) projects: ImiRP 

Core and ImiRP Web. ImiRP Core contains the data model and the primary business logic 

but has no presentation layer. Core functionality is exposed through Java services and 
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Akka actors and must be programmatically interacted with. ImiRP Web depends on 

ImiRP Core and exposes the functionality of ImiRP Core to an end user via a Web 

interface. This multi-project organization scheme was chosen to keep the presentation 

logic separate from the core business logic, thus allowing ImiRP to support alternative 

core or presentation implementations in the future. Additionally, this organizational 

approach allows ImiRP to be run headless (without a presentation layer) or to be 

integrated with other projects or systems as a library. 

2.3.4 Mutant sequence generation algorithm 

ImiRP’s mutation generation algorithm is essentially a random nucleotide 

sequence permutation generator. As input, it accepts a DNA or RNA nucleotide 

sequence, a list of mutation sites, a set of allowable nucleotide types for mutagenesis, 

number of allowable nucleotide changes per MRE, a mutation region, and a callback. 

The algorithm iterates over each mutation site in the given independent mutation 

region to apply nucleotide changes to each site. To accomplish this, the algorithm 

selects a random nucleotide from the list of allowable nucleotides and replaces the 

nucleotide in the input sequence at the start (5’ end) of the mutation site. This process 

is repeated for subsequent nucleotides contained within the given mutation site. A 

mutant sequence is produced once all mutation sites have been processed in this way.  

Due to the simplicity of this algorithm, some mutant sequences will not satisfy all 

specified mutation criteria. As such, all mutant sequences must be passed through a 

filter that either accepts or rejects the mutant based on whether it satisfies all criteria. 

Finally, if a mutant sequence is accepted by the filter, the callback is activated and the 
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mutant sequence is passed on for further processing (see Appendix A Equation 2 for 

pseudocode). 

2.3.5 MicroRNA recognition element prediction algorithm 

The MRE predictor uses a pattern-matching algorithm to detect miRNA seed 

matches in an input sequence. To detect seed matches, the algorithm first iterates over 

a list of miRNA sequences from the miRBase high confidence database. The algorithm 

compares the first eight nucleotides starting at the miRNA 5’ end (the miRNA “seed”) of 

each miRNA entry against the input sequence to identify complementarity to the input 

sequence. An entry is compared to a sequence by scanning across the sequence using 

an eight-nucleotide sliding window. Before each advancement of the window, a 

hierarchy of conditions are checked to determine whether a seed match is present. If a 

seed match is found, the result is stored, the window advances, and the process repeats 

until the end of the sequence is reached. 

The conditional hierarchy begins by comparing the first nucleotide (position 1) of 

the input sequence window to the last nucleotide of the miRNA 5’ end (position 8). If 

those nucleotides are a match, the next five nucleotides (positions 2-6 of the sequence, 

positions 7-3 of the miRNA 5’ end) are checked for matches. If any of these nucleotides 

are not a match, no seed match is possible and the window will advance. If they do 

match, then an 8mer, 7mer-m8, or OS-6mer seed match is known to be present. The 

condition hierarchy is then further evaluated to check for a match between sequence 

position 7 and miRNA position 2. If this match is not present, then an OS-6mer seed 

match is identified. If this match is present, the seed match is either an 8mer if the last 
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nucleotide of the sequence window (position 8) is an adenosine (A), or it is a 7mer-m8 if 

the last nucleotide is not adenosine. If the first nucleotide of the sequence window did 

not match miRNA position 8, then only a 7mer-A1 or a 6mer seed match are possible, 

given that sequence positions 2-7 and miRNA positions 7-2 have been found to match. 

The seed match is a 7mer-A1 if the last nucleotide of the sequence window is 

adenosine, or the seed match is a 6mer if the last nucleotide is not adenosine. Two 

nucleotides are considered a match if the following conditions are true: the sequence 

nucleotide is A and the miRNA 5’ end nucleotide is T/U or vice versa, the sequence 

nucleotide is C and the miRNA nucleotide is G or vice versa. If G:U pairs are allowed, and 

if a G:U pair has not already been found, two nucleotides will be considered a match if 

the sequence nucleotide is T/U and the miRNA nucleotide is G or vice versa (see 

Appendix A Equation 3 for pseudocode). 

2.3.6 System architecture 

ImiRP was developed in the Java programming language. Java was chosen for its 

extensive catalogue of third party libraries and for its cross-platform support.   

ImiRP’s architecture is based on a model-view-controller (MVC) architecture consisting 

of a view layer for presenting information, a controller layer for applying business logic, 

and a model layer for storing information. In its current form, the view layer is driven by 

the Play Framework (Play) and AngularJS. Play accepts incoming HTTP requests and 

maps those requests to view templates. These view templates are partially rendered by 

Play and then returned as HTML and Javascript for final rendering by AngularJS in a 

user’s browser. The controller layer is a shared responsibility between ImiRP Web and 
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ImiRP Core. ImiRP Web’s portion of the controller layer is responsible for mapping HTTP 

requests to ImiRP Core’s services and returning results from those services as rendered 

templates. Currently, the model layer exists entirely within ImiRP Core, but this may 

change in the future as ImiRP Web may require some of its own models for features that 

are specific to presentation. 

2.3.7 ImiRP data import 

Currently, known miRNA data is imported from the high confidence dataset 

(mature.fa) that is provided by miRBase version 21. Mature.fa is a text file database of 

FASTA-format, mature miRNA sequences. ImiRP parses this database and imports it into 

its own internal format for use by ImiRP’s target site predictor. To accomplish this, an 

import utility that can read the mature.fa dataset and import miRNAs was created. The 

import utility was designed to allow alternative miRNA datasets to be imported if they 

follow a similar FASTA format. This enables ImiRP to stay current as new miRNA datasets 

become available. Presently, an alternative miRNA dataset can only be used by altering 

ImiRP’s global configuration file and restarting the application. In future versions of 

ImiRP, we may enable use of custom miRNA datasets that could be uploaded for specific 

projects. This way, each individual project could specify a miRNA dataset that best 

meets its requirements. 
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2.4 Results and Discussion 

We designed ImiRP, a program that automates the entire process of generating 

mutant sequences, with the goal of facilitating MRE mutations in a mRNA 3’ UTR. A key 

feature of ImiRP is its ability to suggest mutations that lack illegitimate MREs. Predicted 

MREs that are created following 3’UTR mutation have the potential to be functional and 

complicate experiments aimed at examining miRNA-target regulation. 

2.4.1 Computational time optimization 

The number of sequences generated by the Sequence Mutation module 

increases rapidly with increasing predicted MREs to mutate. Each of these mutant 

sequences then needs to be processed to identify MREs present in the mutant sequence 

that are absent from the input sequence. As a result, one problem that needed to be 

addressed in the implementation of ImiRP was the large computational time required to 

generate a final mutant sequence when mutating many predicted MREs 

simultaneously. We implemented several strategies to address this problem:   

 

i) Limit miRNA target site mutations to six nucleotide motifs 

Nucleotide changes introduced into the region complementary to miRNA 

positions 2-7 create the most significant reduction in regulation by the targeting miRNA 

[52]. Additionally, by limiting the problem space for MRE mutagenesis to six nucleotide 

regions, we reduce the number of possible mutant sequences and thus the computation 

time. However, some examples of “seedless” MREs have been identified. These rely 

more heavily on binding the 3’ end of the miRNA or contain mismatches or bulges 
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between the miRNA seed and its target [340, 341]. Despite this, comparative analysis of 

orthologous mRNAs suggests that MREs complementary to miRNA 5’ ends selectively 

conserved [20]. Additionally, mRNA and protein expression analyses reveal that 

messages containing miRNA seed matches are preferentially regulated by miRNAs [50, 

155] and the miRNA 5’ end is exposed for target recognition when bound in a complex 

with Ago2 [31]. As such, we decided to focus on an approach that restricts mutagenesis 

to the six-nucleotide region complementary to miRNA positions 2-7. 

 

ii) Introduce adjacent nucleotide changes per specified seed site 

Single nucleotide mismatches introduced into an MRE complementary to miRNA 

positions 2-7 have a large impact on target site efficacy, even in the presence of 

extensive pairing to the miRNA 3’ end [52]. Based on this, we reasoned that a minimum 

of two nucleotide changes introduced into an MRE would effectively abolish regulation 

by the targeting miRNA. Requiring that nucleotide substitutions be adjacent has several 

benefits. First, it reduces the number of possible mutants generated, improving 

processing speed. Additionally, this strategy reduces the number of illegitimate MREs 

created by narrowing the region of sequence that is altered.  

To illustrate this, consider a situation where three closely spaced but non-

overlapping MREs are mutated by disrupting at least two nucleotides using a 

permutation of the four nucleobases. If any combination of at least two nucleotide 

substitutions are used to generate mutant sequences, greater than 60 billion different 

mutants are possible (Appendix A Equation 4A). However, when only two adjacent 
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nucleotide changes are permitted per MRE, the number of possible mutant sequences 

for an independent region containing three non-overlapping MREs is reduced to 

approximately 90,000 (Appendix A Equation 4B) 

 

iii) Divide the input sequence into independent regions based on inter-site spacing 

Since 8mer MREs are the largest recognized MREs [20], predicted MREs spaced 

seven or more nucleotides apart can be mutated without generating a new predicted 

MRE that spans both mutations. As such, sites spaced less than seven nucleotides apart 

are grouped into independent regions and all MREs within an independent region are 

mutated as a unit. Mutating one region at a time, while keeping the remainder of the 

sequence unchanged, significantly reduces the number of permutations of redundant 

mutations that are generated (Appendix A Equation 4C) and dramatically improves 

processing speed. Expanding on the above example, if two independent regions 

containing three non-overlapping predicted MREs are mutated together, over 8 billion 

mutant sequences are possible. However, if these two regions containing three MREs 

each are mutated separately of one another, approximately 180,000 mutant sequences 

are possible (Appendix A Equation 4D). 

 

iv) Custom ImiRP MRE prediction component 

Initially, we used the PITA executable in the Target Site Prediction module. PITA 

assigns each predicted MRE a score based on the difference between the free energy of 

miRNA-target duplex formation and the cost of unpairing mRNA secondary structure in 
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the region of the predicted MRE [58]. Though evidence suggests that MRE accessibility 

[58] and local MRE environment [35, 53] can impact MRE efficacy, some evidence also 

suggests that mRNA secondary structure is an insufficient predictor of MRE functionality 

[53]. Since we are primarily concerned with creating new MREs that have the potential 

to be functional, this feature of the PITA target site prediction component was not 

needed. ImiRP’s custom MRE predictor uses only pattern recognition to identify five 

types of MRE (8mer, 7mer-m8, 7mer-A1, 6mer, OS-6mer)[20] and is therefore less 

computationally demanding, thus improving processing time.  

 

v) Stop generating mutant sequences once five valid mutants have been identified 

The ImiRP web application is designed such that many users can run projects 

simultaneously. Consequently, we wanted a avoid situations where a single user could 

consume a large portion of the web server’s resources. The ImiRP application stops 

generating mutant sequences once at least five valid mutants are identified for each 

independent region or once the Sequence Mutation module effectively exhausts all 

mutation possibilities. This ensures that a single mutation request will not continue to 

process unnecessary sequences and continue to consume resources. Due to the 

Sequence Mutation module generating mutations faster than the Target Site Prediction 

module can scan them; it is possible that more than five valid mutations may be 

identified. Only five valid mutant sequences are displayed for each independent region 

in the results tab of the output user interface. If a user is interested in having all valid 
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mutations displayed, they can download the source code and run the application on 

their own machine. 

2.4.2 Generation of mutant sequences 

We made several attempts to devise an algorithm that would not generate 

duplicate mutant sequences or mutants that did not satisfy all criteria. In an attempt at 

preventing duplicate mutations, a sequential permutation generation strategy was used. 

However, this approach was subject to spending long time periods generating 

undesirable mutants. For some problems, the sequential approach finds solutions very 

quickly while with others it does not find any solutions within a feasible time period. The 

random approach was found to more reliably and consistently produce results across a 

diverse set of mutation problems. 

  We also initially developed a mutation generation algorithm that only generates 

mutant sequences that satisfy all specified criteria without wasting computation on 

generating mutants that do not. This approach was abandoned because it requires 

development of new mutation generation algorithms for every set of criteria. As such, 

we decided it was preferable to keep separate the concepts of mutant sequence 

generation and criteria selection, thus enabling the user to specify diverse mutation 

criteria. For projects requiring disruption of many MREs and having relatively simple 

criteria, it may be preferable to devise a mutation generation algorithm that does not 

require the additional filtering step. However, if disruption of one or a few sites is 

desired, these inefficiencies do not appreciably impact processing speed. 
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2.4.3 Testing the ImiRP target site predictor and mutation generator 

To determine whether ImiRP could accurately predict MREs, we input 150 

nucleotide segments from human, mouse and fly 3’UTR sequences and compared 

output predictions for wild type sequences to predictions generated by TargetScan [49] 

and PITA [58] for the same sequences.  All 3’UTR sequence data was collected using the 

University of California, Santa Cruz (UCSC) genome browser [280].  Care was taken when 

making comparisons to PITA’s predictions.  As of the first release of ImiRP, PITA’s 

database of mature miRNA sequences, obtained from miRBase version 11.0, is out of 

date.  Additionally, PITA’s MRE prediction logic is not based on the currently accepted 

MRE classification [20].  Consequently, mature miRNA sequences available through 

miRBase were used to verify PITA’s MRE type predictions.  Our results show that ImiRP 

is capable of accurately predicting 8mer, 7mer-m8, 7mer-A1 and 6mer MREs.  One 

limitation of these tests is that TargetScan and PITA do not recognize OS-6mer MREs.  

However, manual comparison between ImiRP’s OS-6mer MRE predictions and mature 

miRNA sequences in miRBase reveals that ImiRP is capable of correctly predicting OS-

6mer MREs (data not shown).   

We also tested ImiRP’s capacity to successfully introduce mutations into many 

MREs simultaneously while ensuring that new predicted MREs for other miRNAs are not 

created. To do this, we used the aforementioned 150 nucleotide 3’UTR sequences and 

MRE predictions as input into ImiRP.  We compared ImiRP’s MRE prediction output 

between the wild type and mutant sequences to ensure that specified MREs were 

successfully mutated and that new MREs were not created.  
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2.4.4 Software limitations 

Though ImiRP can identify predicted illegitimate MREs created following 

mutation of existing MREs, this software does not identify mRNA regulatory elements 

required for non-miRNA processes. For example, the process of introducing mutations 

into a 3’UTR sequence could create an RNA-binding protein (RBP) motif or abolish a pre-

existing polyadenylation signal. The web applications Transterm and RBP Database 

(RBPDB) can be used to address this shortcoming [342, 343]. These tools can identify 

RBP motifs in mRNA 3’UTRs. Predicted 3’UTR motifs can be compared between the 

original input sequence and the mutated sequences to ensure that no known motifs had 

been created or disrupted. In future versions of ImiRP, we may implement a tool that 

identifies polyadenylation signal motifs and ensures that polyadenylation signals 

present in the input sequence are not disrupted and new polyadenylation signals are 

not created following mutation. 

One limitation associated with identifying only five classes of MRE is that other 

MRE types have been identified that may also be functional. In vivo reporter assays 

suggest that 4mer and 5mer MREs having extensive complementarity to the miRNA 3’ 

end can be functional [52]. However other studies investigating miRNA-dependent 

repression in vivo demonstrate that 5mer seed matches, complementary to miRNA 

positions 2-6, cannot mediate repression [53]. Consequently, we designed the ImiRP 

MRE predictor such that it does not identify 4mer or 5mer MRE types. Genome-wide 

miRNA-mRNA interaction maps from mouse brain generated by Argonaute High-
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Throughput Sequencing of RNA isolated by crosslinking immunoprecipitation (Ago HITS-

CLIP) also suggest that two additional MRE types may exist. A third type of 6mer MRE, 

6merα (complementary to miRNA position 1-6), is capable of binding Ago-miRNA [57]. 

Additionally, miRNA recognition elements containing G nucleotide bulges at positions 5-

6 in the mRNA (G-bulge sites) are evolutionarily conserved and functional in vivo [54]. 

ImiRP is currently incapable of identifying 6merα and G-bulge MREs and, as a 

consequence, these MRE types may be created upon mutation of existing MREs. Based 

on user demand, we may choose to enable identification of 6merα and G-bulge sites 

though the ImiRP MRE predictor.   

Experiments designed to disrupt a specific sequence motif frequently opt to 

remove the sequence by deletion as opposed to introducing substitution mutations. 

ImiRP could be designed to permit deletion mutations as well, however this would 

complicate illegitimate MRE identification. ImiRP compares MRE predictions between 

the input and mutant sequences.  Any predicted MREs that are shared between the 

input and mutant sequences, i.e. MREs for the same miRNA, located at the same 

position within the sequence, are not considered illegitimate. Information about the 

position of a predicted MRE within the sequence is critical for identifying legitimate 

versus illegitimate MREs. To enable deletion mutations will require a more complicated 

illegitimate MRE identification algorithm. We plan to enable the use of insertion and 

deletion mutations as part of ImiRP’s mutagenesis strategies in future versions. For the 

time being, users can download the ImiRP source code and modify it to enable 

insertion/deletion mutations.  
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Unfortunately, it is challenging to predict with certainty whether a MRE has 

successfully been abolished by mutation without experimentation. Based on previous 

experimental evidence [52, 53, 149], introducing at least two nucleotide changes into 

the mRNA region complementary to miRNA positions 2-7 is likely to abolish regulation 

by the targeting miRNA.  Similarly, predicting the functionality of a newly created MRE is 

also challenging without experimental validation. For example, a lys-6 site from the cog-

1 3’UTR in C. elegans is often nonfunctional when transplanted into different 3’UTR 

contexts [53]. ImiRP provides information about all predicted illegitimate MREs created 

in an output mutant sequence.  Available databases documenting validated miRNA-

target interactions [335, 344, 345] and known miRNA expression profiles [84, 346, 347] 

could be used to inform whether illegitimate MREs are likely to be functional. 

 

2.5 Conclusions 

In summary, we have described ImiRP, software that enables mutation of one or more 

predicted MREs within a sequence of interest while ensuring that new predicted MREs 

for other miRNAs are not created in the process. The ImiRP input interface allows the 

user to input a sequence of interest and specify the location of one or more MREs to 

mutate, species of interest, invalid MRE types, and mutation strategy. The output 

interface allows the user to select a desired mutant for each independent region and 

view a finalized mutant sequence. Upon completion, the assembled mutant sequence, 

and MRE predictions for the input and mutant sequences are made available for 

download. ImiRP source code is accessible open source through GitHub 



 

 

95 
(https://github.com/imirp) under the Apache Version 2 license and is available as a web 

application at imirp.org. 
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Chapter 3: Mapping the Pax6 3’ untranslated region 
microRNA regulatory landscape 

 

 

 
“Interactive landscape” Watercolor on paper (2016) 
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This chapter is adapted from the following publication: 

Ryan BC, Lowe K, Hanson L, Gil T, Braun L, Howard PL, Chow RL. Mapping the Pax6 3’ 

untranslated region landscape. (2018) BMC Genomics, 19:820. 

 

Contributions: 

BCR and RLC designed the project. BCR performed all the experiments and analyses for 

Figures 4-7. KL and TG performed 3’RACE experiments. LB contributed to RNA seq 

experiments. LH contributed to miTRAP experiments. BCR and RLC wrote the 

manuscript.  PLH edited the manuscript provided feedback on project design.  All 

authors read and approved the entire manuscript. 

 

3.1 Abstract 

PAX6 is a homeodomain-containing transcription factor that acts in a highly dosage-

sensitive manner to regulate the development and function of the eyes, nose, central 

nervous system, gut, and endocrine pancreas. Several individual microRNAs (miRNA) 

have been implicated in regulating PAX6 in different cellular contexts, but a more 

general view of how they contribute to the fine-tuning and homeostasis of PAX6 is 

poorly understood. Here, a comprehensive analysis of the Pax6 3’ untranslated region 

was performed to map potential miRNA recognition elements and served as a backdrop 

for miRNA expression profiling experiments to identify potential cell/tissue-specific 

miRNA codes. Pax6 3’UTR pull-down studies identified a cohort of miRNA interactors in 

pancreatic aTC1-6 cells that, based on the spacing of their recognition sites in the Pax6 
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3’UTR, revealed 3 clusters where cooperative miRNA regulation may occur. Some of 

these interacting miRNAs have been implicated in a cell function but have not 

previously been linked to Pax6 function and may therefore represent novel PAX6 

regulators.  These findings reveal a regulatory landscape upon which miRNAs may 

participate in the developmental control, fine-tuning and/or homeostasis of PAX6 levels. 

 

3.2 Introduction 

As described in chapter 1, PAX6 is a highly conserved transcription factor that is 

expressed in a specific spatio-temporal pattern in several tissues during vertebrate 

development, and plays an important role in cell fate determination and tissue 

differentiation [179]. Pax6 is expressed in the developing retina, lens and cornea, and 

continues to be expressed in several mature ocular cell types [164, 199, 201, 237, 348]. 

Pax6 is also expressed in the developing and mature endocrine pancreas [191, 195], 

central nervous system (CNS), and olfactory system [177, 237, 348], gut [192] and 

osteocytes [193]. In the complete absence of Pax6, eyes and nasal structures fail to 

develop [231, 349, 350], and patterning in the forebrain and specification of hormone-

producing cells in the endocrine pancreas are severely perturbed [191, 195, 247]. Pax6 

is also required for maintenance of the progenitor cell pool in the cortex and spinal cord 

[256, 257] and in the retina for progenitor cell multipotency [253]. 

PAX6 function is particularly sensitive to dosage: too little or too much PAX6 can 

have profound effects on tissue development and maintenance. The requirement for 

precise PAX6 dose is exemplified by the semi-dominant phenotypes associated with 
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PAX6 haploinsufficiency and from overexpression phenotypes. Loss of a single copy of 

Pax6/PAX6 results in a small eye phenotype in rodents [231, 349, 350] and is the 

primary cause of the poly-symptomatic and progressive disease aniridia in humans [179, 

260, 351]. Though Pax6/PAX6 haploinsufficiency is not associated with overt defects in 

pancreatic development, mice lacking one copy of Pax6 have impaired proinsulin 

processing and glucose metabolism [252]. In humans, PAX6 heterozygosity is associated 

with glucose intolerance [264]. However, the physiological mechanism(s) regulating 

precise PAX6 expression levels have not been elucidated. 

Post-transcriptional regulation of Pax6 by miRNAs may represent an important 

mechanism for maintaining the correct dosage of PAX6, and several miRNAs are 

suggested regulators of Pax6. Of interest to miRNA regulation of Pax6: regulation of an 

individual target transcript can be influenced by the cooperative activity of multiple 

miRNAs, acting through multiple target sites.  For example, closely spaced miRNA target 

sites can act synergistically [35, 59, 138], multiple miRNAs can simultaneously bind [152] 

and cooperatively regulate a single target transcript [135, 137, 352], and transcription 

factors and developmental genes are enriched among genes predicted to be targeted by 

multiple miRNAs [59, 131].  

Here, we performed the first comprehensive analysis of the Pax6 3’ untranslated 

region to identify potential miRNA recognition elements. Using miRNA expression 

profiling experiments, we identified potential cell/tissue-specific miRNA codes. Finally, 

Pax6 3’UTR pull-down studies were used to identify a cohort of miRNA interactors in 

pancreatic aTC1-6 cells which, based on the spacing of their recognition sites in the 
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Pax6 3’UTR, revealed 3 clusters where cooperative miRNA regulation may be occurring. 

Our findings define the functional landscape of miRNA regulation of PAX6 expression. 

 

3.3 Materials and methods 

3.3.1 MRE prediction and selection 

“Probability of Interaction by Target Site Accessibility” (PITA) was used to identify all 

miRNAs predicted to target 876bp of the mouse Pax6 3’UTR [58]. The miRNA target site 

prediction tools TargetScan [49], MicroCosm [143], Diana-microT [145] and miRanda 

[148] were also used. Only 7mer-m8, 7mer-A1 and 8mer MREs with or without a single 

G:U “wobble” pair, and 6mer MREs without a single G:U pair were considered for 

further analysis. The ImiRP target site prediction tool [353] was used to validate MRE 

type of PITA predictions. Multiz alignment of 60 vertebrate Pax6 3’UTR sequences 

available through the University of California Santa Cruz Genome Browser [280] was 

used to access MRE conservation, and miRBase was used to determine the organisms in 

which miRNAs of interested are expressed.  

3.3.2 Animals 

All research on mice was performed with approval of the University of Victoria 

Animal Care Committee in compliance with the Canadian Council on Animal Care (CCAC) 

guidelines for the ethical treatment of research animals. All experiments in this study 

were performed on 129S1 mice (strain #002448, The Jackson Laboratory, Bar Harbor, 

ME) 
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3.3.3 Tissue Harvesting and RNA Isolation 

Adult tissues were harvested from male and female 2-month-old 129S1. For harvest 

of embryonic retina, 129S1 pregnant dams were euthanized 12 days post-coitus (E12.5). 

All tissues were dissected in ice-cold phosphate buffered saline (PBS).  

To isolate embryonic day 12.5 retinal tissue from other ocular tissues, developing 

retinas were first separated from retina pigment epithelium (RPE) in PBS containing 500 

units/ml DNase I (ThermoFisher, 18047019) and then incubated for 10 minutes in 

Hank’s Balanced Salt Solution (ThermoFisher, 14025092) containing 0.8 units/ml Dispase 

II (Roche, 04942078001) with 5% carbon dioxide prior to dissection of the lens. All E12.5 

retinas from a single litter were pooled, and three individual litters were collected.  

All dissected tissues were put into 1 ml TRIzol (ThermoFisher, 15596-018) in tissue 

homogenizing tubes (Precellys, BER-KT0396110092) and homogenized for 1 minute at 

3000 RPM using a digital disruptor genie (Scientific Industries, SI-DD38). Total RNA 

isolation was carried out according to manufacturer’s protocol and RNA was 

resuspended in nuclease-free water and quantitated using a NanoDrop ND 

Spectrophotometer. 

3.3.4 3’RACE (Rapid Amplification of cDNA ends) 

3’ RACE was performed based on a previously described protocol [354]. Briefly, 

Reverse transcription using the GeneRacer kit (Invitrogen) was carried out on 1 µg of 

total RNA using the Anchored PolyT Reverse primer to prime cDNA synthesis. Nested 
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amplification of cDNA ends was performed using Q5 High-Fidelity enzyme (New England 

BioLabs) using primer combinations F1+R1 followed by nested primers F2+R2 to amplify 

the Pax6 3’UTR, or F3+R1 followed by F4+R2 to amplify the reverse orientation 

transcript. The first amplification steps were carried out as follows: one 2-minute 

denaturation cycle at 94°C followed by 30 cycles consisting of 10 seconds at 98°C, 30 

seconds at 70°C, 2 minutes at 72°C; and a final extension cycle for five minutes at 72°C. 

The nested amplification steps were carried out using the following conditions: one 2-

minute denaturation cycle at 94°C followed by 30 cycles consisting of 10 seconds at 98°C 

followed by 2.5 minutes at 72°C; and a final extension cycle for five minutes at 72°C.  

 

3’ RACE Primers: 

Anchored PolyT Reverse: 5’-

GCTCGCGAGCGCGTTTAAACGCGCACGCGTTTTTTTTTTTTTTTTTTVN-3’ 

R1: 5’-GCTCGCGAGCGCGTTTAAAC-3’ 

R2: 5’-GCGTTTAAACGCGCACGCGT-3’ 

F1: 5’-TGTCCTGAACTGGAGCCCGGGAATGGA-3’ 

F2: 5’-GGACCTTTGCGTACAGAAGGCACGGTAT-3’ 

F3: 5’-   TAATCTAGGCCAGGACC-3’   

F4:  5’-TTCCTAGTGAATCCCTTGTTGC-3’  
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3.3.5 RNA sequencing 

Pre-enrichment of polyA RNA, standard sequencing library/sample preparation, 

and Illumina sequencing was performed by LC Sciences (Houston, TX, USA). 

3.3.6 MS2-MBP and MS2 Binding Site Plasmids 

The expression vector expressing the MS2-MBP fusion protein was a gift from 

Melissa Moore (University of Massachusetts, Worcester). The fusion protein was 

purified as described in Jurica et al. (2002) [355].  

890bp of the mouse Pax6 3’UTR followed by the SV40 early polyadenylation signal 

and flanked by Spe1 and Afl2 restriction sites was synthesized by BioBasic Inc., and 

cloned downstream of the Turbo Green Fluorescent Protein (TurboGFP) gene in the 

pCMV-TurboGFP-dest1 plasmid vector (Evrogen, FP519) using Xba1 and Afl2 restriction 

sites. The Q5 site-directed mutagenesis kit (NEB, E0554S) was used to introduce a 2-

nucleotide substitution into the miR-375 MRE located at Pax6 3’UTR position 201 in the 

TurboGFP-dest1-3’UTR plasmid. The primers used for miR-375 MRE mutation were F: 

TATCAGTTGGggCAAATCTTCATTTTGGTATCCAAAC and R: CCGTGCCTTCTGTACGCA, where 

lowercase letters indicate mutated sequences. We designed a sequence containing a 

tandem array of three MS2 binding sites, ACATGAGGATCACCCATGT, interspersed by 17 

random nucleotides [356, 357]. The Q5 site-directed mutagenesis kit was used to 

introduce the MS2 binding sequence into TurboGFP-dest1 and TurboGFP-dest1-3’UTR 

plasmids using the following primers: Common forward: 

AGGATCACCCATGTCTCGGGAGTACCAGAGAACATGAGGATCACCCATGTAG-

GTCCGTCATAATCAGCCATACCACA; TurboGFP-dest1-specific reverse: 
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CATGTCTTTATCATGACG-

AAGTACATGGGTGATCCTCATGTTTGACATGCTCTAGAGTCGCGGCCGATCC; TurboGFP-

dest1-3’UTR-specific reverse: 

CATGTCTTTATCATGACGAAGTACATGGGTGATCCTCATGTTTGACATGCAG-

GTTTAAAACTCTTGCAAG.  

3.3.7 TurboGFP qPCR Primer Design and Efficiency 

Primer-BLAST [358] was used to design quantitative PCR (qPCR) primers for 

quantification of TurboGFP transcript, with an amplicon size of 100-150 nucleotides. 

Selected primers had the sequences F: CCCGCATCGAGAAGTACGAG, R: 

GCGGATGATCTTGTCGGTGA. Primer pair efficiency was calculated using a ten-fold 

dilution series of cDNA prepared from TurboGFP-transfected aTC1-6 (ATCC CRL-2934) 

cell lysate. Cycle threshold (Ct) values were plotted versus dilution factors in a base-10 

semi-logarithmic graph, the correlation coefficient was confirmed to be greater than 

0.99, and amplification efficiency was calculated as 10(1/slope). Primer efficiency was 

found to be 1.952.  

3.3.8 Cell Culturing and Transfection 

Mouse transgenic pancreatic alpha cells (aTC1-6, ATCC CRL-2934) were cultured in 

DMEM (low glucose, pyruvate, ThermoFisher, 31600-034) supplemented with 10% FBS 

(Life Technologies, 16000-044), 15 mM HEPES, 0.1 mM non-essential amino acids 

(ThermoFisher, 11140-050), 0.02% BSA (Sigma-Aldrich, A7906-50G), 1.5 g/L sodium 

bicarbonate, and 2.0 g/L glucose. Mouse transgenic pancreatic beta cells (bTC-6, ATCC 
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CRL-11506) were cultured in DMEM (ThermoFisher, 11960-044) supplemented with 4 

mM L-glutamine (ThermoFisher, 25030), 1 mM sodium pyruvate (ThermoFisher, 11360), 

and 15% FBS. Both cell types were cultured at 37°C with 5% carbon dioxide. For total 

RNA harvest, cells were grown to approximately 80% confluence in 100mm culture 

dishes, washed once with PBS, and lysed with 1 ml TRIzol.  

aTC1-6 cells were transfected in 6-well dishes with TurboGFP MS2 binding site 

plasmids 24 hours post-seeding, using jetPRIME transfection reagent (Polyplus, 114-07), 

following the manufacturer’s protocol. Each well was transfected with 3ug of plasmid 

DNA and 6 µl jetPRIME reagent in 200 µl jetPRIME buffer. 48 hours post-transfection, 

cells were washed with PBS and lysed using a non-denaturing lysis buffer containing 20 

mM Tris pH 7.5, 200 mM NaCl, 2.5 mM MgCl2, 0.05% IGEPAL, 60 U/ml Superase-In 

(Ambion, AM2696), 1 mM DTT, and Complete protease inhibitor (Roche, 04693124001).  

3.3.9 miTRAP 

miTRAP protocol was performed as described in [152]. Cell lysates were briefly 

incubated on ice and supernatant was removed following centrifugation. 25 µl magnetic 

amylose beads (NEB, E8035S) per sample were blocked in lysis buffer containing 0.2 

µg/µl yeast tRNA (Invitrogen, 15401-029) and 0.2 µg/µl BSA (Ambion, AM2616), and 

then bound with 2.5 µg MS2-MBP protein. Supernatants were incubated with MS2-MBP 

bound beads for 3 hours at 4°C. Beads were washed and resuspended in 50 µl lysis 

buffer and transferred to 1 ml TRIzol LS (ThermoFisher, 10296028) and RNA was isolated 

according to manufacturer’s protocol. 1 µl RNA grade glycogen (ThermoFisher, R0551) 

was added to the aqueous phase of miTRAP products to improve RNA precipitation.  
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3.3.10 cDNA Preparation 

15 µl reverse transcriptase (RT) reactions were prepared for miRNA RT-qPCRs. For 

miRNA profiling experiments and miTRAP experiments using TaqMan multiplex qPCR 

arrays, 750 ng and 60 ng RNA, respectively, was used per RT reaction. For miTRAP 

experiments using individual small RNA TaqMan assays for miR-375, 22.5 ng RNA was 

used per RT reaction. RT reactions were prepared using TaqMan MicroRNA Reverse 

Transcription kit (ThermoFisher, 4366596). A custom RT primer pool containing primers 

specific for the 95 selected miRNAs (ThermoFisher, 4449141) was used to prepare cDNA 

for TaqMan multiplex arrays, and an individual RT primer specific for miR-375 

(ThermoFisher, 4427975, 000564) was used to prepare cDNA for individual miRNA 

qPCRs. The RT reactions were run following the manufacturer’s protocols for custom 

TaqMan array miRNA cards with preamplification and for TaqMan small RNA assays.  

TurboGFP cDNA synthesis was performed in 20 µl reactions using the Quantitect 

reverse transcription kit (Qiagen, 205311) following the manufacturer’s protocols. 60 ng 

and 100 ng RNA per reaction were used to prepare TurboGFP cDNA for normalizing 

results from TaqMan multiplex arrays and individual miRNA qPCRs, respectively.  

3.3.11 Quantitative PCR 

miTRAP cDNA for use with TaqMan miRNA multiplex arrays was first preamplified 

using TaqMan PreAmp Master Mix (ThermoFisher, 4391128) and custom miRNA 

PreAmp primer pool. The qPCR reactions for miRNA profiling experiments and miTRAP 

experiments were prepared using TaqMan Universal Master Mix II with UNG 

(ThermoFisher, 4440038), and custom miRNA microfluidic cards were run on an Applied 
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Biosystems 7900 HT Fast Real Time PCR System fitted with the 384-well block. qPCR 

reactions for miR-375 were prepared using Universal Master Mix II with UNG and 

TaqMan small RNA assay for miR-375 (ThermoFisher, 4427975, 000564), and were run 

in MicroAmp fast 96-well reaction plates (0.1 ml, Applied Biosystems, 4346907) covered 

with optical adhesive covers (Applied Biosystems, 4360954) using the 7900 HT Fast Real 

Time PCR System fitted with the 96-well block. All protocols were performed following 

the manufacturer’s instructions.  

qPCR reactions for TurboGFP were performed using QuantiTect SYBR Green PCR kit 

(204143) and run using the Stratagene Mx300P qPCR system (Agilent Genomics). PCR 

reaction settings were as follows: hot start for 15 min at 95°C, and amplification 15 sec 

at 95°C, 30 sec at 60°C, 30 sec at 72°C repeated for 40 cycles with data recorded twice 

during the extension step.  

3.3.12 Data Analysis 

For miRNA tissue profiling analysis, three independent samples were collected and a 

miRNA was considered to be expressed only if it had a Ct value of less than 40 in all 

three samples. Levels of each miRNA were calculated relative to U6 snRNA by DCt = 

Ct(U6) – Ct(miRNA), and Relative miRNA level = 2DCt.  

For miTRAP experiments, any samples for which Ct(no RT control) – Ct(+RT) was less 

than 10 were excluded from the analysis. Except for qPCR reactions performed using the 

TaqMan multiplex array cards, all qPCR reactions were performed in triplicate. If the 

standard deviation of the Ct value between triplicate technical replicates was greater 

than 0.5, the sample was discarded from the analysis. miTRAP experiments using 



 

 

108 
multiplex array cards were performed in quadruplicate, and miRNAs were only 

considered detected if the Ct values for purification with the wild type Pax6 3’UTR were 

less than 40 in all four replicates. If any Ct values for GFP-MS2 control purifications were 

undefined (i.e. greater than 40), but the miRNA was detected in all four purifications 

with the wild type Pax6 3’UTR, the undefined Ct was defined as 40. 

Relative GFP expression for TurboGFP affinity purification analysis with and without 

the MS2 binding sites was calculated using Pfaffl’s method [359] without a reference 

gene, where DCt = Ct[GFP] – Ct[GFP-MS2] and GFP Fold difference = 1.952DCt. Analysis of 

miR-375 purification with and without transfection of TurboGFP-MS2 was performed 

using the comparative Ct method without normalization to an internal control, where 

DCt = Ct[Untransfected] – Ct[GFP-MS2] and miR-375 Fold difference = 2DCt. Normalized 

relative miR-375 quantity (NRQ) with the wild type and miR-375 MRE mutant Pax6 

3’UTRs was performed using Pfaffl’s method with qBase+ software [360]. NRQ was 

calculated by DCt = Ct[GFP-MS2] – Ct[GFP-WT3’UTR-MS2] or DCt = Ct[WT3’UTR-MS2] - 

Ct[375MUT3’UTR-MS2], and NRQ = 2DCt[miRNA]/1.952DCt[GFP]. Mann-Whitney U test was 

used for statistical analysis of qPCR data.  

miTRAP ratio was calculated by dividing the relative miRNA abundance from the 

Pax6 3’UTR pull-down by the relative miRNA abundance in aTC1-6 cell lysate. Mean Ct 

for each miRNA from the four Pax6 3’UTR pull-down replicates was calculated. Relative 

miRNA abundance with the Pax6 3’UTR was calculated by 1.952mean Ct[GFP]/2mean Ct [miRNA}. 
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3.4 Results and discussion 

3.4.1 Characterization of Pax6 3'UTR length 

As a first step to determine how microRNAs regulate the expression of Pax6, we 

sought to identify a region that best represents the Pax6 3'UTR. The initial 

characterization of the mouse Pax6 mRNA [177] identified a 3’UTR that was 1008 

nucleotides long, however, the absence of a poly(A) signal at the end of the sequence 

made it unclear whether this represented the complete 3’UTR region. There are three 

putative polyadenylation (poly(A)) signals within the first 2000 nucleotides downstream 

of the mouse Pax6 stop codon at positions 688, 861 and 1930 (Figure 17A).  These three 

poly(A) signals are conserved at positions 714, 882 and 1955 in the human PAX6 3'UTR.  

Human PAX6 encodes three additional poly(A) signals at nucleotide positions 488, 588 

and 1661. Among the six human PAX6 poly(A) signals, only those at positions 714 and 

882 are conserved in all of the 23 amniote species examined (Figure 17B), making them 

good candidates for functional poly(A) signals in vivo. 
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Figure 17. Predicted vertebrate Pax6 polyadenylation signals and conservation 

(A) Location of putative polyadenylation signals (AATAAA, ATTAAA, TATAAA) in the 
mouse and human Pax6/PAX6 genomic region downstream of the stop codon.  Neither 
mouse nor human Pax6/PAX6 have a AGTAAA polyadenylation signal within the region 
indicated. (B) Table showing conservation of the human PAX6 polyadenylation signals 
across amniotes. Asterisks in (A) and (B) indicate two polyadenylation signals that are 
conserved in all of the species examined. 
 

Two experimental approaches were next used to determine the length of Pax6 

3'UTR.  First, 3' rapid amplification of cDNA ends (3' RACE) was performed on adult 

mouse retinal total RNA (Figure 18A,B). This approach yielded a major band, which 
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based on our experimental design (Figure 18A), corresponds to a 3'UTR of 877 

nucleotides. In addition to this major band, a number of weaker bands, both smaller and 

larger, were observed (Figure 18B). Subcloning and sequencing revealed that many of 

the 3'RACE products terminated after the poly(A) sequence at nucleotide position 861 

of the 3'UTR (data not shown).  

As a second approach, RNA-seq was performed on adult eye poly(A)-selected RNA 

(Figure 18C and D, top plot).  Similar to the 3’RACE results, RNA-seq reads revealed a 

Pax6 3'UTR endpoint positioned in close proximity to the 861 poly(A) sequence (Figure 

18, red dashed vertical line). A “CA” positioned at the end of this region at nucleotide 

870 (Figure 18E) and 17 nucleotides upstream of a 16 nucleotide stretch that is 87.5% 

U/G is a good candidate for functioning in transcript cleavage. CA sequences facilitate 

transcript cleavage when positioned 15-30 nucleotides downstream of the poly(A) signal 

and ~20 nucleotides upstream of a U/G rich region [5]. Since 3'UTR length can be 

differentially regulated between developmental and adult stages [101, 361] RNA-seq 

was also performed on poly(A)-selected RNA from embryonic day 14 eye. Similar to the 

adult eye, RNA-seq reads from embryonic eye cDNA indicate that Pax6 mRNA utilizes 

the poly(A) signal at nucleotide 861 (Figure 18D, lower panel).  



 

 

112 
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Figure 18. Characterization of the mouse Pax6 mRNA 3' terminus 

(A) Amplification strategy used in 3’ RACE approach to identify the Pax6 mRNA 3’ end. 
“TAA” represents the Pax6 stop codon. Nested primers F1 and F2 were used in 
combination with reverse primers (R1, R2) built into the poly-T primer used to generate 
cDNA. (B) 3’ RACE performed on adult retina total RNA. A predominant band was 
observed at 700-750 bp in contrast to minus reverse transcriptase (- RT) negative 
control.  Weaker bands above and below the predominant 700-750bp band were also 
observed. (C) Primary read data from RNA-seq experiment performed on 
polyadenylation-selected adult mouse eye mRNA. Reads were superimposed onto the 3’ 
end of the Pax6 region containing exons 8-13 and the 3’ end of the adjacent gene Elp4. 
The box encompassing Pax6 exon 13 is shown at a higher magnification in (D – top plot). 
The light blue shaded regions in (D) indicate the end of the Pax6 coding region. The 
dotted line indicates the most 3’ end point for Pax6 in both adult eye (D, top plot) and 
embryonic day 14 (E14) retina (D, bottom plot).  (E) Sequence read corresponding to the 
most 3’ read indicated by the dotted line in (D). The putative polyadenylation signal 
located at position 861 of the Pax6 3’ UTR is highlighted in red. 
 

Interestingly, in both adult and embryonic eye tissues, sequence reads in reverse 

orientation to Pax6 were observed immediately downstream of the 861 poly(A) signal 

(Figure 18D, yellow colored reads). 3’ RACE revealed a reverse transcript that is 

polyadenylated and utilizes a robust poly(A) signal (AATAAA) located 112 bp 

downstream of the Pax6 861 poly(A) signal (Figure 19A,B). Unlike the tissue-specific 

expression of Pax6, this reverse transcript appears to be expressed ubiquitously (Figure 

19C).  It is unclear whether this reverse orientation transcript is part of the 3'UTR for the 

adjacent Elp4 gene which is transcribed in opposite orientation to Pax6 and whose stop 

codon is ~5.5 kb away from the Pax6 861 poly(A) signal. Currently no non-coding RNAs 

map to this region.  
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Figure 19. Characterization of a reverse orientation transcript terminating directly 
adjacent to the Pax6 mRNA 3’ terminus 

(A) 3’ RACE amplification strategy used identify a reverse orientation transcript 
positioned close to the Pax6 mRNA 3’ end. The wider bars in the schematic diagram 
represent coding regions and the narrower bars represent 3’UTRs. Nested primers F3 
and F4 were used in combination with reverse primers (R1, R2) built into the poly-T 
primer to amplify a robust ~350 base pair product. (B) Sequencing of the reverse 
orientation transcript shows that it terminates at a “GC” (underlined).  The reverse 
transcript appears to utilize a polyA signal (blue font) that is 112 bp away from the end 
of the polyA signal at position 861 of the Pax6 3’UTR (red font). (C) 3’RACE of the 
reverse orientation transcript (bottom 2 panels) and reverse transcription of Pax6 (top 
panel) showing widespread expression of the revere orientation transcript in contrast to 
the tissue specific expression of Pax6. 
 

In summary, these data indicate that the majority of mouse Pax6 transcripts 

predominantly utilize a highly conserved poly(A) signal at nucleotide 861 of the 3'UTR. 
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The remainder of this study examining the regulation of Pax6 by microRNA will 

therefore focus on a 3'UTR terminating at this region. It should be noted, however, that 

the Pax6 3’UTR length is not rigidly fixed, as smaller and larger lengths (albeit less 

abundant) were observed. Indeed, the characterization of the original mouse Pax6 

mRNA clone [177], which focused on the largest clone obtained in that study, possessed 

a 3’UTR of 1008 nucleotides. Although we saw no apparent developmental differences 

in Pax6 3’UTR length we cannot rule out the possibility that Pax6 3’UTR length is 

differentially regulated in other cellular and developmental contexts. 

3.4.2 Identification of predicted miRNA target sites within the mouse Pax6 3’UTR 

To identify candidate miRNAs predicted to regulate Pax6, we ran the mouse Pax6 

3’UTR through an unbiased bioinformatics screen. Although functional miRNA 

recognition elements (MREs) have been identified within the coding regions of several 

genes [36, 37, 39], and MRE clusters have been identified in 5’UTRs and coding regions 

by Ago HITS-CLIP [40], we chose to focus on the Pax6 3’UTR because this is the region 

most commonly involved in miRNA regulation [51]. We used the prediction tool 

Probability of Interaction by Target Accessibility (PITA) [58] because it screens for all 

MREs within a mRNA sequence of interest.  

Our PITA screen included the four types of MREs that are matched to the miRNA 5’ 

end and known to be selectively conserved: 6mer, 7mer-A1, 7mer-m8 and 8mer (Figure 

3) [19]. The 6mer MRE is perfectly complementary to the “miRNA seed”, miRNA 

nucleotide positions 2-7. The 7mer-A1 MRE consists of a seed match with an A across 

from miRNA nucleotide 1, 7mer-m8 consists of a seed match with a complementary 
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match to miRNA position 8, and the 8mer MRE consists of a seed match with both an A1 

and m8. MRE types that were not considered in this analysis were offset 6mer (OS-

6mer) sites, complementary to miRNA positions 3-8 [20, 51], and two site types 

identified by Argonaute High-Throughput Sequencing of RNA isolated by crosslinking 

immunoprecipitation (Ago HITS-CLIP), 6mera and G-bulge sites [54, 57]. Using PITA, 

6665 unique hits, representing unique predicted miRNA-MRE interactions, were 

identified within 876 bp of the mouse Pax6 3’UTR (Fig 3A). Though this may seem like 

many predictions, this is not surprising. 4526 of these predictions are MREs harbouring 

both a mismatched pair and G:U pair between the miRNA and MRE. Additionally, 1187 

of these predictions are 6mer MREs harbouring a single mismatch between the miRNA 

and MRE. Given that the PITA miRNA database contains 491 mouse miRNAs, the 

prediction of these types of MREs by chance is high. 

In order to focus our analysis on those miRNAs most likely to regulate Pax6, we next 

screened the 6665 Pax6 hits against a set of hierarchical criteria (Figure 20A). 

Mismatches between a miRNA and MRE are less likely to be associated with functional 

target sites [52] and are rarely under selection to be evolutionarily conserved [20]; these 

predicted MREs were excluded, narrowing the total number of predicted hits to 449. 

miRNA-target interactions containing single G:U “wobble” pairs can function effectively 

in downregulation endogenously [149] and in reporter screens [137], and simulations of 

Ago-miRNA:mRNA complexes and Ago HITS-CLIP data suggest that G:U wobbles can be 

tolerated [40, 362]. However, though 7 and 8mer MREs containing single G:U pairs 

functioned in down-regulation of reporters in Drosophila in vivo, 6mer MREs containing 
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single G:U pairs were non-functional [52]. For this reason, we chose to exclude 

6mer+G:U MREs from consideration, which further narrowed the number of predicted 

hits to 191.  

Target sites that show high conservation between orthologous 3’UTRs are more 

likely to be functional [19, 43]. Using UCSC Genome Browser [363] alignments, a total of 

62 predicted MREs were found to be conserved in ≥85% of orthologous Pax6 3’UTR 

sequences from placental mammals. Finally, as MREs for miRNAs that are broadly 

conserved are more likely to be functionally conserved [20]. Using miRBase [18], we 

identified and excluded miRNAs that are rodent-specific and retained miRNAs that are 

found in humans. This reduced the number of unique hits to 55. Given that some MREs 

are predicted to be targeted by multiple miRNAs, and some miRNAs are predicted to 

target multiple MREs within the Pax6 3’UTR, we identified 47 candidate miRNAs of 

interest and 42 candidate MREs (Figure 20A, Appendix B Table 10). 12 of these MREs 

are predicted to be targeted by multiple miRNAs and 25 of the identified miRNAs are 

predicted to target multiple MREs within the Pax6 3’UTR. Of these 25 miRNAs, 8 have 

multiple MREs that are conserved in >85% of placental mammal alignments (Appendix B 

Table 10). In summary, we have identified 47 MREs within the Pax6 3’UTR that satisfy 

our selection criteria as strong candidates for miRNA interaction. Some of the MREs and 

the miRNAs that target them exhibit redundancy, which should be considered for any 

functional analyses. It should be recognized that although these 47 MREs represent 

strong candidates for miRNA interaction, it does not necessarily mean that they are 

functional in vivo, nor does it mean that other MREs that did not meet our criteria are 
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not functional. This analysis, however, does provide a starting point for studying Pax6 

regulation by miRNA.  

 

 
Figure 20. Predicted miRNA target sites in the mouse Pax6 3’UTR 

 (A) Strategy for miRNA target site selection. A total of 6665 unique hits were identified 
within 876bp of the Pax6 3’UTR using the miRNA target site prediction tool PITA. A 
unique hit encapsulates a single predicted MRE-miRNA interaction. Exclusion of 
predicted hits containing a single mismatch between the miRNA seed and the target site 
in the mRNA, and predicted 6mer target sites containing a G:U wobble base pair 
between the miRNA and the target reduced the number of hits to 449 and then 190, 
respectively.  Requiring a high degree of conservation between orthologous mammalian 
Pax6 3’UTRs (≥85%), and requiring that targeting miRNAs also be present in humans 
reduced the number of predicted hits to 62 and 55, respectively. Since some miRNAs 
share common MREs, 42 unique MREs were identified. (B) Schematic of the mouse Pax6 
3’UTR showing locations and target site types for the 42 unique MREs.  These MREs are 
predicted to be targeted by 47 different miRNAs.  Some miRNAs are predicted to target 
multiple sites within the Pax6 3’UTR. 
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3.4.3 Expression profiling of miRNAs predicted to target the mouse Pax6 3’UTR  

We next sought to determine the expression profile of the miRNAs identified above 

that are predicted to target to Pax6 3’UTR. Our analysis focused on Pax6-expressing 

ocular tissues (embryonic day (E) 12.5 retina, adult retina and adult lens) and on the 

SV40-induced cell lines α-TC1-6 and β-TC6 which serve as in vitro models for endocrine 

pancreas α and β cells, respectively [364, 365]. Both cell lines endogenously express 

PAX6 [278, 366]. MiRNA expression was detected using TaqMan multiplex quantitative 

PCR (qPCR) arrays (Applied Biosystems). Extra wells available on the arrays allowed for 

the detection of additional miRNAs predicted to target less well conserved 7mer and 

8mer MREs for expression profiling. Fifty-nine of the miRNAs examined were detected 

in at least one of the profiled cells or tissues, while 28 of the miRNAs did not have 

detectable expression in any of the tissues/cells examined (Figure 21A).  

Our data revealed distinct tissue/cell-specific miRNA expression patterns arising 

from overlapping and non-overlapping miRNA expression (Figure 21A). All tissues/cells 

except for the adult retina had at least one uniquely expressed miRNA. These distinct 

expression patterns may allow for cell-type specific optimization of Pax6 expression 

through cooperative miRNA regulation.   

The endocrine pancreas a and b cell lines for the most part had very similar miRNA 

expression patterns (Figure 21B).  miR-375 was among the most highly expressed 

miRNAs in both a and b cells, consistent with previous expression studies which have 

also reported similar high miR-375 expression levels in endogenous human a and b cells 

[367]. miR-375, in addition to miR-16, 26a, 26b, 124 and 127, has been identified as an 
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abundant miRNA in MIN6 and aTC1 cells [368], and human islets [369]. Additionally, 

many miRNAs identified as islet-enriched relative to acinar cells (miR-7, 96, 127, 132, 

183, 335) were identified in aTC1-6 or bTC6 cells by our analysis [370]. A smaller subset 

of a-specific and b-specific miRNAs was also observed. Some of these (miR-129, 145, 

200b, 200c, 369-3p, 429), have previously been shown to be more abundantly 

expressed in b relative to a cells [367, 368], and serve to validate the veracity of the 

Taqman array cards. It should be noted that miR-96, a miRNA that we detected at low 

levels in aTC1-6 but not bTC6, was found to be expressed more abundantly in human b 

relative to a cells [367], possibly demonstrating a difference between the mouse and 

human endocrine pancreas cells.  

Many of the miRNAs profiled displayed differential patterns of expression between 

E12.5 retina, adult retina, and adult lens (Figure 21C), similar to observations from 

microarray analyses finding differential expression of miRNAs in developing retina 

versus adult retina [371], and between adult ocular tissues [347]. For example, miR-124, 

182, 183 and 96 were previously identified as adult retina-enriched miRNAs [372, 373] 

and these findings have been validated by our analysis. These results suggest that some 

of the differentially-expressed ocular miRNAs may have tissue-specific functions, 

potentially through the regulation of Pax6.  Interestingly, the adult retina had an 

expression profile that was more similar to adult lens than to the E12.5 retina, which 

had the fewest miRNAs of the cells/tissue examined (Figure 21C). Additionally, of the 

miRNAs profiled, E12.5 showed overall lower miRNA expression than adult retina or lens 

(Figure 22C-E). This is not surprising given that miRNA abundance increases with cellular 
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differentiation [95, 96] and during development [88, 93, 94, 374], and fits with the 

proposal that miRNAs function primarily during differentiation and the maintenance of 

tissue identity [89, 90]. It should be noted that the expression level of some miRNAs in 

some tissues is highly variable, and this variability is particularly apparent for less 

abundant miRNAs. Notably, E12.5 retina-expressed miRNAs were especially variable in 

their level of expression (Figure 22D).  

 



 

 

122 

 
Figure 21. Expression profile of miRNAs predicted to target the mouse Pax6 3’UTR 
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(A) Expression profile of miRNAs having predicted target sites in the mouse Pax6 3’UTR 
in various Pax6-expressing cells and tissues. miRNAs assayed for include those identified 
by our prediction analysis (Fig. 3A) as well as others, as described in the results. miRNAs 
were assayed for using TaqMan multiplex qPCR array cards. Data represents a total of 3 
replicates per tissue or cell type, with a miRNA considered to be expressed only if the 
cycle threshold was less than 40 for all three replicates. (B) Relative miRNA level in 
mouse cultured pancreatic a cell line, aTC1-6 and a cultured b cell line, bTC6. (C) 
Relative miRNA level in mouse E12.5 retina, adult retina, and adult lens. Heat map 
indicates relative miRNA expression as a percentage of an internal control, snRNA U6. 
Data represents the geometric mean of three independent samples. Note the scale 
differences between the two heat maps. 
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Figure 22. Relative levels of miRNAs predicted to target Pax6 in Pax6-expressing cells 
and tissues 
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(A) Relative miRNA level in mouse cultured pancreatic a cell line, a-TC1-6, (B) a cultured 
b cell line, bTC6, (C) adult retina, (D) E12.5 retina and (E) adult lens expressed as a 
percent of snRNA U6 internal control. Data represents the geometric mean of three 
independent samples and error bars represent 95% confidence intervals. Data is 
represented using log10 scale; note scale differences between graphs. 
 
 

3.4.4 Characterization of a Pax6 miR-code in aTC1-6 cells 

While the miRNA expression profiles generated above provide valuable information 

about potential cell and tissue-specific Pax6 regulation, they do not provide information 

about whether any of the miRNAs actually interact with the Pax6 3’UTR.  To address 

this, we utilized MS2 RNA sequence fused to exogenously-expressed mouse Pax6 3’UTR 

as “bait” RNA to co-purify bound miRNAs in an approach called miRNA Trapping by in 

vitro RNA Affinity Purification (miTRAP) [375]. MS2 is a single-stranded RNA 

bacteriophage, that binds a specific stem-loop RNA structure present in its genome 

using a coat protein to accomplish encapsidation [376]. This RNA stem loop and coat 

protein can be used for RNA affinity purification techniques [355]. miTRAP was originally 

used to identify miRNAs, miR-1 and miR-133, associated with the 3’UTR of Hand2 in 

primary cardiomyocytes [152], and has since been used to identify miRNAs associated 

with the 3’UTRs of MYC and ZEB2 [375], and with the long intergenic non-coding RNA 

(lincRNA) p21 [377]. Our approach (summarized in Figure 23) utilized a reporter 

construct in which GFP was engineered to carry a modified Pax6 3’UTR containing three 

MS2 binding motifs positioned immediately 5’ of the poly(A) signal. aTC1-6 cells were 

transiently transfected with MS2-tagged GFP constructs, and pull-down products were 
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amplified using TaqMan multiplex qPCR and normalized to GFP mRNA transcripts 

amplified using SYBR green qPCR.  

Three steps were taken to demonstrate the specificity of our miTRAP approach. 

First, to show that MS2-containing mRNAs were selectively enriched, we compared the 

pull-down of GFP constructs with or without the MS2 binding motif. GFP reporter 

transcripts harbouring the 3xMS2 motif exhibited a 30-fold increase in enrichment 

compared to those lacking the MS2 binding motif (Figure 23B), demonstrating 

robustness of the pull-down process. Next, we examined the binding of the Pax6 3’UTR 

with a known interactor, miR-375 [276, 277]. Approximately five-fold more miR-375 was 

pulled-down with GFP constructs carrying the wild type Pax6 3’UTR compared to those 

with an SV40 3’UTR (Figure 23C), indicating Pax6-3’UTR mediated enrichment. To 

determine the specificity of this interaction, pull-down experiments were performed 

using constructs carrying mutations that disrupt a previously described 7mer-A1 MRE 

for miR-375 at position 201 of the Pax6 3’UTR [276, 277]. Mutation of this MRE resulted 

in 4-fold reduced binding of miR-375 compared to the wild type Pax6 3’UTR (Figure 

23D), indicating its requirement for interaction with miR-375. A second miR-375 MRE 

(6mer site) is also present at position 288 of the Pax6 3’UTR, which may explain why 

binding is not completely lost. It is therefore possible that disruption of both MREs 

would further reduce miR-375 binding. 
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Figure 23. miTRAP as a strategy to purify Pax6 3’UTR-associated miRNAs 
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(A) Schematic of the Pax6 3’UTR affinity purification approach.  (i) Plasmid vectors 
expressing GFP tagged with the MS2 RNA sequence motif followed by the SV40 
polyadenylation signal are introduced into pancreatic aTC1-6 cells via transient 
transfection.  (ii) MS2 coat protein fused to maltose binding (MS2-MBP) is used to purify 
GFP transcripts with bound miRNAs from aTC1-6 cell lysate.  (iii) Real-time quantitative 
PCR (RT-qPCR) is used to detect GFP transcript and bound miRNAs. Schematic of the 
Pax6 3’UTR shows the location of the highly conserved miR-375 target site located at 
3’UTR position 201 and miR-375 target site mutation. (B) Validation of the MS2-
mediated affinity purification strategy by RT-qPCR quantification of GFP transcripts with 
and without the MS2 RNA motif. Fold change was calculated using Pfaffl’s method [359]. 
qPCR results for GFP with the MS2 motif (grey bar) were expressed relative to data 
without the MS2 motif (unfilled bar).  Data represents 5 independent samples, 
p=0.0079. (C) Affinity purification of miR-375 with the Pax6 3’UTR in aTC1-6 cells using 
TaqMan individual qPCR assays. Normalized relative quantity was calculated using 
Pfaffl’s method, and a normalized relative quantity greater than 1 indicates that more 
target miRNA is purified with the Pax6 3’UTR (grey bar) than the control lacking a Pax6 
3’UTR (unfilled bar). Data represents six independent samples, p=0.013. (D) Disruption 
of miR-375 binding to the Pax6 3’UTR following mutation of the miR-375 target site. 
Target miR-375 values were normalized to GFP as a reference gene, then normalized 
values for the mutant Pax6 3’UTR samples (grey bar) and are presented relative to the 
wt 3’UTR (unfilled bar). Data represents six independent wt 3’UTR samples and three 
miR-375 target site mutant 3’UTR samples, p=0.0476. Error bars represent 95% 
confidence intervals, and p-values were calculated using the Mann Whitney test. Note 
scale bar differences between the graphs. 
 

The miTRAP approach was next used in conjunction with TaqMan multiplex qPCR 

arrays to identify the miRNAs that physically interact with the Pax6 3’UTR. Relative 

abundance of target miRNA transcripts associated with the Pax6 3’UTR was normalized 

to GFP and expressed relative to the SV40 3’UTR control using Pfaffl’s method to 

produce a normalized relative quantity (NRQ) value [359]. An NRQ value greater than 1 

indicates that more of a given miRNA was purified with the Pax6 3’UTR than with the 

control 3’UTR. Of the 40 miRNAs having MREs in the Pax6 3’UTR that were also 

expressed in cultured aTC1-6 cells (Figure 21), 25 were found to have NRQs greater than 

1 (Figure 24A, summarized in Table 3). Eight of these 25 miRNAs, however, had 95% 
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confidence intervals extending below a NRQ of 1, indicating lower confidence that they 

bind the Pax6 3’UTR preferentially over the control SV40 3’UTR. miR-187 was pulled-

down equally using MS2-tagged reporters with and without the Pax6 3’UTR suggesting 

non-specific interaction, while 14 of the 40 miRNAs assayed were undetectable in MS2-

tagged Pax6 3’UTR reporter pull-downs. As such, we can be reasonably confident that 

17 of the assayed miRNAs interact with the Pax6 3’UTR.  
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Table 3. Summary of miTRAP interactions in αTC1-6 cells 

miTRAP Results MRE Type miRNA 
Interaction  
(62.5%, 25/40) 

High Confidence 
(42.5%, 17.40) 

8mer 455 
7mer-m8 127*, 7a+, 7b+, 196a*, 298*, 

421*+, 497*, 124a*, 16*, 26a*, 
26b* 

7mer-A1 375+, 182* 
6mer 9+, 186, 183 

Low Confidence 
(20%, 8/40) 

8mer 494* 
7mer-m8 132*+, 15b*, 195*, 376c*+++ 
6mer 212+, 340+++, 203 

Non-specific Interaction  
(2.5%, 1/40) 

7mer-m8 187* 

No Interaction  
(35%, 14/40) 

8mer 335-3p* 
7mer-m8 1187*, 15a*, 196b*, 365+, 466k, 

501-3p+ 
7mer-A1 96*+ 
6mer 101, 144, 362-3p, 410, 466f, 

495 
miRNAs identified in present study as well as by TargetScan, miRanda, MicroCosm, or 
DIANA-microT are depicted in red 
* Predicted MRE-miRNA seed interaction contains a G:U pair 
+ indicates miRNAs with additional, weaker MREs in the Pax6 3’UTR 
miRNAs having MREs that are conserved in less than 85% of placental mammal Pax6 
3’UTR sequence alignments are depicted in grey 
 

A potential criticism of the miTRAP approach is that it could be biased toward 

pulling-down abundantly expressed miRNAs while low-expressed miRNA interactors 

might be missed [375]. We observed that this was not the case. Eleven of the 17 miRNAs 

pulled-down with the Pax6 3’UTR were expressed at levels less than 0.5% relative to the 

U6 internal control (miR-124a, 127, 182, 183, 196a, 298, 421, 455, 497, 7a and 7b; 

Supplementary Figure 2A). Notably, miR-196a, which was expressed at 0.01% relative to 

U6, was one of the more abundantly enriched miRNAs pulled-down with the Pax6 
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3’UTR, having a NRQ of 8.0 (Figure 24A). In contrast, several miRNAs with relative 

expression levels higher than miR-196a in aTC1-6 (e.g. miR-15a, 144, 335, 410, 466f, 

495, 501), were not pulled-down at all (Figure 24C). Furthermore, miR-16 and miR-375, 

which were by far the most abundantly expressed miRNAs in aTC1-6 cells, had NRQ 

values (2.8 and 2.3, respectively) lower than that of miR-196a (Figure 24A). It is 

important to recognize that while our miTRAP data revealed miRNAs with the capacity 

to interact with the Pax6 3’UTR, it may not necessarily reflect miRNA binding to the 

endogenous Pax6 3’UTR. Bait mRNAs used for our experiments were driven from 

overexpression plasmids and harbour elements such as the MS2 binding domain, which 

could potentially influence miRNA binding. To address some of these issues and confirm 

our data, other miRNA:mRNA interaction approaches could be taken [150]. 
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Figure 24. Characterization of miRNAs bound to the Pax6 3’UTR in pancreatic α cells 
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(A) Identification of miRNAs associated with the Pax6 3’UTR in aTC1-6 cells using 
TaqMan multiplex qPCR arrays. Normalized relative quantity (NRQ) greater than 1 
indicates more target miRNA was purified with the Pax6 3’UTR than the control lacking a 
Pax6 3’UTR. Some miRNAs expressed in a cells that also have predicted MREs in the 
Pax6 3’UTR did not associate with the Pax6 3’UTR-containing transcript: miR-101, 1187, 
144, 15a, 196b, 335-3p, 362-3p, 365, 410, 466f, 466k, 495, 501-3p, 96. Results represent 
four independent experiments. Geometric mean +/- 95% confidence intervals are 
shown.  (B) Landscape of Pax6 3’UTR miRNA interaction in aTC1-6 cells. Average NRQ 
value for each interacting miRNA is indicated as a peak at the 3’UTR position(s) of the 
predicted MRE(s). Predicted MREs for interacting miRNAs are labeled in black, and non-
interacting miRNAs in grey. Each peak has a 25-nucleotide width on either side of the 
MRE position. Overlap between interaction peaks spaced 8-50 nucleotides apart is 
indicated in red, and these interacting miRNAs may be capable of mediating cooperative 
regulation of Pax6. MREs for Pax6 3’UTR-interacting miRNAs were found to cluster into 
three regions, i-iii (orange boxes), located approximately at nucleotide positions 250-
350, 420-550 and 600-810. Conservation of the Pax6 3’UTR sequence between 
orthologous placental mammal sequences is shown for the 876-nucleotide length. 
Secondary, poorly conserved MREs for interacting miRNAs having well conserved 
predicted MREs are not shown. (C) miRNA interaction with the Pax6 3’UTR is not directly 
related to miRNA abundance in aTC1-6 cells. miTRAP ratio and relative miRNA level for 
aTC1-6-interacting miRNAs is shown. miTRAP ratio was calculated by dividing the 
relative abundance of each miRNA with the Pax6 3’UTR by the relative abundance in 
aTC1-6 cells. Larger miTRAP values indicated greater enrichment of the miRNA with the 
Pax6 3’UTR relative to cellular abundance. 
 

Individual miRNAs tend to have a modest impact on the protein output from 

targeted transcripts [50] and knock-out of individual miRNA genes or clusters are often 

not associated with overt phenotypes [108, 109, 111, 116, 120, 124, 125, 378, 379]. One 

explanation for these findings is that regulation of target transcripts by miRNAs may 

involve the collective action of multiple miRNAs. In support for this, multiple MREs can 

have a cooperative impact on target transcript destabilization [35] and genetic reporter 

protein synthesis [138] when MREs are approximately 8-50 nucleotides apart. We 

therefore probed the MRE positional code for the miRNAs identified by miTRAP to 

address the potential for cooperative miRNA regulation of Pax6. MREs for Pax6 3’UTR-
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interacting miRNAs were found to cluster into three regions located approximately at 

nucleotide positions 250-350, 420-550 and 600-810 (Figure 24B) (note that some of 

these miRNAs share common or overlapping MREs, and would thus be incapable of 

acting cooperatively). Interestingly, miRNAs with the highest NRQ values clustered in 

the 3’-half of the 3’UTR with regions ii and iii. Additionally, the Pax6 3’UTR shows poor 

conservation of the 5’ end between orthologous placental mammal Pax6 3’UTR 

sequences. Previous work has shown that miRNA repression is preferential at the ends 

of the 3’UTR and poor in the middle [35]. This study, however, was conducted using long 

(>1300 nt) 3’UTRs and assayed for repression of the target mRNA, so it is difficult to 

make any direct comparisons to our study. 

Association of miRNAs to the Pax6 3’UTR does not provide direct evidence that 

multiple MREs are contributing to cooperative binding and regulation, or that bound 

miRNAs are acting to regulate transcript stability or protein synthesis. It is not clear from 

our miTRAP experiments whether multiple different miRNAs are binding a single 

transcript simultaneously and to what extent multiple MREs for individual miRNAs are 

contributing to binding.  A sequential pulldown approach using biotinylated miRNA 

could be used to address simultaneous binding of multiple different miRNAs [152]. 

Additionally, performing miTRAP using the Pax6 3’UTR with mutations introduced into 

individual MREs, similar to the approach used in Figure 4E, could be used to determine 

whether binding of miRNAs to un-mutated closely spaced MREs are also impacted, and 

to address the relative contribution of multiple MREs for the same miRNA. Genetic 

reporter assays could be used to address the functionality of MREs that participate in 
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binding α cell-expressed miRNAs, and could also be used to address cooperative 

regulation through closely spaced MREs found to bind miRNAs. Ultimately, generation 

of mice harbouring mutations in multiple MREs found to bind α cell-expressed miRNAs 

could be used to address whether regulation of Pax6 by these miRNAs plays an 

important role and α cell, and more generally endocrine pancreas, development and 

function. 

Several of the miRNAs identified in our study by miTRAP have been implicated in 

processes relevant to Pax6 function in endocrine pancreas development. Two miRNAs 

that have previously been implicated in the regulation of Pax6, miR-7 and 375, may be 

critical for proper development of hormone-producing cells. Knockdown of miR-7 in 

embryonic mouse pancreas explants increased the proportion of insulin and glucagon-

positive cells, and in vivo overexpression had an opposing effect, presumably through 

regulation of Pax6 [217]. Knockdown of miR-375 during zebrafish embryonic 

development resulted in disorganized development of the pancreatic islet [380], and 

miR-375-null mice have reduced insulin positive cells per pancreas with a corresponding 

increase in the number of glucagon positive cells [124]. Three miRNAs identified in our 

miTRAP experiments that have not previously been implicated as Pax6 regulators, miR-

15, 16 and 195, result in reduced insulin and glucagon positive cells when overexpressed 

in developing pancreatic buds [381].  

Several miRNAs identified using miTRAP are also associated with processes relevant 

to Pax6 function in glucose metabolism and endocrine pancreas gene transcription 

raising the possibility that they function, in part, through regulation of Pax6.  For 
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instance, several Pax6 3’UTR interacting miRNAs (miR-124a, 132, 212, 494, and 9) are 

upregulated and miR-375 is downregulated in mouse β cells and pancreatic islets under 

hyperglycemic conditions [382–384]. Overexpression of Pax6 3’UTR interacting miRNAs 

miR-124a, 375 and 9 decreases the secretory capacity of β cell lines [368, 384, 385] and 

glucose tolerance improves in mice harboring genetic deletion of the miR-7a-2 gene 

[125]. Knockdown of miR-7 also increases insulin promoter activity in cultured b cell 

lines [72] and insulin mRNA from pancreas explants [217]. Together these findings 

support the idea that Pax6 participates in a genetic network with the identified targets 

of these miRNAs to impact glucose-stimulated insulin secretion.  

To date, only miR-375 and miR-7 have been investigated in the context of α cell 

hormone production and secretory function. miR-375-null mice had elevated plasma 

glucagon levels and glucagon secretion from isolated islets relative to controls [124] and 

miR-7 knockdown and overexpression during mouse pancreatic development elevates 

and represses glucagon mRNA expression, respectively [217].  How and whether the 

other miRNAs identified by miTRAP in α-TC1-6 cells contribute to α cell function remains 

to be determined. 

 

3.5 Conclusions 

Our work provides a comprehensive analysis of the Pax6 3’UTR and description of 

potential miRNA recognition elements. We have identified cell type-specific miRNA 

cohorts or “miR-codes” that form 3’UTR interaction clusters where cooperative 

regulation of Pax6 may occur. As proper PAX6 function is highly sensitive to its dosage, 
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miRNA post-transcriptional regulation is predicted to play an important role in 

maintaining correct PAX6 levels. Our work reveals a regulatory landscape upon which 

the role of miRNAs on the developmental control, fine-tuning and/or homeostasis of 

PAX6 can be further investigated. 
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Chapter 4: Cooperative and direct regulation of Pax6 by 
microRNA-7 through multiple recognition elements 

 
 

 
“A long way from home” Acrylic on paper (2017) 
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This chapter is adapted from a manuscript in preparation for submission. 
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4.1 Abstract 

PAX6 is a highly dosage-sensitive homeodomain transcription factor essential for 

development of the eye, nose, central nervous system, gut and endocrine pancreas, and 

is mutated in the haploinsufficiency disease aniridia.  Though the cellular mechanisms 

regulating precise PAX6 expression levels have not been elucidated, post-transcriptional 

regulation of Pax6 by miRNAs may represent an important mechanism for maintaining 

the correct dosage of PAX6. Several microRNAs (miRNA) have been implicated in 
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regulating PAX6 in different cellular contexts.  Notably, miRNA-7 has been implicated in 

the formation of a dorsal-high, ventral-low gradient of PAX6 expression in the 

ventricular zone of the developing forebrain. The graded expression of PAX6, in part, 

underlies subtype diversity in neuroblasts that migrate to the olfactory bulb and 

become different types of interneurons. We show here that that two previously 

characterized miR-7 recognition elements located within the Pax6 3’ untranslated 

region function in an additive manner to regulate PAX6 levels in vitro. However, the 

direct biological relevance of miRNAs in maintaining the correct dosage of PAX6 in vivo 

remains poorly understood. To address this, we generated mice harboring mutations 

that disrupt one or both miR-7 recognition elements within the Pax6 3’UTR. Deletion of 

either miR-7 site alone did not alter PAX6 expression in the postnatal ventricular zone. 

In contrast, and similar to our in vitro data, mutation of both sites resulted in the 

deregulation of PAX6 protein but not mRNA transcript. These findings provide direct 

evidence supporting a role for miR-7 in regulating Pax6 during development. In addition, 

they indicate that in vivo, microRNA regulation can be mediated through redundant 

mechanisms. 

 

4.2 Introduction 

4.2.1 Important questions regarding miRNA regulation 

Cells must dynamically regulate the quantity and functionality of many different 

proteins during development and adult homeostasis. Many mechanisms are available to 
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achieve this feat (Figure 1), one of which is regulation by microRNAs (miRNA). As 

mentioned in Chapter 1, microRNAs are a large class of small non-coding regulatory 

RNAs that target mRNA transcripts by complementary base pairing [13]. MicroRNAs 

function to interfere with protein synthesis and destabilize targeted mRNAs through 

recruitment of protein silencing complexes to microRNA recognition elements (MREs) 

located in mRNA 3’ untranslated regions (3’UTRs)[34, 51, 63, 65].  

The literature abounds with studies investigating the physiological relevance of 

individual miRNAs regulating individual target gene transcripts through single MREs. 

While a few studies have performed direct mutation of predicted MREs at the genomic 

level [158, 159] the majority do not fully demonstrate direct and specific regulation by 

miRNA(s) of interest in vivo. To the best of our knowledge, only one published study 

using direct mutation of a predicted MRE has been examined in mouse [158]. This is 

noteworthy as miRNAs typically exert a modest effect on the levels of targeted mRNAs 

and protein products [50, 62]. Additionally, multiple different miRNAs can bind a single 

mRNA [152] and regulation through multiple MREs in a single 3’UTR for the same or 

different miRNAs can enhance miRNA mediated repression [47, 48, 59, 135–138] . 

Many studies employ miRNA overexpression or loss of function (LOF) to 

determine the impact of altered miRNA regulation on a target of interest and to 

determine the resulting phenotypic effects. However, single miRNAs can target many 

different gene transcripts [40, 62, 131, 134, 135] and produce complex regulatory 

effects as part of gene regulatory networks (GRNs)[90, 139–141]. Consequently, miRNA 

overexpression and LOF are insufficient to demonstrate that regulation of a single target 
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gene transcript is direct. Additionally, the phenotypes that result from these 

manipulations in miRNA quantity may be the consequence of miRNA regulation through 

many different gene transcripts. To complicate matters, overexpressed miRNAs may 

regulate mRNAs that are not normally targeted by the miRNA of interest under normal 

physiological conditions [156]. Given this, we wanted to address the impact and 

biological role of miRNA regulation directly, through specific genomic mutation of 

predicted MREs. 

4.2.2 Pax6 as a model gene for studying miRNA regulation  

We chose Pax6 as a model gene for studying miRNA regulation directly for 

several reasons. First, Pax6 encodes a transcription factor [177] and is critical for normal 

development of many tissues. Notably, PAX6 is essential for development of most ocular 

structures and many regions of the central nervous system, such as the olfactory 

system, forebrain and spinal cord [177]. Additionally, PAX6 is important for normal 

development of the endocrine pancreas and secretory cells of the gut (Figure 7)[191, 

192, 195]. 

In addition to being dynamically regulated in space and time, PAX6 dosage must 

also be tightly regulated. This dosage requirement is exemplified by eye development 

(Figure 9). Mutations in both copies of the Pax6 gene that produce non-functional PAX6 

protein result in a failure for eyes to develop in rodents [230, 231]. Mutations in one 

copy of the Pax6 gene results in haploinsufficiency. This produces a small eye phenotype 

in rodents [229, 230] and is the cause of the human ocular disease aniridia [233]. 

Overexpression of PAX6 can also be deleterious. Mice carrying multiple copies of the 
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human PAX6 gene also develop small eyes [232] and, though rare in humans, 

chromosomal duplications that include the PAX6 gene are associated with mild ocular 

defects [235]. Generally, eye development requires proper regulation of Pax6 

expression and gene dosage.  

4.2.3 PAX6 in neural progenitors of the ventricular-subventricular zone 

Other developing tissues also require correct PAX6 dosage and represent excellent 

developmental systems for studying miRNA regulation of Pax6. One such tissue is the 

early postnatal ventricular and subventricular zone (V-SVZ) lining the lateral ventricles 

(LVs)[206]. In this study, we chose to focus on the early postnatal V-SVZ for several 

reasons: 1.) Both Pax6 mRNA and protein are expressed in a gradient in the V-SVZ [386]. 

2.) Neural progenitors lining the LVs continue to generate new neurons during the early 

postnatal period and into adulthood in rodents, providing a model system for studying 

neuronal subtype specification [387–389]. 3.) PAX6 influences the fate of neural 

progenitors from this region and changes in PAX6 level can alter cell fate choices[245, 

324, 386]. 4.) miR-7 is implicated as a regulator of Pax6 in the V-SVZ where it is 

expressed in an opposing gradient to PAX6 [206]. 

 

1.) PAX6 is expressed in a gradient in the early postnatal V-SVZ but not adult SEZ 

In the first days after birth in mice, the VZ and SVZ are visible as distinct layers 

[388], both of which express PAX6 (Figure 25A)[206]. Like other regions of the 

developing CNS, such as the cortex and neural tube, PAX6 is present in a dorsal-high to 

ventral-low gradient in the V-SVZ. As development progresses, the VZ and SVZ become 
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much thinner and are no longer visible as distinct layers. In adulthood, the V-SVZ is 

called the subependymal zone (SEZ). Though PAX6 protein is detectable in the SEZ by IF, 

a clear dorsal-ventral gradient is no longer visible (Figure 25B-D), suggesting that PAX6 

may be differentially regulated in the early postnatal versus adult V-SVZ. Given the 

absence of a clear PAX6 gradient in the adult SEZ, we decided to focus on PAX6 in the 

early postnatal V-SVZ. 
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Figure 25. PAX6 immunofluorescence in the P1 and adult mouse V-SVZ 

Immunofluorescence (IF) for PAX6 was performed using P1 (A) and P30 (B) paraffin 
sections, and confocal microscopy was used to collect images. DAPI labels all nuclei. (C) 
and (D) show high magnification of D and VL V-SVZ from adult. LV, lateral ventricle; VZ, 
ventricular zone; SVZ, subventricular zone; CC, corpus callosum.  
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2.) The early postnatal V-SVZ is composed of neural progenitors 

The V-SVZ is composed of a mitotic population of progenitor cells that give rise 

to neurons and glia, and correct level of PAX6 protein in this region is important for 

regulating specification of some of these cell types. Thymidine analogues, such as 5-

ethynyl-2’-deoxyuridine (EdU), can be used to reveal the proliferative capacity of this 

brain region and track the fate of differentiating cells. Dividing cells are located in both 

the VZ and SVZ (Figure 26A). Radial glia cells, the neural progenitors, make up the VZ 

and are organized into a pseudostratified epithelium [387, 388]. The radial glia give rise 

to transit amplifying cells and migrating neuroblasts [389] which comprise the SVZ [387, 

388]. In adult mice, the transit amplifying cells divide approximately three times before 

giving rise to migrating neuroblasts, which divide once or twice [390]. The neuroblasts 

migrate along the rostral migratory stream (RMS) to the main olfactory bulb (OB), where 

they differentiate into interneurons of the granule and periglomerular layers (Figure 

27B-C)[389]. Migration to the olfactory bulb and expression of interneuron subtype-

specific markers takes approximately 15 days to 3 months and varies between different 

cell types [391, 392]. 
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Figure 26. Region of proliferating cells in the P1 V-SVZ 

(A-B) Fluorescent labeling for the thymidine analogue EdU (green) reveals proliferating 
cells in the ventricular-subventricular zone (V-SVZ). V-SVZ neural stem cells (NSCs) 
generate neuroblasts that migrate via the rostral migratory stream (RMS) to the main 
olfactory bulbs (OB) where they differentiate into OB interneurons. Tissue was 
harvested 1 hour post-EdU injection. DAPI labels all nuclei. Scale bar - 100 µm for A and 
20 µm for B. 
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3.) PAX6 is important for specifying specific populations of OB interneurons 

Different interneuron subtypes in the main rodent OB are specified by V-SVZ 

progenitors in spatially distinct subregions (Figure 27A)[388, 393, 394] and PAX6 plays 

an important role in this process. The OB interneurons can be divided into two general 

classes based on their locations within the OB: the periglomerular neurons (PGNs) and 

granule cells (GCs). The PGNs are interneurons that reside within the glomerular layer of 

the OB (Figure 27B) and generally, PAX6 is important for specification of PGNs [324]. We 

focused our analysis on three subtypes of PGN defined by the expression of non-

overlapping markers: tyrosine-hydroxylase (TH), calretinin (CalR) and calbindin (CalB) 

[392, 395].  
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Figure 27. Spatial heterogeneity of V-SVZ progenitors and main olfactory bulb 
organization 
(A) V-SVZ neural stem cells (NSCs) are spatially organized giving rise to distinct olfactory 
bulb (OB) interneuron subtypes [393]. Specifically, PAX6 is important for the 
specification of dopamine-producing tyrosine hydroxylase-positive (TH) OB interneurons 
[214]. (B) Schematic representation of a horizontal section through the mouse main OB. 
Cell nuclei are shown in blue. Olfactory sensory neurons (OSNs) project to the 
glomerular layer (GL) where they synapse onto mitral cells. The mitral cell bodies are in 
the mitral cell layer (MCL). The periglomerular interneurons (PGNs) make up the GL. An 
additional population of OB interneurons, the granule cells, comprise the granule cell 
layer (GCL). (C) Cell counting was restricted to the PGNs in the GL (white dotted line). 
The GL was defined as a region of interest (ROI) based on nuclear morphology and 
labeling for interneuron-specific markers. This image shows labeled dopaminergic PGNs 
(green), which express the enzyme tyrosine hydroxylase (TH). DAPI (blue) labels all 
nuclei. Scale bar represents 100 µm. 
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Specifically, PAX6 plays an important role in the specification and survival of TH-

expressing cells in the olfactory bulb, the dopaminergic PGNs and the superficial granule 

cells [214, 215, 245], both of which are derived from DL V-SVZ progenitors (Figure 

27A,C). Interestingly, though superficial granule cells produce Th mRNA, they do not 

appear to be immunoreactive for TH protein [214, 245, 396]. Pax6Sey/+ mice have 

reduced TH positive PGNs relative to WT controls [245], and transplanted Pax6Sey/Sey 

progenitors fail to generate dopaminergic PGNs or superficial granule cells [214]. 

Additionally, electroporation of a Pax6 overexpression construct into the lateral V-SVZ 

increases the proportion of TH-positive PGNs produced from electroporated cells [206] 

and Pax6 overexpression in the SEZ and RMS of adult mice also increases the proportion 

of TH-positive PGNs formed [324]. PAX6 continues to be expressed in differentiated 

dopaminergic PGNs, where it is important for their survival [215]. Taken together, these 

results suggest that proper regulation of PAX6 dosage in neural progenitors of the V-SVZ 

is important for specifying the correct proportions of PGN subtypes.  

 

4.) MicroRNA regulation of Pax6 in the V-SVZ 

Pax6 is extensively regulated at the transcriptional level and post translationally 

[188]. For example, transcriptional regulation of Pax6 is involved in establishing the V-

SVZ gradient of PAX6 [206]. However, given the requirement for precise regulation of 

PAX6 during development, regulation by miRNAs may provide an important mechanism 

to maintain correct expression domains and dosage of PAX6. A previous study found 

that PAX6 protein is expressed in steeper dorsal-ventral gradient than Pax6 mRNA or a 
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reporter under the control of Pax6 regulatory elements, suggesting that miRNAs may be 

regulating Pax6 post-transcriptionally (Figure 28A-B)[206]. Additionally, miR-7a is 

expressed in an opposing gradient to that of PAX6. Negative regulation of Pax6 by miR-7 

in the ventral V-SVZ may represent an important mechanism by which the steep dorsal-

ventral gradient of PAX6 is maintained (Figure 28C)[206].  

 

 
Figure 28. PAX6 and miR-7 expression in the P1 V-SVZ 

Schematic representation of Pax6 mRNA (A), PAX6 protein (B), and miR-7-5p RNA (C) 
expression domains in the V-SVZ. Note that PAX6 protein is more dorsally restricted 
than Pax6 mRNA. This steep D-V gradient of PAX6 protein is predicted to be the 
consequence of negative regulation by miR-7-5p, which is expressed in an opposing 
gradient [206]. 
 

4.2.4 Choice to investigate miR-7 

Though several miRNAs were previously identified as candidates to regulate 

Pax6 endogenously [206, 217, 273–279, 326, 327, 329, 331–333], we chose to focus on 

miR-7. MicroRNA-7 represents a strong candidate to regulate Pax6 for several reasons. 

In addition to its proposed role as a regulator of PGN cell type specification in the V-SVZ 

by targeting Pax6 [206], miR-7 has been proposed to target Pax6 in the developing 
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endocrine pancreas [217] and cortex [274]. Genes having multiple predicted MREs in 

their 3’UTR for a particular miRNA are more likely to be regulated by that miRNA [47, 

48, 59]. Multiple predicted miR-7 MREs are present in the mouse [274, 278] and human 

[397] Pax6 3’UTRs, providing additional evidence that Pax6 is a genuine target of miR-7. 

Additionally, MREs for broadly conserved miRNAs are more likely to be selectively 

maintained, suggesting that they are also more likely to be functional [20, 43].  The 

mature miR-7 sequence [18, 398] and general pattern of expression [69, 88, 370, 399] is 

highly conserved across animals. Specifically, the mature miR-7a-5p sequence is 

perfectly conserved from humans to flies [18]. Given this, we chose to focus on miR-7 as 

a regulator of Pax6 in the early postnatal V-SVZ.  

4.2.5 Aims, Predictions and Outcomes 

Here, we performed a bioinformatics screen for predicted miR-7-5p and -3p MREs in 

the 3’UTR of Pax6 and used Pax6 3’UTR genetic reporters to confirm that previously 

identified miR-7-5p MREs located at 3’UTR positions 517 and 655 are functional in vitro. 

Next, we generated mice harboring mutations in either the Pax6 3’UTR positions 517 or 

655 miR-7-5p MREs individually or in combination using CRISPR-Cas9 genome editing. 

We predicted that disruption of the miR-7-5p MREs in the 3’UTR of Pax6 would alter the 

gradient of PAX6 in the early postnatal V-SVZ. Specifically we predicted that Pax6 mRNA 

and PAX6 protein would be elevated in the ventral V-SVZ in miR-7-5p mutants, with 

double mutants displaying the largest effect. To address this, we used reverse 

transcriptase quantitative polymerase chain reaction (RT-qPCR) to assay for Pax6 mRNA 

and quantitative immunofluorescence (IF) to assay for PAX6 protein. Using these 
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approaches, we observed little change in Pax6 mRNA across the dorsal-ventral V-SVZ in 

mutants relative to wild type (WT) but observed an approximately two-fold increase in 

the intensity of PAX6 IF in double mutants relative to WT in the ventral V-SVZ. 

Next, we wanted to address whether the observed increase in PAX6 is associated 

with altered specification of PGN subtypes, and we predicted that the proportion of TH 

positive dopaminergic PGNs would be elevated in miR-7-5p MRE mutants relative to 

WT. We did not observe any large changes in dopaminergic specification in Pax6 3’UTR 

miR-7-5p MRE mutants. Taken together, these results suggest that miR-7-5p is involved 

in refining the gradient of PAX6 in the early postnatal V-SVZ, though other regulatory 

mechanisms are likely also required for establishing the PAX6 gradient. Also, we provide 

evidence that miRNAs can function cooperatively though multiple MREs in an 

endogenous gene transcript in vivo. 

 
 

4.3 Materials and methods 

4.3.1 Cell culture 

Mouse transgenic pancreatic alpha cells (aTC1-6, ATCC CRL-2934) were cultured 

in DMEM (low glucose, pyruvate, ThermoFisher, 31600-034) supplemented with 10% 

FBS (Life Technologies, 16000-044), 15 mM HEPES, 0.1 mM non-essential amino acids 

(ThermoFisher, 11140-050), 0.02% BSA (Sigma-Aldrich, A7906-50G), 1.5 g/L sodium 

bicarbonate, and 2.0 g/L glucose. Cells were cultured at 37°C with 5% carbon dioxide 

and were passaged once every 4 days when approximately 80% confluent. Cells were 
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dissociated using a 1:5 dilution enzyme-free cell dissociation buffer (ThermoFisher, 

13151014) in HBSS for 15 min at 37*C and 2 million cells were plated per 100 mm 

culture dish. Culture media was refreshed every 2 days between passages.  

4.3.2 Identification of miR-7 MREs in the Pax6 3’UTR 

Previously, we identified a mouse Pax6 3’UTR length of 876 bp [400]. TargetScan 

[49], PITA [58] and ImiRP [353] were used to scan for predicted miR-7 MREs in the 

mouse Pax6 3’UTR. The UCSC Genome browser [280] multiz alignments were used to 

determine the conservation of predicted MREs. 

4.3.3 Luciferase assay 

Plasmid design 

The luciferase reporter plasmids, which express firefly luciferase, were 

generated using the pMIR-REPORT vector (Invitrogen, AM5795) as a backbone. The Pax6 

3’UTR upstream of the SV40 poly(A) sequence flanked by SpeI and NotI restriction sites 

was synthesized using BioBasic gene synthesis service (ON Canada), and the sequence 

was supplied in the pUC57 vector. SpeI and NotI restriction sites were used to clone 

1009 bp of the Pax6 3’UTR downstream of the luciferase gene by digesting both pUC57-

Pax6-3UTR-SV40poly(A) and pMIR-REPORT with SpeI (NEB, R3133S) and NotI (NEB, 

R3189S) for 4 hours at 37°C. Digest products were run on a 1.1% agarose gel for 45 min 

at 110 V, and desired bands were extracted from the gel using QIAquick gel extraction 

kit (Qiagen, 28704) following the manufacturer’s protocol. Equimolar quantities of 

pMIR-REPORT backbone and Pax6-3’UTR-SV40poly(A) were ligated using T4 DNA ligase 
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(NEB, M0202) for 10 min at room temperature following the manufacturer’s protocol, 

and ligated plasmid was used to transform subcloning efficiency DH5α competent E. coli 

(Invitrogen, 18265-017). The completed plasmid was named pMIR-LUC-WT3’UTR and 

was sequenced using Eurofins Genomics SimpleSeq DNA sequencing service with the 

primers pMIR-LUC1: AAGCATGAATTCAAGGTACC, pMIR-LUC2: 

TTTGGCACCAAAATCAACGG, pMIR-LUC3: AACGACATTTATAATGAACG, pMIR-LUC4: 

GATATGTGGATTTCGAGTCG, pMIR-LUC5: AATCCGGAAGCGACCAACGC, pMIR-LUC6: 

AAGGAGAGAGCATGTGATCG, pMIR-LUC7: TTGCATATAATTGAACCTGG.  

Mutations were introduced into the pMIR-LUC-WT3’UTR to disrupt miR-7 MREs 

in the Pax6 3’UTR sequence. miR-7-5p positions 517 and 655, and miR-7-3p positions 

626 and 758 MRE mutations were designed using ImiRP [353] to ensure that new 

predicted MREs were not created upon disruption of the sites of interest. The mutations 

were as follows: 517MUT GTTTTCCA to GTTTTggA, 655MUT GTCTTCC to GTCcgaa, 

626MUT ATTTGTT to ATTTtgc, and 758MUT ATTTGTT to ATTgtTT, where lower case 

letters represent mutated nucleotides (Figure 29). Mutations were introduced into the 

pMIR-LUC-WT3’UTR vector using the Q5 site-directed mutagenesis kit (NEB, E0554S) 

following the manufacturer’s protocols. The following primers were used for site-

directed mutagenesis: 517MUT forward primer TGTTGGTTTTggAAAGGTTGTTAACAG, 

reverse primer GATAGTTTTTACATATATCTAGTGTG; 655MUT forward primer 

AGTATTTGTCcgaaCTAGAAATCCTCAGAATGATTTC, reverse primer 

TACATTTTGACATAAAACAAATTGTATTATATC; 626MUT forward primer 

AATACAATTTtgcTTATGTCAAAATGTAAGTATTTG, reverse primer 
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ATATCGAAGACACACTCTAC; 758MUT forward primer 

TGCAATCATTgtTTTCTTTCTTGGCCAG, reverse primer 

TGAAAATGTGTATAAAACATCTATAG. Mutants were sequenced using Eurofins Genomics 

SimpleSeq DNA sequencing service with the primers pMIR-LUC6 (see above), 

F_Pax6Insert AAATCTTCATTTTGGTATCC, and R_Pax6Insert ATCTTGTCGATCATGGTTTCC. 

 

 
Figure 29. Mutagenesis strategy for miR-7 MREs in the Pax6 3'UTR 

Top sequences show 8 nucleotides of the Pax6 3’UTR, representing the respective 
MREs.  The bottom sequences show the 8 nucleotides at the mature miRNA 5’ end, the 
miRNA seed.  Dashes represent Watson-Crick base pairs and colons represent G-U pairs.  
Pax6 3’UTR miR-7 MRE mutations are displayed in red.  Mutant sequences were 
generated using ImiRP [353]. 
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Transfection and data analysis 

αTC1-6 cells were transfected with the pMIR-LUC plasmids by first seeding 

25,000 cells per well of a 96-well plate. 24 hours post-seeding, cells were transfected 

with 100 ng of plasmid DNA per well using JetPrime reagent (Polyplus Transfection, 114-

07) following the manufacturer’s protocol. The 100 ng of DNA was composed of 50 ng 

pCAG-GFP reporter [401], 10 ng pGL4.70 renilla luciferase internal control plasmid 

(Promega, E688A), and 40 ng pMIR-LUC firefly luciferase plasmid. Each 3’UTR condition 

was transfected as 6 technical replicate wells per plate. Every plate contained cells 

transfected with pMIR-REPORT without the Pax6 3’UTR for inter-plate normalization, 

and cells transfected with pMIR-LUC-WT3’UTR for comparing to mutant Pax6 3’UTR 

vectors.  

24 hours post-transfection, firefly and renilla luciferase levels were measured 

using the dual-glo luciferase assay system (Promega, E2920) following the 

manufacturer’s protocol. Luminescence was measured using the VICTOR multilabel 

plate reader (PerkinElmer, Massachusetts USA) and PerkinElmer2030 software. 

Luciferase luminescence (Fluc) was normalized to renilla luminescence (Rluc) for each 

well by Fluc/Rluc. Grubb’s test was used to identify significant Fluc/Rluc outliers 

between the six technical replicate wells for each condition, and outlier wells were 

removed from analysis. Average normalized luciferase luminescence was calculated for 

each 3’UTR condition within a single plate. Since results can vary between different 

plate runs, inter-plate normalization was performed by dividing average normalized 

luciferase luminescence for each Pax6 3’UTR condition by the plate standard pMIR-



 

 

158 
REPORT. Final results were scaled relative to the pMIR-LUC-WT3’UTR, such that all 

mutant Pax6 3’UTR conditions were expressed as a percentage of the WT Pax6 3’UTR 

condition. One-way ANOVA with Tukey’s multiple comparisons test was used to 

compare normalized luciferase luminescence between different Pax6 3’UTR conditions.  

4.3.4 Animals 

All research on mice was performed with approval of the University of Victoria 

Animal Care Committee in compliance with the Canadian Council on Animal Care (CCAC) 

guidelines for the ethical treatment of research animals. 

All experiments in this study were performed using mice on the 129S1 

background (strain #002448, The Jackson Laboratory, Bar Harbor, ME) and both sexes 

were used. Animals were housed in a pathogen-free facility at the University of Victoria, 

Canada, in individually vented caging systems. A maximum of five adult mice were 

housed per cage, separated by sex. Cages were supplied with rodent bedding (Bed-O-

Cobs) and rodent enrichment in the form of cotton nestlets (Ancare), paper fibers 

(Shepherd, Enviro-dri) and cardboard huts (WF Fisher, Bio-huts). Clean drinking water 

was available to animals at all times and made available through a reverse osmosis 

watering station. Animals were provided ad libitum access to dry animal diet (Lab-Diet) 

that has been CCAC approved. 

Pax6 MRE mutant founder mice were generated at the Cincinnati Children’s 

Hospital Medical Center and were backcrossed into 129S1 (Jackson Laboratory, 002448) 

for a minimum of 3 generations prior to being used for experimentation. For PAX6 

protein quantification by immunofluorescence (IF) and olfactory bulb PGN fate tracking 
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experiments, heterozygous breeders were paired, and WT and homozygous mutant 

littermates were used for experiments. For Pax6 mRNA quantification and mRNA affinity 

purification experiments, homozygous mutant breeders were paired to produce litters 

of exclusively homozygous pups, and WT 129S1 mice were crossed to generate WT 

pups. 

For animal experiments, four different conditions were studied: Pax6 wt, 

517MUT, 655MUT, 517+655MUT. Using the resource equation method, we aimed for a 

minimum sample size of 5-7 animals per genotype. Since heterozygous crosses were 

performed for the PAX6 IF and OB cell counting experiments, WT animals were collected 

from each of the three lines to ensure no differences were observed. Consequently, 

additional WT samples were harvested for these experiments. 

4.3.5 Generation of miR-7-5p MRE mutant mice 

Mutation design 

miR-7-5p MRE mutants at Pax6 3’UTR positions 517 and 655 were designed 

using ImiRP [353]. Nucleotide substitutions were performed using any of the 4 

nucleobases, and any mutants that generated new predicted 8mer +/- G:U, 7mer-m8 +/- 

G:U, 7mer-A1 +/- G:U or 6mer MREs were excluded. Since the position 655 MRE 

overlapped a PAM sequence for CRISPR/Cas9 editing, we selected a mutation that also 

disrupted the PAM.  

In addition to using ImiRP, several other bioinformatics tools were used to design 

miR-7-5p MRE mutations. Since ImiRP relies of the miRbase high confidence miRNA 

dataset [18] to perform predictions, and some miRNAs that are not considered high 
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confidence may still be functional, we also scanned mutant sequences using PITA to 

ensure new predicted MREs were not created. Many types of regulatory motifs exist in 

mRNA sequences that could be altered by MRE mutation. We used RegRNA 2.0 [402], 

RBPDB [403] and UTRScan [404] to identify other RNA motifs in WT Pax6 3’UTR and 

mutant sequences. A predicted intron splicing silencer site was disrupted by the position 

655 miR-7-5p MRE mutation, however since this site completely overlaps the position 

655 MRE, designing a mutation that did not disrupt it was not possible. 

 
CRISPR/Cas9 genome editing 

Pax6517MUT mice were generated using CRISPR/Cas9 gene editing by injecting 

guide RNA (gRNA), Cas9 mRNA and donor oligo into 129S1 (Jackson Laboratory, 002448) 

mouse embryos. The gRNA sequence was TTGGAAAACCAACAGATAGT and the donor 

oligo sequence was 

CATATAATTGAACCTGGGACAACACACACTAGATATATGTAAAAACTATCTGTTggTTTTGGAAA

GGTTGTTAACAGATGAAGTTTATGTGCAAAAAAGGGTAAGATATGAATTCAAGGAGA, where 

lowercase underlined letters indicate mutated bases.  

Pax6655MUT and Pax6517+655MUT mice were generated by crossing homozygous 

517MUT mice to WT 129S1 mice. CRISPR/Cas9 gene editing was performed by injecting 

gRNA, Cas9 mRNA and donor oligo into heterozygous 517MUT mouse embryos to 

generate single 655MUT and double 517+655MUT animals. The gRNA sequence was 

AGAAATCCTCAGAATGATTT and the donor oligo sequence was 

TGTGCAAAAAAGGGTAAGATATGAATTCAAGGAGAAGTTGATAGCTAAAAGGTAGAGTGTGTC

TTCGATATAATACAATTTtgcTTATGTCAAAATGTAAGTATTTGTCcgaaCTAGAAATCCTCAGAAT
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GATTTCTATAATAAAGTTAATTTC, where lowercase underlined letters indicate mutated 

bases. The donor oligo also included a mutation for the miR-7-3p MRE at position 626. 

Given the large distance between the 626 and 655 mutations, recombination crossover 

happened in the middle allowing for the generation of position 655 single mutants and 

626+655 double mutants. miR-7-3p MRE position 626 mutants were not used in this 

study. 

4.3.6 Genotyping and mutant sequence verification 

gDNA preparation 

Genomic DNA (gDNA) for genotyping and sequencing mutants was harvested 

from small ear biopsies collected using ear punches (World Precision Instruments, 

500075). gDNA was isolated from ear clips by digestion at 98°C in 75 µl 0.05 M NaOH 

and was neutralized using 25 µl 0.5 M Tris pH 8.0. All PCR reactions for genotyping and 

sequencing were performed using Phusion DNA polymerase (NEB, M0530S) following 

the manufacturer’s protocols and performed with a T3 thermocycler (Biometra). 

 

PCR Genotyping 

Genotyping was performed using a common forward primer and reverse primers 

specific for the WT or MUT alleles from the 3’UTR positions 517 and 655 miR-7-5p 

MREs. The primers were as follows: common forward primer 

ACCATGATCGACAAGATTTG, WT position 517 MRE reverse primer 

TCTGTTAACAACCTTTgg, MUT position 517 MRE reverse primer TCTGTTAACAACCTTTcc, 

WT position 655 MRE reverse primer TTCTGAGGATTTCTAGggaa, MUT position 655 MRE 
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reverse primer TTCTGAGGATTTCTAGttcg. Thermocycling conditions were as follows: 

98˚C for 2 min, cycle through 98˚C for 15 sec, 60˚C for 30 sec and 72˚C for 15 sec 27 

times, final extension 72˚C for 2 min. 

 

PCR amplification of Pax6 3’UTR 

Sequencing of the Pax6 3’UTR was performed using ear biopsy gDNA. PCR 

reactions were performed to amplify two overlapping regions of 3’UTR using the 

following primer pairs: forward primer 1 TAAAGAGAGAAGGAGAGAGC, reverse primer 1 

GCTGTATTACTGTTCACAGTCCAA, forward primer 2 ATGGACTAGAACCAAGGACC, reverse 

primer 2 TTTCTTTGAGGACCATCAGG (Figure 30). Thermocycling conditions were as 

follows: 98˚C for 2 min, cycle through 98˚C for 15 sec, 60˚C/56˚C for 30 sec and 72˚C for 

30 sec 35 times, final extension 72˚C for 2 min. 60˚C annealing temperature was used 

for primer pair 1 and 56˚C annealing was used for pair 2.  

 

PCR amplification of Pax6 CDS 

The Pax6 coding region was sequenced from 655MUT and 517+655MUT 

homozygotes. The mouse Pax6 cDNA sequence containing 13 exons was obtained from 

Ensembl (transcript Pax6-206, ENSMUST 00000111086.10).  

Sequencing of the Pax6 coding region from mutant mice was performed using 

total RNA harvested from adult retina. Retinas were dissected in ice-cold 1X PBS and 

quickly transferred to 1 ml TRIzol (ThermoFisher 15596-026) in precellys tubes 

(Precellys, KT03961-1-009.2) on ice. Tissues were homogenized using a disruptor genie 
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(Scientific Industries, 0-SI-DD38) at 3000RMP for 1 minute.  Homogenized tissues were 

stored at -80° until ready for RNA isolation. RNA was isolated by phenol chloroform 

extraction and precipitated using 100% isopropanol. RNA concentration and purity were 

measured using a Nanodrop spectrophotometer (Nanodrop Technologies, ND-1000) and 

Nanodrop 1000 V3.8.1 software. RNA samples were stored at -80°C.  

Complementary DNA (cDNA) was prepared for the Pax6 transcript using 

QuantiTect Reverse Transcriptase Kit (Qiagen, 205313) and following the manufacturer’s 

protocol with several modifications. 1.5 µg RNA was used per RT reaction and gDNA 

digestion was performed for 7min at 42˚C. 10 µM Pax6 3’UTR-specific primer, 

ATCTAGTGTGTGTTGTCCCAGG, was used for cDNA synthesis instead of the supplied 

random primers. The RT reaction was performed for 15 minutes at 42˚C and heat 

inactivated for 5 minutes at 95˚C. 

Three overlapping PCR reactions were used to amplify the Pax6 cDNA from 

mutant mouse retina, covering most of the 5’UTR, the entire coding region, and most of 

the 3’UTR. Primers were designed to span exon boundaries, to avoid amplifying gDNA. 

The region spanning exons 0-6 was amplified using forward primer 1 

TTGAGAAGTGTGGGAACCAGC and reverse primer 1 ATGACACACTGGGTATGTTATCG, the 

region spanning exons 9-13 was amplified using forward primer 2 

ATGCAGAACAGTCACAGCG and reverse primer 2 TTAGAAAACCATACCTGTATTCTTGC, and 

the region spanning exons 9-13 was amplified using forward primer 3 

TCTGGAGAAAGAGTTTGAGAGG and reverse primer 3 TTACAAAGTGAAGTGCTTCTAACC 

(Figure 30, Table 4). Thermocycling conditions were as follows: 98˚C for 2 min, cycle 
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through 98˚C for 15 sec, 60˚C for 30 sec and 72˚C for 30 sec 35 times, with a final 

extension at 72˚C for 2 min.  

 

 
Figure 30. Schematic of the Pax6 transcript with locations of PCR primers 

Pax6-206 ENSMUST 00000111086.10, with relative locations of primers used for cDNA 
preparation and PCR amplification. The location of the primer used for cDNA synthesis 
is shown in black, and the primer pairs used to PCR amplify Pax6 5’UTR, coding region, 
and 3’UTR are shown in colour as forward (F) and reverse (R) 1-5. The PCR reactions 
using primer pairs 1-3 were performed using cDNA prepared from adult retina total 
RNA, and the PCR reactions using primer pairs 4 and 5 were performed using gDNA. 
Note that exons 1 and 2 are transcribed from promoter 1 (P1) and result in the production 
of several different 5’UTR variants, which are not shown here. PCR products were 
sequenced using the same primers used for amplification and different nested primers. 
 

Sequencing PCR products 

PCR products used for sequencing the Pax6 3’UTR and Pax6 transcript from 

mutant mice were purified using QIAquick PCR purification kit (Qiagen, 28104) and 

sequenced by Eurofins Genomics SimpleSeq DNA sequencing service. Sequencing of the 

3’UTR was performed using the same primers used for PCR amplification along with an 

additional nested primer for sequencing the product of primer pair 1: 

AAGAACAACACAGGCTGTTGG; and two nested primers for sequencing the product of 

primer pair 2: TTTGCGTACAGAAGGCACG and AAAGTAACCATTGATTTAGG. The Pax6 

transcript was sequenced using the same primers that were used for the PCR reactions 

with additional nested primers ATCTTCTATTCTAGAAGTGG and 
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ATTCGGGAAATGTCGCACGG used with the product of primer pair 1, and 

TACGAGACTGGCTCCATCAG used with the product of primer pair 2. 

 

Table 4. Primers used for sequencing Pax6 transcript 

Primer Name Sequence (5’-3’) Location Use 
Pax6Seq_F1 TTGAGAAGTGTGGGAACCAGC Exon 0 

(5’UTR) 
PCR/Sequencing 

Pax6Seq_R1 ATGACACACTGGGTATGTTATCG Exon 6-7 
(CDS) 

PCR/Sequencing 

Pax6Seq_F2 ATGCAGAACAGTCACAGCG Exon 4-5 
(CDS) 

PCR/Sequencing 

Pax6Seq_R2 TTAGAAAACCATACCTGTATTCTTGC Exon 9-10 
(CDS) 

PCR/Sequencing 

Pax6Seq_F3 TCTGGAGAAAGAGTTTGAGAGG Exon 8-9 
(CDS) 

PCR/Sequencing 

Pax6Seq_R3 TTACAAAGTGAAGTGCTTCTAACC Exon 13 
(3’UTR) 

PCR/Sequencing 

Pax6Seq_F4 TAAAGAGAGAAGGAGAGAGC Exon 13 
(3’UTR) 

PCR/Sequencing 

Pax6Seq_R4 TTGGACTGTGAACAGTAATACAGC Exon 13 
(3’UTR) 

PCR/Sequencing 

Pax6Seq_F5 ATGGACTAGAACCAAGGACC Exon 13 
(3’UTR) 

PCR/Sequencing 

Pax6Seq_R5 TTTCTTTGAGGACCATCAGG Exon 13 
(3’UTR) 

PCR/Sequencing 

Pax6_cDNA ATCTAGTGTGTGTTGTCCCAGG 3’ of exon 13 cDNA 

Pax6_3UTR_Seq AAGAACAACACAGGCTGTTGG Product of 
pair 4 

Sequencing 

Exon3_Seq ATCTTCTATTCTAGAAGTGG Product of 
pair 1 

Sequencing 

Exon5_Seq ATTCGGGAAATGTCGCACGG Product of 
pair 1 

Sequencing 

Exon6_Seq TACGAGACTGGCTCCATCAG Product of 
pair 2 

Sequencing 

3UTR_Seq_F5 TTTGCGTACAGAAGGCACG Product of 
pair 5 

Sequencing 

3UTR_Seq_R5 AAAGTAACCATTGATTTAGG Product of 
pair 5 

Sequencing 

Underline indicates exon junction. 
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4.3.7 Cell and tissue harvest 

aTC1-6 cells were harvested for testing miRNA affinity purification with the Pax6 

transcript, using an approach called miR-CATCH [405], since they endogenously express 

Pax6. Unfixed cells were pelleted, flash frozen on liquid nitrogen, and stored at -80˚C.  

miR-CATCH and RT-qPCR for miRNAs and Pax6 were performed using P1 V-SVZ 

tissue. P1 mice were anesthetized with isoflurane and euthanized by decapitation. 

Brains were cut in half using a micro-scalpel (Fine Science Tools, 10316-14) and flat 

razor, and removed from the skull in ice-cold 1X PBS using a small spatula. Cerebellum 

was removed with a flat razor. Brain was stored in 1X PBS on ice until ready for 

sectioning. 3 animals were pooled per sample. 

P1 V-SVZ was dissected from coronal brain sections prepared using a vibratome, 

following a general protocol provided by Dr. Ernie from the Cremer lab (Institut de 

Biologie de Développement de Marseille, France)[206]. A strip of 4% agar was glued to 

the platform of a Leica VT1000S vibratome (Leica Biosystems, Wetzlar Germany) using 

crazy glue, oriented parallel to the blade. Brain halves were crazy-glued caudal side 

down with the cut medial sides facing the strip of agar to support the tissue during 

cutting. Brain was cut into 400 µm coronal sections using carbon steel feather blades 

(TED Pella, Inc, 121-9) in ice-cold HEPES-buffered artificial cerebral spinal fluid (aCSF: 10 

mM HEPES, 150 mM NaCl, 4 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM D-glucose). The 

region of V-SVZ harvested was visually identified by long open ventricles and visible 

olfactory limb of the anterior commissure. Each brain half yielded approximately 2 

sections that contain the region of interest. 
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DEPC-treated (Sigma, D5758-50ML) or nuclease-free solutions were used for 

fixation and washes. Brain sections were fixed in aCSF with 1% paraformaldehyde (PFA, 

Electron Microscopy Sciences, 157-8). Fixation was performed for 10 min at room 

temperature on a plate rocker, and the cross-linking reaction was quenched in 250 mM 

Tris-EDTA (Sigma, T9285-100ML) for 10 min at room temperature. Cells and sections 

were washed three times in DEPC-treated PBS, pH 7.4 (137 mM NaCl, 2.7 mM KCl, 10 

mM Na2HPO4, 1.8 mM KH2PO4).  

V-SVZ regions were dissected in ice-cold 1X PBS in a rubber-coated dish under a 

dissecting microscope using fine forceps and a micro-scalpel (Fine Science Tools, 10316-

14). For Pax6 mRNA and miRNA quantification experiments, D, DL and VL V-SVZ was 

separated using Lumsden bioscissors (O.P.I.6-153). Whole D and L V-SVZ were used for 

Pax6 pulldown experiments. Tissue was pelleted and flash frozen on liquid nitrogen. 

Tissue was stored at -80˚C for several weeks until all samples needed for a given 

experiment were collected (Figure 32i). 

4.3.8 miR-CATCH 

miR-CATCH oligo design 

Oligonucleotides used to affinity purify Pax6 transcript were designed according 

to Vencken et al. (2014)[405]. Pax6 transcript (Pax6-206, ENSMUST 00000111086.10) 

secondary structure was predicted using RNAfold [406]. Several candidate 18-25 

nucleotide oligonucleotide sequences were selected that were complementary to 

regions of the Pax6 transcript not within the 3’UTR and not predicted to contain 

secondary structure. Mfold software [407] was used to identify candidate 
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oligonucleotides that are single stranded at 37˚C under 500 mM monovalent salt 

conditions. IDT’s Oligo Analyzer (Integrated DNA Technologies) was used to ensure that 

the hybridization energy of candidate oligonucleotide dimers was less than 15% of the 

oligo-mRNA hybrid. Nucleotide BLAST was performed to ensure that candidate 

oligonucleotides share less than 15 nucleobases of complementarity to non-specific 

mouse endogenous RNAs. HPLC-pure DNA oligos 5’ modified with biotin connected by a 

TEG spacer were ordered from Eurofins Genomics. Three candidate oligos were selected 

for testing affinity purification of Pax6 mRNA: miR-CATCH_1 CTATTTTGCTTACAACTT, 

miR-CATCH_2 TGGAGTTGGTGTTCTCTC, miR-CATCH_3 TGGCTGGTAGACACTGGT. A 

negative control oligo antisense to miR-CATCH_2 was also used: 

GAGAGAACACCAACTCCA (Figure 31, Table 5).  

 

 
Figure 31. Pax6 qPCR and pulldown primers 

Pax6-206 ENSMUST 00000111086.10, with relative locations of primers used for Pax6 
qPCR and pulldown. The forward (F) and reverse (R) primers used for qPCR are shown 
in red. Regions recognized by miR-CATCH oligos are shown as 1-3. miR-CATCH oligos 
1-3 have a 5’ Biotin-TEG modification. 
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Table 5. Primers used for Pax6 qPCR and oligonucleotides used for Pax6 pulldown 

Oligo Name Sequence (5’-3’) Use 
Pax6_qPCR_F TCAACAGGACTCATTTCACC Pax6 qPCR 
Pax6_qPCR_R TTCCTCTCTCGATCACATGC Pax6 qPCR 
miR-CATCH_1 CTATTTTGCTTACAACTT Pax6 pulldown, 5’ BIOTEG modification 
miR-CATCH_2 TGGAGTTGGTGTTCTCTC Pax6 pulldown, 5’ BIOTEG modification 
miR-CATCH_3 TGGCTGGTAGACACTGGT Pax6 pulldown, 5’ BIOTEG modification 
miR-CATCH_negctrl GAGAGAACACCAACTCCA Pax6 pulldown, antisense control 

Underline indicates exon junction. 
 

Lysate preparation 

RNase-free solutions were prepared for performing Pax6 miR-CATCH 

experiments. Solutions not containing tris were RNase inactivated using 0.1% DEPC 

(Sigma, D5758-50ML) at 37˚C overnight, followed by autoclaving. Tris solutions were 

made using nuclease-free 100X tris EDTA pH 8.0 (Sigma, T9285-100ML) and nuclease-

free water (ThermoFisher, 10977015). 

PFA-fixed cells and tissue were lysed as described by Vencken et al. (2014)[405] 

with several modifications.  Lysis buffer was prepared by adding superase-in 

(ThermoFisher, AM2696, final concentration 87 U/ml), PMSF (Sigma, P7626-5G, final 

concentration 500 mM) and Complete protease inhibitor cocktail tablet (Roche, 

4693116001, 1 tablet per 10 ml) fresh to a solution containing 140 mM NaCl, 50 mM 

HEPES, 1 mM EDTA, 1% triton, 0.1% sodium deoxycholate, pH 7.5. Unfixed αTC1-6 cells 

were resuspended in 1.4 ml lysis buffer per cell pellet, and V-SVZ tissue was 

resuspended in 0.25 ml lysis buffer. αTC1-6 cells were homogenized in 2 ml tubes with 

ceramic beads (Precellys, KT03961-1-009.2) for 8 min, and V-SVZ tissue was 

homogenized in 0.5 ml tubes with ceramic beads (Precellys Lysing Kit, Soft tissue 



 

 

170 
homogenizing CK14_0.5ml) for 10 min at 3000 RPM using a Digital Disruptor Genie 

(Scientific Industries, New York USA). Tissue was cooled on ice for 2 min between each 1 

min of lysis. Following homogenization of V-SVZ tissue, lysate volume was brought to 0.5 

ml with lysis buffer. EDTA was added to 20 mM and lysate was centrifuged at 16,000 g 

for 5 min at 4˚C. Supernatant was used for miR-CATCH (Figure 32ii).  

 
Pax6 affinity purification 

Magnetic streptavidin beads (ThermoFisher, Dynabeads MyOne Streptavidin C1, 

65002) were prepared for miR-CATCH according to Venken et al. (2014)[405]. 200 ul of 

beads were used per capture. Beads were washed three times using B&W buffer (1 M 

NaCl, 0.5X Tris-EDTA pH 8.0), twice with solution A (0.1 M NaOH, 0.05 M NaCl) and once 

with solution B (0.1 M NaCl) as described. A 6-tube magnetic separation rack (NEB, 

S1506S) was used to immobilize the magnetic beads for 2 min between each wash. 

Beads were incubated with 200 µl of 5 µM capture oligonucleotide in 1X Tris-EDTA for 

15 min at room temperature to facilitate oligonucleotide immobilization. Excess 

oligonucleotide was washed using hybridization buffer (2X Tris-EDTA pH 8.0, 1 M LiCl) as 

described.  
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Figure 32. Summary of Pax6 affinity purification by miR-CATCH 
 

Pulldown of Pax6 transcript was performed by resuspending the streptavidin 

beads in 0.7 ml hybridization buffer and 0.5 ml 1X Tris-EDTA at 37˚C. 200 µl lysate was 

used per capture (Figure 32iii). Beads were agitated with lysate at 37˚C in a hybridization 
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oven (VWR) for 1.5 hours. Following target immobilization, beads were washed twice 

with 37˚C wash buffer A (1X Tris-EDTA, 0.15 M LiCl, 0.5% SDS) and twice with 37˚C wash 

buffer B (1X Tris-EDTA, 0.15 M LiCl). Washes were performed for 5 min at 37˚C with 

agitation. To elute Pax6 transcript, the bead pellet was resuspended in 30 µl of 60˚C 

0.1X Tris-EDTA and incubated at 60˚C for 5 min. The supernatant was removed and PFA 

crosslinks were reversed by incubating at 70˚C for 45 min (Figure 32iv). Crosslink 

reversal was not performed for Pax6 affinity purification from unfixed αTC1-6 cells. 

Purified RNA was stored at -80˚C and used for cDNA synthesis within 1 week. 

4.3.9 RNA isolation from fixed V-SVZ 

RNA was isolated from PFA-fixed D, DL and VL P1 V-SVZ tissue for miRNA and 

Pax6 RT-qPCR. Lysate was prepared as described in section 4.3.8. 200 µl of lysate was 

prepared per V-SVZ sample and region. RNA was isolated using the miRNeasy FFPE kit 

(Qiagen, 217504) and a modified version of the kit’s protocol. 190 µl buffer PKD and 10 

µl proteinase K were added per 200 µl lysate. Lysate was incubated at 56°C for 15 min 

followed by 80˚C for 15 min. 40 µl DNase booster buffer and 10 µl DNase stock were 

added to the lysate, and DNase digestion was performed for 15 min at room 

temperature. Lysate was mixed with 800 µl of buffer RBC and 2.8 ml 100% ethanol, and 

was passed through the supplied column via centrifugation. RNA was extracted into 30 

µl of 0.1X TE (Sigma, T9285-100ml) and was stored at -80°C for up to 1 week prior to use 

in cDNA synthesis for miRNA qPCR and up to two months for Pax6 qPCR experiments.  
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4.3.10 Pax6 RT-qPCR 

Pax6 transcript quantified using RT-qPCR for the miR-CATCH experiments and for 

comparing mRNA levels between WT and mutant mouse V-SVZ. cDNA synthesis was 

performed using Quantitect reverse transcriptase kit (Qiagen, 205313) following the 

manufacturer’s protocol. 600 ng RNA was used per cDNA synthesis reaction for whole V-

SVZ tissue, and 250 ng RNA was used per cDNA reaction for D, DL and VL V-SVZ pieces. 

Digestion of gDNA was performed prior to cDNA synthesis for 7 min at 42˚C. Reactions 

were performed using a T3 thermocycler (Biometra). cDNA synthesis was performed at 

42°C for 15 min followed by heat inactivation at 95°C for 3 min, and cDNA was stored at 

-20˚C and used within one week.  

Primers used for qPCR amplification of Pax6 cDNA were designed such that the 

forward primer spans the boundary between exons 12 and 13, to prevent amplification 

of gDNA (Figure 31, Table 5). The primers used for Pax6 qPCR were: Pax6_qPCR_F 

TCAACAGGACTCATTTCACC and Pax6_qPCR_R TTCCTCTCTCGATCACATGC, producing an 

amplicon size of 128 bp. Primer efficiency was tested using a cDNA dilution series and 

was found to be 100%. TATA binding protein (Tbp) and Hypoxanthine-

phosphoribosyltransferase (Hprt) were selected as reference genes, and primers were 

purchased from Qiagen (QT00198443, QT00166768).  

qPCR was performed to quantify levels of Pax6, Tbp and Hprt using the 

Quantitect SYBR green PCR kit (Qiagen, 204145). 50 µl qPCR reactions were prepared 

following the manufacturer’s protocol. qPCR reactions were run using the Mx3000P 

qPCR system (Stratagene, California USA) with the following thermocycling conditions: 
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initial heat activation at 95˚C for 15 min, cycle between 94˚C for 15 seconds, 60˚C for 30 

seconds and 72˚C for 30 seconds forty times. Measurements were collected twice 

during the elongation step. Each sample was run in three technical replicate reactions. 

qPCR reactions being directly compared to one another were run on a single plate to 

avoid inter-run variability.  

qPCR data was analyzed to determine whether the miR-CATCH strategy resulted 

in enrichment of Pax6 transcript, and to determine whether Pax6 transcript quantities 

were altered in the V-SVZ of miR-7-5p MRE mutants relative to WT mice. Grubbs test 

was used to detect outlier cycle threshold (Ct) values for technical replicates assays, and 

these were excluded. Mean Ct value of technical replicates was calculated for each 

sample and target. Standard deviation of technical replicate Ct values was calculated for 

each sample to ensure S.D. < 0.5 Ct. For miR-CATCH validation experiments using 

unfixed αTC1-6 cells and fixed V-SVZ tissue, relative Pax6 quantity was calculated using 

Pfaffl’s method without reference genes by the following equation: 2[lysate Ct]/2[Pax6 oligo Ct]
 

or 2[negctrl oligo Ct]/2[Pax6 oligo Ct], where Pax6 from cell lysate or from pulldown using the non-

specific negative control oligonucleotide was used for normalization. For Pax6 transcript 

quantification experiments, relative Pax6 quantity was calculated for each sample using 

Pfaffl’s method with multiple reference genes [408] by the following equation: (2[Tbp 

Ct]*2[Hprt Ct])0.5/2[Pax6 Ct]. Relative Pax6 quantity was normalized to D V-SVZ level to identify 

the gradient in WT animals and was normalized to WT levels to determine whether 

there were any changes with miR-7-5p MRE mutation.  
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 4.3.11 miRNA RT-qPCR 

Detection and quantification of mature miRNAs was performed using both the 

TaqMan RT-qPCR system (ThermoFisher) and the miScript SYBR green system (Qiagen). 

miR-7-5p RT-qPCR was performed to measure the interaction of miR-7-5p to the Pax6 

transcript by miR-CATCH, and was performed to compare miR-7-5p levels across the V-

SVZ between WT and mutant mice. A TaqMan qPCR array card was also used to assay 

for many miRNAs simultaneously.  

 
TaqMan RT-qPCR 

TaqMan microRNA reverse transcription kit (ThermoFisher, 4366597) and 

TaqMan RT primers (miR-7a-5p, ThermoFisher, 4427975, ID 000268; U6 snRNA, 

ThermoFisher, 4427975, ID 001973) were used to prepare cDNA for miR-7-5p 

quantification. For miR-7-5p profiling experiments, 50 ng RNA was used per RT reaction, 

and cDNA preamplification was not performed prior to qPCR. For miR-CATCH and 

profiling experiments using the TaqMan array, cDNA synthesis was performed using a 

custom RT primer pool (ThermoFisher, 4459651) containing cDNA primers for all miRNA 

assays on the array card. cDNA synthesis reaction conditions were as follows: 16˚C for 

30 min, 42˚C for 30 min followed by 85˚C for 5 min. cDNA was stored at -20˚C for a 

maximum of 1 week prior to use.  

For miR-CATCH and profiling experiments using the TaqMan array, cDNA was 

preamplified using the TaqMan custom preamp pool (ThermoFisher, 4441856) and 

TaqMan preamp master mix (ThermoFisher, 4384266) following the manufacturer’s 

protocol. cDNA was diluted 1:4 in nuclease-free water and 10 µl of cDNA were used per 
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preamplification reaction. No additional water was added to the reaction to maximize 

the volume of cDNA. Preamplification thermocycling conditions were as follows: 95˚C 

for 10 min, 55˚C for 2 min, 72˚C for 2 min, cycle between 95˚C for 15 sec and 60˚C for 4 

min 12 times, heat inactivate at 99.9˚C for 10 min. Preamplification products were 

diluted 1:8 in nuclease free 0.1X Tris EDTA pH 8.0 (Sigma, T9285-100ML) and stored at -

20˚C for a maximum of 1 week prior to use. cDNA synthesis and preamplification were 

performed using a T3 thermocycler (Biometra).  

For expression and miR-CATCH analyses assaying for miR-7-5p individually, 

TaqMan 20X small RNA assays (miR-7a-5p, ThermoFisher, 4427975, ID 000268; U6 

snRNA, ThermoFisher, 4427975, ID 001973) and TaqMan universal master mix II with 

UNG (ThermoFisher, 4440038) were used to prepare the qPCR master mix following the 

manufacturer’s protocol with some adjustments. cDNA was diluted 1:4 and 

preamplification product was diluted an additional 1:4 in nuclease-free water prior to 

performing qPCR. 6 µl of diluted cDNA was used per reaction for profiling experiments, 

and 6 µl diluted preamplification product was used per reaction for miR-CATCH 

experiments. 20 µl qPCR reactions were performed in triplicate. Samples were loaded 

into 96-well microamp plates (ThermoFisher, 4346907) and sealed with an optical 

adhesive cover (ThermoFisher, 4360954). qPCR reactions were run using a 7900HT qPCR 

machine (Applied Biosystems) with the 96-well block and SDS software (ThermoFisher, 

V2.4) using the DDCt (RQ) and standard run mode. qPCR thermocycling conditions were 

as follows: 50˚C for 2 min, 95˚C for 10 min, cycle between 95˚C for 15 sec followed by 
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60˚C for 60 sec repeated 40 times. Raw Ct data was exported into CSV format using the 

ExpressionSuite software (ThermoFisher, V1.0.3).  

Custom TaqMan miRNA multiplex qPCR cards were designed to run 8 samples 

per card and assay for 48 small RNAs per sample. miRNAs predicted to target the Pax6 

3’UTR were selected as described in chapter 3 [400]. Of those predicted to target Pax6, 

we selected miRNAs found to interact with the Pax6 3’UTR in αTC1-6 cells by miTRAP 

and miRNAs detected in rat SVZ neural stem cells [409]. Expression profiling results from 

αTC1-6 cells, βTC6 cells, E12.5 mouse retina, adult mouse retina and adult mouse lens 

(Figure 21) were also used to inform miRNA assay selection, with miRNAs expressed in 

most of these tissues being selected. miR-7-3p was also included because it has 

predicted MREs in the Pax6 3’UTR and is of interest as a possible regulator of Pax6. Two 

miRNAs, let-7a and miR-204-5p, were selected as negative controls. These miRNAs were 

detected in tissues of interest but lack predicted MREs in the Pax6 3’UTR. U6 was 

included as a normalizing control. 

TaqMan miRNA array cards containing 8X48 small RNA qPCR assays 

(ThermoFisher, 4449139) were used for expression and miR-CATCH analyses to assay for 

many miRNAs simultaneously. qPCR master mix was prepared using TaqMan universal 

master mix II with UNG (ThermoFisher, 4440038) and 1.13 ul preamplification product 

according to the manufacturer’s protocol. Cards were equilibrated to room temperature 

for 15 min before being removed from their packaging and loaded with 100 ul of qPCR 

master mix per port. TaqMan array cards were loaded following the manufacturer’s 

instructions, were centrifuged using the Heraeus megafuge 40R (Thermo Scientific) and 
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sealed using the TaqMan micro fluidic card sealer (Applied Biosystems, model 7331770). 

qPCR reactions were run using a 7900HT qPCR machine with the 384-well block and SDS 

software (ThermoFisher, V2.4) using the DDCt (RQ) and 384 wells TaqMan low density 

array run mode. qPCR thermocycling conditions were as follows: 50˚C for 2 min, 94.5˚C 

for 10 min, cycle through 97˚C for 30 sec and 59.7˚C for 1 min 40 times. Raw Ct data was 

exported into CSV format using the ExpressionSuite software (ThermoFisher, V1.0.3).  

 
miScript RT-qPCR 

cDNA synthesis for mature miRNAs was performed using the miScript II RT kit 

(Qiagen, 218161) using the HiSpec buffer following the manufacturer’s protocol. 100 ng 

of RNA were used per 20 µl RT reaction and reaction conditions were as follows: 37˚C 

for 1 hr followed by heat inactivation at 95˚C for 5 min. Reactions were performed using 

a T3 thermocycler (Biometra). cDNA was diluted 1:10 in nuclease-free water and stored 

at -20˚C for up to 1 week.  

Assays were performed for the target miRNA miR-7a-5p (Qiagen, 218300, 

MS00005880) and candidate controls U6 (RNU6-2, Qiagen 218300, MS00033740), miR-

16-5p (Qiagen 218300, MS00037366), miR-26a-5p (Qiagen 218300, MS00032613), miR-

106a-5p (Qiagen 218300, MS00011039), and let-7a-5p (Qiagen 218300, MS00032179). 

miR-145-5p (Qiagen 218300, MS00001631) and miR-375-3p (Qiagen 218300, 

MS00032774) were used to validate TaqMan card results. qPCR was performed using 

the miScript SYBR green PCR kit (Qiagen, 218075) and PCR reactions were set up 

following the manufacturer’s protocol. qPCR reactions were run using the Mx3000P 

qPCR system (Stratagene, California USA) with the following thermocycling conditions: 
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initial heat activation at 95˚C for 15 min, cycle between 94˚C for 15 seconds, 55˚C for 30 

seconds and 70˚C for 30 seconds forty times. Fluorescent data collection was performed 

twice during the elongation step. Each sample was run as three technical replicate 

reactions, with one –RT control reaction.  

The stability of these candidates across the D, DL and VL V-SVZ, and between WT 

and 517+655MUT genotypes was compared by calculating the gene variability measure 

as described by Vandesompele et al. (2002)[408]. miR-26a-5p, miR-106a-5p and U6 

were selected as normalizing controls for miR-7-5p expression analysis. 

Data analysis 

For V-SVZ profiling experiments using the TaqMan system to assay for many 

miRNAs simultaneously, relative miRNA quantity was calculated for each miRNA of 

interest using Pfaffl’s method with multiple reference genes [408] by the following 

equation: (2[miR-26a]*2[miR-106a] *2[U6]*2[miR-16])1/4/2[miRNA Ct]. miRNAs were considered to be 

expressed only if they were detected in all replicate samples. Two-way ANOVA with 

Dunnett’s multiple comparisons was used to compare relative miRNA levels in WT DL 

and VL V-SVZ, with the goal of identifying gradient-expressed miRNAs. To identify 

candidate differentially expressed miRNAs using TaqMan array cards, the relative 

miRNA quantity for 517+655MUT V-SVZ was normalized to WT. Fold change was 

calculated by a log2 transformation of the normalized relative miRNA quantities. D, DL 

and VL regions were analyzed in combination.  

For V-SVZ profiling experiments using the miScript system to assay for miRNAs 

individually, mean cycle threshold (Ct) value of technical replicates was calculated for 
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each sample, and Grubbs test was used to detect outlier technical replicate Ct values 

which were excluded. Standard deviation of technical replicate Ct values was calculated 

for each sample to ensure S.D. < 0.5 Ct. Relative miRNA quantity was calculated by the 

following equation: (2[26a]*2[106a] *2[U6])1/3/2[miR-7 Ct]. Relative miR-7-5p quantity was also 

normalized to WT D V-SVZ level and one-way ANOVA with Tukey’s multiple comparisons 

was used to compare miR-7-5p across genotypes within the D, DL and VL V-SVZ regions. 

For miR-CATCH experiments comparing mutants to WT mice, relative miRNA 

quantity was calculated for each sample using Pfaffl’s method with Pax6 as the 

reference gene [359] by the following equation: 2[Pax6 Ct] /2[miRNA Ct]. Relative miRNA 

quantity for the mutants was normalized to WT to identify miRNAs having altered 

interaction to the Pax6 3’UTR with miR-7-5p MRE mutation. One-way ANOVA with 

Tukey’s multiple comparisons was used to compare miR-7-5p interaction between WT 

and mutant Pax6 transcript. To determine whether miR-7a-5p interacts with the WT 

Pax6 3’UTR, relative miR-7-5p quantity from WT V-SVZ samples was calculated using 

Pfaffl’s method without reference genes by the following equation: 2 [negctrl oligo Ct]/2[Pax6 

oligo Ct], where miR-7-5p from the negative control oligo pulldown condition was used for 

normalization. TaqMan array cards were used to identify other miRNAs with altered 

interaction to the 517+655MUT Pax6 transcript compared to WT Pax6. The relative 

miRNA quantity for 517+655MUT pulldown was first normalized to WT and fold change 

was calculated by a log2 transformation of the normalized relative miRNA quantities. 
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4.3.12 PAX6 Immunofluorescence 

Tissue harvest and section preparation 

Brain tissue was harvested from P1 pups for PAX6 quantification. P1 pups were 

anesthetized via inhalant isoflurane (AVP, 8061652) and euthanized by decapitation. 

Skin and nasal region were removed to permit entry of fixative into the brain. Brains 

were transferred into 4% PFA in 0.1 M phosphate buffer (PB: 60 mM NasHPO4, 20 mM 

NaH2PO4) and fixed for 2 hours at room temperature on a plate rocker. Brains were 

dissected from the skull in 0.1 M PB and fixed overnight in 4% PFA in 0.1 M PB at 4°C on 

a rotator. The cerebellum was removed from fixed brains with a straight-edge razor and 

brains were transferred into 70% ethanol.  

Adult mouse brain tissue was harvested for PAX6 IF. Mice were anesthetized via 

inhalant isoflurane (AVP, 8061652) and given a 1 mg/kg intramuscular injection of a 1:1 

v/v mixture of ketamine (100mg/ml) and dexmedetomidine hydrochloride (0.5mg/ml, 

Pfizer, cat#02333929). Animals were pinned in dorsal recumbency, fur was matted with 

70% ethanol and the abdomen was cut open by an incision in the stomach. Two 

incisions made up either side of the ribcage, parallel to the sternum, to the apex of the 

chest and the diaphragm was cut away horizontally. The ribs and sternum were pinned 

back with a hemostat (Fine Science Tools, 13004-14) to expose the heart. A 23G 

butterfly needle (Becton Dickinson, cat# 367253) inserted into the left ventricle and the 

right atrium of the heart cut to allow blood and perfusate to escape. Animals were first 

perfused with 50 ml ice-cold 0.1 M phosphate buffer, followed by 30 ml of ice-cold 4% 

PFA in phosphate buffer. Solutions were pumped at 4 ml/min by peristaltic pump 
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(Masterflex Easy Load, ColeParmer, cat# EW-07518-00). Following perfusion, brains 

were dissected and fixed for 24 hours at 4°C in 0.1 M phosphate buffer with 4% PFA, 

then transferred into 70% ethanol for 2 days.   

Paraffin embedding and sectioning were performed by Wax-it Histology Services 

(Vancouver, Canada). 4 µm coronal sections were prepared through the brain region 

visually identified by long open lateral ventricles, corresponding to approximately 1 mm 

to 1.6 mm from the rostral end of the P1 brain (Figure 33). 

 

 
Figure 33. P1 brain sectioning for PAX6 immunofluorescence 

(A) Postnatal day 1 (P1) mouse brain. Coronal sections were collected between 1-1.6 
mm of the brain (blue sectioning planes) starting from the anterior end of the brain, not 
including olfactory bulbs (OB). (B) Coronal section through the region of interest 
revealing elongated lateral ventricles (LV), well-defined corpus callosum (CC) and 
anterior commissures (AC). Scale bar - 500 µm. 
 
 

PAX6 immunofluorescence 

Paraffin sections were deparaffinized via successive washes twice for 5 min in 

100% xylenes, twice for 3 min in 100% ethanol, once for 1 min in 95% ethanol, once for 

1 min in 80% ethanol and once for 1 min in 1X PBS. Antigen retrieval was performed 
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using the steamer method described by Tang et al. (2007)[410] and a 5.5-quart digital 

steamer (Hamilton Beach, 37530C). Slides were covered in sodium citrate buffer (10 mM 

Tri-sodium citrate, 0.5% tween-20, pH 6.0) and were incubated in the steam phase at 

approximately 100°C for 30 min. Slides were washed once with 1X PBS before applying 

antibody.  

PAX6 IF was performed using rabbit anti- PAX6 (Covance, PRB-278P) diluted 

1:500 in 1X PBS with 0.1% triton. Antibody dilutions were performed in PBS prepared 

from PBS tablets (Sigma, P4417-100TAB). Slides were incubated with primary antibody 

overnight at 4°C in a humidified chamber. Slides were washed three times in 1X PBS 

with 0.1% triton and 0.01% tween-20. Alexa 555 donkey anti-rabbit (ThermoFisher, A-

31572) was diluted 1:500 and Draq5 nuclear stain (ThermoFisher, 62251) was diluted to 

5 µM in 1X PBS with 0.1% triton, and slides were incubated with secondary antibody for 

one hour at room temperature. Slides were washed three times in 1X PBS with 0.1% 

triton and 0.01% tween-20, and mounted with a #1.5 glass coverslip using immu-mount 

(Shandon, 9990402).  

 
Image acquisition 

Images were collected using a Nikon Eclipse Ni microscope and C2+ confocal 

system (Nikon Instruments Inc.) and Nikon NIS-Elements software. Photomicrographs 

used for PAX6 IF intensity quantification were collected using the Nikon Plan APO 

20X/0.75 objective at 1024 image size, 5.3 pixel dwell and with a laser power of 10. A 

uniformly autofluorescent plastic slide (Chroma, 92001) was imaged under the same 

conditions used for image collection every imaging session for flat field correction. High 
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magnification images for PAX6 nuclear localization analysis were collected using the 

Nikon APO TIRF 60X/1.49 oil objective with type A immersion oil (Cargille, 16482), and 

22 pixel dwell. The dorsal V-SVZ was imaged first. The midpoint for the z-stacks was 

established using the Draq5 stain, the gain was quickly set for the PAX6 channel to 

ensure that the brightest V-SVZ pixels were just below saturation. Three z-stacks were 

collected centered around the midpoint, spaced 1 µm apart. All acquisition settings 

were kept constant for imaging the remainder of the V-SVZ. 3 separate images were 

required to capture one V-SVZ region. 3-4 V-SVZ regions were imaged per animal, and 

LVs were oriented either horizontally or vertically for imaging to permit image analysis.  

 

Image processing and data analysis 

Image processing was performed using ImageJ software [411]. A flat field 

reference image was prepared using the uniformly autofluorescent image by changing 

the image to 32-bit, selecting the channel of interest, smoothing the image using a 

median filter with a 20-pixel radius, and dividing the entire image by the brightest pixel. 

V-SVZ images were flat field corrected by changing to 32-bit, selecting the channel of 

interest, and dividing the image by the flat field reference image. A maximum intensity 

z-projection was performed, the three images comprising one V-SVZ region were 

stitched using the pairwise stitching function [412]. The background fluorescence in the 

brain slices was measured by defining an ROI in the striatum neighboring the V-SVZ, 

where PAX6 is absent. The average pixel intensity was measured in the background ROI 

and this value was subtracted from the entire image [413].  
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The dorsal and lateral VZ regions of interest (ROIs) were defined by morphology 

using the polygon selection tool in ImageJ. The ROI subdivision macro (Appendix A 

Equation 1) was used to divide the lateral VZ ROI into 16 equal area regions along the 

horizontal or vertical axis, depending on the orientation of the LV. Mean pixel intensity 

was measured for the dorsal VZ ROI and for each of the 16 lateral VZ regions (Figure 34). 

Immunofluorescence labeling, imaging and data analysis were performed blind to the 

genotype. 
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Figure 34. Image analysis strategy for P1 VZ PAX6 IF 

(A) Dorsal and lateral VZ were defined as regions of interest (ROIs) by morphology. The 
lateral VZ ROI was subdivided into 16 equal-area pieces along the D-V axis using a 
subdivision macro. (B) Average pixel intensity was measured for each ROI and was 
normalized to the pixel intensity of the dorsal ROI. 
 
 

Pixel intensity data was analyzed by averaging the pixel intensity for each ROI 

between the replicate VZ images collected for a single animal. Within each genotype, 

the average pixel intensity of each lateral region was normalized to the dorsal region 

intensity (Figure 34). Normalized PAX6 IF in the ventral-most region of the lateral VZ for 

WT and mutant genotypes were compared by 2-way ANOVA with Tukey’s post-hoc test.  
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4.3.13 Olfactory bulb periglomerular neuron (PGN) fate tracking 

Injections and tissue harvest 

Heterozygous crosses were set up from the 517MUT, 655MUT and 517+655MUT 

lines for EdU labeling and WT 129S1 (Jackson Laboratory, 002448) crosses were set up 

for BrdU labeling. 62.5 mg/ml EdU stock (AbCam, ab146186) and 250 mg/ml BrdU stock 

(Millipore Sigma, B5002-100MG) were prepared in a 3:1 DMSO: cell biology grade PBS 

(ThermoFisher, 10010023) and filter sterilized using a 0.2 um cellulose acetate syringe 

filter (VWR, 28145-477). EdU was diluted to 1 µg/µl and BrdU was diluted to 5 µg/µl in 

cell biology grade PBS for mouse injections. P1 pups were injected with 10 ug/g EdU or 

50 ug/g BrdU twice, six hours apart, to label V-SVZ cells in S-phase. Injections were 

performed subcutaneously using a 1 ml insulin syringe with a 31-gauge needle (BD, 

324912). All injections were performed by the same researcher. WT and homozygous 

mutant pups were used for olfactory bulb harvest. 

Olfactory bulbs were harvested 60 day post-EdU or BrdU injection. Mice were 

anaesthetized via inhalant isoflurane (AVP, 8061652) and were euthanized by cervical 

dislocation. Mice were decapitated using surgical scissors (FST, 14001-12), cranial fur 

was matted using 70% ethanol and fine scissors (FST, 14061-09) were used to remove 

the skin and calvaria. The mandible was removed using dissector scissors (FST, 14081-

09) and a straight-edge razor (VWR, 55411-050) was used to remove the caudal portion 

of the brain. Olfactory bulbs still embedded in nasal bone were transferred into ice-cold 

0.1 M PB. Dorsal nasal bones were removed from around the olfactory bulbs using fine 
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scissors and forceps. Vannas spring scissors (FST, 15000-10) were used to cut the 

olfactory sensory nerves so olfactory bulbs could be gently removed from the skull while 

remaining connected to the rostral brain. Bulbs were fixed in 4% PFA with 0.1 M PB 

overnight at 4°C, and cryoprotected in 20% sucrose with 0.1 M PB for 48 hours at 4°C.  

Prior to embedding, ventral brain tissue was removed to position the ventral 

olfactory bulb surface flat in 15 mm X 15 mm cryosection base molds (Leica Biosystems, 

3803025). Molds were filled with O.C.T. Compound (Tissue-Tek, 4583) and flash frozen 

on liquid nitrogen. 14 µm transverse sections were prepared using a cryostat (Leica, 

CM850 UV), starting 1mm into the bulbs (Figure 35). Successive sections were collected 

36 µm apart and mounted onto adhesive coated slides (Newcomer Supply, 5070). 

Sections were dried overnight at room temperature and stored long term at -20°C.  

 

 
Figure 35. Olfactory bulb sectioning 

Following dissection and fixation of whole brain, olfactory bulbs (OB) were dissected 
from the rest of the brain as indicated by the black line and asterisk (*) with the 
intention of preserving some of the neocortex to aid in sample orientation. Sections 
were prepared through the middle-most part of the olfactory bulb in the transverse 
plane (red dashed line), such that both medial and lateral sides of each bulb were 
included in a single section.  
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Immunofluorescence and click reaction 

Prior to antibody labeling, slides were washed once for 15 min in 1X PBS to 

remove OCT. For tissue undergoing BrdU labeling, antigen retrieval in sodium citrate 

buffer was performed as described above. The following primary antibodies used: 

chicken anti-tyronsine hydroxylase (Aves Labs, TYH), rabbit anti-calretinin (Sigma, AB-

5054), rabbit anti-calbindin (Sigma, C2724-2ML), mouse anti-NeuN (Millipore, MAB377), 

and sheep anti-BrdU (abcam, Ab1893-125). 100 µl of primary antibody was applied 

directly to slides. Secondary antibody was diluted with 2 µg/ml DAPI (ThermoFisher, 

D1306). The following secondary antibodies were used: donkey anti-chicken Alexa 488 

(Jackson Immunoresearch, 703-545-155), donkey anti-rabbit Alexa 488 (ThermoFisher, 

A21206), and goat anti-mouse Alexa 555 (ThermoFisher, A21424), donkey anti-sheep 

Alexa 488 (ThermoFisher, A11015). All antibodies were diluted 1:500 in 1X PBS (Sigma, 

P4417-100TAB) with 0.1% triton X-100. All antibody incubations were performed 

overnight at 4°C in a humidified chamber, and slides were washed three time in 1X PBS 

following each round of labeling. 

For tissue undergoing EdU labeling, a “click” reaction solution was prepared 

fresh and contained 100 mM TBS, 4 mM CuSO4, 0.1 M sodium ascorbate and 4 mM 

Alexa 647 azide (ThermoFisher, C10340). Click solution was applied to the slides and 

slides were incubated for 30 min at room temperature in a humidified chamber. 

Following labeling, slides were mounted with a #1.5 glass coverslip using immu-mount 

(Shandon, 9990402).  
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Image acquisition and data collection 

Images were collected using a Nikon Eclipse Ni microscope and C2+ confocal 

system (Nikon Instruments Inc.) and Nikon NIS-Elements software. Photomicrographs 

used for OB cell counting were collected using the Nikon Plan APO 20X/0.75 objective at 

1024 image size, 5.3 pixel dwell and with a laser power of 15. The entire GL from 

transverse OB sections was imaged in a non-overlapping manner. 5 z-stacks were 

collected per field of view spaced 2.625 µm apart.  

Cell counting was performed using ImageJ with the FIJI package [411]. For each 

image, the GL was defined as a region of interest (ROI) based on nuclear morphology. A 

threshold (IJ_IsoData) was taken for the EdU or BrdU labelling in the central-most z-

stack and a selection was created of the 16-bit threshold image. The EdU/BrdU selection 

was overlaid onto the NeuN labelling, and all double positive cells were selected and 

counted. EdU+NeuN or BrdU+NeuN selections were overlaid onto the CalR, CalB or TH 

staining and triple positive cells were counted. Orthogonal view was used to confirm 

colocalization, and DAPI staining was used to confirm localization of EdU signal within 

nuclei. 

Staining, image acquisition and cell counting were performed blind to the 

genotype. For EdU and BrdU labeling experiments, the number of triple positive cells 

was expressed as a proportion of the thymidine analog+NeuN cells. The total number of 

thymidine analog+NeuN cells and triple positive cells were also calculated per unit area. 

This was performed by calculating the GL ROI area for each image using ImageJ, and 
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then dividing the number of counted cells in each image by this number. Between 10 

and 20 images were counted per staining condition (TH, CalR or CalB) per animal. 

Results were analyzed by 2-way ANOVA with Sidak’s multiple comparisons.  

 

4.4 Results 

4.4.1 Identification and selection of miR-7 MREs for in vivo mutagenesis 

Predicted miR-7 MREs in the Pax6 3’UTR 

MicroRNA-7 is a promising candidate for regulating of Pax6 in the brain and 

endocrine pancreas [206, 217, 274, 397]. These studies identified an MRE for miR-7 

located at mouse Pax6 3’UTR position 655 as being involved in mediating miR-7 

regulation of Pax6. Additionally, Zhao et al. (2012)[274] noted a second miR-7 MRE 

located at 3’UTR position 517. We wanted to perform a comprehensive scan of the 

mouse Pax6 3’UTR sequence to identify all candidate miR-7 regulatory elements in 

addition to those previously noted. We scanned 876 bp mouse Pax6 3’UTR sequence 

using the ImiRP MRE prediction tool [353] for predicted MREs for miR-7-5p and miR-7-

3p. We chose to focus on 876 bp of the 3’UTR because our RNA sequencing (RNA-seq) 

and 3’ rapid amplification of cDNA ends (3’RACE) data suggests that this is the primary 

location where the mouse Pax6 transcript is cleaved and polyadenylated [400].  

We identified nine predicted MREs for miR-7 in the 3’UTR of mouse Pax6 (Table 

6). Five of these were either 6mer MREs with a single G:U mismatch (6mer+G:U) or 

offset-6mer (OS-6mer) MREs, which are unlikely to be functional [35, 48, 50, 51, 62, 
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414] and were consequently not considered further. We chose to further investigate 

two predicted MREs for miR-7-5p at Pax6 3’UTR positions 517 and 655, and two 

predicted MREs for miR-7-3p at positions 626 and 758.  

 

Table 6. Predicted MREs for miR-7 in the mouse Pax6 3'UTR 

3’UTR position microRNA MRE type 
250 miR-7-3p OS-6mer 
444 miR-7-3p OS-6mer+G:U 
517* miR-7-5p 8mer+G:U 
609 miR-7-5p OS-6mer 
626* miR-7-3p 7mer-m8 
651 miR-7-3p OS-6mer 
655* miR-7-5p 7mer-m8 
758* miR-7-3p 7mer-m8 
765 miR-7-5p 6mer+G:U 

* Indicates MREs considered for further analysis 
 

 Next, we sought to determine the extent to which these four miR-7 MREs are 

conserved across orthologous vertebrate Pax6 3’UTRs. Three of these four predicted 

miR-7 MREs are conserved between orthologous mouse and human PAX6 3’UTR 

sequences and are well conserved across orthologous mammalian Pax6 3’UTRs (Figure 

36A-B). Additionally, miR-7 MREs at mouse Pax6 3’UTR positions 626 and 655 were 

found to be well conserved across vertebrates. Particularly, the miR-7-5p MRE located 

at mouse Pax6 3’UTR position 655 is very highly conserved, suggesting that it may be 

the primary miR-7 MRE involved in regulation of Pax6. However, the miR-7 MREs 

located at 3’UTR positions 517 and 626 may be involved in mediating miR-7 regulation 

of Pax6 in mammals and vertebrates, respectively.  
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Figure 36. Identification and in vitro functional analysis of predicted Pax6 3'UTR miR-7 
MREs 

(A) Location of miR-7 MREs in the human and mouse PAX6/Pax6 genomic region 
downstream of the stop codon predicted by ImiRP (4). Green and red indicate MREs for 
miR-7-5p and miR-7-3p, respectively. (B) Table showing conservation of mouse miR-7 
MREs across vertebrates. Asterisks indicate MREs selected for in vivo mutagenesis. (C) 
Schematic of the firefly luciferase (FLuc) transcript containing the Pax6 3’UTR. Locations 
of MREs for miR-7-5p at 3’UTR positions 517 and 655 and mutations are shown. (D) 
Plasmid vectors were transiently transfected into aTC1-6 cells, and FLuc activity was 
normalized to an internal control (renilla luciferase) and expressed as a percentage of 
the wt 3’UTR control. +/- 95% CI. n=7-12. Statistics were performed using one-way 
ANOVA with Tukey’s multiple comparisons test. 
 
 

Expression and conservation of miR-7-5p relative to miR-7-3p 

 We next wanted to determine the relative abundance of miR-7-5p versus -3p 

with the goal of addressing their relative capacities to regulate Pax6. Both mature miR-

7-5p and -3p are processed from different arms of the same pre-miR-7 RNA hairpin by 

Dicer (Figure 2). Dicer cleaves the pre-miRNA to produce a duplex consisting of the 5p 

and 3p mature miRNAs [65]. One strand of the duplex becomes the guide strand and is 

loaded into Argonaute (AGO). The other strand, termed the passenger strand, is 
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degraded. Given this, we suspected that processing of one arm of the pre-miR-7 hairpin 

may predominate.  

 To determine relative abundances of miR-7-5p versus -3p, we used miRbase, a 

database containing the results of many small RNA deep sequencing experiments from a 

variety of mouse tissue types [18].  miRbase data suggests that mouse miR-7-5p is more 

abundant and thus preferentially processed over miR-7-3p. Small RNA deep sequencing 

read counts show that mouse miR-7a-5p has 205117 reads per million from deep 

sequencing experiments, whereas miR-7a-1-3p has 881. These results suggest that miR-

7-5p is approximately 200 times more abundant than miR-7-3p across several different 

mouse tissues. The extent to which a given miRNA represses its target mRNAs depends 

in part on relative the abundance of miRNA to target, with larger miRNA:target ratios 

being associated with greater repression [64]. Given this, the number of deep 

sequencing read counts for miR-7-5p relative to -3p suggests that miR-7-5p is playing a 

more important role in miRNA mediated repression of target gene transcripts. 

 In addition to its lower level of expression, miR-7-3p is also less well conserved 

relative to miR-7-5p. In humans and mice, miR-7 is encoded by three separate genes. 

Alignments of the pre-miR-7 sequences reveals that miR-7-5p is extensively conserved 

between miR-7 paralogs, whereas miR-7-3p shows less extensive conservation (Figure 

37A-B). Additionally, the miR-7-5p sequence is perfectly conserved within animals, 

whereas orthologous mature miR-7-3p sequences are less well conserved (Figure 37C-

D). Taken together, relative abundance and expression of miR-7-5p and -3p suggest that 

miR-7-5p plays a dominant regulatory role. 
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Figure 37. Conservation of miR-7-5p and miR-7-3p 
(A) Conservation of paralogous pre-miR-7 sequences in human.  The three miR-7 genes 
are named miR-7-1, -2, and -3.  Yellow highlight is used to denote miR-7-5 and -3p 
mature miRNA sequences.  (B) Conservation of paralogous pre-miR-7 sequences in 
mouse.  In mouse, the miR-7 genes are named miR-7a-1, miR-7a-2, and miR-7b. (C) 
Conservation of orthologous mature miR-7-5p (D) and miR-7-3p sequences.  MiR-7 is 
encoded by a single gene in fly and three different genes in vertebrates.  Vertebrate 
sequences shown are for miR-7-1.  The miR-7-3p sequence has not yet been identified 
experimentally in many species.  All miRNA sequences were collected from miRBase 
release 21 [18] and alignments generated using ClustalW2. 
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Functional analysis of miR-7 MREs 

Next, we sought to address the functionality of the identified miR-7 MREs in 

vitro. We generated plasmid vectors expressing a firefly luciferase reporter fused to the 

mouse Pax6 3’UTR. Mutations were introduced into the candidate MREs at 3’UTR 

positions 517, 626, 655 and 758 singly and in combination (Figure 36C, Figure 38A). We 

used the open source software tool ImiRP [353] to design mutants that did not 

introduce new predicted MREs for other miRNAs upon disruption of the desired MREs. 

WT Pax6 3’UTR and mutant 3’UTR luciferase plasmids were transiently transfected into 

αTC1-6 cells, which endogenously express miR-7. Disruption of the miR-7-5p MREs at 

positions 517 and 655 individually had a small impact on relieving repression of 

luciferase by miR-7. However, disruption of both together had a larger impact (Figure 

36D). 

Despite the low abundance of miR-7-3p relative to miR-7-5p [18], we wanted to 

address the functionality of the miR-7-3p MREs at Pax6 3’UTR positions 626 and 758 by 

luciferase assay. Disruption of either miR-7-3p MRE individually or in combination did 

not have a significant impact of luciferase activity relative the WT Pax6 3’UTR (Figure 

38B). Interestingly, relative luciferase activity trended downward with disruption of the 

position 626 MRE, in opposition to the predicted de-repression. Additionally, disruption 

of all four MREs, for both miR-7-5p and -3p, in combination did not significantly elevate 

luciferase activity relative to WT. Together, these findings suggest that the miR-7-5p 

MREs at Pax6 3’UTR positions 517 and 655 function in an additive manner and that the 

miR-7-3p MREs at 3’UTR positions 626 and 758 do not mediate regulation of Pax6. 
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Given the lack of an effect associated with disruption of the miR-7-3p MREs in vitro, we 

chose to focus on the miR-7-5p MREs for in vivo analysis and did not investigate the 

miR-7-3p MREs further. 

 

 
Figure 38. in vitro functional analysis of predicted Pax6 3’UTR miR-7-3p MREs 

(A) Schematic of the firefly luciferase (FLuc) transcript containing the Pax6 3’UTR. 
Locations of MREs for miR-7-3p at 3’UTR positions 626 and 758 and mutations are 
shown. (B) Plasmid vectors were transiently transfected into aTC1-6 cells, and FLuc 
activity was normalized to an internal control (renilla luciferase) and expressed as a 
percentage of the wt 3’UTR control. “Mut all” refers to the Pax6 3’UTR containing 
mutations introduced into the positions 517 and 655 miR-7-5p MREs, and the positions 
626 and 758 miR-7-3p MREs. +/- 95% CI. n=7-12. Statistics were performed using one-
way ANOVA with Tukey’s multiple comparisons test. 
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4.4.2 in vivo mutation of Pax6 3’UTR positions 517 and 655 miR-7-5p MREs 

Generation of mice using CRISPR/Cas9 genome editing 

 To address the role of miR-7-5p regulation of Pax6 in vivo, we used CRISPR/Cas9 

genome editing to generate mice harboring mutations in the miR-7-5p MREs at 3’UTR 

positions 517 and 655 (Figure 39A-D). We used the mutations that were introduced into 

the luciferase reporters (Figure 36C), which were designed to avoid introducing new 

MREs for other miRNAs. A total of three mouse lines were generated, two in which 

either position 517 or 655 miR-7-5p MRE were disrupted singly, and an additional line in 

which both MREs were disrupted in combination (Figure 39D).  

Sequencing of the Pax6 transcript was performed to ensure that only the desired 

mutations were introduced. The mouse Pax6 cDNA sequence containing 13 exons was 

obtained from Ensembl (transcript Pax6-206, ENSMUST 00000111086.10). This 

transcript contains exons 0-12, plus exon 5a located between exons 5 and 6. Pax6 has 

several 5’UTR variants resulting from the use of different promoters. Pax6-206 is 

transcribed from P0 and contains exon 0 but not exons 1 or 2, which are transcribed 

from P1 [188]. Both transcript variants contain exon 3, and the coding region begins in 

exon 4 (Figure 39A).  
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Figure 39. miR-7-5p MRE mutagenesis strategy 

 (A) Schematic representation of the mouse Pax6 transcript (Ensembl, transcript Pax6-
206). Locations of miR-7-5p MREs at positions 517 (B) and 655 (C) are shown. 21bp 
sequence of the wt Pax6 3’UTR representing the complete miR-7-5p MRE is shown, with 
nucleotides complementary to the miRNA “seed” indicated by red boxes and mutated 
nucleotides indicated by asterisks. ImiRP was used to design mutations such that new 
MREs for other miRNAs were not introduced, and mutants were generated using 
CRISPR/Cas9. Chromatograms show nucleotide sequences for wt (top) and homozygote 
mutants (bottom). (D) Schematic of mouse lines generated.  
 

 

cDNA prepared from adult mouse retina was used to sequence exons 3-13 and 

genomic DNA (gDNA) was used to sequence the region of exon 13 containing the 

positions 517 and 655 miR-7-5p MREs. Mice harboring the desired miR-7-5p MRE 

mutations without off-target mutations in the Pax6 transcript were backcrossed three 

times into the 129S1 background. Of note, sequencing data for exon 5a, a 42-bp 
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segment produced by alternative splicing [188], were not obtained. Pax6 is more 

abundant than Pax6(5a) in embryonic mouse brain and eye [415], suggesting that 

Pax6(5a) may also be relatively less abundant than Pax6 in the adult eye as well. 

Additionally, complete sequencing data were not obtained for the Pax6 5’UTR. The 5’ 

end of exon 0 was incompletely sequenced and exons 1 and 2, 5’UTR variants resulting 

from alternative promoter use, were not sequenced. Overall, sequencing results reveal 

that only the intended miR-7-5p MRE mutations were introduced into the region of 

Pax6 gene encoding canonical PAX6 and the 3’UTR by CRISPR/Cas9. 

4.4.3 Impact of miR-7-5p MRE mutation on PAX6 levels 

Following generation of the Pax6 3’UTR miR-7-5p MRE mutants, we wanted to 

address whether miR-7-5p MRE mutation alters levels of Pax6 transcript and PAX6 

protein. Since miRNA silencing is accomplished through both translational repression 

and mRNA destabilization [65, 66, 416], we predicted that levels of Pax6 transcript and 

protein would be elevated upon loss of miR-7 regulation. 

 
Gradient of Pax6 mRNA in the P1 V-SVZ 

 MicroRNA-7-5p may interact with the Pax6 3’UTR through the identified MREs 

and increase the rate of Pax6 mRNA turnover and mutation the predicted Pax6 3’UTR 

miR-7-5p MREs is predicted to elevate relative levels of Pax6, particularly in double 

mutants. Quantification of Pax6 transcript levels across the P1 V-SVZ axis was 

performed by dissecting the V-SVZ from 400 µm coronal sections and separating this 

region into D, DL and VL pieces (Figure 40A). RT-qPCR was used to quantify Pax6 
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transcript levels in the entire D and L V-SVZ, and in each region individually. Pax6 

transcript quantity is expressed relative to multiple reference genes, Hprt and Tbp. In 

WT animals, Pax6 mRNA was expressed at 20% of dorsal levels in the dorsolateral V-SVZ 

and 8% of dorsal levels in the ventrolateral V-SVZ (Figure 40B). Pax6 transcript quantity 

in the pooled dorsal and lateral V-SVZ regions was unaltered in 517+655MUT animals 

relative to WT (Figure 40C). Plotting relative Pax6 levels in the dorsolateral and 

ventrolateral regions of WT and miR-7-5p mutants reveals little change in Pax6 

transcript quantity (Figure 40D).  
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Figure 40. Pax6 expression in the P1 V-SVZ with miR-7-5p MRE mutation 
(A) Schematic of postnatal day 1 (P1) brain region harvested for Pax6 mRNA 
quantification. V-SVZ was subdivided into dorsal (D), dorsolateral (DL) and ventrolateral 
(VL) as shown. Scale bar - 500 µm. (B-D) Pax6 mRNA was quantified using SYBR green 
reverse transcriptase quantitative polymerase chain reaction (RT-qPCR). Pax6 quantity is 
expressed relative to Hprt and Tbp internal control reference genes using Pfaffl’s 
method with multiple reference genes [408]. (B) Pax6 quantity in WT D, DL and VL V-SVZ 
normalized to D levels showing gradient in Pax6 transcript. n=6 (C) Relative Pax6 
transcript quantity for WT and 517+655MUT genotypes in pooled D, DL and VL V-SVZ 
regions normalized to WT. n=10 (D) Relative Pax6 quantity in DL and VL regions. n=9 for 
WT and 517+655MUT samples, and n=6 for 517MUT and 655MUT samples. Each data 
point represents 3 pups worth of pooled tissue. Data represents geometric mean +/- 
95% C.I. D, dorsal; DL, dorsolateral; VL, ventrolateral 
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PAX6 protein gradient in the P1 V-SVZ 

 If miRNA-7-5p participates in regulating Pax6 in the P1 V-SVZ, we also predict 

that PAX6 protein will be elevated with mutation of the predicted miR-7-5p MREs at 

3’UTR positions 517 and 655. Specifically, we predict that mutation of either MRE on its 

own will have a small impact on PAX6 protein level, and that mutation of both 

simultaneously will produce a larger increase in PAX6 protein. PAX6 expression is lowest 

in the ventrolateral V-SVZ, where miR-7-5p is most abundantly expressed (Figure 

28)[206]. Consequently, we predict that the level of PAX6 will be most impacted by 

disrupted miR-7-5p regulation ventrally.  

The shape and extent of the PAX6 gradient in the V-SVZ was measured using 

immunofluorescence (IF). PAX6 IF was performed on coronal sections of P1 mouse 

brain, and fluorescence intensity was quantified in the dorsal VZ and along the length of 

the lateral VZ (Figure 41A). Mean pixel intensity for each VZ region was normalized to 

the dorsal region within each image. The PAX6 protein gradient for the dorsal-most half 

of the lateral VZ was similar between WT mice and the three mutants, with fluorescence 

intensity decreasing to approximately 25% of dorsal levels (Figure 41B). In the ventral-

half of the lateral VZ, PAX6 fluorescence intensity declined to approximately 10% of 

dorsal levels in WT and single miR-7-5p MRE mutant animals but plateaued at 21% of 

dorsal levels in 517+655MUT animals (Figure 41C). These results suggest that PAX6 

protein is elevated approximately 2-fold in the ventral-lateral V-SVZ with disruption of 

both miR-7-5p MREs in the 3’UTR of Pax6, providing evidence that both miR-7-5p MREs 

are needed in combination for proper regulation of PAX6. 
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 To address whether the observed elevation in PAX6 protein was an effect of the 

different mouse lines unrelated to the miR-7-5p MRE mutations, we compared the VZ 

PAX6 gradient between WT mice from the 517MUT, 655MUT, and 517+655MUT lines 

(Figure 41D). The gradient of PAX6 IF is very similar between WT mice from the three 

miR-7-5p MRE mutant lines, providing validation that the observed increase in PAX6 IF 

in the ventral V-SVZ of 517+655MUT homozygous mice represents a real change in PAX6 

protein.  
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Figure 41. PAX6 immunofluorescence gradient in P1 V-SVZ with miR-7-5p MRE 
mutation  
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(A) Immunofluorescence (IF) for PAX6 was performed using P1 paraffin sections, and 
confocal microscopy was used to collect images. Dorsal and lateral VZ were defined by 
morphology, and mean pixel intensity of PAX6 IF was measured in the dorsal region and 
in 16 equal-area regions along the lateral length. Pixel intensity was averaged for 3-4 
different LV images per animal and was normalized to the intensity of the dorsal-most 
region within each genotype. Scale bar – 100 µm. (B) Normalized pixel intensity for PAX6 
IF across the length of the lateral VZ in WT (n=12), 517MUT (n=6), 655MUT (n=8) and 
517+655MUT (n=7) Mean ± SEM. (C) Normalized pixel intensity for PAX6 IF in the VL VZ. 
Two lateral regions are pooled for each VL1-4. Mean ±  95% C.I. (D) Normalized pixel 
intensity for PAX6 IF across the length of the lateral VZ compared between WT mice 
from the 517MUT, 655MUT and 517+655MUT lines. n=4. Mean ±  SEM. Data analyzed 
using 1-way ANOVA with Tukey’s multiple comparisons. D, dorsal; DL, dorsolateral; VL, 
ventrolateral 
 

 Though Pax6 is not implicated in the generation of OB interneurons derived from 

the medial VZ, we noticed dorsal-high to ventral-low expression of PAX6 in the medial 

VZ by IF. Quantification of PAX6 IF intensity in the medial VZ reveals remarkable 

similarity between the PAX6 gradients along the lateral and medial walls of the VZ. 

Additionally, mutation of the Pax6 3’UTR positions 517 and 655 miR-7-5p MREs in 

combination elevates PAX6 IF intensity in the mediolateral VZ similarly to the 

ventrolateral VZ. Though the specific role of PAX6 in the medial VZ has not been 

described, the gradient pattern of expression suggests that PAX6 may be important for 

specification of dorsomedial derived OB interneurons.   



 

 

207 

 
Figure 42. PAX6 protein in the P1 medial V-SVZ with miR-7-5p MRE mutation 

(A) Immunofluorescence (IF) for PAX6 was performed using P1 paraffin sections, and 
confocal microscopy was used to collect images. Dorsal and medial VZ were defined by 
morphology, and mean pixel intensity of PAX6 IF was measured in the dorsal region and 
in 16 equal-area regions along the medial length. Pixel intensity was averaged for 3-4 
different LV images per animal and was normalized to the intensity of the dorsal-most 
region within each genotype. Scale bar – 100 µm. (F) Normalized pixel intensity for PAX6 
IF across the length of the medial VZ in WT (n=12), 517MUT (n=6), 655MUT (n=8) and 
517+655MUT (n=7) mice. Mean ± SEM. (G) Normalized pixel intensity for PAX6 IF in the 
ML VZ. Mean ± 95% C.I., 1-way ANOVA with Tukey’s multiple comparisons.  
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There are several caveats associated with the IF approach to quantifying PAX6 

protein in the P1 VZ. First, pixel intensity of PAX6 IF along the lateral wall of the VZ was 

normalized to dorsal levels. It is possible that PAX6 protein quantity is elevated in the 

dorsal VZ of miR-7-5p MRE mutants relative to WT, since miR-7-5p is present in this 

region. Consequently, the change in PAX6 protein associated with miR-7-5p MRE 

mutations in the Pax6 3’UTR may be larger than what was observed in Figure 41B and C.  

Coronal P1 V-SVZ brain sections were prepared through the region of the brain 

featuring open, relatively straight lateral ventricles, approximately 1-1.5 mm into the 

brain starting at the rostral end (Appendix C: Figure 47A). However, sections were 

prepared through different positions along the rostral-caudal axis within this range 

(Appendix C: Figure 47B-D). During development of the cortex, PAX6 is expressed in a 

rostrolateral-high to caudomedial-low gradient in the VZ of the dorsal telencephalon 

[205]. It is therefore possible that PAX6 is also expressed in a rostral-caudal gradient in 

the P1 VZ in addition to its observed dorsal-ventral gradient. Consequently, there may 

be differences in PAX6 IF intensity associated with miR-7-5p MRE mutations at specific 

locations along the rostral-caudal axis. Sections taken from rostral-most positions 

generally have shorter LVs and a variety of LV lengths were observed for all genotypes 

(Appendix C: Figure 47A). Given how consistent the PAX6 IF gradient is between WT 

sections from the three mutant lines (Figure 41D) and between WT and single miR-7-5p 

MRE mutants (Figure 41B-C) variability introduced from rostral-caudal sectioning plane 

appears to be small. 
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Overall, we conclude that both miR-7-5p MREs at Pax6 3’UTR positions 517 and 

655 appear to function cooperatively to regulate Pax6. Mutating either MRE singly has 

no effect of the intensity of PAX6 IF in the P1 V-SVZ relative to WT. However, mutation 

of both in combination produces an approximately two-fold increase in the intensity of 

PAX6 IF in the ventrolateral V-SVZ.  

4.4.4 PGN phenotype in the main olfactory bulb with miR-7-5p MRE mutation 

 Given that our preliminary IF data suggests PAX6 protein is elevated in the V-SVZ 

of PAX6 3’UTR miR-7-5p MRE mutant mice, we next sought to address whether this 

increase in PAX6 protein is associated with a neuronal fate phenotype in the main 

olfactory bulb. To track the fate of the V-SVZ neural stem cells, we injected P1 pups with 

the thymidine analog 5-ethynyl-2’-deoxyuridine (EdU) to label cells in synthesis phase 

(S-phase) (Figure 26).  

Given that PAX6 may be upregulated in the ventral-lateral V-SVZ of 517+655MUT 

animals, we predicted that the number of TH-positive PGNs may be elevated as well. 

Previous evidence reveals that CalR and CalB-positive PGN generation is not impacted 

by either Pax6 haploinsufficiency or overexpression of PAX6 in the lateral V-SVZ [206, 

245], so we did not predict that these interneuron populations would be impacted by 

the Pax6 3’UTR miR-7-5p MRE mutations. 
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Figure 43. Periglomerular neuron phenotype in the olfactory bulb associated with 
Pax6 3'UTR miR-7-5p MRE mutation 
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(A) V-SVZ neural stem cells (NSCs) are spatially organized giving rise to distinct olfactory 
bulb (OB) interneuron subtypes [393]. Specifically, PAX6 is important for the 
specification of dopamine-producing tyrosine hydroxylase-positive (TH) OB interneurons 
[214]. (B) P1 pups were injected twice with 10 µg/g EdU to label V-SVZ stem cells in S-
phase. OBs were harvested 60 days post-injection for sectioning, immunofluorescence 
(IF) and microscopy. (C) Quantification of EdU labelled TH, CalR and CalB-positive 
periglomerular neurons (PGNs) in the glomerular layer (GL) of the OB. Neurons were 
identified by NeuN IF. PGNs triple positive for EdU, NeuN and the subtype-specific 
marker were counted and expressed as a proportion of the total EdU+ NeuN+ double 
labelled cells. n=6-8, +/- 95% C.I., analyzed by mixed-effects two-way ANOVA with 
Sidak’s multiple comparisons test. The proportion of counted PGNs differs significantly 
between genotypes (p<0.0001) and differs between PGN subtypes (p<0.0001). 
Specifically, the proportion of EdU and CalB positive PNGs may differ between WT and 
655MUT mice (p=0.039), WT and 517+655MUT (p=0.038), 517MUT and 655MUT 
(p=0.014) and 517MUT and 517+655MUT (p=0.023) (D-F) Photomicrograph of P61 GL 
stained for TH, CalR or CalB (green), NeuN (red) and EdU (blue). Zoom shows 
colocalization of the three markers. Scale bar represents 100 µm and 30 µm for zoom 
panels. TH, tyrosine hydroxylase; CalB, calbindin; CalR, calretinin; PGC, periglomerular 
cell; GC, granule cell; VGLUT2, vesicular glutamate transporter; JGN, juxtaglomerular 
neuron. 
 

 

V-SVZ NSC fate tracking and PGN phenotype 

 To track the fate of V-SVZ derived progenitors as they migrate and differentiate 

into mature main OB interneurons, we set up heterozygous crosses for each the 

517MUT, 655MUT and 517+655MUT mouse lines to generate WT and homozygous 

mutant littermates. We injected P1 mice twice with EdU, six hours apart, to label 

progenitors in S-phase (Figure 43B). OBs were harvested 60 days post-EdU injection to 

permit migration and differentiation of labeled cells. Notably, dopaminergic PGN 

differentiation peaks between 45 [392] and 90 [391] days post-labeling in adult mice 

and rats, respectively. We counted EdU positive PGNs labelled for different markers of 

distinct interneuron populations: TH and the calcium binding proteins CalR and CalB 
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[392, 395]. Though local stem cell populations exist in the rodent main OB, these local 

stem cells primarily contribute glia. The OB interneurons are primarily the contribution 

of V-SVZ-derived progenitors [417]. Thus, to ensure we were focused primarily on V-SVZ 

derived PGNs, we counted the glomerular cells positive for both EdU and the neuronal 

marker NeuN. It should be noted that TH+ PGNs represent two distinct interneuron 

populations based on coexpression with other markers and morphology [395, 418]. We 

did not differentiate between these subtypes.  

We determined the proportion of the EdU+ PGNs that were also positive for the 

interneurons subtype markers TH, CalR and CalB. Unsurprisingly, the relative 

proportions of the three PGN subtypes analyzed differ from one another across all 

genotypes (p<0.0001), with 14.5±1.1% of EdU+ PGNs expressing the marker TH, 

23.3±1.7% expressing CalR and 16.6±4.3 expressing CalB (Table 7). Similar relative 

proportions of PGNs expressing these markers were described previously [392]. 

Specifically, 13.9±2.8% of the EdU labeled PGNs were also immunopositive for TH in WT 

animals (Figure 43C-D). Contrary to predictions, disruption of the miR-7-5p MREs singly 

or in combination did not dramatically impact the proportion of TH positive PGNs 

generated. 16.0±1.8% of EdU+ PGNs were also positive for TH in 517+655MUT animals. 

For WT animals, 21.1±2.4% of EdU labeled PGNs were positive for CalR (Figure 43C, E). 

This proportion may be slightly elevated to approximately 23-25% in single and double 

mutants. Finally, 13.7±2.8% of EdU+ PGNs colocalized with the marker CalB in WT 

animals. Surprisingly, this proportion may be elevated to 19.1±3.2% in 655MUT animals 

and to 22.4±5.5% in 517+655MUT animals. (Figure 43C, F). Generally, the proportions of 
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PGN subtypes analyzed differs between genotypes (two-way ANOVA, p<0.0001, Table 

8). However, the presence of an interaction effect (two-way ANOVA, p=0.008, Table 8) 

suggests that the effect of genotype must be qualified based on which PGN subtype is 

being analyzed. Post hoc test (Sidak’s) reveals a difference in the proportion of CalB 

positive EdU labeled PGNs between genotypes, with a specific differences between 

WT/517MUT and 655MUT mice (p=0.039 and p=0.014, respectively) and between 

WT/517MUT and 517+655MUT animals (p=0.0377 and p=0.023, respectively). In 

summary, miR-5p MRE mutations in the 3’UTR of Pax6 may be associated with changes 

in the proportion of EdU labeled PGNs that also express markers for TH, CalR or CalB. 

Contrary to predictions, the proportion of TH positive PGNs does not differ between 

genotypes, though the proportion of CalB positive PGNs may be elevated with miR-7-5p 

MRE mutation. 

 

Table 7. Summary of means for PGN cell counting experiment 

 Genotype  
PGN marker WT 517MUT 655MUT 517+655MUT Mean 
TH 13.9 ± 2.8 13.6 ± 3.1 14.6 ± 1.5 16.0 ± 1.8 14.5 ± 1.1 
CalR 21.1 ± 2.8 23.1 ± 3.8 25.2 ± 2.6 23.6 ± 3.3 23.3 ± 1.7 
CalB 13.7 ± 2.8 12.8 ± 2.0 19.0 ± 3.2 22.4 ± 5.5 17.0 ± 4.5 
Mean 16.2 ± 4.2 16.5 ± 5.7 19.6 ± 5.3 20.7 ± 4.1  

Dark grey cells represent numbers of EdU+ PGNs expressing cell type specific markers 
(TH, CalR, CalB) as a proportion of the total number of EdU+ PGNs. Light grey cells are 
the two-way analysis of variance (ANOVA) means. Error represents standard deviations 
(S.D.). 
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Table 8. Two-way ANOVA summary for PGN cell counting experiment 

Source of 
variation 

Factor Degrees of freedom F-ratio P-value 

Factor A PGN subtype 2 55.90 <0.0001 
Factor B Genotype 3 10.25 <0.0001 
Interaction PGN subtype x 

Genotype 
6 3.22 0.0079 

Two-way ANOVA was performed using GraphPad Prism 8.1.2. Mixed effects model was 
used because several values are missing from the CalB PGN subtype category. 
 

Pax6 3’UTR miR-7-5p MRE mutations may alter proliferation of V-SVZ 

progenitors or newborn neuron cell death. To address this, we compared the number of 

EdU labeled neurons per mm2 of the GL between WT and miR-7-5p MRE mutant mice 

two months post-EdU injection. For all genotypes, the GL contains approximately 300 

EdU and NeuN double positive cells per mm2 (Figure 44A). These results suggest that V-

SVZ progenitor proliferation and differentiated PGN cell death are not impacted by 

mutation of the Pax6 3’UTR miR-7-5p MREs. 

 We also determined the number of EdU labeled neurons per mm2 in the GL of 

the OB that were also positive for the markers TH, CalR or CalB. Given the variability in 

the numbers of EdU and NeuN double positive cells counted in the GL, we wanted to 

use this alternative analysis approach is to address whether apparent changes in the 

proportion of PGN subtypes between WT and mutant mice (Figure 43C) reflect changes 

in absolute cell numbers. Expressing the numbers of counted EdU and TH, CalR or CalB 

double labeled PGNs relative to GL area reveals little difference between genotypes 

(Figure 44B).  
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In summary, mutation of the Pax6 3’UTR miR-7-5p MREs is not associated with a 

measurable increase in the proportion of EdU labelled PGNs that are also positive for 

TH, or an increase in the absolute number of EdU and TH positive PGNs per mm2.  

 

 
Figure 44. PGN cell numbers per mm2 in mice harbouring Pax6 3'UTR miR-7-5p MRE 
mutations 

(A) Number of EdU positive neurons per mm2 in the GL for WT and Pax6 3’UTR miR-7-5p 
MRE mutant mice. The GL of the OB was defined by morphology. (B) Number of EdU 
labelled TH, CalR and CalB-positive periglomerular neurons (PGNs) per mm2 in the 
glomerular layer (GL) of the OB. Neurons were identified by NeuN IF. PGNs triple 
positive for EdU, NeuN and the subtype-specific marker were counted and expressed 
relative to GL area. n=6-8, +/- 95% C.I., analyzed by two-way ANOVA with Sidak’s 
multiple comparisons test. The proportion of counted PGNs does not differ significantly 
between genotypes (p=0.22) but does differ between PGN subtypes (p<0.0001). Note 
incomplete data sets for the 655MUT CalR condition and for the 517+655MUT CalB 
condition. TH, tyrosine hydroxylase; CalB, calbindin; CalR, calretinin; PGN, 
periglomerular neuron. Data represents mean ± 95% C.I.   
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4.4.5 miRNA expression profile in the V-SVZ 

 Our results suggest that loss of miR-7-5p regulation of Pax6 in the early postnatal 

V-SVZ may be insufficient to produce a dopaminergic neuronal fate phenotype in the 

olfactory bulb, in contrast to published results [206]. One explanation for this finding is 

that miR-7-5p may not be the only miRNA regulator of Pax6 in the P1 V-SVZ. To address 

this, we performed RT-qPCR for miRNAs having predicted recognition elements in the 

mouse Pax6 3’UTR. First, we looked at expression of miR-7-3p in the P1 V-SVZ using 

miScript SYBR green assay. Next, we used TaqMan multiplex array cards to assay for 

many predicted miRNA regulators simultaneously.  

 In agreement with small RNA deep sequencing experiments [18], our qPCR data 

reveal that miR-7-5p is more abundant in P1 mouse V-SVZ relative to miR-7-3p (Figure 

45B). MicroRNA-7-5p is approximately 10 to 100-fold more abundant than miR-7-3p in 

dorsal, dorsolateral and ventrolateral V-SVZ. Additionally, the ventral-high to dorsal-low 

gradient of miR-7-5p is more pronounced than the gradient of miR-7-3p. The relative 

level of miR-7-5p increases approximately 100-fold from the dorsal to ventrolateral V-

SVZ, whereas the relative level of miR-7-3p only increases approximately 2-fold. These 

results further support the reasoning that miR-7-5p likely plays a more important role in 

regulating Pax6 in comparison to miR-7-3p. 

We assayed for 41 candidate miRNAs having conserved predicted MREs in the 

mouse Pax6 3’UTR. Of these, we identified 31 as being expressed in pooled dorsal and 

lateral P1 V-SVZ tissue (Figure 45C). Of these, three are expressed in a ventral-high to 

dorsal-low gradient: miR-7a-5p, miR-7b-5p and miR-675-3p (Figure 45D-G). These 
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results suggest that, in addition to miR-7a-5p, which has previously been implicated in 

negatively regulating Pax6 in the ventral V-SVZ, miR-7b-5p and miR-675-3p may also be 

involved in regulation of Pax6. Additionally, in our miR-7-5p MRE mutants, which should 

disrupt binding of both miR-7a and miR-7b, regulation miR-675-3p may be able to 

compensate for the loss of miR-7-5p regulation. Notably, we identified three MREs for 

miR-675-3p in the 3’UTR of mouse Pax6, located at 3’UTR positions 175, 461 and 749 

(Appendix B Table 10)[400]. It should be noted that miR-675-3p was detected at levels 

approximately 4-fold less than miR-7a-5p and 7.5-fold less than miR-7b (Figure 45C). In 

summary, many miRNAs predicted to regulate Pax6 are expressed in the P1 V-SVZ and 

some of these may participate cooperatively with miR-7-5p to regulate Pax6.  
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Figure 45. Expression profile of miRNAs predicted to target Pax6 in the WT P1 V-SVZ  
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(A) Schematic of postnatal day 1 (P1) brain region harvested for miR-7 quantification. 
WT V-SVZ was subdivided into dorsal (D), dorsolateral (DL) and ventrolateral (VL) as 
shown. Scale bar - 500 µm. (B) miR-7-5p and -3p were quantified from WT P1 V-SVZ 
using miScript (Qiagen) reverse transcriptase quantitative polymerase chain reaction 
(RT-qPCR) and were expressed relative to miR-26a-5p, miR-106a-5p and U6 as internal 
control reference genes using Pfaffl’s method with multiple reference genes [408]. 
Relative miR-7 quantity was normalized to D miR-7-3p levels, revealing 10-100-fold 
greater quantities of miR-7-5p relative to miR-7-3p in all V-SVZ regions. (C) Relative 
abundance of miRNAs predicted to target the Pax6 3’UTR in WT P1 pooled D and L V-
SVZ. Note miRNAs that were not detected. (D) Fold difference in expression of miRNAs 
predicted to target the Pax6 3’UTR in the DL and VL V-SVZ relative to D, with miR-7a-5p 
(E), miR-675-3p (F) and miR-7b (G) expressed in a D-low to V-high gradient. In log2 
transformed data, 0 indicates no change in the level of expression relative to D. Yellow 
indicates elevated expression and blue indicates lower levels of expression relative to D. 
Data were analyzed by two-way ANOVA with Dunnett’s multiple comparisons. miRNAs 
were quantified using TaqMan multiplex reverse transcriptase quantitative polymerase 
chain reaction (RT-qPCR) array cards and were expressed relative to U6 snRNA, miR-16, 
miR-26a and miR-106a internal controls using Pfaffl’s method with multiple reference 
genes [408]. n=4 for all. Each point represents 3 pups of pooled tissue. Data represents 
geometric mean +/- 95% C.I. D, dorsal; DL, dorsal-lateral; VL, ventral-lateral. 
 

4.5 Discussion 

4.5.1 Summary of findings 

 The functional role of miRNAs as regulators of Pax6 has already begun to be 

characterized [206, 217, 272–279, 326, 327, 329, 331–333]. However, the direct 

biological relevance of Pax6-miRNA regulation in vivo is not fully understood. Here, we 

present evidence that miR-7-5p functions to refine the dorsal-high to ventral-low 

gradient of PAX6 in the early postnatal mouse V-SVZ by directly targeting two conserved 

MREs located at Pax6 3’UTR positions 517 and 655. Our results suggest that the 

consequence of miR-7-5p regulation of Pax6 during PGN specification is likely subtle and 

that additional miRNAs may be important in shaping the PAX6 gradient in the V-SVZ.  
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4.5.2 Impact of miR-7-5p MRE mutation on levels of Pax6 mRNA and PAX6 protein 

 MicroRNAs are known to impact levels of both targeted mRNA and protein, 

through a combination inhibition of translation initiation and mRNA destabilization [63, 

65–67]. Given this, we predicted that disruption of the miR-7-5p MREs in the Pax6 3’UTR 

would be associated with an increase in Pax6 transcript levels due to derepression. 

Specifically, we predicted that Pax6 mRNA would be elevated in the ventrolateral V-SVZ, 

where the ratio of miR-7-5p to Pax6 transcript is highest.  

 Though a clear dorsal-high to ventral-low gradient in Pax6 transcript is visible in 

the P1 V-SVZ (Figure 25A), we did not observe a difference in Pax6 mRNA quantity 

between genotypes by RT-qPCR (Figure 40C-D). There are several possible explanations 

for this observation. First, it is possible that miR-7-5p primarily functions to interfere 

with translation of PAX6 protein, without having a large impact on the Pax6 transcript. 

Additionally, a single mRNA transcript could be used to synthesize multiple proteins. For 

example, in yeast, proteins tend to be 10-60,000-fold more abundant than their 

corresponding mRNAs [419]. Generally, qPCR can reliably detect relative differences in 

expression of two-fold or higher [420]. As such, small changes in mRNA that cannot be 

resolved by qPCR could translate to larger changes in corresponding protein.  

 Caveats associated with the experimental procedure and detection method may 

also explain the lack of an observed change in Pax6 mRNA with mutation of the 

predicted miR-7-5p MREs. For relative qPCR analyses, the PCR reaction goes through 40 

cycles and the DNA quantity is measured by interaction of a fluorescent molecule with 
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synthesized DNA. A cycle threshold (Ct) value is determined as the cycle number at 

which the fluorescence signal crosses a threshold of detection. Higher Ct values are 

associated with smaller initial template quantities [420]. Generally, Ct values between 

15 and 30 can be measured reproducibly [420], and Ct values higher than 30 are 

associated with increased variability due to stochastic amplification and subsampling 

error [421]. Pax6 mRNA is present at low levels in the ventral V-SVZ. Despite pooling 

tissue from three pups per sample and maximizing the quantity of RNA and cDNA used 

for RT and qPCR reactions, respectively, Ct values for the Pax6 assay ranged between 

30-32. The consequence of this is increased technical variability, which may mask 

genuine differences between genotypes [421]. Additionally, the dissection procedure is 

a possible source of random error. The V-SVZ is a thin strip of tissue, particularly in the 

ventral region, and PAX6 is not expressed in neighboring striatum (Figure 41E). Though 

dissections were performed with great care, the challenge associated with dissecting 

only the V-SVZ and not neighboring striatum could increase inter-individual variability. 

Laser-capture microdissection could be used as an approach to improve reproducibility 

of V-SVZ dissection [422]. These technical limitations may contribute to increased 

random variability, masking genuine differences in Pax6 quantity between genotypes 

[421].  

 In addition to predicted changes in Pax6 mRNA associated with mutation of the 

miR-7-5p MREs, we also predicted that PAX6 protein may be elevated in miR-7-5p MRE 

mutants. Specifically, we predicted that PAX6 quantity in the ventral V-SVZ may be 

elevated in miR-7-5p MRE mutants but that the dorsal V-SVZ would not be impacted. 
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Given that miR-7-5p and Pax6 expression are anti-correlated along the D-V axis of the V-

SVZ, PAX6 quantity is predicted to respond most sensitively to miR-7-5p regulation in 

the ventral region [64]. Additionally, we predicted that Pax6 is regulated additively 

through the two miR-7-5p MREs. MicroRNAs are observed to function cooperatively 

when MREs are spaced 10-40 nt apart [35, 59, 138]. The spacing of the miR-7-5p MREs 

at 3’UTR positions 517 and 655 is consequently predicted to be too large to mediate 

cooperative regulation. In support of this, the Pax6 3’UTR luciferase reporter assay 

results suggest that the two miR-7-5p MREs are functioning additively (Figure 36D).  

 We used quantitative IF to measure PAX6 in the P1 VZ. Using quantitative 

microscopy, we were able to focus specifically on the VZ, which would be very 

challenging to dissect using conventional methods. We chose to focus on the VZ for 

several reasons. First, the P1 VZ consists entirely of radial glia-like neural progenitors, 

whereas the SVZ contains both transit amplifying cells and migrating neuroblasts [387, 

388]. Additionally, VZ nuclei are very densely packed and have little cytoplasm 

(Appendix C: Figure 46B-C) whereas SVZ nuclei are less densely packed (Figure 26B). 

Given that PAX6 is a transcription factor and primarily detected in the nucleus (Appendix 

C: Figure 46C), we reasoned that focusing on the VZ would produce more reliable 

estimates of PAX6 quantity. Finally, the VZ is easily defined by nuclear morphology and 

its position adjacent to the lateral ventricle, whereas the SVZ-boundary is less clearly 

defined particularly in the ventral SVZ where PAX6 expression is lowest (Figure 41A).  

 Analysis of PAX6 protein quantity in the dorsal and lateral VZ suggest that miR-7-

5p cooperatively regulates Pax6 through the 3’UTR positions 517 and 655 MREs in the 
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ventrolateral but not dorsolateral VZ (Figure 41B-C). Contrary to our predictions, 

individual miR-7-5p MRE mutations are not associated with increased PAX6 IF intensity 

in the ventral VZ. Mutation of both MREs simultaneously is associated with an 

approximately two-fold increase in PAX6 IF intensity. Despite being more than 40 nt 

apart, the positions 517 and 655 miR-7-5p MREs appear to be functioning cooperatively 

to regulate PAX6 in the P1 VZ. One possible explanation for this finding is that miR-7-5p 

may be participating cooperatively with additional miRNAs having MREs spaced closely 

to either the 3’UTR positions 517 or 655 miR-7-5p MREs. Given the spacing of the miR-7-

5p MREs, other MREs for coexpressed miRNAs located between Pax6 3’UTR positions 

477-507, 536-557, 615-645 and 672-695 may be able to function cooperatively with 

miR-7-5p. Several miRNAs detected in the P1 V-SVZ (Figure 45C) have predicted MREs 

that reside within these ranges: miR-495, 376c, 200c, 182 and 466k. Notably, miR-376c 

has two predicted MREs located within cooperative distance of both miR-7-5p MREs, at 

3’UTR positions 545 and 632 (Appendix B: Table 10). Consequently, cooperative 

repression of Pax6 by miRNAs may persist with loss of either miR-7-5p MRE individually 

due to the presence of closely spaced MREs for other coexpressed miRNAs. Disruption 

of both miR-7-5p MREs simultaneously may be necessary to destabilize the association 

of other miRNAs with neighboring MREs and lead to derepression of PAX6.  

 Though PAX6 appears to be elevated in the ventral VZ of 517+655MUT animals, 

PAX6 protein is still present in a steep D-V gradient in this region despite disrupted miR-

7-5p regulation (Figure 41B). This observation suggests that additional layers of 

regulation are necessary for establishing the D-V gradient of PAX6. One possible 
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mechanism may involve regulation of Pax6 by other miRNAs that function together with 

miR-7-5p. For example, we identified miR-675-3p as a miRNA expressed in a ventral-high 

to dorsal-low gradient along with miR-7a-5p and 7b-5p in the P1 V-SVZ (Figure 45D-G). 

Transcriptional regulation of Pax6 is likely also involved in establishing the PAX6 

gradient. As evidence for this, transgenic mice expressing GFP under the control of the 

human PAX6 regulatory element show a gradient pattern of GFP expression in the P1 V-

SVZ similar to PAX6, though less steep [206], suggesting that transcriptional control of 

Pax6 is the primary method by which the D-V gradient is generated. The morphogen 

sonic hedgehog (Shh) may play a role in establishing the transcriptional pattern of Pax6 

in the P1 V-SVZ. Like the V-SVZ, PAX6 is also expressed in a dorsal-high to ventral-low 

gradient during spinal cord development, and Shh produced by the notochord adjacent 

to the ventral neural tube regulates Pax6 expression [207]. Additionally, Shh signaling in 

the ventral V-SVZ of adult mice is important for specification of ventrally derived CalB 

OB interneurons [423]. Taken together, miR-7-5p may be important for refining the 

PAX6 gradient in the V-SVZ, though other regulatory mechanisms are also required for 

generating the PAX6 gradient.  

 PAX6 IF intensity serves as a proxy for PAX6 quantity. However, a two-fold 

increase in intensity may not represent a corresponding two-fold increase in protein. 

Multiple secondary antibodies can interact with a single primary antibody resulting in 

signal amplification. Though useful for detecting low quantity antigens, this means that 

differences in fluorescent signal between genotypes may not accurately represent 

changes in the protein of interest. Additionally, IF is associated with inter-sample 
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variability in signal and background intensity. Consequently, internal normalization is 

required when comparing many images to one another using a quantitative IF strategy. 

We chose to normalize fluorescence intensity in the lateral VZ to the dorsal-most region 

(Figure 34), where we predict PAX6 quantity will be unaffected by loss of miR-7-5p 

regulation. However, miR-7-5p is expressed dorsally (Figure 45 D, E, G), albeit at lower 

levels than in the ventral V-SVZ, suggesting that PAX6 could be elevated in the dorsal VZ 

of miR-7-5p MRE mutants as well. To address these limitations, alternative strategies 

could be used to quantify PAX6 protein in the V-SVZ between WT and miR-7-5p MRE 

mutants, such as quantitative mass-spectrometry and western blot.  

4.5.3 Absence of a DAergic PGN phenotype in Pax6 3’UTR miR-7-5p MRE mutant mice 

 PAX6 is important for specification of the dopaminergic PGNs in the OB [206, 

214, 215, 245] and miR-7 LOF in the lateral V-SVZ is associated with increased 

dopaminergic PGN production [206]. Given this, we predicted that derepression of PAX6 

in 517+655MUT mice would be associated with increased TH positive PGN generation. 

Contrary to these predictions, we observed little change in the proportion of EdU 

labeled PGNs positive for TH in miR-7-5p MRE mutants relative to WT (Figure 43C). 

There are several possible explanations for this observation. 

 

EdU labels all V-SVZ progenitors in S-phase 

 First, the vast majority of dopaminergic (DAergic) PGNs are generated from 

dorsal VZ progenitors. Electroporation of dorsal progenitors with a GFP-expressing 

vector reveals that approximately 20% of these progenitors give rise to PGNs, half of 
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which are positive for TH. Conversely, approximately 10% of lateral progenitors give rise 

to PGNs, one third of which express TH [206]. Elevated PAX6 in the ventrolateral VZ 

associated with Pax6 3’UTR miR-7-5p MRE mutation may result in increased DAergic 

PGN production from the ventrolateral VZ wall. However, since the lateral V-SVZ overall 

contributes a small proportion of TH positive PGNs to the OB relative to the dorsal V-

SVZ, elevated DAergic production from the lateral wall associated with increased PAX6 

may be masked by the contribution from the dorsal V-SVZ. This may explain the small 

but statistically insignificant increase in the proportion of EdU positive PGNs also 

expressing TH in 517+655MUT mice (Figure 43C).  

 Our choice to use EdU for V-SVZ fate tracking is associated with some limitations 

that may explain differences in our results compared to previous observations made by 

de Chevigny et al., (2012)[206]. EdU is incorporated into all V-SVZ and OB progenitors in 

S-phase, and consequently labels a heterogeneous population of cells. To avoid counting 

locally proliferating OB glia [417], we focused on PGNs expressing the neuronal marker 

NeuN. However, the V-SVZ is composed of radial glia-like progenitors, transit amplifying 

cells and migrating neuroblasts, all of which undergo cell divisions and may be labeled 

with EdU (Figure 26)[390]. An additional limitation of using EdU for V-SVZ fate tracking is 

that EdU incorporated into the DNA is diluted with each cell division. Consequently, cells 

that undergo several rounds of division after taking up EdU will be less strongly labeled 

than neuroblasts labelled in their final round of division prior to differentiating into OB 

interneurons.  
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 Interestingly, we observed many EdU labeled cells in the GL that were positive 

for CalR or CalB but not NeuN (Appendix C: Figure 48A-B). In WT animals, approximately 

62% of EdU and CalR double positive cells were also positive to NeuN, and 37% were 

NeuN negative. Conversely, approximately, 29% of EdU and CalB double positive cells 

were positive for NeuN, and 71% were negative for NeuN (Appendix C: Figure 48C). 

Though we do not know whether these NeuN- cells are neurons, there are several 

examples of neurons known to be NeuN negative, such as Purkinje cells of the 

cerebellum, mitral cells of the olfactory bulb and photoreceptor cells of the retina [424]. 

Immunolabeling for glial fibrillary acidic protein (GFAP) could be used to confirm 

whether these NeuN negative cells are glia. Whether these NeuN negative CalR or CalB 

positive cell populations differ in Pax6 3’UTR miR-7-5p MRE mutants is unknown. 

 Electroporation and viral transduction can also be used to label NSCs in specific 

spatial domains within the V-SVZ [206, 393]. However, since EdU labeling was used to 

track the fate of V-SVZ progenitors, all V-SVZ progenitors in S-phase were labeled and 

we could not focus on specific V-SVZ positional domains. Since most DAergic PGNs are 

derived from the dorsal wall and dorsal PAX6 levels are unlikely to be impacted by loss 

of miR-7-5p regulation, a small increase in the proportion of TH positive PGNs generated 

from the lateral wall may be masked by dorsally derived cells. To address this, we plan 

to electroporate a GFP expressing vector into the P1 lateral VZ wall to track fate the fate 

of progenitors derived specifically from this region in miR-7-5p MRE mutants.  
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MicroRNA-7 interaction with the miR-7-5p MRE mutant Pax6 3’UTR 

 Though PAX6 may be upregulated in the ventral VZ, this increase may be 

insufficient to produce a DAergic fate specification phenotype. As mentioned previously, 

the D-V gradient of PAX6 is still present in Pax6 3’UTR miR-7-5p MRE mutants. This may 

be the result of transcriptional regulation or regulation of Pax6 by other ventrally 

expressed miRNAs. Another possibility is that miR-7-5p is continuing to regulate Pax6 

through unmutated MREs. In addition to the predicted miR-7-5p MREs at 3’UTR 

positions 517 and 655, miR-7-5p is also predicted to interact with an OS-6mer MRE at 

3’UTR position 609 and a 6mer+G:U MRE at position 765. These weaker MREs could be 

providing redundant miR-7-5p mediated repression of Pax6. To address whether miR-7-

5p is still capable of interacting with the Pax6 3’UTR in 517+655MUT mice we can use an 

affinity purification strategy called miR-CATCH [405] to assay for endogenous mRNA-

miRNA interactions. This approach requires binding biotinylated oligonucleotide against 

Pax6 to magnetic streptavidin-coated beads. Paraformaldehyde (PFA) fixed cell lysate is 

then applied to the beads to affinity purify Pax6 along with any interacting miRNAs. 

Following pulldown, RT-qPCR can be used to assay for Pax6 and miRNAs of interest 

(Figure 32).  

 We tested three candidate oligonucleotides for their ability to affinity purify 

Pax6 transcript from unfixed αTC1-6 cell lysate. Oligonucleotides 2 and 3 showed high 

affinity for Pax6 relative to a non-specific negative control oligonucleotide (Appendix C: 

Figure 49A). Additionally, the non-specific target Hprt was not selectively purified using 

oligonucleotides against Pax6 (Appendix C: Figure 49B). Oligo 2 was selected for affinity 
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purification experiments because it is not predicted to recognize any off-target 

transcripts by nucleotide basic local alignment search tool (BLAST) search, it yielded 

approximately 100-fold enrichment of Pax6 relative to total RNA and did not enrich for 

the non-specific target Hprt.  

 Unfortunately, given the low level of Pax6 expression in the V-SVZ, particularly in 

the ventral region, performing miR-CATCH from P1 V-SVZ is not feasible (data not 

shown). As an alternative, we plan to perform Pax6 affinity purification from fixed E12.5 

dorsal telencephalon. Pax6 is expressed in radial glia-like progenitors of the VZ but not 

in differentiated pyramidal neurons during cortical development. VZ thickness increases 

between E10 and E12.5, after which point glutamatergic pyramidal neuron production 

peaks and VZ thickness decreases [204]. The quantity of Pax6 expressing tissue can be 

maximized by collecting developing cortex at E12.5. Preliminary results suggest that the 

miR-CATCH affinity purification approach can be used to purify Pax6 mRNA from E12.5 

cortex (Appendix C: Figure 49C). Additionally, miR-7a-5p is detected in the VZ of the 

developing cortex by northern blot, RT-qPCR and in situ hybridization [425], suggesting 

that this tissue can be used to address whether miR-7-5p interaction with the Pax6 

3’UTR is impacted by endogenous mutation of miR-7-5p MREs. We predict that miR-7-

5p purification with the Pax6 transcript will be reduced with disruption of either the 

position 517 or 655 miR-7-5p MREs singly relative to WT, and that mutation of both in 

combination will have a larger impact on interaction of miR-7-5p with the Pax6 3’UTR.   
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MicroRNA expression in miR-7-5p MRE mutants relative to WT 

 Given the lack of an observed dopaminergic PGN phenotype in our miR-7-5p 

MRE mutant mice, we also hypothesized that upregulation of PAX6 protein levels with 

miR-7-5p MRE mutation may be blunted by a corresponding increase in the expression 

of miRNA regulators. A proposed function of miRNAs within gene regulatory networks is 

to provide stability and robustness by participating in feedback and feedforward 

network motifs with their targets [107]. We speculated that PAX6 may participate in a 

transcriptional feedback network with miRNAs involved in directly regulating of Pax6. 

Consequently, increases in PAX6 protein may result in a corresponding increase in the 

expression of miRNAs which then feedback onto and repress Pax6.  

To address this, we compared the level of several miRNAs predicted to interact 

with the Pax6 3’UTR between WT and miR-7-5p MRE mutant mice by RT-qPCR. We 

found that miR-7-5p expression in the P1 V-SVZ of the Pax6 3’UTR miR-7-5p MRE 

mutant mice was unaltered relative to WT (Appendix C: Figure 50A-B). Using TaqMan 

qPCR multiplex array cards, we identified miR-145-5p and miR-375-3p as being greater 

than two-fold differentially regulated in 517+655MUT P1 V-SVZ relative to WT 

(Appendix C: Figure 50C). Contrary to our predictions, miR-375-3p is downregulated in 

mutants relative to WT. However, when we attempted to confirm this finding using 

individual miRNA qPCR reactions and larger sample sizes, we found that the change in 

levels of miR-145-5p and miR-375-3p in the miR-7-5p MRE mutants observed by 

multiplex qPCR were likely false-positives (Appendix C: Figure 50D-E).  We conclude that 

a miRNA-mediated compensatory feedback approach is unlikely to explain the observed 
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absence of a dopaminergic PGN phenotype in our miR-7-5p MRE mutant mice. It is, 

however, possible that other miRNAs that were not selected to assay for are playing an 

important role.  

 

“Many-to-Many” regulation by miRNAs 

 The “many-to-many” principle of miRNA regulation may explain the lack of an 

obvious DAergic phenotype associated with specifically disrupting miR-7-5p regulation 

of Pax6 (Figure 5). MicroRNA-7 LOF in the P1 lateral VZ is associated with increased TH 

positive PGN generation in the OB [206] presumably through regulation of Pax6. 

However, other transcription factors are known to be important for DAergic cell 

specification embryonically and postnatally, and others are known to be involved in 

forebrain patterning and are expressed in specific spatial domains along with Pax6 in 

the early postnatal V-SVZ. These transcription factors may also be regulated by miR-7-5p 

to produce coherent cell fate decisions and phenotypes.  

The embryonic lateral ganglionic eminence (LGE) is a source of OB interneurons 

embryonically [426] and gives rise to the lateral V-SVZ postnatally [388]. Embryonically, 

Pax6 is expressed at high levels in the dorsal telencephalon and expressed at lower 

levels in the LGE [203]. Several transcription factors are also expressed in a similar 

domain (Table 9), Tbr1, Emx1 and Lhx2, suggesting that they are also involved in 

forebrain patterning [388, 427]. Other transcription factors are expressed in the LGE and 

are important for DAergic OB neurogenesis embryonically: Dlx1/2, Gsh1/2, Arx and Sp8 

[426, 428–434]. Some of these transcription factors, such as Arx, Gsh1/2, Sp8, continue 
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to be expressed in the postnatal V-SVZ and DAergic PGNs of the olfactory bulb [388, 

433, 434].  

A number of transcription factors are important for differentiation of DAergic 

neurons postnatally in addition to PAX6 [214, 324] (Table 9), those being : Dlx2, Id2, 

Klf7, ER81 and Meis2 [315, 435–438]. Specifically, Meis2 interacts with PAX6 to promote 

DAergic specification of V-SVZ progenitors [315]. PAX6 also controls expression of 

CryαA, which is important for DAergic PGN survival [215].  

Many of these transcription factors are predicted targets of miR-7-5p and miR-7-

3p (Table 9). For example, the 3’UTRs of CryαA, Gsh2, Sp8, Emx1 and Klf7 contain 

predicted MREs for miR-7-5p, with Emx1 containing three predicted miR-7-5p MREs. 

Dlx2, Sp8, Tbr1, Lhx2, Id2, Klf7, Er81 and Meis2 are predicted targets of miR-7-3p. 

MicroRNA-7 may be involved in regulating many different targets important for OB and 

more specifically DAergic PGN specification. This may explain the more dramatic DAergic 

PGN phenotype observed by de Chevigny et al., (2012)[206] following electroporation of 

a miR-7a sponge into the P1 lateral V-SVZ. MicroRNA-7 LOF is predicted to alter global 

miR-7 expression in electroporated cells, likely impacting many downstream targets of 

miR-7.  
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Table 9. Transcription factors involved in brain development and important for 
DAergic PGNs that may be targeted by miR-7 

TF miRNA Type Position Role 
Dlx1 NA   Expressed in the lateral adult V-SVZ.  

Important for the formation of GABAergic 
interneurons in the OB.  
Dlx1/2-/- mice lack GABA-expressing cells and 
TH+ cells (DAergic PGNs are also GABAeric). 

  
  

Dlx2 7-3p 7mer-
m8 

932 Expressed in the embryonic LGE, lateral 
adult V-SVZ and PGNs.  
Important for the formation of GABAergic 
interneurons in the OB.  
Dlx1/2-/- mice lack GABA-expressing cells and 
TH+ cells (DAergic PGNs are also GABAeric).  
Required for formation of DAergic PGNs 
during embryonic development with Dlx2-\- 
mice lacking TH+ PGNs.  
Interacts with PAX6 to promote DAergic PGN 
specification.  
Overexpression in the RMS promotes TH+ 
PGN formation at the expense of CalR+ 
PGNs. 

Gsh1/ 
Gsx1 

NA   Expressed in the lateral adult V-SVZ.  
Important for the formation of DAergic PGNs 
during the embryonic development.  
Gsh1/2-/- embryos lack TH+ PGNs. 

  
  

Gsh2/ 
Gsx2 

7a-5p/ 
7b-5p 

7mer-A1 48 Coexpressed with PAX6 in the dorsal LGE of 
the embryonic telencephalon.  
Expressed in the lateral adult V-SVZ.  
Important for the formation of DAergic PGNs 
during the embryonic development.  
Gsh1/2-/- embryos lack TH+ PGNs. 

Arx NA   Coexpressed with TH+ PGNs in the OB. 
Required for formation of DAergic PGNS.  
Arx-/- mice lack TH+ PGNs. 

   
   

Sp8 7a-5p/ 
7b-5p 

7mer-A1 874 Expressed in the dorsal LGE and postnatal V-
SVZ.  
Coexpressed with differentiated PGNs 
including the TH+ PGNs.  
Reduced TH+ PGNs in embryonic OB with 
conditional Sp8 deletion in the LGE. 

7-3p 7mer-A1 2528 
7-3p 7mer-

m8 
4276 
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Tbr1 7-3p 7mer-

m8 
973 Expressed in similar domain as PAX6 in the 

developing telencephalon, and early 
postnatal/adult V-SVZ 7-3p 7mer-A1 1295 

7-3p 7mer-A1 1529 
Emx1 7a-5p/ 

7b-5p 
7mer-A1 1333 Expressed in similar domain as PAX6 in the 

developing telencephalon, and early 
postnatal/adult V-SVZ 

7mer-A1 1621 
7mer-
m8 

1926 

Lhx2 7-3p 7mer-A1 439 Expressed in similar domain as PAX6 in the 
developing telencephalon 

Id2 7-3p 7mer-A1 87 Important for DAergic PGN development in 
the OB. 
TH+ PGNs are dramatically reduced in Id2-/- 

mice. 

   

Klf7 7-3p 8mer 1430 Important for DAergic PGN development in 
the OB. 
TH+ PGNs are dramatically reduced in Klf7-/- 

mice. 

7a-5p/ 
7b-5p 

7mer-A1 5480 

7-3p 7mer-A1 6118 
7-3p 7mer-

m8 
6526 

ER81/ 
Etv1 

7-3p 
7-3p 

7mer-
m8 
7mer-
m8 

335 
556 

Expressed in DAergic PGNs. 
Required for Th expression in rodents. 

7-3p 7mer-A1 3578 
CryαA 7a-5p/ 

7b-5p 
7mer-
m8 

235 Downstream target of PAX6. 
Important for DAergic PGN survival. 

Meis2 7-3p 7mer-A1 1480 PAX6 cofactor.  
Important for DAergic PGN specification.  
Expressed in most TH positive PGNs 

7-3p 7mer-A1 2439 
   

Predictions performed using TargetScan. Position refers to the 3’UTR position of the first 
nucleotide of the MRE. Position 1 is the first nucleotide after the stop codon. Type refers 
to the MRE type. List includes conserved and poorly conserved TargetScan predictions. 
TF, transcription factor. 
 

Other miRNAs likely participate with miR-7 to regulate Pax6. To identify other 

miRNAs that may be important for regulating Pax6 in the VZ, we can use miR-CATCH to 

purify WT Pax6 from embryonic dorsal telencephalon. Multiplex RT-qPCR can then be 

used to assay for many miRNAs simultaneously. Using this approach, we can generate a 
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miRNA interaction landscape for the Pax6 3’UTR in the developing cortex. This would 

likely reveal a unique complement of miRNAs that may function in cooperative 

regulation of Pax6 similar to the miRNAs identified as possible regulators of Pax6 by 

miTRAP in aTC1-6 cells (Figure 24). For example, we could use this strategy to determine 

whether miR-675-3p interacts with the endogenous Pax6 transcript.  

 

MicroRNA-7 buffering gene regulatory networks 

A proposed function of miRNAs is to provide robustness to gene regulatory 

networks (GRNs), buffering GRN output in response to stress and environmental 

perturbation [103, 107]. For example, miR-7-5p participates in GRNs involved in 

Drosophila sensory organ and photoreceptor development [130] and may help to buffer 

fluctuations in these developmental networks under conditions of temperature stress 

[115]. Additionally, many miRNA gene knockout phenotypes are revealed under 

conditions of stress [116–127]. Given this, disruption of functional MREs in the 3’UTR of 

an endogenous mRNA transcript may not be associated with overt phenotypes under 

stable laboratory conditions. This may explain the lack of an overt DAergic specification 

phenotype in our Pax6 3’UTR miR-7-5p MRE mutant mice. However, physiological stress 

or environmental perturbation may expose defective miR-7-5p regulation of Pax6 during 

specification or differentiation of DAergic PGNs in the OB. Odorant exposure is 

important for regulation DAergic PGN production [439]. For example, TH+ PGN genesis 

is reduced following odor depravation by naris occlusion in mice [435, 440] and 

following olfactory nerve lesions in rats [396]. Additionally, olfactory enrichment 
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increases production and survival of PGNs in the mouse OB [441] and specifically 

increases TH positive PGN density in the GL [442]. Malnutrition during embryogenesis 

can be used to stress developmental GRNs. For example, maternal low protein diet 

reduces brain-derived neurotrophic factor (BDNF) production in neonatal rats [443] and 

reduces proliferation of NSCs during mouse cortical development [444]. Future 

experiments could examine whether production of DAergic PGNs is altered in mice 

harboring mutations in the Pax6 3’UTR miR-7-5p MREs relative to WT following 

exposure to deprived or enriched odorant environments, or in pups exposed to nutrient 

depravation during embryonic development. 

4.5.4 General PGN phenotype in Pax6 3’UTR miR-7-5p MRE mutant mice 

 The V-SVZ fate tracking results suggest that the proportion of TH, CalR and CalB 

positive PGNs may differ between WT and miR-7-5p MRE mutant mice (Figure 43C, 

Table 8). Pax6+/Sey mice have reduced TH positive PGNs with no change in numbers of 

CalR or CalB positive PGNs [245]. Similarly, Pax6 overexpression or electroporation of 

miR-7 sponge into the lateral VZ is associated with an increase in the proportion of TH 

positive PGNs with no large change in the proportions of CalR or CalB cells [206]. These 

findings suggest that increased PAX6 protein associated with loss of miR-7-5p regulation 

may increase the production of TH positive PGNs without impacting CalR or CalB PGN 

populations. Contrary to predictions, the proportions of CalR and CalB positive PGNs 

appear most impacted by mutation of the Pax6 3’UTR miR-7-5p MREs. There are several 

possible explanations for these findings. 
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 We also observed that PAX6 is expressed in a dorsal-high to ventral-low gradient 

along the medial wall of the LV, mirroring the gradient observed in the lateral VZ (Figure 

42A). This expression pattern suggests that PAX6 may be important for specification of 

medially derived OB interneurons. MicroRNA-7 may be expressed in an opposing 

gradient to PAX6 in the medial V-SVZ, though this remains to be tested. Interestingly, 

PAX6 may also be elevated in the ventromedial VZ in 517+655MUT mice (Figure 42B-C). 

CalR positive PGNs are specified primarily from the medial VZ [388, 393]. Though 

heterozygous Pax6 mutations do not impact CalR positive PGN generation [245], it is 

possible that increased PAX6 protein in medial V-SVZ progenitors may promote 

increased CalR PGN genesis.  

 In addition to its role in specifying DAergic PGNs in the dorsal V-SVZ, PAX6 

expression in the rostral migratory stream (RMS) of adult mice is also important for PGN 

specification generally [324]. The RMS is composed of migrating neuroblasts, many of 

which express PAX6 and give rise to PGNs in the OB [324]. Additionally, PAX6 is 

maintained in PGNs but not granule cells (GCs) of the OB. Overexpression of Pax6 in 

RMS precursors converts approximately 70% of GCs into PGNs and increases the 

proportion of TH positive neurons formed [324]. Though the expression pattern of miR-

7-5p in the RMS has not been described, it is possible that miR-7 acts as a temporal 

switch, repressing Pax6 in migrating neuroblasts to promote granule cell fate. If this is 

the case, mutation of the miR-7-5p MREs in the Pax6 3’UTR may interfere with adoption 

of GC fate by RMS progenitors and increase the proportion of PGNs formed. We could 

test this hypothesis by counting the numbers of EdU and NeuN double positive cells in 
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the GL versus granule cell layer (GCL). We predict that the proportion of EdU positive 

neurons in the GL will be elevated at the expense of EdU positive neurons in the GCL in 

Pax6 3’UTR miR-7-5p MRE mutants.  

 Finally, the possible PGN phenotype observed in Pax6 3’UTR miR-7-5p MRE 

mutant mice may be the consequence of small sample sizes and large variability in the 

numbers of counted EdU positive PGNs between individual mice (Figure 44B) and may 

not reflect actual changes in the production of different PGN subtypes. Both male and 

female mice were analyzed for our PGN fate tracking experiments, possibly accounting 

for some of the observed variability. Differences in V-SVZ neurogenesis [445], olfactory 

bulb neuronal composition [446] and odorant processing [447] have been observed 

between adult male and female mice and humans. We compared the number of EdU 

positive neurons in the GL between male and female mice, finding no large differences 

between the sexes. Similarly, we compared the PGN fate of the NSCs labelled with EdU 

between WT male and female mice and found no differences (Appendix C: Figure 51). 

Given the laborious nature of this cell fate tracking experiment, resolving possible 

changes in PGN specification in miR-7-5p MRE mutants by increasing the sample size 

may not be practical. 

4.5.5 EdU and cell survival 

Fate mapping of progenitor cells can be performed using the thymidine analogs, 

BrdU, CldU, or EdU, which are incorporated into newly synthesized DNA during S-phase. 

Ponti et al., (2013)[390] published evidence suggesting that EdU may be cytotoxic to 

cells that attempt to divide a second time following EdU incorporation. Mice were 
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injected with either EdU or CldU and whole mount VZ-SVZ sections were analyzed at 12 

hour increments over 3 days. No significant toxicity was observed within 24 hours, 

however 3 days after injection the number of EdU labeled nuclei was approximately 1/3 

that of CldU. Given that proliferating cells in the SVZ may undergo multiple divisions 

before finally differentiating in the OB, the use of EdU as an S-phase marker may be 

problematic for use in our OB fate mapping experiments. 

 To address this concern, we performed injections of either BrdU or EdU into 

mice at P1 and harvested OBs at 2 months post-injection. EdU was detected using a 

fluorophore-conjugated azide and a “click” reaction [448], and BrdU was detected using 

immunofluorescence (IF). IF was also used to detect CalR and TH expressing 

interneurons in the GL, to address whether formation of these cell types is negatively 

impacted by EdU labeling. Absolute numbers of EdU or BrdU CalR or TH double-positive 

neurons per mm2 in the GL is not impacted by the use of EdU relative to BrdU. However, 

absolute number of BrdU labeled neurons is reduced relative to EdU (Appendix C: Figure 

52). This difference may reflect increased sensitivity of the click reaction for detecting 

EdU over IF detection of BrdU (Appendix C: Figure 52C-F). The proportion of thymidine 

analog positive neurons expressing TH is not altered when EdU versus BrdU is used, 

however the proportion of CalR positive neurons expressing BrdU is slightly increased 

relative to those expressing EdU (Appendix C: Figure 52B). Antigen retrieval was used for 

BrdU IF to permit antibody access to the DNA [410], but was not needed for EdU 

detection. CalR IF is improved by antigen retrieval, which may account for the increased 

proportion of CalR and BrdU double positive neurons that could be reliably counted 



 

 

240 
(Appendix C: Figure 53A-D). TH IF is not noticeably impacted by antigen retrieval (data 

not shown). 

4.5.6 MicroRNA-7 MRE conservation and in vitro functionality 

 Though we chose not to investigate the functionality of predicted MREs for miR-

7-3p in vivo, the 7mer-m8 miR-7-3p MRE at Pax6 3’UTR position 626 is well conserved 

between orthologous vertebrate Pax6 3’UTRs (Table 6, Figure 36A) suggesting that this 

region of the Pax6 3’UTR is playing an important functional role. The Pax6 3’UTR in vitro 

reporter assay results further suggest that this region of the 3’UTR may be conserved for 

reasons other than miR-7-3p binding (Figure 38B). One possible explanation for 

conservation of this region of the Pax6 3’UTR is binding of other miRNAs. For example, 

MREs for miR-495, 376c-3p, 182-5p and 96-5p are located within this region of the Pax6 

3’UTR, and MREs for miR-495 and 376c-3p directly overlap the predicted miR-7-3p MRE. 

MicroRNA- 182-5p and 96-5p may participate in regulating Pax6 during epidermal 

specification (Du et al., 2013), and miR-376c-3p and miR-182-5p may be able to interact 

with the Pax6 3’UTR [400](Figure 24). Given this, the presence of a conserved miR-7-3p 

seed match at Pax6 3’UTR position 626 may be a coincidence. 

 Curiously, mutation of the miR-7-3p MRE at 3’UTR position 626 is associated 

with a possible repressive effect on reporter expression in vitro (Figure 38B). Pax6 3’UTR 

genetic reporter experiments reveal that disruption of the position 626 miR-7-3p MRE 

singly may be associated with a small decrease in luciferase activity relative a reporter 

containing the WT 3’UTR. Similarly, mutation of the position 626 miR-7-3p MRE in 

combination with the positions 517 and 655 miR-7-5p MREs abolished the derepression 



 

 

241 
associated with mutation of the two miR-7-5p MREs alone (Figure 36D, Figure 38B).  In 

addition to expressing miR-7-5p and -3p, the cultured mouse pancreatic α-cells (αTC1-6) 

used for the in vitro reporter assay also express miR-495 and 376c-3p [400](Figure 21). 

The predicted MREs for miR-495 and 376c-3p overlap the predicted miR-7-3p MRE at 

3’UTR position 626 and are disrupted upon mutation of the miR-7-3p MRE. If the 3’UTR 

region containing the predicted miR-7-3p MRE is conserved because of overlap with 

these other MREs, the observed decrease in luciferase activity with the miR-7-3p MRE 

mutant 3’UTR opposes the predicted effect. One explanation for this observation is that 

the miR-7-3p MRE mutation may enhance regulation by other miRNAs. Though we used 

ImiRP to ensure no new MREs were created upon introduction of the miR-7-3p MRE 

mutation, it is possible that the introduced mutation enhances 3’ pairing of miRNAs that 

interact with adjacent MREs (Figure 3). The miR-SNP identified in the human PAX6 

3’UTR associated with extreme myopia provides an example of this phenomenon [331, 

332]. Here, a SNP in the human PAX6 3’UTR may enhance binding of miR-328, not by 

altering the interaction between the miR-328 seed region and the 3’UTR, but by 

enhancing miR-328 3’ pairing. The predicted MRE for miR-182-5p/96-5p is located just 

downstream of the 3’UTR position 626 miR-7-3p MRE, and the introduced mutation may 

stabilize miR-182-5p/96-5p binding by improving 3’ pairing.  

 Other RNA binding proteins (RBPs), in addition to miR-RISC, are known to 

regulate mRNA stability and translation [449]. It is possible that the predicted miR-7-3p 

MRE overlaps a recognition element for a stabilizing RBP, such as HuR, a ubiquitously 

expressed protein related to Drosophila ELAV [450]. Alternatively, the miR-7-3p MRE 
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mutation may create a novel recognition element for an RBP that enhances mRNA 

decay, such as AUF1 [451]. Both of these RPBs are known to bind AU-rich elements 

(AREs) in 3’UTRs, and bioinformatics software tools exist to predict putative RBP binding 

sites in 3’UTR sequences [403]. The tool RBP database (RBPDB) predicts that the Pax6 

3’UTR contains a binding site for ELAV-like protein 1 (Elavl1)/HuR, which is disrupted by 

the miR-7-3p MRE mutation [403]. Since HuR is known to stabilize mRNAs, disruption of 

this predicted binding site may explain the observed decrease in reporter activity in 

vitro.  

4.5.7 Other predicted phenotypes associated with Pax6 3’UTR miR-7-5p MRE mutants 

 miR-7 regulation of PAX6 is predicted to impact development and adult 

maintenance of other tissues. Kredo-Russo et al., (2012)[217] present evidence that 

miR-7-5p regulation of Pax6 in the developing endocrine pancreas is important for 

refining the proportion of different endocrine pancreas cell generated. Specifically, 

disrupted miR-7-5p regulation of Pax6 is predicted to increase the proportion of insulin 

and glucagon positive endocrine pancreatic cells at the expense of ghrelin positive cells. 

In support of this hypothesis, conditional knock out of Pax6 in adult mouse α-cells and 

β-cells causes Pax6-deficient cells to adopt a ghrelin positive fate.[251, 452]  

MicroRNA-7 regulation of Pax6 may also be important for normal function of the 

adult endocrine pancreas. The insulin gene is a direct transcriptional target of PAX6 

[195] and Glut2, the glucose transporter responsible for glucose sensing in pancreatic β-

cells, is downregulated in Pax6 heterozygous mice [250]. Generally, reduced pancreatic 

insulin content associated with Pax6 heterozygosity may be due to a combination of 
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decreased insulin transcription and reduced ability for β-cells to respond to elevated 

glucose [250]. Pax6 heterozygous mice develop early onset diabetes in response to high 

fat diet, which may be in part due to impaired proinsulin processing resulting from 

reduced production of prohormone convertase 1/3 (PC1/3) [453]. miRNA-7 is expressed 

in the adult mouse and human endocrine pancreas [125, 367]. Mice lacking the miR-7a-

2 gene display improved glucose tolerance when challenged with intraperitoneal 

glucose tolerance test (IPGTT) due to enhanced insulin secretion [125]. Though Pax6 

was not identified as a miR-7 target by Latreille et al., (2014)[125], it is possible that 

disruption of the miR-7-5p MREs in the Pax6 3’UTR may be associated with increased 

production and secretion of insulin in response to glucose stress. Additionally, mutation 

of the Pax6 3’UTR miR-7-5p MREs may protect against early onset diabetes in Sey mice 

fed high fat diet.  

Pax6 3’UTR miR-7-5p MRE mutant mice may not show overt defects in endocrine 

pancreas cell type development under stable laboratory conditions. However, maternal 

low protein diet can also be used as a strategy to stress development of the endocrine 

pancreas [454, 455]. Maternal protein restriction reduces β-cell proliferation and β-cell 

mass [454] and causes increased expression of miR-375, another predicted miRNA 

regulator of Pax6 [276–278], in rat embryonic islets [456]. Additionally, protein 

restriction during embryonic development causes insulin resistance in adult rats [455]. 

Maternal low protein diet provides a mechanism to stress endocrine pancreas 

development and could be used to reveal developmental or adult pancreatic 

phenotypes associated with disruption of miR-7-5p regulation of Pax6.  
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miR-7-5p regulation of Pax6 may also be important for controlling the balance of 

neurogenesis versus gliogenesis in the cortex. Pax6 expression in the V-SVZ and RMS 

promotes neurogenesis, and expression of Olig2 opposes the neurogenic role of PAX6 

and promotes oligodendrogenesis [324, 457]. Overexpression of PAX6 in the adult 

subependymal zone (SEZ), the adult derivative to the early postnatal V-SVZ, causes 

progenitors to adopt a neuronal phenotype. Alternatively, transduction of SEZ 

progenitors with a dominant-negative form of PAX6 reduces the proportion of 

neuroblasts generated [324]. Overexpression of Olig2 in SEZ progenitors results in 

migration of the progenitors away from the SEZ-RMS and into the corpus callosum, 

where they differentiate into oligodendrocytes [324]. Pax6 overexpression in the early 

post-natal V-SVZ has a similar effect of promoting neurogenesis at the expense of 

gliogenesis by directly binding and repressing transcription of Olig2 [457]. These results 

suggest that both OB neurons and oligodendrocytes arise from the adult SEZ and that 

PAX6 and Olig2 have opposing roles in specifying neurons versus oligodendrocytes. 

MicroRNA-7 may play an important role in repressing Pax6 in progenitors fated to 

become oligodendrocytes, helping to ensure the correct proportions of neurons and glia 

are generated during cortical development [274]. We predict that loss direct of miR-7-

5p regulation of Pax6 may upregulate neurogenesis at the expense of gliogenesis in the 

developing cortex.  

Pax6 is important for development of the eye, and miR-7 may play an important 

role in regulating Pax6 during this process. MicroRNA-7 is plays a role during 

development of the Drosophila eye where it is important for photoreceptor 
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differentiation [130]. Though TargetScan [49] predicts that ey, the Drosophila 

homologue of Pax6, is not a target of miR-7, it is possible that miR-7 has a conserved 

pattern of expression in vertebrates. We found that miR-7a-5p is expressed in whole 

adult mouse retina but not E12.5 retina, adult lens or adult cornea by RT-qPCR (Figure 

21C), though it is present at low levels relative to other retina expressed miRNAs (Figure 

22C). This suggests that miR-7a-5p may be expressed in a subset of neurons in the adult 

retina. Given that Pax6 expression is absent from differentiated photoreceptors in the 

vertebrate retina [199], this raises that possibility that miR-7a-5p may be functioning to 

downregulate Pax6 during differentiation of retinal cell types that lack Pax6. The 

expression pattern of miR-7a in the adult mouse retina could be determined using in 

situ hybridization or genetic reporters. For example, a mouse line expressing lacZ under 

the control of the miR-7a-2 transcriptional unit could be used to address whether miR-

7a-2 and Pax6 display anticorrelated patterns of expression in the mature retina [87]. 

Though the role of miR-7 during development of the vertebrate retina is not known, it is 

possible that miR-7a-5p plays an important role during differentiation of photoreceptors 

by negatively regulating Pax6. 

 

4.5.8 Conclusions and a cautionary tale 

 The direct functional consequences of miRNA regulation are typically studied 

using a combination of 3’UTR genetic reporter assays, and miRNA overexpression or LOF 

in vitro and in vivo. (Table 1). These approaches have utility for identifying likely mRNA 

targets of specific miRNAs and for identifying possible phenotypes associated with 
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miRNA regulation of a given target mRNA. However, these experimental approaches 

may suggest miRNA-target interactions that do not occur normally in vivo. Additionally, 

phenotypes observed following miRNA LOF or overexpression may exaggerate the 

functional consequence of one miRNA regulating one presumed target gene transcript 

[150, 156]. Given that miRNAs likely participate in complex GRNs with many different 

targets [40, 62, 103, 107, 131, 134, 135], miRNA LOF or overexpression may alter levels 

of specific gene products indirectly. Additionally, a single miRNA may target many gene 

products to produce a coherent functional outcome [90, 139–141]. Consequently, it is 

difficult to infer the function of a single miRNA-mRNA regulatory relationship from 

miRNA LOF or overexpression experiments.  

 Mutation of predicted MREs at the genomic level is necessary to characterize the 

specific phenotypic consequence of direct miRNA-target regulation. However, to our 

knowledge, direct genomic mutation of endogenous MREs in animals is rarely used to 

address this question [158, 159]. Many published findings suggest strong measurable 

phenotypes associated with regulation of a single gene transcript by a single miRNA, 

often through a single MRE. For example, loss of direct miR-7-5p regulation of Pax6 is 

predicted to elevate PAX6 in regions of the brain and endocrine pancreas, increase 

DAergic PGN formation in the olfactory bulb, increase neurogenesis at the expense of 

gliogenesis in the developing cortex, and increase α-cell and β-cell differentiation at the 

expense of ghrelin producing ε-cells in the developing endocrine pancreas [206, 217, 

274]. These hypothesized outcomes are testable by direct genetic mutation of candidate 

MREs. However, endogenous mutation of two predicted MREs for miR-7-5p in the 3’UTR 
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of Pax6 produces subtle changes in the level of PAX6 protein but not Pax6 mRNA in the 

early postnatal V-SVZ and is not associated with large changes in OB PGN cell fate 

specification. Though phenotypes associated with direct miR-7-5p MRE mutation in the 

Pax6 3’UTR remain to be fully characterized, our work illustrates that caution needs 

applied when drawing conclusions from miRNA LOF and overexpression experiments.  
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Chapter 5: Concluding remarks 
 
 

 
“Visualizing miR-Codes” Digital illustration (2013) 
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5.1 Purpose 

Cells can employ many mechanisms to regulate the spatial and temporal domains of 

gene expression and protein synthesis, as well as the dosage of synthesized proteins. 

We are interested in post-transcriptional regulation by microRNAs (miRNAs), which 

function by targeting miRNA recognition elements (MREs) located in mRNA 3’ 

untranslated regions (3’UTRs) by complementary base pairing and negatively regulate 

levels of both target mRNA and protein product. Particularly, we wanted to investigate 

the physiological consequence of direct and specific regulation of an endogenous gene 

transcript by mutation of MREs in vivo. To accomplish this, we chose to focus on the 

transcription factor PAX6. PAX6 is dynamically regulated in space and time during 

development and maintaining the correct dosage of PAX6 is important for normal 

development and adult homeostasis of many tissues. Additionally, several miRNAs are 

implicated as regulators of Pax6 in a variety of developmental and disease contexts. 

However, the physiological consequence of direct regulation of Pax6 by miRNAs remains 

to be addressed. Here, we sought to disrupt predicted MREs in the 3’UTR of Pax6 

endogenously, with the goal of investigating the biological role of direct miRNA 

regulation in vivo.  

5.2 ImiRP Summary 

We started by developing a bioinformatics tool to facilitate design of MRE 

mutations. Given our plan to disrupt endogenous MREs for candidate miRNAs, we 

wanted to ensure any phenotypic effects observed following MRE mutation were 

specific to the miRNA of interest. One concern was that MRE mutation in the 3’UTR of 
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Pax6 would create new MREs for different miRNAs. If these miRNAs are coexpressed 

with Pax6, they could negatively regulate Pax6 through these “illegitimate” MREs, 

complicating phenotypic analyses. Naturally occurring mutations that create functional 

MREs associated with phenotypes are documented in the literature. For example, a 

small nucleotide polymorphism (SNP) in the 3’UTR of the myostatin gene is associated 

with muscular hypertrophy observed in Texel sheep [336]. This SNP creates an 

illegitimate MRE for two miRNAs that are highly expressed in muscle, miR-1 and miR-

206. Negative regulation of myostatin by miR-1/206 in Texel sheep may contribute to 

the meatiness of this breed [336]  

Many bioinformatics tools are available to predict MREs that may function in vivo. 

However, none can generate mutations in MREs of interest and ensure that mutant 

sequences do not create new predicted MREs for other miRNAs. To address this, we 

built a software tool called the Illegitimate miRNA predictor (ImiRP). ImiRP can be used 

to specific MREs in a 3’UTR sequence of interest and generate mutant sequences that 

disrupt the MRE of interest while avoiding creation of new MREs. 

5.3 Pax6 3’UTR miRNA regulatory landscape summary 

Following this, we wanted to lay the foundation for future investigations into 

regulation of Pax6 by miRNAs. Upon beginning this project, the site of Pax6 transcript 

cleavage and polyadenylation was not known. We identified several conserved poly(A) 

signals in the 3’UTR of Pax6 and used a combination of RNA sequencing and 3’RACE to 

determine the primary 3’ cleavage site of the mouse Pax6 message. With this 

knowledge, we predicted candidate MREs located in this 3’UTR sequence and 
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determined the expression patterns of the targeting miRNAs in several PAX6 expressing 

cells and tissues. Finally, using a Pax6 3’UTR reporter, we identified a cohort of miRNAs 

predicted to regulate Pax6 that interact with the Pax6 3’UTR. This wholistic approach to 

investigating miRNA regulation of a single gene transcript enabled us to identify a short 

list of candidate miRNA regulators that could be studied in more detail. Additionally, we 

identified miRNAs that may be able to function cooperatively to regulate Pax6. 

5.4 Endogenous MRE mutation summary 

Finally, we wanted to engineer mice harboring mutations in predicted MREs in the 

3’UTR of Pax6 to address to role of miRNA regulation directly. We chose to focus on 

miR-7, which had previously been identified as a likely regulator of Pax6 and was 

predicted to bind Pax6 through multiple MREs. We confirmed that two predicted MREs 

for miR-7-5p, located at 3’UTR positions 517 and 655, likely mediate miR-7 regulation of 

Pax6 in vitro. We used genome engineering to disrupt these MREs in the context of the 

endogenous Pax6 3’UTR and found that they may function cooperatively to regulate 

levels of PAX6 protein in the early postnatal V-SVZ. Contrary to predictions, elevated 

PAX6 in the ventral V-SVZ of was not associated with altered specification of 

dopaminergic periglomerular neurons in the main olfactory bulb. Using in vivo mutation 

of predicted MREs in the 3’UTR of Pax6 endogenously, we demonstrate that miR-7-5p 

may participate in refining the gradient of PAX6 in the V-SVZ, though other mechanisms 

are also required to regulate Pax6. 
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5.5 Future plans 

Initially, we planned to examine miRNA regulation of endogenous Pax6 more 

holistically, by either deleting the entire Pax6 3’UTR or by genomic mutation of many 

predicted MREs in the endogenous Pax6 3’UTR simultaneously. Ultimately, we opted 

not to use these strategies for several reasons. The 3’UTR has many functions in 

addition to miRNA regulation. A variety of RNA binding proteins are known to interact 

with 3’UTRs and regulate mRNA stability [449–451]. Additionally, poly(A) sequences are 

important for mRNA 3’ cleavage and polyadenylation, which also impacts mRNA stability 

[5]. Given this, removing the entire Pax6 3’UTR and replacing it with a generic poly(A) 

signal, such as the SV40 poly(A) sequence, would likely produce effects that were 

independent of miRNA regulation.  

We also designed a Pax6 3’UTR “master mutant” sequence in which many predicted 

MREs were disrupted simultaneously and attempted to generate mice carrying these 

mutations using a classical gene targeting approach. This strategy was problematic 

because mouse embryonic stem (ES) cell DNA repair mechanisms corrected many of the 

desired MRE substitution mutations following homologous recombination of the 

targeting vector. We ultimately abandoned generation of Pax6 3’UTR MRE master 

mutant mice because at the time we did not have information about expression 

patterns of the candidate miRNAs or information about the interaction of these miRNAs 

with the 3’UTR of Pax6. Moving forward, we could combine data on Pax6 tissue-specific 

“miR-codes” with 3’UTR interaction landscape data from pulldown experiments to 

identify a short list likely miRNA regulators of Pax6. We define miR-codes as miRNAs 
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predicted to target a specific gene transcript, such as Pax6, that are expressed in tissue 

or cell type-specific patterns. Interaction landscapes define the subset of these miRNAs 

that can interact with the gene transcript of interest. In the future, we could use miR-

CATCH to identify miRNAs predicted to regulate Pax6 that also interact with the 

endogenous Pax6 transcript. Then using ImiRP, we could design mutations that disrupt 

the predicted MREs without creating illegitimate MREs. Using CRISPR/Cas9 genome 

engineering, we could revisit generating Pax6 3’UTR “master mutant” mice, to study 

regulation of Pax6 by miRNAs more holistically. 

To reveal potential miRNA regulation through the Pax6 3’UTR in vivo, we designed a 

two-colour bi-directional reporter construct expressing GFP and mCherry reporters 

under the control of a bi-directional phosphoglycerate kinase (PGK) promoter. The Pax6 

3’UTR is fused to the 3’ end of the mCherry gene and TurboGFP contains a short 

synthetic poly(A) sequence. This approach would permit convenient internal 

normalization of mCherry fluorescence to that of GFP on a single cell basis. Mutations 

can be introduced into the Pax6 3’UTR and the mCherry:GFP fluorescence ratio 

compared between WT and mutant Pax6 3’UTR conditions.  

 This reporter was designed specifically for identifying miRNA interactions in the 

mouse retina, and several features of its design were optimized for this purpose. First, 

the PGK promoter was selected because it drives relatively low constitutive expression 

in mammalian cell types and expresses in the mouse retina [458, 459]. Since regulation 

of a target gene transcript by miRNAs responds most sensitively when the ratio of 

miRNA:target is low [64], we wanted to ensure that we did not use a constitutive 
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promoter that drives high levels of transcription. In addition to selecting a constitutive 

promoter that drives low levels of expression mammalian cells, we also inserted 

modified proline/glutamic acid/serine/ threonine (PEST) sequences to the C-terminal 

ends of both mCherry and GFP to promote rapid protein turnover [460]. We reasoned 

that stable fluorescent reporter proteins would accumulate in the cell and fluorescent 

signal may not reflect translational regulation of miRNAs. Consequently, we opted to 

use destabilized reporter proteins. Finally, we designed fluorescent reporter proteins to 

contain nuclear localization signals (NLS) [461] to enable easier quantification of 

fluorescent signal. Nuclear localized fluorescent reporters containing PEST sequences 

are subject to rapid turnover [462]. Quantitative fluorescence microscopy can be used 

to quantify GFP and mCherry fluorescence from transfected or electroporated cells. 

Alternatively, flow cytometry could be used to quantify fluorescence on a single cell 

basis for thousands of cells.  

Pax6 is expressed at low levels in retinal progenitor cells (RPCs) of the developing 

retina and is absent from differentiated photoreceptors and bipolar cells [199]. We plan 

to electroporate these vectors into the P0 retina to identify MREs in the Pax6 3’UTR that 

may be mediating negative regulation of Pax6. Additionally, these bi-directional 

fluorescent reporters could be used to identify MREs in the Pax6 3’UTR that may be 

important for mediating negative regulation of Pax6 during RPC differentiation into 

photoreceptors or bipolar cells. This approach provides an advantage over bulk 

luciferase assays, which involve lysing cells and quantifying reporter protein level using 

an enzymatic assay. The level of miRNA mediated repression of reporter protein 
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synthesis can vary dramatically between cells [64]. Consequently, analysing reporter 

expression on a single cell basis provides sensitivity that cannot be accomplished using 

bulk luciferase assays. 

5.6 Significance 

This work represents one of few studies documenting the consequence of genetic 

ablation of endogenous MREs in vivo [158, 159]. Despite this, many studies claim to 

demonstrate “direct” regulation of an individual target gene transcript by an individual 

miRNA often through a single MRE in various developmental or disease contexts. 

However, the conclusion of direct regulation using experimental approaches such as 

miRNA overexpression and loss of function, and 3’UTR genetic reporter assays. To 

illustrate this, a Pubmed search for (("directly targets" OR "direct target" OR "directly 

regulates") AND miR) in the title or abstract yields 4349 hits (as of July 10, 2019). 

Including (("genome engineering") OR "gene targeting") in the whole article yields only 

24 hits (as of July 10, 2019). Closer inspection of these 24 articles reveals that none 

performed mutation of predicted MREs in the context of the endogenous gene. 

Generally, these results help to illustrate a gap in the miRNA literature. To confirm direct 

and specific regulation by a miRNA, mutation of predicted MREs at the genomic level is 

necessary. 
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Appendix 
 

A. Equations 
 

Equation 1. ROI subdivision macro 

//divides current roi into equal pieces, either horizontally or vertically 
macro "divide roi [F2]"{ 
 startMacro(); 
 
 // Ensures we have a selected ROI in the ROI manager 
 function startMacro(){ 
  var selectedROI = roiManager("index"); 
  if(selectedROI < 0){ 
   Dialog.create("Unable to slice ROI."); 
   Dialog.addString("Unable to Slice:", "You must have an ROI selected in 
the ROI Manager."); 
   Dialog.show(); 
  }else{ 
   doSlice(selectedROI); 
  } 
 } 
  
 function doSlice(roiIdx){ 
  // Figure out the area of the initial ROI 
  roiManager("Select", roiIdx); 
  getSelectionBounds(x, y, width, height); 
  getRawStatistics(totalArea); 
  
  // Ask how many parts and if we want horizontal or vertical slicing 
  Dialog.create("ROI Division Parameters"); 
  Dialog.addChoice("Slice Type:", newArray("horizontal", "vertical")); 
  Dialog.addNumber("Number of Slices:", 2); 
  Dialog.show(); 
  
  // Get the user input results 
  sliceType = Dialog.getChoice(); 
  numSlices = abs(Dialog.getNumber()); 
 
  // calculate the target area size that we want 
  var targetArea = totalArea / numSlices; 
   
  // Setup our 2 exclusion regions 
  //  this one moves 
  var movingRegion = newArray(x,y,width,height); 
  //  This one excludes areas we already sliced 
  var previouslyIncludedRegion = newArray(0,0,0,0); 
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  // Figure out where we end 
  var sliceEnd = 0; 
  if(sliceType == "horizontal"){ 
   sliceEnd = width; // horizontal, so we move along the x-axis 
  }else{ 
   sliceEnd = height; // vertical, so we move along the y-axis 
  } 
 
  // Advance region 1 
  for(i=0; i < numSlices; i++){ 
   // Store our "best fit" region 
   var bestFitRegion = newArray(4); 
 
   // Threshold for when our slice is "close enough" to being 
totalArea/numSlices in area 
   minOff = 1e9; 
   var timesNoErrorImproved = 0; 
   for(j=0; j < sliceEnd; j++){ 
    // Expand moving region 
    if(sliceType == "horizontal"){ 
     movingRegion[2] = j; 
    }else{ 
     movingRegion[3] = j; 
    } 
 
    // Make the slice and find its area 
    sliceROI(roiIdx, movingRegion, previouslyIncludedRegion); 
    getRawStatistics(sliceArea); 
     
    // Calculate how far off the area is to being 
totalArea/numSlices 
    off = abs(targetArea - sliceArea); 
    if(off < minOff){ 
     timesNoErrorImproved = 0; 
     // We found a tighter fit, advance best region 
     minOff = off; 
     bestFitRegion[0] = movingRegion[0]; 
     bestFitRegion[1] = movingRegion[1]; 
     bestFitRegion[2] = movingRegion[2]; 
     bestFitRegion[3] = movingRegion[3]; 
    }else{ 
     if(timesNoErrorImproved++ > 10){ 
      j = sliceEnd; // terminate search 
     } 
    } 
   } 
 
   // Store a slice using our last, best fit region   
   addROISlice(roiIdx, bestFitRegion, previouslyIncludedRegion); 
 
   // Update previously included region to include the latest area that we 
captured 
   if(sliceType == "horizontal"){ 
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    // calculate end coordinate of last best fit region 
    previouslyIncludedRegion[0] = bestFitRegion[0] + 
bestFitRegion[2]; 
    previouslyIncludedRegion[1] = y; 
    // set height to everything the last best fit region didn't 
cover 
    previouslyIncludedRegion[2] = width - bestFitRegion[2]; 
    previouslyIncludedRegion[3] = height; 
   }else{ 
    // calculate end coordinate of last best fit region 
    previouslyIncludedRegion[0] = x; 
    previouslyIncludedRegion[1] = bestFitRegion[1] + 
bestFitRegion[3]; 
    previouslyIncludedRegion[2] = width; 
    // set height to everything the last best fit region didn't 
cover 
    previouslyIncludedRegion[3] = height - bestFitRegion[3]; 
   } 
  }   
 } 
 
 // Makes a "slice" by subtracting 2 rectangles from the selected ROI 
 function sliceROI(roiIdx, rect1, rect2){ 
  roiManager("select", roiIdx); 
  if(rect1[2] > 0 && rect1[3] > 0){ 
   setKeyDown("alt"); 
   makeRectangle(rect1[0],rect1[1],rect1[2],rect1[3]); 
  } 
  if(rect2[2] > 0 && rect2[3] > 0){ 
   setKeyDown("alt"); 
   makeRectangle(rect2[0],rect2[1],rect2[2],rect2[3]); 
  } 
 } 
 
 function addROISlice(roiIdx, rect1, rect2){ 
  sliceROI(roiIdx, rect1, rect2); 
  run("Copy"); // TODO: See if this is necessary 
  run("Add to Manager"); 
  run("Measure"); 
  wait(50); // TODO: See if this is necessary 
 } 
} 
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Equation 3. Pseudocode for ImiRP’s microRNA target site prediction algorithm 

Equation 2. Pseudocode of the ImiRP mutation generation algorithm 
 
 

do: 
 copy input_sequence to mutant 
 for each site in mutationites: 
  for each position in site: 
   set nuc to select_random(allowable_nucleotides) 
   overwrite mutant[position] to nuc 
  end 
 end 

if mutant acceptable: 
output mutant to callback 

end 
while(further mutations are needed)  
 
 

 

 

for each five_prime in mirbase: 
 do: 
  set sequence_chunk to sequence[window_start, window_end] 
  set match_result to check_conditions(five_prime, sequence_chunk) 
  increment window_start 

increment window_end 
 while(window_end < sequence_end) 
end 
 
function check_conditions(five_prime, sequence_chunk): 
  
end 
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Equation 4. Number of mutant sequences generated using different mutagenesis 
strategies 

"N" represents the number of nucleotide positions to mutate per predicted MRE.  ImiRP 
introduces mutations into 6 nucleotide regions complementary to the miRNA “seed 
region” (positions 2-7 of the miRNA, starting at the miRNA 5’ end). The number of 
nucleobases to use for mutagenesis is represented by "n", with n≤4.  "x" and "y" 
designate the number of specified MREs per independent region and the number of 
independent regions, respectively.  (A) The number of possible mutant sequences 
produced when at least two nucleotide substitutions are introduced per MRE using any 
permutation of the four nucleobases.  In this example, three non-overlapping MREs are 
present in a single independent region. The number of possible mutants is greater than 
60 billion.  (B) When exactly two adjacent nucleotide substitutions are introduced per 
MRE using any of the four nucleobases to generate mutations, the number of possible 
mutants for a single independent region containing three non-overlapping MREs is 
reduced to approximately 90,000.  (C) If two independent regions containing three 
MREs each are mutated simultaneously by introducing two adjacent nucleotide changes 
using any of the four nucleobases, over 8 billion mutant sequences are possible. (D) 
However, mutating predicted MREs that are more than seven nucleotides apart 
independently of one another significantly reduces the number of redundant mutations 
generated.  When two independent regions each containing three non-overlapping 
MREs are mutated in isolation, the number of mutant sequences that need to be 
processed is reduced to 180,000. 

A 

 

B 
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C 

 

D 
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B. Tables 
 

Table 10. MicroRNAs predicted to target Pax6 

miRNA Position Type MRE Conservation (%) Predicted By 
759-5p 44 7mer-m8 CACTCTG poor P 
182-5p 49 6mer TGTCAA poor P, ImiRP 

96-5p 49 6mer TGTCAA poor P, ImiRP 
376c-3p 58 6mer CTATGT poor P, ImiRP 
683-3p 68 7mer ACAGCAG poor P 
365-3p 77 7mer-m8+G:U GGGTATT poor P, ImiRP 
691-3p 82 8mer TCAGGAAA poor P 
692-3p 92 8mer AAAGAGAA poor P 

302c-3p 111 7mer-m8 AAGCACT 78 Ts, P, ImiRP 
291a-3p 112 7mer-m8 AGCACTT 70 P, ImiRP 

294-3p 112 7mer-m8 AGCACTT 70 P, ImiRP 
295-3p 112 7mer-m8 AGCACTT 70 P, ImiRP 

302a-3p 112 7mer-m8 AGCACTT 70 Ts, P, ImiRP 
302b-3p 112 7mer-m8 AGCACTT 70 Ts, P 
302d-3p 112 7mer-m8 AGCACTT 70 Ts, P, ImiRP 
106a-5p 119 6mer CACTTT poor P, ImiRP 

340-5p 121 8mer+G:U CTTTGTAA mouse P, ImiRP 
145-5p 137 7mer-m8 AACTGGA mouse P, ImiRP 

9-5p 163 8mer+G:U CCAAGGA mouse P, ImiRP 
493-3p 168 7mer-m8+G:U GACCTTT 90 P 
540-5p 168 7mer+G:U GACCTTT 90 P, ImiRP 
675-3p 175 7mer-m8+G:U GCGTACA mouse and rat P, ImiRP 
511-5p 182 7mer-m8+G:U GAAGGCA 78 P, ImiRP 
187-3p 184 7mer-m8+G:U AGGCACG 62 P, ImiRP 

1190-3p 194 7mer+G:U TCAGTTG 92 P 
375-3p 201 7mer-A1 GAACAAA 98 Mir, P, Ts 

1194-3p 232 7mer-m8+G:U ATTCATT 92 P 
500-3p 242 7mer-m8+G:U GGTGTAT 95 P, ImiRP 
501-3p 242 7mer-m8+G:U GGTGTAT 95 P 

466f-3p 243 6mer GTGTAT 95 P 
369-3p 245 7mer-m8 GTATTAT 100 Di, P, ImiRP 
340-5p 251 7mer-A1+G:U TTTGTAA 98 ImiRP 
365-3p 260 7mer-m8 GGGCATT 98 Mc, Mir, P, Ts, ImiRP 
369-3p 271 7mer-A1+G:U TGTTATA 83 ImiRP 
335-3p 278 8mer+G:U ATGAAGAA mouse and rat P, ImiRP 
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375-3p 288 6mer GAACAA 95 P 
132-3p 298 7mer-m8+G:U GGCTGTT mouse and rat P, ImiRP 
212-3p 298 7mer-m8+G:U GGCTGTT mouse and rat P, ImiRP 
421-3p 300 8mer+G:U CTGTTGGA mouse and rat P, ImiRP 
127-3p 312 7mer-m8+G:U GGATCTG mouse and rat P, ImiRP 

376c-3p 315 7mer-m8+G:U TCTGTGT 68 P, ImiRP 
15a-5p 319 7mer-m8+G:U TGTTGCT mouse P, ImiRP 
15b-5p 319 7mer-m8+G:U TGTTGCT mouse P, ImiRP 

16-5p 319 7mer-m8+G:U TGTTGCT mouse P, ImiRP 
195-5p 319 7mer-m8+G:U TGTTGCT mouse P, ImiRP 
497-5p 319 7mer-m8+G:U TGTTGCT mouse P, ImiRP 
693-5p 328 7mer-m8+G:U TGTGGTT mouse and rat P 
710-5p 359 7mer-m8+G:U AGATTTG poor P 
183-5p 364 6mer TGCCAT 28 P, ImiRP 
499-5p 379 7mer-m8+G:U GTTTTA 92 P, ImiRP 
496-3p 399 7mer-m8+G:U AATACTT 90 P, ImiRP 
455-3p 428 8mer TGGACTGA 88 P, ImiRP 
381-3p 445 7mer-m8+G:U TTGTAT 88 P, ImiRP 

1a-3p 452 6mer CATTCC 90 P, ImiRP 
206-3p 452 6mer CATTCC 90 P, ImiRP 
298-5p 456 7mer-m8+G:U CCTTTGC 83 P 
300-3p 458 8mer+G:U TTTGCATA 95 P 
675-3p 461 8mer+G:U GCATATAA 95 P, ImiRP 

466k 483 7mer-m8 CACACAC mouse P 
466d-5p 484 7mer-m8 CACACAC mouse P 

878-5p 489 8mer ACTAGATA mouse and rat P, ImiRP 
448-3p 496 8mer+G:U ATATGTAA mouse and rat P, ImiRP 

450b-5p 499 7mer-A1+G:U TGTAAAA mouse and rat ImiRP 
129-5p 500 7mer-m8+G:U GTAAAAA mouse and rat P, ImiRP  

196a-5p 506 7mer-m8+G:U ACTATCT mouse P, ImiRP 
196b-5p 506 7mer-m8+G:U ACTATCT mouse P, ImiRP 

421-3p 511 7mer-m8+G:U CTGTTGG 80 P, ImiRP 
742-3p 515 7mer+G:U TGGTTTT 95 P, ImiRP 

7a-5p 517 8mer+G:U GTTTTCCA 88 P, ImiRP 
7b-5p 517 8mer+G:U GTTTTCCA 88 P 

450b-3p 519 8mer+G:U TTTCCAAA 100 P, ImiRP 
9-5p 522 6mer CCAAAG 100 Mir, P, ImiRP 

376c-3p 545 7mer-m8+G:U TTTATGT 100 P, ImiRP 
669i 547 7mer+G:U TATGTGC 90 P 

448-3p 548 8mer+G:U ATGTGCAA 85 P, ImiRP 
450b-5p 551 7mer-A1 TGCAAAA 85 P, ImiRP 
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129-5p 552 8mer GCAAAAAA 85 Mir, P, Ts, ImiRP 
207-3p 579 7mer-m8 GGAGAAG mouse and rat P 
511-5p 596 7mer-m8+G:U AAAGGTA 92 P, ImiRP 
329-3p 605 6mer GTGTGT 85 Mir, P, ImiRP 
362-3p 605 6mer GTGTGT 85 Mir, P, ImiRP 

1197 607 7mer-m8+G:U GTGTCTT 98 P 
124-3p 607 7mer-m8+G:U GTGTCTT 98 P, ImiRP 

495 627 6mer TTTGTT 90 Mir, P 
376c-3p 632 7mer-m8+G:U TTTATGT 92 P, ImiRP 
182-5p 636 7mer-A1+G:U TGTCAAA 92 ImiRP 

96-5p 636 7mer-A1+G:U TGTCAAA 92 ImiRP 
200b-3p 648 6mer AGTATT 95 Mir, P, ImiRP 
200c-3p 648 6mer AGTATT 95 Mir, P, ImiRP 
429-3p 648 6mer AGTATT 95 Mir, P, ImiRP 

7a-5p 655 7mer-m8 GTCTTCC 100 Mc, Mir, P, Ts, ImiRP 
7b-5p 655 7mer-m8 GTCTTCC 100 Mc, Mir, P, Ts 

876-5p 665 7mer-m8 GAAATCC 100 Mir, P 
590-3p 690 8mer+G:U TAAAGTTA 95 P 
203-3p 698 6mer ATTTCA 95 Mir, P, ImiRP 
340-5p 704 6mer TTTATA 100 Mir, P, ImiRP 
410-3p 705 6mer TTATAT 100 Di, Mir, P, ImiRP 
26a-5p 708 7mer-m8+G:U TATTTGA 100 P, ImiRP 
26b-5p 708 7mer-m8+G:U TATTTGA 100 P, ImiRP 
496-3p 719 7mer-m8 AATACTC 74 P, ImiRP 

494 731 8mer+G:U ATGTTTTA 88 P 
340-5p 734 7mer-m8+G:U TTTTATA 100 P, ImiRP 

1187 739 7mer-m8+G:U TACACAT 95 P 
694-3p 744 7mer-m8 ATTTTCA 79 P 
675-3p 749 7mer-A1+G:U CATGCAA 82 ImiRP 
186-5p 764 6mer TTCTTT 85 P, ImiRP 
129-5p 778 7mer-m8+G:U GCAAAAG 66 P, ImiRP 
878-5p 795 7mer-A1+G:U TTAGATA 95 P, ImiRP 
101-3p 811 6mer TACTGT 95 P, ImiRP 
144-3p 811 6mer TACTGT 95 P, ImiRP 
132-3p 812 6mer ACTGTT 95 P, ImiRP 
212-3p 812 6mer ACTGTT 95 P, ImiRP 
679-5p 818 7mer-m8 CACAGTC 72 P, ImiRP 
500-3p 835 6mer GTGCAT 100 P, ImiRP 
501-3p 835 6mer GTGCAT 100 P 
590-3p 842 7mer-m8+G:U TAGAATT 82 P 

1a-3p 849 6mer CATTCC 84 P, ImiRP 
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206-3p 849 6mer CATTCC 84 P, ImiRP 

450b-3p 851 7mer-m8+G:U TTCCTAA 84 P, ImiRP 
Position refers to the 3’UTR position of the first nucleotide of the MRE. Position 1 is the 
first nucleotide after the stop codon. Type refers to the MRE type. MRE is the 3’UTR 
sequence predicted to bind the miRNA seed. Conservation refers to the % conservation 
of the MRE sequence in orthologous mammalian Pax6 3’UTR sequences calculated using 
the UCSC genome browser. Several miRNA prediction software tools were used: PITA 
(P), TargetScan (Ts), Miranda (Mir), DianaMicroT (Di), MicroCosm (Mc) and ImiRP. 
  



 

 

303 
C. Figures 

 

 
Figure 46. High magnification images of PAX6 immunofluorescence in the P1 VZ 
(A) High magnification images were collected from the D, DL, mid-lateral (ML) and VL VZ 
of WT P1 brain sections following IF for PAX6. Scale bar – 500 µm. Images were collected 
using the 60X oil objective. (B) Representative WT images. Draq5 labels all nuclei, scale 
bar – 10 µm. (C) Nuclear localization of PAX6 protein in the D to VL P1 VZ. Pixel intensity 
of PAX6 IF from high magnification images is shown in red with the location of nuclei 
from Draq5 staining shown in blue. Note occasional nuclei lacking PAX6 (*).   
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Figure 47. Rostral-caudal V-SVZ sectioning plane and PAX6 immunofluorescence 
intensity 

(A) Schematic of the P1 brain showing with coronal sections prepared at different 
positions along the rostral-caudal axis reveal differences in LV length. Red indicates V-
SVZ. 1. Represents approximately 1 mm into the brain, starting from the rostral end (not 
including OBs). 3. Represents approximately 1.5 mm into the brain. Scale bar – 1000 µm. 
Coronal section schematics were generated using images from the Allen developing 
mouse brain reference atlas. Representative PAX6 IF images from WT (B), 517MUT (C), 
655MUT (D) and 517+655MUT (E) P1 VZ. Images were flat-field corrected and the 
background fluorescence was subtracted using Fiji ImageJ software. Image brightness 
was adjusted post-analysis in photoshop to improve visibility, and all images were 
adjusted identically. Note differences in ventricle size, because of different relative 
rostral-caudal positions of the prepared sections. Scale bar – 1000 µm.   
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Figure 48. A population of CalR and CalB-positive cells in the GL lacking NeuN 
expression 
(A-B) P1 pups were injected twice with 10 µg/g EdU to label V-SVZ stem cells in S-phase. 
Olfactory bulbs were harvested 60 days post-injection for sectioning, 
immunofluorescence (IF) and microscopy. Photomicrograph of P61 GL stained for NeuN 
(red), CalR or CalB (green) and EdU (blue). Arrows indicate EdU labeled cells 
immunopositive for both CalR/CalB and NeuN. Arrowheads indicate CalR/CalB positive 
cells that lack NeuN. (C) Quantification of CalR and CalB-positive cells in the GL of the 
olfactory bulb. Cells are expressed relative to GL area. n=5-7, +/- 95% C.I. 
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Figure 49. Testing of oligonucleotides for affinity purification of Pax6 mRNA for miR-
CATCH 

Affinity purification of Pax6 from unfixed aTC1-6 cells. Three biotinylated 
oligonucleotides complementary to Pax6 (Oligos 1, 2 and 3), and one non-specific oligo 
(NegCtrl oligo) were used for affinity purification. Quantitative PCR (qPCR) was used to 
assay for Pax6 (A) and a non-specific, ubiquitously expressed target, Hprt (B). Total RNA 
from aTC1-6 cell lysate was used as a normalizing control. Fold enrichment of the 
targets Pax6 and Hprt with affinity purification was expressed relative to the amount of 
target in total RNA, using Pfaffl’s method. (C) Affinity purification of Pax6 from PFA-fixed 
E12.5 dorsal telencephalon. The Pax6 oligo represents Oligo 2 from A and B. Pax6 was 
expressed relative to the non-specific target Tbp using Pfaffl’s method [359]. Note lower 
enrichment of Pax6 in the PFA-fixed condition. Data represents the geometric mean +/- 
95% C.I.  
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Figure 50. Expression of miRNAs predicted to target Pax6 in 517+655MUT mice 
relative to WT 

(A) Relative abundance of miR-7-5p in P1 pooled D and L V-SVZ and (B) in D, DL and VL 
V-SVZ from WT and miR-7-5p MRE mutant mice. miR-7a-5p was quantified using SYBR 
Green RT-qPCR and expressed relative to U6 snRNA, miR-26a and miR-106a internal 
controls. Relative miR-7-5p quantities were normalized to WT. n=10 for (A) and n=4 for 
(B). (C) Abundance of miRNAs predicted to target the Pax6 3’UTR in 517+655MUT P1 
pooled D and L V-SVZ relative to WT. In log2 transformed data, 0 (dotted line) indicates 
no change in the level of expression relative to WT. miRNAs that were less than two-fold 
up or down regulated (grey box) were not considered further. miRNAs were quantified 
using TaqMan multiplex reverse transcriptase quantitative polymerase chain reaction 
(RT-qPCR) array cards and were expressed relative to U6 snRNA, miR-16, miR-26a and 
miR-106a internal controls using Pfaffl’s method with multiple reference genes [408]. 
n=4. Relative abundance of miR-145-5p (D) and miR-375-3p (E) in P1 pooled D and L V-
SVZ from WT and miR-7-5p MRE mutant mice. miRNAs were quantified using SYBR 
Green RT-qPCR and expressed relative to U6 snRNA, miR-26a and miR-106a internal 
controls. Relative miRNA quantities were normalized to WT. n=10. Each point represents 
3 pups of pooled tissue. Data represents geometric mean +/- 95% C.I. 
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Figure 51. Sex differences in the PGN fate of V-SVZ NSCs 
Male and female P1 pups were injected twice with 10 µg/g EdU to label V-SVZ stem cells 
in S-phase. Olfactory bulbs were harvested 60 days post-injection for sectioning, 
immunofluorescence (IF) and microscopy. (A) Number of EdU labeled neurons in the GL 
in WT male and female mice. (B) Proportion of TH, CalR and CalB-positive PGNs that are 
positive for EdU expressed relative to the total number of EdU positive PGNs compared 
between WT male and female mice. Neurons were identified by NeuN IF. n=4, ± 95% C.I. 
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Figure 52. V-SVZ NSC fate tracking using EdU versus BrdU 

Mice were injected twice at postnatal day 1 (P1) with either the synthetic thymidine 
analog EdU or BrdU to label ventricular-subventricular zone (VZ-SVZ) neuronal 
progenitors in S-phase. OBs were harvested two months post-injection and labeled for 
EdU or BrdU, NeuN, and tyrosine hydroxylase (TH) or calretinin (CalR). (A) Absolute 
numbers of EdU or BrdU positive periglomerular neurons (PGNs) per mm2. (B) Relative 
numbers of EdU or BrdU positive PGNs co-expressing either TH or CalR. Data represents 
mean +/- 95% C.I. and was analyzed using two-way ANOVA with Sidak’s multiple 
comparisons test. n=6 for EdU injected samples, and n=3 for BrdU injected samples. A 
click reaction using an azide-conjugated Alexa 647 fluorophore was used to detect EdU 
(A, B) and an antibody against BrdU was used for BrdU labeling (C, D). NeuN labels 
neurons and DAPI labels all nuclei. B and D show a zoom of the glomerular layer. 
Arrowheads indicate EdU or BrdU positive neurons. Scale bar in A and C represents 100 
µm, and scale bar in zoom panels (B and D) represents 25 µm. 
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Figure 53. Impact of citrate antigen retrieval on calretinin immunofluorescence in the 
mouse olfactory bulb 

(A, B) CalR IF without sodium citrate antigen retrieval and (C, D) with antigen retrieval. 
P1 pups were injected twice with either EdU or BrdU and OBs were harvested 2 months 
post-injection. A click reaction using an azide-conjugated Alexa 647 fluorophore was 
used to detect EdU (A, B) and an antibody against BrdU was used for BrdU labeling (C, 
D). To permit antibody access to BrdU in the DNA, BrdU-labeled sections underwent 
antigen retrieval using sodium citrate. NeuN labels neurons. B and D show a zoom of the 
GL. Arrowheads indicate CalR and EdU or BrdU double-positive cells. Scale bar in A and C 
represents 100 µm, and scale bar in zoom panels (B and D) represents 25 µm. 

 
 


