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ABSTRACT 

MicroRNAs are small non-coding RNAs that are processed through an 

endogenous biological pathway and function to post-transcriptionally regulate target gene 

expression.  MicroRNAs affect cellular proliferation, differentiation, and morphogenesis 

in development and also have been found to play a role in many disease states.  We 

hypothesize that microRNAs are essential for hair cell development.  To test this 

hypothesis, we analyzed which microRNAs were present in the mouse inner ear, 

investigated the evolutionary conservation of a hair cell specific microRNA family, and 

utilized a conditional Dicer knockout mouse model to determine the role of microRNAs 

in the development of inner ear hair cells.  Our results demonstrate that approximately 

one-fourth of known microRNAs are expressed in the mouse inner ear, often persisting 

into adulthood, with certain microRNAs exhibiting cell-specific expression patterns, 

suggesting that they contribute to the development and function of the mouse inner ear.  

Furthermore, highly-conserved microRNA-183 orthologs exist in both deuterostomes and 

protostomes where they are predominantly expressed in vertebrate sensory hair cells, 

innervated regions of vertebrate deuterostomes, and in sensilla of Drosophila and C. 

elegans.  Thus, expression of microRNA-183 family is conserved in possibly 

homologous but morphologically distinct cells and organs.  These results suggest that 

microRNA-183 family members contribute specifically to neurosensory development or 

function, and that extant metazoan sensory organs are derived from cells that share 

genetic programs of common evolutionary origin.  In the conditional Dicer knockout 

mouse, otocyst-derived ganglia exhibit rapid neuron-specific miR-124 depletion by E11.5 

and profound defects in subsequent sensory epithelial innervation. However, the small 
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and malformed inner ear at E17.5 exhibits residual and graded hair cell-specific miR-183 

expression in the three remaining sensory epithelia (posterior crista, utricle, and cochlea) 

that closely corresponds to the degree of hair cell and sensory epithelium differentiation, 

and Fgf10 expression required for morphohistogenesis.  The correlation of differential 

and delayed depletion of mature miRNAs with the derailment of inner ear development 

demonstrates that miRNAs are crucial for inner ear neurosensory development and 

neurosensory-dependent morphogenesis.  Understanding microRNA functions in hair cell 

development of the mouse inner ear potentiates the innovation of clinically relevant 

therapeutics for treating hearing loss and balance disorders.   
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I. INTRODUCTION 

A. Hypothesis 

The recent discovery of microRNAs, as well as elucidation of unique functions 

for specific microRNAs, has provided a novel degree of complexity to understanding 

gene regulation.  Specific microRNAs have been determined to play an important role in 

context dependent growth and development, but the expression and potential roles of 

microRNAs in the mammalian ear have not been previously analyzed.  We hypothesized 

that microRNAs are essential for hair cell development.   To test this hypothesis, we first 

determined which microRNAs were present in the mouse ear.  Next, examining a hair 

cell specific microRNA family from mouse, we analyzed the evolutionary conservation 

of expression in neurosensory organs across phyla.  Finally, using a conditional Dicer 

KO mouse model, we determined whether microRNAs play a role in the development of 

hair cells in the mouse inner ear. 

 

B. Hearing and Balance Disorders 

According to the World Health Organization, 278 million people suffer from 

moderate to profound hearing loss (WHO 2008).  The CDC estimates that 1/3 of people 

age 70 or older experience hearing loss (CDC 2008), which translates into 29 million 

elderly adults affected in the United States (NIDCD 2008).  Furthermore, it is estimated 

that 30 million workers in the United States are subjected to dangerous noise levels on 

the job (NIDCD 2008).  Due to dangerous noise level exposure, 22 million adults aged 

20-69 in the United States are afflicted with noise induced hearing loss (NIHL) (NIDCD 

2008).  Individuals that suffer from hearing loss face serious economic burdens, such as 
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medical costs, home modifications, special education and lost wages (NIDCD 

2008;WHO 2008), with the average lifetime economic burden on an individual in the 

United States being assessed at $417,000 (NIDCD 2003).  Currently, there are two 

primary treatments for hearing loss, hearing aids for conductive hearing loss and cochlear 

implants for neurosensory hearing loss, but their availability and effectiveness varies with 

each individual and their specific audiology.  Surprisingly, only 10% of the global need 

for hearing aid production is currently met (WHO 2008), meaning most individuals 

receive no treatment for their hearing disorder.  Balance disorders, although significantly 

less common, are diagnosed and treated in 2 million people per year in the United States, 

and can have similar economic burdens related to employment loss and disability 

(NIDCD 2008).  Therefore, understanding what roles microRNAs play in the 

development and maintenance of hair cells could potentially provide novel and more 

effective treatments for the millions of people affected by hearing loss and balance 

disorders.   
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II. BACKGROUND 

A. MicroRNAs 

MicroRNAs are a recently discovered class of small non-coding transcripts that 

are conserved across species, are derived from an ~65 nucleotide hairpin precursor, and 

are ~21-24 nucleotides in length in their mature functional form (Lagos-Quintana et al. 

2001; Lau et al. 2001; Lee et al. 2001; Reinhart et al. 2000).  Furthermore, microRNAs 

are primarily found in intergenic regions where they are often genomically clustered and 

presumably derived from a polycistronic primary transcript (Lagos-Quintana et al. 2001; 

Lau et al. 2001; Lee et al. 2001).  Such primary transcripts may contain several 

microRNAs from the same family and exhibit coordinated expression patterns (Lagos-

Quintana et al. 2001; Lau et al. 2001; Lee et al. 2001). The mature microRNA can be 

located in either arm of the hairpin (Lau et al. 2001) and specifically targets mRNAs 

through the microRNA pathway (Montgomery et al. 1998). 

 

A.1.  MicroRNA Nomenclature 

To systematically organize and track the rapid discovery of novel microRNAs, the 

MicroRNA Registry was formed, which provides a searchable database of all published 

microRNAs (Griffiths-Jones 2004).  Newly discovered microRNAs were first associated 

with developmental phenotypes and they were given gene names such as Let7 or Lin4 

(Lee et al. 1993; Lee and Ambros 2000).  However, upon discovering the immensity of 

this new class of genes, a systematic approach to naming microRNAs was adopted.  At 

this time, there are 154 known microRNAs in C. elegans, 152 in D. melanogaster, 472 in 

M. musculus, and 678 in H. sapiens (MicroRNA Registry 2008).  MicroRNAs are 



4 

currently numbered in order of their discovery, utilizing the same number for homologs 

in different organisms (Griffiths-Jones 2004).  In an organism with identical mature 

microRNA sequences in multiple genomic loci, the different loci are designated by a 

numbered suffix (eg. -1,  -2, etc.) at the end of the miRNA number (Figure 1a; Griffiths-

Jones 2004).  For example, in mouse mmu-miR-1-1 is located on chromosome 2 and 

mmu-miR-1-2 is located on chromosome 18 (MicroRNA Registry 2008).  Futhermore, a 

lettered suffix (eg. –a, -b, etc.) is assigned to the microRNA number to designate multiple 

related mature microRNA sequences within an organism that may contain one or two 

base changes  (Griffiths-Jones 2004), for example, mouse miR-7a  and miR-7b are 

identical except for a single base change from A to U at the 10th position (Figure 1b; 

MicroRNA Registry 2008).  Because microRNAs can arise from either arm of a 

precursor hairpin, initially the less predominant form was designated by an asterisk ( *) 

or as the antisense strand ( –as).  However, the trend is moving towards a nomenclature in 

which miRNAs derived from the 5’ arm of the hairpin or the 3’ arm of the hairpin are 

denoted as -5p or -3p respectively (Griffiths-Jones 2004), disregarding expression levels.  

Adherence to these rules allows greater ease in tracking and organizing microRNAs and 

their conservation than is currently found in protein coding genes, which often have 

different names for orthologs.   

 

A.2.  MicroRNA Conservation 

MicroRNAs demonstrate a profound evolutionary conservation suggesting an 

ancient origin and crucial function in developmental processes.  Moreover, mutations are 

rarely detected in mature microRNA sequences (Heimberg et al. 2008). For example,  
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FIGURE 1. 

 
 

FIGURE 1. MicroRNA Nomenclature.  (A) MicroRNAs with an identical mature 

sequence located at different genomic loci are denoted with a -1 or -2.  (B) MicroRNAs 

within an organism that contain only one or two base changes are assigned an -a or -b.   
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let7 is conserved from C. elegans to H. sapiens (Figure 2; Pasquinelli et al. 2000), which 

represents 600 million years of evolutionary conservation (Frtizsch et al. 2006; 

Pasquinelli et al. 2000).  Both protostomes and deuterostomes contain microRNAs 

(Prochnik et al. 2007; Sempere et al. 2006), however they are limited in cnidarians 

(Prochnik et al. 2007) and have not been detected in sponges (Prochnik et al. 2007; 

Sempere et al. 2006).   Although many microRNAs demonstrate deep evolutionary 

conservation, they may regulate different geneticpathways in different organisms 

(Ambros and Chen 2007), potentially performing distinct biological roles in different 

phyla.   Initially, genome duplication events (GDE), which are correlated with vertebrate 

emergence, were believed to be responsible for increasing morphological complexity, 

however the role of microRNAs and other non-coding genes provided an additional layer 

of complexity (Heimberg et al. 2008).  GDEs are believed to be responsible for 

increasing diversity in existing microNRA families (Heimberg et al. 2008) and thus 

potentially providing various effects, including regulating specific genetic pathways, 

increasing the microRNA dosage or increasing the number of targets regulated 

(Prochnick et al. 2007). However, GDEs are not believed to be responsible for all 

morphological changes they do not explain the emergence of novel microRNA families 

(Heimberg et al. 2008), which are often expressed in areas of increasing morphological 

complexity (Sempere et al. 2006).  
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FIGURE 2. 

 

FIGURE 2. MicroRNA Conservation. (A) The microRNA let7 is conserved from 

Caenorhabditis elegans (cel) to Homo sapiens (hsa).  (B) The pre-miRNA sequence for 

let7 demonstrates conservation in the mature microRNA, but variability in the hairpin 

structure.  



8 

A.3. MicroRNA Biogenesis 

The core components of the microRNA pathway are also highly conserved 

(Figure 3).  Individual microRNAs or microRNA clusters are primarily transcribed by 

RNA polymerase II (Pol II) (Lee et al. 2004), forming a primary transcript (pri-miRNA).   

Pri-miRNA length can vary greatly between different microRNA transcripts, from 

hundreds of nucleotides to kilobases long, and miRNAs are capped and polyadenylated 

(Cai et al. 2004; Lee et al. 2004).  The majority of pri-miRNAs are transcribed from 

intergenic or intronic regions and co-transcriptionally processed (Pawlicki and Steitz 

2008) or processed concurrently with splicing (Bushanti and Cohen 2007; Kim et al. 

2007). 

The pri-miRNA is processed by a protein complex known as the microprocessor 

(Pawlicki and Steitz 2008) into a ~60-70 nt hairpin structure known as a pre-miRNA (Lee 

et al. 2003) that contains a 2 nt overhang on the 3’ end (Lee et al. 2003; Lund et al. 2004).   

The microprocessor is primarily comprised of two proteins, Drosha and DiGeorge 

syndrome critical region 8 (DGCR8) (Gregory et al. 2004; Hammond 2005; Han et al. 

2004; Lee et al. 2003; Pawlicki and Steitz 2008).   DGCR8 binds the hairpin structure of 

the pri-miRNA (Han et al. 2004; Pawlicki and Steitz 2008) while Drosha interacts 

transiently to cleave the pri-miRNA complex to the appropriate pre-miRNA structure 

(Hammond 2005; Han et al. 2004; Pawlicki and Steitz 2008).  Drosha contains a double-

stranded RNA-binding domain (dsRBD) and RNase III domains necessary for pri-

miRNA cleavage (Han et al. 2004).  However, depletion of Drosha (Lee et al. 2003) or 

DGCR8 causes accumulation of pri-miRNAs (Gregory et al. 2004; Lee et al. 2003).  

After cleavage from a pri-miRNA to a pre-miRNA, Exportin 5 recognizes the 2 nt  
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FIGURE 3. 

 

 
 

FIGURE 3. MicroRNA Biogenesis.   The microRNA gene is primarily transcribed by 

RNA polymerase II (Pol II) into a primary microRNA transcript (pri-miRNA).  The 

microprocessor complex, containing Drosha and DGCR8 then utilizes the RNase III 

activity of Drosha to cleave the pri-miRNA into a ~60-70 nucleotide precursor miRNA 

(pre-miRNA).  The pre-miRNA is exported out of the nucleus by Exportin 5 in 

conjunction with Ran-GTP. In the cytoplasm, the pre-miRNA is processed by another 

RNase III enzyme, Dicer and an associated factor TRBP, into a small RNA duplex.  The 

mature microRNA strand is then incorporated into the RISC complex and functions as a 

guide sequence to repress its target mRNA.   
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overhang at the 3’ end of the pre-miRNA transcript (Lund et al. 2004) and transports the 

pre-miRNA out of the nucleus in conjunction with Ran-GTP for processing in the 

cytoplasm (Lund et al. 2004; Yi et al. 2003).   

In the cytoplasm, the pre-miRNA is processed to its mature 21-24 nt length by 

Dicer (Lee et al. 2003) and an associated protein transactivating response RNA-binding 

protein (TRBP) (Chendrimada et al. 2005).  Dicer contains multiple domains important 

for microRNA processing, including a PAZ domain and two RNase III domains (Du et al 

2008).  The 2 nt 3’ overhang of the pre-miRNA is recognized and bound by the PAZ 

domain, and the ~21 nucleotide product is determined by the distance between the PAZ 

domain and the two RNase III domains (Hammond 2005; Lee et al. 2003).  The two 

RNase III domains each cleave a single strand, removing the hairpin loop (Hammond 

2005) and generating a 2 nt 3’ overhang (Du et al 2008) and resulting in a dsRNA 

containing the mature miRNA and the so-called star strand. Multiple studies have 

demonstrated the necessity of these proteins for mature microRNA processing and 

embryonic viability, including Dicer KO studies in mice demonstrating embryonic 

lethality by E7.5 (Bernstein et al. 2003), Dicer KO studies in zebrafish resulting in 

developmental arrest (Giraldez et al. 2005), and TRPB knockdown demonstrating 

decreased mature microRNA biogenesis (Chendrimada et al. 2005). 

TRBP has been hypothesized to help guide the mature miRNA to the RISC 

complex (Chendrimada et al. 2005), where Argonaute (Ago) protein and the miRNA 

form ribonucleoprotein complexes (Meister et al. 2004). Ago1-4 have been shown to 

have differential expression patterns (Lu et al. 2005), and only Ago2 is capable of the 

slicer function of mRNA cleavage (Hutvagner et al. 2002).  Ago proteins contain 
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multiple domains involved in miRNA mediated gene silencing, including a Mid domain 

which anchors the 5’ end of the microRNA (Wang et al. 2008b), a PAZ domain that 

anchors the 3’ end of the microRNA (Song et al. 2004; Wang et al. 2008b), and an RNase 

H-like PIWI domain believed to be responsible for the slicer function of Ago2 (Song et 

al. 2004). The role of Ago2 in microRNA function has been investigated, with Ago2 KO 

in mice resulting in early embryonic lethality. When Ago2 KO mouse embryonic 

fibroblasts were harvested, they were incapable of post-transcriptional gene regulation.   

However, the phenotype could be rescued by inserting a human Ago2 expressing plasmid 

(Liu et al. 2004).  Although either microRNA strand may enter the RISC complex, the 

strand with the weakest 5’ base pairing is often indicative of which strand will be 

integrated (Schawartz et al.  2003). Through complementary base pairing, the microRNA 

guides the RISC complex to its target mRNA and suppresses target gene expression 

(Elbashir et al. 2001). Small RNAs such as microRNAs demonstrate remarkable stability, 

repressing target genes for longer than three weeks in non-dividing cells (Bartlett et al. 

2006) which may be explained by their stable association with RISC complexes in vivo 

(Tang et al. 2008) that function as multi-turnover enzyme complexes (Hutvagner et al. 

2002).  

 

A.4.  MicroRNA-mRNA Target Gene Interaction 

 The most important feature of microRNA-target gene interaction that mediates 

post-transcriptional target gene repression appears to be a perfectly complementary 6-8 

bp binding at the 5’ end of the microRNA known as the seed region (Figure 4; Didiano 

and Hobert 2006; Lai et al. 2002; Lewis et al. 2003). The seed region is the most 
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functionally important region of microRNAs (Lewis et al. 2003).  Single mutations 

within the 5’ seed reduce target gene repression (Kertesz etal. 2007), although G-U 

wobbles may be permissible in miRNA-target gene interactions to sufficiently induce 

repression (Didiano and Hobert 2006). Interestingly, this 5’ seed region is not solely 

responsible for target gene repression (Didiano and Hobert 2006), and in general, 6-bp 

sites are usually insufficient for target gene repression (Selbach et al. 2008). Intermittent 

binding at the 3’ end of the miRNA, known as 3’ compensation, can also impact target 

gene repression (Chen et al.  2005).  Combinatorially, a 5’ seed match and 3’ 

compensation provide relative accuracy in determining likely target genes (Grimson et al. 

2007).  Moreover, strong 3’ pairing is able to compensate for insufficient 5’ pairing 

(Bushanti & Cohen 2007), such as a 6-bp seed interaction.  Effective target sites in 3’ 

UTRs are generally conserved in orthologous genes from different species (Stark et al. 

2003), and often occur in AU rich regions (Grimson et al. 2007). Evolutionary 

conservation of target sites (Baek et al. 2008; Selbach et al. 2008) and high gene 

expression are two factors that greatly improve targeted repression, although repression is 

generally <33% (Baek et al. 2008) and rarely exceeds a 4-fold decrease in endogenous 

transcript levels (Selbach et al. 2008). Target site accessibility is also critical for target 

gene repression.  Mutations that disrupt site accessibility by producing structures such as 

a closed stem over the target binding site significantly reduce target gene repression 

(Kertesz et al. 2007).  Multiplicity also appears to have a substantial impact on target 

gene repression.  Multiple microRNAs can target a specific gene (Chen et al. 2005; 

Entright et al. 2003; Grimson et al. 2007), and these additional sites can have a 

multiplicatively repressive effect on the target gene (Selbach et al. 2008), consequently  
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FIGURE 4. 

 
 
 

 
 
 

FIGURE 4. Seed-pairing hypothesis. Repression is mediated by an evolutionarily 

conserved 6-8 bp of complementary interaction between the 5’ end of the microRNA and 

its target mRNA.  This seed-pairing is hypothesized to be most important aspect of 

miRNA function. 
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providing the most efficient target gene repression (Doench et al. 2003).  Furthermore, 

target sites close to one another tend to have a greater impact on repression than distant 

sites (Grimson et al. 2007).  Therefore, multiple factors work to produce an effective  

microRNA-target gene interaction and post-transcriptional gene repression.   

 

A.5.  Target Gene Identification 

 MicroRNAs are predicted by computational analysis to regulate approximately 

one-third of all human genes (Cui et al. 2006; Griffiths-Jones et al. 2006). Multiple 

algorithms have been developed to identify potential target genes for each miRNA based 

on the seed-pairing hypothesis.  Pictar, the most stringent algorithm, filters for 

conservation of 3’ UTR binding sites across eight vertebrate species, perfectly conserved 

seed pairing, thermodynamics of RNA duplex interaction, and other statistical factors 

(Krek et al. 2005).  In addition, Pictar not only analyzes interactions for single 

microRNAs and their predicted target genes, but also analyzes combinations of 

microRNAs interacting with a commonly predicted target (Krek et al. 2005).  TargetScan 

utilizes many of the same filters, but with less stringency.  For example, TargetScan 

filters for conservation of 3’ UTR binding sites across five vertebrate species, and 

analyzes for a 6-nt seed match relying on perfect complementarity seed pairing (Lewis et 

al. 2003; Lewis et al. 2005).  MiRanda, the least stringent algorithm, focuses on 

conservation of 3’ UTR binding sites across three species, allows for 3’ compensation, 

and allows for G:U wobble pairing.  Not surprisingly, Targetscan and Pictar, both of 

which employ more stringent criteria, demonstrate more significant overlap and appear to 

have less false positives than miRanda (Tian et al. 2008). In each of these algorithms, the 
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typical miRNA has hundreds of predicted target genes (Entright et al. 2003; Chen et al. 

2005). Interestingly, genes with multiple conserved predicted binding sites for a specific 

miRNA are rarely found (Bushanti and Cohen 2007). These algorithms provide a useful 

tool for predicting miRNA-target gene interaction, but none take into consideration 

whether the miRNA and target gene are co-expressed (Bushanti and Cohen 2007). 

 

A.6.  Modes of MicroRNA Function 

 Numerous mechanisms with conflicting evidence have been reported for 

microRNA-mediated target gene repression, primarily focusing on mRNA degradation or 

translational inhibition.  It is believed that only perfectly complementary microRNA-

target gene interactions can evoke cleavage.  Nevertheless, microRNA-mediated mRNA 

degradation independent of Ago2 slicer activity has been identified in imperfectly 

complementary micorRNA-target gene interactions (Bagga et al. 2005; Wu et al. 2006).  

However, one study hypothesizes this is due to endonucleolytic cleavage (Bagga et al. 

2005), while another states that because the mRNA retains its 5’ cap, the degradation is 

probably due to 3’ exonucleolytic cleavage (Wu et al. 2006).  Additionally, microRNAs 

are reported to inhibit cap-dependent translational initiation because 1) proteasome 

inhibitors fail to relieve repression and 2) inhibition is not affected by inclusion of 

internal ribosome entry sites (IRES) or by the polyA tail.   Therefore, repression is 

hypothesized to occur prior to recruitement of eIF4e, a factor necessary for cap-

dependant translation intitiation at the 7 methylguanosine (m7G) cap (Pillali et al. 2005).  

This hypothesis is supported by the discovery that the Mid domain of Ago2 is similar to 

eIF4e and potentially competes for binding to the m7G cap structure, thus preventing 



16 

translation initiation (Kirkadou et al. 2007).  In a contradictory study, microRNAs have 

been reported to inhibit translational elongation.  According to this study, polyribosome 

loading occurs during repression of IRES-dependent translation and miRNAs are 

hypothesized to cause ribosome drop-off (Peterson et al. 2006). Furthermore, microRNAs 

are implicated in inhibiting translational elongation because RISC associates with eIF6, a 

ribosome anti-assembly protein, and depletion of eIF6 alleviates target gene repression 

(Chendrimadra et al. 2007).  Therefore, various mechanisms have been proposed 

regarding microRNA-mediated target gene repression (Bagga et al. 2005; Chendrimada 

et al. 2007; Kirkadou et al. 2007; Peterson et al. 2006; Pillali et al. 2005; Wu et al. 2006), 

often with conflicting evidence. Consequently, these mechanistic processes require 

further investigation.     

 

A.7.  Differential Expression 

 MicroRNAs often display distinct expression patterns in different cell types, 

tissues, or organs (Lagos-Quintana et al. 2000; Wienholds et al. 2005), with overlapping 

or identical expression patterns detected for clustered miRNA genes (Wienholds et al. 

2005) and increasingly complex expression patterns exhibited during development 

(Thatcher et al. 2007; Wienholds et al. 2005).  MicroRNAs are hypothesized to function 

in developmental patterning and/or organogenesis due to conserved expression patterns 

across phyla (Aboobaker et al. 2005), however miRNA conservation does not always 

result in expression conservation, which may be attributable to differences in cis 

regulatory elements (Ason et al. 2006).   
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A.8.  MicroRNAs in development 

 MicroRNAs have been demonstrated to play a variety of different roles in 

development, including regulation of proliferation and apoptosis.  For example, two 

different families have been demonstrated to be embryonic stem (ES) cell specific, miR-

290 family (Houbivay et al. 2003) and miR-302 family, which function to reprogram 

transcriptome expression into an ES-cell like state (Lin et al. 2008). Drosophila 

melanogaster (dme) microRNA dme-miR-bantam promotes tissue growth by targeting 

the apoptic gene Hid (Brennecke et al. 2003) and the dme-miR-2 family targets the 

proapoptotic genes Grim and Reaper (Stark et al. 2003).  The miR-16 family functions to 

target cell cycle genes Ccnd1, Ccnd3, Ccne1 and Cdk6, and therefore inhibits cell cycle 

progression (Liu et al. 2008). Likewise, miR-34 family functions to regulate cell cycle 

genes Ccne2, Cdk4, and Met, and in primary and tumor cell lines has been demonstrated 

to induce cell cycle arrest (He et al. 2007)  

MicroRNAs can also function as developmental switches, as is demonstrated for 

the Caenorahabditis elegans (cel) microRNA cel-miR-let7 (Reinhart et al. 2000) and cel-

miR-84 (Lau et al. 2001) in larval to adult transition (Reinhart et al. 2000; Lau et al. 

2001).  In addition, dme-miR-7 regulates E(spl) and Brd, genes that play an important 

role in Notch signaling and thus affect development (Stark et al. 2003).  Furthermore, 

neuronal miR-124a has been demonstrated to regulate neurite outgrowth during 

development (Yu et al. 2008).   

MicroRNAs also function to fine-tune transcriptional repertoires, demonstrating a 

more mild phenotype than developmental switches.  For example, miR-1 is required for 

muscle cell formation (Kwon et al. 2005) and facilitates myotube differentiation 
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(Nakajima 2006). Mus musculus (mmu) microRNA mmu-miR-1-2 plays a role in cardiac 

development and functions through regulation of Hand2, a gene critical for 

cardiomyocite development, and regulation of Irx5, a gene that regulates cardiac 

repolarization (Zhao et al. 2007). Because there are two genomic copies of mmu-miR-1, 

denoted -1 and -2, a single knockout causes a reduction miR-1 expression by half.  

However, many of the knockout mice exhibit holes in their heart or fatal cardiac rhythm 

disruptions, demonstrating that dose-dependant microRNA expression is likely important 

(Zhao et al. 2007). In additon, miR-126 regulates Spred1, Vcam1, and Pik3r2, and it is 

essential for vascular stability and structure (Fish et al.  2008).  Likewise, the miR-430 

family has been demonstrated to be involved in brain morphogenesis, a role established 

by injecting miR-430 and rescuing the Dicer KO phenotype (Girladez et al. 2005).  

Moreover, dme-miR-9a regulates sens, a gene required for upregulating proneural gene 

expression, thus affecting the growth of sensory organs (Li et al. 2006).  Additionally, 

miR-122 regulates Glys1, Slc7a1, Ccng1 and P4ha1, key genes in fatty acid synthesis, 

and therefore functions in cholesterol and fatty acid metabolism (Esau et al. 2006).   

Finally, microRNAs have been demonstrated to play roles in feed-back loops.  

For instance, cel-miR-273 regulates Die1 on the right side, spatially restricting cel-miR-

lys6 to the left side where it regulates of Cog1, thereby inducing left/right neuronal 

symmetry (Chang et al. 2004).  Another feedback loop involves a midbrain dopaminergic 

neuron (dn) marker Pitx3 that induces transcription of mmu-miR-133, which then targets 

Pitx3, playing a role in maturation and function of midbrain dn (Kim et al. 2007).   
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A.9.  MicroRNAs in disease 

 Two primary roles have been described for microRNAs in relation to cancer, 

including upregulation of microRNA genes that function as oncogenes and loss of 

microRNAs that function as tumor suppressors.  For instance, miR-21, which functions 

as an oncogene, is overexpressed in a variety of malignancies and is associated with 

tumor aggressiveness and carcinogenesis (Dillhoff et al. 2008; Gabriely et al. 2008).  In 

pancreatic cancer, miR-21 has been detected in tumor cells but not surrounding tissue, 

and correlates with a poor prognosis in node-negative patients (Dillhoff et al. 2008).  

Futhermore, in glioblastoma (GBM), hsa-miR-21 targets the matrix metalloproteinase 

(MMP) inhibitors Reck and Timp3, thus increasing the motility and invasiveness of the 

tumor cells (Gabriely et al. 2008).  In hepatocellular carcinoma, miR-21 in conjunction 

with miR-17-92 polycistron, have been demonstrated to contribute to malignant 

transformation and are essential for malignant phenotype maintenance (Connolly et al. 

2008). In breast cancer, four microRNAs have been associated with tumor aggressiveness 

miR7, miR-128a, miR-210 and miR-516, with miR-210 also correlating with metastatic 

capabilities (Foekens et al. 2008).  In brain cancer, miR-92 and miR-9* have been 

demonstrated to be overexpressed in primary brain tumors, but not in metastatic tumors, 

thus providing a strong diagnostic tool in addition to the current standard of 

distinguishing tumor type by morphological features (Nass et al. 2008).  Another 

potential prognostic indicator is miR-451, which regulates multidrug resistance gene 1 

(Mdr1).  Consequently, downregulation of this gene in breast cancer contributes to 

therapeutic drug resistance (Kovalchuk et al. 2008).  Another microRNA implicated in 

drug resistance and that is often highly expressed in cancer is miR-let7a, which targets 
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Caspase3, a gene critical to the apoptotic pathway (Tsang et al. 2008).  In contrast, miR-

34 family, which functions to arrest the cell cycle, are downregulated in several different 

types of cancer (He et al. 2007).  In addition, hypermethylation of microRNA genomic 

loci, and thus silencing, occurs frequently in cancer and contributes to metastasis 

(Lehmann et al. 2008; Lujambio et al. 2008).  Hypermethylated microRNAs loci include 

miR-148a, miR-34b/c, and miR-9, resulting in derepression of oncogenic and metastatic 

targets (Lujambio et al. 2008).  Interestingly, hypermethylation of the Homo sapiens 

(hsa) microRNA hsa-miR-9-1 locus is detected in pre-invasive breast lesions as well as 

breast cancer (Lehmann et al. 2008).   

MicroRNAs have also been indicated in heart disease.  For example, the hsa-miR-

29 family, which targets the extracellular matrix and fibrotic genes Col1a1, Col1a2, 

Col3a1, Fbn1 and Eln, are downregulated after a myocardial infarction (MI) and thus, are 

associated with post-MI fibrosis and remodeling (van Rooij et al. 2008).  Cholesterol is 

another major factor in heart disease, and interestingly, antisense treatment against miR-

122, which is involved in lipid metabolism, has been shown to lower cholesterol 35% 

(Esau et al. 2006).   

MicroRNAs are also implicated in a variety of neurodegenerative diseases.  In 

Alzheimer’s disease, miR-107 downregulation is detected at the earliest clinical stage, 

which is important because it regulates Bace1, a gene involved in accelerated disease 

progression (Wang et al. 2008a).  In Parkinson’s disease, clinical samples are deficient of 

miR-133, which is important for maturation and function of dopaminergic neurons (Kim 

et al. 2007).  Furthermore, dme-miR-bantam has been demonstrated to regulate 
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spinocerebellar ataxia 3 (Sca3) toxicity, a gene associated with polyglutamine induced 

neurodegeneration similar to Huntington’s disease in humans (Bilen et al. 2006). 

MicroRNAs may also provide an epigenetic explanation for many neurological 

disorders.  The miR-189 target gene Slitrk1 is implicated in Tourette’s syndrome, which 

is characterized by involuntary vocal and motor expressions, where a single base 

mutation in Slitrk1 miRNA target site demonstrates a slight increase in translational 

repression (Ableson et al. 2008). In schizophrenia patients, 16 microRNAs with altered 

expression patterns contained conserved sequence motifs upstream of the pre-miRNA, 

implicating altered microRNA biogenesis in this disorder (Perkins et al. 2007).  In autism 

spectrum disorders (ASD), 28 microRNAs inconsistently demonstrate altered expression 

patterns, potentially contributing to the ASD phenotype (Abu-Eneel et al. 2008).   

Finally, viruses have been demonstrated to utilize microRNAs to modify host 

gene expression as well as their own repertoire (Grey & Nelson 2008; Sullivan 2005).  

For example, human cytomegalovirus (HCMV), an opportunistic infection that affects 

immunocompromised patients, encodes 11 microRNAs.  One of these microRNAs, 

HCMV-miR-UL112-1, targets an immune response gene in the host Micb, and 

decreasing the host’s ability to notify natural killer cells of the viral infection (Grey & 

Nelson 2008).  Herpes simplex virus 1 (HSV1) contains two microRNAs responsible for 

promoting viral latency by targeting specific viral genes (Umbach et al. 2008).  Similarly, 

simian virus 40 (SV40) also controls its gene expression through microRNAs targeting 

early viral genes (Sullivan et al. 2008).  Finally, hepatitis C virus (HCV), which causes 

chronic liver damage, is believed to utilize host miR-122 to increase viral replication. 

(Gottwein and Cullen 2008).   
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B. Neurosensory Organs 

Analysis of neurosensory microRNA conservation and expression across phyla 

requires a basic understanding of neurosensory organs in each species examined.  

Available genomic data was analyzed and then representative organisms from the 

taxonomic groups  protostomes and deuterostomes (see Methods).  The vertebrate 

deuterostomes chosen for further investigation were the mouse (Mus musculus) from 

class Mammalia and the spotted salamander (Ambystoma mexicanum) from the class 

Amphibia.  Evaluating more divergent chordates, analysis was performed on the 

Lamprey (Lampetra fluviatilis) from the family Petromyzontidae and the hagfish (Myxine 

glutinosa) from the family Myxinidae.    Non-vertebrate deuterostomes were also 

examined, including the green sea urchin (Stronglyocentrotus drobachiensis) from the 

phylum Hemichordata and the acorn worm (Saccoglossus kowaleveskii) from the phylum 

Echinodermata.  Amongst protostomes, species examined included the fruit fly 

(Drosophila melanogaster) from the phylum Arthropoda and the Caenhorabditis elegans 

from the phylum Nematoda.  However, analysis of the conditional Dicer KO phenotype 

and its role in development of inner ear hair cells necessitates a more detailed description 

of the mouse ear.   

 

B.1.  Mouse Ear 

 The mouse (Mus musculus) ear is a complex structure of sensory and non-sensory 

tissues delicately organized to facilitate both hearing and balance.  At embryonic day 8 

(E8), the otic placode thickens and by E9 invagination initiates (Morsli et al. 1998).  By 

E12.5 partitions between the cochlea and vestibular regions form (Chen and Segil 1999), 
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and by E14 all six sensory patches are formed (Morsli et al. 1998).  At E17.5 the mature 

morphology is nearly complete, containing the coiled cochlea and the vestibular region’s 

five distinct sensory patches (Figure 5a; Morsli et al. 1998).   

The cochlea contains a sensory patch called the organ of corti, which is the 

auditory epithelium of the ear (Figure 5b; Barald and Kelley 2004) and consists of 

regions of frequency specificity along the length of the cochlea with high frequencies 

being detected in the base and low frequencies in the apex (Carey and Amin 2006).  It 

contains four rows of hair cells, a single row of inner hair cells (IHCs) located on the 

modiolar side (Kelley 2007) and three rows of outer hair cells (OHCs) (Kelley 2007; 

Yoshida and Liberman 1999) on the strial side that are directionally sensitive (Barald and 

Kelley 2004; Yoshida and Liberman 1999).  Developing hair cells become post-mitotic 

from apex to base in the cochlea (Ruben 1967), but mature from base to apex (Chen and 

Segil 1999; Judice et al. 2001; McKenzie et al. 2004).  In addition, radial gradients have 

been observed with regard to gene expression patterns in hair cells (Judice et al. 2001).   

In the organ of corti a complex matrix of cells, called supporting cells, work to 

structurally and biochemically promote the auditory function of hair cells.  The border 

cells (BC) contact the inner hair cells, which are separated from one another by inner  

phalangeal cells (IPh) (Kelley 2007).  Inner and outer pillar cells (IPC and OPC 

respectively) structurally support the organ of corti (Chen and Segil 1999; Kelley 2007) 

promoting its unique shape.  Three rows of Deiters’ cells (DC1, DC2, DC3) are located 

beneath the outer hair cells and each has a single projection through the space of Nuel 

that separates each outer hair cell from one another (Kelley 2007).   The Hensen’s cells  
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FIGURE 5. 

 
FIGURE 5. The mouse ear.  (A) Diagrammatic representation of normal inner ear 

morphology and sensory epithelia.  Indicated are the anterior, horizontal, and posterior 

cristae (AC, HC, and PC, respectively), utricle (U), saccule (S), and organ of Corti in the 

cochlea (CO).  (B) Diagrammatic representation of the cellular organization in the organ 

of corti.  The border cells (BC) are located on the modiolar side, and contact the inner 

hair cells (IHC), which are separated from one another by the inner phalangeal cells 

(IPh).  On the strial side of the IHCs, is single row of inner pillar cells (IPC). The outer 

pillar cells (OPC) separate the first row of outer hair cells (OHC1) from one another. The 

second and third rows of outer hair cells (OHC2 and OHC3) are separated by the first two 

rows of Deiters’ cells (DC1 and DC2).  The third row of Deiters’ cells (DC3) are located 

strial to the third row of outer hair cells.  The Hensen’s cells (HC) are located strial to the 

deiter cells, and the Claudius cells (CC) are located strial to the Hensen’s cells.   
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(HC) and Claudius cells (CC) are located on the strial edge (Chen and Segil 1999; Kelley 

2007).    

The vestibular region is comprised of five sensory patches that contain hair cells 

and supporting cells responsible for perception of balance and motion (Barald and Kelley 

2004).  Three sensory patches function function to perceive linear or angular acceleration, 

the anterior cristae (AC), the horizontal cristae (HC), and the posterior cristae (PC). The 

other two sensory patches, the sacculus (S) and the utriculus (U) perceive horizontal or 

vertical stimulus (Fritzsch 2007). 

 

B.2.  Salamander Skin 

The salamander (Ambystoma mexicanum) skin contains an organized pattern 

neurosensory organs.  Neuromasts are neurosensory organs stimulated by water 

movement and are comprised of hair cells surrounded by supporting cells (Northcutt et al.  

1995).  The hair cells are characterized by an apical ciliary bundle, with internal 

supporting cells located beneath the hair cells that are distinguished by position from 

mantle-type supporting cells located at the skin surface (Jones et al. 1993).  

Electroreceptors are sensitive to electrical stimuli produced by other organisms, and are 

smaller than neuromasts.  Electroreceptors are mildly recessed in the skin, with one or 

two sensory cells encircled by crescent shaped supporting cells (Northcutt et al. 1995).    

 

B.3.  Lamprey ear 

The lamprey (Lampetra fluviatilis) ear is comprised of two semicircular canals, 

containing three sensory patches.  A cristae is located in each canal, containing hair cells 
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and elongated supporting cells.  Where the two chambers join, a uniform sheet of hair 

cells and supporting cells called the macula communis is located (Lowenstein et al. 1968; 

Hammond and Whitfield 2006).  

 

B.4.  Hagfish Ear 

The hagfish (Myxine glutinosa) ear is comprised of a single circular canal 

containing three sensory patches.  These sensory patches include an anterior cristae and a 

posterior cristae, as well as a uniform sheet of hair cells located on the ventral floor called 

the macula communis.  Hair cells in these sensory regions exhibit a primary kinocilium 

surrounded by stereocilia.  A network of supporting cells surround each hair cell 

(Lowenstein and Thornhill 1970; Hammond and Whitfield 2006).   

 

B.5.  Sea Urchin Tubefoot 

Sea urchin (Strongylocentrotus purpuratus) tubefeet protrude through holes in the 

endoskeleton and utilize a water vasculature system for movement (Sodergren et al. 

2006).  The tubefeet are densely innervated, probably to facilitate sensory and motor 

function (Burke et al. 2006), a hypothesis supported by the discovery of genes important 

for vertebrate sensory functions, such as hearing, balance, vision, and chemosensation 

(Burke et al. 2006; Sodegren et al. 2006).   

 

B.6.  Acorn Worm 

Little is known about the neurosensory organs of the acorn worm (Saccoglossus 

kowaleveskii), although the nervous system appears to consist of a patterned nerve net.  
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The acorn worm is comprised of three distinct regions, the proboscis which is important 

for burrowing and collecting food; the collar, which contains the mouth; and the tail, 

which contains the gill slits and anus.  The proboscis and collar region are densely 

innervated and express neural patterning genes corresponding with expression patterns 

observed in chorodates (Lowe et al. 2003).   

 

B.7.  Drosophila   

The fruit fly (Drosophila melanogaster), contains neurosensory organs that 

function in hearing and balance.  The Johnston’s organ is located in the second antennal 

segment and contains ~150 mechanosensory cells, called scolopodia, which detect sound 

vibrations from the third antennal segment and send an auditory signal to the brain 

(Boekhoff-Falk 2005; Eberl et al. 2000).  The haltere are located beneath the wings and 

contain hundreds of mechanosensory cells called campaniform sensilla.  The haltere 

provide sensory feedback regarding positional information and balance (Dickinson et al. 

1999).   

 

B.8.  Caenorhabditis elegans 

 The Caenorhabditis elegans has six mechanosensory sensilla that respond to 

gentle or harsh touch over the entire length of the organism (Bounoutas et al. 2007; 

Chalfie et al. 1985; Wicks et al. 1995).  The sensilla are located near the cuticle and 

consist of a single process extending from the cell body that promotes sensation of 

external stimuli.  Two pairs of bilateral sensilla are located in the anterior portion and 

cause the worm to move backwards when stimulated.  The third pair of bilateral sensilla 
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are located in the mid to posterior region and cause the worm to move forward when 

stimulated (Bounoutas et al. 2007; Chalfie et al. 1985). 

 

C.  Summary 

MicroRNA research, as it relates to neurosensory organs, has only recently been 

explored.  We hypothesized that microRNAs are essential for hair cell development.   To 

address this hypothesis, we first determined which microRNAs are present in the mouse 

ear.  We utilized microarray analysis to investigate microRNA expression in the inner ear 

at multiple timepoints, and RT-PCR and northern blotting to confirm some of these 

expression patterns, allowing us to verify mature sequence detection.  In situ 

hybridization was employed to determine specific expression patterns.  Secondly, we 

analyzed the evolutionary conservation of miRNA expression in neurosensory organs 

across phyla by examining a hair cell specific microRNA family from vertebrates.  

Multiple techniques were used, including genomic sequence analysis to determine 

evolutionary conservation, RT-PCR to confirm microRNA sequence, in situ 

hybridization to establish cell specific expression patterns in neurosensory organs across 

a variety of species, and immunohistochemistry to detect known neurosensory markers.  

Third, we used a conditional Dicer KO mouse model to determine the role that 

microRNAs play in the development of the mouse inner ear.  Here, techniques included 

immunohistochemistry to detect known neurosensory markers, scanning and electron 

microscopy to determine morphological changes, in situ hybridization to investigate 

microRNA depletion, and neuronal tracing to establish defects in innervation.    
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III. METHODS 

A. Animals 

Animal care and handling complied with protocols approved by the Creighton 

University Institutional Animal Care and Use Committee (IACUC #0730) and employed 

measures to minimize pain or discomfort. FVB mice were purchased from Charles River 

Laboratories. 

 

B. Generation and analysis of transgenic C. elegans 

The miR-228p::GFP reporter was generated by primer overlap-based PCR fusion 

of the miR-228 promoter to GFP as previously described where PCR is used to fuse a 

genomic DNA promoter segment to GFP and the linear product is injected into C. 

elegans gonad (Hobert 2002). Approximately 2.2 kb of the 3 kb intergenic region 

immediately upstream of miR-228 (chromosome IV; nucleotides 559802-5562018) was 

used for the reporter construct consistent with similar promoter analyses in C. elegans 

(Dupuy et al. 2004). Primers used for miR-228 promoter amplification from C. elegans 

genomic DNA were 5’-TGCAATGCGGGAAGAGACGA and 5’-

GCTCCACCGATCCCCTCCGGAGATAAGGAGGAAAATGTCTCGCC-3’, for GFP 

amplification from pPD95.75 were 5’-

TCCGGAGGGGATCGGTGGAGCATGAGTAAAGGAGAAGAACTTTTCACTGG 

and 5’-GCCCGTACGGCCGACTAGTAGG, and for nested amplification were 5’-

TTCTGTGTTGAGTTTGCATTGTCC and 5’-

TAGGAAACAGTTATGTTTGGTATATTGGG. GR1560 (mgEx731 [miR-228p::GFP, 

ttx-3p::dsRed]) was generated by injecting wild-type strain N2 worms with 10 ng/µL 
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pooled PCR products from six separate reactions with 30 ng/µl pBluescript and 10 ng/µl 

ttx-3p::dsRed as a co-injection marker. Transgenic young adult worms were viewed 

following paralysis in 50 mM sodium azide by phase contrast and fluorescence 

microscopy using an Olympus IX70 microscope. 

 

C. Generation of conditional Dicer knockout mice 

LoxP sites were inserted around a 90-bp segment of the Dicer gene exon 2 

encoding part of the second RNaseIII domain.  Mice carrying floxed Dicer alleles 

(Dicer
flox/flox; Harfe et al. 2005) were mated to mice carrying a Pax2-Cre transgene 

(Ohyama and Groves 2004) to generate Pax2-Cre;Dicer
flox/wt mice. Pax2-Cre;Dicer

flox/wt 

mice were subsequently mated to Dicer
flox/flox mice to generate Pax2-Cre;Dicer

flox/flox 

mutant embryos. Offspring were genotyped by PCR analysis of tail DNA using Cre-

specific primers (5’-GCCTGCATTACCGGTCGATGCAACGA and 5’-

GTGGCAGATGGCGCGGCAACACCATT) that produce a 726 bp product, and Dicer-

specific primers (5’-CCTGACAGTGACGGTCCAAAG and 5’-

CATGACTCTTCAACTCAAACT) that produce a 420 bp product from the Dicer
flox 

allele and a 351 bp product from the Dicer
wt allele. Mice carrying a Dicer

wt allele or 

lacking the Pax2-Cre transgene were used as control littermates. Embryos were harvested 

at E10.5, E11.5, E12.5, E17.5, and E18.5 from timed pregnant females counting from 

noon on the day the vaginal plug was found as E0.5. Embryos were perfused with 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4) and tissues were isolated for 

analysis. 
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Primers used to discriminate the Dicer
flox allele and the deletion allele (Dicer

D) by 

PCR amplification of DNA isolated from inner ear tissues were 5’-

CCTGACAGTGACGGTCCAAAG and 5’-CCTGAGCAAGGCAAGTCATTC as 

previously described (Harfe et al. 2005). 

 

D. Genomic sequence analysis 

miRBase (Griffiths-Jones et al. 2006) contains the sequences of conserved 

vertebrate miR-183 family members (miR-183, miR-96, and miR-182) and protostome 

homologs. miR-183 family members are conserved in at least sixteen vertebrate species 

including human (Homo sapiens; hsa), mouse (Mus musculus; mmu), chicken (Gallus 

gallus; gga), frog (Xenopus tropicalis; xtr), and zebrafish (Danio rerio; dre). Protostome 

homologs were identified by BLASTN sequence alignment to miR-183. Orthologs 

include miR-263 or miR-263b from five species of arthropods including fruit fly 

(Drosophila melanogaster; dme), and miR-228 from two species of nematodes including 

Caenorhabditis elegans (cel). 

Invertebrate deuterostome miR-183 family members were identified in the sea 

squirt (Ciona intestinalis; cin) genome (Dehal et al. 2002) and purple sea urchin 

(Strongylocentrotus purpuratus; spu) genome (Sodergren et al. 2006) by a combination 

of BLASTN sequence alignment, BLASTP sequence alignment to mouse Nrf1 or Ube2h 

to establish co-localization of genes of different species, and manual searching of local 

genomic sequence for alignment to miR-183 family member sequences. miR-183 family 

members or homologs identified as miR-183-like and miR-96-like reside adjacent to an 

Nrf1 homolog in the sea squirt genome or a Ube2h homolog in the sea urchin genome. 
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Moreover, sequences are predicted using MFOLD (Zuker 2003) to form precursor hairpin 

structures consistent with miRNA biogenesis (Figure 16). In neither genome were miR-

182 homologs identified. 

Organisms for which no genomic data are available but evidence for miRNA 

expression is indicated by in situ hybridization or RT-PCR include spotted salamander 

(Ambystoma maculatum; ama), sea lamprey (Petromyzon marinus; pma), atlantic hagfish 

(Myxine glutinosa; mgl), acorn worm (Saccoglossus kowalevskii; sko), and green sea 

urchin (Strongylocentrotus droebachiensis; sdr). 

 

E. Immunohistochemistry 

Antibodies for acetylated tubulin (Sigma, catalog # T7451, 1:800 dilution),  

BDNF (R&D Systems, catalog # AF248, 1:1000 dilution), Prox1 (Covance Research 

Products, catalog # PRB-238C, 1:500 dilution),  Myo7a (Proteus Biosciences, catalog # 

25-6790, 1:50 dilution), and Sox2 (Millipore, catalog # AB5603, 1:800 dilution),  were 

used for IHC as previously described (Matei et al. 2005; Pauley et al. 2006).  Tissues 

fixed in PBS containing 4% PFA were defatted in 70% ethanol for 30 minutes.  Tissues 

were blocked with 5% normal goat serum (NGS) in PBS for 60 minutes, and then 

incubated for 48 hours in the primary antibody solution containing the appropriate 

antibody dilution with 5% NGS and 1% Triton X in PBS.  Tissues were rinsed three 

times in PBS for 60 minutes, and then incubated overnight in secondary antibody solution 

containing fluorophore with 5% NGS and 1% Triton X in PBS. Tissues were rinsed three 

times in PBS for 60 minutes and then mounted on slides and imaged using a Zeiss LSM 

510 confocal microscope.    
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F. Microarray analyses 

  For microarray analysis of inner ear precursor miRNA expression, 10 µg total 

inner ear RNA from P0, P8, P21, and P37 FVB mice was labeled and hybridized to a  

commercial microarray for analysis by the manufacturer (GenoSensor Corporation). The 

average of three mean fluorescence signal intensities for each precursor miRNA probe 

were normalized to that for tRNAmet and then the values were transformed to log base 2. 

Precursor miRNAs detected twofold greater than background were considered to be 

expressed. For microarray analysis of inner ear mature miRNA expression, small RNAs 

(<40 nt) from 10 µg total inner ear RNA from P0, P8, P21, P36, and P100 FVB mice 

were isolated using a flashPAGETM Fractionator (Ambion) as suggested by the 

manufacturer. Each RNA sample was labeled using the mirVana miRNA Labeling Kit 

and hybridized to an oligonucleotide microarray containing the mirVana miRNA Probe 

Set 1564V1 (Ambion) according to manufacturer protocols. The probe set was printed on 

epoxysilane coated glass slides E (Schott Nexterion), and sample hybridization and 

analyses were performed by the University of Nebraska Medical Center Microarray Core 

Facility. Oligonucleotide concentration for printing was 20 µM in spotting buffer "A" 

(MWG Biotech). Printing was performed at 50% humidity using an Omgrid 100 robotic 

printer (Genomic Solutions). Hybridization of labeled RNA samples was performed at 

42°C for 12 h in miRNA hybridization buffer (Ambion), and sides were washed 

according to the manufacturer’s protocol. Microarrays were scanned using a GenePix 

4000b Biochip Reader (Molecular Devices) and primary data were analyzed using the 

Digital Genome System Suite (Molecularware). The average of two mean fluorescence 

signal intensities for each mature miRNA probe were normalized to that for an added 
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control oligonucleotide and log base 2 transformed. Mature miRNAs detected twofold 

greater than background were considered to be expressed. 

 

G. Neuronal tracing 

Lipophilic dye-soaked filter strips were inserted into the brainstem to label 

afferents and efferents separately, or in the ear to fill afferents from the ear or discrete 

sensory epithelia to the brain as previously described (Jensen-Smith et al. 2007). Ears or 

brains were mounted in glycerol and viewed using a Zeiss LSM 510 confocal 

microscope. 

 

H. Northern blotting 

  miRCURY LNA probes (Exiqon) were labeled with digoxigenin (DIG) using the 

DIG Oligonucleotide 3´-End Labeling Kit (Roche) and purified by size exclusion 

chromatography using CHROMA SPIN-10 columns (Clontech). U6 RNA was detected 

using a similarly DIG-labeled U6 DNA probe, 5´-TGGAACGCTTCACGAATTTG. For 

northern blot analysis, 10 µg total RNA from P0 and P36 FVB mouse inner ear, heart, 

and brain, and 10 µg mouse whole embryo total RNA (Ambion) were resolved by 15% 

denaturing (7 M urea) polyacrylamide gel electrophoresis (PAGE) and transferred by 

electroblotting to GeneScreen Plus Charged Nylon Membranes (PerkinElmer). DNA 

oligonucleotides corresponding to miRNA sequences were included as controls to assess 

hybridization specificity and sensitivity. Blots were pre-hybridized by incubation with 

hybridization buffer (0.36 M Na2HPO4, 0.14 M NaH2PO4, 1 mM EDTA, and 7% w/v 

SDS, pH 7.2) for at least 1 h at 52°C and hybridized by overnight incubation in 
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hybridization buffer containing 0.2 nM DIG-labeled probe at 52°C for each LNA probe 

or 25°C for the U6 DNA probe. Blots were stringently washed twice in 0.5 ́SSC (7.5 mM 

sodium citrate, 75 mM NaCl, pH 7.0) containing 0.1% w/v SDS for 30 min at 52°C for 

each LNA probe or 25°C for the U6 DNA probe, rinsed in Wash Buffer, and incubated in 

Block Buffer for 30 min at 23˚C (DIG Wash and Block Buffer Set, Roche). 

Subsequently, blots were incubated with a 10,000-fold dilution of anti-DIG-AP Fab 

fragment (Roche) in Block Buffer for 1 h at 23˚C, washed three times for 15 min at 23˚C 

in Wash Buffer, and washed 2 times for 5 min at 23˚C with Detection Buffer (DIG Wash 

and Block Buffer Set, Roche). Anti-DIG-AP was detected using CDP-star 

chemiluminescent substrate for alkaline phosphatase (Roche). Blots were stripped by 

incubation for 10 min at 70˚C in 0.1 ́SSC containing 1% SDS and probed up to five 

times. 

 

I. RNA extraction 

Tissues were isolated from FVB mice in cold phosphate buffered saline (PBS; 10 

mM Na2HPO4, 1.7 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4). Inner ear 

included all tissues of the otic capsule (membranous and bony labyrinths), and cochlear 

and vestibular ganglia. Tissues were isolated from green sea urchin (Stronglyocentrotus 

drobachiensis, sdr) purchased live from Marine Biological Laboratories, Woods Hole, 

MA.  Following rotor-stator homogenization of tissue, total RNA including microRNA 

was purified using the mirVana miRNA Isolation Kit as suggested by the manufacturer 

(Ambion). The quality and quantity of each RNA preparation were determined using a 

Model 2100 Agilent BioAnalyzer and Nanodrop ND-1000 spectrophotometer. 
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J. RT-PCR 

  Quantitative PCR (Q-PCR) detection of miRNAs was performed using mirVana 

qRT-PCR miRNA Primer Sets (Ambion). For each miRNA, 100 ng total RNA was 

treated with DNase I (Invitrogen) and reverse transcribed using a 10-fold dilution of 

mirVana qRT-PCR miRNA-specific RT-primer and SuperScript III Reverse 

Transcriptase (Invitrogen) in a 10 µL reaction. Q-PCR was performed using a PRISM 

7000 Sequence Detection System (Applied Biosystems) to analyze triplicate reactions (25 

µL) containing 2´ SYBR Green PCR Master Mix (Applied Biosystems), 0.5 µM mirVana 

qRT-PCR miRNA Primer Set, and a fourth of the RT product. RT product was omitted 

from triplicate no template control (NTC) reactions. Following incubation at 50˚C for 2 

min and 90˚C for 10 min, PCR products were analyzed throughout 40 cycles consisting 

of incubation at 95˚C for 15 s and 60˚C for 30 s. Amplification plots for each miRNA and 

U6 RNA (Ambion) depict the change in SYBR Green fluorescence relative to the ROX 

internal standard and were generated using EXCEL (Microsoft). Results are representative 

of two independent assays. 

  Primary transcript containing miR-96 and miR-183 was detected by RT-PCR 

using primers 5´-TGCAGGCTGGAGAGTGTGAC and 5´-

CTCAGGCAGTGAAAGGTGATC yielding a 453 bp product. Transcript encoding 

protein phosphatase A1 was detected using primers 5´-

CTGTTGCTGGCCTATAAGATCAG and 5´-AGCCCCAAAGGTAA AGGAGAC 

yielding a 372 bp product. 1 µg total RNA isolated from P0 or P37 inner ear, adult eye, or 

P35 basal cochlea, apical cochlea, brain, or heart was treated with DNase I and reverse 

transcribed using random hexamer or oligo(dT) primers and SuperScript III Reverse 
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Transcriptase (Invitrogen). PCR reactions contained 100 ng cDNA, 0.2 µM primers, 10 

mM Tris-HCl pH 8.3, 50 mM KCl, 2.5 mM MgCl2, 0.2 mM each dNTP, and 1 U 

FastStart Taq DNA polymerase (Roche). PCR products were analyzed by agarose gel 

electrophoresis following incubation at 95˚C for 4 min and 37 cycles consisting of 

incubation at 95˚C for 30 s and 55˚C for 30 s, and 72˚C for 1 min. 

Spu-miR-183-like primary transcript was detected as a 170 bp PCR product using 

primers 5’-TCGTTCACCTGTGCTTGACTTC and 5’-

TGATGGTGAATGCAGCACTTCAC, and compared to detection of U6 snRNA as a 

101 bp PCR product using primers 5’-GCTTCGGCAACACATCTATTAAAATTG and 

5’-AAAAATATGGAACGCTTCACGATTTTG. For each PCR reaction, ~100 ng total 

RNA digested with DNase I (Invitrogen) was reversed transcribed using 2 pmol of 

specific primer and SuperScript III Reverse Transcriptase (Invitrogen). RT products were 

used to seed PCR reactions containing 1 µM each primer, 10 mM Tris-HCl pH 8.3, 50 

mM KCl, 2.5 mM MgCl2, 200 µM each dNTP, and 1 U FastStart Taq DNA polymerase 

(Roche). Reactions were incubated at 95˚C for 4 min followed by 15 cycles (for U6 

snRNA) or 35 cycles (for spu-miR-183-like primary transcript) consisting of incubation 

at 95˚C for 30 s, 55˚C for 30 s, and 72˚C for 60 s. PCR products were analyzed by 

agarose gel electrophoresis and SYBR Green I (Sigma) fluorescence with 100 bp ladder 

(Invitrogen). The identity of the RT-PCR product from tube feet was confirmed by cycle 

sequencing. 
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K. Scanning and transmission electron microscopy 

Ears were post-fixed in 0.5% glutaraldehyde, followed by 0.5% osmium tetroxide. 

Ears were either embedded in epoxy resin to obtain ultrathin sections for TEM or critical 

point dried for SEM. Critical point dried ears were mounted on stubs, sputter coated and 

viewed in a JEOL JSM-840A SEM. Ultrathin sections were counterstained with uranyl 

acetate and lead citrate and viewed in a JEOL JEM-1011 TEM as previously described 

(Ma et al. 2000). 

 

L. Whole-mount in situ hybridization 

  DIG-labeled miRCURY LNA probes (Exiqon) were prepared as described for 

northern blot analysis. Control DIG-labeled beta-actin mRNA riboprobe (633 nt) was 

prepared by in vitro transcription from DNA templates using T7 RNA polymerase and 

DIG-UTP (Roche), and purified using RNAeasy spin columns (Qiagen). DNA templates 

for in vitro transcription of the beta-actin riboprobe were generated by PCR using primers 

5´-TAAT ACGACTCACTATAGGGACCGCTCGTTGCCAATAGTG and 5´-

TGGTGGGAATGG GTCAGAAG and random hexamer-primed mouse cDNAs. 

LNA probes antisense to miR-124 (5’-GGCATTCACCGCGTGCCTTA), miR-

183 (5’-CAGTGAATTCTACCAGTGCCATA), or miR-183* (5’-

TTATGGCCCTTCGGTAATTCAC) contain LNA modifications at every third 

nucleotide position from the 5’ end. Such LNA probes have previously been shown to 

provide exceptional miRNA hybridization specificity that is sensitive to 1 or 2 nucleotide 

mismatches (Kloosterman et al. 2006); Pierce et al. 2008). 
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Whole-mount ISH detecting Fgf10 mRNA was similarly performed using a 552 

nt riboprobe generated by in vitro transcription of PCR products derived from an Fgf10 

cDNA clone using primers 5’-CACATTGTGCCTCAGCCTTTC and 5’-

TAATACGACTCACTATAGGGTCCTCTCCTGGGAGCTC (Pauley et al. 2003).  

  Whole mount in situ hybridization of P0 or P5 FVB mouse inner ear tissue was 

performed essentially as previously described (Judice et al. 2002; Wienholds et al. 2005; 

Kloosterman et al. 2006). Anesthetized mice were transcardially perfused with PBS 

followed by PBS containing 4% PFA. Inner ears were dissected, fixed in PBS containing 

4% PFA, decalcified in 120mM EDTA, and stored in PBS at 4˚C. To improve tissue 

penetration, demineralized and cartilaginous labyrinthine tissue were removed and 

sensory epithelia were exposed by removing overlying acellular membranes. Tissues 

were defatted through a graded ethanol series, rehydrated in PBS containing 0.1% 

TWEEN 20, and digested in PBS containing 2.5 mg/ml proteinase K for 20 min at 37˚C. 

Digestions were terminated using PBS containing 2 mg/ml Glycine and 0.1% TWEEN 

20, fixed in PBS containing 4% PFA, and re-equilibrated in PBS containing 0.1% 

TWEEN 20. Tissues were pre-hybridized by incubation for 1-3 h at 53˚C in hybridization 

solution (50% formamide, 2´SSC, 0.1% TWEEN 20, and 150 µg/ml denatured herring 

sperm DNA). Hybridizations were incubated overnight at 53˚C following the addition of 

12 pmol DIG-labeled LNA probe or 1 pmol DIG-labeled beta-actin mRNA riboprobe 

denatured for 10 min at 68˚C in hybridization buffer. Tissues were extensively washed at 

50˚C with up to 0.5´SSC and were digested by incubation for 1 h at 37˚C with RNase A 

(100 mM Tris-HCl pH 7.5, 500 mM NaCl, 0.1% TWEEN 20, and 10 µg/ml RNase A). 

Digestions were terminated by incubation for 10 min at 25˚C in 0.5´SSC containing 0.1% 



40 

SDS. Tissues were incubated in Wash and Block Buffers (DIG Wash and Block Buffer 

Set, Roche) for 1 h at 4˚C, and incubated overnight in a 1,000-fold dilution of sheep anti-

DIG-AP Fab fragment (Roche) in Block Buffer. Samples were extensively washed for 1-

2 days at 4˚C with Wash Buffer. Alkaline phosphatase activity was detected using BM 

Purple AP Substrate (Roche) by incubation for 2-24 h at 25˚C. Reactions were terminated 

for at least 1 h in PBS (pH 5.5) containing 10 mM EDTA. Tissues were fixed by 

incubation overnight at 4˚C in PBS containing 4% PFA. Fixed tissues were mounted in 

glycerol under glass cover slips for image acquisition as described previously (Pauley et 

al. 2003). Prior to sectioning, tissues were cryoprotected in 20% sucrose, embedded in 

OCT medium (Sakura Finetek), and frozen in a dry ice ethanol bath.  20 µm frozen 

sections were mounted with VECTASHIELD containing DAPI (Vector Labs).  

Localization of BM Purple and DAPI staining were respectively visualized by differential 

interference contrast and epifluorescence microscopy. 

Drosophila tissue samples were additionally treated with 1 U/mL chitinase 

(Sigma) for 60 min at room temperature prior to proteinase K digestion. Negative control 

samples lacked DIG-labeled LNA probe, but were otherwise prepared identically. LNA 

probe sequences for miR-183, spu-miR-183-like, and miR-263b are antisense to the 

miRNA sequences shown in Fig. 1B and contain LNA modifications at every third 

nucleotide position from the 5’ end. Such LNA probes have previously been shown to 

provide exceptional miRNA hybridization specificity that is sensitive to 1 or 2 nucleotide 

mismatches (Kloosterman et al. 2006). Salamander skin was kindly provided by W. 

Thoreson, acorn worms by C. Lowe, and sea lamprey and atlantic hagfish ears by B. 

Fritzsch. Green Sea urchins were purchased live from the Marine Biological Laboratory 
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(Woods Hole, MA), and wild type fruit fly cultures were purchased from Nebraska 

Scientific. 
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IV. RESULTS AND DISCUSSION 

A. MicroRNA gene expression in the mouse inner ear 

  The sensory endorgans of the vertebrate inner ear are mosaics of supporting cells 

and hair cells that transduce mechanical energy into electrical impulses destined for the 

central nervous system. Organization of terminally differentiated cell types in the sensory 

epithelia provide a model system for understanding the molecular processes that govern 

cell type specification and maturation from a simple epithelium to the complex organ of 

Corti. Much progress has been made in identifying the molecular constituents required 

for various aspects of inner ear morphogenesis, maturation, and homeostasis (Fritzsch 

and Beisel 2003; Eatock and Hurley 2003; Barald and Kelley 2004). A number of 

transcription factors, morphogens, growth factors, receptors, ion channels, and 

cytoskeletal proteins have been identified that affect various aspects of inner ear 

development from primitive otic neuroepithelium to cell fate assignment and functional 

maturation of afferent neurons, hair cells and supporting cells. Approximately 29,000 

genes are expressed throughout ear development with about 4,000 being differentially 

regulated (Chen Z.Y., personal communication). Yet to be considered in these processes 

is the probable influence of an extensive class of regulatory molecules termed 

microRNAs. 

  MicroRNAs (miRNAs) are processed from the transcripts of endogenous genes 

and function through the RNA interference (RNAi) pathway to mediate post-

transcriptional silencing of target genes (Ambros 2004; He and Hannon 2004). Among 

multi-cellular eukaryotic organisms, miRNA genes are evolutionarily conserved and 

abundant, supporting the view that miRNAs are part of an ancient and crucial genetic 
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regulatory program (Zamore and Haley 2005). Indeed, certain miRNAs are known to be 

critical determinants of developmental timing and cell fate specification (Grishok et al. 

2001; Chen et al. 2004; Esau et al. 2004; Abbott et al. 2005), morphogenesis (Giraldez et 

al. 2005; Leaman et al. 2005), cell proliferation (Lee et al. 2005), or differentiated cell 

function (Poy et al. 2004). Notable examples are miRNAs of the let-7 family that 

function as repressors of target genes involved in various aspects of biology (Banerjee 

and Slack 2002; Abbott et al. 2005; Johnson et al. 2005). These include RAS-dependent 

cell signaling and proliferation, where let-7 miRNA family members repress lin-60/RAS 

expression in C. elegans and human (Johnson et al. 2005), thus illustrating an expected 

conservation of miRNA function among eukaryotic organisms. 

  Analyses of miRNA expression and function in zebrafish have offered the first 

insights regarding the relevance of miRNAs to ear biology. The RNAi pathway can be 

disrupted by knockout of the Dicer gene, which encodes a ribonuclease required to 

produce functional microRNAs. Maternal zygotic Dicer knockout zebrafish have been 

shown to exhibit defects in organogenesis that include a lack of otoconia formation in the 

ear (Giraldez et al. 2005), demonstrating that an absence of functional miRNAs affects 

vertebrate ear development. Additionally, in situ hybridization analysis of miRNA 

expression in zebrafish shows that certain miRNAs are expressed in mechanosensory 

organs (Wienholds et al. 2005). In particular, a set of miRNAs (miR-96, miR-182, and 

miR-183) are expressed in the hair cells of zebrafish ears and neuromasts. While these 

studies suggest that miRNAs have cell-specific expression and may fulfill critical 

functions in vertebrate ear development, no analysis of miRNA expression in the 

mammalian ear has been performed. 
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  We have examined the expression of miRNAs in inner ears from newborn to adult 

mice in order to identify relevant miRNAs. Microarray analyses that indicate either 

precursor or mature miRNA expression were performed to assess the extent of miRNA 

expression and processing in the inner ear. The expression of a subset of individual 

miRNAs is validated by Q-PCR and northern blot detection of mature miRNAs. 

Moreover, in situ hybridization demonstrates that the cell-specific distribution of miRNA 

expression can be assessed in whole-mounted sensory epithelia of the mouse inner ear.  

 

A.1.  Microarray analyses of microRNA expression 

  To assess the breadth of miRNA expression in the mouse inner ear, two 

microarray analyses were performed. The first microarray analysis utilized probes 

designed to discriminate 213 mouse precursor miRNAs from total RNA samples, 

enabling identification of precursor miRNAs derived from different genetic loci that yield 

the same mature miRNA sequence. The second microarray analysis utilized probes 

designed to assess the expression of 344 mature miRNA sequences present in human, 

mouse, and/or rat from purified small (<40 nt) RNA samples. As a means of determining 

which miRNAs are expressed, a single-color analysis was performed where only those 

miRNAs detected twofold greater than background were considered expressed (Figure 6). 

Analysis of miRNA expression throughout mouse inner ear maturation was achieved by 

examining four time points ranging from postnatal day zero (P0) to approximately five 

weeks, where detection level was normalized to that of an endogenous tRNA for 

precursor miRNA microarrays, or that of an added oligonucleotide control for mature 

miRNA microarrays (Figure 6; Appendix Table 1). 
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FIGURE 6. 
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 FIGURE 6. MicroRNA expression in the mouse inner ear determined by 

microarray analyses. Heat maps depict the relative expression level of precursor 

miRNAs (left) or mature miRNAs (right) indicated by microarray analyses of FVB 

mouse inner ear RNA isolated at various developmental time points. The gray scale 

corresponds to miRNA detection level relative to endogenous tRNAmet for pre-miRNAs 

or an added control oligonucleotide for mature miRNAs. Depicted are only those 

miRNAs that were detected twofold greater than background for at least three of four 

time points between P0 and P37. White boxes indicate those time points at which 

miRNAs were not detected twofold greater than background (nd). MicroRNA 

nomenclature provided by the microarray manufacturers corresponds to entries in The 

microRNA Registry (Griffiths-Jones 2004). Mature miRNAs that are orthologous among 

human (hsa), mouse (mmu), and rat (rno) are listed as human miRNAs. An asterisk or 

‘AS’ denotes the antisense strand or product of pre-miRNA processing. 
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  Microarray analysis of precursors miRNAs indicates that 62 of 213 mouse 

miRNA genes are expressed in the inner ear at three or four of the time points examined 

(Figure 6; Appendix Table 1). The vast majority of precursor miRNAs were detectible at 

each of the four time points examined or undetectable at each of the four time points 

examined (Figure 7a). Microarray analysis of mature miRNAs similarly demonstrates 

that 102 of 344 miRNAs are expressed at three of the four time points examined between 

P0 and P36 (Figure 6; Appendix Table 1), and that the subset of miRNAs expressed is 

relatively stable (Figure 7b). The data illustrate that miRNA expression in inner ear 

tissues is abundant, likely owing to the wide variety of cell types, but that miRNAs 

expressed in the postnatal mouse inner ear remains almost constant. 

  The expression profile of miRNAs in the mouse inner ear appears to be well 

established by P0, consistent with the fact that early inner ear development and cell fate 

specification mostly occur embryonically (Barald and Kelley 2004). While the subset of 

miRNAs expressed in the postnatal mouse inner ear remain relatively constant, slight 

changes in expression level are indicated for some miRNAs (Figure 6). This suggests that 

miRNA expression might be altered through maturational processes. An analysis of P100 

mouse inner ear mature miRNAs shows that the subset of expressed miRNAs extends 

well beyond inner ear maturation through adulthood (Figure 6), suggesting that the 

continued expression of miRNAs serves a role in homeostasis of inner ear cell types. 

  Microarray analyses of inner ear precursor and mature miRNAs exhibit a 

substantial degree of incongruence. Among those miRNAs examined by both microarray 

experiments, 103 miRNAs were detected as only precursor or only mature miRNA forms, 

while 77 miRNAs were either detected as both forms or neither form was detected  
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FIGURE 7. 

 

 

FIGURE 7. Comparison and contrast of miRNA detection between microarray 

experiments. (A) MicroRNAs in pre-miRNA or mature miRNA microarray experiments 

given as number detected twofold greater than background among 4 or 5 time points 

analyzed. (B) MicroRNAs in pre-miRNA or mature miRNA microarray experiments 

given as number detected only as precursor, only as mature, both as precursor and 

mature, or neither as precursor or mature. Only those miRNAs detected twofold greater 

than background for at least three of four time points between P0 and P37 were 

considered as detected in either precursor or mature form. 
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(Figure 7b). Detection of precursor miRNAs presumes that different miRNAs are 

similarly processed and persist as precursor and mature forms at similar ratios. The 

incongruence between microarray experiments either suggests the relationship between 

precursor and mature miRNA forms is more complex, or might be attributable to 

technical issues regarding detection among total RNA versus purified small RNAs. 

However, the detection of functionally mature miRNAs among purified small RNAs is 

likely to proffer the more biologically relevant data set. 

 

A.2.  Validation of mature microRNA expression 

  To validate the expression of mature miRNAs in the mouse inner ear, a subset of 

miRNAs indicated by microarray analyses was chosen for further study using 

quantitative PCR (Q-PCR) detection and/or northern blotting methodologies. Q-PCR 

detection utilized commercial primer sets for reverse-transcription of specific mature 

miRNAs and amplification and detection of cDNA products by SYBR Green 

fluorescence. Among seven miRNAs chosen for Q-PCR analysis, each exhibited 

threshold detection several cycles prior to control reactions lacking template (Figure 8). 

This subset of miRNAs includes those detected by microarray analyses 

only as precursor form (miR-9 and miR-124-a), only as mature form (miR-96 and miR-

182), and as both precursor and mature forms (miR-100, miR-125-b, and miR-133-a). 

Comparison of threshold detection between P0 and P37 mouse inner ear RNA suggest 

that the expression levels of each miRNA does not vary by more than twofold when 

normalized to U6 RNA as an endogenous control (Figure 7). 
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FIGURE 8. 

 

FIGURE 8. Q-PCR analysis of miRNA expression. Plots depict the relative change in 

fluorescence (DRn) indicative of product accumulation over 40 cycles of PCR 

amplification using primer sets specific for indicated miRNA sequences. PCR reactions 

were performed in triplicate using cDNA products derived from P0 or P37 mouse inner 

ear total RNA and miRNA-specific primers as indicated. NTC indicates no template 

control reactions. U6 RNA was similarly analyzed as an internal reference. 
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  As more definitive evidence for the expression of mature miRNAs in the mouse 

inner ear, a subset of miRNAs was further examined by northern blot analyses. Detection 

of mature miRNAs utilized locked nucleic acid (LNA) probes, which possess higher 

binding affinity than DNA probes (Valoczi et al. 2004). LNA probes were digoxigenin 

(DIG)-labeled and detected using alkaline phosphatase (AP)-conjugated anti-DIG 

antibody and chemiluminescent AP substrate. Among nine miRNAs detected by 

microarray analyses, those detected only as mature forms (miR-96, miR-182, and miR-

183) or as both precursor and mature forms (miR-100, miR-125-b, and miR-133-a) 

exhibited expression of mature miRNA in the mouse inner ear by northern blot analysis 

(Figure 9). Those miRNAs detected by microarray analyses only as precursors (miR-9, 

miR-9*, and miR-124-a) were only weakly detectible as mature miRNA in the mouse 

inner ear by northern blot analysis (Figure 9). 

 Comparison of miRNA expression among P0 and P36 RNA samples from mouse 

brain, heart, inner ear, and whole embryo demonstrates that mature miR-100, miR-125-b, 

and miR-133-a are expressed in each tissue, while mature miR-96, miR-182, and miR-

183 are predominantly expressed in the mouse inner ear (Figure 9). These results are 

consistent with the previous observation that miR-96, miR-182, and miR-183 are 

expressed in hair cells of the zebrafish ear and neuromasts among other tissues 

(Wienholds et al. 2005). Detection of mature miR-9, miR-9*, and miR-124-a in the 

mouse brain (Figure 9) is consistent with their characterization as neuronal-specific 

miRNAs (Lagos-Quintana et al. 2002; Sempere et al. 2004). Although expression of 

mature miR-9 and miR-124-a in the inner ear appears to be considerably less than that in  
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FIGURE 9. 
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FIGURE 9. Northern blot analysis of miRNA expression. Indicated miRNAs were 

detected using DIG-labeled LNA probes and alkaline phosphatase-conjugated anti-DIG 

antibody. Each lane (1-7) contains 10 µg total RNA prepared from P0 or P36 mouse 

brain (B), heart (H), or inner ear (IE), or 10 µg total RNA from mouse whole embryo as 

indicated. Controls represent DNA oligonucleotides homologous to miRNA sequences 

each in the range from 1 pmol to 1 fmol. The slight difference in electrophoretic mobility 

between DNA controls and miRNAs is attributable to the difference in chemical 

composition and biochemical properties of DNA and RNA (Bonifacio et al. 1997). 
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the brain (Figure 9), their detection by Q-PCR (Figure 8) suggest they are present at a 

level that is not detectible by microarray analysis (Figure 6). 

  Northern blot analyses for certain miRNAs such as miR-9, miR-9*, miR-182, and 

miR-183 exhibit higher molecular weight species among the tissues examined that might 

represent either precursor miRNAs or non-specific binding to other transcripts (Figure 9). 

It is tempting to speculate that the processing of these miRNAs might be differentially 

regulated in different tissues, as suggested for certain miRNAs (Yang et al. 2006). 

However, further analysis of the primary transcript containing miR-96 and miR-183, 

whose genes are clustered within a 500 bp segment of mouse chromosome 6, 

demonstrates detection by RT-PCR only in inner ear and eye (Figure 10), consistent with 

in situ hybridization studies conducted in zebrafish (Wienholds et al. 2005). Therefore, 

hybridization of LNA probes to higher molecular weight species in northern blot analyses 

of RNA from other tissues (e.g. brain or heart) likely represents non-specific binding 

under the precise hybridization and wash conditions utilized. 

 

A.3.  In situ hybridization of microRNAs 

  To investigate the cell specific distribution of miRNAs in mouse inner ear tissues, 

whole mount in situ hybridizations were performed using DIG-labeled LNA probes 

detected with AP-conjugated anti-DIG antibody and colorimetric AP substrate. The 

expression of miRNAs examined by in situ hybridization demonstrate a variety of 

cellular distribution patterns and intensities (Figure 11).  
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FIGURE 10. 

 

 

 

FIGURE 10. RT-PCR detection of primary miR-96/183 transcript. (A) Detection of 

primary miR-96/183 transcript in mouse ear and commercially prepared RNA from 9-12 

week old mouse eye (BD Biosciences). Total RNA was reverse transcribed using random 

hexamer primers. PCR products derived from primary miR-96/183 or protein 

phosphatase A1 (PPA1) mRNA as an endogenous control are denoted. Control reactions 

lacking reverse transcriptase are shown and 100 bp ladder is indicated (L). (B) Detection 

of primary miR-96/183 transcript in P35 mouse cochlear apex and base, but not brain (B) 

or heart (H). Messenger RNAs were reverse transcribed using an oligo(dT) primer. PCR 

reactions were performed as in A. 
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FIGURE 11. 
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FIGURE 11. In situ hybridization of miRNAs in mouse inner ear. (A) Whole mount 

in situ hybridizations. Depicted is the detection of miR-100, miR-124-a, or miR-182 in 

P0 or P5 mouse inner ear tissues as indicated using DIG-labeled LNA probes and alkaline 

phosphatase-conjugated anti-DIG antibody. The negative control represents tissue 

similarly prepared without DIG-labeled probe. Denoted are spiral ganglia (sg), inner and 

outer hair cells (ihc and ohc, respectively), utricle (u), and anterior (a) and horizontal (h) 

cristae. The loss of hair cells in the anterior crista is a preparation artifact. (B) Cross 

section of horizontal crista. Depicted is the detection of miR-96 with false-colored DAPI 

staining of nuclei (red) superimposed. Denoted are hair cell (hc) and supporting cell (sc) 

layers of the sensory epithelium. 
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For example, miR-124-a exhibits expression in neuronal cells demonstrated by staining 

of the spiral and vestibular ganglia and miR-100 demonstrated preferential expression in 

neuronal cells with marked detection in the periphery of the vestibular ganglia (Figure 

11). In general, the LNA probes demonstrated good penetration of inner ear tissues likely 

attributable to their low molecular weight. 

  Of particular interest is the cellular expression pattern of miR-182. In situ 

hybridizations for miR-182 demonstrated its expression in all the inner and outer hair 

cells of the cochlea, and in hair cells of the vestibular endorgans (Figure 11a). 

Additionally, miR-182 is detected less intensely in neurons of the spiral and vestibular 

ganglia (Figure 11a and data not shown). Identical expression patterns were observed for 

miR-96 and miR-183 (Figure 11b and data not shown), consistent with miR-96, miR-182, 

and miR-183 being processed from a common primary transcript. The co-expression of 

these miRNAs in mammalian hair cells parallels expression in mechanosensory cells  

of zebrafish (Wienholds et al. 2005). These findings suggest that the miRNAs are 

evolutionarily associated with mechanosensory cell specification and function. 

 

A.4.  DISCUSSION 

  MicroRNAs represent approximately 1% of the genes in mammalian organisms 

and a substantial component of abundant non-coding RNAs that contribute to the 

complexity of genetic regulation (Riddihough 2005). The potential of miRNAs to 

regulate thousands of target mRNAs containing conserved complementary sites suggests 

that they contribute substantially to regulation of gene expression (John et al. 2004; 

Lewis et al. 2005). Our analysis of the mouse inner ear demonstrates that miRNA 
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expression is extensive, where approximately one third of known miRNAs are detected in 

the inner ear. Throughout the postnatal stages of mouse inner ear development and 

maturation, the subset of miRNAs expressed appears to be relatively stable. The general 

profile of miRNA expression thus appears to be established during embryonic stages of 

development and cell differentiation. In other developing systems, certain miRNAs are 

known to contribute to cell fate specification. For example, expression of miR-124-a in 

the spiral and vestibular ganglia is consistent with its established role in neuronal 

differentiation (Krichevsky et al. 2005; Conaco et al. 2006). Therefore, the determination 

of cell-specific expression patterns of miRNAs in the maturing mouse inner ear is a 

useful avenue for inferring probable roles for miRNAs in development. Moreover, mouse 

inner ear miRNA expression remains relatively stable well into adulthood, suggesting 

that miRNA functions extend beyond developmental effects and contribute to 

differentiated cell functionality and stasis. 

  The detection of miRNAs by in situ hybridization using LNA probes is proving to 

be a useful methodology for revealing cell-specific miRNA expression patterns in 

vertebrate tissues. (Wienholds et al. 2005; Kloosterman et al. 2006; Nelson et al. 2006). 

Our study demonstrates that LNA in situ hybridization can be readily extended to 

analysis of miRNA expression in the inner ear. Moreover, our analysis of miRNAs 

previously detected in zebrafish hair cells (Wienholds et al. 2005) demonstrates that miR-

182, miR-183, and miR-96 are detected in hair cells throughout mammalian auditory and 

vestibular organs. This evolutionary conservation of miRNA expression in 

mechanosensory hair cells of zebrafish and mammals suggests an equal conservation of 

function in diverse organisms. The further detection of these miRNAs in zebrafish eye by 
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in situ hybridization (Wienholds et al. 2005) and in mouse eye by RT-PCR analysis 

additionally indicates that the miRNAs are more generally associated with neurosensory 

cell fates and/or functions of possibly evolutionarily related cells (Fritzsch and 

Piatigorsky 2005). 

  Given the conservation of miRNA genes, conservation of miRNA complementary 

sites within target mRNAs, and the conservation of tissue- or cell type-specific miRNA 

expression patterns among organisms, it becomes possible to infer miRNA functions. 

Experimental approaches for individually validating predicted miRNA targets are 

generally labor intensive (Bentwich 2005), although microarray analysis of target gene 

expression has proven to provide a high-throughput methodology for examining the 

effects and elucidating the functions of miRNAs (Lim et al. 2005; Wang and Wang 2006; 

Wu et al. 2006). Such analyses are generally limited to cell culture experiments and are 

not easily amenable to complex organs such as the inner ear, although similar analysis of 

single cells is possible (Tang et al. 2006). Applying predictive algorithms (John et al. 

2004; Lewis et al. 2005) to miR-182, miR-183, and miR-96, which are likely co-

expressed from a common primary transcript, reveals the potential for hundreds of target 

mRNAs, many of which encode transcriptions factors (data not shown). This suggests the 

miRNAs can contribute substantially to altering the expression profiles of hair cells 

relative to adjacent supporting cells or common precursor cells, and that the miRNAs 

might thus facilitate hair cell differentiation and function. 

  This study demonstrates the extent and specificity of miRNA expression in the 

mammalian inner ear, where the regulatory functions of miRNAs are likely to contribute 

to developmental and functional aspects of ear biology. As gene therapeutic strategies for 



61 

stimulating hair cell regeneration and hearing restoration advance (Maiorana and 

Staecker 2005), they may benefit substantially from miRNA therapies (Hammond 2006) 

designed to guide developmental or maturational process that contribute to specified cell 

functions. 

 

B. MicroRNA-183 family conservation and ciliated neurosensory organ expression 

Ciliated neurosensory cells mediate photoreception, electroreception, 

chemosensation and mechanosensation in sensory organs of eukaryotic organisms. 

Although ciliated sensory organs can have elaborate and highly specialized 

morphologies, homologous developmental processes and molecular mechanisms 

contribute to their cellular architecture and function (Boekhoff-Falk 2005, Dahl et al. 

1997, Fritzsch et al. 2006, van Heyningen and Williamson 2002). A number of 

transcription factors have been identified that are crucial for the development of 

neurosensory cells. These include at the organ level Pax2/5/8 for mechanosensory 

development and Pax6 for photosensory development (Czerny et al. 1997; Dahl et al. 

1997; Kavaler et al. 1999; Kozmik et al. 2003; Pfeffer et al. 1998). At the cellular level, 

Atonal is required for mechanosensory, photosensory, and chemosensory development in 

Drosophila (Gupta and Rodrigues 1997, Jarman et al. 1993, Jarman et al. 1995), and its 

vertebrate orthologs Atoh1 (Math1) and Atoh7 are respectively required for development 

of mechanosensory hair cells in the ear (Bermingham et al. 1999) and for retina ganglia 

cells (Fritzsch and Piatigorsky 2004). This conservation of developmental mechanisms at 

the level of some genes shown to be crucial through knockout analysis is not sufficient to 

explain the apparent morphological similarities and variation across phyla. Nevertheless, 
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it is possible that the major sensory organs come about through developmental 

reorganizations such as placodal formation to combine single sensory cells into complex 

organs such as the eye or ear (Gehring 2005; Fritzsch et al. 2007). 

In vertebrates, the expression domain of conserved miRNA-183 (miR-183) family 

members appears to be restricted to ciliated neurosensory epithelial cells and certain 

cranial and spinal ganglia (Wienholds et al. 2005; Kloosterman et al. 2006). Vertebrate 

miR-183 family members (miR-183, miR-96, and miR-182) are co-expressed from a 1 to 

4 kb segment of intergenic DNA between the Nrf1 and Ube2h genes. In zebrafish the 

miRNAs are detected in the eye, nose epithelium, and sensory hair cells of the ear and 

neuromasts (Wienholds et al. 2005), and injection of miR-183 and miR-200 family 

members in zebrafish embryos have been demonstrated to impact development and affect 

neuromast migration (Ason et al. 2006). Additionally, expression of miR-183 family 

members in mouse eye and sensory hair cells of the ear have been previously 

demonstrated (Weston et al. 2006). Considering the ancestry and importance of 

neurosensory cells in eukaryotic organisms, we reasoned that miR-183 family members 

might be more widely distributed amongst evolutionarily divergent eukaryotic organisms. 

Conducting a broader analysis of miR-183 family member expression, we demonstrate an 

exceptional conservation of miRNA expression in ciliated sensory organs amongst both 

vertebrate and invertebrate organisms. Results suggest that miR-183 family members 

represent one of the most highly conserved factors in neurosensory development, and that 

neurosensory organs thus share a common molecular and possibly cellular evolutionary 

origin. 
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B.1. Genomic analysis of microRNA-183 family conservation 

Analysis of available miRNA and genomic sequence data suggest that miR-183 

family members or homologs are present throughout vertebrate and invertebrate 

deuterostomes and protostomes that are separated by ~600 million years of evolutionary 

divergence (Sempere et al. 2006) (Figure 12a; see Methods). In the urochordate Ciona 

intestinalis (sea squirt), miRNA-183 and a homologous miR-96 sequence (cin-miR-183 

and cin-miR-96-like) are present adjacent to an Nrf1 homolog (Figure 12b). The 

conservation of miR-183 family sequences and genomic synteny extends also to the 

echinoderm Strongylocentrotus purpuratus (purple sea urchin), where homologous miR-

183 and miR-96 sequences (spu-miR-183-like and spu-miR-96-like) are present adjacent 

to a Ube2h homolog. Moreover, miRNA sequences homologous to miR-183 have been 

identified in the protostomes Drosophila melanogaster (fruit fly) and Caenorhabditis 

elegans (nematode worm) as miR-263b and miR-228, respectively (Figure 12b). 

 

B.2.  In situ hybridization of microRNA-183 family members 

Using in situ hybridization (ISH) we examined the expression of miR-183 family 

members in representative bilaterian organisms. miR-183 expression is detected in 

vertebrate hair cells of spotted salamander neuromasts (Ambystoma maculatum), sea 

lamprey ear (Petromyzon marinus), and atlantic hagfish ear (Myxine glutinosa; Figure 

12c). Weaker expression is also detected in hair cells of salamander ampillary 

(electroreceptive) organs (Figure 12c). Combined with prior detection of miR-183 family 

members in zebrafish and mouse (Wienholds et al. 2005; Weston et al. 2006), the data 

demonstrate that miR-183 family members are expressed in most ciliated neurosensory  
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FIGURE 12. 
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FIGURE 12. Phylogenetic conservation of miR-183 family members and expression 

in vertebrate sensory organs. (A) Representative bilaterian organisms that contain miR-

183 family members include vertebrates (black) among invertebrate deuterostomes (blue) 

and protostomes (red). Asterisks indicate species for which certain miR-183 family 

members are supported by genomic sequence data (see Methods). The question mark 

indicates that no miR-183 family members have been identified among diploblasts 

(green). (B) Sequence alignment of conserved vertebrate miR-183 family members 

(black) with those identified among other deuterostomes (blue) and protostomes (red). 

Nucleotide substitutions or deletions (–) are colored orange. (C) ISH detecting miR-183 

demonstrates expression in vertebrate hair cells (hc). Depicted are salamander skin 

neuromasts (n) and ampillary (electroreceptive) organs (a) in whole-mount and cross-

section superimposed upon false-colored DAPI-labeled nuclei (red). Hair cell staining in 

whole-mount ampillary organ (dashed box) is shown in a different focal plane in the inset 

(solid box). Whole-mount lamprey and hagfish ears show hair cell staining in the 

common macula (mc), anterior crista (ac), posterior crista (pc), and dorsal crista (dc; 

lamprey only). Scale bars indicate 100 µm for salamander skin and 1 mm for lamprey 

and hagfish ears. 
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epithelial cell types in vertebrate organs of divergent function that mediate 

photoreception, electroreception, chemosensation and mechanosensation. 

Although invertebrate deuterostomes lack defined ectodermal sensory organs, we 

examined whether miR-183 family member expression might be detected and associated 

with putative neurosensory regions. Analysis of the hemichordate Saccoglossus 

kowalevskii (acorn worm) by ISH for miR-183 demonstrates detection in certain 

epithelial cells throughout the organism (Figure 13a). Considering the evolutionary 

relationship of hemichordates with echinoderms, it is interesting to note that acorn worm 

fails to demonstrate the same pattern of detection by ISH for the echinoderm miR-183 

homolog, spu-miR-183-like (Figure 14a). Moreover, detection of vertebrate miR-183 

expression in mouse cochlear hair cells by probe for miR-183 but not spu-miR-183-like 

demonstrates the discriminatory properties of the probes (Figure 14b). These data suggest 

that despite the apparent evolutionary relationship of hemichordates and echinoderms, 

acorn worm appears to have conserved vertebrate miR-183 sequence or a more highly 

related sequence than have echinoderms. 

 

B.3.  MicroRNA-183 expression is associated with known neurosensory    

          markers 

Further analysis of the acorn worm demonstrates that regions of miR-183 

detection, especially in epithelial cells of the proboscis and second collar region, overlap 

with a number of markers indicative of neurosensory domains in other organisms. miR-

183 detection in the proboscis partially coincides with myosin VIIa (Myo7a) detection by  
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FIGURE 13. 

 

 

 

 

 

 



68 

FIGURE 13. miR-183 family member expression in acorn worm is associated with 

putative sensory regions. (A) ISH detecting miR-183 expression in epithelial cells of the 

acorn worm proboscis (P), second collar region (C2), and dorsolateral regions posterior to 

the gill slits and ciliated band. (B) Association of miR-183 expression with putative 

sensory regions of acorn worm proboscis and collar. Clockwise from upper left: tubulin 

IHC demonstrates specific innervation of C2, BDNF IHC shows neurotrophin expression 

in C2, and Prox1 and Myo7a IHC respectively demonstrate strongest expression in C2 

and proboscis. Scale bars indicate 50 µm. 
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FIGURE 14. 

 

 

 

 

 

FIGURE 14. Discrimination by probes for miR-183 and spu-miR-183-like. (A) ISH 

detecting expression of miR-183 in acorn worm compared to probe for spu-miR-183-like 

and negative control lacking probe. Scale bars indicate 100 µm. (B) ISH detecting 

expression of miR-183 in mouse cochlea compared to probe for spu-miR-183-like. miR-

183 expression is specifically detected in the single row of inner hair cells (IHC) and 

three rows of outer hair cells (OHC). Scale bars indicate 20 µm. 
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immunohistochemistry (IHC; Figure 13b), where MyoVII is well conserved among 

animals (Goodson and Dawson 2006), Myo7a is specifically expressed in vertebrate 

ciliated cells (Hasson et al. 1995, Wolfrum et al. 1998), and mutation causes hearing loss 

in fruit fly and mammals (Todi et al. 2005). miR-183 detection in the second collar 

region is specifically associated with innervation of the collar region as indicated by 

tubulin IHC commonly used to label cytoskeletal processes such as nerve fibers and cilia 

(Figure 13b; Matei et al. 2005; Pauley et al. 2006). Innervation logically follows the 

detected expression pattern of brain-derived neurotrophic factor (BDNF; Figure 13b), 

which is highly conserved among deuterostomes including sea urchin (Burke et al. 2006; 

Hallbook et al. 2006) and is expressed by mature hair cells in vertebrate ear (Farinas et al. 

2001; Fritzsch et al. 2005). Additionally, miR-183 expression and innervation of the 

second collar region correspond to the detected expression domain of Prox1 (Figure13b), 

which is expressed in sensory epithelial development and in supporting cells of the 

vertebrate ear (Bermingham-McDonogh et al. 2006). These data demonstrate that the 

expression domain of miR-183 is largely associated with those of known neurosensory 

markers, and extends further the predilection of miR-183 family member expression in 

putative invertebrate neurosensory regions. 

In the echinoderm S. droebachiensis (green sea urchin), ISH for the miR-183 

homolog, spu-miR-183-like, demonstrates detection in the sucker cup rim of tube feet 

(Figure 15a). This region of the tube foot also exhibits innervation and the presence of 

cilia by IHC for tubulin (Figure 15b), and is consistent with a general sensory function 

for echinoderm tube feet (Burke et al. 2006). Although expression is relatively diffuse 

and weak compared to miR-183 expression in other deuterostomes, RT-PCR shows  
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FIGURE 15. 

 

FIGURE 15. miR-183 family member expression in sea urchin tube feet. (A) ISH 

detecting moderate expression of spu-miR-183-like in the sucker cup rim of green sea 

urchin tube feet compared to negative control lacking probe. (B) Tubulin IHC 

demonstrates innervation of spu-miR-183-like positive regions containing cilia 

(arrowheads). Scale bars indicate 100 µm. (C) spu-miR-183-like primary transcript 

expression is specific to tube feet. Depicted is primary transcript detection relative to U6 

snRNA by RT-PCR of total RNA isolated from sea urchin digestive gland (D), gonad 

(G), and tube feet (T) in reactions prepared with (+) or without (–) reverse transcriptase 

(RT) along side 100 bp ladder (L). 
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primary spu-miR-183 transcript (pri-spu-miR-183) is specifically expressed in tube feet 

compared to gonad or digestive gland (Figure 15c). Sequencing of the RT-PCR product 

obtained from green sea urchin tube feet confirmed the identity of the pri-miRNA 

transcript, where a single G to U transversion resides in the terminal loop of the precursor 

hairpin compared to that for purple sea urchin (Figure 16). Interestingly, Pax6 gene 

expression typically associated with sensory organ develop in vertebrates (van Heyningen 

and Williamson 2002, Dahl et al. 1997) has previously been demonstrated in acorn worm 

(Lowe et al. 2003) and sea urchin tube feet (Czerny et al. 1997, Burke et al. 2006). These 

data suggest that invertebrate deuterostomes have employed homologous genetic 

programs for sensory organ development within different morphological contexts to 

develop putative neurosensory cells. Moreover, some starfish develop terminal tube feet 

into photoreceptive ocelli, indicating the potential of these structures to form 

neurosensory organs (Bullock and Horridge 1965). 

 

B.4.  MicroRNA-183 homolog expression in protostomes 

The presence of miR-183 homologs in protostomes suggest a considerably wider 

phylogenetic distribution and more ancient evolutionary origin for miR-183 family 

members in bilaterian organisms, implying a similar role in neurosensory development or 

function. In D. melanogaster (fruit fly), ciliated sensory organs are distributed throughout 

the organism but are abundant in mechanosensory organs such as the haltere and 

Johnston’s (auditory) organ (antennal segment 2; A2), and in the chemosensory antennal 

segment 3 (A3) (Boekhoff-Falk 2005, Stocker 1994). ISH detecting miR-263b expression 

in adult fruit fly demonstrates expression in campaniform sensilla of the haltere,  
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FIGURE 16. 

 

 

 

FIGURE 16. miR-183 family members and homologs identified in the sea squirt 

genome (cin) and purple sea urchin genome (spu). Shown are predicted miRNA 

precursor hairpin structures with homologous miRNA sequences reported in Fig. 1B 

highlighted in red. Genomic scaffold segments corresponding to depicted sequences are 

indicated. The highlighted position in the terminal loop of the precursor hairpin for spu-

miR-183-like (blue) denotes the site of G to U transversion in the sequence determined 

for green sea urchin (sdr). 
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scolopidia of the Johnston’s organ, and in A3 (Figure 17a), although specific cell types 

are not easily resolved. These data are consistent with the prior detection of miR-263b in 

sensory organ precursors of fruit fly embryo (Aboobaker et al. 2005). 

In C. elegans (nematode worm), mechanosensory and chemosensory functions are 

associated with anterior, deirid, and phasmid sensilla (Altun and Hall 2005). Using an 

extrachromosomal miR-228 promoter-driven green fluorescent protein reporter construct 

(miR-228p::GFP), miR-228 expression is indicated in inner/outer labial, cephalic, and 

amphid sensilla, the posterior deirid, and in phasmid sensilla of the young adult worm 

(Figure 17b). Additionally, expression is observed in seam cells. Based on morphology of 

GFP-positive cells in sensilla, expression is provisionally identified in sheath and/or 

socket cells rather than ciliated neurons. This expression in protostome glial or 

supporting cell types stands in contrast to miR-183 detection in vertebrate ciliated 

epithelial cells (i.e. sensory  

hair cells). Thus, miR-183 family members appear to be differentially utilized within 

similar sensory organs among phylogenetically disparate organisms as well as within 

functionally distinct sensory organs of individual organisms (e.g. eye, nose, and ear of 

zebrafish; Wienholds et al. 2005). 

 

B.5.  Discussion 

The phylogenetic distribution of miR-183 family members is thus demonstrated to 

include orthologs in deuterostomes and protostomes that exhibit an exceptional 

conservation of expression in ciliated sensory organs. While these results suggest that  
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FIGURE 17. 
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FIGURE 17. miRNA-183 family member expression in sensory organs of 

protostomes. (A) ISH detecting miR-263b expression in fruit fly mechanosensory and 

chemosensory antennal segments 2 and 3, respectively (A2 and A3; top left), and haltere 

(bottom left). Cross-sectional views of the Johnston’s organ (A2; top right) and haltere 

(bottom right) indicate miR-263b expression in scolopidia and campaniform sensilla, 

respectively, superimposed upon false-colored DAPI-labeled nuclei (red). (B) miR-228 

expression in C. elegans indicated by miR-228p::GFP transgene expression. miR-228 

expression is indicated in cells provisionally identified as sheath and/or socket cells of 

phasmid (PH), posterior deirid (PD), and anterior sensilla (AS) including inner/outer 

labial (I/OL), cephalic (CEP), and amphid (AM). Phase contrast (top) and fluorescence 

(center) images are superimposed (bottom) for each lateral view of the anterior (left), 

middle (center), and posterior (right) region of the worm. Seam cell (SC) expression is 

also indicated. Scale bars indicate 50 µm. 
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miR-183 family member functions might be deduced through scrutiny of homologous 

predicted miRNA target genes, the precise functions of miR-183 family members might 

vary among morphologically distinct sensory organs and remain to be demonstrated. 

Interestingly, expression mapping of co-regulated genes in C. elegans topographically 

localizes miR-228 gene expression (sjj_T12E12.5) among other genes with sensory 

functions, particularly chemoreceptors (Kim et al. 2001). In zebrafish, injection of miR-

183 family members perturbs neuromast migration (Ason et al. 2006), suggesting a 

distinct role for the miRNAs in development of vertebrate mechanosensory organs. 

Moreover, the human miRNA-183 family locus lies within a chromosomal segment 

identified as a nonsyndromic autosomal dominant deafness locus (DFNA50) within 

which a causative gene has not yet been identified (Modamio-Hoybjor et al. 2004). 

The conservation of miR-183 family members in organisms diverged by ~600 

million years of evolution suggest their importance in the development or function of 

ciliated neurosensory organs and supports the notion of a common ancestry for 

mechanosensation and audition in particular (Boekhoff-Falk 2005; Fritzsch et al. 2006). 

Further examination of such highly conserved miRNAs that likely influence 

neurosensory cell development in homologous sensory organs will be key to 

understanding genetic programs that might be manipulated to affect cellular identity in 

prospective therapeutic strategies for regenerating sensory hair cells and restoring 

hearing. 
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C. Residual microRNA expression dictates the extent of inner ear development in 

conditional Dicer knockout mice. 

The vertebrate ear’s ability to extract sound and angular and linear acceleration 

from mechanical stimuli requires an intricate three dimensional geometry that includes 

the strategic positioning of sensory epithelia and the histological organization of 

epithelial hair cells and supporting cells. In recent years, molecular analyses have 

revealed many factors that influence patterning, morphogenesis and histogenesis. For 

example, fibroblast growth factors (FGFs) and bone morphogenic proteins (BMPs) are 

essential factors that transduce early patterning signals into specific regional gene 

expression in developing prosensory epithelia, which in turn governs the morphogenesis 

of semicircular canals (Chang et al. 2004; Pauley et al. 2006; Pauley et al. 2003). 

Likewise, molecular steps in histogenesis of the sensory epithelia have emerged (Fritzsch 

et al. 2006; Kelley 2006) and indicate that coordinated transitions of Eya1, Sox2, and 

possibly Isl1 and Neurog1 gene expression are required to up-regulate Atoh1 in 

postmitotic precursors for hair cell differentiation (Kiernan et al. 2005; Matei et al. 2005; 

Radde-Gallwitz et al. 2004; Zou et al. 2004). Such developmental transitions are not only 

orchestrated by the regulatory functions of morphogens and transcription factors. Indeed, 

growing evidence demonstrates the widespread importance of non-coding RNAs in 

transcriptional and post-transcriptional regulation of eukaryotic gene expression (Amaral 

et al. 2008). In particular, the ~500 mammalian microRNAs (miRNAs) appear to play a 

substantial role in development, cell maintenance, and disease (Hobart 2008; Makeyev 

and Maniatis 2008). 
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Our prior work has shown that ~100 miRNAs are expressed in development and 

maturation of the inner ear (Weston et al. 2006). In addition, we have recently shown that 

hair cell-specific miRNAs are highly conserved across phyla and exhibit expression in 

known mechanosensory cells and neurosensory organs from C. elegans to mammals 

(Pierce et al. 2008), consistent with previous notions on the ancestry of mechanosensors 

suggested by the conservation of transcription factors (Fritzsch et al. 2007). If indeed 

these and other miRNAs play crucial roles in development as indicated by their abundant 

expression in the developing central nervous system (CNS) and mammalian inner ear 

(Kapsimali et al. 2007; Weston et al. 2006), it is reasonable to hypothesize that major 

histogenetic and morphogenetic defects will result when small RNA production is 

abrogated using a conditional approach to eliminated the RNA processing enzyme Dicer 

(Harfe et al. 2005). 

We have therefore examined the effect of conditional Dicer knockout (cKO) on 

inner ear development in Pax2-Cre transgenic mice (Ohyama and Groves 2004), which 

enable deletion of floxed Dicer alleles in ear, kidney, and mid-hindbrain. The data 

demonstrate that small RNAs, including miRNAs, are required for inner ear 

development, maintenance of sensory neurons, and differentiation of sensory epithelia. 

Of particular interest is the finding that residual mature miRNAs appear to enable partial 

hair cell differentiation, suggesting that no neurosensory component of the ear can form 

in the complete absence of miRNAs. These data are consistent with our hypothesis that 

miRNAs are integral components of inner ear developmental programs. They validate to 

an extent the essential function of small RNAs in neurosensory organ development. 
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C.1.  Conditional Dicer knockout mouse model. 

To investigate the function of small RNAs in mouse inner ear development, we 

have generated Pax2-Cre conditional Dicer knockout (cKO) mice (i.e. Pax2-

Cre;Dicer
flox/flox). cKO mice have a number of developmental defects owing to Dicer 

deletion in Pax2-Cre expression domains that likely contribute to late embryonic lethality 

at approximately E18.5, primarily due to neuronal defects in the mid-hindbrain area. The 

Pax2-Cre transgene is strongly expressed in the mid-hindbrain, kidney, and otic placode 

at ~E8.5 (Ohyama and Groves 2004). cKO mice thus exhibit notable defects in mid-

hindbrain development that include ablation of the cerebellum and tectum (Figure 18a) 

and reduced kidney size.  Interestingly, cKO mice also demonstrate obvious defects in 

craniofacial and eyelid development (Figure 18a) outside the expected domain of Pax2-

Cre expression and floxed Dicer deletion. One potential mechanism is the disruption of 

morphogen patterns through primary or secondary effects. 

To confirm the loss of functional Dicer and depletion of miRNAs, neuron-specific 

expression of miR-124 was examined in E11.5 cKO mice and control littermates (e.g. 

Pax2-Cre;Dicer
flox/wt). In situ hybridization (ISH) using an LNA probe for miR-124 

demonstrates that expression is abundant in the control mouse throughout the mid-

hindbrain and in sensory neurons of the trigeminal ganglia and vestibuloacoustic ganglia 

(Figure 18b). However, miR-124 expression is absent in the cKO mouse throughout the 

caudal midbrain and anterior hindbrain, and in the vestibuloacoustic ganglia that derive 

from the otocyst. These data suggest that functional Dicer and neuron-specific miRNAs 

are largely depleted within three days from the time of Pax2-Cre expression in the  

mid-hindbrain and otic placode. Moreover, the otocyst of the cKO mouse is notably 
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FIGURE 18. 
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FIGURE 18. Developmental defects and miRNA depletion in Pax2-Cre Dicer KO 

mice. (A) Overview of developmental defects. Depicted are external features of the head 

(left) and approximate midsagittal section (right). Notable defects exemplified by 

comparison of E18.5 Pax2-Cre Dicer cKO and control littermates include abbreviated 

craniofacial development and abrogated eyelid and cerebellum (CB) development 

(denoted by the asterisk). (B) Depletion of neuronal specific miR-124 in Pax2-Cre Dicer 

cKO brain and ganglia. ISH shows depletion of miR-124 in Pax2-Cre expression 

domains (Ohyama and Groves, 2004) including the mid-hindbrain boundary (MHB) and 

vestibular ganglia (VG). Also denoted are the hypothalamus (H), caudal midbrain (T), 

rhombomeres 1 and 2 (r1 and r2, respectively), cerebellum (CB), trigeminal motoneurons 

and ganglia (MV and TG, respectively), and otocyst (O). 
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smaller at this early point in inner ear development (Figure 18b). 

To ensure that Pax2-Cre transgene expression and floxed allele recombination 

precisely recapitulates that previous observed (Ohyama and Groves 2004) in the context 

of conditional Dicer KO, tissues from E17.5 control and cKO mice carrying a Rosa26-

LacZ reporter (R26R) allele (Soriano 1999) were examined by X-gal staining (Figure 19). 

As expected, X-gal staining shows that Pax2-Cre expression supports recombination 

throughout the mid-hindbrain and the inner ear of control mice and any remaining brain 

and ear tissues of cKO mice. The data therefore suggest that Pax2-Cre expression 

domains retain their definition in the inner ear and midbrain of the Dicer cKO model. 

 

C.2.  Overview of effects on inner ear development. 

The inner ear of mice consists of six sensory epithelia located within the 

vestibular and auditory organs that include the anterior, horizontal, and posterior  

cristae, utricle, saccule, and the organ of Corti that runs the length of the cochlea (Figure 

20a). Conditional Dicer KO mice demonstrate a significant truncation of most inner ear 

structures at E17.5 (Figure 20b). Although the cKO inner ear exhibits a well developed 

posterior crista and canal, the horizontal crista and canal and the anterior crista are always 

absent, and the anterior canal is either absent or substantially reduced. A reduced utricle 

is always present (Figures 20b-c) and a small saccule is sometimes present (Figures 

20b,d). The cochlea presents only as a comma-shaped structure with no coils. 

A comparison of normal inner ear and conditional Dicer KO inner ear provides 

perspective to the overall reduction in cKO inner ear development. A representative inner 

ear at E18.5 from an Atoh1-LacZ mouse (i.e. Atoh1
LacZ/wt; Fritzsch et al. 2005) shows   
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FIGURE 19. 
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FIGURE 19. Floxed allele recombination in Pax2-Cre control (Dicer
flox/wt

) and Dicer 

KO (Dicer
flox/flox

) mice. Depicted is X-Gal staining of the brain (A) and inner ear (B) 

indicating Pax2-Cre positive tissues in which the Rosa26-LacZ reporter (R26R) allele has 

been recombined to express functional b-galactosidase. Note the near complete loss of 

midbrain (MB) and cerebellum (CB) in the cKO brain with normal formation of the 

forebrain, which shows no indication of Pax2-Cre expression. The cKO inner ear 

demonstrates a well-developed posterior crista with profound X-Gal staining indicating 

Pax2-Cre expression, whereas the cochlea is severely truncated. Labels are as indicated 

in the legend to Fig. 19. 
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FIGURE 20. 
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FIGURE 20. Defects in inner ear morphogenesis and sensory epithelial development 

of Pax2-Cre Dicer KO mice. (A) Diagrammatic representation of normal inner ear 

morphology and sensory epithelia (colored). Indicated are the anterior, horizontal, and 

posterior cristae (AC, HC, and PC, respectively), utricle (U), saccule (S), and organ of 

Corti in the cochlea (CO). Arrows indicate dorsal (D) and posterior (P) orientation for all 

images. (B,C,D) Morphology of an E17.5 Pax2-Cre Dicer cKO mouse inner ear . 

Invariably, each cKO mouse inner ear lacks recognizable anterior and horizontal cristae 

and a horizontal canal, has a well-formed posterior crista and canal, and forms a utricle 

and an abbreviated cochlea consisting of approximately one half-turn. Rarely observed is 

a small saccule and malformed anterior canal consisting of connected vesicles. The 

utricle (C) may contain a single otolith, and the saccule (D) if present may contain a 

misshapen otoconium. (E) Normal sensory epithelial development indicated by X-gal 

staining of hair cells in Atoh1-LacZ mouse inner ear (i.e. Atoh1
LacZ/wt; Fritzsch et al., 

2005). The inset depicts to scale a conditional Dicer KO ear. (F) Sensory epithelial 

development and innervation of the cKO mouse inner ear, n = 2. Sensory epithelia 

indicated by IHC detecting Sox2 invariably show a well-developed posterior crista, a 

utricle, and one or two sensory patches within the cochlea. Innervation shown by IHC 

detecting tubulin reveals fibers to the utricle, but not posterior crista. Few fibers innervate 

the cochlea but fail to target the sensory patch. 
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X- gal staining of hair cells throughout the sensory epithelia (Figure 20e) compared to 

scale with an E17.5 Dicer cKO inner ear (Figure 20e; inset). The truncation of cKO inner 

ear sensory epithelial development is demonstrated by immunohistochemistry (IHC) 

detecting Sox2, which is specifically expressed in prosensory epithelia and in supporting 

cells following hair cell differentiation (Kiernan et al. 2005). The E17.5 cKO inner ear 

thus exhibits a well-developed posterior crista and relatively small utricular and cochlear 

patches of sensory epithelium development (Figure 20f). Moreover, labeling of nerve 

fibers by IHC detecting tubulin shows that innervation of the E17.5 cKO inner ear is 

severely reduced (Figure 20f). Whereas a few fibers targeting the utricle remain, there is 

no innervation of the posterior crista and any fibers remaining to the cochlea fail to  

target the developing sensory epithelium (Figure 21). These data demonstrate that 

conditional Dicer KO in the developing mouse inner ear results in profound 

morphogenic, histogenic and innervation defects. 

 

C.3.  Defects in sensory epithelial histogenesis. 

The histological development of sensory epithelia in the E17.5 cKO mouse inner ear was 

further evaluated by IHC detecting brain-derived neurotrophic factor (BDNF) and myosin 

VIIa (Myo7a) markers for hair cells. The sensory epithelium of the cochlea expressing 

Sox2 most often appears as two distinct basal and apical patches (Figure 22a). Relatively 

few cells within each patch demonstrate detection of BDNF (Figure 22b-c), a 

documented hair cell factor that attracts nerve fibers (Tessarollo et al. 2004). Moreover, 

these presumptive hair cells fail to assume the precise organization of inner and outer hair 

cell rows seen in the normal organ of Corti (Figure 22d). However, many cells within  
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FIGURE 21. 
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FIGURE 21. Distribution of developing hair cells and kinocilia among sensory 

epithelia in an E17.5 conditional Dicer KO inner ear. Depicted are sensory epithelia of 

the cKO inner ear including the utricle (A series), cochlea (B series), and posterior crista 

(C series) by IHC detecting Sox2 and tubulin as indicated, n = 2. (A-C) Developing 

sensory epithelia and innervation. Nerve fibers innervate the utricle, circle around the 

cochlea, and fail to target the posterior crista. (A’-C’) High power optical sections on the 

epithelial surfaces show many asymmetrically positioned kinocilia (red spots or lines) on 

Sox2 positive developing hair cells (green). Note that this particular specimen lacks a 

saccule and that the organ of Corti exhibits some organization of inner and many outer 

hair cell rows. The inset to (B) depicts normal organ of Corti with a single row of inner 

hair cells (IHC) and three rows of outer hair cells (OHC). (A”-C”) Planar polarity of 

developing hair cells. Green arrows indicate the observed positional bias of developing 

hair cell kinocilia. Hair cell planar polarity in the utricle exhibits an uncharacteristic 

random distribution, whereas polarity in the cochlea and posterior crista is relatively 

normally organized. The inset to (B”) depicts normal organ of Corti. 
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FIGURE 22. 
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FIGURE 22. Sensory epithelial development in E17.5 Pax2-Cre Dicer KO mouse 

inner ear. Each panel depicts analysis by IHC detecting sensory epithelial Sox2 protein, 

and/or presumptive hair cell BDNF and Myo7a proteins as indicated, n = 2. Shown are 

the two basal and apical sensory patches of the cKO mouse cochlea (CO; A) with limited 

BDNF expression (B,C) compared to a segment of the organ of Corti of wild type 

cochlea (D) with characteristic inner and outer hair cell rows (ihc and ohc, respectively). 

The sensory patches of the cKO mouse cochlea are positive for Myo7a indicative of hair 

cells (E). The utricle (U) and posterior crista (PC) exhibit abundant BDNF expression 

(F,G) and Myo7a expression (H,I,J). The posterior crista in optical section (J) 

demonstrates relatively normal organization and morphology of presumptive hair cells 

separated by a non-sensory cruciate eminence (CE). Arrows indicate dorsal (D) and 

posterior (P) directions. 
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each patch appear Myo7a positive (Figure 22e), suggesting they might represent 

developing hair cells.The Sox2 positive sensory epithelia of the utricle and posterior 

crista demonstrate detection of relatively more BDNF positive and Myo7a positive cells 

(Figure 22f-j).  

The utricle shows a circular morphology rather than the typical kidney-shaped 

sensory epithelium, whereas the posterior crista demonstrates a normal separation of the 

two hemicristae by a cruciate eminence. The sensory epithelia of the cKO inner ear 

therefore demonstrate a range of morphological and histological definition from the well-

developed posterior crista to the poorly-developed cochlea. Interestingly, the absence or 

presence of BDNF in developing hair cells does not strictly correlate with the lack of 

innervation indicated by tubulin IHC (Figure 20f), suggesting that the inability of nerve 

fibers to properly target sensory epithelia is intrinsic to the neurons rather than a failure 

of developing hair cells to provide neurotrophic support. 

 

C.4. Defects in hair cell development. 

To further examine developing hair cells in cKO inner ear sensory epithelia, the 

detailed cellular anatomy was examined by tubulin IHC and electron microscopy. 

Tubulin IHC shows that most developing hair cells possess kinocilia (Figure 21). The 

positioning of kinocilia shows that near normal hair cell polarity develops in the posterior 

crista and in the cochlea for one case where the organ of Corti demonstrates some 

organization into inner and outer hair cells. However, there was no evidence for 

formation of striolar polarity reversal in the utricle, where kinocilia positioning appeared 

mostly random. 
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Examination of E17.5 and E18.5 inner ear sensory epithelia by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM; Figures 23a and 23b, 

respectively) shows that apical specializations were found to be fairly normal in the 

posterior crista. However, the utricle shows unusual organization of apical specializations 

presenting as multiple elongated microvilli that are curved, implying a reduction of the 

actin core that provides stiffness to developing stereocilia. If developed, cochlear hair 

cells show unusual stereocilia organization reminiscent of vestibular hair cells based on 

the multiple clustered rows of stereocilia. Additionally, TEM demonstrates that both 

afferent and efferent synapses form in the utricle, but no innervation is detected in 

developing hair cells of the posterior crista or cochlea consistent with the absence of 

nerve fibers observed by tubulin IHC. 

 

C.5.  Defects in innervation. 

Our initial examination of the E17.5 conditional Dicer KO inner ear suggests a 

near absence of innervation (Figure 20f), where only the utricle receives specific 

projections that contact developing hair cells (Figure 24b). The data also show that 

neuron-specific miR-124 expression is absent by E11.5 (Figure 18b). Therefore, sensory 

neuron development was further examined (Figure 24; Jensen-Smith et al. 2007) as in 

previously published studies on ear development (Farinas et al. 2001; Tessarollo et al. 

2004). At E11.5, near normal innervation of the cKO inner ear was observed with fibers 

extending toward the posterior crista (Figure 24a), albeit in a less directed growth pattern  

than the control littermate (Figure 24b). At E12.5, fibers do not progress in their 
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FIGURE 23. 
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FIGURE 23. Fine structure of Pax2-Cre Dicer KO mouse inner ear sensory 

epithelia. (A) SEM of E17.5 cKO mouse inner ear sensory epithelial apical 

specializations, n = 3. Presumptive hair cells of the cochlea (CO), posterior crista (PC), 

and utricle (U) depicted at relative low (left) and high (right) magnification show 

disorganized microvillus extensions with only posterior crista hair cells exhibiting 

kinocilia and normal organization of stereocilia. (B) Thin section TEM of E18.5 cKO 

mouse inner ear sensory epithelia, n = 2. Depicted are sections of each sensory epithelium 

at various magnification as indicated. Supporting cells and hair cells of the cochlea lack 

the distinctive normal cellular organization of the organ of Corti into inner and outer hair 

cell rows separated by pillar cells. Hair cells in the posterior crista show normal 

organization. The utricle exhibits presumptive hair cells showing mostly disorganized 

microvilli and is the only epithelium to show evidence of synapse formation with pre-

synaptic vesicles (asterisk). 
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projection to the posterior crista of the cKO inner ear as they do in the control (Figures 

24c-d), and relatively few fibers extended toward the utricle and anterior and horizontal 

cristae that are absent in the cKO inner ear (Figure 24c; inset). Similarly, central 

projections showed near normal vestibular fiber elongation along the hindbrain and 

toward the cerebellum at E11.5 that do not progress toward the cerebellum at E12.5 

(Figures 24e-f). These data suggest that the growth and pathfinding properties of neurons 

are affected within one day from loss of neuronal miRNA expression. 

The sparse innervation of the cKO inner ear is further demonstrated by tubulin 

IHC (Figures 21 and 25). At E17.5, few fibers are observed to reach the utricular and, if 

present, saccular sensory epithelium. Fibers to the cochlea are much reduced and 

extended only in the base toward developing hair cells. The apical  

fibers typically extended along the cochlea without targeting the developing sensory 

epithelium. Most obvious is the complete absence of any innervation of the posterior 

crista, which is by far the best-developed sensory epithelium of the cKO inner ear. 

A closer examination of E17.5 cKO inner ear innervation indicated the presence of very 

few vestibular neurons to the utricle (~15-35 in two different mutants) that could be 

traced after lipophilic dye injection into the brainstem (Figure 24g-i). We also examined 

the number of neurons labeled after lipophilic dye injection and found ~30 small neurons 

scattered along the nerve fibers reaching toward the brain. Only an occasional efferent 

fiber was found to reach to the inner ear (Figure 24j), implying near complete loss of 

efferent innervation in the cKO inner ear (Bruce et al. 1997; Fritzsch 1999; Simmons 

2002). The central projection of cKO inner ears showed only entrance of vestibular nerve  
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FIGURE 24. 

 

 

 

FIGURE 24. Defects in inner ear innervation and afferent projection into the brain 

of Pax2-Cre Dicer KO mice. (A-D,G-J) Innervation of the ear in cKO mice (A,C,G-J) 

and control littermate mice (B,D,G’-J’). (E,F,K) Afferent projections into the brain in 

cKO mice and control littermate (K’). All images show whole mounted ears or brains in 

which lipophilic dye was either inserted into the vestibular nucleus (A-D,H), the facial 

motoneurons/efferents and cochlear/vestibular nucleus (G,I,J), or the entire (E,F,K) or 

cochlear and vestibular parts of the ear (K’). Note that both afferent outgrowth (A,B) and 
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initial growth of fibers into the brain (E) is essentially normal at E11.5, n = 2. However, 

extension of fibers to the posterior crista (PC) and the rostral extension of the afferents in 

the brain beyond rhombomere 2 are compromised. At E12.5 n = 5, afferent projections to 

the ear show severe truncation of fiber growth to the posterior crista (PC; compare C,D), 

and a reduction of fiber growth to the anterior and horizontal crista is apparent (AC, HC; 

compare inset C,D). Afferent projections extend along the vestibular nuclei (VN) into the 

brainstem but terminate at or near the first rhombomere without extending into the 

cerebellum (F). By E17.5 n = 6, most afferent neurons of the vestibular ganglion (VG) 

have disappeared (compare G,G’ and H,H’). All fibers enter the cKO ear through the 

anterior vestibular nerve branch and typically extend to the utricle (U) with few fibers 

extending to the saccule (S) or cochlea (CO; H-J). In contrast, control littermate ears 

show substantial afferent and efferent projections to the vestibular and cochlear organs 

(H’-J’). The central projection of the cKO ear displays fibers that ramify from the entry 

point in almost all directions with the exception of the descending tract along the 

vestibular nuclei (VN) that is normally organized (compare K,K’). Rostral vestibular 

fibers do not stay confined to vestibular nuclei but branch into the cochlear nucleus (CN) 

that should receive a distinct projection from the cochlea (labeled in red in K’). Also 

indicated are the geniculate ganglion (GG), facial branchial motoneurons (FBM), and 

spiral ganglia (SG). 
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FIGURE 25. 
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FIGURE 25. Sensory epithelia development and innervation in an E17.5 conditional 

Dicer KO inner ear. Depicted are sensory epithelia of the cKO inner ear including 

utricle/saccule (A series), cochlear apex (B series), and cochlear base (C series) with 

control inner ear organ of Corti (D series), n = 2. IHC detecting Sox2 (green; A-D) and 

tubulin (red; A’-D’), are overlayed (A”-D”) to show innervation of each developing 

sensory epithelium. In contrast to the posterior crista (PC) which shows no innervation, 

all other epithelia no matter how truncated show some innervation. Most profound is the 

innervation to the utricle (U). The saccule (S) and the basal and apical sensory patches of 

the cochlea show some minor innervation with most fibers passing by. However, neither 

the pattern of Sox2 expression nor the organization of innervation is comparable to that 

of the normal organ of Corti. GER, greater epithelial ridge; LER, lesser epithelial ridge. 
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fibers with a normal projection along the descending vestibular nucleus (Figure 24k). 

However, no fibers extended anterior into the cerebellum (Fritzsch et al. 2002) consistent 

with the complete loss of this part of rhombomere 1 in the conditional Dicer KO. Instead, 

rostral vestibular afferents radiated in all directions around the nerve root and extended 

into the cochlear nucleus. 

In summary, the data demonstrate a near normal initial formation and growth of 

sensory neurons with rapid and near complete loss of all innervation after the expression 

of neuronal miRNA is lost at E11.5 in the conditional Dicer KO inner ear. Efferent fiber 

growth toward the ear could not be detected at any stage of development despite the fact 

that Pax2-Cre is not expressed in the hindbrain rhombomeres from which efferent 

neurons originate (Karis et al. 2001). These data suggest that neuronal miRNA expression 

affects cues along sensory neurons for efferent fiber growth (Fritzsch et al. 1998; Matei et 

al. 2005). Whether the few remaining neurons are impervious to the loss of miRNA 

expression or retain low levels of some miRNAs remains unclear. 

 

C.6. Defects in morphogenesis. 

Prior work has shown that canal formation hinges on the expression of fibroblast growth 

factor 10 (Fgf10) and bone morphogenic proteins (BMPs) in canal crista epithelia (Pauley 

et al. 2003; Chang et al. 2004). Given that canal/crista formation is most affected in 

conditional Dicer KO inner ears (Figures 20b,f), Fgf10 mRNA expression was examined 

throughout development by ISH (Figure 26a). Fgf10 expression in the E11.5 control 

inner ear is prominent in the delaminating vestibular neurons, utricle, and each canal 

crista. cKO inner ears likewise show expression in the vestibular neurons, utricle, and  
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FIGURE 26. 

 

 

FIGURE 26. Correlation of Pax2-Cre Dicer KO inner ear morphogenesis with 

developmental gene expression and residual miRNA expression. (A) Progressive loss 

of Fgf10 expression in cKO inner ear. At E11.5 n = 2, the cKO inner ear exhibits 

diminished but descrete expression of Fgf10 in sensory epithelia (PC, posterior crista; 

AC, anterior crista; HC, horizontal crista; U, utricle; CO, cochlea). At E12.5 n = 2, Fgf10 

expression is observed only in the posterior crista and utricle, and expression is entirely 

lost in vestibular ganglia (VG) and the developing cochlea. By E14.5 n = 2, Fgf10 

expression remains only in the posterior crista with faint expression the utricle in sharp 

contrast to extensive expression in all sensory epithelia and delaminating neurons of 

control littermate inner ear. (B) Residual miRNA expression in the cKO inner ear. E17.5 

cKO inner ear exhibits relatively normal morphogenesis of the posterior canal and crista 

with hair cell miR-183 expression, whereas the truncated utricle and cochlear duct 

sometimes show faint miRNA labeling. 
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posterior canal crista. However, there is only limited expression in a poorly defined 

anterior canal crista, and no expression suggestive of a horizontal canal crista is observed. 

At E12.5, dramatic differences in Fgf10 expression are seen between cKO and control 

inner ears. Whereas the control shows expression in sensory neurons and all sensory 

epithelia, the cKO demonstrates a loss of expression in sensory neurons and retains only 

strong expression in the posterior canal crista and utricle, and weak expression in the 

cochlea. By E14.5, differences in Fgf10 expression are even more pronounced between 

cKO and control inner ears. While the control continues to demonstrate expression 

throughout sensory neurons and epithelia, the cKO shows only strong expression in the 

posterior crista and weak expression in the utricle. The rapid loss of Fgf10 expression in 

sensory neurons of the conditional Dicer KO inner ear corresponds well to the early 

depletion of neuronal miRNAs (Figure 18b) and decline of neuronal development (Figure 

24). Moreover, the respective absence, gradual loss, or persistence of Fgf10 expression in 

horizontal, anterior, or posterior crista correlates with the observed degree of canal 

formation driven by epithelial Fgf10 signaling (Figure 20b). 

 

C.7. Residual mature microRNA expression. 

To understand why there exist such variation between the degree of sensory 

epithelial and hair cell development in the conditional Dicer KO inner ear, we examined 

whether Pax2-Cre transgene expression, floxed Dicer deletion, or residual miRNA 

expression might underlie the observed phenotype. Importantly, R26R expression did not 

indicate any deviation from the reported expression domain of the Pax2-Cre transgene 

(Ohyama and Groves 2004) in conditional Dicer KO or control mice (Figure 19). We 
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therefore investigated whether any residual mature miRNA expression could explain the 

variability of the model. Notably, rapid and thorough depletion of miR-124 in the mid-

hindbrain and delaminating vestibular ganglia of the cKO mouse (Figure 18b) suggests 

efficient Dicer deletion and miRNA depletion in prosensory precursors. Accordingly, 

ISH detecting miR-183, which is normally expressed in all hair cells and sensory neurons 

of the mouse inner ear (Weston et al. 2006; Pierce et al. 2008), shows absence of miR-

183 in remaining sensory neurons of the E17.5 cKO inner ear (Figure 26b). However, 

detection of miR-183 is surprisingly observed in cKO inner ear sensory epithelia, most 

prominently in the posterior crista and sometimes weakly in the utricle and cochlea. 

To establish whether detection of miR-183 represents mature miRNA expression 

versus detection of accumulated miRNA precursors, we performed ISH to detect miR-

183*, the opposite strand to miR-183 in the precursor miRNA hairpin, reasoning that it 

should be detected at the same level as miR-183 if detection represents precursor miRNA 

accumulation. At E14.5, miR-183 detection is robust throughout the sensory neurons and 

epithelia of the control inner ear, but present only in the posterior crista of the cKO inner 

ear (Figure 27a). However, miR-183* was undetectable in either control or cKO inner 

ears, consistent with miR-183 detection representing genuine mature miRNA expression. 

This residual mature miRNA expression persists despite confirmation that the floxed 

Dicer allele is indeed deleted in the cKO inner ear by PCR analysis of DNA isolated from 

the posterior crista (Figure 27b). 

The data therefore suggest that Dicer mRNA and/or Dicer protein exhibit an 

unexpectedly long half-life and capacity to generate mature miRNAs in some  
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FIGURE 27. 
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FIGURE 27. miR-183 detection in the Pax2-Cre conditional Dicer KO inner ear 

represents residual mature miRNA expression despite Dicer deletion. (A) ISH 

detecting miR-183 and miR-183* in cKO and control littermate inner ear, n = 2. 

Throughout the control inner ear, miR-183 expression is apparent in statoacoustic ganglia 

(SAG) and hair cells of developing sensory epithelia, whereas mir-183* does not 

accumulate as detectable pre-miRNA or mature miRNA. In the cKO inner ear, miR-183 

is detected primarily in the posterior crista (PC; filled arrowhead) whereas miR-183* is 

not (open arrowhead), thus suggesting that miR-183 detection results from residual 

mature miRNA production rather than detection of accumulated pre-miRNA. Labels are 

as indicated in the legend to Figure 19. (B) Exclusive detection of the Dicer deletion 

allele in DNA derived from the posterior crista of the cKO inner ear. Depicted are PCR 

products representing the floxed (Dicer
flox) and deletion (Dicer

D) alleles amplified from 

DNA derived from the posterior crista (PC) versus the remaining ear (E) of control (Cre
–) 

and cKO (Cre
+) mice. The primer set used to discriminate the Dicer alleles is as 

previously described (Harfe et al., 2005). 
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sensory epithelia of the Pax2-Cre conditional Dicer KO inner ear, but not sensory 

neurons. Importantly, the differential capacity for residual miRNA expression within and 

between different ears correlates well with the extent of inner ear neurogenesis and  

innervation, Fgf10 expression and morphogenesis, and sensory epithelial histogenesis 

and hair cell development observed in the conditional Dicer KO mouse. 

 

C.8.  Discussion 

Our data show that progressive reduction of miRNAs through the conditional KO 

of Dicer using Pax2-Cre results in progressive loss of neurosensory gene expression, 

arrested neurosensory development and loss of sensory neurons, loss or reduction of 

sensory epithelia, and associated disruption of morphogenesis (Figure 28). While delayed 

and apparently incomplete by E18.5, the oldest viable embryos we could obtain, the 

depletion of miRNAs demonstrates to a degree unknown in other systems the dependence 

of neurosensory development on miRNA expression. 

 

C.8.1  Technical considerations of the conditional KO model.  

One of the striking features of our cKO model is the apparent differential retention of 

some Dicer in certain hair cell precursors but not in others. It is likely that hair cells up-

regulate specific miRNAs (e.g. miR-183) only after exit from cell cycle, which is highly 

uniform across various epithelia (Ruben 1967). In contrast, Dicer is likely expressed in 

all cells of early embryos, as Dicer null mutants exhibit early lethality by E7.5 (Bernstein 

et al. 2003). Therefore, residual Dicer in our cKO model would be required to generate 

mature forms of hair cell-specific miRNAs. In support of these presumptions, we  
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FIGURE 28. 

 

 

 

 

FIGURE 28. Overview of developmental defects in Pax2-Cre Dicer KO inner ear. 

(A)  Normal morphology, histology and innervation of wild type inner ear and brain. (B) 

Morphology, histology and innervation of the cKO inner ear and brain. The remaining 

sensory epithelia of the inner ear are variously affected by a loss of miRNAs, and the 

only remaining fibers innervating the utricle fail to project properly to the brain. 
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validated that floxed Dicer is indeed eliminated and showed that miRNA detection 

represents active mature forms rather than inactive precursor accumulation in remaining 

hair cells. Consistent with recent observations regarding the effect of conditional Dicer 

KO in post-mitotic cerebellar Purkinje cells (Schaefer et al. 2007), there appear to be 

substantial differences in the rates at which Dicer protein, Dicer mRNA, and mature 

miRNAs are metabolized. Such issues have to our knowledge not been observed in other 

conditional Dicer KO models, where progressive loss of miRNAs might contribute to a 

degree of randomness that characterizes cell fate decision in general (Losick and Desplan 

2008). 

 

C.8.2  Neuronal development. 

Despite the fact that sensory neurons are among the first cells of the ear to exit 

cell cycle and initiate differentiation (Ma et al. 1998; Ma et al. 2000; Matei et al. 2005) 

there is a near-complete loss of neurons by E18.5. Analysis shows that these neurons are 

initially positive for factors such as Fgf10 and send processes toward specific sensory 

epithelia of the ear and into the brain. However, as early as E12.5 the expression of 

neuron-specific factors including Fgf10 and miR-124 are lost, and extension of both 

peripheral and central processes stalls. At later stages, the few remaining neurons synapse 

only on utricular hair cells. Interestingly, the best-developed sensory epithelium of the 

ear, the posterior crista, shows no trace of innervation at any stage. 

It remains unclear whether the general loss of neurons and innervation relates to 

cell death caused by Dicer cKO which is known to have variable effects dependent upon 

neuron type and/or time of Dicer deletion (Schaefer et al. 2007; Cuellar et al. 2008; Davis 
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et al. 2008). Alternatively, such effects might reflect miRNA-mediated phenotypic 

differences (Cayirlioglu et al. 2008) or miRNA-mediated lack of sensory epithelial 

differentiation and loss of epithelial neurotrophins that maintain neurons (Farinas et al. 

2001; Fritzsch et al. 2004). It is possible that the earliest neurons to exit the cell cycle at 

E8.75 retain enough Dicer and miRNAs to complete near normal differentiation and 

extend peripheral processes to the nearest sensory epithelium (i.e. the utricle). In contrast, 

more distant or later differentiating epithelia receive little to no innervation possibly 

because the neurons are depleted of miRNAs before they reach their target (e.g. posterior 

crista) or because the target has not completed differentiation (e.g. organ of Corti). 

Conditional deletion of Dicer using inducible neuron-specific Cre expression driven by 

promoters for Neurog1 (Raft et al. 2007) or Isl1 (Lin et al. 2006) is needed to distinguish 

between sensory epithelia defects and direct neuronal effects. The disorganized central 

projection that develops after normal onset of projection suggests direct effects as Pax2-

Cre is not expressed in rhombomeres 2-6. However, the near complete loss of the 

cerebellum, which derives from rhombomere 1, could produce secondary effects in the 

remaining brainstem. 

 

C.8.3  Sensory epithelial development. 

As with neurons, the initial up-regulation of sensory epithelial specific factors 

such as Fgf10 is near normal at E11.5 in conditional Dicer KO mice. However, Fgf10 

expression is entirely lost within one day in the anterior and horizontal crista and is 

down-regulated in the utricle. It is noteworthy that only the posterior crista retains high 

levels of Fgf10 expression, and it is the only near normal sensory epithelium developed at 
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E18.5 as evidenced by hair cell and supporting cell specific gene expression (e.g. Myo7a, 

BDNF, Sox2) and cytoarchitecture. As previously demonstrated in Neurog1 null mice 

(Ma et al. 2000) and neurotrophin and neurotrophin receptor null mice (Fritzsch et al. 

1997; Rocha-Sanchez et al. 2007), hair cell differentiation is cell-autonomous and 

continuous in the absence of innervation (Fritzsch et al. 1998). 

With similarity to several transcription and growth factor mutant mice (Pirvola et 

al. 2000; Pauley et al. 2003; Kiernan et al. 2005; Pauley et al. 2006) and notch signaling 

mutant mice (Daudet and Lewis 2005; Kiernan et al. 2006), we find in conditional Dicer 

KO mice that anterior and horizontal cristae do not differentiate despite an initial 

expression of crista-specific factors such as Fgf10 (Pauley et al. 2003). Certain sensory 

epithelia are therefore highly sensitive to precise expression levels of factors that are 

integral to the regulation of normal epithelium development from prosensory domains. 

Even where sensory epithelia form in conditional Dicer KO mice, overall cellular 

organization is disrupted as exemplified by the cochlea where discontinuous patches or 

multiple rows of inner and outer hair cells form as reported for several transcription and 

growth factors mutants (Pirvola et al. 2002; Kiernan et al. 2005; Pauley et al. 2006). 

Which one of these factors, or yet to be described factors, is primarily affected by 

miRNA depletion remains to be demonstrated. 

 

C.8.4  Hair cell development. 

Consistent with our recent description of the ancestry of transcriptional regulatory 

machinery in hair cells (Fritzsch et al. 2007), including the ancestry of miRNAs (Pierce et 

al. 2008), are specific defects of hair cells that include incomplete transformation of 
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microvilli into stereocilia. With similarity to factors that lead to patchy distribution of 

hair cells or formation of multiple rows, numerous factors are known to affect stereocilia 

development (Leibovici et al. 2005; Ahmed et al. 2006; Friedman et al. 2007). More 

work is needed to understand which of these factors requires precise levels of certain 

miRNAs for normal function. Nevertheless, the fact that hair cells form but cannot fully 

differentiate underscores the critical role of miRNAs in the normal development of these 

highly specialized cells. The general requirement for miRNAs to achieve differentiation 

is supported by other models of small RNA or miRNA depletion in embryonic stem cells 

(Kanellopoulou et al. 2005; Wang et al., 2007) and conditional Dicer KO tissues (Muljo 

et al. 2005; Andl et al. 2006; Lynn et al. 2007). 

 

C.8.5  Summary. 

miRNAs and other small RNAs are among the best understood non-coding 

functional RNAs produced by the mammalian genome. In recent years, miRNAs have 

been shown to be involved in multiple aspects of disease, development, and maintenance 

(Amaral et al. 2008; Couzin 2008), and they exhibit regulatory functions that parallel the 

importance of the better known transcription factors (Hobert 2008; Makeyev and 

Maniatis 2008). These regulatory functions combined with the increased number of 

miRNAs in vertebrates have prompted speculations about the possible involvement of 

miRNAs in the evolution of complexity (Heimberg et al. 2008). Our data further the 

appreciation of such known and presumed functions by demonstrating that specific levels 

of miRNAs are necessary for neurosensory development of the inner ear and, through 

effects on neurosensory development, regulate morphogenesis of the labyrinth. 
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Importantly, we demonstrate a 3-10 day delay between elimination of Dicer and 

depletion of specific miRNAs, implying that the extent of inner ear development is 

reflective of a hypomorphic miRNA condition rather than complete miRNA abrogation. 

Our data therefore suggest that critical levels of miRNAs are needed to achieve any 

extent of neurosensory inner ear development. An earlier onset of floxed Dicer deletion 

through pre-placodal Cre expression at least one day prior to Pax2 (Streit 2007) is needed 

to eliminate miRNAs before formation of the otocyst to fully demonstrate the 

involvement of miRNAs in inner ear development. 
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V. CONCLUSION 

Our results demonstrate abundant microRNA expression in the mouse ear 

throughout development and into adulthood, with certain microRNAs exhibiting cell-

specific expression patterns.  MicroRNA-183 family members and orthologs exhibit 

evolutionary conserved expression patterns in vertebrate hair cells and non-vertebrate 

ciliated sensory organs, supporting a common ancestry for neurosensory organs.  This 

deep conservation of microRNA-183 family expression across deutorostomes and 

protostomes spanning ~600 million years of evolutionary history suggests that 

microRNA-183 family members contribute specifically to neurosensory development 

and/or function.  To investigate microRNA functions in the ear, we generated a 

conditional Dicer KO utilizing Pax2-cre, which is expressed during otic placode 

development and in the mid-hindbrain as well as other tissues.  This conditional Dicer 

KO provided us a model for analyzing microRNA depletion during inner ear 

development and innervation demonstrating a disruption in morphogenesis, neurosensory 

gene expression and innervation that correlates with depletion of microRNA expression.  

In order to understand the roles that microRNAs play in development and 

maintenance of hair cells, a number of different approaches are necessary.  First, 

unraveling the specific mechanism(s) by which microRNAs function to repress their 

target genes will provide greater insight into identifying potential target genes and 

understanding microRNA-target gene interactions.  Secondly, according to the various 

algorithms, each microRNA has hundreds of predicted target genes.  These target genes 

are primarily analyzed one gene at a time, requiring multiple assays including dual-

luciferase assays, overexpression, knockout and misexpression of the microRNA to 



116 

determine biological relevance.  Moreover, high-throughput analysis of target gene 

repression currently focuses predominantly on mRNA expression utilizing microarray 

analysis, although the general consensus is that translational repression is the primary 

mechanism of target gene repression rather than mRNA degradation.  Therefore, 

developing a high-throughput assay utilizing proteomics rather than mRNA levels will 

provide more accurate analysis of specific microRNA effects on target genes.  Finally, in 

order to generate novel microRNA therapies, several complex challenges must be 

overcome.  The most significant challenge is determining the extent a gene must be 

repressed in order to achieve the desired therapeutic effect.  In addition, one must design 

a delivery vehicle for the microRNA that will protect and guide the microRNA to its 

therapeutic target, provide target gene repression for the desired duration, and turn off or 

degrade when no longer necessary.  Currently, oligofectamine delivery of the microRNA 

works for in vitro assays and hypothetically could be delivered in therapeutic doses, but 

is highly cytotoxic in vivo.   Furthermore, lentiviral vector delivery of a microRNA 

demonstrates expression in vivo without the cytotoxic effects, however this method 

constituitively expressed and has been found to cause tumors (Bartlett et al. 2006).  

Therefore, many challenges face the microRNA field before novel therapies can be safely 

and effectively administered, however with future studies, this line of research provides 

potential novel therapeutic approaches such as hair cell regeneration for treating hearing 

and balance disorders.  
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VI. APPENDIX A 

MicroArray Detection Comparison  MicroArray Detection Comparison 

GeneSensor Array Ambion MicroArray  GeneSensor Array Ambion MicroArray 

Precursor miRNA Mature MiRNA  Precursor miRNA Mature MiRNA 

  ambi-miR-7026  mmu-miR-007-1 hsa-miR-007 

  ambi-miR-7027  mmu-miR-007-2   

  ambi-miR-7029    rno-miR-007-AS 

  ambi-miR-7036  mmu-miR-007-b mmu-miR-007-b 

  ambi-miR-7038-1  mmu-miR-009-1 hsa-miR-009 

  ambi-miR-7039  mmu-miR-009-2   

  ambi-miR-7054  mmu-miR-009-3   

  ambi-miR-7055  mmu-miR-131 hsa-miR-009-AS 

  ambi-miR-7058  mmu-miR-131-3   

  ambi-miR-7059-1  mmu-miR-010-a-1 hsa-miR-010-a 

  ambi-miR-7062  mmu-miR-010-a-2   

  ambi-miR-7066  mmu-miR-010-b hsa-miR-010-b 

  ambi-miR-7067  mmu-miR-015-a hsa-miR-015-a 

  ambi-miR-7068-1  mmu-miR-015-b hsa-miR-015-b 

  ambi-miR-7070  mmu-miR-016-1 hsa-miR-016 

  ambi-miR-7074  mmu-miR-016-2   

  ambi-miR-7075  mmu-miR-017-3p mmu-miR-017-3p 

  ambi-miR-7076    hsa-miR-017-3p 

  ambi-miR-7079  mmu-miR-017-5p hsa-miR-017-5p 

  ambi-miR-7080  mmu-miR-018 hsa-miR-018-a 

  ambi-miR-7081  mmu-miR-019-a hsa-miR-019-a 

  ambi-miR-7083  mmu-miR-019-b-1 hsa-miR-019-b 

  ambi-miR-7084  mmu-miR-019-b-2   

  ambi-miR-7085  mmu-miR-020 hsa-miR-020-a 

  ambi-miR-7086    rno-miR-020-AS 

  ambi-miR-7089  mmu-miR-021 hsa-miR-021 

  ambi-miR-7095  mmu-miR-022 hsa-miR-022 

  ambi-miR-7097  mmu-miR-023-a hsa-miR-023-a 

  ambi-miR-7098  mmu-miR-023-b hsa-miR-023-b 

  ambi-miR-7100  mmu-miR-024-1 hsa-miR-024 

  ambi-miR-7101  mmu-miR-024-2   

  ambi-miR-7103  mmu-miR-025 hsa-miR-025 

  ambi-miR-7105  mmu-miR-026-a-1 hsa-miR-026-a 

mmu-let-007-a-1 hsa-let-007-a  mmu-miR-026a-2   

mmu-let-007-a-2    mmu-miR-026-b hsa-miR-026-b 

mmu-let-007-b hsa-let-007-b  mmu-miR-027-a hsa-miR-027-a 

mmu-let-007-c-1 hsa-let-007-c  mmu-miR-027-b hsa-miR-027-b 

mmu-let-007-c-2    mmu-miR-028 hsa-miR-028 

mmu-let-007-d hsa-let-007-d  mmu-miR-029-a hsa-miR-029-a 

mmu-let-007-d* mmu-let-007-d-AS  mmu-miR-029-b-1 hsa-miR-029-b 

mmu-let-007-e hsa-let-007-e  mmu-miR-029-b-2   

mmu-let-007-f-1 hsa-let-007-f  mmu-miR-029-c hsa-miR-029-c 

mmu-let-007-f-2    mmu-miR-030-a hsa-miR-030-a-3p 

mmu-let-007-g hsa-let-007-g  mmu-miR-030-a* hsa-miR-030-a-5p 

mmu-let-007-i hsa-let-007-i  mmu-miR-030-b hsa-miR-030-b 

mmu-miR-001-1 hsa-miR-001  mmu-miR-030-c-1 hsa-miR-030-c 

mmu-miR-001-2    mmu-miR-030-c-2   
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MicroArray Detection Comparison  MicroArray Detection Comparison 

GeneSensor Array Ambion MicroArray  GeneSensor Array Ambion MicroArray 

Precursor miRNA Mature MiRNA  Precursor miRNA Mature MiRNA 

mmu-miR-030-d hsa-miR-030-d  mmu-miR-133-a-2   

mmu-miR-030-e hsa-miR-030-e-3p  mmu-miR-133-b   

  hsa-miR-030-e-5p  mmu-miR-134 hsa-miR-134 

mmu-miR-031 hsa-miR-031  mmu-miR-135-a-1 hsa-miR-135-a 

mmu-miR-032 hsa-miR-032  mmu-miR-135-a-2   

mmu-miR-033 hsa-miR-033  mmu-miR-135-b hsa-miR-135-b 

mmu-miR-034-a hsa-miR-034-a  mmu-miR-136 hsa-miR-136 

mmu-miR-034-b mmu-miR-034-b  mmu-miR-137 hsa-miR-137 

  hsa-miR-034-b  mmu-miR-138-1 hsa-miR-138 

mmu-miR-034-c hsa-miR-034-c  mmu-miR-138-2   

mmu-miR-092-1 hsa-miR-092  mmu-miR-139 hsa-miR-139 

mmu-miR-092-2    mmu-miR-140 hsa-miR-140 

mmu-miR-093 hsa-miR-093    mmu-miR-140-AS 

  hsa-miR-095  mmu-miR-141 hsa-miR-141 

mmu-miR-096 hsa-miR-096  mmu-miR-142-3p hsa-miR-142-3p 

mmu-miR-098 hsa-miR-098  mmu-miR-142-5p hsa-miR-142-5p 

mmu-miR-099-a hsa-miR-099-a  mmu-miR-143 hsa-miR-143 

mmu-miR-099-b hsa-miR-099-b  mmu-miR-144 hsa-miR-144 

mmu-miR-100 hsa-miR-100  mmu-miR-145 hsa-miR-145 

mmu-miR-101 hsa-miR-101  mmu-miR-146 hsa-miR-146-a 

mmu-miR-101-b mmu-miR-101-b    hsa-miR-147 

mmu-miR-103-1 hsa-miR-103  mmu-miR-148-a hsa-miR-148-a 

mmu-miR-103-2      hsa-miR-148-b 

  hsa-miR-105  mmu-miR-149 hsa-miR-149 

mmu-miR-106-a mmu-miR-106-a  mmu-miR-150 hsa-miR-150 

  hsa-miR-106-a  mmu-miR-151 mmu-miR-151 

mmu-miR-106-b hsa-miR-106-b    hsa-miR-151 

mmu-miR-107 hsa-miR-107    rno-miR-151-AS 

mmu-miR-122-a hsa-miR-122-a  mmu-miR-152 hsa-miR-152 

mmu-miR-124-a-1 hsa-miR-124-a  mmu-miR-153 hsa-miR-153 

mmu-miR-124-a-2    mmu-miR-154 hsa-miR-154 

mmu-miR-124-a-3    mmu-miR-155 mmu-miR-155 

mmu-miR-125-a hsa-miR-125-a    hsa-miR-155 

mmu-miR-125-b-1 hsa-miR-125-b  mmu-miR-181-a hsa-miR-181-a 

mmu-miR-125-b-2    mmu-miR-181-b-1 hsa-miR-181-b 

mmu-miR-126 hsa-miR-126  mmu-miR-181-b-2   

mmu-miR-126* hsa-miR-126-AS  mmu-miR-181-c hsa-miR-181-c 

mmu-miR-127 hsa-miR-127  mmu-miR-182 hsa-miR-182 

mmu-miR-128-a hsa-miR-128-a    hsa-miR-182-AS 

mmu-miR-128-b    mmu-miR-183 hsa-miR-183 

mmu-miR-129-1 hsa-miR-129  mmu-miR-184 hsa-miR-184 

mmu-miR-129-2    mmu-miR-185 hsa-miR-185 

  mmu-miR-129-3p  mmu-miR-186 hsa-miR-186 

mmu-miR-130-a hsa-miR-130-a  mmu-miR-187 hsa-miR-187 

mmu-miR-130-b hsa-miR-130-b  mmu-miR-188 hsa-miR-188 

mmu-miR-132 hsa-miR-132  mmu-miR-189 hsa-miR-189 

mmu-miR-133-a-1 hsa-miR-133-a  mmu-miR-190 hsa-miR-190 
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MicroArray Detection Comparison  MicroArray Detection Comparison 

GeneSensor Array Ambion MicroArray  GeneSensor Array Ambion MicroArray 

Precursor miRNA Mature MiRNA  Precursor miRNA Mature MiRNA 

mmu-miR-191 hsa-miR-191  mmu-miR-223 hsa-miR-223 

mmu-miR-192 mmu-miR-192  mmu-miR-224 hsa-miR-224 

  hsa-miR-192  mmu-miR-290 mmu-miR-290 

mmu-miR-193 hsa-miR-193-a  mmu-miR-291-3p mmu-miR-291-3p 

  hsa-miR-193-b  mmu-miR-291-5p mmu-miR-291-5p 

mmu-miR-194-1 hsa-miR-194  mmu-miR-292-3p mmu-miR-292-3p 

mmu-miR-194-2    mmu-miR-292-5p mmu-miR-292-5p 

mmu-miR-195 hsa-miR-195  mmu-miR-293 mmu-miR-293 

mmu-miR-196-1 hsa-miR-196-a  mmu-miR-294 mmu-miR-294 

mmu-miR-196-2    mmu-miR-295 mmu-miR-295 

  hsa-miR-196-b  mmu-miR-296 hsa-miR-296 

  hsa-miR-197  mmu-miR-297-1 mmu-miR-297 

  hsa-miR-198    rno-miR-297 

mmu-miR-199-a-1 hsa-miR-199-a  mmu-miR-297-2   

mmu-miR-199-a-2    mmu-miR-298 mmu-miR-298 

  hsa-miR-199-a-AS  mmu-miR-299 hsa-miR-299-5p 

mmu-miR-199-b mmu-miR-199-b  mmu-miR-300 mmu-miR-300 

  hsa-miR-199-b  mmu-miR-301 hsa-miR-301 

mmu-miR-200-a hsa-miR-200-a  mmu-miR-302 hsa-miR-302-a 

mmu-miR-200-b hsa-miR-200-b    hsa-miR-302-b 

mmu-miR-200-c hsa-miR-200-c    hsa-miR-302-b-AS 

mmu-miR-201 mmu-miR-201    hsa-miR-302-c 

mmu-miR-202 mmu-miR-202    hsa-miR-302-c-AS 

  hsa-miR-202-AS    hsa-miR-302-d 

mmu-miR-203 hsa-miR-203  mmu-miR-320 hsa-miR-320 

mmu-miR-204 hsa-miR-204  mmu-miR-321   

mmu-miR-205 hsa-miR-205    mmu-miR-322 

mmu-miR-206 hsa-miR-206  mmu-miR-323 hsa-miR-323 

mmu-miR-207 mmu-miR-207  mmu-miR-324-3p hsa-miR-324-3p 

mmu-miR-208 hsa-miR-208  mmu-miR-324-5p hsa-miR-324-5p 

mmu-miR-210 hsa-miR-210  mmu-miR-325 mmu-miR-325 

mmu-miR-211 mmu-miR-211    hsa-miR-325 

  hsa-miR-211  mmu-miR-326 hsa-miR-326 

mmu-miR-212 hsa-miR-212    rno-miR-327 

mmu-miR-213 hsa-miR-213  mmu-miR-328 hsa-miR-328 

mmu-miR-214 hsa-miR-214  mmu-miR-329 mmu-miR-329 

mmu-miR-215 mmu-miR-215  mmu-miR-330 mmu-miR-330 

  hsa-miR-215    hsa-miR-330 

mmu-miR-216 hsa-miR-216  mmu-miR-331 hsa-miR-331 

mmu-miR-217 mmu-miR-217    rno-miR-333 

  hsa-miR-217    hsa-miR-335 

mmu-miR-218-2 hsa-miR-218    rno-miR-336 

mmu-miR-219-1 hsa-miR-219  mmu-miR-337 mmu-miR-337 

mmu-miR-219-2      hsa-miR-337 

  hsa-miR-220  mmu-miR-338 hsa-miR-338 

mmu-miR-221 hsa-miR-221  mmu-miR-339 hsa-miR-339 

mmu-miR-222 hsa-miR-222  mmu-miR-340 hsa-miR-340 
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MicroArray Detection Comparison  MicroArray Detection Comparison 

GeneSensor Array Ambion MicroArray  GeneSensor Array Ambion MicroArray 

Precursor miRNA Mature MiRNA  Precursor miRNA Mature MiRNA 

mmu-miR-341 mmu-miR-341    hsa-miR-422-a 

mmu-miR-342 hsa-miR-342    hsa-miR-422-b 

  rno-miR-343    hsa-miR-423 

mmu-miR-344 mmu-miR-344    mmu-miR-424 

  rno-miR-344    hsa-miR-424 

mmu-miR-345 mmu-miR-345    hsa-miR-425 

  hsa-miR-345    mmu-miR-429 

mmu-miR-346 mmu-miR-346    hsa-miR-429 

  hsa-miR-346    hsa-miR-432 

  rno-miR-346    hsa-miR-432-AS 

  rno-miR-347    hsa-miR-448 

  rno-miR-349    hsa-miR-449 

mmu-miR-350 mmu-miR-350    hsa-miR-450 

  mmu-miR-351    hsa-miR-452 

  rno-miR-352    hsa-miR-452-AS 

  hsa-miR-361    hsa-miR-485-5p 

  hsa-miR-365    hsa-miR-488 

  hsa-miR-367    hsa-miR-489 

  hsa-miR-368    hsa-miR-490 

  hsa-miR-369-3p    hsa-miR-491 

  hsa-miR-370    hsa-miR-492 

  hsa-miR-371    hsa-miR-493 

  hsa-miR-372    hsa-miR-494 

  hsa-miR-373    hsa-miR-495 

  hsa-miR-373-AS    hsa-miR-496 

  hsa-miR-374    hsa-miR-497 

  hsa-miR-375    hsa-miR-498 

  mmu-miR-376-a    hsa-miR-499 

  hsa-miR-376-a    hsa-miR-500 

  mmu-miR-376-b    hsa-miR-501 

  hsa-miR-377    hsa-miR-502 

  hsa-miR-378    hsa-miR-503 

  hsa-miR-379    hsa-miR-504 

  mmu-miR-380-3p    hsa-miR-505 

  hsa-miR-380-3p    hsa-miR-506 

  hsa-miR-380-5p    hsa-miR-507 

  hsa-miR-381    hsa-miR-508 

  hsa-miR-382    hsa-miR-509 

  mmu-miR-383    hsa-miR-510 

  hsa-miR-383    hsa-miR-511 

  mmu-miR-384    hsa-miR-512-3p 

  hsa-miR-384    hsa-miR-512-5p 

  mmu-miR-409    hsa-miR-513 

  hsa-miR-410    hsa-miR-514 

  mmu-miR-411    hsa-miR-515-3p 

  hsa-miR-412    hsa-miR-515-5p 

  rno-miR-421    hsa-miR-516-3p 
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MicroArray Detection Comparison    

GeneSensor Array Ambion MicroArray    

Precursor miRNA Mature MiRNA    

  hsa-miR-517-a    

  hsa-miR-517-AS    

  hsa-miR-518-a    

  hsa-miR-518-b    

  hsa-miR-518-c    

  hsa-miR-518-c-AS    

  hsa-miR-518-d    

  hsa-miR-518-e    

  hsa-miR-518-f    

  hsa-miR-518-f-AS    

  hsa-miR-519-b    

  hsa-miR-519-c    

  hsa-miR-519-d    

  hsa-miR-519-e    

  hsa-miR-519-e-AS    

  hsa-miR-520-a    

  hsa-miR-520-a-AS    

  hsa-miR-520-b    

  hsa-miR-520-c    

  hsa-miR-520-d    

  hsa-miR-520-d-AS    

  hsa-miR-520-e    

  hsa-miR-520-h    

  hsa-miR-521    

  hsa-miR-522    

  hsa-miR-523    

  hsa-miR-524    

  hsa-miR-524-AS    

  hsa-miR-525    

  hsa-miR-525-AS    

  hsa-miR-526-b    

  hsa-miR-526-b-AS    

  hsa-miR-526-c    

  hsa-miR-527    

 

Table 1. Comparison of Genesensor vs. Ambion miRNA microarray.  Commercial 

analysis from GeneSensor Corporation was performed for precursor miRNA expression.  

Commercial analysis from Ambion was used for mature miRNA expression.  

MicroRNAs detected 2-fold above background for at least three of four timepoints are 

highlighted in yellow.   
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