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ABSTRACT 

Hearing loss caused by environmental and genetic factors is exacerbated by the 

inability of mammalian auditory hair cells to spontaneously regenerate. Recent studies 

demonstrate that mechanosensitive hair cells can be derived from embryonic or induced 

pluripotent stem cells, and that Atoh1 can induce ectopic hair cells in the embryonic 

mouse inner ear. These studies suggest important guidance strategies for regenerating 

hair cells that might be used in non-immunogenic therapies, but the efficacy of other 

factors in effecting hair cell fate remains to be elucidated. We have previously shown the 

conservation and specific expression of microRNA-183 family members amongst 

vertebrate hair cells, and that microRNAs are necessary for the differentiation and 

maintenance of hair cells in the mouse inner ear. We investigated the ability of hair cell 

microRNAs in conjunction with Atoh1 to influence gene expression profiles in 

presumptive prosensory precursor cells derived from the embryonic mouse otocyst. 

Microarray analyses of cells transfected with plasmids expressing Atoh1 and/or hair cell 

microRNAs exhibit mild changes in gene expression consistent with the function of 

microRNAs. Nevertheless, results indicate that the miR-183 family can specifically affect 

the downregulation of certain genes associated with alternative cell fate.  We validated 

Notch1 and the Atoh1 antagonists Sox2 and Hes1 as miR-183 family member targets. 

The data suggest that the miR-183 family regulates expression of key factors involved in 

lineage specification in the inner ear and suggest that microRNAs might be useful factors 

in guidance strategies for hair cell regeneration. 
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I. INTRODUCTION 

A. Hearing loss  

 About 278 million people worldwide are affected by moderate to profound 

hearing loss, resulting from exposure to excessive noise, infection, use of ototoxic drugs, 

aging, or genetic predisposition (WHO 2011).  In the past 30 years, the number of 

Americans with hearing loss has doubled (ASHA 2011).  Hearing loss is especially 

prevalent in the elderly; one in three people over the age of 60 exhibit hearing loss 

(NIDCD 2011). Two common forms of hearing loss are conductive hearing loss, caused 

by loss of function of the middle ear, and sensorineural hearing loss, caused by cochlear 

hair cell loss or auditory nerve damage.  Sensorineural hearing loss affects 26 million 

Americans due to excessive noise exposure at work (NIDCD 2011), and over 30 million 

Americans are susceptible to hearing loss due to exposure to dangerous sound levels 

every day (ASHA 2011).  The most common treatments are hearing aids for conductive 

hearing loss and cochlear implants for sensorineural hearing loss.  Sensorineural hearing 

loss is exacerbated by the inability of mammalian auditory hair cells to spontaneously 

regenerate (Edge and Chen 2008, Collado et al. 2008), unlike hair cells of other 

vertebrate organisms (Stone and Cotanche 2007).  Thus, cochlear implants are the only 

means of treating severe sensorineural hearing loss (Roehm and Hansen 2005), but 

effectiveness varies between individuals, and sound transduced via implants cannot 

match the quality of sound processed by the natural cochlea.  Current research hopes to 

provide a basis for hair cell regeneration or replacement therapies that will restore natural 

hearing (Figure 1).  
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FIGURE 1. 

 

 

FIGURE 1. Hair cell replacement therapy for sensorineural hearing loss.  Exposure 

to ototoxic drugs, excessive noise, infection, aging, and genetic predisposition can induce 

death of inner and outer hair cells and sensory neurons in the organ of Corti.  Stem cell-

based therapies seek to generate a renewable source of hair cells derived from autologous 

cells.  If these hair cells produced in vitro could be delivered to the inner ear, hearing and 

balance disorders could be effectively treated. 
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B. Stem cell regeneration 

 Recent advances in stem cell technology have unleashed incredible potential for 

regenerative medicine, including the treatment of deafness.  However, the utility of adult 

stem cells is limited by the difficulty of isolating an adequate source without destroying 

the organ of interest, and embryonic stem cells, though totipotent, present 

histocompatibility issues.  Generation of induced pluripotent stem cells (iPSCs) from 

human fibroblasts (Wernig et al. 2007, Takahashi 2007, Yu et al. 2007) has introduced a 

potentially limitless source of cells that enables circumvention of histoincompatibility in 

patients.  Hematopoietic progenitors derived from iPSCs were used to treat a humanized 

form of sickle cell anemia in a mouse (Hanna et al. 2007), demonstrating the potential 

value of iPSC transplantation in cell regeneration therapy. Already, ESCs and iPSCs have 

been subjected to various differentiation conditions to promote production of 

mechanosensitive hair cell-like cells, though the process yields a small percentage of 

functional, hair cell-like cells (Oshima et al. 2010).  A more thorough understanding of 

the mechanisms underlying hair cell differentiation and maintenance is therefore essential 

to forming effective hair cell regeneration and replacement therapies. 

  

C. Atoh1 and hair cell development 

 One key factor in proper hair cell development is Atonal homolog 1 (Atoh1; aka 

Math1), a bHLH transcription factor necessary for hair cell differentiation (Bermingham 

et al. 1999, Woods et al. 2004).  Delivery of Atoh1 in mammalian embryonic and 

newborn inner ears has been demonstrated to rescue hair cell loss and induce 

supernumerary hair cell formation (Kawamoto et al. 2003, Izumikawa et al. 2005,  
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Staecker et al. 2007, Izumikawa et al. 2008, Gubbels et al. 2008).  These studies indicate 

that use of Atoh1, in the appropriate context, is sufficient for guiding hair cell generation 

from undifferentiated cell populations.  Clearly, the pursuit of optimized hair cell 

regeneration therapies warrants investigation of other factors that may enhance the 

efficacy of directing iPSCs toward a hair cell fate, given the low percentage of hair cells 

produced by Atoh1 treatment. 

  

D. microRNAs 

 MicroRNAs are ~21-24 nucleotide endogenous, noncoding RNAs that post-

transcriptionally silence complementary target mRNAs (Ambros 2004).  Most miRNAs 

are intergenic and are often genomically clustered, suggesting they are generated from 

polycistronic primary transcripts (Lagos-Quintana et al. 2001, Lee and Ambros 2001, Lee 

et al. 2002).  Many microRNAs exhibit conservation across phyla, indicating an essential 

function in development.  For example, the let-7 miRNA is conserved in sequence in 

species ranging from C. elegans to H. sapiens and is important in C. elegans 

developmental timing (Pasquinelli et al. 2000).  In fact, there is a correlation between 

more miRNAs and increased organismal complexity (Christodoulou et al 2010, 

Heimberg et al 2008, Prochnik et al 2007).  A growing understanding of microRNAs 

(miRNAs) has revealed their roles in not only development, but cell differentiation and 

maintenance, proliferation, and disease as well (Hobert 2008, Makeyev and Maniatis 

2008).  Approximately 100 miRNAs were detected in newborn and adult mouse inner ear 

(Weston et al. 2006) or cochlea and vestibules (Friedman et al 2009a), suggesting a role 

for miRNAs in inner ear development and function. 
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 D.1. miRNA biogenesis 

 MicroRNAs are processed via the miRNA pathway (Ambros 2004) (Figure 2).  

The majority of miRNAs are transcribed by RNA polymerase II, forming a primary 

miRNA (pri-miR) stemloop or hairpin structure that can be tens of kilobases long (Cai et 

al. 2004, Lee et al. 2004) and is 5' capped and 3’ polyadenylated (Bracht et al. 2004, Cai 

et al. 2004).  Most pri-miRNAs are transcribed from intronic or intergenic regions and 

processed co-transcriptionally (Pawlicki and Steitz 2008) or during splicing (Bushati and 

Cohen 2007, Kim et al. 2007).  The pri-miRNA is processed further by the 

microprocessor complex (Pawlicki and Steitz 2008), containing the RNase III enzyme 

Drosha and the double-stranded RNA-binding domain protein DiGeorge syndrome 

critical region 8 (DGCR8/Pasha) (Gregory et al. 2004, Han et al. 2004, Landthaler et al. 

2004, Lee et al. 2003, Pawlicki and Steitz 2008).  DGCR8 recognizes and binds the pri-

miR hairpin structure (Han et al. 2004, Pawlicki and Steitz 2008), while Drosha cleaves 

the pri-miR to yield an approximately 70 nucleotide precursor miRNA (pre-miR) hairpin 

complex (Lee et al. 2003) with a 2 nt 3' overhang (Lee et al. 2003, Lund et al. 2004).  

Exportin 5 recognizes the 2 nt 3' overhang and functions with Ran-GTP to export the pre-

miR to the cytoplasm (Lund et al. 2004, Yi et al. 2003).  There, Dicer, a dsRNA-specific 

RNase III family member, cleaves the pre-miR to produce the mature 21-24 nt miRNA 

duplex resembling a small interfering RNA (siRNA) (Knight et al. 2001, Grishok et al. 

2001, Harfe et al. 2005, Kanellopoulou et al. 2005).  Transactivating response RNA-

binding protein (TRBP) recruits one of four Argonaute proteins to form the RNA-induced 

silencing complex (RISC) along with the ribonucleoprotein complex comprised of Dicer 

and a miRNA strand (Gregory et al. 2005, Maniataki and Mourelatos 2005).  Typically  
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FIGURE 2. 
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FIGURE 2. miRNA biogenesis and seed pairing hypothesis. Primary miRNA 

transcript (pri-miRNA) that is 3’ polyadenylated and possesses a 5’-7-methylguanosine 

cap is primarily transcribed by RNA polymerase II.  In the nucleus, the pri-miRNA is 

cleaved by an RNase III enzyme, Drosha, and the double stranded RNA binding domain 

protein DGCR8 to produce a ~70 nt precursor miRNA (pre-miRNA).  Exportin-5 

transports pre-miRNA to the cytoplasm in a Ran-GTP dependent manner.  There, pre-

miRNA is processed by another RNase III enzyme, Dicer, and its associated factor, 

TRBP, to remove the pre-miRNA hairpin, generating a duplex with a 2 nt 3’ overhang.  

The mature miRNA strand is integrated into the RISC complex and serves as a guide 

sequence to effect degradation or translational inhibition of its target.  Target specificity 

is defined by nt 2-7 or 8 of the miRNA, termed the seed sequence, that binds to 

complementary sequences in the 3’ UTR of the target mRNA.  
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the miRNA strand with lower base-pairing stability at the 5' end is integrated into the 

RISC complex while the other strand is degraded, but either strand may be integrated 

(Schwarz et al. 2003, Du and Zamore 2005).  The miRNA guides the RISC complex to a 

target mRNA based on complementary base-pairing between nucleotides 2-7 or 8, or 

"seed" sequence, of the miRNA and a sequence in the 3' untranslated region (3' UTR) of 

the target mRNA (Didiano and Hobert 2006, Lai 2002, Lewis et al. 2003).  Perfect or 

near-perfect complementarity between miRNA seed sequence and target mRNA 

sequence in Ago2-containing RISC complexes induces mRNA cleavage (Liu et al. 2004, 

Meister et al. 2004, Okamura et al. 2004).  Partial complementarity results in target 

mRNA destabilization via 3’ deadenylation and 5’ decapping (Behm-Ansmant et al. 

2006, Giraldez et al. 2006, Jackson and Standart 2007, Wu et al. 2006) or translational 

inhibition (Bushati and Cohen 2007), effecting subtle changes in protein output. (Selbach 

et al. 2008, Baek et al. 2008).   

 

D.2. miRNA roles in development  

 Studies suggest that miRNAs serve a critical role with transcription factors in 

establishing the gene expression profile of a cell type.  There are around 1,000 

mammalian miRNA genes, each regulating possibly hundreds of target genes (Griffiths-

Jones et al. 2006, 2008).  Approximately 60% of human genes possess conserved 

miRNA-binding sites (Friedman et al. 2009b).  Furthermore, many miRNAs have cell, 

tissue, and time point specific expression patterns (Aboobaker et al. 2005, Kloosterman et 

al. 2006, Weinholds et al. 2005).  As a result, ectopic expression of several miRNAs in 

various cell types have been shown to direct differentiation towards the cell type in-  
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which they are endogenously expressed.   For example, miR-181 is highly expressed in 

B-lymphocytes cells of mouse bone marrow, and ectopic expression of miR-181 in 

hematopoietic stem cells and progenitors yielded a higher percentage of B-lymphoid 

lineage cells in vitro and in vivo (Chen et al. 2004).  miR-1 is necessary for cardiogenesis 

(Kwon et al. 2005) and enhances myotube maturation (Nakajima et al. 2006).  Two 

families of miRNAs maintain pluripotency in mice (miR-291, miR-294, miR-295) and 

humans (miR-302), and their utility in somatic cell reprogramming has been 

demonstrated (Judson et al. 2009, Lin et al. 2011).  Several miRNAs have been shown to 

be essential for neurosensory development, as well.  Overexpression of mammalian miR-

124 in HeLa cells produces expression profiles indicative of brain tissue (Lim et al. 

2005), and ectopic expression and endogenous knockdown of miR-124 in the 

subventricular zones in mouse brain leads to an increase in neuronal differentation and 

cellular proliferation, respectively (Cheng et al. 2009).  In Drosophila, miR-9 is required 

to establish appropriate neuronal precursor cell numbers and correct development of 

sensory organ precursors (Li et al. 2006).  MicroRNAs can aid transcription factors in 

enforcing specific differentiation pathways in naïve cells, including neurosensory 

precursor cells.  Understanding the roles of hair cell miRNAs, then, may inform strategies 

for iPSC-based hair cell replacement. 

  

E. miR-183 family 

 The miR-183 family, consisting of three homologous miRNAs (miR-183, miR-

92, miR-182), is expressed in sensory neurons and hair cells in vertebrates and sensory 

cells across phyla.  The miRNAs are coordinately expressed from one pri-miR transcript 
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(Weston et al. 2006, Xu et al. 2007, Saini et al. 2008), and family member sequence and 

expression is highly conserved in neurosensory organs across phyla (Pierce et al. 2008).  

Homologous miRNAs are expressed in mechanosensory and chemosensory sensilla of C. 

elegans (miR-228) and sensory organ precursors in the embryo (Aboobaker et al. 2005) 

and mechanosensory and chemosensory regions of the haltere and adult antenna in 

Drosophila (miR-263b) (Pierce et al. 2008).  Among vertebrates, miR-183 family 

members are expressed in the olfactory epithelium, eye, neuromast, and ear of zebrafish 

(Weinholds et al. 2005) and the cranial and spinal ganglia and sensory cells of the eye 

and ear in chicken and mouse (Darnell et al. 2006, Kloosterman et al. 2006, Weston et al. 

2006).  In the mouse inner ear, the miRNAs are expressed in sensory neurons and hair 

cells of the organ of Corti and vestibular end organs (Weston et al. 2006).  Given the 

evolutionary conservation of miR-183 family member sequence and expression in 

neurosensory cells among various phyla, this miRNA family likely serves a key role in 

sensory cell function, including that of hair cells. 

  

E.1. miR-183 family function in hair cells 

 The importance of the miR-183 family function in hair cell development has 

recently been confirmed in humans, mice, and zebrafish.  Genetic studies of a human 

autosomal deafness locus identified two families exhibiting a point mutation in the miR-

96 gene that translates to a mutation in the seed sequence of the mature miRNA, resulting 

in miRNA loss of function (Mencia et al. 2009).  Similar studies of Diminuendo mice 

revealed a mutation in the miR-96 gene that causes a mutation in position 7 of the mature 

miR-96 seed sequence (Lewis et al. 2009).  Stereocilia degeneration and inner hair cell 
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loss in the organ of Corti underlies progressive and substantial hearing loss in 

heterozygous Dmdo mutants and earlier hair cell degeneration and profound deafness in 

homozygous mutants (Lewis et al. 2009).  Depletion of all small RNAs in the inner ears 

of Pax2-Cre;Dicer CKO mice highlights the relationship between miR-183 family 

member expression and proper hair cell differentiation (Soukup et al. 2009).  Mature 

miR-183 is evident by in situ hybridization in posterior crista hair cells, and examination 

of hair cell apical specializations by scanning electron microscopy demonstrates a 

correlation between residual miRNA expression and observed degree of hair cell 

differentiation (Soukup et al. 2009).  Atoh1-Cre;Dicer CKO inner ears depleted of all 

hair cell miRNAs exhibit outer hair cell death (Weston et al. 2011).  Additionally, 

Pou4f3-Cre;Dicer CKO mice lack small RNA production in the otocyst sensory 

epithelium, resulting in hair cell degeneration and profound deafness (Friedman et al. 

2009a).  In zebrafish embryo inner ears, miR-182 and miR-96 overexpression induces 

formation of duplicated otocysts and ectopic hair cells, while morpholino-mediated 

knockdown of the three miRNAs yields fewer hair cells in the otocysts and neuromasts, 

truncates the statoacoustic ganglia, and impairs semicircular canal and neuromast 

development (Li et al. 2010).  

  

E.2. miR-183 family targets 

 In determining how the miR-183 family facilitates hair cell differentiation, it is 

worth considering the mutual exclusion model for miRNA and target gene expression, 

which suggests that miRNAs specific to a cell type target genes of precursor or 

alternative cell types, thereby enforcing differentiation (Flynt and Lai 2008).  There are a 
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host of genes that contribute to establishing hair cell and supporting cell fates that possess 

putative miR-183 family member target sites (Figure 3).  Sox2 is downregulated in hair 

cells and is necessary for specifying prosensory domains in the inner ear (Kiernan et al. 

2005b) and a dual luciferase assay confirmed that miR-182 can bind to the Sox2 3' UTR 

and repress translation (Weston et al. 2011).  Notch1 and its prosensory ligand Jagged 1 

(Jag1) (Brooker et al. 2006, Kiernan et al. 2006) also possess putative miR-183 family 

member target sites, and Notch1 interactions with its hair cell ligands Jagged 2 (Jag2) and 

delta-like 1 (Dll1) are necessary for establishing the mosaic of supporting cells and hair 

cells (Lanford et al. 1999, Kiernan et al. 2005a,b, Brooker et al. 2006).  Hes1, also a 

hypothetical miR-183 family target, antagonizes Atoh1-mediated hair cell differentiation 

(Zheng and Gao 2000, Zine and de Ribaupierre 2002).  Considering the high 

conservation of miR-183 family member expression in neurosensory organs across phyla 

and among vertebrates, their specific expression in sensory neurons and hair cells in 

vertebrates, the profound phenotypical consequences of their misexpression, and the 

importance of their targets in determining hair cell versus supporting cell fates, it is worth 

investigating whether this miRNA family can enhance Atoh1 promotion of hair cell 

differentiation.   

  

F. miR-200 family 

 The miR-200 family consists of five homologous miRNAs (miR-200a, miR-200b, 

miR-200c, miR-141, miR-429) that are coordinately expressed from two genetic loci in 

epithelial cells, including supporting cells and hair cells in the inner ears of zebrafish  
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FIGURE 3. 

 

 

 

 

 

 

 

 

FIGURE 3. Model for miR-183 family and miR-200 family function in sensory 

epithelial and hair cell development. Downregulation of miR-183 family target (red) 

and miR-200 family target (blue) expression likely facilitates Atoh1-mediated hair cell 

differentiation and upregulation of hair cell markers (black).  Asterisks denote validated 

miR-183 or miR-200 family targets. 
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(Wienholds et al. 2005) and mouse (Kloosterman et al. 2006, Weston et al. 2006).  

MicroRNA-200 family members promote the mesenchymal to epithelial transition 

 (MET) (Gregory et al. 2008a) by repressing expression of zinc finger E-box binding 

homeobox 1 (Zeb1) and Smad-interacting protein (Sip1; aka Zeb2), which are E-cadherin 

transcriptional repressors (Gregory et al. 2008b, Korpal et al. 2008, Park et al. 2008).  

Zeb1 and Zeb2 upregulation triggered by transforming growth factor beta 1 (Tgfb1) and 

bone morphogenetic protein (Bmp) signaling pathway induces reciprocal repression of 

miR-200 family members, facilitating the epithelial to mesenchymal transition (EMT) 

(Bracken et al. 2008, Burk et al. 2008).  Since Bmp signaling and MET affect formation 

of the bony labyrinth and hair cell differentiation (Chang et al. 2002, Pujades et al. 2006, 

Hu and Corwin 2007) and Atoh1, which is necessary for hair cell formation, activates 

target transcription by binding E-box motifs (Bermingham et al. 1999, Woods et al. 2004, 

Krizhanovsky et al. 2006), the miR-200 family likely participates in generating a 

population of prosensory epithelial cells in the inner ear via negative regulation of 

Zeb1/Zeb2 expression, enabling Atoh1 to bind E-box motifs in such cells (Figure 3).   

 

G. Hypothesis and approach 

 The question remains whether these prosensory and hair cell miRNAs can 

augment Atoh1 promotion of hair cell differentiation.  The hypothesis tested by the 

study described in this thesis is that miR-183 and miR-200 family members expressed in 

conjunction with Atoh1 are more effective in promoting hair cell gene expression profiles 

than Atoh1 alone.  IMO-2B1 cells isolated from E9.5 Immortomouse otocyst served as a 

pluripotent, prosensory model (Germiller et al. 2004).  IMO-2B1 cells express inner ear 
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precursor and prosensory cell markers, including Bmp4, Notch1, Jag1, and Hes1 while 

weakly expressing hair cell transcription factors Atoh1 and Pou4f3 (Germiller et al. 

2004) and miR-183 and miR-200 family members.  Thus, IMO-2B1 cells can serve as a 

good model for analyzing the efficacy of the miR-183 and/or miR-200 family with Atoh1 

in promoting hair cell gene expression and differentiation.  Cells were transfected with 

combinations of three plasmids expressing Atoh1-GFP, all three miR-183 family 

members (miR-183, miR-96, miR-182), and miR-200 family members (miR-200c, miR-

141).  Affymetrix mouse gene 1.0 ST microarray analyses were performed to evaluate the 

combinatorial effects of the three plasmids on IMO-2B1 cell gene expression profiles.  

Another series of transfections was performed, cells were sorted by GFP fluorescence, 

indicative of Atoh1 expression, and RNA was subjected to qRT-PCR analysis to 

determine relative expression levels of hair cell, supporting cell, and prosensory cell 

markers.  Finally, dual luciferase assays were employed to validate Sox2, Notch1, and 

Hes1, three factors essential in specifying sensory progenitor cells, as miR-183 family 

member targets. 
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II. MATERIALS AND METHODS 

A. Expression vectors 

Plasmid vector expressing Atoh1 and GFP was obtained from Dr. David He (Dept 

of BMS, CUSOM) and corresponds to pRK5-Math1-EGFP (Zheng and Gao 2000). 

Plasmid vector expressing miR-183 family members (pmir183) was obtained 

from Dr. Mike Weston (Dept Oral Biol, CUSOD). DNA containing the miRNAs was 

amplified from mouse genomic DNA and inserted within the SmaI and NotI sites of 

pIRES-hrGFPII (Agilent). The vector does not express GFP due to miRNA processing of 

primary transcript. 

Plasmid vectors expressing miR-200 family members  were similarly constructed. 

DNA containing miR-200c and miR-141 was amplified from mouse genomic DNA and 

inserted within the Sma1 site of pIRES-hrGFPII (pmir200) or pIRES-hrGFPII containing 

miR-183 family members (pmir183-200). Each miRNA expression vector was verified 

by sequencing. 

 

B. Cell culture and transfection 

 The IMO-2B1 cell line was derived from the otocyst of day 9.5 embryos of the 

H2k
b
tsA58 Immortomouse, which possesses a temperature-sensitive variant of the 

Simian Virus 40 large T antigen controlled by a -interferon-sensitive promoter (Jat et al. 

1999).  Immortomouse cells proliferate at 33 C, the temperature at which the transgene is 

expressed in the presence of -interferon.  IMO-2B1 cells were cultured in filter capped 

T25 tissue culture flasks (Greiner Bio-One) at 33 C in MEM (Gibco) containing 10% 

FBS (Gibco), 1% Glutamax (Gibco), 1% penicillin-streptomycin-amphotericin (Cellgro), 
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and 20 ng/ l -interferon (Gibco).  Cultures were initiated from cryostock and disposed 

of before 30 passages. 

 Transient transfections were performed with Lipofectamine
TM

 2000 reagent 

(Invitrogen).  The ratio of plasmid DNA ( g) to Lipofectamine
TM

 2000 ( l) was 

optimized to minimize cytotoxicity and maximize transfection efficiency.  Per 

transfection condition, 4 g plasmid DNA and 10 l Lipofectamine
TM

 2000 were diluted 

in separate 500  l aliquots of Opti-MEM Reduced Serum Medium (Invitrogen) before 

complexing.  Transfections were performed as outlined by the Lipofectamine
TM

 2000 

protocol.  Each transfection was performed in triplicate.  Cells were 60-70% confluent by 

the time of transfection.  Cells were mock transfected with pUC19, transfected with 

plasmid expressing Atoh1-GFP, or co-transfected with plasmids expressing Atoh1-GFP 

and miR-183 family members (pmir183).  The procedure was repeated to transfect cells 

with plasmids expressing miR-200 family members (pmir200), co-transfect cells with 

plasmids expressing Atoh1-GFP and miR-200 family members, and co-transfect cells 

with plasmids expressing Atoh1-GFP and miR-183/miR-200 family members (pmir183-

200) (Table 1).  

Cultures were maintained at 33 C for 48 h post-transfection.  At 24 h post-

transfection, cells were washed with Hanks Balanced Salt Solution (HBSS) (Sigma-

Aldrich) before media was exchanged.  Green fluorescent protein expression was 

observed using an EVOS fl digital inverted fluorescence microscope (AMG) at 24 and 48 

h post-transfection.   
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TABLE 1. 

 

Transfection Condition Plasmid DNA (µg) Lipofectamine 2000 (µl) 

mock 4 pUC19 10 

Atoh1-GFP 

2 pUC19 

2 Atoh1-GFP 

10 

Atoh1-GFP 

miR-183 

2 Atoh1-GFP 

2 pmir183 

10 

miR-200 

2 pUC19 

2 pmir200 

10 

Atoh1-GFP 

miR-200 

2 Atoh1-GFP 

2 pmir200 

10 

Atoh1-GFP 

miR-183 

miR-200 

2 Atoh1-GFP 

2 pmir183-200 

10 

 

TABLE 1. Transfection conditions for gene expression analysis.  The table 

summarizes the amount (µg) of each plasmid vector transfected to establish the 

corresponding transfection condition.  For each transfection, 10 µl Lipofectamine 2000 

reagent was complexed with plasmid DNA.  Transfections for each condition were 

performed in triplicate.  pUC19 was transfected to produce control cultures for gene 

expression analysis. 
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C. Isolation of total RNA 

 At 48 h post-transfection, cells were washed with HBSS, trypsinized for  

 

5 min (Cellgro), pelleted for 3 min at 2000 rpm, and resuspended in 1 ml 1X PBS.  For 

each sample, 50 l of cells in 1X PBS were diluted in 450 l 1X PBS for fluorescence-

activated flow cytometry by FACSAria (BD Biosciences) to determine transfection 

efficiency by GFP fluorescence.  Total RNA in the remaining cells was isolated using the 

mirVana
TM

 miRNA Isolation Kit (Ambion).  RNA concentration was assessed using a 

Nanodrop ND-1000 spectrophotometer, while RNA quality was determined using an 

Agilent 2100 Bioanalyzer. 

 For fluorescence-activated cell sorting (FACS) analysis, transfected cells were 

collected by trypsinization at 48 h post-transfection.  Trypsin was neutralized with 

HBSS+10%FBS, and cells were pelleted and resuspended in HBSS+5%FBS.  The 

FACSAria instrument was used to isolate GFP+ cells from each sample.  Isolation of 

total RNA from samples and analysis of RNA quality and quantity were performed as 

described above.     

 

D. Microarray analysis 

 All RNA samples were prepared in 3 g at 150 ng/ l aliquots for Affymetrix 

GeneChip Mouse Gene 1.0 ST Array and GeneChip miRNA 1.0 Array analysis and 

miRNA 1.0 microarray analysis at the University of Nebraska Medical Center DNA 

Microarray Core Facility.  For ST arrays, cDNAs were generated using the Ambion® 

WT Expression Kit and labeled using the GeneChip® WT Terminal Labeling and 

Controls Kit (Affymetrix).  Labeled cDNAs were hybridized in the GeneChip® 
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Hybridization Oven 645 (Affymetrix) and washed and stained using reagents from the 

GeneChip® Hybridization, Wash and Stain Kit (Affymetrix).  Arrays were scanned with 

the GeneChip® Scanner 3000 7G (Affymetrix). 

All probe cell intensity files (.CEL files) from the ST arrays of the 18 samples 

were imported to the Affymetrix Expression Console for Robust Multichip Algorithm 

(RMA) processing.  Probe level intensities were background corrected, normalized, and 

summarized using RMA-Sketch.  The resulting normalized .CHP files contained linear 

gene expression values with probeset IDs.  CHP files were imported to CLC Bio Main 

Workbench 6 for expression analysis.  Probesets were annotated using MoGene-1 0-st-v1 

probeset annotations provided by Affymetrix.  To determine differentially expressed 

genes between transfected cell populations, t-tests were performed assuming data sets 

have Gaussian distributions, generating linear values for fold changes in expression and 

p-values.  Student’s t-tests were performed for comparisons of two data sets, each 

representing triplicate samples of a transfection condition.  Comparison data was 

exported as EXCEL spreadsheets.  EXCEL data resulting from statistical analysis of 

expression level comparisons of pUC19 transfected cells and Atoh1-GFP, miR-200, 

Atoh1-GFP/miR-183, Atoh1-GFP/miR-200, or Atoh1-GFP/miR-183/miR-200 

transfected cells were considered for Ingenuity Systems Pathway Analysis (IPA).  Only 

probeset IDs, probeset intensities, linear fold changes in gene expression, and p-values 

were included in IPA analyses. 

 Two hundred ng of each total RNA sample was submitted for GeneChip® 

miRNA 1.0 arrays.  miRNAs were labeled using the FlashTag Biotin HSR RNA labeling 

kit (Affymetrix).  Labeled miRNAs were hybridized in the GeneChip® Hybridization 
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Oven 645 (Affymetrix), washed and stained using reagents from the GeneChip® 

Hybridization, Wash, and Stain Kit (Affymetrix).  Arrays were scanned with the 

GeneChip® Fluidics Station 450 (Affymetrix).  Intensity data from all 18 samples were 

normalized and analyzed using the miRNA QC Tool (Affymetrix). 

 

E. qRT-PCR 

 The NCode
TM 

VILO
TM

 miRNA cDNA Synthesis Kit and EXPRESS SYBR
®
 

GreenER
TM

 miRNA qRT-PCR Kit (Invitrogen) were used to verify expression of mature 

miR-183 and miR-200 family members in cells transfected with their corresponding 

plasmids.   

RNA from triplicate samples representing each transfection condition were 

poly(A) tailed and reverse transcribed.  For each sample, 250 ng total RNA was reverse 

transcribed using 5-fold diluted Reaction Mix (Invitrogen) and 10-fold diluted 

Superscript Enzyme Mix containing Superscript III reverse transcriptase (Invitrogen) in a 

20 µl reaction volume.  Samples were incubated at 37˚C for 60 min and reactions were 

terminated by incubating samples at 95˚C for 5 min.  Quantitative RT-PCR was 

performed using a 7500 Fast Dx Real-Time PCR instrument (Applied Biosystems) to 

analyze duplicate reactions (20 l) containing EXPRESS SYBR GreenER SuperMix 

Universal, 200 nM miRNA-specific forward primer (IDT) (Table 2), 200 nM Universal 

qPCR Primer, 50 nM ROX Reference Dye, and 5 ng template cDNA.  The cycling 

program consisted of an incubation period of 20 s at 95 C followed by 40 cycles of 

incubation for 3 s at 95 C and 30 s at 60 C.  U6 served as an endogenous control. 

Melting curves were obtained for qRT-PCR products of each reaction after amplification  
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TABLE 2.  

 

 

 

 

miR/snRNA Primer Sequence 

U6 

miR-21 

5’-GCAAATTCGTGAAGCGTTCCAT 

5’-CGGTAGCTTATCAGACTGATGTTGA 

miR-124 5’-CACGCGGTCAATGCCA 

miR-183 5’-GGTATGGCACTGGTAGAATTCACT 

miR-182 5’-CTTGGCAATGGTACAACTCACA 

miR-96 5’-TGGCACTAGCACATTTTTGCT 

miR-141 5’-GCTAACACTGTCTGGTAAAGATGG 

miR-200a 5’-CGTAACACTGTCTGGTAACGATGT 

miR-200b 5’-GGTAATACTGCCTGGTAATGATGA 

miR-200c 5’-ACTGCCGGGTAATGATGGA 

 

TABLE 2. Primers for miRNA detection by qRT-PCR.  Listed are DNA 

oligonucleotide primer sequences used for qRT-PCR detection of indicated miRs of 

interest.  U6 snRNA detection served as an endogenous control. 
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cycling.  The threshold cycle of detection (CT) was determined by the 7500 Fast RT-PCR 

instrument software.  

 Total RNA isolated from FACS sorted cells representing the first series of 

transfection conditions was DNase treated, reverse transcribed, and analyzed by qRT-

PCR to identify substantial and significant changes in Atoh1, Hes1, Jag1, Notch1, Sox2, 

and pri-miR-183 expression between transfection conditions.  Per sample, 100 ng total 

RNA designated for –RT reactions and 500 ng total RNA designated for +RT reactions 

were treated with 10-fold diluted DNase I Reaction Buffer and amplification grade 

DNase I at 1 U/ 10 μl (Invitrogen).  Reaction tubes were incubated for 15 min at room 

temperature, reactions were stopped upon addition of 25 mM EDTA, and tubes were 

heated at 65˚C for 10 min.  To each tube, 5 μM oligo(dT)20 and 1 mM dNTP mix was 

added and tubes were incubated at 65 ˚C for 5 min and placed on ice.  A 10-fold dilution 

of cDNA Synthesis Mix (Invitrogen) was aliquoted to each tube, with samples designated 

for +RT reactions receiving Superscript III RT at 20 U/ μl.  Reactions were incubated for 

50˚C for 50 min, terminated by incubation at 85 ˚C for 5 min, and RNase H treated.  Each 

+RT qRT-PCR reaction (20 μl) contained 10 ng cDNA template, 0.5 μM forward and 

reverse gene-specific primer (IDT) (Table 3), and Fast Sybr Green PCR Master Mix 

(Applied Biosystems). Sybr Green detection of PCR products was analyzed during 40 

cycles consisting of incubation for 3 s at 95 ˚C and 30 s at 60˚C using the 7500 Fast Dx 

Real-Time PCR instrument (Applied Biosystems).  Three replicate reactions were 

performed per sample.  GAPDH served as an endogenous control.  No template control 

reactions included forward and reverse primers specific to GAPDH.   The threshold cycle 

of detection (CT) was determined by the 7500 Fast RT-PCR instrument software.        
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TABLE 3. 

 

 

Gene Forward (F) and Reverse (R) Primer Sequences 

GAPDH 
F  5’-GAAACCTGCCAAGTATGATGAC 

R  5’-ACCTGGTCCTCAGTGTAGC 

Atoh1 
F  5’-GCGATGATGGCACAGAAGG 

R  5’-GGGAGATGTTTTGCTGTTGTC 

Hes1 
F  5’-GCCAATTTGCCTTTCTCATCC 

R  5’-ACCGAGGTCCCACTGTTG 

Jag1 
F  5’-GGACATAGTGGTGCCAAGTG 

R  5’-CAGGTGTTACAGTCATCATCCC 

Notch1 
F  5’-ACCTTGTCCCCGATTATTTACC 

R  5’-GGCTGGAGCTGTAAGTTCTG 

Sox2 
F  5’-CTGTTTTTTCATCCCAATTGCA 

R  5’-CGGAGATCTGGCGGAGAATA 

pri-miR-183 
F  5’-CCTGCACGAGTGGGTGTAAG 

R  5’-GCTCTAGCAATTAACCCTCACTAAAG 

 

TABLE 3. Forward and reverse primers for gene-specific detection by qRT-PCR. 

Listed are the forward and reverse primer sequences for qRT-PCR detection of indicated 

genes of interest.  GAPDH detection was used as an endogenous control. 
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F. Dual luciferase assays 

DNA corresponding to the 3’ UTRs of Sox2, Notch1, Jag1, and Hes1 mRNA was 

amplified from mouse genomic DNA by PCR. Products were purified and inserted into 

the region corresponding to the 3’ UTR of the Photinus luciferase reporter gene in 

pmirGLO (Promega) using the In-Fusion HD Cloning System (Clontech). pmirGLO also 

contains a separate Renilla luciferase report gene. HEK293 cells (~2x10
5
 cell/well; 24-

well plate) were co-transfected using Lipofectamine 2000 (Invitrogen) with 200 ng 

reporter vector and 20 pmol synthetic RNA duplex representing scrambled control 

siRNA (Integrated DNA Technologies), miR-96, miR-182, or miR-183, or with 30 pmol 

combined miRNAs (10 pmol each). Cells were cultured post-transfection for 24 h and 

harvested to perform dual-luciferase assays using the Dual-Glo Luciferase Assay System 

(Promega) on a Modulus Microplate Luminometer with dual injectors (Turner 

Biosystems). Two replicate readings from six transfections over the course of three 

experiments were performed. The ratio of Photinus and Renilla luciferase activity for 

each reporter vector co-transfected with miRNA was normalized to that reporter vector 

co-transfected with scrambled control siRNA.  The Wilcoxon signed-rank test was used 

to determine statistically significant differences in relative luciferase activity between 

miRNAs and control siRNA. 
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III. RESULTS AND DISCUSSION 

A. Validation of Atoh1, miR-183 family and miR-200 family expression 

 The first derivation of induced pluripotent stem cells (iPSCs) from adult human 

fibroblasts (Takahashi et al. 2007, Yu et al. 2007) created hope not only for their use in 

drug development and generation of disease models but also for regenerative medicine.  

iPS cells have been successfully used to treat disease models such as Parkinson’s disease, 

hemophilia A, and sickle cell anemia (Hanna et al. 2007, Wernig et al. 2008, Xu et al. 

2009).  The generation of a population of functional hair cell-like cells from iPSCs 

(Oshima et al. 2010) warrants investigation of the utility of iPSCs in the treatment of 

hearing and balance disorders.  However, iPSC-mediated production of hair cell-like cells 

is highly inefficient.   

 MicroRNAs are small non-coding transcripts that post-transcriptionally regulate 

target gene expression (Ambros 2004) and have been shown to be essential to various 

biological processes, including cell fate specification (Chen et al. 2004, Grishok et al. 

2001) and differentiated cell function (Esau et al. 2006, Teleman et al. 2006).  Sensory 

epithelial microRNAs are necessary for proper hair cell development and function, 

evidenced by use of Pax2-Cre;Dicer CKO and Atoh1-Cre;Dicer CKO mice models 

(Soukup et al. 2009, Weston et al. 2011).  Specifically, miR-183 family member loss of 

function (Mencia et al. 2009, Lewis et al. 2009, Li et al. 2010) and gain of function (Li et 

al. 2010) studies demonstrate the miR-183 family is important for hair cell differentiation 

and maintenance.  Thus, a more thorough understanding of the effects of hair cell 

miRNAs might enhance the efficiency of hair cell differentiation from iPSCs. 
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Given that Atoh1 is necessary for hair cell differentiation (Izumikawa et al. 2008, 

Gubbels et al. 2008), Atoh1 could facilitate future iPSC-based hair cell replacement 

therapies.  The question remains whether the expression of sensory epithelial miRNA 

families, such as miR-183 and miR-200 families, with Atoh1 can promote hair cell gene 

expression.  Plasmids expressing Atoh1-GFP, miR-183 family members, or miR-200 

family members were transiently transfected in IMO-2B1 cells, derived from embryonic 

mouse inner ear, to assess whether the combinatorial effects of these factors promote 

more hair cell-like gene expression profiles.  Two series of transfections were performed 

to establish six transfection conditions (Figure 4). 

 

A.1. Observation of GFP fluorescence by fluorescent microscopy 

 The Atoh1-GFP plasmid construct yields Atoh1 and green fluorescent protein.  

T25 tissue culture flasks containing cells transfected with or without Atoh1-GFP were 

viewed under an EVOS fl digital inverted fluorescence microscope at 24 and 48 h post 

transfection to verify GFP fluorescence and estimate transfection efficiency.  Cells 

transfected without Atoh1-GFP, that is cells transfected with only pUC19 or miR-200 

expressing plasmids, demonstrated no observable GFP fluorescence.  Cells transfected 

with Atoh1-GFP alone or in combination demonstrated a range of fluorescence intensity 

consistent among all conditions, with highest GFP fluorescence detected in 

approximately 20-30% of cells in any field of view at 48 h post-transfection (Figure 5).  
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 FIGURE 4. 

 

 

 

 

 

 

FIGURE 4. Overview of experimental design.  

Two series of transfections were performed, and each transfection condition was 

established in triplicate cultures.  Comparisons of gene expression profiles between cells 

of different conditions will enable assessment of the efficacy of Atoh1 expression alone 

or in conjunction with miR-183 and/or miR-200 families to promote hair cell gene 

expression profiles. 

 

 

 

 



 

29 

 

 

FIGURE 5.

 

FIGURE 5. Observation of GFP fluorescence by fluorescence microscopy.  

Fluorescence microscopy images overlaid with brightfield microscopy images provide 

qualitative evaluation of transfection efficiency with plasmid expressing Atoh1-GFP. (A) 

Overlaid images of IMO-2B1 cells transfected with pUC19.  (B) Overlaid images of cells 

transfected with pUC19 and plasmid expressing Atoh1-GFP.  (C) Overlaid images of 

cells transfected with pmiR183 and plasmid expressing Atoh1-GFP.  (D) Overlaid images 

of cells transfected with pmiR183-200 and plasmid expressing Atoh1-GFP.  Images were 

taken at 48 h post-transfection at 100X magnification.  
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There was little detectable difference in GFP fluorescence among replicates or cells of 

different transfection conditions. Previous transfection optimization experiments 

indicated that GFP fluorescence intensity was maximized at 48 h post-transfection.  To 

ensure optimal plasmid expression of Atoh1-GFP and miR-183 and miR-200 family 

members at time of RNA isolation, we isolated RNA at 48 h post-transfection.  To 

determine transfection efficiency, we submitted a portion of cells from each replicate for 

flow cytometry analysis prior to RNA isolation.  

 

A.2. Determination of transfection efficiency by FACS analysis 

 After cells were trypsinized, pelleted, and resuspended in 1x PBS, approximately 

1X10
5
 cells were submitted to the Creighton Flow Cytometry Core Facility for 

quantiation of transfection efficiency per sample.  Flow cytometry using the FACSAria 

instrument (BD Biosciences) enabled measurement of GFP fluorescence intensity per cell 

and specification of a population of cells likely demonstrating true GFP fluorescence.  A 

530/30 nm band-pass filter was used to allow detection of GFP fluorescence and 

attenuate light of other frequencies.  At least 5,000 cells from each culture were assayed 

for GFP fluorescence.  From these cells, light received by forward and side scatter 

detectors permitted designation of a population of cells representing live, single cells.  

This population was compared to the number of cells expressing GFP to determine 

transfection efficiency.  Any detection of GFP fluorescence from mock transfected cells 

was attributed to autofluorescence. Transfection efficiencies of cultures transfected with 

Atoh1-GFP ranged from 20.1-41.1%, with an average efficiency of 27.2% (Figure 6).  
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FIGURE 6. 

 

 

 

 

 

FIGURE 6. Flow cytometric analysis of transfection efficiency.  (A) Determination of 

a GFP positive population of cells from pUC19 transfected cells. (B) Determination of a 

GFP positive population of cells from pUC19 and Atoh1-GFP transfected cells. Plots 

depict relative intensity of forward and side scatter detected light reflected from cells or 

cell debris (left) and cell count versus GFP fluorescence intensity (right).  Tables show 

percentages of live, single cells (red) and GFP positive cells (green) of the corresponding 

cell sample.   
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Flow cytometry analysis validated successful transfection of control plasmid and Atoh1-

GFP.  The question remained whether mature miRNA were generated from plasmids 

intended to express miR-183 and miR-200 family members.  

 

A.3. Detection of Atoh1 mRNA and mature miR family members by qRT-PCR 

 To validate mature microRNA expression from transfected plasmids, we analyzed 

total isolated RNA by qRT-PCR.  We chose to analyze expression of nine mature 

miRNAs using designed miRNA-specific primers, including all miR-183 family 

members (miR-96, miR-182 and miR-183) and four of five miR-200 family members 

(miR-141, miR-200a, miR-200b, miR-200c).   We also analyzed Atoh1 mRNA and pri-

miR-183 family member expression to validate that transfections were successful.  

GAPDH served as an endogenous control for qRT-PCR detection of Atoh1 mRNA and 

pri-miR transcripts.  Primers specific to U6 and miR-21 were included to serve as an 

endogenous control and positive control, respectively, for qRT-PCR detection of mature 

miRNAs.  miR-21 demonstrates nearly ubiquitous expression in P0 mouse inner ear by in 

situ hybridization (unpublished data).  We also assayed for miR-124 expression, as 

mouse miR-124 is neuronal-specific (Lagos-Quintana et al. 2002).  Since miR-21 and 

miR-124 were not transfected, their analysis by qRT-PCR enables determination of the 

effects of transfected miRNAs on endogenous miRNA expression levels.  To detect 

Atoh1 mRNA and pri-miR-183, 3 μg total RNA was DNase I treated, 2 μg of which was 

reverse transcribed using the SuperScript® III Frist-Strand Synthesis System to provide 

cDNA products for +RT reactions.  Amplified cDNA products from mature miRNAs 

were detected by Sybr GreenER fluorescence. 
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Atoh1 sequence is detected 400.3 and 300.4 fold higher in cells transfected with 

Atoh1-GFP or Atoh1-GFP/miR-183 family, respectively, relative to mock transfected 

cells (Table 4).  Similarly, pri-miR-183 was easily detected in miR-183 family 

transfected cells, upregulated over 2000 fold by comparison of Atoh1-183 and Atoh1 

transfected cells.  Some positive signal for Atoh1 sequence and pri-miR-183 family 

members might represent detection of contaminating plasmid DNA.  However, when the 

same Atoh1-GFP vector was transfected in postnatal rat inner ears, ectopic hair cells were 

generated (Zheng and Gao 2000), indicating that Atoh1 is effectively expressed from the 

transfected plasmid.  Regardless, qRT-PCR analysis indicates that plasmid transfection 

was successful. 

We next analyzed all total RNA samples for mature miRNA expression.  Of the 

first series of transfections, fold changes in expression (2
-ΔΔCt

) between transfection 

conditions indicate that only detection of miR-21 changes significantly (p-value ≤ 0.05) 

between Atoh1-GFP and mock transfected conditions.  miR-183 family members are 

significantly upregulated up to 10-fold in cells transfected with Atoh-GFP/miR-183 

expressing plasmids relative to other conditions.  Interestingly, all mature miR-200 

family members are more easily detected in cells transfected with miR-183 family-

producing plasmid as well.   

Of the second series of transfections, miR-182 and miR-183 demonstrate at least a 

12-fold upregulation in cells transfected with plasmids expressing Atoh1-GFP, miR-183 

and miR-200 family members relative to miR-200 expressing cells.  All mature miR-200 

family members were upregulated in cells transfected with miR-200 family plasmid 

relative to mock transfected cells, with miR-141 and miR-200c expression being    
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TABLE 4. 

Gene/miR 
Atoh1 v 

mock
 

Atoh1-

183 v 

mock
 

Atoh1-

183 v 

Atoh1 

200 v 

mock 

Atoh1-

200 v 200 

Atoh1-

183-200 v 

200 

Atoh1-

183-200 v 

Atoh1-

200 

Atoh1 400.3* 300.4* 0.80*     

pri-miR-183 0.2* 672.1* 2731.4*     

miR-183 0.69 7.31* 10.63* 0.64* 1.05 13.00* 12.44* 

miR-182 0.97 11.24* 11.55* 2.75* 0.72 13.80* 19.06* 

miR-96 0.97 2.51* 2.59* 0.58* 0.70 1.07 1.53 

miR-141 0.77 3.39* 4.39* 30.08* 0.77 0.36* 0.46 

miR-200c 0.93 2.57* 2.76* 28.25* 1.56 0.34* 0.42* 

miR-200b 1.12 2.64* 2.35* 5.35* 0.84 0.85 1.01 

miR-200a 0.80 2.82* 3.52* 3.33* 0.79 1.02 1.30 

miR-21 0.91* 0.42* 0.46* 1.16 0.87 0.73* 0.84 

miR-124 0.84 1.93* 2.31* 1.62* 1.02 1.09 1.07 

 

TABLE 4. qRT-PCR analysis of Atoh1 mRNA, pri-miR-183  and mature miRNA  

expression.  Values represent fold changes (2
-ΔΔCt

) in Atoh1 mRNA and miRNA 

expression between transfection conditions.  PCR reactions were performed in triplicate 

or duplicate using gene and miR-specific primers, respectively, as indicated.  U6 cDNA 

product was used as an internal reference for mature miRNA detection.  GAPDH was 

used as an endogenous control for Atoh1 mRNA and pri-miR-183 detection.  Mock 

indicates cells transfected with pUC19 as a control plasmid.  Asterisks denote statistically 

significant differences (p-value ≤0.05) using a two-tailed Student’s t-test.  
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detected 30.08 and 28.25 fold higher in miR-200 plasmid transfected cells.  Examination 

of miR-141 and miR-200c detection levels reveals that less miR-141 and miR-200c are 

detected in cells transfected with all three factors (Atoh1-GFP and miR-183/miR-200 

expressing plasmids) than in other conditions.  This may have been due to less efficient 

expression or processing of miR-141 and miR-200c from the plasmid designed to 

coexpress miR-183 and miR-200 family members.  Results from qRT-PCR analysis of 

Atoh1 mRNA, primary transcripts of miR-183 family members, and mature miR-183 and 

miR-200 family member expression suggest that transfections were successful and miR-

183 and miR-200 family members are properly processed in cells transfected with their 

corresponding plasmids.  Also, since Atoh1 mRNA detection levels were likely skewed 

by the presence of contaminating plasmid DNA in total RNA preparations, we further 

validated Atoh1 mRNA, pre-miR and mature miR-183 and miR-200 family member 

expression by ST and miRNA microarray analysis.       

 

A.4. Validation of plasmid expression by ST and miRNA array 

 To begin to evaluate the combinatorial effects of Atoh1, miR-183 and miR-200 

family members on IMO-2B1 cell gene expression profiles and to verify Atoh1 

upregulation, we submitted all 18 total RNA samples for two microarray analyses.  Initial 

review of results from both analyses verified upregulation of Atoh1 mRNA and both pre-

miR and mature miR production of miR-183 and miR-200 family members.  The ST 

microarray analysis utilized over 28,000 probesets designed to interrogate mouse whole-

genome expression from total RNA samples.  The miRNA microarray analysis utilized 
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over 7,800 probesets, based on Sanger miRBase miRNA database v11 (April 15, 2008), 

designed to assess mature miRNA expression in 71 organisms, including mouse.   

 For ST array analysis, all probeset intensities for each transfection condition 

analysis were compared to probeset intensities from the mock transfection analysis.  Fold 

change in probeset intensity was calculated for all probesets for each transfection 

condition comparison and was based on probeset intensities of triplicate biological 

samples for each transfection condition.  As expected, Atoh1 mRNA, pre-miR-183 

family members, and pre-miR-200 family members significantly increase in level of 

detection (p-value ≤ 0.05) in those cells in which their corresponding plasmids were 

transfected (Table 5).  Comparison in fold change expression between Atoh1-GFP/miR-

183 transfected and mock transfected cells indicates that pre-miR-183 and pre-miR-96 

are upregulated over 100-fold.  

 Pre-miR-141 exhibits over 40-fold increase in expression in miR-200 family 

transfected cells.  Precursor miR-200c, while detected in abundance in miR-200 family 

transfected cells, demonstrates less of a fold change increase in expression in miR-200 

family transfected cells.  However, the average probeset intensity for pre-miR-200c from 

analysis of mock transfected cells is roughly twice that of pre-miR-141, where average 

probeset intensities of both pre-miRs from analysis of Atoh1-GFP/miR-200 transfected 

cells are similar (data not shown).  Considering basal expression levels of the pre-miRs of 

interest, all miR-183 and miR-200 family member precursors exhibit a high level of 

expression from their respective plasmids.  However, to ensure that miRNA processing is 

completed in transfected IMO-2B1 cells, as well as to determine effects of  
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TABLE 5. 

 

 

 

 

TABLE 5. Fold change in expression by ST microarray analysis.  Values represent 

the fold change in probeset intensity of Atoh1 mRNA and precursor miRs of miR-183 

and miR-200 family members between array analyses of various transfection conditions 

and mock (pUC19).  Fold change values were calculated based on averaged probeset 

intensities of triplicate samples per transfection condition.  Asterisks denote statistically 

significant differences (p-value ≤ 0.05) using a two-tailed Student’s t-test. 

 

  

Gene/pre-
miR 

Atoh1 v 
mock 

Atoh1-183 
v mock 

200 v 
mock 

Atoh1-200 
v mock 

Atoh1-183-
200 v mock 

Atoh1 1.96* 1.95* 1.59* 2.26* 2.48* 

pre-miR-
183 

1.04 137.14* 1.27* 1.11 150.48* 

pre-miR-
182 

1.13 82.84* 1.34* 1.20* 66.11* 

pre-miR-96 1.25 109.78* 1.09 1.04 81.58* 

pre-miR-
141 

1.05 1.61* 45.86* 44.75* 49.37* 

pre-miR-
200c 

1.23 1.83* 24.30* 25.47* 15.19* 
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miR-183 and miR-200 family expression on global miRNA expression, total RNA was 

submitted for miRNA microarray analysis, which utilized probesets for detecting  

Mus musculus miRNAs.   

 We initially reviewed miRNA array results to verify mature miRNA production  

in those cells transfected with miR-183 and miR-200 family members in any combination 

of factors.  For each transfection condition, probeset fluorescence intensities for all miR-

183 family members and miR-200 family members were averaged from triplicate 

biological samples.  Fold changes in expression were calculated based on average 

probeset fluorescence intensities for each miRNA of interest.  We then compared fold 

changes in miRNA expression from each transfection condition analysis to those of the 

mock transfected condition. 

Of the miR-200 family members, only miR-200c was detected above background.  

Similarly, miR-96 was not detected above background.   Only miR-182, miR-183, and 

miR-200c were detectable by analysis of any transfection condition.  Comparisons of fold 

change in miRNA expression indicate that miR-200c is significantly upregulated (p-value 

≤ 0.05) at least 70-fold in cells transfected with miR-200 family members, while miR-

182 and miR-183 are slightly upregulated in Atoh1 and miR-183 family expressing cells 

(Table 6). Endogenous miR-200c is not detected above background in cells not tranfected 

with miR-200 family members, which contributes to the dramatic increase in miR-200c 

detection.  Conversely, miR-182 is detected at levels over 100-fold higher than 

background in mock transfected cells, resulting in a lower fold change in expression 

between Atoh1-183 and mock transfected cells.  Mature miRNA expression analysis by 

qRT-PCR, however, indicates that all three miR-183 family members are upregulated in  
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TABLE 6. 

 

 

 

 

TABLE 6. Fold change in mature miRNA expression by miRNA microarray 

analysis.   Values represent fold changes in probeset intensity of mature miRNAs from 

miRNA microarray comparisons of all transfection conditions to the mock condition.  

Fold change values were calculated based on averaged probeset intensities of triplicate 

samples per transfection condition.  Fold change values of other miR-200 family 

members and miR-96 were excluded due to lack of detection above background.  

Asterisks denote statistically significant differences (p-value ≤ 0.05) using a two-tailed 

Student’s t-test. 

  

miRNA 
Atoh1 v 

mock 

Atoh1-183 

v mock 

200 v 

mock 

Atoh1-200 

v mock 

Atoh1-183-

200 v 

mock 

miR-182 1.04 1.27 1.06 1.19 1.18 

miR-183 1.19 1.81 0.72 1.05 1.31 

miR-200c 1.05 1.09 77.05* 76.21* 74.12* 
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cells transfected with miR-183 family expressing plasmid (Table 4).  Thus, there is a 

discrepancy in the ability of methodologies to detect real changes in mature miRNA 

expression. 

 

B. Comparison of miRNA family effects on IMO-2B1 gene expression profiles 

A cursory review of ST and miRNA array analyses revealed that plasmids 

intended to generate Atoh1, miR-183 family members and/or miR-200 family members 

do in fact produce Atoh1 mRNA, precursor miR-183 and miR-200 family members, and 

the corresponding mature miRNAs.  Therefore, we began to examine global trends in 

expression changes induced by Atoh1, miR-183 and miR-200 family expression in 

various combinations.  We then narrowed our analysis to 195 genes by ST array and 133 

miRNAs by miRNA array.  Lastly, Ingenuity Systems Pathway Analysis® was employed 

to identify molecular pathways most affected by miR-183 and miR-200 families and to 

provide a list of miR-183 and miR-200 family member targets and their changes in 

expression level between transfection conditions.  

 

B.1. Substantial and significant changes in IMO-2B1 global expression profiles 

 ST array analyses of each condition provide insight into global changes in gene 

expression and therefore a better understanding of how Atoh1, miR-183 and miR-200 

family members individually, and in combination, affect IMO-2B1 cell gene expression 

profiles.  Arrays of transfection conditions were compared to identify probeset intensities 

that changed substantially and significantly between conditions.  Comparisons were 

designed to thoroughly assess the effects of each transfected factor.  Volcano plots were  
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generated to illustrate general trends in probeset intensity changes for each comparison 

(Figure 7).  Highlighted in the plots are genes deemed to be substantially and 

significantly upregulated and downregulated (Table 7).  ST array analysis demonstrates 

that Atoh1 alone (Atoh1 v mock) causes few substantial and significant changes in 

gene expression (fold change ≥ 1.5 or ≤ 0.66; p-value ≤ 0.05), while in the presence of 

miR-183 family members (Atoh1-183 v Atoh1), 750 genes show substantial changes in 

expression.  From the latter comparison, 549 genes are significantly upregulated at least 

1.5 fold.  Since miRNAs function by posttranscriptionally repressing gene expression, 

gene upregulation could be caused by miR-183 family secondary effects on gene 

expression.  Results from coexpression of Atoh1 and miR-200 family members (Atoh1-

200 v 200), however, indicate that Atoh1 elicits few substantial changes in expression in 

the presence of miR-200 family members.  Also, the additional effects of miR-183 family 

members in cells coexpressing Atoh1 and miR-200 family members (Atoh1-183-200 v 

Atoh1-200) are minimal.  

 It is of interest to note the negligible effect of Atoh1 on IMO-2B1 expression 

profiles.  Of the 58 probesets changed substantially and significantly in detection level in 

Atoh1 versus mock transfected cells (Table 7), only 3 probesets represent protein-coding 

genes: Atoh1, Trdn, and GM7691 (a predicted protein-coding gene).  Similarly, in cells 

coexpressing Atoh1 and miR-200 versus miR-200 alone (Table 7), only 6 probesets 

represent protein-coding genes: Ciao1, Pdcd10, Ifnz, Nudt9, Tbcb, and Xlr. 
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FIGURE 7.
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FIGURE 7. Substantial and significant changes in probeset detection induced by 

Atoh1, miR-183, and miR-200 families.  Volcano plots illustrate the relationship of p-

values derived from t-tests and fold changes in detection of probesets obtained by 

comparisons of ST microarray data sets.  Volcano plots represent ST array comparisons 

used to determine (A) (B) the effects of Atoh1, the miR-183 family, and the miR-200 

family expressed in different combinations on IMO-2B1 gene expression profiles and (C) 

the drastic changes in expression induced by miR-200 family members specifically.  The 

y-axis plots-log10 p-values for each probeset and ranges from 0 to 6.7, and the x-axis 

plots log2 fold change for each probeset, ranges from -3.6 to 7.2 and is centered at 0.  Red 

data points indicate probesets substantially and significantly upregulated or 

downregulated (fold change ≥ 1.5 or ≤ 0.66, respectively; p-value ≤ 0.05) between data 

sets.  Two-tailed Student’s t-tests were performed to determine statistically significant 

changes in probeset detection.  Each plot includes fold change and p-values for all 35,556 

probesets investigated by the GeneChip Mouse Gene 1.0 ST array.  
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TABLE 7. 

 

 

 

TABLE 7. Changes in probeset detection between transfection conditions by ST 

array.  Values represent the number of probesets upregulated, downregulated, or total 

number of probesets changed substantially and significantly (fold change ≥ 1.5 or ≤ 0.66; 

p-value ≤ 0.05) from expression level comparisons of transfection conditions.    

 

 

 

 

 

 

  

Comparison Upregulated Downregulated Total 

Atoh1 v mock 42 16 58 

Atoh1-200 v 200 22 103 125 

Atoh1-183 v Atoh1 549 201 750 

Atoh1-183-200 v 

Atoh1-200 
16 40 56 

200 v mock 481 522 1003 

Atoh1-200 v Atoh1 312 186 498 

Atoh1-183-200 v 

Atoh1-183 
2369 2507 4876 
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The number of changes in gene expression induced by miR-200 family members 

alone, however, is considerable (200 v mock).  miR-200 family members elicit 1003 

substantial and significant changes in gene expression. These changes are dramatically 

reduced in the presence of Atoh1 (Atoh1-200 v Atoh1), suggesting that the factors 

counteract one another.  Interestingly, the most substantial and significant changes in 

gene expression result from miR-200 family member expression in the presence of both 

Atoh1 and miR-183 family members (Atoh1-183-200 v Atoh1-183).  By also considering 

the individual effects of the two miRNA families (Atoh1-183 v Atoh1, 200 v mock) and 

the relatively few changes in expression caused by miR-183 members with Atoh1 and 

miR-200 members (Atoh1-183-200 v Atoh1-200), it appears that miR-200 family 

members counter the gene expression changes produced by Atoh1 and miR-183 family 

coexpression.   

 

B.2. miRNA effects on IMO-2B1 gene expression profiles by ST microarray 

To further demonstrate the concept that miR-200 family members mitigate the 

combined effects of Atoh1 and miR-183 family members on IMO-2B1 gene expression 

profiles, we selected and compared the most upregulated or downregulated protein-

coding genes from analyses of the effects of Atoh1 coexpressed with miR-183 family 

members (Atoh1-183 v mock) to those most substantially changed in analyses of the 

effects of miR-200 family members (200 v mock).  Two lists were generated, each 

representing 100 genes most substantially and significantly changed in expression by 

combining 50 upregulated and 50 downregulated genes from each comparison (Atoh1-

183 v mock or 200 v mock).  Only genes with accession numbers representing protein-
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coding genes were selected.  Five genes overlapped between the two lists, resulting in a 

list of 195 protein-coding genes showing substantial and significant fold changes in 

expression in either comparison. 

A heat map was generated to depict relative expression levels of the 195 genes 

from microarray analysis comparisons of all transfection conditions to the mock 

condition (Figure 8). The heat map shows general trends in probeset detection among 

different transfection conditions regardless of statistical significance.  Of the genes 

selected, Atoh1 transfected cells exhibit few discernible changes in gene expression.  

However, most detectable trends in expression levels caused by Atoh1 transfection are 

amplified in the presence of miR-183 family members.  Many of these trends toward 

gene upregulation or downregulation are reversed in cells expressing miR-200 family 

members.  Interestingly, some substantial 

gene expression changes induced by miR-200 family members are dampened in cells 

expressing all three factors, particularly for genes coding for olfactory receptors.  

However, Atoh1 and miR-183 family member expression is rarely sufficient to reverse 

miR-200 family effects on gene expression.  Any gene upregulation or downregulation 

detected in miR-200 family transfected cells is usually maintained in cells transfected 

with miR-200 family members and other factors. 

Of particular interest is the extensive upregulation of genes coding for olfactory 

receptors in cells expressing Atoh1 and miR-183 family members.  Also considering that 

miR-183 family exhibits sensory-tissue specific expression (Aboobaker et al. 2005, 

Wienholds et al. 2005, Kloosterman et al. 2006, Weston et al. 2006, Pierce et al. 2008)  
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FIGURE 8. 
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FIGURE 8. Expression level trends of 195 genes established by miR-183 and miR-

200 family members.  Heat maps depict relative expression levels of 195 protein-coding 

genes from array analyses of each transfection condition compared to mock.  The genes 

were selected from ST array analysis comparisons of Atoh1-miR-183 and miR-200 

transfection conditions to mock and represent the most upregulated and downregulated 

genes from each of the two comparisons.  All fold change values were log(2) 

transformed.  Red boxes indicate upregulated genes, green boxes indicate downregulated 

genes, and black boxes indicate genes unchanging in expression.  Genes are ordered by 

highest expression level in mock transfected cells (top left) to lowest expression in mock 

transfected cells (bottom right).   
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and is highly expressed in mouse olfactory epithelium (Xu et al. 2007), it is likely that  

miR-183 family members contribute to the function of olfactory sensory cells.   

Conversely, most olfactory receptor genes are downregulated in cells expressing miR-

200 family members in any combination of factors, demonstrating that the effects of 

miR-200 family member expression are largely antagonistic to those of Atoh1 and miR-

183 family member expression.   

 

B.3. Effects of transfected miRNAs on global miRNA expression by miRNA array

 Few miRNAs are expressed in early embryos of mouse and zebrafish (Thomson 

et al. 2004, Wienholds et al. 2005), but by late embryonic development, many miRNAs 

are upregulated in tissue- and timepoint-specific patterns (Kloosterman et al. 2006).   

Adult tissues exhibit expression of many miRNAs in a variety of differentiated cell types.  

Therefore, analysis of global miRNA levels could be indicative of the progress of 

differentiation programs in tissues.  To determine the effects of Atoh1 and miR-183 

family coexpression and miR-200 family expression on global changes in miRNA 

expression levels, as well as illustrate the opposing effects of miR-183 and miR-200 

family members on gene expression profiles, we further analyzed miRNA microarray 

results.  

 MicroRNA microarray analyses had already been utilized in an attempt to 

validate mature miRNA expression from transfected plasmids (Table 6).  We focused on 

mouse miRNAs with average detection levels of 3 biological replicates higher than 

background detection in at least 1 of the 6 data sets.  Array comparisons were established  
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to compare fold changes in the remaining 133 mouse miRNAs between all transfection 

condition data sets and the mock data set, illustrated by a heat map (Figure 9).   

 Atoh1 expression alone elicits minimal changes in global miRNA expression.  

More substantial changes in expression are induced in the presence of miR-183 family 

members, particularly via upregulation of genes that are detected at low levels in mock 

transfected cells.  miR-200 family members alone cause more drastic changes in miRNA 

expression than all other conditions, mostly by downregulation.  As in ST microarray 

analyses, the magnitude of some of these changes is dampened in cells coexpressing all 

three factors.  For example, miR-1196 increases in expression in the presence of Atoh1  

and the miR-183 family but is highly downregulated in miR-200 expressing cells.  When 

all three factors are expressed, however, miR-200 family-mediated downregulation is  

precluded.  Taken together, miRNA array data suggest that not only are most miRNA 

expression trends established by Atoh1 and miR-183 family expression not enhanced by  

miR-200 family members, but for many miRNAs evaluated, the two miRNA families 

exhibit opposing regulatory functions. 

 Several miRNAs are highly upregulated in Atoh1-183 transfected cells.  These 

include miR-1196, which increases 3.8 fold in expression, and miR-493, which increases 

3.5 fold in expression relative to levels in mock transfected cells.  In the presence of miR-

200 family members, even more miRNAs were substantially upregulated, including miR-

1192, miR-706, and miR-367b, which increases almost 100 fold in expression.  Analyses 

to determine spatial expression patterns and target genes could elucidate the biological 

relevance of these miRNAs to sensory-epithelial cells.  
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FIGURE 9. 
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FIGURE 9. Expression level trends of mature miRNAs induced by miR-183 and 

miR-200 family members.  Heat maps depict expression levels of 133 mature miRNAs 

in samples from all data sets relative to mock samples.  Represented miRNAs exhibited 

average detection levels of 3 biological replicates higher than background detection in at 

least 1 of 6 data sets.  All fold change values were log(2) transformed.  Red boxes 

indicate upregulation, green boxes indicate downregulation, and black boxes indicate no 

change in expression.  MicroRNAs are ordered by highest expression level in mock 

transfected cells (top left) to lowest expression level in mock transfected cells (bottom 

right).      
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B.4. Pathway analysis of Atoh1-GFP/miR-183 and miR-200 family transfected cells 

 Microarray analysis enabled identification of strongly upregulated and 

downregulated genes and miRNAs among the 6 data sets.  However, the biological 

relevance of the cumulative effects on gene expression induced by Atoh1, miR-183 and 

miR-200 family members has yet to be explored.  We applied Ingenuity Systems 

Pathway Analysis® (IPA) to data sets representing array comparisons of Atoh1-miR-183 

and miR-200 family transfected cells to mock transfected cells to determine the 

relationship between genes changing in expression among the two data sets and their 

involvement in biological processes.  Also, IPA allowed for the matching of predicted 

miR-183 and miR-200 family member target genes to their expression levels obtained by 

ST array analysis.   

 Expression information from all probesets evaluated by ST microarray were 

included for Ingenuity Pathway analysis.  Statistically significantly upregulated or 

downregulated probesets were assembled based on their roles in molecular and cellular 

functions.  The top five biological processes are listed with the number of pertinent 

molecules from each comparison (Figure 10).  Relationships between molecules and their 

associated biological processes are statistically significant with a p-value ≤ 0.05.  IPA 

analysis of Atoh1-183 transfected cells relative to mock indicates that many genes 

significantly changing in expression function in cell cycle regulation, DNA 

recombination, replication, and repair, and post-translational modification.  Significantly 

affected genes from the comparison of miR-200 family transfected cells to mock highly 

correlate with cell death, cellular growth and proliferation, and lipid metabolism.  Both 

data sets from comparisons of Atoh1-183 and miR-200 transfected cells to mock 
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demonstrate a high correlation between affected genes and their roles in nervous system 

development and function.  Genes coding for olfactory receptors compose the majority of 

this list, as they are upregulated in Atoh1-183 transfected cells and downregulated in 

miR-200 expressing cells (Figure 8).   

 Insight into direct miRNA effects can be derived from analysis of predicted target 

gene expression.  IPA matches miRNAs to mRNA targets and expression levels by array 

analyses by referencing TargetScan for predicted targets and TarBase for experimentally 

observed targets.  Targets of the two miRNA families demonstrating substantial 

reductions in expression were considered from ST microarray comparisons of Atoh1-183  

and miR-200 data sets relative to mock (Figure 10).  Target mRNAs of members of both 

miR-183 and miR-200 families were included in the analysis.   

 Given the drastic changes in expression induced by miR-200 family expression in 

IMO-2B1 cells (Table 7), it is unexpected that only 18 miR-200 family target genes  

substantially decrease in expression in miR-200 family transfected cells relative to mock 

transfected cells.  Similarly, IPA analysis of Atoh1-183 data sets to mock data sets 

reveals that 258 putative  miR-200 family targets are downregulated at least 1.5 fold, 

while 197 potential miR-183 targets are downregulated.  We would expect to observe 

more substantial changes in miRNA target expression in cells in which their matching 

miRNAs were transfected.  These observations can be reconciled by appreciating the 

nature of miRNA-mediated regulation and the limits of transcriptome analysis in 

evaluating miRNA function.  The effects of miRNAs on translational inhibition of target 

mRNAs cannot be inferred from their effects on target mRNA levels, and transcriptome 

and proteome analyses indicate that miRNAs yield mild effects on target gene expression  
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FIGURE 10. 

 

FIGURE 10. Biological processes and the extent of predicted miRNA targets 

affected by Atoh1-miR-183 family or miR-200 family expression.  (A) (B) The pie 

charts represent the number of genes changing in expression with known roles in 

biological processes determined by Ingenuity Systems Pathway Analysis® (IPA) of 

Atoh1-miR-183 v mock (A) or miR-200 v mock (B) ST microarray data sets.  

Correlations between genes and relevant biological processes were statistically 

significant (p-value ≤ 0.05).  (C) Graph showing the number of substantially 

downregulated and predicted miR-183 and/or miR-200 family target genes (fold change 

≤ 0.66) from IPA of Atoh1-183 v mock and 200 v mock ST array data sets.  
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(Baek et al. 2008, Selbach et al. 2008).  Also, miRNAs might have profound indirect or 

secondary effects on the expression of genes lacking complementary seed matches to the 

miRNAs of interest.  For example, immunohistochemical analysis of miR-96 loss of 

function mice suggests that several genes essential to hair cell function and maintenance 

are greatly reduced in expression (Lewis et al. 2009).  Therefore, IPA analysis of miRNA 

target gene expression might suggest that miR-183 family members elicit changes in gene 

expression via direct miRNA binding to target mRNAs to a greater extent than miR-200 

family members, which could be exerting secondary effects to cause substantial changes 

in gene expression. 

It should be noted that of the miRNA family target genes demonstrating 

substantial downregulation, 80 genes are potential targets of members of both miR-183 

and miR-200 families.  This considerable overlap in possible targets highlights the 

importance of validating direct miRNA-target interactions by metholodogies such as 

dual-luciferase assays.  Employment of predicted miRNA target databases should guide 

validation experiments meant to identify real miRNA-target interactions. 

 

C. Effect of miRNA expression on genes that guide lineage specification in inner ear 

 While ST and miRNA microarray analyses have provided insight into the extent 

and conflicting nature of miR-183 and miR-200 family effects on IMO-2B1 gene 

expression profiles, no definitive conclusions have yet been drawn regarding the efficacy 

of the three factors in promoting hair cell expression profiles.  To investigate this 

question, groups of genes associated with prosensory, supporting, and hair cell  
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development, as well as hair cell and supporting cell markers, were selected for 

comparison between ST microarray analyses of the 6 data sets. 

 Genes were considered based on known function in the establishment of 

prosensory cells and specification of hair cell and supporting cell fates (Driver and Kelley 

2009) or specific expression in hair cells or supporting cells (Hereditary Hearing Loss 

2011).  Fold changes in expression corresponding to the selected genes were taken from 

ST array analyses and compared across the 6 data sets (Figure 11).   

 Consistent with comprehensive ST array results, Atoh1 alone causes minimal 

changes in gene expression among selected genes.  Cells transfected with miR-200 

family members alone or in combination with other factors demonstrate mild  

upregulation of several hair cell and supporting cell markers.  Interestingly, miR-200 

family members elicit an increase in Bmp4 expression, which is detected in prosensory  

domains early in mouse ear development and, within the cochlea, is eventually restricted 

to supporting cells (Morsli et al. 1998).  Other factors important for prosensory cell  

development were mildly upregulated in miR-200 expressing cells, including Sox2, Jag1, 

and Hey1.  Sox2 is expressed throughout the otocyst but its expression is eventually 

localized in prosensory domains and then supporting cells during later stages of inner ear 

development (Dabdoub et al. 2008).  Sox2 loss-of-function studies in mouse inner ear  

indicate that prosensory domains are not formed and both hair cells and supporting cells  

fail to differentiate, suggesting Sox2 is necessary for prosensory cell development.   

Moreover, Sox2 is likely an Atoh1 antagonist, as Sox2 overexpression inhibits hair cell  

differentiation, while Sox2 downregulation yields extra hair cells (Dabdoub et al. 2008).   

The Notch ligand Jag1 is also essential for prosensory cell development (Brooker et al.   
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FIGURE 11. 
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FIGURE 11. Expression of genes implicated in lineage specification in the inner ear 

determined by ST microarray analyses.  The heat map depicts relative expression 

levels of probesets representing genes involved in prosensory cell, hair cell, and 

supporting cell development and hair cell and supporting cell markers.  Data were 

collected from ST microarray analyses of each transfection condition compared to mock. 

All fold change values were log(2) transformed.  Column group labels indicate genes 

associated with prosensory development, hair cell development, and supporting cell 

development, as well as hair cell markers and supporting cell markers.  Red boxes 

indicate upregulation, green boxes indicate downregulation, and black boxes indicate no 

change in expression.    
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2006, Kiernan et al. 2006).  Hey1 is a Notch target gene that facilitates supporting cell 

production via lateral inhibition interactions (Tateya et al. 2011).   Thus, several factors 

known to direct prosensory cell and supporting cell development increase in expression 

in the presence of miR-200 family members.  

Of all genes considered, the inhibitors of differentiation (Id1-3) exhibit the 

greatest relative decrease in expression in miR-200 transfected cells.  These three Id 

family members are expressed throughout prosensory domains but are downregulated as 

hair cell development begins (Driver and Kelley 2009, Jones et al. 2006) and antagonize 

the action of bHLH transcription factors, like Atoh1, by sequestering dimerization partner 

subunits necessary for bHLH function (Driver and Kelley 2009).  Id family members 

have also been used as prognostic markers for cancer progression (Lasorella et al. 2001, 

Sikder et al. 2003) and have a direct role in metastasis (Fong et al. 2003, Yuen et al. 

2006, Yuen et al. 2007).  In this regard, miR-200 family member function might be more 

relevant to maintenance of epithelial cell characteristics, including E-cadherin expression, 

to preclude the epithelial-to-mesenchymal transition (EMT).  

Cells transfected with Atoh1 and miR-183 expressing plasmids exhibited 

upregulation of several hair cell markers, including protein tyrosine phosphatase receptor 

type Q (Ptprq), which is required for stereocilia maintenance, and its expression is highly 

reduced in mice demonstrating miR-96 loss of function (Lewis et al. 2009, Shahin et al. 

2010).  Also, claudin-14 (CLDN14) is upregulated relative to levels in mock transfected 

cells, which is associated with tight junctions that maintain the electrochemical gradient 

between endolymph and perilymph necessary for hair cell depolarization (Milhaud et al. 

1999).  Other genes crucial to hair cell development increase in expression among Atoh1-
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183 family transfected cells, such as Jagged2 (Jag2), delta-like 1 (Dll1), delta-like 3 

(Dll3) and FGF20.  Jag2, Dll1 and Dll3 are Notch ligands that facilitate lateral inhibition 

and are expressed in developing hair cells (Lanford et al. 1999, Kiernan et al. 2005a, 

Brooker et al. 2006, Hartman et al. 2007).  FGF20 binding to FGFR1 is essential for 

Atoh1 expression in the mammalian cochlea (Hayashi et al. 2008).   

Atoh1-183 family expressing cells exhibit mild downregulation of Id1-3, similar 

to miR-200 family expressing cells, yet factors involved in prosensory cell development 

are extensively reduced in expression.  These factors include Notch1 and its ligand, Jag1, 

as well as Eya1, Gli3, Sox2, and Hes1.  Eya1 and Sox2 expression overlap in the otocyst, 

and the extent of Eya1 expression directly correlates with sensory cell formation (Zou et 

al. 2008).  Gli3 is a downstream effector of the Hedgehog signaling pathway and restricts 

prosensory domain size (Driver et al. 2008).  Of particular interest are Sox2 and Hes1, as 

Sox2 is downregulated in hair cells and is a validated miR-182 target (Kiernan et al. 

2005a,b, Weston et al. 2011), while the Notch effector Hes1 antagonizes Atoh1-mediated 

specification of hair cell fate (Zheng et al. 2000, Zine and de Ribaupierre 2002) and the 

Hes1 gene contains putative miR-183 family member binding sites.   

  Though several genes downregulated in Atoh1-183 family expressing cells are 

necessary for sensory progenitor formation and oppose Atoh1 function, their changes are 

not substantial (fold change ≤1.5) by ST microarray analysis.  Utilization of other 

methodologies to detect reductions in gene expression in only those cells that produce 

Atoh1 and miR-183 family members might reveal greater downregulation of the genes of 

interest. 

 



 

62 

 

D. qRT-PCR analysis of developmental gene expression in a homogenous population 

 Given that cells were transfected with 27.2% efficiency on average, transfections 

yielded heterogenous populations of GFP negative and GFP positive cells. Therefore, any 

real changes in gene expression by ST array analyses were likely dampened due to the 

presence of untransfected cells in transfected cultures.  To better evaluate the extent of 

target gene downregulation elicited by miR-183 family members in transfected cells, we 

performed another series of transfections, sorted cells by GFP fluorescence intensity, and 

performed qRT-PCR to assay for changes in Sox2, Notch1, Jag1, and Hes1.        

 Transfection procedure was performed as before to establish Atoh1, Atoh1-183 

family, and Atoh1-183-200 family expressing cultures, each in duplicate.  The particular 

transfection conditions would enable comparison of miR-183 family member effects and 

miR-200 family member effects on expression levels of the genes of interest, as well as 

permit cells to be sorted by GFP fluorescence intensity.  Trypsinized cells were submitted 

to the Creighton Flow Cytometry Core Facility for fluorescence-activated cell sorting 

(FACS) using the FACSAria instrument.  Transfection efficiencies determined by FACS 

analysis for the 6 samples ranged from 19.2%-27.9%, with an average transfection 

efficiency of 22.5%. 

 Total RNA isolated from sorted GFP+ cells was analyzed by qRT-PCR to 

determine changes in abundance of Sox2, Notch1, Jag1, and Hes1 transcripts among cells 

of different transfection conditions (Table 8).  Primers specific to GAPDH were included 

in PCR reactions to serve as endogenous controls. 

 Sox2 is a validated miR-182 target (Weston et al. 2011) and Notch1, Jag1, and 

Hes1 are predicted miR-183 family member targets, so we might expect that at least Sox2  
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TABLE 8. 

 

 

 

Gene 
Atoh1-183 v 

Atoh1 

Atoh1-183-200 v 

Atoh1 

Atoh1-183 v 

Atoh1-183-200 

Sox2* 0.13 0.24 0.52 

Notch1 0.61 0.41 1.48 

Jag1 0.35 0.35 1.00 

Hes1 0.06 0.67 0.10 

 

TABLE 8. qRT-PCR analysis of potential miR-183 family member target expression 

in GFP+ cells.  Values represent fold changes (2
(-ΔΔCt)

) in expression of genes that 

contain putative miR-183 family member binding sites and function in prosensory and 

supporting cell development.  PCR reactions were performed in triplicate using gene-

specific primers as indicated.  GAPDH detection was used as an endogenous control.  

None of the fold changes in expression listed were statistically significant (p-value ≤ 

0.05) using a two-tailed Student’s t-test.  The asterisk denotes that Sox2 is a validated 

miR-182 target.   
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is downregulated in Atoh1 and miR-183 family expressing cells.  In fact, amplicons 

representing each gene of interest were detected at lower amounts than in cells expressing 

Atoh1 alone.  This trend of downregulation is reflected by ST microarray results (Figure 

11).  By qRT-PCR analysis, however, Hes1 mRNA levels are reduced almost 20 fold in 

cells expressing Atoh1 and the miR-183 family relative to mock, which is a more 

profound reduction in Hes1 expression than indicated by microarray data. 

 Sox2 and Notch1are also predicted targets of miR-200 family members by 

TargetScan Mouse 5.2 and TargetScan Human 5.2, respectively.  The TargetScan 

database matches potential target genes based on the presence of 7 or 8 monomer 

sequences that are exactly complementary to miRNA seed sequences.  qRT-PCR analysis  

indicates that Notch1 is downregulated to a greater extent in cells expressing all three 

factors than in cells expressing Atoh1 and miR-183 family members.  However, Sox2  

and Hes1 expression is not reduced to the degree observed in Atoh1 and miR-183 family 

expressing cells.   

It is important to note that the fold changes in gene expression obtained by qRT-

PCR are not statistically significant (p-value ≥ 0.05).  Therefore, validation of predicted 

target decreases in expression and direct interactions between miRNAs and the genes of 

interest necessitates utilization of other methodologies.  However, given the considerable 

downregulation in predicted miR-183 family member targets  and the drastic reduction in 

Hes1 expression, data obtained by qRT-PCR analysis warrant investigation as to whether 

Sox2, Notch1, Jag1, and Hes1 validate as miR-183 family member targets. 
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E. Extent of miR-183 family-mediated translational repression of predicted targets 

 To determine whether miR-183, miR-182, or miR-96 bind to predicted target 

sequences complementary to miR-183 family member seed regions, dual luciferase 

assays were performed.  The 3’ UTRs of Sox2, Notch1, Jag1, and Hes1 were inserted 

separately into the pmirGLO vector downstream of the sequence encoding Photinus 

luciferase.  Each dual reporter vector was then co-transfected in HEK293 cultures with 

synthetic RNA duplexes representing miR-96, miR-182, or miR-183 alone or in 

combination.  Scrambled miRNA duplexes were co-transfected with the reporter vector 

as a control.   Luciferase activity for each experimental replicate was normalized to that 

of the scrambled control siRNA transfected replicate (CTRL) (Figure 12). 

 As expected, relative luciferase activity in cells co-transfected with miR-182 and 

reporter vector containing the Sox2 3’ UTR is reduced by nearly 20%, confirming  

previous findings that Sox2 is a miR-183 family member target.  Jag1, however, fails to 

validate as a target of any miR-183 family member with statistical significance.  This is 

likely due to imperfect complementarity of the miRNA seed region to the Jag1 target 

sequence.  For example, despite 3’ compensatory binding at nucleotides 13-16 of miR-

183, which can enhance seed pairing (Grimson et al. 2007), there are two G:U wobble  

base pairs at nucleotides 4 and 5 of miR-183.  While G:U wobble sites are 

thermodynamically favorable, they can drastically reduce the efficacy of miRNA-

mediated translational repression (Doench and Sharp 2004).  Luciferase activity is 

significantly repressed in cells co-transfected with synthetic miR-96 or miR-183 and 

pmirGLO-Notch1 3’ UTR, suggesting that these miR-183 family members directly  
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FIGURE 12. 
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FIGURE 12.Validation of Sox2, Notch1, and Hes1 as miR-183 family targets by dual 

luciferase assays. Bar graphs depict relative luciferase activity in cells co-transfected 

with a dual reporter vector containing the DNA sequence corresponding to the 3’ UTR of 

the gene of interest and synthetic miRNA duplexes representing miR-96, miR-182, miR-

183, or all three (ALL) normalized to scrambled siRNA control (CTRL).  DNA 

sequences corresponding to the 3’ UTRs of Sox2, Notch1, Jag1, and Hes1 were inserted 

downstream of the pmirGLO Photinus open reading frame.  For each assay, the ratio of 

Photinus and Renilla luciferase activity in cells co-transfected with reporter vector and 

synthetic miRNA was normalized to that of cells transfected with reporter vector and 

scrambled siRNA.  Each bar represents two replicate readings from each of six 

transfections performed over three experiments.  Error bars indicate standard deviation.  

The Wilcoxon signed rank test was used to determine statistically significant differences 

in relative luciferase activity compared to control. Asterisks indicate p-value < 0.01 (*) 

and p-value < 0.005 (**). 
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interact with and silence Notch1.  Similarly, Hes1 validates as a target of miR-96 and 

miR-182, with miR-96 downregulation of luciferase activity exceeding 20%. 

 Taken together, these results suggest that Sox2, Notch1, and Hes1 are genuine 

miR-183 family member targets.  Sox2 and Atoh1 exhibit a mutually antagonistic 

relationship, while Notch1-regulated Hes1 expression also antagonizes the ability of 

Atoh1to promote hair cell differentiation.  Given that miR-183 family expression requires 

Atoh1-mediated hair cell specification (Weston et al. 2011), the miR-183 family likely 

serves a crucial function in hair cell differentiation by downregulating Sox2, Notch1, and 

Hes1, enabling Atoh1 to promote a hair cell fate. 
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IV. CONCLUSIONS 

 The generation of rudimentary hair cells from an induced pluripotent stem cell 

population (Oshima et al. 2010) has garnered attention for stem cell-based replacement 

therapies in treating hearing and balance disorders.  The next step requires dissection of 

the hair cell genetic program in order to identify factors that could enhance the induction 

of hair cell differentiation.  One such factor might be the bHLH transcription factor 

Atonal homolog 1 (Atoh1, aka Math1), which has been demonstrated to be necessary for 

hair cell differentiation (Bermingham et al. 1999, Woods et al. 2004) and sufficient to 

induce ectopic hair cell production (Kawamoto et al. 2003, Izumikawa et al. 2005, 

Staecker et al. 2007, Izumikawa et al. 2008, Gubbels et al. 2008). However, growing 

evidence also highlights the importance of hair cell microRNAs, namely the miR-183 

family (miR-96, miR-182, miR-183), in enforcing and maintaining hair cell 

characteristics.  Depletion of hair cell miRNAs in mouse inner ears leads to hair cell 

death (Friedman et al. 2009a, Soukup et al. 2009, Weston et al. 2011).  Loss of function 

studies of the miR-183 family in particular implicate this family in hair cell survival in 

the vertebrate inner ear (Lewis et al. 2009, Mencia et al. 2009, Li et al. 2009).  Databases 

used to predict miRNA targets indicate that possible targets of the miR-183 family 

include factors that promote prosensory cell development in the otocyst and dictate hair 

cell and supporting cell fates, such as Sox2, Notch1, Jag1, and Hes1.  Therefore, the miR-

183 family, along with Atoh1, could prove useful in guiding cells in less differentiated 

states toward a hair cell-like fate. 

 This idea was assessed by examining the combinatorial effects of Atoh1, the miR-

183 family, and the miR-200 family, a sensory epithelial miRNA family, on gene 
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expression profiles using cells derived from the embryonic mouse otocyst as a 

pluripotent, prosensory model.  Results obtained from ST microarray analysis indicate 

that Atoh1 has a minimal effect on gene expression.  This might reflect the nature of the 

model.  Sox2 and Jag1 expression is required for the initiation of Atoh1 expression 

(Driver and Kelley 2009), but microarray analysis of mock transfected cells reveal that 

Sox2 and Jag1 are not substantially detected above background levels.  It is likely, then, 

that expression of additional factors is necessary to establish a context in which cells are 

receptive to Atoh1 action. 

 In cells expressing Atoh1 and miR-183 family members, 750 genes change 

substantially and significantly in expression relative to mock transfected cells.  Given that 

transfection of Atoh1 alone has very little effect on gene expression, it is likely that miR-

183 family members are largely responsible for eliciting these changes. Similarly, over 

1000 changes in gene expression are elicited by miR-200 family members.  Nevertheless, 

focusing on fold changes in the most downregulated or upregulated genes across 

transfection conditions suggest that the two miRNA families have opposing regulatory 

functions on many genes.  This trend is especially evident when considering olfactory 

receptors, as Atoh1-183 expressing cells demonstrate extensive upregulation of these 

receptors, while they are downregulated in miR-200 family expressing cells.  miRNA 

microarray analyses reveals several miRNAs upregulated in the presence of the miR-183 

or miR-200 family, such as miR-1196, miR-493, miR-1192, miR-706, and miR-367b.  In 

situ hybridization could be performed to determine whether these miRNAs are detected 

in sensory cells of the mouse inner ear. 



 

71 

 

 Ingenuity Pathway Systems Analysis was used primarily to determine miR-183 

and miR-200 family targets.  Interestingly, in cells that were not transfected with miR-

200 family members, more predicted targets of the miR-200 family are downregulated in 

Atoh1-183 expressing cells than miR-183 predicted targets.  Although by qRT-PCR miR-

200 family members are upregulated in cells transfected with Atoh1 and miR-183 family 

producing plasmids, the finding primarily suggests that the miR-183 family is effecting 

changes in gene expression via secondary effects, while miR-200 family members are 

more often binding directly to targets to induce changes in expression.  TargetScan 

indicates that of the predicted targets of the miR-183 and miR-200 families substantially 

downregulated in Atoh1-183 expressing cells, 80 are common targets of both families.  

This result emphasizes the importance of employing databases to identify possible 

miRNA-target relationships in order to guide validation of miRNA-target interactions by 

methodologies such as dual luciferase assays or RIP-ChIP. 

 We also focused on the effects of miR-183 and miR-200 family expression on key 

factors in prosensory, supporting cell, and hair cell development.  Both miRNA families 

induce a reduction in Id1-3 expression.  The inhibitors of differentiation antagonize 

Atoh1 function by competing for bHLH dimerization partners (Driver and Kelley 2009).  

More interesting, however, is that Sox2 and Jag1 increase in expression in the presence of 

miR-200 family members but are reduced in Atoh1-183 expressing cells, along with 

Notch1 and Hes1.  Sox2 expression is essential for specifying prosensory domains in the 

embryonic inner ear but is restricted to supporting cells later in ear development, and 

evidence suggests that Sox2 is an Atoh1 antagonist (Dabdoub et al. 2008).  Likewise, 

Jag1 is necessary for prosensory cell development (Brooker et al. 2006, Kiernan et al. 
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2006).  Notch1 regulates Hes1, which has also been established as an antagonist to Atoh1 

(Zheng et al. 2000, Zine and de Ribaupierre 2002).  These four genes are potential miR-

183 family targets, and Sox2 is a validated miR-182 target (Weston et al. 2011). 

Given that Sox2, Notch1, Jag1, and Hes1 affect the extent of hair cell and 

supporting cell development and are miR-183 family predicted targets, we focused on the 

effects of miR-183 family expression on these four genes.  However, fold changes in 

expression by microarray analysis was not substantial, with Sox2 downregulation barely 

exceeding 40%.  We considered that since transfection efficiency was ~27%, microarray 

analysis included a majority of cells that did not receive any plasmid.  We then performed 

another series of transfections and sorted for GFP fluorescence, providing a population of 

cells that more likely contained plasmids expressing Atoh1-GFP and miR-183 family 

members.  qRT-PCR was performed to analyze fold changes in Sox2, Notch1, Hes1, and 

Jag1.  Although data obtained were not statistically significant, amplicons representing 

each gene were detected at considerably lower levels in cells expressing Atoh1 and the 

miR-183 family.  Detection of Hes1 cDNA products was reduced by almost 20 fold.   

 Finally, dual luciferase assays were performed to determine whether Sox2, 

Notch1, Jag1, and Hes1 validated as miR-183 family targets.  Only Jag1 did not, likely 

due to the presence of two G:U wobble pairs in the miR-183 seed sequence, which reduce 

miRNA-target binding efficiency (Doench and Sharp 2004).  miR-96 reduced luciferase 

activity of the dual reporter vector containing Hes1 3’UTR by nearly 25%. 

 In the mouse inner ear, onset of Atoh1 expression in hair cells occurs from E12.5 

to E14.5, and the miR-183 family exhibits coordinated expression in hair cells beginning 

at E14.5 (Weston et al. 2011).  Hair cell differentiation in the cochlea commences 
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between E14 and E15 in the mid-basal region (Kelley 2007).  Therefore, the miR-183 

family is expressed concomitantly with hair cell specification and development.  As Sox2 

and lateral inhibition mediated by Notch signaling and Hes1 negatively regulate hair cell 

fate decisions, the miR-183 family likely serves a crucial role in modulating these target 

levels to enable Atoh1 function.  Future studies pertinent to hair cell generation from 

stem cell populations might benefit from utilizing miR-183 family members to facilitate 

suppression of prosensory and supporting cell genetic programs. 

 Other hair cell factors are likely necessary to induce hair cell differentiation in 

precursor cells, including Pou4f3, which is required for the later stages of hair cell 

differentiation (Bryant et al. 2002), and Gfi1, the first downstream target of Pou4f3 

(Hertzano et al. 2004) which is necessary for hair cell survival (Shroyer et al. 2005, 

Wallis et al. 2003).  Similar studies to the one described here might incorporate such 

factors in combination with Atoh1 and miR-183 to promote hair cell-like expression 

profiles. 
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