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ABSTRACT 

Age-related hearing loss (ARHL) is a progressive sensorineural hearing loss that occurs as 

people get older. It is generally accepted that degeneration of the organ of Corti and atrophy 

of the stria vascularis in the inner ear are the two primary causes of ARHL. MicroRNAs 

(miRNAs), a class of short non-coding RNAs that regulate the expression of mRNA/protein 

targets, are important regulators of cellular senescence and aging. I examined miRNA gene 

expression profiles in the organ of Corti (OC) and stria vascularis (SV) of C57BL/6J and 

CBA/J mice at three different ages using microarray analysis, and hair cell and strial 

morphology and auditory function using immunocytochemistry and electrophysiology. One 

hundred eleven and 71 miRNAs exhibited differential expression in the OV of C57 and CBA 

mice, respectively, while 95 and 59 miRNAs were differentially expressed, respectively, in 

the SV of these mice.  Downregulated miRNAs substantially outnumbered upregulated 

miRNAs during aging.  The changes in the miRNA expression occurred well before 

morphological and functional changes were detected. Further experiments using quantitative 

real-time PCR (qPCR) and in situ hybridization showed that four separate subsets of 

miRNAs in the OC and SV were positively expressed in different areas in the cochlea. The 

changes were consistent with their presumptive roles in regulating growth and apoptosis.  

The potential targets of several apoptosis-related miRNAs were further explored using an 

apoptosis-related gene microarray technique and bioinformatic analyses. It appears that the 

underlying process and regulatory mechanisms of aging in the OC and SV involve repression 

of miRNAs important for proliferation and differentiation and enhancement of miRNAs that 

promote apoptosis. The present work is the first step in an effort to elucidate the roles of 

miRNAs and their regulatory networks in age-related degeneration of the inner ear. It lays 



[iii] 

 

the groundwork for future experiments that can explore whether suppression or 

overexpression of certain specific miRNAs can slow the onset and progression of ARHL.    
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Chapter 1:  Introduction   
 

 

I. Age-Related Hearing Loss  

A. Definition, Pathology and Classification of Age-Related Hearing Loss 

While many changes in the human body occur with physiological aging, age-related 

hearing loss ranks among the top three chronic conditions affecting adults over 65 years 

of age, according to the National Center for Health Statistics (Hyattsville, Marland). 

Hearing loss affects approximately one-third of adults aged 61 to 70 years and more than 

80% of those older than 85 years (Schacht and Hawkins, 2005). Age-related hearing loss 

(ARHL), or presbycusis, refers to the physiological age-related changes of the peripheral 

and central auditory system that lead to hearing impairment and cause difficulty 

understanding spoken language. Presbycusis is characterized by decreased hearing 

sensitivity, reduced speech recognition in a noisy environment, and decreased central 

processing of acoustic information (Gilad, 1979a,b). The earliest sign is a loss of hearing 

sensitivity primarily at high frequencies (as shown in Figure 1-1). Over time, the hearing 

threshold elevation progresses to lower frequencies. Presbycusis is bilateral, symmetrical 

and often sensorineural in origin (Schacht and Hawkins, 2005). Hearing impairment 

hinders the exchange of acoustic information, thus significantly impacting daily life. Loss 

of hearing in the elderly can also contribute to social isolation and loss of autonomy, and 

is associated with anxiety, depression and cognitive decline (Frisina, 2009).  This is why 

it is so important to understand the molecular mechanisms of ARHL pathology, which is 

critical for prevention and therapeutic treatment.  

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Frisina%20RD%255BAuthor%255D&cauthor=true&cauthor_uid=19686217
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Age-related changes in the auditory system include alterations in both the 

peripheral and central auditory systems. Changes in the periphery are typically 

degenerative, including cell loss in the areas of the organ of Corti (OC), stria vascularis 

(SV), and spiral ganglion neurons. Some evidence suggests that some age-related 

pathology of the central auditory system appears to be secondary to degenerative changes 

in the periphery. It is generally accepted that most of peripheral ARHL is due to cochlear 

degeneration associated with aging. Scuknecht (Schuknecht; 1993) classified the etiology 

of presbycusis into six distinct types.  This classification is still widely accepted today.  

(1) Sensory ARHL, with hair cell loss in OC and subsequent neural degeneration. 

Loss of hair cells usually starts from the basal turn and progress toward the apex. So the 

hearing loss appears in higher frequencies first. Ganglion cell loss is secondary to hair 

cell degeneration.  

 

Figure 1-1. Mean and SD values of pure-tone hearing thresholds of humans at 

different ages. Notice that there is a significant deterioration of hearing thresholds 

from high to low frequencies as we age. The abscissa is in log scale (From Mao et 

al., PLoS One, 2013) 
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(2) Strial ARHL, associated with degeneration and atrophy of the SV and the 

reduction of endocochlear potential (EP).  

(3) Neural ARHL, exhibits a loss of cochlear ganglion neurons despite the presence 

of hair cells.  

(4) Cochlear conductive ARHL, related to abnormal mechanics of the sound 

conduction apparatus such as stiffening of the ear drum and ossicular chain.  

(5)  Mixed ARHL, exhibits multiple apparent contributors.   

(6)  Indeterminate.  

Among the six types, the sensory and strial ARHL are thought to represent the two 

major types of pathologies (Ohlemiller KK 2004; Nelson et al., 2006).  

 

B. The Structure and Physiology of the OC & SV 

The cochlea, embedded in the inner ear, contains the cells responsible for the 

perception of sound. Figure 1-2 depicts a cross section of the mammalian cochlea.  The 

cochlea has three fluid-filled compartments: the scala vestibule, scala media and scala 

tympani. The scala tympani and scala vestibuli are filled with a high-sodium solution 

called perilymph, and the scala media is filled with a high-potassium solution called 

endolymph. Figure 1-3 is an enlarged histological image of the scala media. The scala 

media contains two important structures: the basilar membrane and the lateral wall. The 

basilar membrane contains the OC, which consists of sensory hair cells and supporting 

cells, and lateral wall consists of the SV, blood vessels and spiral ligament.   

http://www.ncbi.nlm.nih.gov/pubmed?term=Ohlemiller%20KK%255BAuthor%255D&cauthor=true&cauthor_uid=15377958
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Figure 1-2 Cross section of cochlea showing three compartments of scala 

vestibule, scala media and scala tympani. (From Encyclopaedia Britannica, 

Inc) 

 

 
 

 

Figure 1-3 Cross section of scala media (Two regions of interest are 

highlighted in red circles). (Adopted from Barbara A. Bohne et al., 1997) 
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There are several cell types in the OC and SV (Figure 1-4). Each cell type has its 

own roles in the inner ear. The sensory hair cells are polarized neuroepithelial cells with a 

stereocilia bundle on the apical surface.  There are two types of hair cell in the OC, the 

inner hair cell (IHC) and the outer hair cell (OHC). The hair cells communicate with 

nerve fibers through synapses at their basal end.  Hair cells transduce sound waves into 

electrical impulses that are transmitted to the brain. The site of mechanoelectrical 

transduction is in the stereocilia bundle. Similar to the role of glial cells in the nerve 

system, supporting cells in the inner ear provide the necessary metabolic and electrolytic 

conditions for hair cell function. Mutations in specific genes in hair cells and/or 

supporting cells can cause hearing loss. 

 

 

 

 
 

 

Figure 1-4 Hair cells and supporting cells in the organ of Corti. (From 

Philine Wangemann1, The Journal of Physiology, 2006, with permission) 
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The lateral wall is also important for cochlear function. Figure 1-5 is a cartoon 

representing a cross section of the SV, a multilayered structure formed by three cell types: 

marginal, intermediate, and basal cells. Marginal cells are epithelial cells bordering 

endolymph. Intermediate cells form a discontinuous layer between the marginal and the 

basal cells. Blood vessels lie between the two epithelia. The intrastrial space is protected 

from endolymph by the tight junctions between the marginal cells. The SV participates in 

maintaining the ion concentrations in the endolymph. It is the source of generating the 

endocochlear potential (EP). There is always a positive potential with about 80 mV in the 

endolymph using perilymph as a reference.  The EP combined with the resting membrane 

potential of -70 mV inside hair cells accounts for a voltage gradient of 150 mV across the 

apical surface of hair cells (Fig 1-6). This is the driving force for receptor potential that 

causes neurotransmitter release by IHCs and triggers somatic motility in OHCs. Thus, the 

SV provides a favorable ion microenvironment for hair cell mechanotransduction. 

 
 

Figure 1-5 Structures of the stria vascularis and spiral ligament. (From 

Philine Wangemann1, The Journal of Physiology, 2006, with permission) 
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Therefore, OC and SV are functionally related; normal function of the cochlea 

depends on interactions between the OC and SV, and dysfunction of OC and / or SV 

will lead to hearing loss, including ARHL (Ohlemiller, 2004; Nelson et al., 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C.  Molecular Basis of ARHL Pathology  

Presbycusis is multifactorial, combining genetic predispositions and the aging 

process with a plethora of lifetime insults to the auditory organ. At least 11 mapped loci 

and a mitochondrial variant (mt-Tr) are known to contribute to presbycusis in the mouse 

 
Figure 1-6 Driving force of transmembrane potential and EP. There is 

always a positive 80 mV in the endolymph with reference to the 

perilymph.  This potential is called endocochlear potential. This EP 

together with the resting membrane potential of -70mV inside hair cells 

provides a voltage gradient of 150 mV across the apical surface of hair 

cells. This driving force is important for neurotransmitter release in inner 

hair cells and somatic motility in outer hair cells. (Adopted from Mervi 

Lehtonen, 2002, with permission) 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ohlemiller%20KK%255BAuthor%255D&cauthor=true&cauthor_uid=15377958
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(Johnson et al., 2006). A rapidly expanding collection of genes, collectively termed ahl 

genes [ahl (Cdh23), ahl2, 3, 4, 6], have been identified that account for the hearing loss 

in some of the ARHL animal models. Recently, several other alleles (such as Snhl1, 2, 3, 

4) have also been found that can also contribute to ARHL. While genetic factors 

determine the aging process, the influence of intrinsic and environmental factors (such as 

smoking, diet, exposure to excessive noise and/or ototoxic drugs, hypoxia, ischemia, and 

oxidative stress) also play an important role. The interaction of predisposing genetic 

factors with various environmental factors is likely responsible for most forms of 

presbycusis (Johnson 2000).  Therefore, ARHL is regarded as a genetic disease happened 

in multiple cochlear elements. But how these ARHL-related genes are regulated and 

differentially expressed in the cochlear elements during the lifespan and how they 

contribute to the degeneration and apoptosis of the cells in the inner ear are still elusive.  

 

D. ARHL Models Used in the Present Study 

Age-related cochlear pathology has been examined in rodents, guinea pigs, 

chinchillas, dogs and primates (Covell & Rogers, 1957; Keithley & Feldman, 1979; 

Bohne et al., 1990; Tarnowski et al., 1991; Shimada et al., 1998). The different patterns 

of age-related hearing loss are represented to some degree by various animal models. 

Mouse models for the study of hearing loss were developed approximately 60 years ago 

and now mice are the predominant model for the study of ARHL. Compared to other 

models, mice offer a shorter natural lifespan, genetic homogeneity, and the potential for 

genetic engineering approaches. Strains of mice that show ARHL typically exhibit a 

progressive hearing loss with high frequency being affected first, a consequence of 
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cochlear hair cell loss progressing from base to apex (Henry & Chole, 1980; Ohlemiller 

& Gagnon, 2004a).  The best characterized mouse ARHL models, such as C57BL/6J, 

BALB/c (BALB), CD-1, 129S6/SvEv, and SAMP-1, show degeneration of the OC, and 

also variably include some degeneration of afferent neurons, SV, and spiral ligament 

(Mikaelian et al., 1974; Henry & Chole, 1980; Saitoh et al., 1995; Willott et al., 1998; 

Hequembourg & Liberman, 2001; Wu et al., 2001; Ohlemiller, 2002; Ohlemiller & 

Gagnon, 2004b). C57 mice are one of the most commonly used strains for the study of 

ARHL. This mouse strain has progressive hearing loss as early as 3 months of age (Li & 

Borg, 1991). A major contributor to ARHL in C57 mice is mutation in the ahl locus on 

chromosome (Chr) 10 (Johnson et al., 1997). This locus codes for cadherin 23 protein (or 

otocadherin), a component of tip-link in stereocilia (Siemens et al., 2004). C57 mice are 

homozygous for the defective Cdh23 allele. Cdh23
ahl

 causes cochlear pathology that 

appears most similar to the pathology seen in sensory ARHL. Although the role of oto-

cadherin is not known, it interacts with known components such as the plasma membrane 

Ca
2+

-ATPase, and thus may impact processes that regulate hair bundle integrity (Davis et 

al. 2003). The C57 mice having multiple pathologies that contribute to ARHL include 

progressive loss of hair cells, as well as degeneration of the SV, spiral ligament and 

afferent neurons. These pathologies overlap each of the major types of ARHL suggested 

by Schuknecht and Gacek (1993). Thus, investigation using C57 mice explores the 

relevant mechanisms related to the onset and progression of cochlear ARHL (either in 

OC or SV). Since the OC and SV are the two most common pathological sites of ARHL, 

I have chosen C57BL/6J mice for my investigation.   

C57BL/6J mice exhibit an early onset and rapid progression of ARHL that allows 
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the molecular and biological alterations to be examined over a relatively short duration. 

However, this may not reflect a normal biological aging process since the accelerated 

hearing loss correlates with the presence of predisposing genetic variants (Johnson et al., 

1997, 2000; Noben-Trauth et al., 2003). To determine the relevant regulating factors 

during the course of naturally occurring ARHL, I also used CBA/J mice.  CBA mice have 

a mean life span of 22-25 months and stay relatively free of disease until at least 20-22 

months. This mouse strain exhibits minimal hearing loss at 18 months (Spongr et al., 

1997; Sha et al., 2008). In contrast to C57 mice, CBA mice, like humans, carry an ahl-

resistant allele. CBA mice represent a model for sensorineural presbycusis with slow 

high-frequency hearing loss accompanied by hair cell loss, modest neuronal 

degeneration, and a stable EP until 25 months.  In this study, I selected CBA and C57 

mice to identify miRNAs that are important during during naturally occurring aging 

process and accelerated aging process in the inner ear.  

 

II. MicroRNAs Play Critical Roles in the Aging Process  

A microRNA (miRNA) is a short non-coding ribonucleic acid (RNA) molecule 

found in all eukaryotic cells. miRNAs are endogenous, small, non-coding RNAs with less 

than 22 nucleotides. The mature miRNAs, incorporated into the miRNA-induced 

silencing complex (RISC), can post-transcriptionally silence target genes by eliciting 

degradation and translational inhibition of their mRNAs (Lee et al., 1993; Reinhart et al., 

2000; Pasquinelli et al., 2000; Gregory, 2004). In general, miRNAs repress protein 

expression at the post-transcriptional level through base pairing with the 3’-UTR, leading 

to reduced translation, or in some cases, degradation (Fig 1-7). However, some miRNAs 
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have been shown to bind to the open reading frame or to the 5’-UTR of the target 

mRNAs (Moretti et al., 2010). In some cases, miRNAs are able to activate rather than 

inhibit gene expression (Ørom et al., 2008). Up to date, thousands of miRNAs have been 

identified in plants and animals.  There are over 1000 mammalian miRNAs, accounting 

for only about 2% of known genes. To date, 0.3% of the genes in humans have been 

found to encode miRNAs, but up to 40% to 90% of the human protein encoding genes 

are under miRNA-mediated gene regulation. Nevertheless, these 2% miRNAs can affect 

the expression of one-third of known protein-coding genes, and regulate up to 90% of the 

genes in humans by forming networks (Bartel, 2004; Lewis, 2005). As a class of 

regulatory small molecules, miRNAs exhibit a wide range of biological functions. 

Accumulating data suggest that miRNAs are required for the fine tuning and tight 

regulation of protein expression that are related to normal as well as abnormal cellular 

processes including cell proliferation, differentiation, survival, metabolism, maintenance, 

mobility, migration, apoptosis and cancer formation, (Xu, 2004; Ambros, 2004; Bartel, 

2004; Karp, 2005; Hwang, 2006). miRNAs work in a complex functional network in 

which a single miRNA can bind to and regulate many different target genes, and 

conversely, several different miRNAs can bind to and cooperatively control a single 

target.  
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miRNAs have recently emerged as important regulators of cellular senescence and 

apoptosis. It is proposed that molecular degeneration of the organization and/or 

communication within or between regulatory networks is responsible for many of the 

physiological manifestations associated with aging. Several previous studies have 

established a direct correlation between miRNA regulation and aging in worms (C. 

elegans), mice and humans (Kato et al., 2008; Bates et al., 2009; Bates et al., 2010). 

Studies in model systems have also shown that longevity can be modulated by altering 

miRNA expression. The role of miRNAs in regulating aging processes begins with the 

report of lin-4 regulating lifespan in C. elegans. Increasing the activity of lin-4 can 

 

 

 
 

 

Figure 1-7. Biosynthesis and Biofunction of microRNAs. (From He et 

al., Nature Reviews Cancer, 2007) 
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directly extend lifespan (Boehm et al., 2005). To date, numerous miRNAs have been 

shown to be significantly up- or downregulated with aging in a variety of cell lines and 

organs. Those specific miRNAs have been demonstrated to target multiple components of 

signaling pathways that govern aging, as well as effecting senescence, providing a role 

for miRNAs in aging process.  The examples include the miR-17-92 cluster in E2F2 

regulation, miR-29 family and miR-34 family in the p53 signal pathway, miR-15/16 and 

miR-181 family in Bcl2 regulation, miR-143/145 in the regulation of telomerase activity, 

let7 family in the regulation of insulin-PI3K-mTOR pathway, CDC25A and CDK6 (Zhu 

et al. 2011; Steinemann et al., 2010) and miR-96/182/183 family in the regulation of 

ZEB1, TCF-4, and NFkB expression (Cimmino et al., 2005; Hwang et al., 2006; 

Hermeking et al., 2010). These miRNAs and the relevant signal pathways of apoptosis 

and senescence can contribute to aging and/or age-related diseases.  

Analysis of miRNA functions have provided insights into how aging mechanisms 

are regulated at the cellular, tissue, organ and organism levels, yielding a better 

understanding of the onset and process of aging-related diseases. It has been proposed 

that dysfunctional miRNA-based regulatory systems are involved in the pathological 

process of age-related diseases. At the organism level, numerous sets of  miRNAs are 

found related with the occurrence and progress of some age-related disease, such as 

Alzheimer's (miR-101), Type II Diabetes (miR-375), cerebellar ataxias (miR-141, miR-

199, miR-200a), Parkinson’s diseases (miR-7, miR-153) and cardiovascular diseases 

(miR-195, miR-214, miR-34) (Rooij et al., 2006; Provost, 2010; Gallagher et al., 2010; 

Omran et al., 2013; Boon et al., 2013). With the discovery of new miRNAs and their 

functions, it is likely that other miRNAs that regulate aging will be found.  
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III. MicroRNAs Play Vital Roles in the Biological Activities of the Inner Ear  

miRNAs have been shown to be tissue/cell type-specific due to the variation in 

different mammalian organs. Each cell/tissue type has its own subsets of miRNAs, which 

are important for its development, proliferation, differentiation, self-renewal, 

regeneration, cancer formation, senescence and apoptosis.  For example, miR-101a, miR-

107 and miR-124a are abundantly expressed in the neural tissue; miR-7, miR-455 and 

miR-468 are highly expressed in skeletal muscle; miR-93, miR-214 and miR-709 are 

highly expressed in liver, and miR-342-3p is spleen-specific (Persengiev et al., 2012; 

Smith & Slack, 2012; Guller & Russell, 2010; Fayyad-Kazan et al., 2013). Inner ear also 

has its own selectively expressed subsets of miRNAs that regulate differentiation, 

development, cellular function, maintenance and aging.  

Investigation of miRNAs in inner ear biology began with a study of miRNA 

expression in zebrafish during embryonic development (Wienholds et al., 2005). This 

investigation discovered that miR-183, miR-182, miR-95 and miR-200a are expressed in 

the developing inner ear. The finding was subsequently confirmed by other investigators 

(Weston et al., 2006; Friedman et al., 2009; Wang et al., 2010). Studies using microarray 

analysis (Figure 1-8) have revealed that at least 100, or approximately one-fourth of 

known mouse miRNAs, are expressed in the inner ear (Wienholds et al., 2005; Weston et 

al., 2006; Pierce et al., 2008).  Many of these miRNAs are evolutionarily associated with 

development or function of mechanosensory cells. Some miRNAs may influence 

formation of sensory epithelia from the primitive otic neuroepithelium (Soukup et al., 

2009a; Friedman et al., 2009; Li et al, 2010). For example, miRNA-96/182/183 family 

members and miR-124 are highly expressed in sensory cells and neurons of the mouse 
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inner ear and are important for cell specification and hair cell fate determination.  The 

expression of miR-96/182/183 family starts at E9.5 with the initial pattern appearing to 

be broadly distributed, then gradually confined to sensory cells in the cochlea. These 

miRNAs are maintained in the OC into adulthood, indicating that miRNAs participate in 

both development and maintenance of inner ear structures (Soukup et al., 2009a; 

Friedman et al., 2009; Li et al., 2010).   

Point mutations in one member of miR-183 family, miR-96, underlie the autosomal 

DFNA50 gene in humans and lead to abnormal hair cell development in mice (Lewis et 

al., 2009; Solda et al., 2012). In zebrafish, overexpression of the miR-183 family induces 

extra and ectopic hair cells, while knockdown reduces hair cell numbers (Li et al., 2010). 

The model of conditional Dicer knockout mice using Pax2-Cre showed a progressive loss 

of neurosensory gene expression, arrested neurosensory development, loss of sensory 

 
 

Figure 1-8. Localization of miRNA expression in the inner ear of postnatal mice. 

(From Patel and Hu, Hearing Research, 2012) 
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neurons, and reduction of sensory epithelia associated disruption of morphogenesis 

(Soukup et al., 2009b).  Conditional ablation of miRNAs has also been used to 

investigate the role of miRNAs in the maintenance of sensory cells during the postnatal 

maturation of the cochlea. The “Atoh1-Dicer” knockout model has normal development 

of hair cells at P16, but shows a considerable loss of hair cells at P28 (Weston et al., 

2011). This suggests that miRNA dysfunction is also a potential contributor to cochlear 

pathogeneses of ARHL.  

In addition to providing critical functions during development and functional 

maintenance of normal inner ear, it has become increasingly clear that several subsets of 

miRNAs are also important for regeneration of sensory organ in vertebrates by diverse 

mechanisms. In the inner ears of chickens and newts, miR-181a and Let7 play important 

roles in regeneration of the auditory epithelium by promoting proliferation (miR-181a) 

and terminal differentiation (Let-7b) (Tsonis et al., 2007; Frucht et al., 2011). Functional 

experiments showed that overexpression of miR-181a, which is known to mediate 

proliferation in other systems, is sufficient to stimulate proliferation within the basilar 

papilla of the auditory epithelia in post-hatch chicks. Further, some of the newly 

produced cells express myosin VI, an early hair cell marker, suggesting that miR-181a 

transfection can result in the production of new hair cells. Another miRNA family, let-7 

family, known to promote terminal differentiation and re-entry to the cell cycle, was 

significantly reduced in expression level during the course of regeneration after antibiotic 

treatment in the cultured auditory epithelia of newt. This indicates this miRNA family 

may regulate dedifferentiation, a critical event for regeneration to occur. These studies 
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suggest that miRNAs function as regulators for proliferation and differentiation in the 

regeneration process.  

 

IV. MicroRNAs Are Involved in Degeneration of Hair Cells 

Although the role of miRNAs in ARHL has not been studied, several studies have 

shown that the expression levels of many miRNAs are significantly up- or downregulated 

during pre-mature senescence and apoptosis induced by oxidative stress (Wang Z et al., 

2010). The differentially expressed miRNAs during the course of oxidative stress include 

some miRNAs (such as family members of let-7, miR-181 family, miR-29 family, miR-

17-92 cluster and miR-200 family) that are known to be involved in aging in other 

systems (Wang et al., 2010; Smith-Vikos & Slack, 2012). Another insult that can 

aggravate age-related degeneration or apoptosis in the cochlea is antibiotic-induced 

ototoxicity.  miR-34a and miR-34c were upregulated in the apoptotic inner ear cell 

induced by the treatment of kanamycin (Yu et al., 2010).  

Two recent studies have shown that mutations in the critical seed region of the miR-

96 are responsible for hair cell degeneration and nonsyndromic progressive hearing loss 

(Mencia et al., 2009; Lewis et al., 2009). The SEM image showed the stereocilia bundles 

in hair cells of homozygotes are abnormal.  Homozygotes have no cochlear responses 

whereas heterozygotes show progressive hearing loss. This is the first piece of evidence 

that links miRNAs to progressive hearing loss similar to ARHL.  

 

V. Cellular Apoptosis in the Cochlear Elements Contribute to ARHL and is Regulated 

by Age-Related miRNAs 

http://www.ncbi.nlm.nih.gov/pubmed?term=Smith-Vikos%20T%255BAuthor%255D&cauthor=true&cauthor_uid=22294612
http://www.ncbi.nlm.nih.gov/pubmed?term=Slack%20FJ%255BAuthor%255D&cauthor=true&cauthor_uid=22294612
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Apoptosis, or programmed cell death, is a naturally occurring process in the body.  

It involves a controlled sequence of steps in which cells signal self-termination. 

Apoptosis works to keep the body's natural process of cell division or mitosis in check. It 

plays an important function in regulating organogenesis and maintaining normal cellular 

homeostasis during development and aging. The process of apoptosis is controlled by a 

diverse range of cell signals, which may originate either extracellularly or intracellularly. 

Apoptosis is triggered by multiple pathways that differ according to tissue type and 

pathological condition. These pathways have been identified and broadly classified into 

two main types: extrinsic pathway and intrinsic pathway (Josa et al., 2001; Stoka et al., 

2001; Hail et al., 2006). Figure 1-9 shows the working flowchart of the two types of 

pathways. The extrinsic pathways include death-receptor and survival-factor withdrawal 

pathways. The first is activated by stimulation of certain membranous receptors like 

TNF-alpha and Fas receptors while the latter involves activation of c-Jun and c-JUN N-

terminal kinase (JNK); by reactive oxygen species (ROS), inflammatory cytokines, 

mixed lineage kinases, radiation or excitotoxicity. Both pathways subsequently activate 

certain cascades of factors that ultimately lead to cell death through their effect on 

mitochondrial membrane stability (increase in Bid, Bax, Bak, Noxa, Puma or Hrk, and 

decrease in Bcl and Bcl-xL families) and activation of caspases. Intrinsic apoptotic 

pathways are caused either by DNA damage or stress to the endoplasmic reticulum. DNA 

damage causes release of p53, leading to mitochondrial membrane dysfunction, while 

endoplasmic reticulum stress causes calcium accumulation and calpain activation that can 

lead to either activation of caspases or lysosomes rupture, release of cathepsins, or 

PARP-1 cleavage and ultimately DNA damage. In addition, calcium may activate c-Jun 
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and JNK pathways and start the extrinsic survival factor withdrawal apoptotic pathway. 

In both pathways, cytochrome C is released with activation of down-stream caspases and 

cell death. Some exceptions for which apoptosis does not require caspase activation 

include the release of factors like Endo G and AIF from the mitochondria. These factors 

can bypass caspase activation and cause cellular damage and apoptosis (Falschlehner et 

al., 2007; Yasuhara et al., 2007).   

 
 

Figure 1-9 Schematic diagram for extrinsic and intrinsic apoptotic pathways showing the 

position of each gene or group of genes in these pathways. (From Tadros et al, Apoptosis, 

2008)  
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It is well known that apoptosis contributes to several acquired forms of hearing 

impairment including noise-induced hearing loss, hearing loss caused by the use of 

ototoxic drugs and monogenic-genetic-hearing impairment such as TJP2, DFNA5 and 

MSRB3 mutations. Plenty of the evidence has shown that apoptosis is the cause of 

pathology of ARHL (Op de Beeck, 2011). The multiple pathways leading to the 

activation of apoptosis are co-activated as ARHL is the product of a multifactorial 

process. Thirty-five genes are differentially expressed in the cochlea of CBA mice during 

aging, including Caspases, Bcl2 family, p53, Cal-pains, MAPK family, Jun oncogene, 

Nuclear factor of kappa light chain gene enhancer in B-cells inhibitor-related and TNF-

related genes (Tradros et al., 2008). A recent study evaluated the effect on the onset of 

ARHL in C57BL/6J mice by overexpressing X-linked Inhibitor of Apoptosis Protein 

(XIAP) known as an anti-apoptotic protein. Their results suggested that XIAP over-

expression reduces ARHL and hair cell death in the cochlea, providing protection in 

C57BL/6J mice against ARHL, which appears to be a result of the accumulation of 

apoptotic processes in the cochlea with aging (Wang et al., 2010). 

Past effort had been focused on the networks of several miRNAs and their 

potential apoptosis-related genes/signaling pathways in the cochlear degeneration under 

various pathological conditions. These insults included noise exposure, oxidative stress, 

and ototoxic drugs. For example, a recent study found that 35 miRNAs are upregulated 

while 40 miRNAs are downregulated in the cultured OC under oxidative stress (Wang et 

al., 2010). These changes are accompanied by transcriptional upregulation of 2076 

mRNAs and downregulation of 580 mRNAs. Target analysis shows a clear correlation 

between target mRNAs and associated miRNA gene expression changes. The involved 
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apoptosis-related pathways include the mitogen-activated protein kinases (MAPK) and 

associated JNK signaling pathway, as well as the tumor suppressor p53, caspases, 

cytochrome c and Bax pathways. In an ototoxicity model induced by kanamycin 

treatment, the inner ear exhibits a dose-dependent increase in the expression of miR-34a 

and miR-34c (Yu et al., 2010). Both miRNAs are downstream factors of p53 pathway. 

Apoptosis is also involved in the noise-induced cochlear damage (Hu et al., 2000; 

Nicotera et al., 2003). Patel et al. (2013) screened 375 miRNAs in noise-deafened rat 

cochleae and found significant changes in the expression profiles of many miRNAs 

(miR-10a, miR-30d, miR-30e, miR-99b, miR-107, miR-124, miR-130b, miR-146b, miR-

183, miR-186, miR-190b, miR-200c, miR-325, miR-331, miR-333, miR-429, and miR-

674). Target analysis revealed that many of the altered miRNAs are related to genes that 

participate in the regulation of apoptosis. Despite the fact that several miRNAs and their 

regulatory networks have been identified during cochlear degeneration induced by 

ototoxicity and noise, the signal pathways associated with ARHL and how they are 

regulated by miRNAs during ARHL are unknown.  

 

VI. Specific Aims  

Despite the fact that the roles of miRNAs in inner ear development, maintenance, 

and regeneration have been studied extensively, the roles in degeneration of the OC and 

SV have not yet been examined.  Therefore, which miRNAs are involved and how they 

are involved are unknown. My overall goal is to identify miRNAs that are differentially 

expressed in the OC and SV and to explore their potential target genes and relevant signal 

pathways during aging. I used a battery of molecular biology, electrophysiology, 
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immunocytochemistry and imaging tools to address the following three specific aims: 

Aim 1:  To identify miRNAs that are differentially expressed in the OC and SV during 

aging.   

Aim 2:  To examine spatial-temporal expression patterns of several subsets of miRNA in 

the OC and SV during aging.  

Aim 3: To explore the potential apoptosis-related target genes and relevant signal 

pathways that are regulated by miRNAs in the OC and SV.  

 

VII. Significance  

       It is estimated that as many as 35% to 50% of the population aged between 65 and 75 

years have presbycusis. Presbycusis can contribute to social isolation and loss of 

autonomy and it is further associated with anxiety, depression and cognitive decline.  My 

goal is to identify miRNAs that influence the senescence of different cochlear structures 

and to determine their potential target genes and the relevant signal pathways.  The 

miRNAs identified by microarray analysis in my studies have never been examined in the 

inner ear tissue before. Thus, this will be the first study to demonstrate how and where 

these miRNAs are differentially expressed in the OC and SV. Their potential targets in 

the OC and SV will also be explored in associated with ARHL. This project should 

contribute significantly to the understanding of the cellular and molecular mechanisms of 

ARHL. This study will also lay the groundwork for selecting miRNAs for future miRNA 

gene knockout projects.  Finally, the information obtained has the potential for providing 

guidance for prevention and therapeutic treatment of the ARHL since miRNA is a class 

of small molecules, which are accessible to the inner ear cells.  
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Chapter 2:  Identifying MicroRNAs Involved into the Onset and 

Progression of ARHL 

 

I. Introduction 

Two major types of presbycusis are related to degeneration of the OC and SV. The 

OC contains mechanosensitive hair cells which transduce mechanical vibration into 

electrical signal, while SV pumps potassium ions to the scala media and generates 

endocochlear potential (EP), essential for hair cell mechanotransduction.  OC-oriented 

ARHL is marked by loss of sensory hair cells and hearing while stria-originated ARHL is 

characterized by reduction of EP and atrophy/degeneration of the SV.  

The analysis of miRNAs that are differentially expressed with aging has led to the 

discovery of numerous miRNAs that are important for controlling aging processes in 

worms (Caenorhabditis elegans) (de Lencastre et al., 2010; Ibanez-Ventoso et al., 2006; 

Kato et al., 2008), mice (Bates et al., 2010), and humans (Bates et al., 2009). Since the 

pattern of miRNA expression is cell/tissue-specific, consistent with the specific functions 

of aging signaling pathways in different tissues (Persengiev et al., 2012; Smith & Slack, 

2012; Guller & Russell, 2010; Fayyad-Kazan et al., 2013), it is important to determine 

which miRNAs are differentially expressed during aging of the OC and SV. 

My goal in Aim 1 was to identify miRNAs that are involved in the onset and progress 

of ARHL in the OC and SV. I hypothesized that miRNAs that are involved in the age-

related degeneration of the OC and SV are differentially expressed before and after the 

onset of ARHL. GeneChip miRNA microarray was used to identify miRNAs in the OC 

and SV at three different ages in C57 and CBA mice.  To compare and correlate 
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differential miRNA expression profiles with functional and morphological changes of OC 

and SV, I also examined hair cell and strial morphology and measured hearing thresholds 

and EP at different stages before and after the onset of ARHL. Identifying which 

miRNAs are differentially expressed between younger and older mice is the first step to 

elucidating roles of miRNAs and their regulatory networks in the age-related 

degeneration of the cochlea.  

 

II. Materials and Methods 

A. Animal Model 

C57/BL/6J and CBA/J mice were used for the study.  Both strains were bred in-

house and housed according to institutional protocol, with original breeding pairs 

purchased from Jackson Laboratory (Bar Harbor, ME, USA). Care and use of the animals 

in this study were approved by the Institutional Animal Care and Use Committee of 

Creighton University (IACUC #0655.3). 

 

B.  Tissue Collection 

Cochleae were rapidly dissected out in cold phosphate-buffered saline (PBS; 10mM 

Na2HPO4, 1.7 mM KH2PO4, 137mM NaCl, 2.7 mM KCl, pH7.4) after the mice were 

euthanized. After the bony wall of the cochlea was removed, the basilar membrane 

together with the OC was collected in each strain. The lateral wall of the scala media 

containing SV and spiral ligament was collected separately into another pool. For the 

sake of convenience, I use the term of “SV” throughout the text to describe the lateral 

wall of the scala media. Figure 2-1 shows images of isolated cochlear and lateral wall 
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tissues for microarray and q-PCR analyses. Ten cochleae from five mice were pooled as 

one sample for GeneChip microarray analysis. Each of the experimental groups consisted 

of three independent pools. Three groups for each age and mouse strain were prepared 

from C57 mice at postnatal day 21 (P21), 3 months (3m) and 9 months (9m), and from 

CBA mice at P21, 9m, and 16m for microarray analysis of the OC.  For microarray 

analysis of the lateral wall of the cochlea, tissues were collected at the age of P21, 9m 

and 16m for both strains. All isolated tissues were stored at -20
0
C in RNA later 

stabilization reagent (Ambion, Austin, TX, USA).  

 

C. Isolation of total RNA 

Total RNA including miRNAs was isolated using the mirVana miRNA Isolation 

Kit (Ambion) and dissolved in 20-30 µl of RNase-free water. The RNA concentration 

was determined by UV spectrophotometry (Nanodrop ND-1000), and RNA quality was 

assessed by measuring the ratio of 28S to 18S rRNA using an Agilent 2100 BioAnalyzer.  

 

Figure 2-1 Images showing isolated basilar membrane (A) and the cochlear lateral wall (B).  

Bars represent 50 µm. 
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D. GeneChip Microarray of miRNAs 

The miRNA gene expression profiles of the OC/SV tissues were determined with 

GeneChip oligonucleotide arrays (Affymetrix, Santa Clare). Approximately 250 ng of 

RNA were obtained from each group (10 cochleae). Three repeats (pools) for each mouse 

age, strain and anatomic site were used for microarray analyses. Therefore, the data 

presented below represent a total of 30 cochleae (OC/SV) from 15 animals for each age 

group and each mouse strain. Synthesis of cDNA, hybridization to chips and washes were 

performed according to the manufacture’s protocol. GeneChips were scanned at 3-µm 

density with GeneArray Scanner (Affymetrix). Images were inspected to ensure that all 

36 chips had low background and bright hybridization signals. Mean signal fluorescence 

signal intensity for each probe was quantile normalized. The average of three mean 

signals for each miRNA probe was normalized to that for an added control 

oligonucleotide and log2 transformed. Each miRNA probe was assayed for detection 

based on a Wilcoxon Rank-Sum test of the miRNA probe set signals compared to the 

distribution of signals from the background. If the resulting p-value for the probes was 

less than or equal to 0.06, it was interpreted positively expressed. Student’s t-test was 

used to compare the expressing intensities of older groups with that of P21 groups.  

P<0.05 was interpreted as significant. 

 

E. Quantitative real-time PCR (q-PCR) 

       For validating q-PCR analysis of miRNAs, the apical turn of OC and SV from all 

turns from five additional animals for each group at different ages of C57 and CBA mice 
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were obtained. Q-PCR detection of miRNAs was performed using mirVana q-PCR 

miRNA Primer sets (Ambion). Each 100 ng total RNA was reversely transcribed using 

SuperScript Reverse Transcriptase (Invitrogen) in a 20 µl reaction. Q-PCR was 

performed using a 7500 Fast Real-Time PCR System (Applied Biosystems) to analyze 

triplicate reactions (20 µl) containing 2x SYBR Green PCR Master Mix (Applied 

Biosystems), a 10-fold dilution of mirVana q-PCR Primer Set and the RT product. The 

primer sequences are as following: miR-29a 5’-TAGCACCATCTGAAATCGGTT-3’, 

miR-34a 5’-GGCAGTGTCTTAGCTGGTTGT-3’, miR-181a 5’-ATTCAACGCTGT 

CGGTGAGT-3’, miR-183 5'-GGTATGGCACTGGTAGAATTCACT-3’, miR-203 5’-

GTGAAATGTTTAGGACCACTAGAA-3’, miR-342 5’-CACAGAAATCGCACCCGT-

3’, miR-455 5’-CAGTCCACGGGCATATACAC-3’. After incubation at 95°C for 20 

seconds, PCR products were analyzed throughout 40 cycles consisting of an incubation at 

95°C for 3s and 60°C for 30s. The U6 miRNA was used as internal control in each RNA 

sample. Ct, the threshold cycle, was defined as the PCR cycle number at which the 

fluorescence intensity was appreciably above the background level but was still in the 

early exponential phase of amplification. The difference in Ct between the gene of 

interest (gene X) and U6 for any given RNA sample was defined as ∆Ct(X). Individual 

∆Ct(X) was adjusted to the averaged ∆Ct(X) of each group with different time point. 

These adjusted values were subjected to statistical analysis by unpaired student’s t-test. 

The difference in ∆Ct(X) between two groups was defined as ∆∆Ct(X), which 

represented a relative difference in expression of gene X. Fold difference was calculated 

as 2
-(∆CT(x)- ∆CTcontrol)

, i.e., 2
-∆∆CT(X)

. The ∆CT value of each miRNA in the each older group 

was compared with that of P21 group using the student’s t-test. P<0.05 was interpreted as 
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significant. 

 

F. Hearing threshold measurement using ABR  

Five animals for each mouse strain were used for ABR recordings. The mouse was 

anesthetized with mixture of ketamine/xylazine (ketamine 100 mg/kg; xylazine 15 

mg/kg; ip), and supplemented as needed. ABRs were recorded in response to tone bursts 

of 2, 2.8, 4, 5.6, 8, 11, 16, 22, 32, 40, 50, and 60 kHz using standard procedures 

previously described. Tone bursts with 1 ms rise cosine on/off ramps were generated 

digitally using a clock rate of 125 kHz and 16-bit D/A converters. Stimulus levels were 

calibrated using a 1/8” Brüel and Kjær microphone (Model 4138) and were presented in 

sound pressure level in decibel (dB SPL: referenced to 20 μPa). ABR signals were 

collected with subcutaneous platinum needle electrodes placed at the vertex, mastoid 

prominence, and shoulder. Response signals were amplified (100,000x), filtered, and 

acquired by TDT Workstations (Tucker-Davis Technologies). Each averaged response 

was based on 200 stimulus repetitions. During the procedure, the body temperature was 

maintained at 38°C with a heating pad. All records were obtained in a sound-attenuating 

chamber.  

 

G. Recording of EP 

The animal was anesthetized with a combined regimen of ketamine (16.6mg/ml) 

and xylazine (2.3mg/ml) and supplemented as needed to maintain a surgical level of 

anesthesia. Core temperature was maintained at 38°C with a heating pad. For recording 

EP, an incision was then made in the inferior portion of the right postauricular sulcus.  
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The bulla was perforated allowing for exposure of the stapedial artery, basal turn, and 

upper turn of the cochlea. Since EP magnitude varies by a few millivolts from the base to 

apex, we chose a basal turn location to record EP in all animals. This location was 

approximately 2 mm from the basal end, corresponding to the region with best frequency 

of 20-30 kHz, based on the cochlear frequency map for the mouse (Muller et al., 2005). A 

hole was made using a fine drill. A glass capillary pipette electrode (10–20 M) filled 

with 150 mM KCl was mounted on a hydraulic micromanipulator and advanced until a 

stable potential was observed that did not change with increased electrode depth. The 

ground electrode was implanted in the dorsal neck muscles.  The biological signals 

(filtered at 1 kHz) were amplified under current-clamp mode using an Axopatch 200B 

amplifier (Molecular Probe, Sunnyvale, CA) and acquired by software pClamp 9.1 

(Molecular Probe) running on an IBM-compatible computer with a 16-bit A/D converter 

(Digidata 1322B).  The voltage changes during a penetration were continuously recorded 

under the Gap-free model using the Clampex in the pClamp software package (version 

9.2, Molecular Probe).  The sampling frequency was 10 kHz.  Seven animals for each 

mouse strain were used for EP recordings. Data were analyzed using Clampfit and Igor 

Pro (WaveMetrics, Portland, OR). All the measurements were obtained in a small sound-

attenuating chamber. The ages involved in the EP recording were P21, 3, 6, 9, 12 and 16 

month in C57BL/6J and CBA/J mice. The EP values of each age group were averaged. 

Student’s t-test was utilized to compare the mean EP value of each group at P21 with that 

of older groups during aging. 

 

H. Hair cell staining and counting 
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The cochleae of CBA (at the age of P21, 9m, 16m) and C57 mice (at P21, 3m and 

9m) were fixed in 4% paraformaldehyde (PFA) after trans-cardiac perfusion and 

maintained in the fixative at 4°C overnight. The basilar membrane was collected and cut 

in two segments (apical and basal). The tissue was blocked with 0.25% normal goat 

serum in PBS containing 0.01% Triton-X-100 for 1 hour. The primary antibody for 

Myosin VIIa (Invitrogen), diluted at 1:200, was incubated for 24 hours at 4°C. After 

several washes with PBS, corresponding secondary antibodies (1:500) (Alexa fluor 

molecular probe 488; Invitrogen) were added and incubated overnight at 4°C. The tissues 

of OC were washed with PBS and mounted on slides with antifade solution (5ml PBS, 

5ml glycerol, 0.1g n-propyl gallate).  Images were captured using a LSM 510 META 

confocal scanning system with three lasers mounted on a Zeiss AxioPlan 2IE MOT 

motorized upright microscope (Carl Zeiss International). Hair cell counts from two areas 

(400 µm in length) at the basal and apical turns were obtained from confocal images 

offline.  

 

I. Toluidine Blue Staining (T.B. Staining) 

The cochleae were isolated at the age of P21, 9m and 16m of both strains and fixed 

in 4% paraformaldehyde in PBS at 4°C overnight and decalcified with 0.5 M EDTA for 2 

days.  After cryoprotected in a sucrose gradient (20% to 30% sucrose) in PBS at pH 7.3 

for 24 hours and embedded in optimal cutting temperature compound (O.C.T. Tissue-Tek, 

Sakura Finetek, Torrance, CA), serial cross sections (8-10 μm) were prepared with a 

microtome (CM3050, Leica, Nussloch, Germany) and mounted on microslides (Fisher, 

Portsmouth, NH). The sections were stained with 1% toluidine blue. After washed with 
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distilled water, the slides were air-dried and coverslipped with regular mounting solution 

(glycerol).  

 

 

 

III. Results 

A. Changes of Hearing Threshold During Aging 

The CBA and C57 mice are commonly used for the study of ARHL (Spongr et al., 

1997; Willott, 1986). The CBA strain has a slow, progressive hearing loss that does not 

occur until 18 months after birth (Willott, 1986,1991; Spongr et al., 1997; Guimaraes et 

al., 2004; Sha et al., 2008). The C57BL/6J mice are homozygous for two alleles 

(Cdh23ahl and Ahl3) that promote an accelerated progressive hearing loss, leading to 

deficiencies in the cadherin 23 protein (Johnson et al., 1997; Johnson et al., 2000; Noben-

Trauth et al., 2003). Cadherin 23 is an important component of the transduction apparatus 

in the stereocilia of hair cells (Boëda et al., 2002; Siemens et al., 2004; Kazmierczak et 

al., 2007).  The C57 mice have an accelerated ARHL, as reflected in rapid deterioration 

in ABR thresholds and declines in distortion product otoacoustic emission levels (Henry 

& Chole, 1980; Willott, 1991; Jimenez et al., 1999). This rapid ARHL resembles a key 

feature of human presbycusis, in that the loss starts in the high frequencies, and with age 

progresses to lower frequencies. ABR-based hearing thresholds of C57 and CBA mice 

were measured to determine when hearing loss began in C57 and CBA mice.  Although 

ABR thresholds of these two strains were examined before, most measurements were 

limited to frequencies below 50 kHz. A wider range of frequencies with focus on higher 
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frequencies was used to determine thresholds. ABR thresholds were measured at the ages 

of P21 and 3, 6, 9, 12 and 16 months for C57 mice and CBA mice. Five animals (10 ears) 

from each strain were used. Figure 2-2 shows the thresholds (presented as means ± SD) 

obtained from C57 and CBA mice using tone bursts with frequencies varied from 2 to 60 

kHz.  The C57 mice and CBA mice showed some difference at the lower and higher 

frequencies.  C57 mice had a threshold elevation of approximately 30 dB at the frequency 

of 60 kHz at P21, compared to the threshold of CBA mice at the same age (Fig. 2-2). At 

the age of 3 months, a significant elevation of the thresholds at 50 and 60 kHz was 

observed (P<0.05). Hearing loss extended toward middle and low frequencies during 

aging and by the age of 9 months hearing loss greater than 50 dB was observed at 22 kHz 

and higher. By the age of 12 months, there is a 30-40 dB elevation spreading toward from 

middle to the low frequencies. And C57 mice exhibited complete deafness at the age of 

16 months. In contrast, the ABR thresholds of CBA mice remained unchanged between 

P21 and 16 months (Fig. 2-2). The ABR audiogram indicates that C57 mice displayed an 

 

 
 

Figure 2-2. ABR audiograms of C57 and CBA mice at the ages of P21, 3m, 6m, 9m, 12m 

and 16m.  A: Representative ABR Waveforms evoked by 16 kHz tone burst with different 

sound levels.  The response in red is the threshold.  B. ABR audiograms.  
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onset and rapid progression of hearing loss starting from high frequencies as early as 3 

months after birth, whereas CBA mice exhibit minimal high frequency hearing loss even 

at the age of 16 months.  

 

B. Changes of EP Magnitude during Aging  

The functional status of the SV during aging was examined by monitoring EP 

magnitude change at the ages of P21, 3m, 6m, 9m, 12m and 16m. Seven animals (7 ears) 

from each age/strain were used.  Figure 2-3 shows some representative waveforms from 

such recordings. As shown, the EP was a constant polarization with a magnitude of 80-

100 mV when the electrode penetrated into the endolymphatic spaces.  The mean value 

of EP of each age group was obtained and presented (as means ± SD) in Figure 2-3.  The 

 

 
 

Figure 2-3. EP waveforms and magnitude change during aging. A. Representative 

waveforms of EP at three different ages.  B. Mean and SD of EP magnitude from P21 

to 16 month old. Arrows indicate electrode penetrated into and withdraw from the 

scala media. 
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EP magnitudes of CBA mice did not display any significant change between P21 and 

16m (p < 0.05 in all cases).  In contrast, C57 mice exhibited a significant elevation of EP 

at 3m (p < 0.05 between P21 and 3m) and remained elevated between 3m and 16m.  Thus, 

while the hearing thresholds of C57 mice began to deteriorate at high frequency at 3m, 

the EP magnitude showed a paradoxical increase from 3m.  

 

C. Hair Cell Staining and Counting 

Hair cell loss was examined at two cochlear locations at different ages of the two 

mouse strains.  Based on a previous study (Müller et al., 2005), the total length of the 

basilar membrane of the mouse cochlea is approximately 5.8 mm (measured from middle 

point of the basilar membrane). The locations where hair cell count was determined were 

approximately 0.5-0.9 and 5.0-5.4 mm from the basal end of the basilar membrane. These 

sites represent regions in the basal and apical turns with best frequencies of 55 - 45 and 2 

- 3 kHz, respectively (Müller et al., 2005). As shown in Figure 2-4, there was no apparent 

hair cell loss in this basal (near hook) region at the age of P21 for C57 mice, despite an 

ABR-threshold elevation of 30 dB at 60 kHz with reference to the threshold of CBA mice 

at the same age. Thus, this threshold elevation may be characteristic of C57 mice and not 

an early sign of high frequency hearing loss in this species. At the age of 3 months, 

sporadic outer hair cell loss was observed in the basal region of the C57 mice.  However, 

no significant hair cell loss was detected in the apical region. By 9 months, a complete 

loss of outer hair cells and 96% loss of inner hair cells in this basal turn region were 

observed (Figure 2-4B and C). There was less than 10% loss of outer hair cells and no 

significant loss of inner hair cells in the apical turn region.  Compared with C57 mice, 
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CBA mice did not show hair cell loss in either region at the age of 9 months (Fig. 2-4D), 

consistent with previous quantitative measurements (Willott, 1986,1991; Spongr et al., 

1997; Guimaraes et al., 2004; Sha et al., 2008). At 16 months the apical turn region did 

not exhibit any significant hair cell loss, while a 5% loss of inner hair cells and an 8% 

loss of outer hair cells were observed in the basal region. Thus, it appears that the hearing 

loss and hair cell loss seen in 3-month-old C57 mice are worse than those of 16-month-

old CBA mice.   

 

 

 
 

Figure 2-4. Hair cell counts from the OC of C57 and CBA mice. A, B: Representative 

confocal images of myo7a-labeled hair cells at the apical and basal turns of C57 mice at P21 

(A) and 9m (B). C, D: Hair cell counts obtained from two representative cochlear locations 

from C57 (C) and CBA (D) mice at different ages. The two locations were approximately 

0.5-0.9 and 5.0-5.4 mm from the basal end of the basilar membrane. IHCs and OHCs were 

counted from each location. Three animals for each strain and age were included in the 

counts. The average numbers of IHCs and OHCs at each location are normalized to those of 

P21 mice (100%). Asterisks indicate significant difference (p<0.05, student’s t-test) 

compared to P21. 

 



 36 

D. Morphological Changes of the Lateral Wall during Aging 

  There was no apparent decrease in the sickness of the SV and no obvious 

degeneration of the spiral ligament in CBA mice during aging from P21 to 16m (Figure 

2-5). The size and number of intraepithelial capillaries were unchanged at the age of 16 

month. However, the lateral wall tissues underwent some morphological changes with 

aging in C57 mice. Hyperpigmentation and vacuolization occurred in the SV in the basal 

and middle turn at 16m, and the number of capillaries in the SV was significantly reduced 

with aging. The diameter of the capillaries was also decreased. No apparent decrease in 

the thickness of the SV and no obvious degeneration of marginal cells were observed at 

16m. This observation is consistent with conclusion from previous studies (Willott 1986; 

Sha et al., 2008). Although the principal pathology causing ARHL in C57 mice is the 

degeneration of sensory hair cells in cochlea, the SV still exhibits some 

primary/secondary degeneration during the later stage of aging.  Because degradation of 

the OC is faster than that of the SV in C57 mice, 3m and 9m mice were used for the OC 

study while 9m and 16m were chosen for the SV to screen miRNAs.  

 
 

Figure 2-5 Toluidine-blue staining of the cochlear lateral wall of C57 and CBA mice from 

a basal turn location. Scale bar: 20 um. 
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E. Differential Expression of miRNAs in the OC During Aging  

  A total of 45,930 miRNA genes were probed in the OC tissues, including 7788 

probe sets that covered a variety of other species. Our analyses were performed on all 

known mouse miRNAs (mmu-miRNAs). There were 609 probes of mmu-miRNAs. Two 

criteria were used for identifying differentially expressed miRNAs between younger and 

older mice. First, the miRNA had to be “expressed” in each of the three samples for each 

age group. Second, the expression level of the miRNAs had to be significantly different 

from that of the younger group (p<0.05, student’s t-test). miRNAs that met the two 

criteria are presented in Figures 2-6 and 2-7.  

  P21 mice were selected as reference for screening miRNAs that were differentially 

expressed during aging. At this age, the OC is known to be structurally and functionally 

adult-like while no hair cell loss is detected. I examined miRNA differential expression 

between P21 and 3m as well as between P21 and 9m in C57 mice. The selection of 3- and 

9-month-old mice as the older groups for C57 mice was based on the fact that onset of 

high frequency hearing loss began in the basal turn at 3m, and by 9m hearing loss and 

hair cell loss were extended to mid-frequencies. Thus, these two ages represent the onset 

and progression of ARHL in C57 mice. Figure 2-7 presents differential expression 

profiles of miRNAs from the OC of C57 mice between P21 and 3m (in blue), and 

between P21 and 9m (in red). A total of 111 miRNAs were identified as significantly 

differentially expressed. Among them, ninety-eight (88%) miRNAs showed changes in 

the same direction (upregulation or downregulation) at the two different ages. miRNAs 

that were downregulated during aging outnumbered upregulated miRNAs by a ratio of 

approximately 4.4:1 (80/18). Sixteen miRNAs had their expression level downregulated 
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by more than 50%, whereas 10 miRNAs were upregulated by more than twofold.    

 

 
 

Figure 2-6 Differentially expressed miRNAs in the OC of CBA mice during aging. The 

X-axis relates Log2 transformed fold change in miRNA expression at 9m (in blue) and 

16m (in red) compared to P21. Only those miRNAs which showed a statistically 

significant different in expression (p<0.05, Student’s t-test) compared to P21 are shown. 
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  ABR-based threshold measurements showed that CBA mice did not have significant 

high frequency hearing loss even at 16 months after birth. I compared miRNA expression 

of CBA mice between P21 and 9m, as well as between P21 and 16m. Comparison 

between P21 and 9m allowed us to determine whether changes in the expression profile 

of miRNAs start much earlier than any morphological and functional changes are 

detected. As shown in Figure 2-6, seventy-one miRNAs were found to be differentially 

expressed. Fifty-nine (83%) miRNAs exhibited expression-level changes in the same 

directions in the two age groups. Similar to the trend seen in C57 mice, downregulated 

miRNAs eclipsed upregulated miRNAs by a ratio of approximately 7.5:1 (52/7). This 

ratio was substantially greater than that seen for C57 mice.   

  C57 and CBA mice have different genetic backgrounds, which might contribute to 

different miRNA expression. Despite the differences between C57 and CBA mice, these 

two strains should share some common miRNAs that are associated with hair cell 

apoptosis and degeneration of the OC. To identify common miRNAs that were involved 

in ARHL in both strains, we also identified miRNAs that were present in both C57 and 

CBA mice. Figure 2-8 depicts 44 miRNAs that were present in both strains. Among this 

list, forty miRNAs showed significant downregulation whereas four miRNAs, miR-29a, 

miR-29b, miR-34a and miR-124, were upregulated.    
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Figure 2-7 Differentially expressed miRNAs in the OC of C57 mice during aging. The 

X-axis relates Log2 transformed fold change in miRNA expression at 3m (in blue) 

and 9m (in red) compared to P21. Only those miRNAs which showed a statistically 

significant different in expression (p<0.05, Student’s t-test) compared to P21 are 

shown.   
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Figure 2-8 miRNAs that are commonly expressed in the OC of C57 and CBA mice during 

aging. The X-axes relate Log2 transformed fold change in miRNA expression for C57 mice 

at 3m (in blue) and 9m (in red) compared to P21 (left panel), and for CBA mice at 9m (in 

blue) and 16m (in red) compared to P21 (right panel). 
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F. Differentially Expressed miRNAs in the Cochlear Lateral Wall  

 Differential miRNA expression between P21 and 9 months as well as between P21 

and 16 months were examined in both strains using the same criteria for the OC tissue.  

The lateral wall tissue from P21 mice was used as reference since the SV is known to be 

structurally and functionally adult-like with no signs of degeneration at this stage in both 

strains. CBA and C57 mice have similar mean lifespans ranging from 520 to 640 days 

(Storer, 1966).  Based on their mean lifespans, tissues collected from 9 (270 days) and 16 

(485 days) months-old animals would represent conditions in the middle age and the 

elder in both strains.  Figure 2-9 depicts differential expression profiles of miRNAs from 

the SV of CBA mice between P21 and 9m (in blue) as well as between P21 and 16m (in 

red). A total of 59 miRNAs were identified as significantly differentially expressed 

during ARHL. Forty-nine (83.1%) miRNAs exhibited changes of expression level in the 

same directions with aging.  Among these 49 miRNAs, downregulated miRNAs 

outstripped upregulated miRNAs by a ratio of 3.9:1 (39/10). Eleven miRNAs of these 49 

miRNAs had their expression level downregulated by more than 50%, whereas 8 

miRNAs were upregulated by more than 50%.   
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Figure 2-9: miRNAs that are differentially expressed in the SV of C57 mice during aging. 

The X-axes relate Log2 transformed fold change in miRNA expression for C57 mice at 9m 

(in blue) and 16m (in red) compared to P21 (left panel), and for CBA mice at 9m (in blue) 

and 16m (in red) compared to P21. 
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  Figure 2-10 presents differential expression profiles of miRNAs from the SV of C57 

mice between P21 and 9m (in blue) as well as between P21 and 16m (in red). A total of 

95 miRNAs were identified as significantly differentially expressed.  Sixty-nine (73%) 

miRNAs showed changes in the same directions (upregulation or downregulation) at the 

two different ages. Among the 69 miRNAs, 33 miRNAs were downregulated while 36 

miRNAs were upregulated with a downregulation vs. upregulation ratio of 0.9:1. Thirty-

four miRNAs had their expression level upregulated by more than 50%, whereas 7 

miRNAs were downregulated by more than 50%.    

 

 
 

Figure 2-10 miRNAs that are differentially expressed in the SV of CBA mice during aging. 

The X-axes relate Log2 transformed fold change in miRNA expression for CBA mice at at 

9m (in blue) and 16m (in red) compared to P21. 
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 Despite the genetic difference, C57 and CBA strains should share some common 

miRNAs that are associated with the cell apoptosis and degeneration of the SV in both 

strains. To identify common miRNAs that are involved in ARHL in both mouse strains, I 

focused on miRNAs that were present in both C57 and CBA mice. Figure 2-11 depicts 20 

miRNAs that were present and exhibited differential expression in both strains.  Among 

this list, members of miR-29 family and miR-762 showed consistent upregulation 

whereas miR-455 and miR-342 were consistently downregulated in both strains. 

 

 

 

 

 

 
 

Figure 2-11: miRNAs that are differentially expressed in the SV of both C57 (left 

panel) and CBA (right panel) mice during aging. The X-axes relate Log2 transformed 

fold change of miRNA expression at 9m (in blue) and 16m (in red) compared to P21. 
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G. Validating q-PCR 

       Q-PCR was used to validate some of the differentially expressed miRNAs indicated 

by the high-throughput microarray techniques. Two upregulated and two downregulated 

miRNAs were selected in each cochlear element (OC or SV) for q-PCR analysis. The two 

upregulated miRNAs were miR-29a, miR-34a in OC, and miR-29a, miR-203 (uniquely 

upregulated in SV of C57) in SV. The two downregulated miRNAs were miR-183, miR-

181 in OC, and miR-342, miR-455 in SV. The OC tissue from the apical turn was 

selected for q-PCR analyses since the apical turn had minimal hair cell loss during aging 

even for C57 mice.  The SV was obtained from the basal turn.  U6 was used as the 

internal control. The fold change was determined from ddCt. Figure 2-12 exhibits the 

dynamic expression of 4 different miRNAs in each cochlear element during aging by q-

PCR assay.  For comparison, the expression change of these four miRNAs from 

microarray analyses was also presented.  As shown, the expression levels of miR-183, 

miR-181 in the OC, and miR-342, miR-455 in SV were significantly downregulated 

while miR-29a, miR-34a in the OC and miR-29a, miR-203 in SV were upregulated with 

aging compared with P21. The changes in q-PCR are consistent with the trend seen in 

microarray analyses.   
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IV. Discussion 

A. The Expression Profile of miRNAs during the Onset and Progression of ARHL 

 The specific expression profile of miRNAs in a given tissue may point to the 

particular roles of the miRNA in that tissue. The analysis of miRNAs that are 

differentially expressed in tissues from younger and older organisms has led to the 

discovery of numerous miRNAs that are important for controlling aging processes (Kato 

& Slack, 2008; Bates et al., 2005; Cimmino et al., 2005; Hwang & Mendell, 2006; 

 
Figure 2-12 Comparison of changes in miRNA expression detected by q-PCR 

versus microarray analyses for four miRNAs in the OC (left panel) and SV (right 

panel) of C57 and CBA mice. Asterisks indicate statistically significant differences 

(p<0.05, Student’s t-test) compared to P21.  Each q-PCR plot represents means from 

three repeats. 
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Provost, 2010). High-throughput microarray analysis was used to identify miRNAs that 

were up- or downregulated in the OC and SV in two strains of mice during aging. 

Approximately 111 and 71 miRNAs exhibit differential expression in the OC of C57 and 

CBA mice respectively, while 95 and 59 miRNAs are differential expressed in the SV 

respectively in the two strains. Many miRNAs indicated by the microarray analyses are 

known to be involved in differentiation, proliferation, growth, and apoptosis in other 

tissues and organs (Ambros, 2004; Xu et al., 2004; Karp & Ambros, 2005; O’Donnell et 

al., 2005). The precise functions and specific targets of these miRNAs in regulating 

cellular senescence and aging are yet to be revealed. However, changes in expression 

levels during aging suggest that these miRNAs are directly and/or indirectly involved in 

regulatory processes that contribute to degeneration of the OC and SV.  

The majority of miRNAs identified in the present study can be classified into two 

categories by the main functions they play in the aging process: pro-apoptotic (anti-

proliferative) and anti-apoptotic (pro-proliferative). For example, family members of 

miR-29, miR-34, miR-203, miR-15/16 and Let-7 exhibit pro-apoptotic activities by 

regulating replicative or stress inducing senescence and apoptosis. Family members of 

miRNA17-92 cluster, miR-181 and miR-96/182/183 family are thought to be 

proliferative miRNAs, regulating cell cycle progression and DNA replication by affecting 

multiple pathways. Most miRNAs that are significantly upregulated with aging are pro-

apoptotic, while most downregulated ones are pro-growth and pro-proliferative (anti-

apoptotic). For example, the miRNAs in pro-apoptotic category include miR-29a/b/c, 

miR-34a, miR-141, miR-203 in the OC, and miR-29a/b/c, Let-7b/d/e/f, and miR-203 in 

SV. The miRNAs in the anti-apoptotic category are miR-298, miR-181a/b/d, miR-
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96/182/183 in the OC, and miR-342, miR-351 and miR-455 in SV. These miRNAs work 

through different pathways in the apoptotic networks, directly or indirectly regulating 

multiple transcriptional factors and functional proteins, such as p53, Bcl2 family, p27, 

TNF receptors super family, caspases and their regulators. Some typical senescence- and 

apoptosis-related miRNAs (families) present in the figures and their potential 

mechanisms during ARHL are discussed in the following paragraphs.  

Among all the differentially expressed miRNAs, miR-29a and miR-29b show 

consistent upregulation while miR-181a/b/c/d, miR-342, and miR-455 are consistently 

downregulated during aging in the OC and SV of both strains. The presence of these 

miRNAs and their pattern of alternations may suggest the important roles they play in the 

pathological process during the onset and progression of ARHL.   

 

i. p53-related pro-apoptotic miRNAs (miR-29a and miR-29b) 

Several miRNAs have been shown to be involved in the regulation of pathways 

involved in cellular senescence and/or to exert negative effects on cell-cycle progression. 

The main targets to be associated with miRNA regulation are the p53/p21 and p16/Rb 

pathways. miR-29 family (miR-29a/b/c) is a cluster of miRNAs that have been 

demonstrated to be involved in cellular senescence and apoptosis in cell lines, tissues, 

and organisms during aging (Mott et al., 2007; Pekarsky et al., 2006). This family can, 

directly or indirectly, regulate genes that activate or enhance p53 pathways. miR-29 

family members indirectly up-regulate p53 levels and induce apoptosis in a p53-

dependent manner by suppressing p85α (the regulatory subunit of PI3Kinase) and 

CDC42 (a Rho family GTPase), both of which negatively regulate p53 (Park et al., 2009). 
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Studies have also shown that miR-29a is able to revert DNA methylation by targeting 

DNA methyltransferases 3A (Dnmt 3a) and 3B (Dnmt3b)(Fabrri et al., 2007). Therefore, 

miR-29 family members stabilize p53. miR-29 can also suppress several important genes 

that drive cell survival (Cdc42, p85a, Mcl1 and Tcl1). Over-expression of miR-29 family 

members inhibits cell proliferation and increase differentiation of RH30 

rhabdomyosarcoma cells when injected into mice (Wang et al., 2008). miR-29a and miR-

29b were upregulated by more than 2 fold in the OC and SV in both strains in the present 

study.  The pro-apoptotic nature of this miRNA family suggests it is likely a critical 

contributor to the onset and progression of ARHL. This also suggests that p53-dependent 

apoptotic pathway may be involved in the degeneration of the inner ear.   

 

ii. Neural-tissue specific, neural degeneration and melanocyte relevant miRNAs (miR-

455 and miR-342) 

Two microRNAs which were downregulated by more than 2 fold in both the OC 

and SV of both strains during aging are miR-455 and miR-342. These two miRNAs are 

specifically expressed in brain or other neural tissues, and involved in self-renewal, 

differentiation and neurotoxicity. They also take part in cellular-activity regulation of 

melanocytes which are derived from neural crest cells during development (Kaur et al., 

2012; Cammarata et al., 2010; Swingler et al., 2012; Segura et al., 2010). The 

intermediate cell in the SV is one kind of the melanocyte. The miR-455 gene is known to 

locate in the gene of Col27a1which encodes a cartilage collagen. miR-455 is expressed in 

adult articular cartilage and in muscle tissues, regulating chondrogenesis and apoptosis in 

these tissues (Güller & Russell, 2010). It can regulate TGF signaling by suppressing the 

http://www.ncbi.nlm.nih.gov/pubmed?term=G%25C3%25BCller%20I%255BAuthor%255D&cauthor=true&cauthor_uid=20724363
http://www.ncbi.nlm.nih.gov/pubmed?term=Russell%20AP%255BAuthor%255D&cauthor=true&cauthor_uid=20724363
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Smad2/3 pathway during the aging process. One of the putative targets of miR-455 is 

PAX6, which has been shown to play a critical role in the self-renewal and differentiation 

of neural stem cells. Besides hair cells that belong to the neural tissue derived from neural 

stem cells, the intermediate cells within SV (melanocytes) are derivatives of the neural 

crest. The regulation on PAX6 by miR-455 indicates this miRNA might play active roles 

in the development and maintenance of hair cells and SV. miR-455 is downregulated in 

primary melanoma cell lines and metastatic melanomas. It is postulated that the loss of 

miR-455 and its subsequent effect on PAX6 expression may disrupt the normal 

progression of melanogenesis, resulting in immature melanocyte with increased 

migratory capacity and enhanced metastatic potential. miR-455 exhibited drastic 

downregulation in the SV of both strains in our microarray analysis. The reduction of 

expression level of miR-455 might be responsible for the pigment accumulation and 

dysfunction of intermediate cells in SV with aging. Another miRNA, miR-342, which 

also showed drastic downregulation in the aging OC/SV of both strains, has been 

demonstrated specifically expressed in brain and spleen. Its putative target genes are 

involved in neurodegenerative diseases. ARHL is a neurodegenerative diseases that 

occurs in the auditory system and is characterized by the gradual hair cell degeneration. 

The specific expression of miR-342 in neural tissue, its drastic change in the OC during 

aging, and its involvement in other neurodegenerative diseases suggest its potential role 

during the pathological process of sensory ARHL. Other than regulating the activities of 

sensory cells in the OC, miR-342 has also been postulated to regulate melanogenesis 

(Pichiorri et al., 2011). miR-342 is found downregulated in a minority of melanoma cell 

lines. It is commonly suppressed in human colorectal cancer, breast cancer and melanoma 
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by means of hypermethylation of the Ena/Vasplike- CpG-island (van Engeland et al., 

2011). Its restoration might induce an apoptotic response. The melanocytes in the SV are 

required for normal development and function of the cochlea. Down-regualtion shown in 

our microarray analysis indicates miR-455 and miR-342 might be necessary for the 

maintenance of the SV.  

 

iii. Pro-proliferative miRNA family (miR-181 family) 

Some family members of miR-181 (miR-181a/b/c/d) were significantly 

downregulated in the OC and SV of both strains. The miR-181 family is known to 

mediate proliferation in many systems (Vasilatou et al., 2010; Li et al., 2012; Henao-

Mejia et al., 2013). They are pro-proliferative miRNAs and often involved in 

carcinogenesis. They are inner ear specific and function in neurosensory epithelia (Frucht 

et al., 2010, 2011). Studies have shown that transfection of miR-181b in Hela and HCT-

116 tumor cells regulates a large number of genes, leading to cell proliferation and 

reducing cell death (He et al., 2010).  miR-181a has been show to play an active role in 

the regeneration of the inner ear. Overexpression of miR-181a in cultured chicken basilar 

papillae, the avian counterpart of the cochlea, is sufficient to stimulate proliferation and 

production of new hair cells, suggesting that miR-181a is involved in the regulatory 

mechanisms that control proliferation and differentiation in the auditory sensory 

epithelium of the chicken (Frucht et al., 2010). Explants of chicken auditory epithelia 

exposed to streptomycin and transfected with antisen-miR-181a contain significantly 

fewer BrdU-positive cells than basilar papillae treated with streptomycin and transfected 

with a non-targeting miRNA, indicating that miR-181a downregulation diminishs the 
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proliferative component of hair cell regeneration (Frucht et al., 2011). Among all the 

family members, miR-181a/b/d exhibited significant downregulation only in the OC of 

both strains in our microarray analysis, indicating they may be required for the functional 

maintenance of hair cells. 

 

B.  The OC / SV Specifically Differentially Expressed miRNAs 

There are miRNAs (families) that exhibited differential expression only in the OC 

or SV. Because the OC and SV have different cellular compositions and because miRNA 

expressions are tissue-specific, I compared the differentially expressed miRNAs during 

aging in the OC and SV.  

Two miRNAs, miR-34a and miR-124, were uniquely upregulated during aging in 

the OC of both strains. Two other miRNAs, miR-183 and miR-298, were significantly 

downregulated with aging only in OC tissue of both strains. Their potential mechanisms 

are discussed below.   

 

i. p53 Related Pro-Apoptotic miRNA (miR-34a) 

miR-34a is a p53-relevant miRNA that was upregulated more than 2-fold in the OC 

of both strains. Like the miR-29 family, the miR-34 family is involved in the p53 

signaling pathway.  The miR-29 family acts upstream while miR-34 family members 

participate in the downstream signaling of the p53 pathway (Welch et al., 2007). The 

level of miR-34a expression may affect the decision between apoptosis and cell-cycle 

arrest. p53 binds directly to the promoter and trans-activates miR-34 genes in response to 

DNA damage and oncogenic stress. miR-34 mediates the downstream effects of p53 by 
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suppressing numerous genes including CDK4/6, Cyclin E2, MET and Bcl-2 to promote 

apoptosis.  Bommer et al. (2007) showed that Bcl-2 is targeted by miR-34a, and that 

miR-34a defective mouse embryonic fibroblasts (MEFs) show a decrease in spontaneous 

apoptosis, while over-expression of miR-34a causes complete suppression of cell 

proliferation and apoptosis in HCT 116 cells. Loss of miR-34 through genetic or 

epigenetic mechanisms interrupts this feedback, resulting in lower p53 activity and 

thereby provides a selective advantage for cancer cells. Ectopic expression of miR-34s 

induces cell-cycle arrest and apoptosis, whereas reduced expression of miR-34 attenuates 

p53-dependent apoptosis (Bommer et al., 2007; Raver-Shapira et al., 2007). In another 

age-related disease occurred in neuron system, the Parkinson’s disease, miR-34 

expression is also shown upregulated in the early stage of (Saito et al., 2012). The 

postulated targets of miR-34 family in this disease are autophagy-related proteins (Yang 

et al., 2011). One recent study shows that the expression of miR-34a in organ cultures of 

the OC is drastically upregulated in response to the damage induced by ototoxic drugs 

(Yu et al., 2010). These results suggest miR-34a plays an active role during the 

senescence and apoptosis of the OC. In the present study, the highest expression level of 

miR-34a appeared during the progression of ARHL. Since miR-29 regulates genes that 

are upstream of p53 pathways while miR-34a regulates genes that are on the downstream 

of p53 pathways, it suggests that p53-dependent apoptosis is involved in the degeneration 

of the OC during ARHL.  

 

ii. Pro-Proliferative miRNA Family (miR-183 family) 
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One of the family members of miR-183 family, miR-183, was downregulated more 

than 2 fold with aging in the OC tissue of both mouse strains. miR-96 and miR-182 were 

also downregulated in the OC of C57 mice. MiR-183 family members are specifically 

expressed in the neurosensory cells in the inner ear (Weston et al., 2006; Sacheli et al., 

2009), regulating genes that are associated with differentiation, proliferation and growth 

in various types of normal and cancer cells (Kuhn et al., 2011; Lin et al., 2010). Among 

the 3 family members, only miR-183 was drastically changed (P < 0.05) in the OC of 

both strains during ARHL.  This family is highly expressed in sensory cells of the mouse 

inner ear and other vertebrate sensory organs. miR-183 family members are presumed to 

repress either prosensory genes or supporting-cell genes to help specify hair cell fate. 

Their predicted targets include Sox2, a prosensory marker and integrin β1 and kinesin 2α, 

which influence the development and function in neurosensory organs, and contribute to 

functional alterations associated with cellular senescence (Li et al., 2010; Weston et al., 

2011). MiR-183 has a potential oncogenic role through the regulation of two tumor 

suppressor genes, EGR1 and PTEN in many tumor types (Sarver et al., 2010).  It 

deregulates the expression of genes involved in migration and invasion by targeting Ezrin 

in the integrin β1 (ITGB1) /VIL2/Ezrin axis in HeLa cells and breast cancer (Lowery et 

al., 2010). miR-183 also appears to target the expression of pro-apoptotic genes of ZEB1, 

TCF-4 and NFKB. miR-183 has recently been shown to be a transcriptional target of p53 

in mouse (Boominathan, 2010). Concurrent downregulation of this miRNA family in the 

OC during aging indicates that an insufficient level of miR-183 expression may 

contribute to the degeneration and senescence of hair cells.  
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miR-182 was drastically downregulated in the OC and SV of C57 mice with aging. 

miR-182 is expressed during differentiation of inner ear stem/progenitor cells into a hair 

cell-like fate. The function of miR-182 may be associated with its putative target Tbx1, a 

transcription factor that has been implicated in inner ear development and hair cell fate 

(Wang, 2012).  

Recent studies show that two single-base mutations in the seed region of miR-96 

result in an autosomal dominant, progressive hearing loss in both humans and mice 

(Mencı’a et al., 2009; Lewis et al., 2009; Solda et al, 2012). The mutation alters the 

regulatory role of miR-96 in maintaining gene expression profiles required for their 

normal function of hair cells. Five genes, Ocm, Pitpnm1, Prestin, Ptprq and Gfi1, are 

downregulated in the mutant mice.  All of these genes are specifically expressed in hair 

cells. Mice mutant for each of the latter three exhibit deafness and hair cell degeneration 

(Liberman et al., 2002; Goodyear et al., 2003; Wallis et al., 2003).  We observed a 

significant downregulation of miR-182, miR-183 in both OC and SV of the two strains.  

Interestingly, miR-96 downregulation was only detected in the OC of C57 mice at 9 

months. No significant change of miR-96 was detected in the aging OC of CBA strain or 

3-month old C57 mice.  Neither was differential expression of miR-96 detected in SV of 

either strain. The fact that miR-96 did not show a significant change in the OC at the 

early- to mid-age of adulthood suggests that it might play more critical roles in the 

development rather than in the degeneration of the neural sensory epithelium.  

 

iii. Neural Specific and Neural Degeneration Relevant miRNAs (miR-124 and miR-298) 
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MiR-124 and miR-298 were changed only in the OC of both strains of mice. MiR-

124 was upregulated while miR-298 was downregulated. These two miRNAs are strongly 

expressed in neural tissue, regulating many cellular activities. miR-298 is a proliferative 

miRNA and involved in the progression of Alzheimer’s disease, another age-related 

disease in neural system (Provost, 2010a,b; Boissonneault et al., 2009). miR-298 binds to 

the 3'-UTR of ß-site APP-cleaving enzyme 1 (BACE1) mRNA, thereby producing a 

regulatory effect on enzyme expression in cultured neuronal (N2a) cells. miR-298 is 

expressed in the hippocampus of APPSwe/PS1 mice, a well-documented model for 

Alzheimer’s disease. Our results also show miR-298 was significantly downregulated in 

the neurosensory epithelium of cochlea with the progress of ARHL.   

Previous studies have shown that miR-124 is highly expressed in the brain of young 

mice (Inukai et al., 2012). miR-124 directly targets 3’-UTR of SCP1-3 (small C-terminal 

domain phosphatase 1-3), an anti-neural gene, to suppress SCP1 expression in the 

developing central nervous system (Visvanathan et al., 2007). miR-124 is involved in the 

onset of Werner syndrome (Dallaire et al., 2012), a premature aging disorder caused by 

mutations in the RecQ-like DNA helicase. The loss of miR-124 in C. elegans increases 

reactive oxygen species formation and accumulation of the aging marker lipofuscin, 

reduces whole body ATP levels and results in a reduction in life span. Studies in recent 

years have revealed the neuron-enriched expression pattern of miR-124 in the inner ear. It 

is also expressed in the developing neural sensory epithelium of mice embryos. Rapid 

depletion of miR-124 by E11.5 induced in conditional Dicer knockout mice leads to rapid 

degeneration and profound defects in sensory epithelial innervations by E17.5 (Soukup et 

al., 2009b).  Upregulation of miR-124 in the OC with aging suggests it takes part in not 
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only the development of neural epithelium in cochlea but also in the age-related 

degeneration of hair cells.  

 

C. Uniquely Differentially Expressed miRNAs in C57 mice 

Since C57 mice have a genetic background of the cadherein23 mutation that leads 

to the early onset of ARHL, investigation of the miRNAs that exhibit age-related 

differential expression in the inner ear can be explored to identify which and how 

miRNAs and signaling pathways are involved in the early onset of ARHL.  I compared 

the miRNAs differentially expressed in the OC and SV of C57 mice with those of CBA 

mice. Some miRNAs (families) associated with apoptosis and senescence are among the 

sixty-one miRNAs that are only seen in the OC and 22 miRNAs only observed in the SV 

of C57.  

 

i. miR-203  

miR-203 was upregulated in the OC and SV of C57 mice. miR-203 is a newly 

recognized senescence-associated miRNA, known as a tumor suppressor miRNA (Bueno 

et al., 2008; Boominathan, 2010).  It controls proliferation and differentiation in multiple 

systems through p16/Rb and p53 pathways. miR-203 plays an important role in epithelial 

cell biology. miR-203 is a transcriptional target of p53/TA-p73/p63 (McKenna et al., 

2010). miR-203 has been shown to control the exit of keratinocyte “stemness” by directly 

targeting ∆Np63, which is the predominant isoform of p63 in keratinocytes (Lena et al., 

2008). Similarly, the proliferation of human foreskin keratinocytes is dependent on the 

level of miR-203 expression in vitro.  Over-expression of miR-203 can reduce 

proliferation by regulating HPV16- onco-proteins E6 and E7. And expression of miR-203 
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is dependent on p53 in human foreskin keratinocytes. miR-203 also acts as a tumor 

suppressor in melanocytes by inducing senescence. It targets E2F3 and ZBP-89, inducing 

cell cycle arrest by inhibiting p16 expression and senescence phenotypes, such as 

elevated expression of hypo-phosphorylated retinoblastoma and other markers for 

senescence (Noguchi et al., 2012). Over-expression of miR-203 inhibits tumor cell 

proliferation in an ABL1-dependent manner, suggesting an anti-proliferative function for 

this miRNA (Bueno et al., 2008). In this study, miR-203 exhibited significant 

upregulation with the highest expression in the oldest groups. Since miR-203 is an anti-

proliferative/pro-apoptotic miRNA involved in multiple senescent and apoptotic 

pathways in multiple cell types, the expression level change suggests that this tumor 

suppressor-acting miRNA may be involved in the progression of ARHL.  

 

 

ii. Let 7 Family Members 

Some of the Let-7 family members (Let-7b/d/e/f) showed significant upregulation 

in the older tissues of OC or SV in C57 mice. The Let-7 family, located on 8 different 

chromosomes, is comprised of 12 family members (Let 7a1/a2/a3, b, c, d, e, f1/f2, g, I 

and miR98). Let-7 family members are tumor suppressor genes, which are involved in 

the regulation of cell cycle re-entry by multiple pathways and different mechanisms. The 

targets of Let-7 family include cell cycle regulators such as CDC25A and CDK6, 

promoters of growth including RAS and c-myc, and a number of early embryonic genes 

including HMGA2, Mlin-41 and IMP-1 (He et al., 2010; Park et al., 2007). RAS is 

recently identified as a target of let7 in C. elegans (Johnson et al., 2005). This regulation 
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appears to be conserved in humans where three RAS genes, known to be potent 

oncogenes, have also been demonstrated to be directly regulated by human Let-7. The 

family members reduce tumor growth in a rodent model of lung cancer (He et al., 2010), 

providing the evidence for the anti-proliferative effects of this particular family. Family 

member, Let-7b, is active in the process of regeneration in inner ear (Tsonis et al., 2007). 

One study revealed that let-7b is significantly downregulated in the newt inner ear after 

hair cell injury. Let-7 family members promote the terminal differentiation during the 

course of hair cell regeneration. My study showed that Let-7 family members are 

upregulated during aging only in C57 mice.  

 

D. Comparisons with miRNA Expression Profiles of the Developing Inner Ear 

Weston et al. (2006) examined miRNA expression in the mouse inner ear during 

development between P0 and P100 by microarray analyses. Their study uncovered 76 

miRNAs expressed in the whole cochlea of FVB mice that included the ganglion neurons, 

the basilar membrane, and the cochlear lateral wall.   The present study identified more 

miRNAs despite the fact that the tissue collected in the present study only included the 

basilar membrane or the lateral wall. Comparison of the two studies shows that most 

miRNAs indicated in the miRNA expression profile of Weston et al. are also present in 

our study. The majority of miRNAs that are present in their profile and absent in our 

dataset are those known to be important for proliferation and differentiation, but less 

related with apoptosis and senescence. These miRNAs include miR135, miR189 etc. 

Most miRNAs detected in this study but not in the miRNA profile in the study by Weston 

et al. are miRNAs that were not available in the oligonucleotide microarray in 2006. 
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These miRNAs include miR-652, miR-711, miR-744, and miR-762, miRNAs that are 

downregulated during aging. The functions and regulatory mechanisms of these miRNAs 

in the auditory system are not known. However, recent studies have revealed their 

involvement in age-related diseases, such as heart disease, hypertension, and age-related 

metabolic syndrome (Guo et al., 2011; Zhang et al., 2012; Huang et al., 2012). For 

example, miR-652 is upregulated, whereas miR-744 is downregulated in older hearts. 

miR-744 is also found differentially expressed in senescent cell lines and mesenchymal 

stem cells. It targets the cyclin B1 promoter to induce Ccnb1 expression. Short-term 

overexpression of miR-744 results in enhanced cell proliferation, while long-term 

expression causes chromosomal instability and tumor suppression in vivo. miR-762 was 

found upregulated in immobilized tissue of gastrocnemius muscles. miR-711 was 

abundantly expressed in the mitochondria of mouse liver cells (Li et al., 2012). 

Mitochondria supply energy for physiological function and participate in the regulation 

of apoptosis during the course of aging.  

 

E. Upregulation of Pro-apoptotic miRNAs and Downregulation of Pro-growth miRNAs 

Are Both Involved in the Age-Related Degeneration of the Cochlea 

One of the important findings of this study is that the majority of expressed 

miRNAs decline in relative abundance during aging except for in the SV of C57 mice (33 

downregulated/36 upregulated). Downregulated miRNAs outnumbered upregulated 

miRNAs by a wide margin in the OC of both stains and the SV of CBA mice. This global 

decline of miRNA during aging is consistent with the trend observed in other studies 

(Inukai et al., 2012). For example, in the aging brain, 85 miRNAs are downregulated 
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while only 8 miRNAs are upregulated (Inukai et al., 2012). The vast majority of C. 

elegans miRNAs that are differentially expressed during aging are also downregulated 

(Boehm & Slack, 2005). Interestingly, the majority of miRNAs that decline are known 

regulators of differentiation, proliferation, and growth, whereas those miRNAs that are 

upregulated are all known pro-apoptotic regulators. The tendency also appeared in the SV 

of C57 mice although the upregulated miRNAs are almost equal to the downregulated 

ones. The SV has different cell types than the OC tissue. Most of those upregulated 

miRNAs are pro-apoptotic miRNAs. The higher number of upregulated miRNAs 

suggests the pro-apoptosis pathways affect more on the accelerated senescence and death 

of the epithelium cells and melanocytes in the SV of C57 mice than in CBA mice. Thus, 

it appears that upregulation of pro-apoptotic miRNAs and downregulation of pro-growth 

miRNAs are both involved in the age-related degeneration of the cochlea. It also suggests 

that the complex process that results in degeneration in the cochlear elements involves a 

shift of balance from pro-proliferation and pro-growth toward pro-apoptosis during aging. 

Hair cell loss was observed initially in the basal end of the OC during aging. Cell 

loss occurred as early as 3 months in C57 mice. Loss of hair cells and supporting cells 

can lead to global decline of miRNAs in the older tissue when compared to the younger 

tissue. However, it is unlikely that loss of hair cells and supporting cells is the reason for 

the decline of some miRNAs in the older tissue for the several reasons. First, changes in 

miRNA expression were observed even before hair cell loss occurred. In CBA mice, hair 

cell loss did not occur until 16 months, while downregulation of many miRNAs was 

already observed at 9 months (blue color in Fig. 2-6). Second, although there was some 

hair cell loss at 3 months (in C57 mice) and 16 months (in CBA mice), the loss was 
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limited to the basal region and accounted for less than 10% of the hair cells (Fig. 2-4). 

This limited reduction would translate to less than 2-3% of total hair cell populations in 

the whole cochlea. Such a nominal loss of hair cells is unlikely to account for the 

significant decline of miRNAs observed in the microarray analyses. Furthermore, if hair 

cell loss was responsible for reduced miRNA expression, the reduction would have been 

observed for all miRNAs.  As shown in Figures 2-6 and 2-7, a number of miRNAs 

showed substantial upregulation during age.  Finally, we validated four different miRNAs 

using q-PCR. To avoid the issue of hair cell loss, the tissue was collected from the apical 

turn where hair cell loss was insignificant at all ages (top panels in Fig. 2-12). Our q-PCR 

analyses were consistent with the expression patterns observed in microarray analysis. 

For these reasons, thus it is unlikely that hair cell loss is responsible for reduced 

expression of the majority of miRNAs observed in the aging cochlea. 

 

F. The Alteration of miRNA Expression Profile Occurs Prior to the Detectable 

Morphological and Electrophysiology Alterations during ARHL 

I examined miRNA expression at different stages during aging for the two stains of 

mice.  These different time points represent different phases before and after the onset of 

ARHL. For C57 mice, high frequency hearing loss accompanied by some hair cell loss in 

the basal end has occurred by 3 months. The SV of C57 mice did not exhibit obvious 

morphological changes until 16m. Interestingly, changes in miRNA expression were 

observed even at the age of 3 months. Thus, comparisons of miRNA expressions at P21 

with those at 3 and 9 months reveal miRNAs involved in progression of ARHL.  For 

CBA mice, the hearing function was normal and no hair cell loss was detected at 9 
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months, and no obvious signs of degeneration were detected at 9 months in the SV of 

both strains of mice. However, significant reduction of pro-proliferative, pro-growth 

miRNAs and significant upregulation of pro-apoptotic miRNAs was detectable at the age 

of 9 months.  This suggests that changes in miRNA expression precede morphological 

and functional changes. The fact that the shift from pro-growth to pro-apoptotic processes 

starts well before the onset of ARHL suggests that miRNAs are contributing factors to 

the onset and progress of ARHL. 

 

In conclusion, the present study demonstrates the extent and specificity of miRNA 

expression during aging in the mammalian inner ear for the first time. The results show 

that the underlying process and regulatory mechanism of aging in the auditory sensory 

epithelium involve repression of miRNAs important for proliferation and differentiation 

and enhancement of miRNAs that promote apoptosis. Such changes in the miRNA 

expression profile take place well before morphological changes and hearing loss are 

detected. The present work is the first step in an effort to elucidate the roles of miRNAs 

and their regulatory networks in age-related degeneration of the OC and SV. It also lays 

the groundwork for future experiments that can explore whether suppression or 

overexpression of some miRNAs can slow the onset and progression of ARHL.    
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Chapter 3:  Expression Patterns of Selective ARHL relevant microRNAs in the OC 

and SV 

 

I. Introduction 

 The miRNA microarray analyses have identified 111 and 71 miRNAs in the OC, and 

95 and 59 miRNAs in the SV that exhibited differential expression associated with C57 

and CBA mice. miRNAs that had significant upregulation are known regulators of pro-

apoptotic pathways, while miRNAs that were significantly downregulated are known to 

be important for proliferation and differentiation, respectively.  

 Studies have showed that miRNA expression is cell/tissue-specific, relating their 

specific function in the cell/tissue (Persengiev et al., 2012; Smith & Slack, 2012; Guller 

& Russell, 2010; Fayyad-Kazan et al., 2013).  The OC is composed of neurosensory hair 

cells and supporting cells while the SV is composed of epithelial cells and melanocytes 

derived from neural crest cells. Some miRNAs (such as miR-455, miR-342, miR-124 and 

miR-298) that were identified by microarray analysis are known to be neural-associated, 

while others miRNAs (such as miR-200a, miR-107, miR-145) identified in the SV are 

known to be expressed in epithelial cells, melanoblasts and melanocytes (Kaur et al., 

2012; Cammarata et al., 2010; Swingler et al., 2012; Segura et al., 2010; Provost, 2010a,b; 

Boissonneault et al., 2009; Dynoodt et al., 2013). For example, miR-298 and miR-124 are 

found abundantly and specifically expressed in the brain and neural tissues. miR-200a is 

abundant in epithelia. miR-183 is strongly expressed in hair cells and spiral ganglion 

neurons during development (Weston et al., 2006; Pierce et al., 2009; Soukup et al., 

2009b).  
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We have identified more than 100 miRNAs that are differentially expressed in the 

OC and SV during aging.  It is important to determine exactly where these miRNAs are 

expressed and how their expression changes during aging.  Since it is not practical to 

examine the spatial and temporal expression of all the differentially expressed miRNAs 

in the OC and SV, a subset of miRNAs that are presumably related to regulate the onset 

and progression of ARHL were studied.  The goal is to determine where the miRNAs are 

expressed in the basilar membrane and lateral wall of scala media, and how their 

expression is dynamically altered during aging. Four different subsets of miRNAs were 

chosen in the OC and SV and their temporal and spatial expression patterns were 

examined by q-PCR and in situ hybridization.  

 

 

 

II  Materials and Methods 

A. Animal Model (As described in Chapter 3) 

 

B. Tissue collection 

Cochleae were rapidly collected in cold PBS after the mice were euthanized. The 

bulla was opened, and the bony shell of the cochlea was carefully removed. The OC and 

lateral wall of scala media (SV and spiral ligament) were separated into different vials for 

q-PCR. Ten cochleae from five mice were pooled as one sample. Only apical turn of the 

cochlea was collected for qPCR analysis. The tissues were stored at -20
o
C in RNA later 

stabilization reagent (Ambion, Austin, TX, USA).  
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C. Total RNA Extraction 

The tissue in each pool was sonicated in cell lysis buffer. MirVana miRNA 

Isolation Kit (Ambion) was used for total RNA isolation. RNA concentration was 

determined by UV spectrophotometry (Nanodrop ND-1000) and the RNA quality was 

verified by measuring the ratio of 28S to 18S rRNA using the Agilent 2100 BioAnalyzer. 

 

D. Q-PCR 

The procedures for reverse transcription, q-PCR loading, the calculation of fold 

changes from ∆Ct (X) and the statistical analysis were described in Chapter 2. The ages 

involved in the q-PCR detection were P21, 3, 6, 9, 12 and 16 month for both C57 and 

CBA mice.  

 

E. In situ Hybridization  

Whole mount in situ hybridization was performed on the OC from C57 mice 

according to the protocol of Soukup et al. (2009).  Anesthetized mice were perfused with 

PBS followed by PBS containing 4% PFA. The OC tissue was defatted through a graded 

ethanol series, rehydrated in PBS containing 0.1% TWEEN 20, and briefly digested in 

PBS containing 2.5 mg/ml proteinase K (Ambion) for 18 min at 37°C. Digestions were 

terminated using PBS containing 2 mg/ml glycine and 0.1% TWEEN 20, fixed in PBS 

containing 4% PFA, and re-equilibrated in PBS containing 0.1% TWEEN 20. Tissues 

were pre-hybridized by incubation for 1h at 52°C in 2 mL hybridization solution (50% 

formamide, 2× SSC, 0.1% TWEEN 20, and 150 μg/ml denatured herring sperm DNA). 

miRCURY LNA probe (Exiqon) was 3’-labeled with digoxigenin by in vitro 
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transcription using DIG RNA labeling kit (Roche Applied Science). Hybridizations were 

incubated overnight at 52°C following the addition of 12 nmol DIG-labeled miRCURY 

LNA probe or 0.12 pmol DIG-labeled beta-actin mRNA riboprobe denatured for 10 min 

at 68°C in hybridization buffer. Tissues were extensively washed at 50°C to 0.5× SSC 

stringency to remove the unbound probe, and RNA was digested by incubation with 

RNase A for 1 h at 37°C (100 mM Tris–HCl pH 7.5, 500 mM NaCl, 0.1% TWEEN 20, 

and 10 μg/ml RNase A). Digestions were terminated by incubation for 10 min at 25°C in 

0.5× SSC containing 0.1% SDS. Tissues were incubated in wash and blocking buffers 

(DIG Wash and Block Buffer Set, Roche) for 1 h at 4°C and incubated overnight in a 

2000-fold dilution of anti-digoxigenin antibody conjugated with alkaline phosphatase 

(AP) in block buffer. The samples were washed with Wash Buffer. AP activity was 

detected using BM Purple AP Substrate which is enzymatically converted to a purple 

colored product (Roche) by incubation for 2–8 h at 25°C. Reactions were terminated for 

at least 15 minutes in PBS (pH 5.5). Tissues were fixed by incubation overnight at 4°C in 

PBS containing 4% PFA. Fixed tissues were then flat mounted in glycerol under glass 

cover slips for image acquisition using a Nikon Eclipse 800 compound microscope using 

differential interference contrast microscopy.  

In situ hybridization was also performed using sectioned OC and SV tissues.  The 

cochleae of C57 mice at different ages were isolated after trans-cardiac perfusion and 

fixed in 4% PFA in PBS at 4°C overnight. After that the cochleae were decalcified in 

0.5M EDTA for 24-48 hours, cryoprotected for 24 h in a sucrose gradient (20% to 30% 

sucrose) in PBS at pH 7.3, and embedded in optimal cutting temperature compound 

(O.C.T. Tissue-Tek, Sakura Finetek, Torrance, CA) for frozen sectioning. Serial cross 
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sections (6 μm) were cut with a microtome (CM3050, Leica, Nussloch, Germany), 

collected on microslides (Fisher brand, Portsmouth, NH), and stored frozen at -20°C. 

Before ISH staining, the slides were air dried in a Coplin jar at room temperature for 20-

30 minutes. The slides were incubated in PBS with diluted Proteinase K (Sigma) at a 

final concentration of 20 μg/ml for 2-3 minutes. After washing in ice cold PBS for 5 

minutes and re-fixing in ice cold 4% PFA for 5 minutes, the slides were dehydrated in ice 

cold 70% ethanol for 5 minutes and 95% ethanol for 1 minute. The slides were placed in 

a humid chamber with 200 μl prehybridization solution per slide for 1 hour at 55°C. Six 

μL (12 pmol) of LNA probe was added to 200 μL aliquot of prehybridization solution. 

The probe was denatured at 80°C for 5 minutes before hybridization solution was added 

to the slides which were incubated at 55°C overnight. The slides were washed one time 

with the pre-warmed washing solution at 65°C for 30 minutes, and three times with a 

freshly-made RNase buffer at 37°C for 10 minutes. RNase A was diluted to a final 

concentration of 20 μg/ml in RNase buffer and added on the slides for incubation for 30 

minutes at 37°C. The slides were washed with pre-warmed washing solution twice at 

65°C for 20 minutes followed by 2x SSC for at 37°C for 15 minutes, 0.1x SSC at 37°C 

for 15 minutes, and PBS at room temperature for 15 minutes. The slides were incubated 

in blocking solution for 1 hour at room temperature. Anti-DIG AP (Roche Applied 

Science) was added to the blocking buffer at final dilution of 1: 2000.  The slides were 

incubated overnight at 4°C. The slides were washed with levamisole wash buffer at 4°C 

four times and incubated in detection buffer for 5 minutes at room temperature. After that 

the slides were placed in a humid chamber, 200 μL of BM-Purple AP substrate (Roche 

Applied Science) was added to each slide. The slides were incubated in the dark 
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overnight at room temperature. PBS solution with pH 5.5 was added to stop the AP 

reaction at room temperature for 5 minutes. The slides were incubated in 4% PFA at 

room temperature for 5 minutes. After being air-dried, the slides were sealed with cover 

slips in regular mounting solution (glycerol).  

 

 

 

III. Results 

A. Temporal and Spatial Expression Patterns of  miRNAs in the OC  

 Based on the microarray analysis, miR-183, miR-298 and miR-34a were 

differentially expressed in the OC of both mouse strains, while miR-141 was 

differentially expressed in the OC of C57 mice. To determine the cell-specific 

distribution of these miRNAs in the OC, in situ hybridization of whole mount and cross-

section preparations were used. q-PCR analyses was also done to determine dynamic 

changes of miRNA expression in the OC.  

 

1. miR-183 

As a member of an evolutionarily conserved miRNA cluster (miR-183, miR-96, and 

miR-182), miR-183 is located on human chromosome 7 and has been shown to play a 

key role in neurosensory development (Pierce et al., 2008). In situ hybridization has 

shown that miR-183 is expressed in hair cells and ganglion cells (Weston et al., 2009). 

miR-183 was strongly expressed in inner and outer hair cells at P21, with the strongest 

expression in inner hair cell having (Fig. 3-1A).  At 9m miR-183 expression was 
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significantly reduced (Fig. 3-1B). No miR-183 expression was detected when hair cells 

are no longer present due to hair cell loss during aging (Fig. 3-1C).  Thus, miR-183 is 

specifically expressed in the hair cells. Cross section preparations confirmed that miR-

183 expression in the hair cells (Fig. 3-1D).   

  Figure 3-1-E shows the expression of miR-183 at different ages using q-PCR 

analysis. As shown, miR-183 was strongly expressed at the age of P21 in C57 mice and 

then significantly downregulated in the older groups (28% of that of P21 at the age of 

3m). Less than 10% of the initial (P21) expression was observed at 12m.  The same trend 

of downregulation was also observed in CBA mice.  When the expression level of miR-

183 was approximately 20% at the age of 16 month compared with that of P21.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3-1. The spatial and temporal expression of miR-183 in the OC of C57 mice. A: miR-183 

expression at P21. B: miR-183 expression at 9m. A and B were obtained from apical turn.  C: No 

miR-183 expression was detected in the hook region after all hair cells collected at 9m. Arrows 

indicate the OC region. D: Cross section preparation showing the expression of miR-183 in the 

hair cells at P21. Bars represent 20 µm in all figures.  E: Expression level of miR-183 at different 

ages using q-PCR.  *indicates P < 0.05 (student’s t-test, compared with P21). 
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2. miR-298 

miR-298 exhibited a more ubiquitous expression in the whole basilar membrane 

(Fig. 3-2A). Cross section preparations revealed that miR-298 was strongly expressed in 

hair cells and supporting cells (Fig. 3-2B). q-PCR detection showed that miR-298 

expression in C57 mice was decreased by more than 80% by 3 months of age. At 16m, 

the expression level was only about 10% of that at P21. The same trend was observed in 

CBA mice (Fig. 3-2C), although the magnitude of the reduction was less than that seen in 

C57 mice.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3-2. The spatial and temporal expression of miR-298 in the OC. A: miR-298 

expression at P21. B: Cross section preparation showing the expression of miR-34a in the hair 

cells and Deiters’ cells. The images were obtained from middle turn.  Bars: 20 µm.  C: 

Expression level of miR-298 at different ages using q-PCR.  *indicates P < 0.05 (compared 

with P21)  
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3. miR-34a 

Q-PCR analyses revealed that the highest expression level of miR-34a was at the 

age of 6 months in C57 mice (Fig. 3-3D). Therefore the tissue of 6m C57 mice was used 

for all the ISH detection of miR-34a. The in situ hybridization in whole mounts of the OC 

of a C57 mouse at the age of 6 month shows that miR-34a was expressed in the OC 

region (Figure 3-3A, B).  Cross section preparation showed that expression was in hair 

cells (Fig. 3-3C). Significant upregulation by more than 2 fold was observed between 3 

and 6 months compared to the level at P21 in both strains. In CBA mice, the expression 

peaked at 9m (Fig. 3-3D).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3-3. The spatial and temporal expression of miR-34a in the OC. A: miR-34a 

expression at P21. Bar: 40 µm. B: miR-34a expression pattern observed at high 

magnification.  Bar: 20 µm. C: Cross section preparation showing the expression of miR-34a 

in hair cells and Deiters’ cells.  The images were obtained from apical turn.  Bar: 20 µm.  D: 

Expression level of miR-34a at different ages using q-PCR.  *indicates P < 0.05 (compared 

with P21) 
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4. miR-141 

In situ hybridization of miR-141 was done in 3m mice because it is peaked at this 

age in C57 mice (Fig. 3-4E). miR-141 was expressed in hair cells, especially in outer hair 

cell region (Fig. 3-4A, C).  It was also expressed in spiral ganglion cells (Fig. 3-4B).  

Weak expression was also detected in some supporting cells as shown in the cross section 

preparation (Fig. 3-4D). miR-141 was upregulated greater in the OC of C57 mice than 

CBA mice (Fig. 3-4E). The q-PCR data showed more than 7 fold increase at the age of 3 

month with reference to the level at P21. The expression level reduced after 3m, and by 

9m, the level of expression was similar to that at P21 (Fig. 3-4E).  Although the 

microarray data did not show a significant upregulation of miR-141 in CBA mice, q-PCR 

analyses showed an increase of expression during aging and reached a peak at 9m, 

followed by a return to the P21 level at 16m. 

 

 
 

Figure 3-4. The spatial and temporal expression of miR-141 in the OC. A,B: miR-141 

expression at 3m in the apical and middle turns. Bar applies to A and B: 40 µm. C: miR-141 

expression pattern observed at high magnification.  Bar: 20 µm. D: Cross section preparation 

showing the expression of miR-141 in hair cells and Deiters’ cells.  The images were obtained 

from apical turn.  Bar: 20 µm.  E: Expression level of miR-141 at different ages using q-PCR.  

*indicates P < 0.05 (compared with P21) 
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B. Temporal and Spatial Expression Patterns of miRNAs in SV 

The cell localization and dynamic regulation of two upregulated miRNAs, miR-

200a, miR-204, and two downregulated miRNAs, miR-107 and miR-145 were examined 

in the SV of C57 and CBA mice. The SV was collected at the age of P21, 3, 6, 9, 12, 16 

months for q-PCR analysis. In order to exclude the disturbing of accumulating pigment in 

intermediate cells, the SV tissue of P21 was used for all the ISH detection in SV. 

 

1. miR-145 

The strongest expression of miR-145 was observed in the marginal cells of the SV 

(Fig. 3-5-A).  The expression of miR-145 was high at the age of P21 in C57 mice, and 

decreased with aging. Significant downregulation was detected from 6m in C57 mice.   

By 16m, the expression level was about half of that in P21 (Fig. 3-5-B).  

 

2. miR-107  

The ISH staining showed miR-107 was expressed in all three layers of the SV 

(Fig. 3-5-A).  q-PCR analyses showed that miR-107 expression was downregulated 

during aging. The amount of expression at the 16m was only one fifth of the amount at 

P21.   

 

3. miR-204 

miR-204 was expressed in all three cell types in the SV (Fig. 3-5-A). It was 

upregulated by 2-fold in SV of C57 mice with aging in the microarray data. q-PCR data 

exhibited a similar trend with upregulation by more than 1.7 fold at the age of 16 months.  
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4. miR-200a 

miR-200a was ubiquitously and strongly expressed in all three types of cells in 

SV (Fig. 3-5-A).  q-PCR analyses showed that miR-200a was upregulated by more than 8 

fold at 6m in C57 mice and then declined with aging.  

 

 

  

IV. Discussion 

        Identification of constitutively expressed miRNAs in specific tissues has been a 

major focus of miRNA investigations. While numerous studies have profiled miRNA 

expression during the development of mouse inner ears (Wienholds et al., 2005; Weston 

 

 
 

Figure 3-5. The temporal and spatial expression of miR-107, miR-204, miR-145 and miR-

200a.  A: Images obtained from cross section preparations using in situ hybridization. All 

images were obtained from 21-day-old C57 mice.  Bar: 20 µm. B: Dynamic expression of 4 

subsets of miRNAs during aging.  *indicates P < 0.05 (compared with P21). 
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et al., 2006; Pierce et al., 2008), changes that occur during aging has not been examined. 

In the present study, the dynamic expression and cellular distribution patterns of eight 

miRNAs were examined in the OC and SV.  Except miR-183, the expression patterns of 

the other 7 miRNAs have never been examined in the inner ear tissue.  Thus their 

functions in the inner ear during aging are completely unknown.  The possible functions 

of the miRNAs in the inner ear and their role in ARHL were discussed.  

 

A. miRNAs located in the cochlear sensory epithelium during aging. 

1. miR-183 

 miR-183 is detected in the mechanosensory hair cells of zebrafish and mammals, 

suggesting that this highly conserved miRNA is important for hair cell development and 

function across diverse species (Wienholds et al., 2005; Pierce et al., 2008; Li et al., 

2010). miR-183 expression in the hair cells of the murine OC is significantly reduced 

during aging.  That reduction of miR-183 is concurrent with degeneration of hair cells 

suggests that it is important for maintenance of hair cells in adult animals.   

The miR-183 family has hundreds of potential target mRNAs, miRNA-mRNA target 

algorithm program predicts that miR-183 family has hundreds of potential targets (John 

et al., 2004; Lewis et al., 2005). Many of the target mRNAs encode critical transcription 

factors that affect hair cell differentiation and functional maintenance (Soukup et al., 

2009; Li & Fekete, 2010; Weston et al., 2011). The predicted upstream or downstream 

factors of miR-183 include Atoh1, Pou4f3, Lhx3 and so on. Atoh1 is required for the 

specification of sensory hair cells. Atoh1-null mice shows no miR-183 expression in the 

inner ear, indicating that miR-183 expression is downstream of Atoh1. Pou4f3 is a 
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transcription factor that is critical for the functional maintenance of hair cells. Pou4f3-

mutant (Dreidel mouse) inner ear contains immature hair cells that rapidly undergo 

apoptosis (Hertzano et al., 2004). In Pou4f3 mutant inner ear, miR-183 is weakly 

expressed in surviving cochlear hair cells. Taok1 is an apoptosis-related transcription 

factor that is associated with miR-183 in the inner ear. Bioinformatics analysis shows that 

Taok1 contains two binding sites for miR-183 in its 3’UTR. In non-cochlear tissues, 

Taok1 is associated with activation of the mitogen-activated protein kinase pathway in 

response to stress and DNA damage (Patel et al., 2013). In noise-damaged cochleae, the 

mitogen-activated protein kinase pathway is linked to cochlear apoptosis and inhibition 

of this pathway reduces apoptosis. A recent observation on the cochlear tissues after 

acoustic trauma verified Taok1 is one predicted target of miR-183 and the involvement of 

miR-183/Taok1 in the cochlear acoustic trauma is possibly through regulation of 

apoptosis (Patel et al., 2013). Other potential targets predicted by bioinformatics analyses 

involved in the apoptosis of cochlear sensory cells include Egr1, Irs1, Bnip3l, Pdcd4, 

Pdcd6, Atf2, and Bcl11b.  

  The findings in this study support the involvement of miR-183 in age-associated 

pathways specifically in mature hair cells during the course of ARHL. Therefore, 

exploration of potential downstream factors may provide new insights into understanding 

the regulation of miR-183 in the process of ARHL. 

 

2. miR-298 

  miR-298 was downregulated with aging in both C57 and CBA mice. Its expression 

was detected in the spiral ganglion cells, hair cells and supporting cells.  miR-298 is a 
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proliferative miRNA that is highly expressed in newborn human epididymides. miR-298 

likely regulates hundreds of target mRNAs. It is also expressed in most cancer cell lines, 

suggesting its involvement in carcinogenesis (Bao et al., 2012; Selth et al., 2012). miR-

298 is upregulated under the conditions of ischemic strokes, brain hemorrhage (lysed 

blood, fresh blood, or thrombin), and in the brain and blood of rats experiencing kainate-

induced seizures, which indicates its roles in the apoptosis induced by injury stress of 

brain (Liu et al., 2010). Bioinformatic analyses reveal that its potential targets include the 

apoptosis-related genes of Trp53i11, Pak4, Tnfrsf1b, Tnfsf13, Tsc22d2, Tnf, and IGF2bp. 

Furthermore, miR-298 is involved in the onset and progression of several age-related 

diseases in nervous system (Provost, 2010a,b). For example, miR-298 is expressed in the 

hippocampus of APPSwe/PS1 mice, a well-documented model for Alzheimer’s disease 

(Boissonneault et al., 2009). Since ARHL is also an age-related disease occurring in 

nervous system, the strong expression of miR-298 in sensory cells and its alteration with 

aging indicates downregulation of miR-298 might contribute to the degeneration of hair 

cells and supporting cells in the progression of ARHL. The relevant targets and signaling 

pathways remain to be identified.  

 

3. MiR-34a 

        In situ hybridization showed that miR-34a is expressed in hair cells. Although miR-

34a has been implicated in the differentiation control of specific neural cell types (neural 

stem cells, neural progenitor cells) by targeting Notch and TGF-beta signaling (Pang et 

al., 2010; Ji et al., 2012), this is the first time this miRNA has been demonstrated in the 

auditory sensory cells in the cochlea. In aging C57 mouse cochlea, miR-34a expression 
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was upregulated by 3 fold at 6m.  A similar dynamic change was also observed in CBA 

mice though the highest expression level was seen at 9m. A recent study revealed that the 

expression of miR-34a is drastically upregulated in the tissue culture of the OC after 

treatment of ototoxic drugs (Yu et al., 2010).  

        miR-34a is a pro-apoptotic miRNA in many systems and cell lines (Welch et al., 

2007; Bommer et al., 2007; Raver-Shapire et al., 2007). Predicted targets of apoptotic 

genes revealed by TargetScan6.2 include Casp2, Bcl11b, Zc3h4, Bcl2, IGFbp3, Trp53 

and inp2.  Members of miR-34 family have been identified as direct p53 targets. p53 

binds directly to the promoter and transactivates miR-34 genes in response to DNA 

damage and oncogenic stress. miR-34 mediates the downstream effects of p53 by 

suppressing numerous genes including CDK4/6, Cyclin E2, MET and Bcl-2, and thereby 

promoting apoptosis in multiple cell lines (Bommer et al., 2007). The level of miR-34a 

expression may distinguish between apoptosis and cell-cycle arrest. Loss of miR-34 

through genetic or epigenetic mechanisms interrupts this feedback, resulting in lower p53 

activity and providing a selective advantage for cancer cells (Raver-Shapire et al., 2007). 

Ectopic expression of miR-34 induces cell-cycle arrest and apoptosis, whereas reduced 

expression of miR-34 attenuates p53-dependent apoptosis (Di Martino et al., 2012). The 

reduction of miR-34 expression has been detected in the early stage of another age related 

disease, the Parkinson’s disease. In the cochlea, one of the predicted targets of miR-34a is 

Atoh1 critical for hair cell differentiation and specification across species. 

 

4. MiR-141 
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        miR-141 was expressed in hair cells and weakly expressed in supporting cells of 

C57 mice. q-PCR result revealed that miR-141 was drastically upregulated at 3m by as 

much as 7 fold in C57 mice when the early onset of hearing loss occurred. The 

expression decreased after 3m, so that by 9m it reached a level similar to P21. The 

highest expression of miR-141 in CBA mice was at 9m with an upregulation of 2 fold 

over P21.  miR-141 is a family member of miR-200, which is a tumor suppressor gene 

family. The whole family is comprised of 5 members (miR200a/b/c, miR-141 and miR-

429). The most prominent targets of the miR200 family are two E box binding 

transcription factors, ZEB1 and ZEB2 (Mongroo & Rustgi, 2010). Both are transcriptional 

repressors of E-cadherin and a number of master regulators of epithelial polarity. 

Therefore, miR-200 family is both a marker and a powerful negative regulator of 

epithelial-mesenchymal transition (EMT) in multiple systems which have a key role in 

ROS-induced apoptosis (Korpa & Kang, 2008; Pink & Khanna, 2011). The feature of 

EMT inhibitor implicates a role for miR-141 in apoptosis, carcinogenesis and metastasis. 

The predicted targets of apoptosis-related genes of miR-141 include Trp53inp1, Card6, 

IGF2, Zcchc3, Zcchc24, Lhx6, and Bcl11b. Recent studies show miR-141 regulates BRD3, 

UBAP1, PTEN and p27 expression to control cell proliferation, differentiation, migration, 

invasion and apoptosis in the carcinogenesis of nasopharyngeal carcinoma. Inhibition of 

miR-141 can affect some important molecules in the Rb/E2F, JNK2 and AKT pathways 

(Chen et al., 2013). miR-141 is also found to directly target the 3'-UTR of YAP1, which is 

known to have a crucial role in apoptosis induced by DNA-damaging agents in 

esophageal squamous cell carcinoma (Imanaka et al., 2011).  
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B. miRNAs located in SV during aging. 

1. miR-200a 

miR-200a belongs to miR-200 family, which is a typical tumor suppressor family. 

miR-141, also a family member of miR-200 family, was expressed and significantly 

upregulated in the neuroepithelium of the inner ear during aging (as discussed above). 

Our in situ hybridrization shows miR-200a was expressed in all cell types in SV 

including epithelium cells (marginal cells and basal cells) and melanocytes (intermediate 

cells). Previous studies demonstrated part of the regulating functions of miR-200 family 

members in both cell types.  

The miR-200 family has been identified as a powerful regulator of EMT in stem 

cells and cancer cells. The most prominent targets of the miR-200 family are two E box 

binding transcription factors, ZEB1 (also known as TCF8 and δEF1) and ZEB2 [also 

known as ZFXH1B and SMAD interacting protein 1 (SIP1)]. Both are key regulators 

within a complex network of transcriptional repressors that affect the expression of E-

cadherin and a number of master regulators of epithelial polarity (Korpa & Kang, 2008; 

Pink & Khanna, 2011). TGFβ signaling is known to play important roles in mediating 

interactions between tumor epithelia and stromal fibroblasts and may facilitate the 

induction of epithelial-mesenchymal transition through activation of the miR-200 family-

ZEB feedback loop (Sataranatarajan et al., 2012). Except for epithelial cells, miR-200 

family members have also been found functioning in melanocytes. The expression of 

miR-200 family members increases in melanoma cell lines.  

As tumor suppressors, miR-200 family members play important roles in cell 

senescence and apoptosis. The mutation of the predominant target of miR-200a, ZEB1, 
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causes ectopic expression of p15INK4b at sites of proliferative defects in vivo. p15INK4b 

introduces tsenescence into murine embryonic fibroblasts, which links miR-200a with the 

cell senescence (Liu et al., 2008). Furthermore, miR-200a is activated in stress-induced 

senescence in senescence-prone murine embryonic fibroblasts induced by activation of 

DNA damage signaling pathways (e.g., ATM/ATR) and ROS-dependent manner. miR-

200a, together with other family members, lowers the threshold for stress induced 

senescence to generate "stressed" cell phenotype by specifically upregulating anti-EMT 

(Cufí et al, 2012).  

Our data demonstrate the localization of miR-200a in all the three cell types of 

SV. The dynamic expression of miR-200a in the SV from P21 to 16m suggests that it is 

important in initiating the genes critical for senescence of the cells in SV.  

 

2. miR-204 

miR-204 is pro-apoptotic and a tumor suppressor in many systems (Paulin et al., 

2011). Its predicated targets include the apoptosis-related genes such as Atf2, Atf6, IGF2r, 

2bp3, Bcl2, 7a, 11a, 11b, Zcchc14, 24, Trp53inp1, Birc6, and Pdcd6ip. miR-204 is also 

critical to the etiology of Pulmonary Arterial Hypertension (PAH), an age-related disease. 

PAH is characterized by enhanced proliferation and reduced apoptosis of pulmonary 

artery smooth muscle cells (Courboulin et al., 2011). Our data showed that miR-204 was 

ubiquitously expressed in all three cell types of SV in C57 mice and was upregulated in 

SV with aging. This finding indicates the similar pro-apoptotic feature of miR-204 as in 

the other systems and age-related diseases that miR-204 may have a similar role in 

http://www.ncbi.nlm.nih.gov/pubmed?term=Cuf%25C3%25AD%20S%255BAuthor%255D&cauthor=true&cauthor_uid=22356767
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ARHL like it. Its upregulation and inhibition of potential proliferative targets may 

contribute to the functional decline during the aging of SV.   

 

3. miR-107 

miR-107, together with miR-15a/b, miR-16, miR-103, miR-195, miR-424, miR-

497, miR-503, and miR-646, belong to miR-15/107 group. This group of miRNA gene is 

increasingly appreciated to regulate the expression of genes involved in cell division, 

metabolism and stress response (Chen et al., 2013; Nelson et al., 2011). The miR-15/107 

group has been implicated in human cancers and some age-related diseases such as 

cardiovascular disease and Alzheimer's disease. miR-107 is abundantly expressed in 

brain tissue (Trivellin et al., 2012). It is found in human cerebral cortical gray matter and 

white matter. Previous studies demonstrated that miR-107 is involved in accelerated 

Alzheimer's disease progression through regulation of BACE1 (Yao et al., 2010). 

Computational analysis predicts that the 3'- UTR of beta-site amyloid precursor protein-

cleaving enzyme 1 (BACE1) mRNA is targeted by miR-107 (Augustin et al., 2012). miR-

107 is found significantly lower in peripheral blood mononuclear cells in older 

individuals compared with younger individuals (Noren Hooten et al., 2010). Several 

studies show that miR-107 also has the anti-apoptotic/pro-proliferative feature by 

targeting some tumor suppress genes (Chen et al., 2011; Feng et al., 2012). miR-107 is 

associated with metastasis potential of colorectal cancer (CRC) cell lines and poor 

prognosis in patients with CRC by targeting the known metastasis suppressors death-

associated protein kinase and Krüppel-like factor 4 in colorectal cancer cells, resulting in 

increased cell motility and cell-matrix adhesion and decreased cell-cell adhesion (Chen et 
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al., 2012). miR-107 is also found to be highly expressed in malignant tissue from patients 

with advanced breast cancer (Polytarchou et al., 2012), and is demonstrated to promote 

tumor progression by targeting let-7 in mice and humans. miR-107 directly interacts with 

let-7 and the internal loop of the let-7/miR-107 duplex is critical for repression of let-7 

expression, suggesting an oncogenic role for miR-107 in cancer development (Chen et 

al., 2011). In situ hybridization showed that miR-107 was located in melanocyte of SV. 

q-PCR result revealed miR-107 was downregulated in SV. The downregulation of miR-

107 in melanocytes in SV during aging is coincident with its anti-apoptotic feature, 

suggesting the decline of its regulation of relevant pathways might contribute to the 

progression of strial ARHL.  

 

4. miR-145 

        Previous studies have demonstrated miR-145 is abundantly expressed in the smooth 

muscle tissues, for example, in vascular walls and gut walls (Albinsson & Swärd, 2013; 

Hutcheson et al., 2013). miR-145 was strongly expressed in zebrafish gut smooth muscle 

and regulates its development, promoting the maturation of both layers of the gut during 

development through regulation of Gata6 (Zeng et al., 2009). miR-145 is critical for 

vascular smooth muscle cell differentiation and phenotype regulation. It is downregulated 

in several cardiovascular disease states, such as in atherosclerotic lesions and vascular 

neointima formation (Santovito et al., 2013; Jakob & Landmesser, 2012).  

        Little is known about the function and relevant targets of miR-145 on the senescence 

and cell death. To date, the only verified target of miR-145 is the insulin receptor 

substrate-1 (IRS1), which promotes proliferation of cultured colon cancer cells (Law et al., 
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2012; Guo et al., 2012). IRS1 is a factor in insulin/insulin-like growth factor-1 (IGF-1) 

signaling (IIS) pathway, which is the first established aging pathway. Loss-of-function 

leads to extended longevity in C. elegans (Friedman & Johnson, 1988; Kenyon et al., 

1993). Therefore, miR-145 has an anti-proliferative feature.  

        Dynoodt et al (2013a,b) has demonstrated that miR-145 is a key regulator in the 

melanogenesis. The expression of miR-145 in melanocytes exhibits a negative 

relationship with the expression of Sox9, Mitf, Tyr, Trp1, Myo5a, Rab27a, and Fscn1. 

Moreover, a luciferase reporter assay has demonstrated direct targeting of Myo5a by 

miR-145 in mouse and human melanocytes. In situ hybridization showed that miR-145 

was expressed in all three types of cell in the SV.  The downregulation of miR-145 in SV 

during ARHL suggests it may regulate strial degeneration.  

 

        Here are two issues that require some discussion.  First, only one time point for each 

of 8 subsets of miRNAs was selected for in situ hybridization (except miR-183 where 

two different ages were examined).  The in situ hybridization technique allows for precise 

localization of a specific gene within a histologic section. Although riboprobes also allow 

localization and assess degree of gene expression, it is generally not used to quantify 

gene expression because of its sensitivity.  In situ hybridization experiments confirmed 

that all eight miRNAs selected were expressed in the OC or SV.  To examine dynamic 

expression of miRNA expression at different ages, I used q-PCR was used. Others have 

used in situ hybridization to examine specific miRNA expression along the longitudinal 

axis (apex-base) of the cochlea during development.  Although it would also be 

interesting to determine base-apex differences of miRNA expression, it is certainly not 
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the priority at this stage of investigation. Second, although q-PCR and microarray 

analysis revealed the same trends of change during aging for the selected eight miRNAs, 

the quantitative difference seen in q-PCR and microarray (both expressed as fold changes) 

was not the same.  For example, q-PCR showed that the expression of miR-200a was 

increased 7-fold at 9m (Figure 3-5B) while GeneChip microarray showed it increased by 

less than 2 fold (Figure 2-10) in the SV of C57 mice.  These quantitative differences are 

expected since these two techniques use different quantitative methodologies.  Similar 

differences were seen in previous studies (Tadros et al., 2008).   

 

        In summary, this is the first study that shows these miRNAs are confirmed to be 

expressed in the OC or SV (except miR-183).  It appears that their dynamic changes in 

expression level are consistent with their presumable roles in regulating the balance 

between growth and apoptosis in the OC and SV. 
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Chapter 4: Exploring the Potential Signaling Pathways of ARHL-Related miRNAs 

 

I. Introduction  

Plenty of evidence has revealed that apoptosis is the key event in the pathology of 

ARHL (Tradros et al., 2008; Wang et al., 2010; Op de Beeck, 2011). Since miRNAs are a 

vital part of genetic machinery that controls apoptosis and because numerous miRNAs 

are differentially expressed during degeneration of the inner ear, it is important to 

determine the network of genes they regulate.  Previous work was focused on the 

networks of several miRNAs and their potential apoptosis-related genes/signaling 

pathways in cochlear degeneration under various pathological conditions caused by noise 

exposure, oxidative stress, and ototoxic drugs (Hu et al., 2000; Nicotera et al., 2003; 

Wang et al., 2010). The miRNA microarray analysis completed in this study have 

identified approximately 110 miRNAs that are differentially expressed in the OC and SV 

of C57/CBA mice during the onset and progression of ARHL. The majority of the 

miRNAs that are upregulated are known to be involved, directly or indirectly, in the pro-

apoptotic/anti-proliferative pathways, but their potential target genes are not known.  The 

goal of Aim 3 was to explore the potential target genes/signaling pathways that are 

regulated by some of the miRNAs identified by the GeneChip microarray. 

It was hypothesized that miRNAs are involved in the regulation of apoptotic 

pathways in the degenerating of the OC and SV and that apoptotic genes that are targeted 

by miRNAs should exhibit coincident differential expression during the onset and 

progression of ARHL.  Apoptosis q-PCR array was used to detect the expression changes 

of apoptosis-related genes in the OC and SV. The correlation between ARHL-associated 
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miRNAs and the apoptosis-related mRNAs in the OC and SV was analyzed by target 

prediction software and bioinformatics tools to determine the regulatory networks of 

apoptosis signal pathways composed of ARHL-related miRNAs and mRNAs in the OC 

and SV. 

 

 

 

II  Materials and Methods 

A. Animal Model (As described in Chapter 2) 

 

B. Tissue collection 

        Cochleae were rapidly collected in cold phosphate-buffered saline (PBS; 10mM 

Na2HPO4, 1.7 mM KH2PO4, 137mM NaCl, 2.7 mM KCl, pH7.4) after the mice were 

euthanized. The bulla was opened, and the bony shell of the cochlea carefully removed. 

The tissue of OC and SV was collected separately in different vial for apoptosis array. 

The whole basilar membrane (apical, middle, basal turn and hook region) was collected 

for apoptosis array. Ten cochleae from five mice were pooled as one sample of OC/SV. 

Each experimental group consisted of three independent pools. All the isolated tissues 

were stored at -20℃ in RNA later stabilization reagent (Ambion, Austin, TX, USA). The 

time points involved in apoptosis q-PCR array analyses were P21 vs. 9m in C57 mice, 

and P21 vs. 16m in CBA mice.  
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C. Total RNA Extraction  

        The collective tissues of OC / SV in each pool were sonicated in the cell lysis buffer. 

The total RNAs of the samples used for apoptosis arrays were extracted by RNeasy Plus 

Mini Kit (Quagen). The isolated total RNAs were finally dissolved into 20-30 µl of 

RNase free water. The RNA concentration was determined by UV spectrophotometry 

(Nanodrop ND-1000) and the RNA quality of each sample was verified by measuring the 

ratio of 28S to 18S rRNA using the Agilent 2100 BioAnalyzer. 

 

D. Apoptosis q-PCR Array 

Total RNAs were isolated from OC/SV tissue of two strains at two different time 

points for PCR array, using The RT2 Profiler q-PCR Array (SABiosciences, Frederick, 

MD, USA) designed in 96-well plates for the detection of 84 key apoptosis-related genes. 

The eighty-four apoptotic genes contained in the array are listed in Table 4-1. Sample 

preparation and the apoptosis q-PCR array examination was carried out according to the 

protocols of a previous study (Ding et al., 2010). Upon completion of total RNA 

extraction and quality assessment, first strand cDNA was synthesized using oligodT 

primed reverse transcription supplied with the RT2 first strand kit (SABiosciences). This 

kit contained genomic DNA elimination buffer and a built-in external RNA control. The 

total RNA used for cDNA synthesis across all the experiments was 500 ng for each 

sample. RT2Real-TimeTM SYBR Green/fluorescein PCR Master Mix (included in the 

kit) was used to monitor the fluorescence signal during each cycle of the PCR reaction. 

Q-PCR was performed using 7500 Fast Real-Time PCR Detection System (Applied 
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Biosystems). The cDNA solution was mixed with SuperArray RT q-PCR Master Mix and 

then loaded into a 96-well plate. Each PCR reaction started with an initial denaturation 

cycle at 95°C for 10 min, followed by 40 cycles consisting of 15 s at 95°C for 

denaturation and 1 min at 60°C for annealing. Each experimental condition was repeated 

three times. Upon completion of the PCR, the threshold for calculating cycle threshold 

(Ct) values was calculated automatically. The Ct value of each apoptosis-related gene 

was normalized by the average Ct value of five house-keeping genes which was defined 

as ∆Ct. The relative expression of each of the 84 apoptosis-related genes was calculated 

using the △△Ct method.  The difference in ∆Ct of each gene between the older and 

younger OC / SV tissues and that of P21 was defined as ∆∆Ct, which represented a 

relative difference in expression of each apoptosis-related gene. Individual ∆∆Ct was 

adjusted to the averaged ∆∆Ct of each group with different ages. These adjusted values 

were subjected to statistical analysis by unpaired student’s t-test to determine the fold 

change and p-value of each gene. The ∆Ct value of each apoptotic gene of the older 

group with that of P21 group was compared (9m vs. P21 in C57 mice; 16m vs. P21 in 

CBA mice) to determine the significant changes on expression level of the apoptosis 

related genes. Fold difference was calculated as 2
-∆∆Ct

. P<0.05 was defined as significant 

changes. 

 

Table 4-1 84 apoptosis-related genes contained in the apoptosis RT² Profile PCR Array  

Symbol Description 

Akt1 Thymoma viral proto-oncogene 1 

Apaf1 Apoptotic peptidase activating factor 1 

Api5 Apoptosis inhibitor 5 

Atf5 Activating transcription factor 5 

Bad BCL2-associated agonist of cell death 
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Bag1 Bcl2-associated athanogene 1 

Bag3 Bcl2-associated athanogene 3 

Bak1 BCL2-antagonist/killer 1 

Bax Bcl2-associated X protein 

Bcl10 B-cell leukemia/lymphoma 10 

Bcl2 B-cell leukemia/lymphoma 2 

Bcl2l1 Bcl2-like 1 

Bcl2l10 Bcl2-like 10 

Bcl2l2 Bcl2-like 2 

Bid BH3 interacting domain death agonist 

Naip1 NLR family, apoptosis inhibitory protein 1 

Naip2 NLR family, apoptosis inhibitory protein 2 

Birc2 Baculoviral IAP repeat-containing 2 

Birc3 Baculoviral IAP repeat-containing 3 

Xiap X-linked inhibitor of apoptosis 

Birc5 Baculoviral IAP repeat-containing 5 

Bnip2 BCL2/adenovirus E1B interacting protein 2 

Bnip3 BCL2/adenovirus E1B interacting protein 3 

Bnip3l BCL2/adenovirus E1B interacting protein 3-like 

Bok BCL2-related ovarian killer protein 

Card10 Caspase recruitment domain family, member 10 

Nod1 Nucleotide-binding oligomerization domain containing 1 

Card6 Caspase recruitment domain family, member 6 

Casp1 Caspase 1 

Casp12 Caspase 12 

Casp14 Caspase 14 

Casp2 Caspase 2 

Casp3 Caspase 3 

Casp4 Caspase 4, apoptosis-related cysteine peptidase 

Casp6 Caspase 6 

Casp7 Caspase 7 

Casp8 Caspase 8 

Casp9 Caspase 9 

Cflar CASP8 and FADD-like apoptosis regulator 

Cidea Cell death-inducing DNA fragmentation factor, alpha subunit-like effector A 

Cideb Cell death-inducing DNA fragmentation factor, alpha subunit-like effector B 

Cradd CASP2 and RIPK1 domain containing adaptor with death domain 

Dad1 Defender against cell death 1 

Dapk1 Death associated protein kinase 1 

Dffa DNA fragmentation factor, alpha subunit 

Dffb DNA fragmentation factor, beta subunit 

Tsc22d3 TSC22 domain family, member 3 

Fadd Fas (TNFRSF6)-associated via death domain 

Fas Fas (TNF receptor superfamily member 6) 

Fasl Fas ligand (TNF superfamily, member 6) 

Hells Helicase, lymphoid specific 
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Il10 Interleukin 10 

Lhx4 LIM homeobox protein 4 

Ltbr Lymphotoxin B receptor 

Mcl1 Myeloid cell leukemia sequence 1 

Nfkb1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1, p105 

Nme5 Non-metastatic cells 5, protein expressed in (nucleoside-diphosphate kinase) 

Nol3 Nucleolar protein 3 (apoptosis repressor with CARD domain) 

Pak7 P21 protein (Cdc42/Rac)-activated kinase 7 

Pim2 Proviral integration site 2 

Polb Polymerase (DNA directed), beta 

Prdx2 Peroxiredoxin 2 

Pycard PYD and CARD domain containing 

Ripk1 Receptor (TNFRSF)-interacting serine-threonine kinase 1 

Rnf7 Ring finger protein 7 

Sphk2 Sphingosine kinase 2 

Tnf Tumor necrosis factor 

Tnfrsf10b Tumor necrosis factor receptor superfamily, member 10b 

Tnfrsf11b Tumor necrosis factor receptor superfamily, member 11b (osteoprotegerin) 

Tnfrsf1a Tumor necrosis factor receptor superfamily, member 1a 

Cd40 CD40 antigen 

Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 

Tnfsf12 Tumor necrosis factor (ligand) superfamily, member 12 

Cd40lg CD40 ligand 

Cd70 CD70 antigen 

Traf1 Tnf receptor-associated factor 1 

Traf2 Tnf receptor-associated factor 2 

Traf3 Tnf receptor-associated factor 3 

Trp53 Transformation related protein 53 

Trp53bp2 Transformation related protein 53 binding protein 2 

Trp53inp1 Transformation related protein 53 inducible nuclear protein 1 

Trp63 Transformation related protein 63 

Trp73 Transformation related protein 73 

Zc3hc1 Zinc finger, C3HC type 1 

 

E. Integrated Analysis of miRNAs and Apoptosis-Related Genes 

        The relationship of differentially expressed miRNAs and mRNAs was further 

analyzed. The potential mRNA targets of individual miRNAs were predicted by the 

TargetScan mouse version 6.2 (http://www.targetscan.org/mmu_61/). The data of 

miRNA GeneChip microarray and apoptosis q-PCR array at the same age (9 month vs 

P21 in C57 mice, 16 month vs P21 in CBA mice) were used for integrated analysis. Both 
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conserved and non-conserved targets for conserved miRNA families were used for 

analysis. Briefly, TargetScan predictions were used to construct a bipartite network graph 

in which miRNAs are connected to their predicted targets.  

 

 

 

III. Results 

A. Differentially Expressed Apoptosis-Related Genes in the OC during ARHL 

 The 84 genes included in the q-PCR array included several major groups of apoptotic 

genes, such as Bcl-2 family, TNF ligand family, TNF-receptor family, Caspase family, 

CARD family and death-domain family. These genes cover extrinsic and intrinsic 

apoptotic pathways and common downstream of mitochondrial pathways. The 84 

apoptotic genes can also be classified into anti-apoptotic and pro-apoptotic categories. 

Table 4-2 lists some of the genes and families in the array. The genes that negatively 

regulate apoptosis (anti-apoptosis) are listed in green and the pro-apoptotic genes are in 

red. 

 The relative expression levels of apoptosis-related genes were calculated using the 

average expression level of the five stable housekeeping genes (Gusb, Hprt, Hsp90ab1, 

Gapdh and Actb) as the reference, The average expression level at the older age was 

compared with that of P21 in both strains to detect alterations of gene expression in the 

OC tissue during aging. Table 4-3 presents all differentially expressed apoptosis-related 

genes in the OC, the fold changes between 9m (C57 mice) /16m (CBA mice) and P21, 

and the P value. The genes, Apaf1, Cidea, Dffa, Fasl, Fadd, Pak7 were significantly 
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upregulated and Tsc22d3 and Nme5 were downregulated in the OC of 9-month-old C57 

mice. In CBA mice, Bcl10, Bid, Mcl1, and Nme5 were significantly upregulated while 

Card6 was downregulated at 16m. Interestingly, most downregulated genes in both 

strains, such as Tsc22d3 and Card6, are anti-apoptotic genes.  

 

Table 4-2 The gene families 84 apoptosis-related genes covered 

Gene Family Apoptosis Related Genes 

TNF/TNFR Domain Proteins Cd40 (Tnfrsf5), Fas (Tnfrsf6), Fasl (Tnfsf6), Ltbr, 

Tnf, Tnfsf10 (Trail), Tnfsf12, Tnfrsf10b (Dr5), 

Tnfrsf11b 

BCL2 and BAG Domain Proteins Bag1, Bag3, Bax, Bcl2, Bcl2l1 (Bcl-x), Bcl2l10, 

Bcl2l2, Mcl1. 

BIR Domain Proteins: Birc2 (c-IAP2), Birc3 (c-

IAP1), Birc5, Naip1 (Birc1), Xiap (Birc4) 

CARD Domain Proteins Apaf1, Bcl10, Birc2 (c-IAP2), Birc3 (c-IAP1), 

Card10, Card6, Casp1 (Ice), Casp2, Casp4, Casp9, 

Cradd, Nod1 (Card4), Nol3, Pycard (Tms1/Asc) 

DEATH Domain Proteins Cradd, Dapk1, Fadd, Nfkb1, Ripk1, Tnfrsf10b 

(Dr5), Tnfrsf11b, Tnfrsf1a 

TRAF Domain Proteins Traf1, Traf2, Traf3 

Caspases and Regulators/Caspases Casp1 (Ice), Casp12, Casp14, Casp2, Casp3, 

Casp4, Casp6, Casp7, Casp8, Casp9, Cflar 

(Casper), Cradd, Pycard (Tms1/Asc). 

Caspases and Regulators/Caspase 

Activators 

Apaf1, Bax, Bcl2l10, Casp1 (Ice), Casp9, Nod1 

(Card4), Pycard (Tms1/Asc), Tnfrsf10b (Dr5), 

Trp53 

Caspases and Regulators/Caspase 

inhibitors 

Birc5, Xiap (Birc4) 

Genes in green: anti-apoptotic genes; Genes in red: pro-apoptotic genes.  

 

Table 4-3 Differential expression of apoptosis-related genes in the OC of C57 and CBA 

mice  

Strain Upregulated 

(Fold change, P value) 

Downregulated 

(Fold change, P value) 

C57BL/6J: 9m/P21 Apaf1 (57.548, 0.025) 

Cidea (6.798, 0.003) 

Tsc22d3 (0.277, 0.019) 

Nme5 (0.505, 0.025) 
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Dffa (3.873, 0.022) 

Fasl (7.941, 0.049) 

Fadd (6.806, 0.024) 

Pak7 (18.326, 0.039) 

CBA/J: 16m/P21 Bcl10 (26.812, 0.001) 

Bid (1.623, 0.027) 

Mcl1 (3.874, 0.044) 

Nme5 (2.894, 0.032) 

Card 6 (0.471, 0.002) 

Genes in green: anti-apoptotic genes; Genes in red: pro-apoptotic genes. 

 

B. Differentially Expressed Apoptosis-Related Genes in the SV during ARHL 

 Table 4-4 presents all the differentially expressed apoptosis-related genes in the SV. 

The fold changes between 9m (C57 mice) /16m (CBA mice) and P21, and the P value are 

included in the parenthesis. The genes, Atf5, Bid, Naip1, BirC2, Casp14, Dapk1, Mcl1, 

Nol3, Tnf, Cd40, Tnfsf10 and Zc3hcl were significantly upregulated, while Xiap, Birc5, 

Bok and Casp3 were downregulated in SV of 9-month-old C57 mice compared with P21. 

In CBA mice, Dapk1 was significantly upregulated while Birc5 and Casp3 were 

downregulated at 16m..  

 

Table 4-4 Differential expression of apoptosis-related genes in SV of C57 and CBA mice 

Strain Upregulated 

(Fold change, P value) 

Downregulated 

(Fold change, P value) 

C57BL/6J: 9m/P21 Atf5 (3.053, 0.013) 

Bid (3.239, 0.012) 

Naip1 (4.968, 0.015) 

Birc2 (2.281, 0.027) 

Casp14 (8.589, 0.004) 

Dapk1 (3.697, 0.001) 

Mcl1 (1.634, 0.0238) 

Nol3 (5.795, 0.019) 

Tnf (3.047, 0.025) 

Cd40 (2.121, 0.008) 

Tnfsf10 (1.886, 0.002) 

Zc3hcl (2.440, 0.045) 

Xiap (0.675, 0.034) 

Birc5 (0.305, 0.042) 

Bok (0.302, 0.033) 

Casp3 (0.593, 0.015) 
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CBA/J: 16m/P21 Dapk1 (4.385, 0.001) 

 

Birc5 (0.103, 0.049) 

Casp3 (0.449, 0.034) 

Genes in green: anti-apoptotic genes; Genes in red: pro-apoptotic genes. 

 

C. Integrated Analysis of the Expression Profiles of ARHL-Associated miRNAs and 

Apoptosis Related mRNAs in the Aging OC Tissue 

  Although the precise mechanism(s) by which miRNAs induce mRNA degradation 

and regulate protein expression by post-transcriptional silencing have not been fully 

elucidated (Filipowicz et al., 2008; Pillai, 2005), perfect miRNA seed region/target 

complementarity is predominantly associated with the destabilization of target genes 

(Filipowicz et al., 2008). Accordingly, the levels of miRNA should be inversely 

correlated to the levels of its target gene transcripts. Therefore, the potential association 

of differentially expressed mRNAs with miRNAs in the OC and SV of both strains was 

examined. The potential targeting miRNAs for each differentially expressed mRNA was 

predicted by screening miRNA database using TargetScan 6.2, and then compared with 

the identified miRNAs that were differentially expressed in the OC and SV of each strain 

(9 month vs P21 in C57 and 16 month vs P21 in CBA). The 3′ un-translated region (3′ 

UTR) of the differentially expressed mRNAs was characterized for potential miRNA 

binding sites. 

  The integrated analysis revealed 4 upregulated mRNAs (Cidea, Dffa, Fadd, Fasl) 

containing the binding sites of 24 downregulated miRNAs in the OC of C57 mice, 

whereas, no correlated expression was found in the downregulated mRNAs and 

upregulated miRNAs in the OC of C57 mice. In the OC of CBA mice, two upregulated 

mRNAs (Bcl10, Bid) were found to be the targets of 10 downregulated miRNAs. One 
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downregulated mRNA (Card 6) was predicted to be the target of miR-200a, which was 

upregulated in the aging OC.  Among all the downregulated miRNAs found in the co-

expressing networks, 3 miRNAs were found to be targeting upregulated apoptosis-related 

genes in OC of both strains. They are miR-28, miR-149 and miR-205.  miR-28 and miR-

205 were predicted to target Fadd in C57 mice and Bcl10 in CBA mice, while miR-149 

targets Dffa in C57 mice and Bid in CBA mice in the OC.  Figure 4-1 presents the 

networks of potential interactions between those miRNAs and mRNAs. 

  Several ARHL-related miRNAs, or their family members are in the regulating 

networks. They exhibited the coincident relationship that pro-apoptitic miRNAs regulate 

anti-apoptotic genes, while anti-apoptotic miRNAs regulate pro-apoptotic genes. For 

example, Fadd, a critical pro-apoptotic gene that was upregulated 7 fold in the OC of C57 

mice, is predicted to be regulated by miR-183 family members, miR-96/miR-182, and 

miR-298, which are all anti-apoptotic miRNAs and are downregulated at the age of 9m. 

As described previously, miR-183 and miR-298 were expressed in the hair cells. So the 

co-expression of miR-298, miR183 and Fadd may indicate the relevant signaling 

pathways of Fadd are critical to the apoptosis of hair cells. Another example is miR-200a, 

a member of miR-200 family. The miRNA 200 family is also known as pro-apoptotic 

miRNAs, and the member miR-141 has been found in hair cells and supporting cells (See 

Fig. 3-4).  miR-200a, which was upregulated in the aging OC of CBA mice is predicted 

to target an anti-apoptotic gene, Card6, which was downregulated during ARHL.  
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D. Integrated Analysis of the Expression Profiles of ARHL-Associated miRNAs and 

Apoptosis- Related mRNAs in the Aging SV Tissue 

Integrated analysis revealed that 8 upregulated mRNAs (Atf5, Bid, Birc2, Casp14, 

Tnfsf10, Zc3hcl, Cd40, Niap1) and 4 downregulated mRNAs (Birc5, Bok, Casp3, Xiap) 

contain binding sites for relatively altered ARHL-relevant miRNAs in the SV of C57 

 B 
 

 

Figure 4-1 Network analysis of the relationship of differentially expressed miRNAs and 

mRNAs in the OC. Small circles: Downregulated miRNAs/mRNAs. Large circles: 

Upregulated miRNAs/mRNAs.  Purple circles: Differentially expressed miRNAs/mRNAs in 

C57 mice. Yellow circles: Differentially expressed miRNAs/mRNAs in CBA mice. Blue 

circles: Differentially expressed miRNAs/mRNAs in both C57 and CBA mice. Central circles: 

Apoptosis- related mRNAs. Surrounding circles: miRNAs.  A. Upregulated apoptosis-related 

genes with downregulated targeting miRNAs. B. Downregulated apoptosis-related genes with 

upregulated targeting miRNAs. 

 

A 
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mice. Two downregulated mRNAs (Birc5, Casp3) showed coincident expression with 

several upregulated ARHL-related miRNAs in the SV of CBA mice, but no upregulated 

apoptosis-related genes were co-expressed with ARHL-related miRNAs. Figure 4-2 

presents the networks of potential interaction between those miRNAs and mRNAs. The 

coincident relationships that pro-apoptotic miRNAs regulate anti-apoptotic genes, and 

anti-apoptotic miRNAs regulate pro-apoptotic genes were exhibited in the networks. For 

instance, Tnfsf10, a critical pro-apoptotic gene upregulated by 1.9 times in SV of C57 

mice, is predicted to be regulated by miR-145, miR-107, and two anti-apoptotic miRNAs 

which were downregulated at the age of 9m and were expressed in the SV. Another 

example is miR-200a, a known pro-apoptotic miRNA that was upregulated in the aging 

SV in C57 mice is predicted to target the anti-apoptotic gene, Birc5, which was 

downregulated in both strains during ARHL. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4-2 Network analysis of the relationship of differentially expressed miRNAs and 

mRNAs in the SV. Small circles: downregulated miRNAs/mRNAs. Big circles: upregulated 

miRNAs/mRNAs.  Purple circles: differentially expressed miRNAs/mRNAs in C57 mice. 

Yellow circles: differentially expressed miRNAs/mRNAs in CBA mice. Blue circles: 

differentially expressed miRNAs/mRNAs in both C57 and CBA mice. Central circles: 

apoptosis- related genes (mRNAs). Surrounding circles: miRNAs.  A. Upregulated apoptosis-

related genes with downregulated targeting miRNAs. B. Downregulated apoptosis-related 

genes with upregulated targeting miRNAs. 
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IV Discussion 

The key to understanding the role of miRNAs in human diseases is the 

identification of target genes regulated by miRNAs. Given that miRNA genes, their 

complementary binding sites within target mRNAs, and their tissue- or cell-type-specific 

expression patterns among organisms is highly conserved, it becomes possible to infer 

miRNA functions. I incorporate experimentally demonstrated and predicted miRNA-

mRNA interactions from the TargetScan databases. Three criteria are usually applied for 

identifying a correlation between miRNAs and mRNAs. First, level of quality of a 

predicted miRNA-mRNA target relationship. Second, agreement between predicted and 

observed effect of a miRNA-mRNA interaction (upregulation of a miRNA pair to 

downregulation of its mRNA target). Third, miRNA and mRNA that have a functional 

associations with a disease, cellular process, or pathway relevant to the experimental 

model.  In this study, all of the differentially expressed miRNAs and apoptosis-related 

mRNAs were screened based on the criteria that these miRNAs are abundantly expressed 

in the cochlear tissue. A coincident relationship of the expression level between those 

miRNAs and mRNAs at the same age was detected using a bioinformatics tool. Moreover, 

the expression level of differentially expressed miRNAs and mRNAs has changed 

together with the decline of function and morphological changes during aging.  

Some of the differentially expressed apoptosis-related genes identified in this 

study have been linked to cell degeneration and death in the cochlea induced through 

multiple reasons as also demonstrated by previous studies (Devarajan et al., 2002; 

Bodmer, 2003; Fu et al., 2012). For example, Cidea, a cell death domain family gene, 

that is upregulated in the OC of C57 mice, is a predicted target of miR-331-3p and miR-
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324-5p. Previous studies have shown its involvement in ouabain-induced apoptosis in 

cochlear tissue (Fu et al., 2012). Bid, which was upregulated in CBA mice, a predicted 

target of miR-149, miR-345-5p and miR-501-3p, has been implicated in cisplatin-induced 

apoptosis in auditory sensory cell lines by activating mitochondrial pathways (Devarajan 

et al., 2002). The apoptotic gene of FasL, a predicted target of Let7e, was previously 

shown to be related to cochlear cell death in response to inflammatory stress (Bodmer, 

2003).  

In the SV tissue, Bid, BH3 interacting domain death agonist, a member of the Bcl-

2 family of cell death regulators and a mediator of mitochondrial pathway induced by 

caspase-8, is upregulated in C57 mice and is a predicted target of miR-574-3p and miR-

149. Bid was found to be activated following the enhanced caspase 8 activity in cisplatin-

induced apoptosis in auditory cells in vitro through both the death receptor mechanisms 

and mitochondrial pathways associated with apoptosis (Devarajan et al., 2008). Bid was 

also found upregulated in CBA mice with the coincident relationship with its predicted 

regulator, miR-149, miR-345-5p and miR-501-3p in the present study. The co-expression 

of Bid and its predicted regulating miRNAs in both the OC and SV of both strains with 

aging indicates regulation of Bid and its related signaling pathways are vital for the 

balance of promoting/inhibiting cell death during the cochlear ARHL. The opposite 

example is Birc5 which was significantly downregulated in aging SV. Birc5, baculoviral 

IAP repeat containing 5, is a member of the inhibitor of apoptosis (IAP) gene family, 

which encodes negative regulatory proteins that prevent apoptotic cell death. Several 

studies demonstrate an oto-protective role of Birc5 from ototoxic insults, such as noise or 

ototoxic drugs in vivo and in vitro (Habtemichael et al., 2010; Knauer et al., 2010). Birc5 

http://www.ncbi.nlm.nih.gov/pubmed?term=Devarajan%20P%255BAuthor%255D&cauthor=true&cauthor_uid=12433395
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is expressed in cell types critical for auditory function in the humans and guinea pigs. 

Moderate noise exposure significantly enhances Birc5 expression in the spiral ligament, 

nerve fibers and the OC (Knauer et al., 2010). It was postulated that the upregulation of 

Birc5 may involve nitric oxide (NO)-induced Akt signaling. This anti-apoptotic gene is 

predicted to be regulated by miR-200a, miR-146a, miR-125a, miR-16, miR-150 and 

miR-762. Among these miRNAs, miR-200a was expressed in SV cells by ISH staining. 

Some of other miRNAs identified in this study, such as miR-146a, miR-16 are also 

relevant to the stress-induced apoptosis.  

Expression analysis of the predicted target genes from two comparable datasets 

created from the OC and SV tissues of both strains reveals an inverse relationship 

between the expression levels of the differentially expressed ARHL-associated miRNAs 

and apoptosis-related genes. As miRNAs act as inhibitors of mRNA in controlling 

cellular processes, upregulation of ARHL-related miRNAs is associated with a decrease 

in the transcription levels of predicted target mRNAs of apoptosis-related genes, while 

downregulation of miRNAs is related to the increased transcription levels of potential 

target mRNAs in the same tissue. Two typical cochlear ARHL-related miRNA-mRNA 

interactions identified in this study are discussed below. 

 

1.Fadd /miR-183 family members and miR-298 in OC 

  The apoptotic gene Fadd that was upregulated  in the older OC tissue in C57 mice (9 

month vs P21) is likely regulated by several ARHL-associated miRNAs including miR-

96, miR-182 and miR-298. miR-96 and miR-182 belong to miR-183 family. miR-183 is 

expressed in hair cells. miR-298 is expressed in hair cells and supporting cells. Both miR-
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183 family members and miR-298 are downregulated with aging in the OC tissue in both 

strains. Fas-Associated protein with Death Domain (FADD) is a pro-apoptotic gene. An 

inverse correlation exists between the anti-apoptotic miRNAs and the target pro-apoptotic 

genes, which is demonstrated between Fadd, miR-183 family and miR-298 in our 

datasets in the OC of C57 mice.  

        miR-298, a proliferation-related miRNA, is often found in the cancer cell lines, 

suggesting involvement in carcinogenesis. As a neural specific miRNA, it is upregulated 

in the brain after the apoptosis-induced by injury stress. As an age-related miRNA, it is 

involved in progression of Alzheimer’s disease by targeting BACE1. ISH showed an 

intensive and extensive expression of miR-298 in sensory cells during aging. Thus, it 

may not be difficult to postulate that other apoptosis-related genes might be its target 

during the onset and progress of ARHL.  

        miR-183 family exerts a great influence on hair cell differentiation. Several genes 

that are important to the development of hair cells are the target of the miR-183 family in 

vivo or in vitro, such as Sox2, Lhx3 (Soukup et al., 2009; Li & Fekete, 2010; Weston et 

al., 2011). Moreover, it is interesting to note that some other transcription factors that are 

important to the maintenance of hair cells, such as Pou4f3, Taok1, are also regulated by 

the miR-183 family (Weston et al., 2011; Patel et al., 2013). Fas (TNFRSF6)-Associated 

via Death Domain (FADD) is an adaptor molecule that bridges the Fas-receptor, and 

other death receptors, to caspase-8 through its death domain to form the death-inducing 

signaling complex (DISC) during apoptosis. Thus, it appears that miR-183 may play a 

critical role in development and maintenance of sensory cells in mammalian cochleae. 

Downregulation of miR-183 can trigger apoptosis of hair cells.  
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        Fadd is an important factor within the Fas-FasL pathway system that is linked to 

cochlear apoptosis induced by multiple causes. Fas-FasL signaling may be involved in 

secondary apoptosis of spiral ganglion cells resulting from hair cell loss by regulating 

ROS and c-Jun N-terminal kinase (JNK) signaling (Bae et al., 2008). FasL expression in 

the cochlea is upregulated after gentamicin treatment (Bae et al., 2008). The secondary 

apoptosis of spiral ganglion cells might be the result of the apoptotic Fas-FasL-signaling 

pathway (Jeong, 2010). Apoptosis mediated by Fas/FasL is also involved in the 

pathogenesis of the immune response of the inner ear. High expression of Fas and FasL is 

detected in the OC, the lateral wall, the spiral ligament and the spiral ganglion of the 

guinea pig (Xu, 2004). Correlation between hair cell apoptosis and high expression of Fas 

protein in the chicken inner ear following chronic kanamycin ototoxicity has also been 

detected (Lei, 2002). Therefore, Fas protein may regulate and control hair cell apoptosis. 

The identified ARHL-related miRNAs, miR-96, miR-182, miR-298 and other 

miRNAs are believed to regulate genes involved in apoptosis in multiple systems and cell 

lines. The identified linkage of Fadd with miR-96, miR-182 and miR-298 suggested that 

they might serve as apoptosis regulators during the course of hair cell degeneration 

during ARHL. The downregulation of these miRNAs with aging would cause an 

increased expression of apoptotic genes such as Fadd and Fasl, which would promote the 

function of Fas-FasL signaling in the cochlea, and lead to the ARHL. It should be pointed 

out that these processes involve more intricate mechanisms that have yet to be revealed, 

including the interplay among different miRNAs and proteins. 

 

2. Tnfsf10 / miR-107 and miR-145 in SV 
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  Tumor necrosis factor (ligand) superfamily member 10, Tnfsf10, is a cytokine that 

belongs to the tumor necrosis factor (TNF) ligand family. It preferentially induces 

apoptosis in transformed and tumor cells. Tnfsf10 binds to several members of TNF 

receptor superfamily. Tnfsf10 is a pro-apoptotic gene that triggers the activation of 

MAPK8/JNK, caspase 8, and caspase 3. Tnfsf10, upregulated by 2 fold in the SV tissue 

of C57 mice (9 month vs P21), is predicated to be regulated by several ARHL-associated 

miRNAs including miR-107, miR-145, miR-125b, miR-704, miR-182, miR-467a and 

miR-342-3p. miR-107 and miR-145, which are expressed in the intermediate cells, are 

downregulated with aging in the SV of both strains. Q-PCR results reveal that their 

expression level is decreased during the onset and progression of ARHL. In human 

carcinoma cells, Tnfsf10 can have multiple effects on apoptosis, senescence, proliferation, 

and cytokine production (Wu et al., 2004). It preferentially induces cell proliferation at 

low concentrations, while high concentration induces cell senescence. Furthermore, 

Tnfsf10 stimulates production of several cytokines such as IL-8, RANTES, MCP-1 and 

bFGF. Previous studies indicated that upregulation of Tnfsf10 during aging enhances the 

apoptosis of multiple cell lines to prevent the carcinogenesis and keep the balance of cell 

populations (Zhou et al., 2013; Jin et al., 2013).  

        Tnfsf10, upregulated in the older SV tissue of C57 mice, exhibits an inverse 

relationship with miR-107. miR-107 group has been implicated in age-related diseases 

such as cardiovascular disease and Alzheimer's disease. It is involved in accelerated 

Alzheimer’s disease progression through regulation of BACE1. ISH showed that miR-

107 was located in the intermediate cell of the SV, and was downregulated during aging. 

Thus, it is reasonable to assume that some other apoptosis-related genes might be its 
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targets during SV degeneration. miR-145 was located in the intermediate cells and 

capillary walls of the SV.  It is a key regulator in the melanogenesis by regulating the 

expression of Sox9, Mitf, Tyr, Trp1, Myo5a, Rab27a, and Fscn1(Dynoodt et al., 2013). It 

controls the terminal differentiation by regulating the core pluripotency factor OCT4 

(Wang et al., 2013). In the aspect of apoptosis, the only verified target of miR-145 is the 

insulin receptor substrate-1 (IRS1), which promotes proliferation of cultured colon cancer 

cells (Law et al., 2012). IRS1 is a factor in insulin/insulin-like growth factor-1 (IGF-1) 

signaling (IIS) pathway, which was the first established aging pathway. More apoptosis -

related targets in the inner ear are yet to be revealed.  

 

Several apoptosis signaling pathways involved in the onset and progress of ARHL 

were identified by using apoptosis q-PCR array and an integrate bioinformatics analysis. 

However, the precise relationship between these miRNAs and their potential target 

mRNAs remains to be validated. Although preliminary, the findings from this study 

provide a basis for further investigation of the key signaling pathways that involve 

miRNAs and apoptosis-related genes. Apparently, modulation of those miRNA may be 

one strategy to slow down ARHL.  
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Chapter 5: General Discussion - Limits and Future Experiments 

 Identifying miRNAs and their functions as well as their targets has become a 

research area with significant impact they were discovered in 1993 by Victor Ambros, 

Rosalind Lee and Rhonda Feinbaum during a study of the gene lin-14 in C. elegans 

development and since their biological significance has become highly recognized in 

recent years. Although miRNAs usually produce subtle changes in protein expression by 

post-transcriptionally repressing target mRNA expression, the net effect of individual or 

combined miRNA function contributes substantially to normal processes in development 

as well as in aberrant processing associated with disease (Lee et al., 1993; Reinhart et al., 

2000; Pasquinelli et al., 2000; Gregory, 2004).  Such is the case in cancer biology and 

aging where changes in miRNA expression or mutations affecting underlying underlie 

the biological mechanism that supporting cell differentiation, proliferation and apoptosis.   

 Virtually all high impact studies in cancer and aging in the past 20 years involved a 

sequential number of steps. 1). The identification of differentially expressed miRNAs (by 

comparing miRNA expression profiles between pathological and normal tissues or 

between young and older tissues). 2). The validation of the dynamic expression of 

selected miRNAs initially by q-PCR followed by in situ hybridization to determine 

cellular temporal spatial distribution. 3). The identification of miRNA targets or 

pathways by bioinformatics analysis and/or by detecting changes in mRNAs and/or 

protein expression using gene array and/or western blot.  4). The alteration of miRNA 

expression by introducing siRNA in vitro or in vivo models to determine whether there is 

a gain/loss of function or morphological change. 5). The generation of a knockout/knock-

in animal model to confirm gain/loss of function or morphological changes.  I have 
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followed this blueprint and finished steps from 1 to 3. I fully understand that a 

comprehensive study with high impact requires the first four steps. The current 

investigation, however, is limited by some unique features of the inner ear and by the fact 

that ARHL is a slow, progressive process. The reasons why these limitations hamper 

further investigation are discussed below. 

  Studies in aging research often take the advantage of using nematodes (e.g., C. 

elegans) whose average life span is approximately 2–3 weeks.  Mice have an average life 

span of approximately 2 years. ARHL starts in the high frequency region around 3 

months after birth and profound hearing loss occur around 16-18 months even for the 

most commonly used mouse strain, C57 mice. Since suppression or over-expression 

(often using siRNA by either virual infection or direct transfection) of a gene (in this 

case, a miRNA of interest) is usually transient, the alternation lasts only a few days at 

best and is unlikely to significantly alter a slow and progressive process that would 

require persistent influence to the gene or protein expression.  

  Studies designed to identify target mRNAs and their signal pathways often use cell 

lines or tissue cultures in vitro where suppression or over-expression of a miRNA can 

easily be performed and the resultant gain/loss of function and/or morphological changes 

can readily be determined. This is especially the case in cancer research and in 

developmental studies. Up to date, no cell lines that have the characteristics of a hair cell 

exist.  While some cell lines from developing mammalian otocyst are available 

(Germiller et al., 2004 Lawoko-Keral et al., 2004; Helyer et al., 2007), they represent 

immature cells that are not suitable for aging studies. Although the neonatal OC can be 

maintained in the culture for up to two weeks (He, 1997; Jia et al., 2009), the OC from 
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adult animals survives in culture condition for less than 2 hours.  Because the expression 

of miRNAs and their target signal pathways are often cell/tissue-specific and age-

dependent, and because there are no alternatives to the OC tissues that can be cultured 

and studied in vitro, it is experimentally difficult to examine the targets and signal 

pathways of miRNAs in the inner ear during aging.  Although I explored the targets by 

apoptosis-related gene array, the established networks (between miRNAs and mRNAs) 

and mechanisms are based on bioinformatics analyses.  I should point out, though, 

majority of previous studies have used the similar bioinformatics approach to predict 

relative miRNA-mRNA networks. These supplement direct experimental confirmation.  

  Finally, previous studies have shown that hair cells in adult animals are notoriously 

difficult to transfect by viral based vector systems or by direct transfection. The 

transfection rate is extremely low and is often only a few percent. The low transfection is 

unlikely to have a significant (and detectable) influence on changes of global 

gene/protein expression. This is further hampered by not-so-easy accessibility to the inner 

ear (the cochlea is shielded inside the temporal bone and is vulnerable to surgery). Taken 

together, the not-so-easy accessibility to the cochlea, lack of cell lines or in vitro models, 

low transfection rate and limited effect of transient expression to a long and slow process 

of aging are the major barriers to a comprehensive study.  I would like to point out that 

investigation of ARHL in the cochlea is not the only one that is challenged by technical 

difficulties. Similar challenges are also seen in the study of brain aging and other age-

related neural degenerative diseases. 

  Future experiments need to be designed to overcome these technical difficulties. 

However, there are other studies that can be done to advance our understanding of the 
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roles of miRNAs in ARHL. For example, we have identified several pro-apoptotic 

miRNAs (such as miR-29 and miR-34) that are significantly upregulated in the OC 

during aging. Although it is technically difficult to delineate the molecular mechanism of 

these miRNAs in the inner ear, it is possible, however, to examine whether alternation of 

these pro-apoptotic miRNAs can significantly slow down or accelerate ARHL in the 

mutant mouse models. miR-34 knockout mouse strain is already available. Examination 

of hearing and inner ear morphology in the mouse strain should reveal whether miR-34 

alone plays an important role in ARHL.   

   In conclusion, the present study for the first time demonstrates the extent, identities 

and specificity of miRNA expression during aging in the mammalian inner ear. We show 

that the underlying process and regulatory mechanism of aging in the auditory sensory 

epithelium and SV involve repression of miRNAs important for proliferation and 

differentiation, and enhancement of miRNAs that promote apoptosis. Such change in the 

miRNA expression profile takes place well before morphological and functional changes 

are detected. Further experiments using q-PCR and in situ hybridization showed that 4 

separate subsets of miRNAs in the OC and SV are positively expressed in different 

tissues in the cochlea with the dynamic changes consistent with their potential roles in 

regulating the balance between proliferation and apoptosis.  I further explored the 

potential targets of several apoptosis-related miRNAs using apoptosis-related gene 

microarray technique and bioinformatics analysis. The present work is the first step in an 

effort to elucidate the roles of miRNAs and their regulatory networks in age-related 

degeneration of the OC/SV. It lays the groundwork for future experiments that can 

explore whether suppression or overexpression of some miRNAs can slow the onset and 
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progression of ARHL.    
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