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                                                                           SUMMARY 
 
 

DFNB26 is an autosomal recessive, non syndromic deafness locus identified in a 

Pakistani family (Riazuddin et al., 2000). This hearing loss phenotype due to mutated 

DFNB26 gene is rescued by a mutation in a modifier gene named as DFNM1. The 

present study was conducted to study the role of DFNB26 gene in hearing. RNA 

interference was used to study the biological effects of DFNB26 gene in vitro, in order to 

validate the involvement of DFNB26 gene in hearing impairment. 

 

In this study, the mouse DFNB26 cDNA was cloned into mammalian expression 

vector (pCMV-Tag2) and six different siRNAs were selected. A scrambled negative 

control siRNA with the same nucleotide composition as of experimental siRNA but 

without significant sequence homology to the mouse genome was also designed and 

synthesized. All the siRNAs were studied in vitro for knockdown analysis by RT-PCR 

and Western blotting in CHO cell line. Our results with different regions of the DFNB26 

mRNA showed varying efficiencies of silencing. Two siRNAs designated as AR85 and 

AR102 showed the maximum silencing of DFNB26, up to 80% both at transcriptional 

and at posttranscriptional level. The results indicated that interference in the expression 

and activity of DFNB26 may provide insight into deafness phenotypes. 

 

 The knockdown of DFNB26 mRNA by small interfering RNA was transient and 

persisted for a few hours. To achieve stable knockdown of DFNB26 in a mouse model, 

the most efficient siRNAs were cloned in the form of hairpin loop into an expression 

vector under the control of two promoters; an ear specific human MyoVIIa promoter to 

knockdown the DFNB26 gene expression predominantly in mouse ear and human Pol II 

Ubiquitous C promoter to ubiquitously knockdown the expression of DFNB26 in all 

tissues in vivo. These shRNA constructs were in vitro studied for knockdown analysis by 

RT-PCR and Western blotting, in CHO cell line. shRNA constructs designated as P85 

 v



and M85 silenced DFNB26 expression in vitro. These constructs were selected for 

knockdown of DFNB26 in mice.  

  

The findings of the present thesis are laying the foundation for elucidation of the 

role of DFNB26 gene in hearing physiology by generating knockdown mice. 
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SECTION 1 

 

 



   

 

 

       INTRODUCTION  

 

 

 

 
Auditory organ dysfunction in humans seriously impairs their communication 

abilities (Reiners et al., 2006). Hearing impairment can retard individual’s social and 

economical life. The disability accounts for one third of the entire disease burden in the 

world (Anne-Sofie et al., 2009; Cruickshank et al., 1998). Genetic hearing loss is 

frequent in populations where consanguineous marriages are very common. 

Consanguineous marriage is customary in Pakistani population. About two-thirds of 

marriages in Pakistan are consanguineous (Hussain, 1999). The availability of genetic 

resource has proved helpful in understanding the molecular events results in deafness 

(Friedman et al., 2000).  

 

Riazuddin et al., (2000) reported a large consanguineous family with recessive 

hearing loss linked to chromosome 4q31 as established by linkage analysis (DFNB26). 

Homozygosity for a mutant DFNB26 allele can cause profound, congenital hearing loss. 

Hereditary deafness for this locus was noticed among eight individuals, when 141 

individuals of this large consanguineous Pakistani family were included in the study. 

There were seven exceptional individuals in this family who were homozygous for the 

mutant DFNB26 haplotype and yet had normal hearing. Audiometric and otoacoustic 

emissions testing revealed no differences between family members with normal hearing 
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and non-penetrant DFNB26 homozygotes (Riazuddin et al., 2000). It was further 

observed that hearing loss phenotype in the seven non-penetrant individuals was rescued 

by a mutation in a dominant modifier gene named as DFNM1. 

 

The present study was conducted to reveal the role of DFNB26 gene in deafness 

by RNA interference technology. RNA interference (RNAi) based methodologies using 

siRNAs are the primary means by which target specific gene silencing is done, causing 

null or hypomorphic phenotypes. 

 

RNA interference (RNAi) can be produced by three strategies: chemically 

synthesized small interfering RNA (siRNA), long double-stranded RNA (dsRNA) and 

DNA-based (plasmid or viral vector) short hairpin RNA (Cheng and Mahato, 2009; Rana, 

2007; Hamilton et al., 2002). This technology helps to study the function of genes 

(Cheng and He, 2009). RNAi is operative in all the cells of organisms ranging from 

plants (Vance and Vaucheret, 2001) to nematodes, and flies (Hammond et al., 2000), and 

to mammals, which indicates its fundamental importance in the selective suppression of 

protein translation by targeted degradation of the encoding mRNA (Chu and Rana, 2007; 

Filipowicz, 2005; Bauocombe, 2004). RNAi based gene silencing can be achieved by 

endogenous production or artificial introduction of siRNA into cells with sequences 

complementary to the targeted gene (Liu et al., 2007; Hannon et al., 2006; Hammond et 

al., 2001; Bosher and Labouesse, 2000). 

 

The mouse DFNB26 gene mRNA sequence is 86% homologous to human 

DFNB26 gene. To study the knockdown expression of DFNB26 gene, small interfering 

RNA oligonucleotides were designed against mouse DFNB26 mRNA sequence, using 

siRNA target finder software of Ambion. The siRNAs were designed with sequence AA 

(N19)TT, where N was any nucleotide and had 2-nucleotide 3′ overhang of uridine 

residues. The sequence selected in the region 50 to 100bp downstream of the start codon. 

The GC content of the siRNAs was kept between 35-50%. A control siRNA with the 

same nucleotide composition as the experimental siRNA but without significant sequence 

homology to the mouse genome was also designed. The siRNAs DNA templates were 
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chemically synthesized with appropriately protected ribonucleoside phosphoramidites 

with a conventional synthesizer commercially (Sigma Aldrich, U.S.A).  

 

For in vitro screening of siRNAs against DFNB26 gene, the mouse 2.0 Kb 

DFNB26 cDNA was cloned into mammalian expression vector (pCMV-Tag2). Six 

different siRNAs were designed to target different exons of DFNB26. For DFNB26 

knockdown expression analysis by small interfering RNA, DFNB26 conferring 

expression vector was co-transfected with siRNA into CHO cell line. All the six siRNAs 

were studied for knockdown analysis by RT-PCR. Our results with siRNAs designed 

against different regions of the DFNB26 mRNA showed varying efficiencies of gene 

silencing. To study the knockdown expression at protein level, three most efficient 

siRNAs from RT-PCR analysis were selected. These siRNAs showed varying efficiency 

to silence the expression of DFNB26 at posttranscriptional level. In our results the best 

DFNB26 mRNA knockdown was observed by targeting the exon 7 and exon 9 of 

DFNB26 by siRNAs designated as AR85 and AR102. These two siRNAs showed the 

best silencing of more than 80% at posttranscriptional level. Based upon RT-PCR and 

Immunoblotting results, siRNAs; AR85 and AR102 were selected for further knockdown 

studies. 

 

In mammalian cells, siRNA persists effectively for an average of approximately 

66 hours and phenotypes generated were transient (Chiu and Rana, 2002). Knockdown of 

DFNB26 mRNA by small interfering RNA was transient and siRNA started degrading 

after 24 hours. Stable expression of siRNA in target cells can be achieved by cloning 

siRNA in the form of hairpin loop. Short hairpin RNAs (shRNAs), are more efficient 

than siRNAs to induce gene silencing (Sano et al., 2008; Scherr and Eder, 2007; 

Amarzguioui et al., 2005). For stable knockdown of DFNB26 mRNA in mouse model, 

the most efficient siRNAs were cloned in the form of short hairpin loop into an 

expression vector. The vector-based shRNA expression system is effective way for 

inhibiting gene activities in either inheritable or inducible manner (Rangasamy et al., 

2008; Baulcombe, 2007; Silva et al., 2005; Rao and Sockanathan, 2005). 
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Stable expression of shRNA can be achieved using RNA polymerase II promoters 

(Saghir and Ibrahim, 2007). For ubiquitous knockdown of DFNB26 mRNA in all tissues, 

shRNA was cloned under the control of human Pol II Ubiquitin C (UbC) promoter into 

an expression vector UbC-GFP-Zeocin (UbC). 

 

Boeda et al., (2001) made a number of truncated versions of human and mouse 

MyoVlla promoter to derive ear specific expression of transgene. A 5′-truncated version 

of the human MyoVIIa promoter region and intron 1 restricts the expression to the hair 

cells of the inner ear, cochlea and vestibule (Boeda et al., 2001). To target the DFNB26 

mRNA expression predominantly in mouse ear, the human MyoVlla promoter containing 

-118 bp from transcription start site, intron 1 and exon 1 was cloned into UbC construct 

by replacing the Pol II Ubiquitous C promoter to derive shRNA expression. 

 

In vitro expression analysis in Chinese hamster ovarian cell line (CHO) was 

derived to study DFNB26 knockdown by shRNA. Knockdown expression of target 

mRNA by shRNA constructs was studied by RT-PCR and Western blotting. shRNAs 

designated as  P85 and M85 under ubiquitous and ear specific promoters respectively, 

knocked down DFNB26 mRNA expression in vitro.  

 

The above in vitro studies showed the knockdown of target gene mRNA and 

protein. The present study provides fundamental background and is an initial step for 

generation of DFNB26 knockdown mouse which is prerequisite to understand the role of 

DFNB26 gene in hearing physiology. The study may help to target DFNB26 mRNA for 

studying target gene functional role in vivo. Thus the interference with the expression and 

activity of DFNB26 may be helpful to study ear development pathways regulated by 

DFNB26 gene. 
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    THE AUDITORY SYSTEM 

 

 

 

  
In order to study the individual gene product in auditory pathways, the 

understanding of auditory system is important (Eisen and Ryugo, 2007; Davis, 2003). 

Various auditory parts and pathways involved in hearing mechanisms are as follows, 

 

2.1 AUDITORY SYSTEM 

One of the most astounding functional group in body is the auditory system, a 

paired sensory organ, comprising the auditory system, involved in the detection of 

sound, and the vestibular system, involved in maintaining the body equilibrium. This 

organ is an ingenious creation designed to transfer sound waves from the environment to 

the brain in an efficient way in smallest amount of space.  

Hearing organ comprises three anatomical compartments, the outer, middle and inner ear, 

which function as a unit (Figure 2.1). 
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Figure 2.1:  Parts of Auditory system 

 
Different parts of auditory system are involved in sound reception and 

transduction from outer to middle and inner ear. 
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2.1.1 EXTERNAL EAR 

The external ear consists of the outer ear (also known as the auricle or pinna, the 

external auditory canal (meatus) and the ear drum (or tympanic membrane). 

 

2.1.1.1 Pinna 

The pinna helps to direct sound waves to the auditory meatus. 

 

2.1.1.2 External auditory meatus 

The external auditory meatus is a short canal extending from the pinna to the ear 

drum (tympanic membrane or tympanum). It is lined with skin containing hair and 

sebaceous glands near its entrance. Deeper within the meatus are ceruminous glands 

(wax-secreting glands). Cerumen (ear wax) keeps the tympanum, water proof and 

together with the hairs prevents foreign objects from reaching the eardrum. It is thought 

to be insect repellent as well. 

 

2.1.1.3 Tympanic membrane 

The tympanum or ear drum is a thin, partition between the external auditory 

meatus and the middle ear. Its purpose is to seal off the delicate organs of the inner parts 

of the auditory system so that foreign matter and bacteria don’t enter to clog the system. 

It is designed mainly for efficient sound transmission across it. 

 

2.1.2 MIDDLE EAR 

The middle ear is a narrow air-filled cavity located in the temporal bones of the 

skull in auditory bulla in mouse. It is separated from the external auditory meatus of the 

outer ear by tympanic membrane. It is separated from the inner ear by a bony partition, 

which contains two windows, the oval window (fenestra vestibule) and the round 

window (fenestra cochlea). The Eustachian tube connects the tympanic cavity interiorly 

with nasopharynx and equalizes air pressure on the both side of tympanic membrane. 
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2.1.2.1 The ossicles 

Connected at one end by ligaments to the tympanic membrane and in contact at 

the other end with the oval window is a series of three auditory ossicles, i.e. the hammer 

(malleus), the anvil (incus) and stirrup (stapes). The function of the ossicles is to 

transmit and amplify sound waves across the tympanic cavity to the oval window. 

 

2.1.3 INNER EAR  

The inner ear contains six mechano-receptive structures: three semicircular canals, 

utricle, saccule and the cochlea. The inner ear simultaneously regulates two sensory 

systems: the auditory system for hearing and the vestibular system for spatial orientation 

and equilibrium (Figure 2.2). It consists of two parts: the outer osseous (bony) labyrinth 

and a membranous labyrinth contained within osseous labyrinth and made up of 

interconnected sacs and tubes. The space between the two is filled with perilymph, a fluid 

secreted by the cells lining the body canals. The tubular chambers of the membranous 

labyrinth are filled with a second fluid, known as the endolymph. These fluids provide 

the media for vibrations involved in hearing and the maintenance of equilibrium 

(Hudspeth, 1997; Dallos, 1992; Hudespeth, 1989). 

 

2.1.3.1 Osseous labyrinth 

The osseous or bony labyrinth consists of three structural and functional divisions: 

1. Vestibule 

2. Semicircular canals 

3. Cochlea. 

 

Vestibule 

Central part of the bony labyrinth is called the vestibule. Its lateral wall contains 

the oval window as a bean shaped white blotch between the utricle and saccule. The 

membranous labyrinth within the vestibule consists of two interconnected sacs called the 

utricle and the saccule. The utricle is the larger than saccule. 
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Figure 2.2:  Parts of inner ear 

 
 (www.windturbinesyndrome.com/wp-content) Figure showing vestibular and 

cochlear parts of inner ear. 
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Semicircular canal 

The three bony semicircular canals are oriented at right to each other and are 

positioned posterior (dorsally) to the vestibule. They are named the Anterior, Posterior, 

and the Lateral semicircular Canals. Each has an ampula (dilation), which connects to the 

vestibule. Within the semicircular canals are the semicircular ducts, which are art of the 

membranous labyrinth. They confirm in shape to the bony semicircular canals. Receptors 

inside the semicircular ducts are sensitive to angular acceleration and deceleration of the 

head as in rotational movement. These receptors are located in the ampullae are called 

cristae ampullaris. 

 

 Cochlea 

The cochlea has a shape resembling the snail shell. It is a fluid-filled tube, about 

10 mm in length in mice and 1.75 turns with a capacity of 1–100 kHz (Kalatzis and Petit, 

1998). It winds around the central bony axis, the modiolus. Projecting outward from the 

modiolus is a thin bony plate, the spiral lamina that partially divides cochlear canal into 

an upper passageway called the scala vestibule, and a lower one called scala tympani. 

Both of these are filled with perilymph that resembles in chemical composition to the 

cerebral spinal fluid and are separate except at the very narrow apex of the cochlea, an 

area called the helicotrema. In between these canals there is the triangular passageway 

called the cochlear ducts. The roof of the cochlear duct is called the vestibular membrane 

while its floor is called the basilar membrane. The cochlear duct is filled with endolymph 

and terminates at the helicotrema. It contains the main sensory organ called organ of corti 

(Raphael and Altschuler, 2003; Wersall et al., 1965).                                           

 

2.1.3.2 Membranous labyrinth 

The membranous labyrinth is the membranous part of the inner ear that lies within 

the bony labyrinth. It is filled with a fluid known as endolymph that is potassium (K+) 

rich has a +80mV positive charge (endocochlear potential). It is different in chemical 

composition from perilymph. The three semicircular ducts, saccule and utricles form the 

membranous portion of the vestibular apparatus. The utricles like rest of the membranous 

labyrinth are filled with endolymph. It consists of connective tissue and epithelium. The 
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sense organ of utricle is called the macula utriculi. It is an oval thickened area in which 

fibers of the vestibular branch of the acoustic nerve terminate. It is covered with hair 

cells, which respond to movement of the endolymph. The saccule has opening into 

endolymphatic and the cochlea duct. Its sense organ is called the macula sacculi 

(Wangemann, 2006).  

 

2.1.3.3 Scala media 

The portion of membranous labyrinth that lies within the bony cochlea is known as scala 

media or the cochlea duct (Figure 2.3). The receptor portion of hearing, which is the 

organ of corti, lies within the scala media. The scala media joins the vestibular organ of 

vestibule, the saccule and utricle through a small tube, the ductus reunions. Endolymph 

varies from any other extra cellular fluid found in the body, predominates with K+ cation 

and very low in Na+. The source of K+ appears to involve active transport by stria 

vascularis. On the other hand, the perilymph resembles in its chemical compositin to 

extracellular fluid that are characterized by high Na+ concentration (Graham, 2004; Hone 

and Smith, 2002; Wangemann, 2002).  
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Figure 2.3:  The inside of Cochlea 
 

 (Willems, 2000) Different structures are present inside cochlea. Cochlear duct is 

embedded in the perilymph. It contains endolymph fluid. The organ of corti is present in 

cochlea between the tectorial membrane and the basilar membrane.  
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2.1.3.4 Organ of corti  

The ability of mammalian cochlea to detect and distinguish among different sound 

frequencies based on primarily the sensory epithelia, known as organ of corti. The organ 

of corti is the sensitive element in inner ear being the sensorineural end organ for hearing. 

It rests on the basilar membrane and is covered by pertinacious tectorial membrane. The 

receptor cells responsible for auditory transduction are called hair cells because of minute 

hair like microvilli (stereocilia) projecting from their surfaces (Figure 2.4). These tip 

links provide a central function in mechanoelectrical transduction process. The tallest 

sterocilia of outer hair cells directly contact the tectorial membrane. The other parts 

include supporting cells of placodal origin (membranous labyrinth) (Fettiplace and 

Hackney, 2006; Wang et al., 1998; Spoendlin, 1979; Smith, 1968; Engstrom, 1967; 

Wersall et al., 1965). The hair cells are of two types, the inner hair cells and the outer hair 

cells. The inner hair cell (IHC) is the true sensory cell type, sending impulses via the 

auditory nerve. The outer hair cells (OHCs) are used to enhance the performance of the 

cochlea, qualitatively (increased selectivity) and quantitatively (increased sensitivity). 

The name “hair” cell was derived from the tuft of stereocilia that protrude from the apical 

domain of every cell (Raphael and Altschuler, 2003). 

 

2.1.3.5 Hair cell 

Hair cell is the sensory receptor of the inner ear. Without them, hearing and 

balance problems occur (Vrijens et al., 2008). Microscopically, they look like that they 

have hair because of tiny structures, stereocilia that are part of the cell. Hair cell is first 

stage of auditory and balance sensation. They do not function alone, but must connect 

with nerve fibers that go from the inner ear to the brain. Damage to the hair cells can be 

caused by a number of agents, including genetic, loud sound, certain drugs (ototoxic 

drugs), disease and processes associated ageing (Keats et al., 2002). 

 

The hair cells are born upon other types of cell known as supporting cells. On the 

basis of morphology and physiology, there are two kinds of hair cells, the outer hair cells 

(OHCs) and the inner hair cells (IHCs) (Forge and Wright, 2002; Li et al., 2002; Kros, 

1996). 
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2.1.3.5.1 Outer hair cells (OHCs) 

There are 3 rows of outer hair cells in organ of corti. The outer hair cells 

contribute to hearing sensitivity and frequency selectivity by amplifying sound reception. 

The outer hair cells have both sensory and motor elements that contribute to hearing 

sensitivity and frequency selectivity by amplifying sound reception (Hahn et al., 2008; 

Zheng et al., 2000). Outer hair cells perform a special function within the cochlea. They 

are shaped cylindrically, like a cane, and have stereocilia at the top of the cell, and a 

nucleus at the bottom. The tip of each stereocilium is linked to the shaft of its neighbour 

by tip links when the stereocilia are bent in response to a sound wave; an electromotile 

response occurs (Li et al., 2002). So, every sound wave causes the cell shortening and 

then elongation. This pushes against the tectorial membrane, selectively amplifying the 

vibration of the basilar membrane. This facilitates us to hear very quiet sounds. Although 

they are much greater in number than the inner hair cells, they receive only about 5% of 

the innervations of the nerve fibers from the acoustic portion of the VIII nerve (Davis, 

2003; Sakaguchi et al., 1998; Assad et al., 1991).  

 

2.1.3.5.2 Inner hair cells (IHCs)  

There is one row of IHCs. These cells receive about 95% of the innervations from 

the nerve fiber from acoustic portion of VIII-th cranial nerve. These cells have primary 

responsibility for producing sensation of hearing. Inner hear cells loss or damage cause a 

severe to profound hearing loss. The hair bundle contains the rows of stereocilia which 

increase in height in one particular direction across the bundle, and a single kinocilium 

located behind the row of longest stereocilia. Filaments of the cytoskeletal protein, actin 

are enclosed in stereocilia. The parallel actin filaments in the stereocilia are closely 

packed in a semi-crystalline array and are cross-linked by fimbrin and espin (Zheng et al., 

1999; Tilney et al., 1992; Flock et al., 1982).  
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Inner Ear Structure and Hair Cell Transduction Model 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.4:  Inner ear structure and hair cell transduction model 

(Gillespie and Walker, 2001) a, Part of the inner ear. b, Cross-section through the 

cochlear duct. c, Sound causes vibrations of the basilar membrane results in deflection of 

the hair bundles. d, Electron micrograph of hair bundle. e, Proposed molecular model for 

hair-cell transduction apparatus.  
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2.1.4 SENSORY TRANSDUCTION IN VERTEBRATE EAR  

The external ear collects sound and funnels it into the ear canal, where it causes 

vibration of the eardrum (the tympanic membrane). The tympanic membrane causes a 

vibration of the three middle ear bones: the malleus (attached to the tympanic 

membrane), the incus and the stapes. The footplate of the stapes drives the oval window, 

a flexible membrane separating the air filled middle ear from the fluid within the cochlea. 

The ossicles perform an impedance-matching function, converting the high-amplitude, 

low force vibration of air to a low-amplitude, high-force vibration in the fluid of the 

cochlea (Corey, 2003; Markin and Hudspeth, 1995). The vibration of the basilar 

membrane is dependent on the sound frequency which is transferred to the organ of corti 

and finally to the hair cells (Henzl et al., 2001). The relative motion between the apical 

surface of hair cell and the overlaying acellular tectorial membrane causes the deflection 

of the stereocilia bundle (Figure 2.4). As the tension of the tip links increases it allows the 

opening of the mechanotransduction cationic channels present near the stereociliar tips 

(Fettiplace and Hackney, 2006). The transducer current is carried mainly by a potassium 

cation influx driven by an approximately 150mV electric gradient between the hair cell 

cytoplasm and the endolymph (Frolenkov et al., 1998). This current causes the 

depolarization of the hair cell. In inner hair cells, the depolarization induces a Ca+2
 cation 

influx through the basal membrane, triggers the fusion of the synaptic vesicles with the 

plasma membrane; results in release of neurotransmitter (probably glutamate) which 

cause the afferent nerve fibers to transmit a pattern of action potentials to brain encoding 

different characteristics of the sound stimulus, including intensity, time course, and 

frequency (Corey, 2007; Thalmann et al., 2003; Gillespie and Walker, 2001; Petit et al., 

2001; Thalmann, 2001; Ashmore et al., 2000). 
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Sensory dysfunction of hearing organ is called as hearing loss. It is a condition in 

which affected person finds difficulty in perceiving normal sound. Complete inability of 

sound perception is known as deafness (Resendes et al., 2001). Estimates suggest that 

more than 70 million people worldwide have hearing loss that affects normal 

communication (Tekin et al., 2001). 

 

Human communication and perception with surroundings are mainly formulated 

by information perceived through the ear (Laer et al., 2003). Chronic diseases affecting 

the inner ear seriously impair communication system (Reiners et al., 2006; Grundfast et 

al., 1999). Hearing impairment has debilitating effects on individuals as it can retard 

individual’s social and economical life. It is rapidly increasing sensory deficit amongst 

human beings and accounts for one third of the entire disease burden in the world 

(Cruickshank et al., 1998). A large proportion of people worldwide have hearing loss that 

affects normal communication (Starr et al., 1996). Especially a child, with delay or 

failure to acquire age appropriate language due to inability in audition has pervasive 
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effects particularly to be economic well-being (Joint Committee on Infant Hearing, 

2007). A severe defect that presents in early childhood has serious effects on literacy. 

Later onset of severe hearing defect seriously compromises the quality of life, as the 

affected individual becomes socially isolated (Middleton et al., 1998). Both genetics and 

environmental factors contribute to hearing problems with varying times of onset, 

ranging from congenital deafness to hearing loss related to aging (Camp and Smith, 2006; 

Willems, 2000; Robertson and Morton, 1999; Reardon, 1992). The inner ear contains 

many different cell types that are necessary for sound detection (Forge and Wright, 

2002). 

 

2.2.1 CLASSIFICATION OF HEARING LOSS 

 

2.2.1.1 Based on Audiological profile 

 

Type  

On the basis of type, hearing loss is classified into conductive, sensorineural and 

mixed in nature. In conductive hearing loss, the conductive portions of the auditory 

apparatus, the external ear and middle ear ossicles are affected. Any problem in inner ear 

parts, result in sensorineural hearing deficit. Central auditory dysfunction is the result of 

damage or dysfunction at the level of the VIIIth cranial nerve, auditory brain stem, or 

cerebral cortex. Mixed hearing loss is a combination of conductive and sensorineural 

hearing loss (Tang et al., 2006; Issacson, 1988). 

 

Progression  

This disease might be progressive, non progressive or can fluctuate. 

 

Frequency  

In human beings hearing impairment can be mild with frequency less than 500Hz, 

moderate with 500 to 2000 Hz or severe with greater than 2000 Hz frequency (Lalwani 

and Castelein, 1999).  

Severity 
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Hearing loss vary in severity from mild to profound; range of mild severity is 20-

40 db, moderate 41-60 db, moderate severe 61-80, severe 81-100db and profound greater 

than 100db (Skvorak-Giersch and Morton, 2000). 

 

On set 

Audological profile has proved that hearing loss can be congenital (by birth), 

early onset and later onset. Pre-lingual hearing loss is present before speech development. 

All congenital hearing loss have pre-lingual onset, but not all pre-lingual hearing loss are 

congenital. Post-lingual hearing loss occurs after the normal speech is acquired (Hietala 

et al., 1995). 

 

Vestibular involvement  

In hearing loss vestibular involvement may or may not be present (Hurle et al., 

2003). 

 

2.2.1.2 Based on cause 

 

Non genetic 

Non genetic causes of hearing impairment involve teratological (rubella, CMV), 

prematurity, post natal infection (meningitis, otitis media), ototoxic drugs and acoustic 

and cranial. 

 

Genetic causes 

 

Syndromic or Non syndromic  

Hearing loss can be syndromic or non syndromic in nature. Hearing impairment 

associated with other clinical features as part of distinct syndrome, called syndromic 

deafness but when deafness is the sole clinical manifestation it is called as non syndromic 

(Li and Friedman, 2002).  
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2.2.2 GENETIC FACTORS IN HUMAN DEAFNESS 

A condition emerges as a consequence of mutation in one or more genes, which 

results in gene malfunction is known as genetic disorder. A particular disorder might be 

referred as “running in a family” if more than one person in the family has the condition. 

A gene mutation is a permanent change in the DNA sequence that makes up a gene. 

Mutations that are passed to next generation are called hereditary mutations (Genetics 

Home, (http://ghr.nlm.nih.gov/). This type of mutation persists throughout a person’s life.  

 

In order to function correctly, the body machinery depends upon proper 

functioning of thousands of proteins to do their jobs in the right places at the right times 

(Starr et al., 1996). A genetic mutation can prevent one or more of these proteins from 

proper functioning. By changing a gene’s instructions for making a protein, a mutation 

can cause the protein to malfunction or to be missing entirely (Steel and Brown, 1998; 

Flock et al., 1982). The vertebrate ear, a marvel of nature has an intricate structure. The 

development and functioning of this highly sophisticated organ is under the genetic 

control (Petit, 1996; Moller, 1994; Teas, 1989). Mutations in genes that regulate the 

hearing process, results in hearing pathophysiology (Nance, 2003). 

 

The cochlea is a closed space, and cochlear function is sensitive to small changes 

in fluid volume (Hardisty et al., 1999; Fekete, 1996; Juhn, 1988). The auditory system 

has complex structure (Bayazit et al., 2003; Henry, 1982). In view of the complex 

structure of the inner ear, it has been estimated that among 29,000 genes expressed 

throughout the human development (Chen, personal communication) as reported by 

Weston et al., (2006), at least 1% are involved in the hearing process (Abe et al., 2000).  

 

 Hearing impairment is the world’s third leading chronic disease (WHO, 1997). 

Almost 60% of hearing impairment is due to genetic factors (Morton and Nance, 2006; 

Piatto et al., 2005). Hearing loss prevalence is 15% in newborns in isolated communities 

(Friedman et al., 2007). Hearing loss is expected to increase to 25% by 2020 along with 

increased life expectancy (Rosenhall et al., 1999).  
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Different scientists describe different hearing loss ratio in human population. Of 

the more than 4000 infants born deaf each year, more than half have a hereditary disorder 

(Reddy et al., 2006; Steel, 1998; Marazita et al., 1993). Hearing impairment affects 

1/2000 (0.05%) or in some populations its ratio is 1/1000 (0.1%) newborns (Morton and 

Nance, 2006; Parving et al., 2003; Fortnum et al., 2001; Parving and Newton, 1995; 

Cohen and Gorlin et al., 1995; Marazita et al., 1993; McKusick, 1992; Gulya and Juhlin, 

1992; Morton, 1991) and more than 50% of this is attributed to genetic factors 

(Birkenhager et al., 2007; Smith et al., 2005). Hearing loss is the most common 

sensorineural disorder in developed countries with congenital origin (Keats, 2002; 

Rosenhall et al., 1999; Bergstrom et al., 1971). Bilateral permanent sensorineural hearing 

loss which appears by adolescence affects 3.5 per 1000 individuals (Morton and Nance 

2006). The world wide prevalence of profound, congenital deafness is 11 per 10,000 

children, due to genetic causes is at least in 50% of cases (Tranebjaerg, 2008). 

 

  Hereditary hearing loss is not always by birth, some children inherit the 

tendency to develop hearing loss later in life (Camp et al., 1997; Arnos et al., 1991). For 

the purpose of proper transduction of sound, there is a very unique and unparalleled 

requirement for precise biomechanical properties within the cochlea (Camp and Smith, 

2006). Given this structural complexity and specialization of cochlea it could be 

suggested that hereditary deafness is remarkable feature for its genetic heterogeneity 

(Friedman and Griffth, 2003; Keats and Berlin, 1999; Middleton et al., 1998; Cohen and 

Gorlin, 1995).  

 

 Although genetic hearing loss is mostly caused by a mutation in a single gene, it 

is a most heterogeneous condition (Heller and Hudspeth, 1998; Camp et al., 1997) means 

that many different mutations in the same gene can lead to different hearing loss 

phenotypes (Chen et al., 1997). Similarly same mutation in a single gene can cause 

different types of hearing loss (Camp and Smith, 2006). The great degree of genetic 

heterogeneity reflects different types of loci responsible for deafness, is an indication for 

the involvement of a large number of genes orchestrating the hearing process (Nance and 

Sweeney, 1975). For recessive cases, hindrances observed in localizing deafness genes 
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are primarily due to extreme genetic heterogeneity and limited clinical differentiation 

(Petit et al., 2001). A high incidence of hearing loss have been seen in children living in 

developing countries, where the prevalence of consanguinity is high, with both genetic 

and acquired forms of hearing loss, particularly among children (Smith et al., 2005; 

Mukherjee  et  al., 2003; Munoz-Baell and Ruiz, 2000; Newton, 1985).  

 

Genetic studies of hearing loss have been proved successful in populations where 

consanguineous marriages are common. A number of genes causing pre-lingual, severe to 

profound or profound hearing impairment have been identified using single 

consanguineous families (Smith et al., 2005; Cremerscor and Smith, 2002; Sundstrom et 

al., 1999; Smith, 1997). These marriages increase the chance that both members of a 

couple carry any recessive variant that is being transmitted in their family, and that this 

will manifest in the homozygous state in their children, with the high risk of birth 

prevalence of infants with serious recessive disorders (Modell and Darr, 2002; Zbar et al., 

1998).  

 

Consanguineous marriage is customary in Pakistan. About two-thirds of 

marriages in Pakistan are consanguineous (Hussain, 1999). ‘‘The siblings of 

consanguineous marriages have a significantly higher incidence of autosomal recessive 

diseases including hearing impairment’’ (Reddy et al., 2006). Marriages within the 

family increase the risk of hearing impairment with and with out other diseases (Hussain 

and Bittles, 1998). Recessively inherited diseases are quite common in Pakistan 

population (Jaber et al., 1998). The prevalence of bilateral hearing loss is 1.6 per 1000 in 

Pakistan and 70% of hearing loss arises in consanguineous families (Elahi et al., 1998). 

Hence Pakistani population provides a valuable genetic resource for mapping deafness 

loci. Up till now more than 120 genes have been identified, having a role in hearing 

phenomena (Yildirim and Yilmaz, 2006). 

 

Hearing deficit is typically classified as conductive, sensorineural, or mixed, 

based on the anatomical defects of the structures causing deafness. Conductive type of 

deafness leads to mild or moderate impairment, the degree of auditory impairment for 

22 
 



                                                                                                              CHAPTER 2                             

sensorineural forms can vary from mild, moderate to severe or profound. Non syndromic 

autosomal recessive hearing loss is mostly pre-lingual and almost always due to cochlear 

defects (Bayazit et al., 2003; Bergstorm et al., 1971). Genetic deafness is divided into 

syndromic forms, in which hearing loss is associated with a variety of other anomalies, 

and non-syndromic forms which is almost in 70% of cases where it exhibit sole clinical 

manifestation (Schrijver and Chang, 2006; Camp et al., 1997), the syndromic forms 

account for 30% of pre-lingual genetic deafness and include several hundred deafness 

syndromes (Gorlin et al., 1995) with the underlying genetic defect (Petit, 2006; Rehm, 

2005; Resendes et al., 2001). 

 

 Different forms of genetic hearing impairments are described briefly as the 

DFNA represents the autosomal dominant form of non syndromic hearing loss (NSHL), 

DFNB the autosomal recessive form of NSHL, and DFN alone represents X-linked 

NSHL (Petersen and Willems, 2006; Hutchin et al., 2005; Petersen, 2002). Numbers 

added after these abbreviations, like DFNB26, show the chronological order in which the 

loci are found (Camp and Smith, 2007). Autosomal recessive non syndromic deafness is 

one of the most frequent forms of inherited hearing impairment (Ansar et al., 2003; 

Bitner-Glindzicz, 2002; Chen et al., 1998; Gorlin, 1995; Morton, 1991). Autosomal 

recessive non syndromic hearing impairment is usually heterogeneous, non-progressive 

in nature, and exhibits a high degree of genetic heterogeneity (Fortnum et al., 2001; 

Lalwani and Castelein, 1999; Kelsell et al., 1997; Kelsell et al., 1993). A disruption of 

different classes of proteins involved may cause hearing impairment with or without 

associated syndromic features (Petersen et al., 2008; Eisen and Ryugo, 2007; Bitner-

Glindzicz, 2002; Roderick, 1999). Currently, there are 88 loci for autosomal recessive 

non-syndromic (DFNB) forms of deafness, and 59 loci for non syndromic autosomal 

dominant (DFNA) forms are identified. In addition, six loci for X-linked hearing loss 

(DFN), and one Y-linked locus are reported. For autosomal recessive non syndromic 

hearing loss, 29 genes have been identified (Hereditary Hearing Loss Homepage; 

Accessed, 31st December, 2009).  
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To understand the public health significance of the various hearing impaired gene, 

the spectrum of functional variants for each gene must be examined (Friedman, 2003; Li 

and Friedman, 2002). In this regard, the present study was conducted to study the role of 

DFNB26 in deafness. 

2.2.3 DFNB26 IN DEAFNESS 

A number of Pakistani consanguineous families have been proved helpful in 

understanding the possible reason of deafness which mostly segregate profound loss and 

are large enough to support significant linkage (Friedman et al., 2000). DFNB26 is an 

autosomal recessive, non syndromic deafness locus identified by means of linkage 

analysis studies (Riazuddin et al., 2000). Homozygosity for a mutant DFNB26 allele can 

cause a profound congenital hearing loss. Hereditary deafness for this locus was noticed 

among the eight individuals of a large consanguineous Pakistani family. However, there 

were seven exceptional individuals in this family who were homozygous for the mutant 

DFNB26 haplotype and yet had normal hearing, when 141 individuals of this family were 

studied for deafness. Audiometric and otoacoustic emissions testing revealed no 

differences between family members with normal hearing and non-penetrant DFNB26 

homozygotes (Riazuddin et al., 2000).  

 

Studies evidenced the family linkage with marker on chromosome 4q31. 

Haplotype analysis confirmed the existence of a modifier gene (DFNM1) in non-

penetrant individuals. Mutation in DFNM1 suppressed the development of DFNB26 

deafness in the seven non-penetrant individuals (Riazuddin et al., 2000).  

 

The elucidation of the underlying mechanism of suppression, however, requires 

the identification of the DFNB26 in order to reveal the molecular pathophysiology of 

DFNB26 deafness. The present study was conducted to elucidate the role of DFNB26 in 

hearing and causing deafness.  
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          CHAPTER 3 

             RNAi AND DEAFNESS 
 
 
 
 
 
 
2.3.1 RNA INTERFERENCE: THE HISTORY  

A number of technologies have been developed, to mediate the down regulation 

of gene expression. For example, anti-sense oligonucleotides and ribozymes have been 

used for more than a decade to target specific RNA for degradation (Agarwal et al., 

2003). Although these methods work satisfactorily in some simple experimental models 

but their delivery has not been proved effective in gene silencing in complex mammalian 

systems. In recent years, extraordinary developments in RNA interference (RNAi) based 

methodologies using siRNAs have become the primary means by which most researchers 

attempt to target specific genes for silencing, results in null or hypomorphic phenotypes 

(Corydon and Mikkelsen, 2006; Zhengae et al., 2006; Ray et al., 2005; Zamore, 2001; 

Fire, 1999). This technology allows researchers to determine and study the function of 

genes (Cheng and He, 2009). Depending upon the amount of siRNA expressed and its 

inhibitory efficiency, expression of the target gene can be either completely blocked or 

notably suppressed (Lenz, 2005). There are numerous ways in which siRNAs act to 

silence gene expression including, direct endonucleolytic cleavage of mRNA (Reynolds 

et al., 2004), suppressing protein synthesis (Olsen and Ambros, 1999), directing dsRNA 
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synthesis by RNA-dependent RNA polymerases (Tang et al., 2003), mediating DNA 

methylation/ heterochromatin formation (Kawasaki and Taira, 2004; Volpe et al., 2002; 

Hall et al., 2002), and the programmed deletion of DNA (Mochizuki et al., 2002). 

 

The term RNAi was first coined after the discovery that the injection of dsRNA 

into Caenorhabditis elegans interfered with the expression of specific genes that contain 

a sequence homologous to the delivered dsRNA. In its natural form, RNAi is a cellular 

defense process that protects against genome invading transposable genetic elements and 

viruses (Kennedy et al., 2004; Lim et al., 2003b; McManus et al., 2002; Fraser et al., 

2000; Fire et al., 1998). Therefore, RNAi is believed to represent an ancestral form of 

nucleic acid based 'immunity' against intracellular pathogens resulting in a sequence 

specific silencing of gene expression (Ding and Voinnet, 2007; Mello and Conte, 2004; 

Hannon, 2002; Cullen, 2002).  

 

It is presumed that cells employ RNAi to tightly regulate protein levels in 

response to various environmental stimuli, although the extent, to which specific cell 

types employ this mechanism, remains to be discovered (Chu and Rana, 2007; Cleary et 

al., 2004). However, the fact that RNAi is operative in cells of organisms ranging from 

plants to mammals attests to its fundamental importance in the selective suppression of 

protein translation by targeted degradation of the encoding mRNA (Bauocombe, 2004; 

Vance and Vaucheret, 2001). From a practical perspective, RNAi is proving to be a very 

powerful technique to knockdown specific genes to evaluate their physiological roles in a 

variety of organisms from worm (Kim and Rossi, 2007; Hannon and Rossi, 2004; 

Misquitta and Paterson, 1999; Ngo et al., 1999; Kennerdell and Carthew, 1998) to 

vertebrates (Schramke and Allshire, 2003; Djikeng et al., 2001). 

  

Although such gene silencing can occur at the transcriptional level, it is now 

recognized that a major mechanism of gene suppression occurs posttranscriptionally 

(Saito et al., 2007; Kirino and Mourelatos, 2007; Yu et al., 2005), and that a major 

mechanism for this RNAi, is the selective degradation of mRNA targeted by siRNAs 

(Eccleston and Eggleston, 2004; Ui-Tei et al., 2004; Blokland et al., 1994). RNAi as 
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commonly defined, is a phenomenon leading to gene silencing after endogenous 

production or artificial introduction of siRNA into a cell with sequences complementary 

to the targeted gene (Hammond et al., 2001; Bosher and Labouesse, 2000) with the 

consequences, the transcription of the gene is normal whereas the translation into protein 

is prevented by selective degradation of its encoded mRNA. Although some RNAi 

mechanisms, especially inhibition of translation, do not require extensive base pairing 

over the length of the siRNA, efficient mRNA cleavage likely requires high 

complementarity to provide specificity (Elbashir et al., 2001a). Beyond its biological 

relevance, RNAi is emerging as a powerful tool to study the function of individual 

proteins or sets of proteins by introducing siRNA into cells, in culture or in vivo, to 

achieve a selective reduction of single or multiple proteins of interest are rapidly evolving 

(Sharp, 2001; Wianny and Zernicka-Goetz, 2000).  

 

 2.3.2 SMALL INTERFERING RNA (siRNA) IN GENE SILENCING 

Small RNAs acts as ubiquitous, useful, post transcriptional gene silencers in a 

diverse array of living organisms. As a result of homologous sequence interactions, these 

small RNA repress gene expression (Van et al., 2009; Takasaki et al., 2004; 

Szweykowska-Kulinska et al., 2003). Hamilton and Baulcombe (1999) first used the 

small RNA species (siRNA) as a product of RNA degradation about 25 nucleotides in 

length having two strands with sense and anti sense polarity. Thus, siRNA assembly is 

the signature of homology dependent RNA silencing event (Tang, 2005; Xu et al., 2005). 

These siRNAs with defined chemical structures are formed and accumulated as double-

stranded RNA molecules (Tang et al., 2003). Each strand of siRNA has 5′-phosphate and 

3′-hydroxyl termini and 2 to 3 nucleotide 3′ overhangs (Cleary et al., 2004; 

Brummelkamp et al., 2002; Elbashir et al., 2001b). Different genes have different 

requirements for different siRNAs to suppress the expression. A siRNA is, in fact, a 

DNA sequence that is formed by a substring of the mRNA of the target gene (Holen et 

al., 2003). The advantages of using siRNAs are relative ease of availability; high 

efficiency of delivery and its delivery is likely to result in the highest intracellular 

concentration for gene silencing (Erin et al., 2008; Tuschl, 2002). 

In mammalian cells, RNAi only persists effectively for an average of 
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approximately 66 hours (Chiu and Rana, 2002). The siRNA amplification that is seen in 

flies and other lower eukaryotes can potentially be attributed to two factors. One is that 

the conversion of long trigger dsRNA to smaller 21–23-nt siRNAs by Dicer adds a 

degree of RNAi amplification. The other factor involves in amplification is the presence 

of RNA dependent RNA polymerase (RdRP), which has been found in plants, worms, 

fungi and flies (Castanotto and Scherer, 2005; Sijen et al., 2001; Dalmay et al., 2000; 

Hammond et al., 2000; Cogoni and Macino, 1999). RdRP has been postulated to amplify 

target mRNA, through a random, degradative PCR model (Baulcombe, 2007; Lipardi et 

al., 2001; Sijen et al., 2001). In vertebrates there is no RdRP, so, siRNA effect is 

transient (Nishikura, 2001). 

 

In mammalian cells long trigger dsRNA evokes the interferon response that 

activates the protein kinases (PKR) (Jackson and Linsely, 2004; Jackson et al., 2003; 

Bridge et al., 2003; Sledz et al., 2003; Grishok et al., 2001; Stark et al., 1998). Only 

RNA molecules greater than 30 bases in length can be used to exclusively induce RNAi 

in mammalian cells because longer molecules also activate the nonspecific double 

stranded RNA dependent response (Jackson and Linsley, 2004; Jackson et al., 2003; 

Sledz et al., 2003; Grishok et al., 2001; Daviet et al., 2000).  

 

Different parameters are followed to optimize siRNA induced gene silencing 

including the length, secondary structure, sugar backbone, and sequence specificity of the 

siRNA duplex (Schwartz  et al., 2002; Elbashir et al., 2001b). While selecting siRNAs, 

general rule followed, is the sequence of one strand should be AA(N19)TT, where N is 

any nucleotide. These siRNAs should have a 2-nucleotide 3′ overhang of uridine residues 

and 5′-phosphate and 3′-hydroxyl group for efficiency (Donze and Picard, 2002). The 

sequence should be selected in the region 50 to 100bp downstream of the start codon. The 

5′ or 3′ untranslated regions and the regions near the start codon should be avoided. The 

GC content of the siRNA is mostly kept between 30 and 70 % (Agarwal et al., 2003). 

 

The successful therapeutic application of small interfering RNA (siRNA) largely 

relies on effective delivery systems to transfer it to cytoplasm of the target cell (Koen et 
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al., 2009; Ding and Voinnet, 2007). Having a large molecular weight (~13 kDa) and 

being polyanionic in nature (~40 negative phosphate charges), naked siRNA does not 

freely cross the cell membrane, and thus, a delivery system is required to facilitate its 

access to intracellular transport to the site of action (Haley and Zamore, 2004; Dalmay et 

al., 2000). It is now widely recognized that efficient intracellular siRNA delivery to target 

sites in the body is possible by systemic administration (Fougerolles et al., 2007; Kim 

and Rossi, 2007; Akhtar and Benter, 2007; Kawakami and Hashida, 2007; Gilmore et al., 

2006; Leung and Whittaker, 2005; Harborth et al., 2001). siRNA induced gene silencing 

in mammalian cells can be achieved by electroporation, microinjection and transfection 

of synthetic siRNA molecules (Brazas and Hangstrom, 2005). 

 

2.3.3 MECHANISM INVOLVED IN RNAi GENE SILENCING 

 

2.3.3.1 Processing of dsRNA into siRNAs 

  RNAi initiating step, involves the binding of the RNA nucleases to a large dsRNA 

and its cleavage into discrete approximately 21 to 25 nucleotide RNA fragments called 

siRNA (Bernstein et al., 2001; Smith et al., 2000). The involvement RNase III type 

endonucleases in the degradation of dsRNA to siRNAs were predicted by Bass for the 

first time (Bass, 2000). The RNase III enzyme called DICER makes staggered cuts in 

both strands of dsRNA (Figure 2.5), leaving a 3′ overhang of 2 nucleotides (Amarzguioui 

and Prydz, 2004; Martinez et al., 2002). In vivo and in vitro experimental studies have 

confirmed that the production of 21 to 23 nucleotide RNAs from dsRNA is ATP 

dependent (Berstein et al., 2001; Nykanen et al., 2001). These experiments suggest that 

the rate of siRNA formation is under ATP control. However, it is not confirmed whether 

the ATP requirement is rate limiting for the production of siRNAs from dsRNA (Elbashir 

et al., 2001b; Zamore et al., 2000; Tuschl et al., 1999). Of the unwound siRNA becomes 

exposed and allows the RISC to perform the downstream RNAi reaction (Amarzguioui et 

al., 2003; Zamore et al., 2000). These siRNA are short enough to bypass the IFN system 

in mammalian cells and are incorporated directly into the RISC complex that targets 

sequence specific mRNA for destruction (Zamore and Haley, 2005; Hamilton et al., 

2002; Elbashir et al, 2001b; Caplen et al., 2001; Billy et al., 2001; Stark et al., 1998).  
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2.3.3.2 Loading of siRNA onto Multi-Nuclease Risc Complex 

 In the second step, these siRNAs join a multinuclease complex called RISC, 

which degrades the homologous single stranded mRNAs (Martinez and Tuschl, 2004; 

Tran et al., 2003). In this effector step the double stranded siRNAs produced in the first 

step bind to an RNAi specific protein complex to form a RISC complex (Pratt and 

MacRae, 2009; Leuschner et al., 2006; Rand et al., 2005; Filipowicz, 2005). The RISC 

nuclease is different from Dicer, in the substrate requirements and the nature of the end 

products (McManus and Sharp, 2002; Cogoni and Macino, 1994). The active part of 

RNA induced silencing complex (RISC) includes endonuclease called Argonaute2 

protein, which cleave the target mRNA strand complimentary to their bound siRNA 

(Chendrimada et al., 2005).  

 

As the fragments produced by dicer are double-stranded, each therefore, could 

produce a functional siRNA (Rivas et al., 2005; McManus et al., 2002). However, the 

only strand, known as the guide strand, binds the argonaute2 protein to direct gene 

silencing (Matzke and Birchler, 2005; Hutvagner et al., 2001). The other strand called 

anti-guide or passenger strand is degraded while RISC activation (Matranga et al., 2005; 

Gregory et al., 2005). Both strands of the siRNA duplex can find their target mRNA and 

are equally eligible for assembly into Argonaute 2 (Ago2) of RISC (Wei et al., 2009). 

The structural basis for binding of RNA to the argonaute protein revealed that the binding 

domain of an RNA-bound argonaute 2 protein and the phosphorylated 5' end of the RNA 

strand enters a conserved basic surface pocket to make contacts through a divalent cation 

such as magnesium and by aromatic stacking between the 5' nucleotide in the siRNA and 

a conserved tyrosine residue (Yoo et al., 2007; Meister et al., 2004a; Rand et al., 2004; 

Song et al., 2004). This site is thought to form a nucleation site for the binding of the 

siRNA to its mRNA target (Ma et al., 2005; Hannon, 2002; Elbashir et al., 2001a; Daviet 

et al., 2000). 

 

2.3.3.3 Cleavage of target mRNA 
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RISC activated complex cleave the substrate. In order to cleave the antisense 

siRNA in the activated RISC pair with cognate mRNA and the complex cuts this mRNA 

approximately in the middle of the duplex region. The target cleavage site has been 

mapped to 11 or 12 nucleotides downstream of 5′ end of the guide siRNA. Similarly a 

conformational change in the composition of a siRNA and RISC complex ahead of the 

cleavage of target mRNA is postulated. Finally, the cleaved mRNAs are degraded by 

exoribonucleases (Nicholson and Nicholson, 2002; Hammond et al., 2001; Hammond et 

al., 2000). 
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             Figure 2.5:  Post transcriptional gene silencing pathways guided by RNAi 

 (Grimm and Kay, 2007) ‘‘Mechanisms of RNAi by small interfering RNA. dsRNA is 

cleaved by Dicer enzyme to form siRNA. siRNA can also be introduced either in vitro, 

after that it can be conjugated to other molecules for delivery into the target cells. siRNA 

binds to RISC complex, the action of which exposes the antisense strand of siRNA and 

allows it to recognize target mRNA with a complementary sequence. Upon mRNA 

binding to RISC complex, the target mRNA is cleaved and degraded, which results in the 

post translational silencing of gene expression’’. 
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2.3.4 STABLE KNOCKDOWN BY SMALL HAIRPIN RNA (shRNA)    

Gene silencing by transfected siRNA duplexes in mammalian cells is transient 

(Grishok and Mello, 2002). The persistence of siRNA activity in mammalian cells varies 

with the proliferative status of the cells, such that siRNA activity lasts for 3 to 7 days in 

proliferating cells (Omi et al, 2004). To overcome this problem, Tuschl, (2001) 

developed vector based systems for the introduction and stable expression of siRNA in 

target cells by cloning siRNA in the form of hairpin loop.  

 

The shRNA designing strategy involves the cloning of a sequence coding for the 

sense strand of the siRNA of interest, followed by a spacer and then the equivalent to the 

anti-sense strand in the backbone of miRNA mir-30 cassette (Zeng et al., 2005). The 

spacer sequence mediates the formation of a hairpin structure, which allows the sense and 

antisense sequences to form base pairs (Paddison et al., 2007; Paddison et al., 2004).  

             

 The appropriate design of shRNAs is necessary to avoid off target or nonspecific 

target knockdown effects. Similarly 3 to 4 shRNAs should be individually tested for 

efficient knockdown of a single target gene (Xia et al., 2006; Paddison et al., 2002). 

Complementary regions spaced by a small 'loop' cause the transcript to fold back on itself 

forming a 'short hairpin' in a manner analogous to natural microRNA (Paddison et al., 

2002). 

 

 For synthesis of DFNB26 targeting shRNA, the most common method was 

selected, requires the synthesis, annealing and ligation of two complementary 

oligonucleotides into an expression vector (Zhou et al., 2005). shRNAs are more potent 

inducer of RNAi than exogenously synthetic and endogenously expressed small 

interfering RNAs (siRNAs) (Filipowicz et al., 2008; Xu et al., 2005; Amarzguioui et al., 

2005; Giladi et al., 2003).  

 

The DNA vector based shRNA expression systems is simple and effective in 

inhibiting gene activities in either inheritable or inducible manner (Gupta et al., 2004; 

Nishikura, 2001). DNA vector based siRNA technology, involves cloning a small DNA 
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insert of about 110 bp into a commercially available vector. This vector is transfected 

into the cell, where the DNA insert expresses a short hairpin RNA. These hairpin RNA is 

rapidly processed by the cellular machinery into double-stranded siRNA. To fully explore 

the DNA vector based shRNA expression systems in RNAi mediated gene-silencing 

techniques, different types of RNA polymerase based promoter can be used (Cheng and 

Chang, 2007; Wadhwa et al., 2004).  

 

To generate the stable knockdown expression of DFNB26, shRNAs were cloned 

into expression vector under the control of two promoters; Pol ll Ubiquitous C promoter 

and MyoVIIa promoter.  

 

For ubiquitous knockdown of DFNB26 gene in all the tissues, shRNA were 

cloned under the control of human Pol II Ubiquitin C (UbC) promoter into an expression 

vector UbC-GFP-Zeocin as designed by Zeng et al., (2005). A minimal sequence of 

human Ubiquitous C (UbC) promoter, including -350 bp upstream from transcription 

initiation site, first exon and the first intron, derived the expression of shRNA to target 

DFNB26. The construct was designed as a minimal Pol II promoter sequence followed by 

20 bp of backbone sequence derived from the miR-30 native transcript. Kpn1 and EcoRI 

restriction sites were incorporated in miR-30 native transcript to clone shRNA by a single 

cloning step (Zeng et al., 2005). DFNB26 targeting shRNA consisted of short 5’ and 3’ 

miR-30 sequences flanking a 22-nt sense and 22-nt antisense target sequence that was 

separated by a 15-nt miR-30 loop with total length of the 110 bp.  

 

Pol II promoter drives the expression of shRNA, mimicking the way in which 

naturally occurring miRNAs are generated (Chang et al., 2006). MicroRNAs (miRNAs) 

are endogenously encoded approximately 22-nt long RNAs that are generally expressed 

in a highly tissue or developmental stage specific fashion and that post transcriptionally 

regulate target genes (Hutvagner et al., 2004). Over expression or inappropriate 

expression of authentic microRNAs may facilitate the study of their normal functions and 

expression of artificial microRNAs may permit effective, regulated RNA interference in 

vivo (Csorba et al., 2007; Chang et al., 2006; Chatterjee-Kishore, 2006; Doench et al., 
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2003). Although detailed mechanisms are not fully understood, these precursors are 

recognized and cleaved by the ubiquitously expressed RNase III endonuclease (Drosha), 

followed by Dicer processing into mature siRNAs (Hannon et al., 2006; Valencia-

Sanchez et al., 2006; Lewis et al., 2005; Murchison and Hannon, 2004; Doench and 

Sharp, 2004; Zamore et al., 2001). A shRNA cloned into the backbone of the primary 

miR-30 miRNA should be efficiently processed by Drosha and Dicer complexes (Silva et 

al., 2005; Paddison et al., 2004; Murchison and Hannon, 2004; Hutvagner and Zamore, 

2002; Mochizuki et al., 2002), and then undergoes endogenous enzymatic processing by 

the RNase III Drosha, which helps subsequent Dicer recognition and specificity. shRNA-

mir triggers enter the RNAi pathway leading to more siRNAs produced in the cell that 

are available for incorporation into the RISC complex for target mRNA degradation 

(Gregory et al., 2005; Silva et al., 2005; Cleary et al., 2004). 

 

RNA polymerase II regulatory units allow tissue-specific siRNA expression. This 

RNA polymerase II promoter-based plasmid encodes a dsRNA expression system that 

could eventually express siRNA in a tissue-specific manner (Ro et al., 2007; Shiagawa 

and Ishii, 2003; Sui et al., 2002). Pol II generates Mir based shRNA expressed as primary 

miRNA (pri-miRNA) transcripts. These constructs were created by redesigning the 

human miRNA, miR-30, for the expression of artificial siRNA (Xia et al., 2006). The 

stem of the primary miR-30 transcript was replaced with DFNB26 gene specific duplexes 

for targeting DFNB26 mRNA. This design allows endogenous miRNA processing to 

produce mature siRNAs (Grimm et al., 2006; Doench and Sharp, 2004).  

 

shRNA-mir is processed via the endogenous microRNA pathway. shRNA-mir 

triggers modeled on primary miRNA are processed by Drosha and Dicer to produce 

mature siRNA targeting a complementary mRNA (Figure 2.5). shRNA triggers are 

approximately modeled on precursor miRNA and are processed by Dicer to produce 

mature siRNA. Chemically synthesized siRNA enter the RNAi pathway post-Dicer 

cleavage and incorporate into RISC to target complementary mRNA. All three RNAi 

triggers use the endogenous RNAi pathway but have distinct entry points (Zeng et al., 

2005). 
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RNA polymerase II transcription unit, which normally encodes the promoters 

produce small transcripts lacking nonfunctional bases at the 5' end and a poly-adenosine 

tail. The resulting shRNAs are processed in vivo into active ‘small interfering’ RNAs 

(Ventura et al., 2004; Kunath et al., 2003; Rubinson et al., 2003; Tiscornia et al., 2003). 

 

miRNA primary transcripts (pri-miRNA) are processed to miRNA precursors 

(pre-miRNA) by Drosha RNase III and its interacting partner called DGCR8. The pre-

miRNA is subsequently exported to the cytoplasm using the export receptor exportin-5 

and processed by Dicer RNase III to a siRNA like miRNA duplex intermediate. The 

single-stranded miRNA is loaded onto a member of the Ago protein family and the 

miRNA is degraded. For the cellular export of shRNAs and microRNAs the key 

component is the nuclear karyopherin Exportin-5 (Ohrt et al., 2006; Bohnsack et al., 

2004; Yi et al., 2003). Exportin-5 is a saturable transport pathway (Chen et al., 2004; 

Brennecke et al., 2003) helps to transport both shRNAs and microRNAs from the nucleus 

to the cytoplasm in the presence of Ran-GTP. This export function is not required for the 

activity of synthetic siRNAs (Yi et al., 2005; Denli et al., 2004; Lund et al., 2004), 

because siRNAs do not depend on Exportin-5 for their transport to the cytoplasm 

(Castanotto, 2007; Kim, 2004; Yi et al., 2003). RNAi is an important part of endogenous 

cellular processes involved in post transcriptional regulation of endogenous gene 

expression (Mourelatos et al., 2002). 

 

Several groups applied RNA interference technique to successfully introduce 

siRNA or shRNA expressing constructs into mammalian cells and mice, achieving 

efficient delivery and subsequent silencing of target genes (Tomari et al., 2007; Lim et 

al., 2003a; Lim et al., 2003b; Devree and Silver, 2002; Tuschl et al., 1999; Timmons and 

Fire, 1998). Xu et al., (2005) and Giladi et al., (2003) also applied same technology and 

achieved successful silencing expression.  

 

In RNAi, small double-stranded RNAs processed from long double-stranded 

RNAs or from transcripts that form stem-loops, silence gene expression by several 

mechanisms, by targeting mRNA for degradation, by preventing mRNA translation or by 
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establishing regions of silenced chromatin (Dykxhoorn and Lieberman, 2005; Dykxhoorn 

et al., 2003; Semizarov et al., 2003). All of these mechanisms suppress expression of 

genes bearing complementary sequences of at least seven nucleotides (Lewis et al., 2005; 

Ma et al., 2005; Doench and Sharp, 2004; Zamore et al., 2000; Parker et al., 1999). 

Researchers blocked the gene expression, thus abolishing the synthesis of crucial proteins 

both transiently as well as long term (Saghir and Ibrahim, 2007; Grim et al., 2006; 

Takasaki et al., 2004; Kunath et al., 2003; Fraser et al., 2000). 

 

In the present study, the shRNA expression was evaluated under the MyoVlla 

promoter to knockdown DFNB26 in vitro assays and ultimately for knockdown analysis 

predominantly in mouse ear. Tissue specific promoters are capable of restricting gene 

expression in desirable cells and in regulating persistent transgene expression (Liu et al., 

2004). The Myosin Vlla promoter (MyoVlla) is a specific promoter of cochlear hair cells 

(Boeda et al., 2001). To produce the DFNB26 knockdown MyoVlla promoter was cloned 

into UbC-GFP-Zeocin (UbC) vector by replacing Pol II ubiquitous C promoter. eGFP 

expression cassette (green fluorescencet protein) was also included in construct as a 

shRNA expression marker. Hair cells specific promoter MyoVlla can also drive GFP 

expression in the inner hair cells (Liu et al., 2007). 

 

2.3.5 RNAi AS A NOVEL APPROACH FOR STUDYING DEAFNESS GENES 

The discovery of RNAi and siRNA mediated gene silencing has led to a spectrum 

of opportunities for functional genomics and siRNA based therapeutics (Huppi et al., 

2005; Carlson et al., 2003). The prospect of RNA-based gene silencing technologies 

could possibly be as therapies for human disease (Tomari and Zamore, 2005; Hsieh et al., 

2004). RNA interference (RNAi) has been used as an experimental tool to analyze the 

function of mammalian genes, both in vitro and in vivo (Leung and Whittaker, 2005; Tran 

et al., 2003) with the help of double stranded RNA (dsRNA) reagents which binds to 

promote the degradation of target RNAs (Lim et al., 2005; Lindenbach, 2002; Lipardi, 

2001). 

  

37 
 



                                                                                             RNAi AND DEAFNESS 

Access to the inner ear is limited by the presence of a blood-cochlear barrier. The 

tight junctions between cells, prevents the entry of many molecules with potentially 

therapeutic effect from gaining access to their inner ear targets (Hardisty et al., 1999; 

Fekete, 1996; Juhn, 1988). Therefore, delicate approaches are required to access the inner 

ear (Forge and Wright, 2002; Roderick, 1999) containing a small quantity of hair cells, 

present in cochlea which locates in dense temporal bone of skull (Avraham, 2003; 

Meisler, 1996). To characterize hearing processes in humans by using classical 

biochemical and physiological approaches are often not possible (Robin, 2005a; Robin, 

2005b). RNAi technology can be adapted to analyze gene function through stable 

inhibition (Erin et al., 2008; Scherr and Eder, 2007). The rapid development of this 

powerful method of post transcriptional silencing has made it possible to knockdown 

almost any known gene in an applicable organism (Brown et al., 2006; Eccleston and 

Eggleston, 2004; Schwarz et al., 2003; Schwartz et al., 2002). The discovery of RNAi 

and siRNA mediated gene silencing has led to a spectrum of opportunities for functional 

genomics and siRNA based therapeutics (Elgoyhen et al., 1994). Such discoveries have 

opened up the field of RNA therapeutics and offer the prospect of RNA-based gene 

silencing technologies being developed as therapies for human diseases (Lim et al., 2005; 

Meister and Tuschl, 2004). Proteomic approaches are increasingly successful for the 

study of complex biological problems which are relevant to the auditory system 

(Thalmann et al., 2003; Thalmann, 2001; Sakaguchi et al., 1998; Wang et al., 1998). 

 

RNA interference (RNAi) has been used as an experimental tool to analyze the 

function of mammalian genes, both in vitro and in vivo (Leung and Whittaker, 2005), 

with the help of double stranded RNA (dsRNA) reagents which binds to promote the 

degradation of target RNAs (Veillette, 2004; Vargason et al., 2003). Due to the ability of 

RNAi to silence disease associated genes in tissue culture and animal models, the 

development of RNAi based reagents for clinical applications in vivo is gathering pace 

world wide (Kawakami and Hashida, 2007; Ventura et al., 2004). It also demands 

technological enhancements that improve siRNA stability and delivery in vivo (Voinnet, 

2002). The use of RNAi as a clinical therapy is possible since the advent of chemically 

synthesized small interfering RNA (siRNA) of 21-22 nucleotides, and their cloning into 
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expression vectors for stable knockdown effects of diseased gene (Lim et al., 2003a; Lim 

et al., 2003b). So there is a hope that RNAi technology can be used successfully as a 

therapeutic tool (Mello and Conte, 2004; Meister et al., 2004b) and hearing loss 

phenotypes could be rescued by means of RNAi (Maeda et al., 2005). 

 

In order to understand the pathophysiology of DFNB26 hearing disorders it is 

important to understand the expression and regulation of deafness genes at transcriptional 

and proteomic level. So, RNA interference was applied to study the phenotypes due to 

loss of DFNB26 gene function.  

 

Conclusion: 

 In this study, an attempt is made to study differential expression profiling of 

DFNB26 gene by knocking down its expression in vitro. This study of DFNB26 

regulated pathways may be helpful to advance existing techniques for the arrival of better 

and better therapeutic compounds to help those suffering from hearing related disorders. 

 
 

39 
 



SECTION 3  

 

 

 
aterial 

&ethods 

 

 



 

 
                            MATERIALS 

    AND METHODS 
 
 
 
 
 

 
3.1 siRNA DESIGNING AND CONSTRUCTION 

 

3.1.1 Designing of siRNA 

Small interfering RNA oligonucleotides were designed by defined criteria, using 

siRNA target finder software of Ambion (Ambion INC, Austin). 

Different parameters were followed to design siRNAs DNA templates, including the 

length, secondary structure, sugar backbone, and sequence specificity of the siRNA 

duplex. While selecting siRNAs following rules were followed: 

 

• The siRNAs were designed with sequence AA (N19) TT, where N was any 

nucleotide; these siRNAs were having a 2-nucleotide 3′ overhang of uridine 

residues.  

• The sequence selected in the region 50 to 100bp downstream of the start codon. 

• The 5′ or 3′ untranslated regions and regions near the start codon were avoided. 

• The GC content of the siRNA was kept between 35 and 50%. 
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• The sequences from DFNB26 were searched in the Gen Bank database using a 

loose expectation value (E=100) to rule out any identity (>16 nucleotides) with 

known cellular genes.  

 

The 21-nucleotide siRNAs DNA templates were chemically synthesized with 

appropriately protected ribonucleoside phosphoramidites with a conventional synthesizer 

commercially (Sigma Aldrich, U.S.A).  

 

3.1.2 Synthesis of siRNA 

• siRNAs were synthesized from siRNAs DNA templates using Silencer siRNA 

construction kit (Ambion, Cat # AM1620) following the manufacturer's protocol. 

• Lyophilized template oligonucleotides were dissolved separately in water to make 

final 100μM conc.  

• In separate tubes the sense and antisense oligonucleotides of siRNA were 

converted to dsDNA by using 2μl of T7 promoter primer following 

manufacturer's protocol. 

• Heated the mixture to 70°C for 5 min.  

• After 5 minutes room temperature incubation, hybridized the 100μM of each 

oligonucleotide by using Klenow polymerase enzyme by using dNTPs following 

manufacturer's protocol. 

• The reaction mixture was re-incubated at 37 °C for 30 min.  

• 2 transcription reactions were assembled for each siRNA, for sense or anti sense 

template and incubated at 37 °C for 2 hrs. 

• The above sense and antisense templates were combined and again incubated at 

37 °C overnight. 

• After overnight incubation, the digestion buffer, RNAse and DNAse were added 

and again incubated at 37 °C for 1 hr. 

• The dsRNA was purified away using silica gel columns following manufacturer's 

protocol. 

• The siRNAs were quantified from adsorption at 260 nm using Spectrophotometer 

and stored at −70 °C until used. 
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Table 3.1:  List of sequences of sense and anti sense siRNAs DNA templates 

siRNA Sequence (5’-3’) %GC 

content 

Position in gene 

sequence 

Sr. 

No. 

CCACGCAACGCUUCAACUAtt 1 Sense strand siRNA 4 47.6% 58 

 Anti sense siRNA    4  ACACGGAAUGAAUGGCUUUtt 
Exon  1  

 

AAAGCCAUUCAUUCCGUGUtt 2 Sense strand siRNA41 38.1% 685 
          

Anti sense siRNA   41 CACCUGGCAACACUUACCAtt 
Exon  4  

 

CACCUGGCAACACUUACCAtt 3 Sense strand siRNA52 47.6% 933 
   

Anti sense siRNA   52  UGGUAAGUGUUGCCAGGUGtt 
Exon  4  

 

GUUGCGGAAAGAUGCUAGUtt 4 Sense strand siRNA61 42.9%   1186 
   

Anti sense siRNA   61 ACUAGCAUCUUUCCGCAACtt  
 Exon  5 
 

GCCGGCACCUUUAGACAUAtt 5 Sense strand siRNA85 47.6% 1591 
   

Anti sense siRNA   85 UAUGUCUAAAGGUGCCGGCtt 
Exon  7  

 

ACAAGUCGAAUACCUGGAUtt 6 Sense strand siRNA 38.1% 1870 
   102 AUCCAGGUAUUCGACUUGUtt 

Exon  9  
Anti sense siRNA 102 

 

CACCGACGCAAUAUAGCUAtt 7 Sense strand siRNA 

control 

42.9%  
 
UAGCUAUAUUGCGUCGGUGtt 

Anti sense siRNA 

control 
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3.2 CLONING OF DFNB26 cDNA INTO MAMMALIAN EXPRESSION VECTOR 

 

3.2.1 Isolation of DFNB26 cDNA from TA vector 

 

3.2.1.1 Preparation of Competent cells  

Competent cells are the bacteria, which can accept extra-chromosomal DNA 

called plasmids with better transformation efficiency. 

 

• E.coli strain DH5α was cultured in 5 ml of LB broth overnight at 37oC with 

shaking. 

• The culture was diluted 100 times (1 ml in 100 ml LB broth), and re-incubated at 

37oC with shaking for 3 hrs until optical density reached to 0.6 at 600nm. 

• Incubated on ice for 15 min.  

• Recovered the cells by centrifugation at 4000 rpm in a JA 14 rotor for 10 min. at 

4oC. 

• Re-suspended the pellet in 30ml 0.1M MgCl2-CaCl2 for 10 min. at 4oC. 

• Cells recovered by centrifugation at 4000 rpm in a JA 14 rotor for 10 min. at 4oC 

and re-suspended the pellet in 4ml of 0.1M CaCl . 2

• Added 140µl of DMSO per 4ml of re-suspended cells gently swirled and 

incubated on ice for 15 min. 

• Again, added 140µl of DMSO per 4ml of re-suspended cells gently swirled and 

incubated on ice for another 15 min. 
oC. • Aliquoted 100µl into pre-chilled micro centrifuge tubes and stored at -70

 

3.2.1.2 Transformation of TA-DFNB26 Plasmid 

• TA vector containing the Mus musculus DFNB26 cDNA was transformed into 

E.coli strain DH5α through Calcium Chloride transformation method. The steps 

followed were as: 

• 3µl of plasmid DNA was added into 50µl of competent cells, mixed and 

incubated on ice for 30 minutes.  
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• Heat shock was given at 42oC for 90 seconds and quickly chilled on ice for 3 

minutes before the addition of 400µl of LB medium. 

• The cells suspension was then incubated for 45 min at 37oC with shaking. 

• 200µl of the cell suspension was spreaded on LB/ampicillin (50mg/ml) plate and 

incubated at 37oC overnight (16 hours). 

• Transformed colonies appeared after 12 to 16 hrs. 

 

 3.2.1.3 Plasmid DNA isolation by Alkaline Lysis method 

            Plasmid DNA was isolated on small scale (1-2 ml) from bacterial culture, by 

alkali lysis with SDS. The steps involved were as follows:  

 

• 5ml of LB broth containing appropriate antibiotic (ampicillin 50mg/ml) was 

inoculated with a single colony, grown on LB/amp. plate and incubated at 37oC 

overnight with shaking. 

• The cells were harvested by centrifuging at 13000 rpm at 4oC for 5 min. 

• Supernatant was discarded and re-suspended the cells in 150µl of GTE solution.  

• Then added 300µl of freshly prepared NaOH/SDS solution and mixed by gently 

inverting for 6 times. Incubated at room temperature for 5 min. 

• 300µl of ice cold potassium acetate was added, mixed and incubated on ice for 5 

min, then centrifuged for 10 min. at 13000 rpm at 4oC. 

• Supernatant was transferred into a new micro centrifuge tube and equal volume of 

phenol: chloroform: isoamyl-alcohol (25:24:1) added, vortexed for 1 minute and 

centrifuged at room temperature for 10 minutes at 13000 rpm. 

• Above aqueous phase was separated carefully and transferred into a new micro 

centrifuge tube, 1 ml of absolute ethanol and 50µl of potassium acetate were 

added to it  and incubated at -20oC temperature for 60 min. 

• The DNA was pellet down by centrifugation at 13000 rpm for 10 min. DNA 

pellet was washed with 70% ethanol and re-centrifuged for 15 min. at 13000 rpm. 

The supernatant was discarded and air-dried the pellet. 
o• The pellet was re-suspended in 50µl of nuclease free ddH2O and stored at -20 C. 
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3.2.1.4 Digestion of TA cloning vector containing DFNB26 cDNA 

In order to harvest mouse DFNB26 cDNA from TA cloning vector, the following 

double digestion reaction was set up and incubated at 37oC for 3 hrs.  

 

Table 3.2:  Digestion reaction of TA-DFNB26 vector 

Component    Amount   Concentration 

 
TA-plasmid   0.2μl    208ng/μl 

10x Tango Buffer   2.5μl 

EcoRI    0.5μl               50U/μl 

XhoI    1.0μl    10U/μl 

      ddH O                               up to  25.0μl 2

 

3.2.1.5 Gel electrophoresis 

• After the completion of digestion reaction, corresponding volume of 6x DNA 

loading dye was added to digestion mix. 

• It was then loaded on a 0.8% low melting agarose gel in TAE buffer along with 

1000bp DNA marker (Fermentas INC, Maryland, USA). 

• Gel was run at 80V for 50min until it covered the 2/3 of the distance. 

• The gel was then observed under U.V light and picture was taken for further 

analysis. 

 

3.2.1.6 DFNB26 cDNA purification through gel elution  

            The desired DFNB26 cDNA was eluted by using DNA Extension kit (Fermentas, 

Cat#K0513) by following Manufacturer’s protocol. Briefly the major steps were: 
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• Desired band was cut from low melting agarose gel using a sterile surgical blade 

under UV light and put in a micro centrifuge tube. 

• Added 3 times volume of binding solution to 1 volume of gel and mixed by 

vigorously shaking.  

• Incubated the tube at 55oC until the agarose is completely melted (for 5 min.). 

Mixed the solution periodically by vortexing. 

• Added the silica powder suspension, 2µl of silica powder suspension per 1µg of 

DNA and incubated for 5 minutes at 55oC.  

• Mixed by vortexing every 2min. to keep silica powder in suspension. 

• Added 500µl of ice cold wash buffer, vortexed and spun for 5 sec. and poured off 

the supernatant.  

• Repeated the procedure thrice. 

• After removing the supernatant from last wash, spun the tube and removed the 

remaining liquid with pipette. 

• Re-suspended the pellet in TE buffer and incubated at 55oCfor 5 min. 

• Spun the tube and transferred supernatant containing eluted DNA into a new 

micro centrifuge tube. 

 

3.2.2 Cloning of DFNB26 cDNA into pCMV-Tag 2 vector 

 

3.2.2.1 Restriction digestion of pCMV-Tag2 vector 

The pCMV-Tag2 vector was linearized by digestion with XhoI and EcoRI 

restriction enzymes to provide sticky ends for ligation of DFNB26 cDNA with following 

materials added and incubated at 37oC for 2hrs.  
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Table 3.3:  Digestion reaction of pCMV-Tag2 vector 

Component    Amount   Concentration 

pCMV-Tag2 plasmid  0.2μl    500ng 

     10x Tango Buffer   2.0μl 

EcoRI    1.0 μl    10U/μl 

XhoI    1.0 μl    10U/ μl 

      ddH O                                           5.8μl 2

 

Figure 3.1:  Simplified physical and genetic map of the pCMV-Tag2 vector 

            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

47



                                                                                              MATERIALS AND METHODS 

3.2.2.2 Ligation of DFNB26 cDNA into pCMV-Tag2 vector 

Digested pCMV-Tag2 vector was ligated with DFNB26 cDNA in 1:3 ratios and 

incubated at 14oC overnight. A 20μl total reaction mixture was used with following 

reagents: 

 

Table 3.4:  Reaction mixture for pCMV-Tag2 and DFNB26 ligation 
 
Component    Amount   Concentration 

Digested pCMV-Tag2 vector        0.25μl    180ng/μl 

DFNB26 insert             10.5μl    30ng/μl 

10x Ligation Buffer              1.0μl 

T4 DNA ligase               2.0μl 

      ddH O                                  up to 20.0μl 2

 

3.2.2.3 Heat shock transformation 

  Ligation product of DFNB26 cDNA and pCMV-Tag2 vector was transformed 

into DH5α competent cells by heat shock method. For that purpose 10 µl of ligation 

product was added to 50ul of competent cells. The remaining protocol was same as 

described previously.  

 

3.2.2.4 Plasmid DNA isolation (Mini prep)  

The plasmid DNA was isolated from bacteria through alkaline lysis method. The 

steps involved in mini prep protocol were same as described previously. 

 

3.2.2.5 Quantification of plasmid DNA 

The concentration of isolated plasmid DNA was measured with 

spectrophotometer (Bio-Rad, CA, USA) and gel electrophoresis. 

• For measuring optical density, DNA was diluted 1000 folds by mixing 2μl of total 

DNA to 998μl ddH O water in an eppendorf. The OD of the samples was taken at 2
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260nm and 280nm in quartz cuvette against ddH2O as blank. DNA concentration 

was calculated using following formula:  

Concentration in ng/μl = A260 × 50 × 100 × dilution factor 

• DNA sample was run on 1.0 % TAE agarose gel according to the protocol 

described previously. After the run gel was observed under U.V light and DNA 

concentration was estimated by comparison with the known concentration of 

λ/HindIII ladder. 

 

3.2.2.6 Cloning confirmation by Sequencing 

All plasmid constructs were sequenced for confirmation. T7 universal primers 

were used for two sequencing reactions of each construct. Sequence analysis of the 

plasmid DNA was performed according to the manufacturer’s instructions (BigDye 

Terminator; Applied Biosystems, Weiterstadt, Germany). Sequencing of both positive 

and negative strands was performed on automated sequencer (Applied Biosystems 3100 

DNA Analyzer). The deduced nucleotide sequence of the DFNB26 cDNA was compared 

with the cDNA sequence of DFNB26. 

 

Table 3.5:  DFNB26 sequencing PCR reaction mixture 
 
      Component                         Amount                                  Concentration 

Template DNA   1.0μl    200ng/μl 

      T7 primer               1.0μl    10pM 

5x sequencing buffer  1.0μl 

Big-Dye    0.6μl 

O                                          6.4μl                            ddH2
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Figure 3.2:  The cycling conditions for DFNB26 sequencing PCR 
 

Hold 1                                  Hold 2 

 

 

 

 

 

After sequencing PCR, the PCR product was purified with ethanol precipitation as 

follows: 

 

• The PCR product was transferred into 1.5 ml tube, added 40µl of 95 % ethanol.  

• Incubated in dark at room temperature for 20 min. 

• Spun down for 20 min at 13000rpm at 4oC and supernatant was removed with   

aspiration.  

• Added 20 µl of 75% ethanol and centrifuged again for 10 min at 13000 at 4oC. 

• Supernatant was discarded and air dried the pellet by keeping in dark.  

• The pellet re-suspended in 15µl formamide. Samples were then transferred into 

PCR plate. 

• Heat shock was given at 95oC for 5 min. and immediately chilled the samples on 

ice for 5 min.  

• Samples were then sequenced by commercial sequencer (Applied Biosystem 

3100) for analysis. 

 

95o oC 95 C  
Cycles: 45 
 

68oC 60oC  
 
48oC 10:00 

∞ 

4oC 
01:00 

04:00 

02:00 00:50 
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3.2.3 Plasmid DNA isolation (Maxi prep)  

              For further work the pCMV-Tag2-DFNB26 construct was isolated in higher yield by 
TM using the QIAfilter  Plasmid Maxi kit (Qiagen, Cat#12263) by following Manufacturer’s 

protocol.  

 

• A single colony from a freshly streaked selective plate was picked and inoculated a 

culture of 5ml LB/amp. (50mg/ml) and left overnight at 37°C with vigorous 

shaking. A 500ml LB/amp. (50mg/ml) was inoculated with this starter culture and 

incubated for approximately 12 hrs. at 37°C with vigorous shaking. 

• The bacterial cells were harvested by centrifugation at 6000 x g for 15 min at 4°C 

and bacterial pellet was re-suspended in 10 ml Buffer P1.  

• Then added 10 ml Buffer P2, mixed by inverting the tube 5-6 times and incubated 

at room temperature for 5 min. 

• 10 ml of chilled Buffer P3 was added, mixed immediately and incubated on ice 

for 15 min. Centrifuged at 13,000rpm at 4°C for 30 min. The supernatant 

containing plasmid was removed. 

• QIAGEN-tip 500 was equilibrated by applying 10 ml Buffer QBT, and allowed 

the column to empty by gravity flow. The supernatant from the above step was 

loaded to the QIAGEN-tip and allowed to enter the resin by gravity flow. 

• QIAGEN-tip was washed with 2 x 30 ml Buffer QC. 

•  DNA was eluted with 15 ml Buffer QF. Then precipitated DNA by adding 10.5 

ml (0.7 volumes) room-temperature isopropanol to the eluted DNA. Mixed and 

centrifuged at ≥15,000 x g at 4°C for 30 min and decanted the supernatant. 

• DNA pellet was washed with 5 ml of room-temperature 70% ethanol, and 

centrifuged at ≥15,000 x g for 10 min and decanted the supernatant.  

• Air-dried the pellet for 5–10 min, and re-dissolved the DNA in 1ml of ddH2O. 

• To determine the yield, DNA concentration was determined by both 

spectrophotometry and quantitative analysis on 0.8% agarose gel as described 

previously. 
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3.3 KNOCKDOWN EXPRESSION ANALYSIS OF DFNB26 IN CHO CELLS BY 

RT-PCR 

 

3.3.1 Designing of Primers 

For the PCR amplification of DFNB26 cDNA, two pairs of primers were designed. 

For the PCR amplification of GAPDH from cDNA, GAPDH forward and reverse primers 

were also designed. For the DNA sequencing PCR of UbC and MyoVlla constructs two 

forward primers designed with same Uni reverse primer. For MyoVlla promoter 

amplification a pair of primer was designed. All the oligonucleotides were synthesized 

from DNA synthesis lab. of CEMB. 

 

3.3.2 Dilution and Optimization of Primers 

 Primers were synthesized and re-suspended in TE with stock concentration of 

1μg/μl and further diluted to 10pmol/μl working concentration, optimized for optimum 

reaction condition of temperature, Mg concentration, buffers and dNTPs and spermine. 
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Table 3.6:  The list of Primers (oligonucleotides) used. Restriction sites were underlined   
 

Oligonucleotide 

name 
Length Sequences (5΄-3΄) Purpose 

GAPDH-2F 

forward primer 
20 AGAACATCATCCCTGCATCC 

RT-PCR 

siRNA/shRNA 

GAPDH-2R 

reverse primer 
20 GTGTGGGGGTTATTGGACAG 

RT-PCR 

siRNA/shRNA 

DFNB26-2F 

primer 

RT-PCR CAAAGCAAGAAGCCTGAACC 20  siRNA product 

DFNB26-2R 

primer 

RT-PCR GGACTCTCCCGAGACAGATG  20  siRNA product 

DFNB26-3F 

primer 
RT-PCR CCCTCTTTGACTCTGCCAAG 20  shRNA product 

DFNB26-3R 

primer 

RT-PCR GGACTCTCCCGAGACAGATG 20  shRNA product 

MyoVlla primer MyoVlla 

promoter 

amplification 

F 27 
ATGAGGTCCTTGGGCAACCTC

TAGACG     

 MyoVlla 

promoter 

amplification 

ATGGTACC
MyoVlla primer 

R 

25 
CTTCTACGTCTGC

ACAC    

 

UbC-F Primer 19 CCCTGACGTGAAGTTTGTC Sequencing 

 

 

Myo-F Primer 20 CCAAGTCTTCCCTGCCCTGC Sequencing 

 

Uni-R Primer 
20 GAAAAGCCTACCGCACACC Sequencing 
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3.3.3 TISSUE CULTURING 

 

3.3.3.1 Cell splitting and cell seeding 

           The Chinese Hamster Ovarian cells (CHO) were cultured in DMEM Ham’s F12 

medium with appropriate antibiotics and serum (FBS) in 35mm2 culture flask. The 

principle steps were as follows: 

 

• Discarded the old medium and washed the cells with 3 ml of 1x PBS. 

• Added 3ml of Trypsin-EDTA solution and incubated the flask at 37oC for 3-5 

min. 

• Added 3ml of fresh medium and collected the medium with cells into a new 

sterile culture tube. 

• Centrifuged the cells at 1500rpm for 3min. 

• Discarded the supernatant and re-suspended the cells in 2ml of DMEM Ham’s 

F12 media and titurated well to separate individual cell. 

• Finally the cells were counted on haemocytometer. Then 3×105 cells were plated 

to 6-well culture plate with 1.5ml of media without antibiotic and incubated at 

37oC in an incubator having 5% CO  for 24 hrs. 2

 

3.3.3.2 Transfection of the CHO cells with DFNB26  

To investigate the specificity of siRNA mediated RNAi, different siRNAs 

targeting DFNB26 were co-transfected along with PCMV-Tag2 expression plasmid 

conferring the DFNB26 into CHO cells using the liposomic transfection reagent, 

LipofectamineTM 2000 Reagent (Invitrogen, Cat#11668-019). Plasmid DNA 

concentration used was 250ng and siRNA was used in 100μM concentration. Scrambled 

negative control siRNA was also included for knockdown expression analysis. Cells were 

transfected according to the following manufacturer’s protocol. 

 

• Mixed the 250µl of DMEM Ham’s F12 and 7µl of lipofectamin transfection 

reagent in a micro centrifuge tube and incubated at room temperature for 5 min. 
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• In another micro centrifuge tube 250ul DMEM Hams F12, 250ng plasmid and 

100µM siRNA were mixed in separate micro centrifuge tube and incubated at 

room temperature for 5 min.  

• Mixed the mixtures from above tubes and incubated at room temperature for 20 

min. 

•  Finally added the mixture to each well of the 6-well plate respectively and 

incubated at 37oC in an incubator having 5% CO  for 24 hrs. 2

 

3.3.3.3 RNA purification and quantification 

RNA was purified from CHO cells by using Trizol reagent (Invitrogen, 

Cat#15596-026) according to the manufacturer’s protocol.  

 

• Cells were lysed directly by adding 1ml of Trizol reagent to a well of 6 well plates 

and incubated for 5 min. at room temperature (RT).  

• The mixture was transferred to a micro centrifuge tube and 200µl of chloroform 

was added. Mixed the tube vigorously and incubated at room temperature for 3 

min. Then centrifuged at 13000rpm at 4oC for 15 min.  

• The above aqueous phase was separated into another micro centrifuge tube. 

• Added 500µl of isopropanol and incubated at RT for 10 min.  

• The tube was again centrifuged for 10 min at 13000rpm at 4oC.  

• Supernatant was discarded and 1ml of 75% ethanol was added. Vortexed and 

centrifuged for 5 min.  

O.  • Air dried the pellet and dissolved in 20ul of ddH2

• The isolated RNA was quantified through Spectrophotometer. Samples were 

prepared by mixing 5μl of total RNA into quartz cuvette and 495μl of water, 

Results were taken at A260 and A280. RNA concentration was calculated using 

following formula:  

Concentration in ng/μl = A260 × 40 × 100 × dilution factor 

            For pure RNA, A260/A280 ratio should be equal to 2.00. 
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3.3.3.4 Reverse Transcription Polymerase Chain Reaction 

 After the RNA isolation, first strand cDNA was prepared by cDNA synthesis kit 

(Fermentas, Cat#EP0441) as follows:  

 

• 1µg of the template RNA was added 

• 1µl of the oligo-dT primer was added. 

• The DEPC treated water was added to make reaction volume as 11µl. 
o• Incubated the mixture at 70 C for 5 min., chilled on ice and spun briefly. 

• Placed the tubes on ice and added the following components: 

 

5x reaction buffer…………………….4µl 

DEPC treated water ………………….2µl 

10mM dNTPs…………………………2µl 

 

• Incubated the above mixture at 37 oC for 5 min. 

• Then 1µl of the MMLV-RT was added 

The above reaction mixture was amplified through PCR with following conditions. 

 

Figure 3.3:  RT-PCR thermal cycling conditions 

  

   Hold 1   Temp 3: 1 cycles       Hold 2 
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3.3.3.5 PCR amplification of cDNA 

The RT-PCR product, cDNA, was amplified by PCR under the conditions 

optimized, using a pair of primers DFNB26 2F and 2R. 1µg of cDNA was used in the 

reaction. The product size was 350bp. The reaction mixture consisted of: 

 

Table 3.7:  Reaction mixture for DFNB26 cDNA amplification 

Component    Amount   Concentration 

cDNA     1.0μl    1.0μg    

DFNB26  2F Primer    1.0µl    10pM 

DFNB26  2R Primer    1.0µl    10pM 

2x PCR Master Mix   7.0µl 

 

The PCR conditions were as follows: 

Figure 3.4:  Cycling conditions for DFNB26 cDNA amplification 

   Hold 1                                                                                     Hold 2 
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3.4 KNOCKDOWN EXPRESSION ANALYSIS OF DFNB26 BY WESTERN 

BLOTTING IN CHO CELL LINE 

For Western blot knockdown investigation the siRNA was co-transfected along 

with pCMV-Tag2 expression plasmid conferring the DFNB26 into CHO cells using the 

protocol described previously. Plasmid DNA concentration used was 2μg and siRNA was 

used in 100μM concentration. Scrambled negative control siRNA was also included for 

knockdown expression analysis. 

 

3.4.1 Protein isolation: Harvesting of transfected cells 

Cells were harvested after the 24 hrs of transfection and protein was isolated for 

expression analysis. The major steps involved were as: 

 

• Removed the medium and washed the cells with 1x PBS.  

• Added 500μl of TNE buffer and scrapped the cells with the help of a scrapper. 

• Pooled up the sample into micro centrifuge tube and centrifuged at 13,000rpm for 

5 min at 4oC. 

• Supernatant was discarded and to pellet added 100μl of protein lysis solution. 

• Incubated on ice for 15 min and centrifuged at 13,000rpm for 30 min at 4oC.  

• Supernatant containing protein was shifted to new tube and stored at -20oC. 

 

3.4.2 Quantification of isolated protein 

The concentration of the isolated protein was estimated, by using Bio-Rad Dc 

protein assay Kit (Invitrogen, Cat#500-0113) following manufacturer’ protocol. The 

major steps were as follows: 

 

• 1 ml of Bio-Rad chemical reagent “A” was mixed with 20µl of surfactant reagent 

“S”.  

• 50µl of above reagent mix was added to a new eppendorf. Then 5µl of protein 

sample was added to it.  

• 5 µl of BSA 5µg/ml was (used as strandard) also added to 50µl of above reagent 

mix. While protein lysis solution was used as blank.  
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• Incubated the above sample for 5 min at room temperature. 

• Then added 400 µl of Reagent “B” and again incubated for 15 min. 

• OD was taken at 750nm by using spectrophotometer. 

• Finally the amount of protein in each sample was calculated by using BSA 

standard curve. 

 

3.4.3 SDS poly acrylamide gel electrophoresis 

• Prepared 10% SDS gel and loaded into preset PAGE assembly. 

 

Table 3.8:  10% SDS gel preparation reagent amount (ml) 

                            Revolving gel (%10)                               Stacking gel (4%) 

Water               4.16 ml                                                  3.05ml 

Tris-HCl                       2.5ml (1.5 M, pH 8.8)                           1.25ml (0.5 M, pH 6.8) 

Acryl-Bis (30%)              3.30ml                                                   0.65 ml 

APS                              0.05ml                                                    0.025 ml 

TEMED                       0.01ml                                                     0.005ml 

 

• Took 30µl (100µg) of sample and equal volume of 2x SDS gel-loading buffer.  

• Boiled the sample (in loading buffer) at 100oC for 5 min. 

• Loaded the sample for electrophoresis: 8 V/cm (6 x 8 = 48 volts) till the 

bromophenol blue (dye) front moved into the resolving gel and 15 V/cm (6 x 15 = 

90 volts) until the bromophenol blue reached the bottom of the resolving gel. 

• Made the gel for transfer in transfer buffer. 

• Gel was shifted in a dish containing transfer buffer.  

• Gel was than placed in contact with nitrocellulose membrane, along with 6 pieces 

of whatman paper as 3 pieces of whatman paper, Nitrocellulose membrane, Gel 

and again 3 pieces of whatman paper from top to bottom.  

• The whole assembly was soaked into transfer buffer. 

•  Finally layered onto transfer blot electrophoretic transfer cell from top to bottom. 
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• Run the unit at constant 16 Volts for 2 hrs.  

• Blocked the membrane with blocking solution 5% skim milk in Phosphate-

buffered saline (PBS) (pH 7.4, 1000 ml) for 1– 2 hrs. at room temperature (0.1 ml 

blocking solution per cm2 filter), with gentle agitation on a platform shaker. 

• Discarded blocking solution and immediately incubated membrane with primary 

antibody.  

• Added 0.005 ml of Flag tag, anti-mouse primer antibody (Sigma, Cat#F3165) 

(1:1000) into 1% blocking solution.  

• Incubated for overnight with gentle agitation on a platform shaker. 

• Discarded blocking solution and washed membrane 3 times (5 min. each time) 

with 250 ml of 1xPBST. 

• Immediately incubated the membrane with secondary antibody (Sigma, HRP anti-

mouse, Cat#A8592).  

• Added 0.005 ml of secondary antibody solution (1:2000) in 1% blocking solution.  

• Incubated 1– 2 hrs. at room temperature with gentle agitation.  

• Discarded secondary antibody and washed with 1xPBST for 3 times for 5 minutes 

each time.   

• For protein detection Chemiluminescent peroxidase substrate (ECL) method was 

used by using ECL kit (Sigma, Cat#Cps 1300-IKT). 

• For ECL detection, mixed the reagent A and B and applied to membrane for 5 

min, wiped off excess reagent and placed in sheet protector to expose X-ray film 

for 30 Sec. – 1 minute. 

• Finally the image reproduced by treating the X-ray film with developer and 

fixative solution. 

 

3.4.4 Stripping of blot 

• Blot was stripped off to check the expression of the house keeping gene GAPDH.  

• Blot was incubated with stripping buffer at 50°C for 15 to 30 minutes with 

shaking.  

• Rinsed the blot with 1xTBS three times.  
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• Expression of the house keeping gene was reproduced by ECL method as 

described earlier, using GAPDH primary antibody (MSx GAPDH primary 

antibody, Chemicon, Cat#MAB 374) and HRP (Sigma, Cat#A8592) secondary 

antibody. 

  

3.5 DESIGNING AND shRNA CLONING STRATEGY 

 

3.5.1 Designing of shRNA  

In order to generate the vector with shRNA expression to target DFNB26, the 

DNA oligonucleotides were synthesized, annealed and cloned into UbC-GFP-Zeocin 

(UbC) vector and MyoVlla construct between EcoR1 and Kpn1 restriction sites as 

designed by (Zheng  et al., 2005). Two different pairs of oligonucleotides were designed 

against DFNB26 mRNA. A scrambled DNA oligonucleotide pair was also designed to 

use as negative control. The designed shRNA consisted of short 5' and 3' miR-30 

sequences, flanking a 21-nt sense and 21-nt antisense target sequence separated by a 15-

nt miR-30 loop. The total length of the shRNA insert was approximately 110bp. The 

single stranded shRNA oligonucleotide was designed such that after annealing they were 

having KpnI and EcoRI restriction sites at 5’and 3’ ends respectively.  

 

3.5.2 Annealing of two DNA Oligonucleotides 

• Lyophilized template oligonucleotides were dissolved separately in water to make 

final conc. of 40μM. 

• Mixed 20ul of each strand in a PCR tube at equal amount. 

• The two DNA oligoenucleotides were annealed by incubating  in PCR machine as 

follows:  

 

                           95°C for 10 min. 

                           94°C for 1 min. gradually to 25°C for 1 min. at each step 

                (For example, stayed at 94C for 1min., then at 93C for another min.) 
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Table 3.9:  shRNA DNA Oligonucleotides used were as follows: 

 

85 (S) 

5'-CTGCTGTTGACAGTGAGCGAGCCGGCACCTTTAGACATATTGTGAAGCCAC 

AGATGAATATGTCTAAAGGTGCCGGCCTGCCTACTGCCTCGGACTTCAAGGG-3' 

 

85 (AS) 

5’-AATTCCCTTGAAGTCCGAGGCAGTAGGCAGGCCGGCACCTTTAGACATATTCATC 

TGTGGCTTCAAATATGTCTAAAGGTGCCGGCCTCGCTCACTGTCAACAGCAGGTAC3’ 

 

102 (S) 

5'-CTGCTGTTGACAGTGAGCGAACAAGTCGAATACCTGGATTTGTGAAGCCACA 

  GATGAAATCCAGGTATTCGACTTGTCTGCCTACTGCCTCGGACTTCAAGGG-3' 

 

102 (AS) 

5’AATTCCCTTGAAGTCCGAGGCAGTAGGCAGACAAGTCGAATACCTGGATTTCATCT 

GTGGCTTCACAAATCCAGGTATTCGACTTGTTCGCTCACTGTCAACAGCAGGTAC-3’ 

 

Control (S) 

5'-CTGCTGTTGACAGTGAGCGACACCGACGCAATATAGCTATTGTGAAGCCACAGA 

TGAATAGCTATATTGCGTCGGTGCTGCCTACTGCCTCGGACTTCAAGGG-3' 

 

Control (AS) 

5’AATTCCCTTGAAGTCCGAGGCAGTAGGCAGCACCGACGCAATATAGCTATTCATCT 

GTGGCTTCACAATAGCTATATTGCGTCGGTGTCGCTCACTGTCAACAGCAGGTAC-3’ 
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3.6 CONSTRUCTION OF PLASMID WITH MYOVIIa PROMOTER 

     A number of truncated MyoVIIa promoter constructs were made by Boeda et al., 

(2001). The construct, we used in current study, comprised the region -118 bp upstream 

from transcription intiation site, first exon and the first intron region of MyoVIIa 

promoter. This promoter was provided on the filter paper, which was eluted by cutting 

the membrane in small circle in sterile conditions. Circular cut membrane piece was put 

into the sterilized eppendorf tube having 100ul of TE buffer. Overnight incubation was 

given at 4oC and stored at -200C.  

 

For construction of plasmid with MyoVIIa promoter, the steps involved in cloning 

were as follows: 

 

3.6.1 MyoVIIa promoter amplification by PCR 

MyoVIIa promoter was amplified by PCR with PFU DNA polymerase. The 

reaction mixture consisted of:  

 

Table 3.10:  Reaction mixture for MyoVIIa promoter amplification 

Component    Amount   Concentration 

MyoVlla promoter plasmid  3.0μl              100ng 

5x PCR Buffer   1.0μl    2.5 mM MgCl2

dNTPs     2.0μl    2.5mM 

Myo-Reverse Primer    1.0μl    10 pM 

Myo-Forward Primer   1.0μl    10 pM 

PFU DNA Polymerase  1.0μl     2U/μl 

O                                      up to 10.0μl ddH2
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Figure 3.5:  The cycling conditions for MyoVlla promoter amplification 

                                          

   Hold 1                                                                                     Hold 2 

 

 

 

 

 

 

3.6.2 Gel electrophoresis 

 After the completion of PCR reaction, the products were loaded on a 1.0% TAE 

agarose gel after mixing 6x loading dye along with 1Kb DNA ladder (Fermentas INC, 

Maryland, USA). Gel was run at 80V for 50min. until it covered the 2/3 of the distance.  

 

3.6.3 MyoVIIa promoter purification through gel elution 

After amplification, the PCR product was purified through gel elution by DNA 

extraction kit (Fermentas, Cat #K0513) for further cloning. For that purpose PCR product 

was run on 1% low melting TAE agarose gel and eluted by the protocol as previously 

described.  

 

3.6.4 Transformation of MyoVIIa promoter  

The amplified MyoVIIa promoter was transformed into E.coli strain DH5α 

through Calcium Chloride transformation method as described previously. 

 

3.6.5 Plasmid DNA isolation by Alkaline Lysis method 

            MyoVIIa promoter DNA was isolated on small scale (1-2 ml) from bacterial 

culture, by alkali lysis with SDS. The steps followed were same as above.  

 

 
 
Cycles: 35 95oC 95oC     72o72oC C 50oC 

05:00 

∞ 

4oC 00:30 

00:40 

10:00 00:30 

 
 

65



                                                                                              MATERIALS AND METHODS 

3.6.6 Cloning of MyoVIIa promoter into UbC vector 

 

3.6.6.1 Restriction digestion of UbC vector  

The UbC (UbC-GFP-Zeocin) vector was linearized by digestion with Sac1 and 

KpnI restriction enzymes to remove Pol II Ubiquitous C promoter and to provide ends for 

ligation of human MyoVIIa promoter.  

 

Figure 3.6:  Simplified physical and genetic map of the pUbCe-GFP-Zeocin (UbC) 

vector 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 The following materials were added for restriction digestion of UbC vector and 

incubated at 37oC for one and half hour. 
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Table 3.11:  Digestion reaction of UbC vector 

Component    Amount   Concentration 

UbC plasmid   0.2μl    500ng 

      10x Tango Buffer              2.0 μl 

Sac1    1.0 μl    10U/μl 

KpnI    1.0 μl    10U/μl 

      ddH O                                up to 10.0μl 2

 

3.6.6.2 Ligation of MyoVIIa promoter into UbC vector 

            UbC vector was used for the cloning of purified MyoVIIa promoter by replacing 

the Pol II Ubquitous C promoter. A vector to insert ratio of 1:1 and 1:3 was used for 

ligation. The samples were incubated at 14°C for overnight.  

The amount of insert required for ligation with 12ng of the vector was calculated 

using the following formula: 

Amount of insert = ng of vector × Kb size of insert   X Molar ratio of insert:vector 

                                           Kb size of vector  

 

Table 3.12:  Reaction mix for UbC vector and MyoVIIa promoter ligation 
 
REAGENTS                                                    UbC:MyoVlla (1: 1)              UbC:MyoVlla (1: 3)    
            
Digested UbC vector (12.5ng/ul)                 3.2μl                                       1.0μl 

MyoVIIa insert (40.0ng/ul)                          1.0μl                                   0.93μl 

10x ligation buffer                                        2.0μl                                   2.0μl 

T4 DNA ligase                                            1.0μl                                   1.0μl 

dd H O                                                       2.8μl                                     0.8μl 2
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3.6.6.3 Quantification of plasmid DNA 

The above ligation product was transformed into E.coli strain DH5α. The plasmid 

DNA was isolated by following protocol as described previously. To quantify the isolated 

plasmid DNA, its concentration was measured with spectrophotometer (Bio-Rad, CA, 

USA) and gel electrophoresis, DNA concentration was estimated by comparison with 

ladder. 

 

3.6.6.4 Confirmation of the cloned MyoVIIa promoter in UbC expression vector 

 by sequencing method 

All plasmid constructs were sequenced for confirmation. Myo forward and Uni-

reverse primers were used for sequencing reactions of each construct. Sequence analysis 

of the plasmid DNA was performed according to the manufacturer’s instructions (BigDye 

Terminators; Applied Biosystems, Weiterstadt, Germany) as described previously. 

 

Figure 3.7:  Simplified physical and genetic map of the MyoVlla construct 
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3.6.6.5 Cloning of shRNA into UbC vector and MyoVIIa construct 

After annealing sense and anti sense strands, shRNA fragment was ligated into 

UbC vector and MyoVIIa vector at 1:8 ratios. The amount of shRNA insert required for 

ligation with 100ng of the vector was calculated using the following formula: 

 
Amount of insert =    No. of base pair of  insert  ×  100ng of vector 

                                         Kb size of vector 

 

Set up a 10μl ligation reaction as indicated in the below. Incubated the reaction mixture at 

14°C for overnight. 

 

Table 3.13:  Reaction mixture for shRNA ligation into UbC vector and Myo vector 

Component    Amount             Concentration 

Construct UbC/Myo   2.6µl    100 ng/µl 

shRNA insert    1.4µl    10ng/µl 

2x ligation buffer   5.0µl 

Rapid DNA ligase   1.0µl     200U/µl 

 

 

10 µl of above ligation product (including control reactions) was used to 

transform individual aliquots of E.coli DH5α competent bacteria and selected for growth 

in the presence of 50mg/ml antibiotics on LB plates.  

 

3-4 colonies were picked up and sequenced to check whether they contain the hairpin and 

whether the hairpin sequence was correct.  
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3.7 KNOCKDOWN EXPRESSION ANALYSIS OF DFNB26 BY shRNA 

 

3.7.1 RT-PCR analysis in CHO cell line 

To investigate the specificity of shRNA-mediated RNAi, two shRNA constructs 

were used to target DFNB26 mRNA. For that purpose pCMV-Tag2 vector conferring 

DFNB26 was co-transfected alongwith shRNA expression construct into CHO cells using 

liposomic transfection reagent, LipofectamineTM 2000 Reagent (Invitrogen, Cat#11668-

019) by following the protocol described previously. DFNB26 plasmid concentration 

used was 250ng and shRNA construct was used in 4μg concentration for knockdown 

analysis by using 8μl of lipofectamin transfection reagent. Scrambled negative control 

shRNA was also included for knockdown expression analysis.  

Total RNA was isolated 24 hrs. post-transfection. 1μg of total RNA was used for cDNA 

synthesis following protocol as above. The DFNB26 3F and 3R primers were used for 

amplification of cDNA with product size of 200bp. After PCR amplification of cDNA, 

the amplified product was run on 2% agarose gel. Knockdown expression analysis was 

done by following protocol described previously. 

 

Table 3.14:  Reaction mixture for DFNB26 cDNA amplification 
 
Component    Amount   Concentration 

cDNA     1.0μl    1.0μg    

DFNB26  3F Primer    1.0µl    10pM 

DFNB26  3R Primer    1.0µl    10pM 

2x PCR Master Mix   7.0µl 
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The PCR conditions were as follows: 

Fig 3.8:  Cycling conditions for cDNA amplification 

   Hold 1                                                                                     Hold 2 

 

3.7.2 Western blot analysis in CHO cell line 

To study the knockdown of DFNB26 protein by shRNA, Western blot analysis 

was done. For Western blot analysis, 2μg of pCMV-Tag2 vector conferring DFNB26 was 

co-transfected with 8μg shRNA expression plasmid into CHO cells using lipofectamin 

transfection reagent 20μl.  

 

Total protein was isolated 24 hrs. post-transfection by following protocol as 

described previously. Protein was resolved by 10% SDS PAGE and finally detected on 

X-Ray film by ECL method following the protocol described previously. 
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3.8 EXPRESSION ANALYSIS OF shRNA CONSTRUCTS INTO DIFFERENT 

CELL LINES 

 
3.8.1 Cultivation and transfection of MEF, OC1 and CHO cell lines 

 

3.8.1.1 Cell culture 

The mouse embryonic fibroblast cell line (MEF) was routinely grown in 

Dulbecco’s modified eagle medium (DMEM) supplemented with 100µg/ml penicillin, 

100 µg/ml streptomycin, 10% fetal bovine serum (Wisent INC., Montreal, Canada) at 

37°C with 5% CO .2  This cell line was used to study the cytotoxic effects of shRNA 

constructs on embryonic cells before knockdown analysis in vivo. 

The mouse inner ear cell line (organ of corti cells, OC1) was routinely grown in 

Dulbecco’s modified eagle medium (DMEM) supplemented with 100µg/ml penicillin, 

100 µg/ml streptomycin, 10% fetal bovine serum (Wisent INC., Montreal, Canada) at 

37°C with 5% CO .2  This cell line was used to study the transfection efficiency of shRNA 

constructs in inner ear cells. 

The Chinese hamster ovarian cell line (CHO) was routinely grown in Dulbecco’s 

modified eagle medium, Ham’s F12 (DMEM Ham’ F12) supplemented with 100µg/ml 

penicillin, 100 µg/ml streptomycin, 10% fetal bovine serum (Wisent INC., Montreal, 

Canada) at 37°C with 5% CO .2  This cell line was used to study the transfection efficiency 

of shRNA constructs in inner ear cells. 

3.8.1.2 Cell splitting and cell seeding 

The organ of corti cells (OC1), mouse embryonic fibroblast cell line (MEF) were 

cultured in DMEM medium and Chinese hamster ovarian cell line (CHO) was cultured in 

DMEM Ham’s F12 medium, with appropriate antibiotic and serum (FBS) in 35mm2 

culture flask. The cells were cultured into 6-well plate by following protocol as above.  
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3.8.1.3 Transfection of the cells with shRNA constructs 

To investigate the cytotoxic effects of constructs as well as their tansfection 

efficiency, different shRNA constructs were transfected into organ of corti cells (OC1), 

mouse embryonic fibroblast cells (MEF) and Chinese hamster ovarian cell line (CHO)  

using the liposomic transfection reagent, LipofectamineTM 2000 Reagent (Invitrogen, 

Cat#11668-019). 8μg of constructs were transfected into 24 hrs. cultured cells by using 

20μl transfection reagent according to the following  protocol. 

• Mixed 8µg of DMEM and 20µl of transfection reagent in a micro centrifuge tube 

and incubated at room temperature for 5 min. 

• Finally added the mixture to each well of the cultured 6-well plate respectively 

and incubated at 37oC in an incubator having 5% CO  for 24 hrs. 2
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  For in vitro analysis of knockdown of DFNB26 mRNA by a short interfering 

RNA (siRNA), mouse DFNB26 gene was sub-cloned into mammalian expression vector 

from TA cloning vector. The expression of the vector was analyzed by RT-PCR reaction 

as well as for protein expression by Western blotting. To determine whether siRNA 

specific to DFNB26 could silence DFNB26 mRNA expression, different siRNAs were 

designed and synthesized.   

4.1 siRNA DESIGNING AND SYNTHESIS  

  To study the knockdown expression of DFNB26 gene, small interfering RNA 

DNA templates were designed against mouse DFNB26 mRNA sequence by defined 

criteria, using siRNA target finder software of Ambion. The siRNAs were designed with 

sequence AA(N19)TT, having 2-nucleotide 3′ overhang of uridine residues. To enhance 

the targeting efficiency of duplexes, different parameters were followed to optimize 

siRNA induced gene silencing including the length, secondary structure, sugar backbone, 

and sequence specificity of siRNA duplex (Schwartz et al., 2002; Elbashir et al., 2001b). 

The siRNAs were selected in the region 50 to 100bp downstream of the start codon. The 

GC content of the siRNAs was kept between 35-50%.  
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These 21-nucleotide siRNAs DNA templates were chemically synthesized 

commercially with appropriately protected ribonucleoside phosphoramidites with a 

conventional synthesizer (Sigma Aldrich, U.S.A).  

 

Six siRNAs AR4, AR41, AR52, AR61, AR85, AR102 and scrambled control 

siRNA were then synthesized according to manufacturer’s guidelines using Silencer 

Construction Kit (Ambion).  

 

4.2 CLONING OF DFNB26 cDNA INTO MAMMALIAN EXPRESSION VECTOR 

              For in vitro analysis of DFNB26 mRNA knockdown expression, mouse 

DFNB26 cDNA that was present in TA cloning vector was transformed in E.coli DH5α 

cells using the chemical transformation method. After transformation the cell were plated 

onto an LB-ampicillin (50mg/ml) plate to isolate the transformed cells. Colonies were 

screened to contain TA-DFNB26 construct. Plasmid DNA was isolated by alkaline lysis 

plasmid DNA isolation method. The isolated DNA was double digested with restriction 

enzymes EcoRI and XhoI. The digested product was checked on 0.8% agarose gel along 

with Lambda/Hindlll DNA marker (Figure 4.1). The mammalian expression vector 

pCMV- Tag2 was also digested with EcoRI and XhoI restriction enzymes. 

 

 The mouse DFNB26 cDNA (2.0 Kb) was ligated into pCMV-Tag2 mammalian 

expression vector. The ligated pCMV-Tag2-DFNB26 vector was transformed in E.coli 

DH5α cells using the chemical transformation method. The DNA was finally isolated 

from transformed cells by alkaline lysis method. DNA sequence analysis confirmed that 

the inserted fragment was DFNB26 cDNA with right direction and reading frame. 
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        6.5 Kb  
 
   
        2.0 Kb  
 

    
Digested TA vector backbone  
 
DFNB26 cDNA insert 
(20,88bp) 

Figure 4.1:  Restriction digestion of TA vector containing DFNB26 cDNA 

Restriction digestion of TA vector containing DFNB26 cDNA. The required 

DFNB26 cDNA insert of 2,088bp was isolated and cloned into mammalian expression 

vector pCMV-Tag2. Lane (M): Lambda/HindIII marker; Lane 1: Un-digested TA vector 

with DFNB26 cDNA; Lane 2: Double digested TA vector backbone and DFNB26 cDNA 

insert.   
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4.3 IN VITRO ANALYSIS OF CONSTITUTIVE DFNB26 KNOCKDOWN 

 

4.3.1 REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION 

ANALYSIS 

To study the effect of RNAi in vitro, mammalian expression vector conferring 

mouse DFNB26 was introduced into CHO cells using a cationic liposome reagent 

Lifofectamine 2000 (Invitrogen). Initial RNAi experiment was conducted by measuring 

DFNB26 mRNA knockdown expression in CHO cells. In order to identify potent 

duplexes that best suppress the mouse DFNB26 mRNA expression, six siRNAs were 

designed targeting different exons of mouse DFNB26 gene. These duplexes lacked 

homology to any other part of mouse genome. A scrambled sequence siRNA was also 

synthesized to use as negative control (Table 3.1).  

 

These siRNAs were co-transfected along with DFNB26 expression vector into 24 

hours cultured CHO cells using Lipofectamin 2000 transfection reagent. siRNAs varied 

in their efficiencies to silence the DFNB26 expression. An array of siRNA concentrations 

were tested ranging from 25μM to 100μM for different quantities of DFNB26 expression 

construct, ranging from 50ng to 500ng. The best inhibition of DFNB26 mRNA was 

noticed with 100μM of siRNA of 250ng of DFNB26 expression construct (Figure 4.2).  

  

Reverse transcription polymerase chain reaction (RT–PCR) analysis showed that 

siRNA designated as AR41, AR52, AR85 and AR102 specifically suppressed DFNB26 

mRNA in CHO cells (Figure 4.2), as assessed by comparison with scrambled sequence 

siRNA. A positive GAPDH expression was also generated as loading control (Figure 

4.2).  

To quantitate DFNB26 mRNA suppression by siRNAs, the RT–PCR image was 

analysed by 2D gel image analyzer, expressed as band intensity value. The band intensity 

values of DFNB26 mRNA expression were determined in each sample following 27 

cycles of amplification and using 1µg of total RNA per RT step. Levels of gene 

transcription were compared with DFNB26 mRNA expression in scrambled control 

samples and expressed as percentage relative abundance of mRNA.   
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Figure 4.2:  Knockdown expression analysis of DFNB26 mRNA by siRNA 

  

RT-PCR analysis of DFNB26 knockdown. Lower bands (350bp) showing 

DFNB26 mRNA suppression by targeting siRNAs. Lane (M): 100bp ladder; Lane 1: 

Control siRNA; Lane 2: AR4 siRNA; Lane 3: AR41 siRNA; Lane4: AR52 siRNA; Lane 

5: AR61 siRNA; Lane 6: AR85 siRNA; Lane 7: AR102 siRNA. Upper bands (530bp) 

showing GAPDH expression of same cDNA. 
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DFNB26 mRNA expression was suppressed upto 46% by siRNA AR4, when 

compared with control siRNA (Figure 4.2). siRNA AR41  at the same time point showed 

62% suppression (Figure 4.2), siRNA AR52 demonstrated 73% expression knockdown 

(Figure 4.2), while siRNA AR61 induced 45% change in the expression of DFNB26 

mRNA (Figure 4.2; Figure 4.3). The suppression of mouse DFNB26 mRNA by siRNAs; 

AR85 and AR102 was notably high (Figure 4.2); both induced significant reduction in 

DFNB26 transcriptional expression in CHO cell line as compared to negative control 

siRNA, upto 81% and 75% knockdown levels respectively (Figure 4.3). siRNAs show 

different levels of target gene mRNA silencing, a number of scientists observed this 

(Holen et al., 2002). siRNAs; AR85 and AR102 exerted most significant effect on 

DFNB26 mRNA expression confirmed efficient and specific silencing of mouse 

DFNB26 mRNA. GAPDH expression further confirmed the successful knockdown of 

DFNB26 mRNA by RNAi (Figure 4.2).  

 

 

 

   81% 

 
 46%  45% 

   
  62%     

 

    73%    
       75% 

Figure 4.3:  Percentage Knockdown expression of DFNB26 mRNA by siRNA  
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 In accordance with the suppression of mouse DFNB26 mRNA by siRNAs; AR85 

and AR102 both induced significant reduction in DFNB26 transcriptional expression in 

CHO cell line as compared to control siRNA, confirming efficient and specific silencing 

of mouse DFNB26 mRNA expression. GAPDH expression confirmed the successful 

knockdown of DFNB26 mRNA (Figure 4.2). 

 

4.3.2 WESTERN BLOT ANALYSIS 

The expression of mouse DFNB26 mRNA by siRNAs was effectively blocked. 

Protein level knockdown expression of DFNB26 was also studied by using siRNA for 

their efficiencies to suppress DFNB26 protein expression. For this purpose, three most 

efficient siRNAs were selected from RT-PCR results. siRNAs; AR41, AR85 and AR102 

were studied for knockdown of DFNB26 at posttranscriptional level. Western blot 

analysis was used to study knockdown effect of siRNAs by measuring relative amounts 

of the protein present in different samples. 

      As first step, different quantities of DFNB26 conferring vector ranging from 500ng to 

6μg were used to evaluate the optimal level of DFNB26 expression in CHO cell line. 

Western blot results showed that 2μg of DFNB26 construct was enough to detect 

DFNB26 expression in CHO cell line using lipofectamin 2000 transfection reagent.  

      For knockdown studies at Western level, total protein was isolated after 24 hours 

post-transfection. A more sensitive signal generating method ECL (enhanced 

chemiluminescent) was applied using the substrate that gave luminescence when exposed 

to the reporter on the secondary antibody (Figure 4.4A). GAPDH expression from same 

blot was also obtained to confirm that siRNA were specifically silencing DFNB26 

protein expression (Figure 4.4B).   

      Western blot analysis confirmed that siRNAs designated as AR85 and AR102 

specifically suppressed DFNB26 protein expression in CHO cells, as assessed by 

comparison with scrambled control siRNA (Figure 4.4A).   
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Figure 4.4 A:  Knockdown expression analysis of DFNB26 protein by siRNA 

 
Western blot analysis of DFNB26 protein knockdown. Bands showing DFNB26 

protein knockdown by different targeting siRNAs. Band 1: Control siRNA; Band 2: 

AR41 siRNA; Band 3: AR85 siRNA; Band 4: AR102 siRNA. 

 

 

 

 

                                                                                                                                                                        

 
     1            2             3            4 

 

 

 

                                          

                                                                                                 

 

 

Fig. 4.4 B:  GAPDH results of DFNB26 protein knockdown by siRNA 

 

GAPDH expression of DFNB26 knockdown at protein level. Lane 1: Control 

siRNA; Lane 2: AR41 siRNA; Lane 3: AR85 siRNA; Lane 4: AR102 siRNA. 
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To quantitate DFNB26 protein suppression by DFNB26 targeting siRNAs, 

DFNB26 protein knockdown expression was quantified by analyzing the western blot 

image with 2D gel image analyzer expressed as band intensity value. The band intensity 

values were determined in each sample from Flag tag antibody expression when 100μg of 

total protein per lane was loaded onto the gel. Levels of DFNB26 gene translation were 

compared with the control siRNA sample and expressed as percentage relative abundance 

of protein. 

Among three siRNAs included for DFNB26 knockdown at posttranscriptional 

level, siRNA AR41 reduced the DFNB26 protein expression level upto 74% (Figure 4.4). 

siRNA AR85 reduced the expression level by 82% and siRNA AR102 with best silencing 

efficiency knocked down the DFNB26 translation product upto a level of 86% (Figure 

4.4A; Figure 4.5). GAPDH expression analysis of the same protein samples were also 

obtained by using GAPDH specific antibody. GAPDH expression was 100% in all 

samples (Figure 4.4B). Thus the siRNAs AR85 and siRNA AR102 were the best in 

silencing the DFNB26 translational product (Fig. 4.4A).  

 

 

  
   
 
    82% 

     
    74% 

   86% 

       Figure 4.5:  Graphical representation of knockdown expression of 

DFNB26 protein by siRNAs 
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DFNB26 was increasingly silenced by siRNAs AR85 and siRNA AR102 at 

mRNA and protein level. So, these two siRNAs were selected for further DFNB26 

mRNA knockdown in mouse model.   

      The knockdown of DFNB26 gene by small interfering RNA was transient. This study 

showed that siRNAs were extraordinarily effective at lowering the amounts of targeted 

mRNA and proteins. RNAi with short nucleotides can be adapted to generate the 

transient knockdown of gene expression in cell lines and animal models (Brummelkamp 

et al., 2002; Paddison et al., 2002; Hasuwa et al., 2002).  

4.4 STABLE KNOCKDOWN OF DFNB26 mRNA BY shRNA 

siRNAs have a short half-lives. A major disadvantage of using siRNAs is that, 

their effects are transient, with phenotypes achieved by transfection with such RNAs 

persisting for approximately 1 week (Grishok and Mello, 2002). In order to stably 

knockdown the target gene mRNA, consistent supply/expression of siRNA is important 

to stably knockdown the expression of target gene by siRNA. This was made possible by 

cloning siRNA in the form of small hairpin loop. These small hairpins are more efficient 

as opposed to exogenously synthetic and endogenously expressed small interfering RNAs 

(siRNA) on the induction of gene silencing (Amarzguioui et al., 2005). To target the 

DFNB26 mRNA, shRNAs were designed as a sequence coding for the sense strand of the 

siRNA of interest, followed by a spacer and then the anti-sense strand. The spacer 

sequence mediates the formation of a hairpin structure, which allows the sense and 

antisense sequences to form base pairs and form small hairpin structure (Zeng et al., 

2005). To target the DFNB26 mRNA for stable knockdown, the shRNAs were designed, 

consisting of flanking short 5´ and 3´ miR-30 sequences, a 22-nt sense and 22-nt 

antisense target sequence that was separated by a 15-nt miR-30 loop. The total length of 

transcript was 110 bp. Kpn1 and Sac1 restriction sites were also included at 5´ and 3´ 

flanking miR-30 sequences for cloning into expression vector.  

 

 For making DFNB26 gene targeting shRNAs, the most commonly used method 

was selected which requires the synthesis, annealing and ligation of two complementary 

DNA oligonucleotides into an expression vector (Zhou et al., 2005).   
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To generate the stable knockdown expression of DFNB26, shRNAs were cloned 

into expression vector under the control of two promoters; Pol II Ubiquitous C promoter 

and MyoVIIa promoter.  

 

4.5 CONSTRUCTIN OF EXPRESSION VECTOR WITH MYOVIIa PROMOTER 

Tissue specific promoters are capable of restricting gene expression in desirable 

cells and in regulating persistent transgene expression (Liu et al., 2004). The Myosin 

VIIa promoter (MyoVIIa) is a specific promoter of cochlear hair cells (Boeda et al., 

2001). To produce the DFNB26 transgenic animals, MyoVIIa promoter was cloned into a 

construct by replacing Pol II Ubiquitous C promoter. eGFP expression cassette (green 

fluorescencet protein) was also included in construct as a shRNA transgene expression 

marker. Hair cells specific promoter MyoVIIa can also drive GFP expression in the inner 

hair cells (Liu et al., 2007). 

MyoVIIa promoter based siRNA transcripts were designed to silence the 

expression of DFNB26 mRNA predominantly in mouse ear. The truncated MyoVIIa 

promoter comprising the exon1 and intron 1 and -118 base pair sequence from 

transcription start site of human MyoVIIa promoter was used to derive expression of 

shRNA. The Myo construct was generated by cloning the MyoVIIa promoter by 

replacing Ubiquitous C promoter in UbC expression vector. MyoVIIa promoter was PCR 

amplified using, reverse primer containing the KpnI restriction site in combination with 

forward primer having a SacI restriction site. The shRNAs were cloned into the KpnI and 

EcoRI site ahead of MyoVIIa promoter.  
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        MyoVlla promoter 
                (1.9Kb) 

 
 
          Digested vector backbone 
 

 

Figure 4.6:  Cloning of MyoVlla promoter into UbC expression vector 

 

  A 1.9 Kb fragment of human MyoVlla promoter was isolated through restriction 

digestion for cloning into UbC expression vector. Lane (M): 1Kb Ladder; Lane 1: 

Digested TA vector backbone and MyoVlla promoter; Lane 2: Myo construct digestion 

with EcoRI and Kpn1 for shRNA ligation; Lane 3 Undigested Myo construct. 
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In current study, a 1.9 Kb fragment of human MyoVlla promoter was isolated 

through restriction digestion with Sac1 and EcoRI enzymes (Figure 4.6). The isolated 1.9 

Kb MyoVlla promoter fragment was cloned into UbC-GFP-Zeocin (UbC) vector. Double 

stranded shRNA was also cloned into same vector between Kpn1 and EcoR1 restriction 

sites. The generated construct was designated as Myo construct.  

We generated two Myo constructs designated as M85 and M102 for knockdown 

of DFNB26 mRNA. shRNA M85 designed to target exon 7, while shRNA M102 targeted 

exon 9 of mouse DFNB26. A scrambled shRNA construct was also generated under 

MyoVIIa promoter to use as scrambled control.  

4.6 STABLE KNOCKDOWN OF DFNB26 PROTEIN BY MYO CONSTRUCTS 

 To check the efficiency of shRNA under MyoVIIa promoter to knockdown 

DFNB26 mRNA expression, the M85 construct was co-transfected along with DFNB26 

expression construct into CHO cell line. A Myo construct with scrambled shRNA 

sequence was also used as a scrambled control. In co-transfection of Myo construct and 

DFNB26 expression vector, the shRNA M85 reduced the expression of DFNB26 protein 

(Figure 4.7A). Other construct M102 was also studied in CHO cell line. This construct 

showed a comparatively low knockdown of DFNB26 protein (Figure 4.7A). A positive 

GAPDH expression was also generated of same protein sample (Figure 4.7B). 

Quantification of DFNB26 Western blot expression, by 2D gel image analyzer 

showed the inhibition of DFNB26 protein by shRNA M85 up to 93.5%. While, the other 

construct M102 showed almost 78.2% knockdown of DFNB26 protein (Figure 4.8). 

shRNA construct designated M85 silenced the DFNB26 at protein level (Figure 4.7A). 

The positive GAPDH expression further confirmed the knockdown of target gene (Figure 

4.7A).  
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Figure 4.7 A:  Knockdown expression of DFNB26 protein by shRNAs under 

MyoVlla promoter 

 

Western blot analysis of DFNB26 protein knockdown. Bands showing DFNB26 

protein knockdown by different targeting shRNAs. Band 1: Control shRNA; Band 2: 

M85 shRNA; Band 3:  M102 shRNA.  
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Figure 4.7 B:  GAPDH results of DFNB26 protein knockdown by shRNAs under 

MyoVlla promoter 

 

GAPDH expression of DFNB26 protein knockdown by shRNAs. Band 1: Control 

shRNA; Band 2: M85 shRNA; Band 3: M102 shRNA.  
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   78.2%     

   93.5% 

  Figure 4.8:  Graphical representation of knockdown expression of DFNB26 

protein by shRNAs under MyoVlla promoter 
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4.7 STABLE KNOCKDOWN OF DFNB26 BY UbC CONSTRUCTS 

For ubiquitous knockdown of DFNB26, shRNAs were cloned under the control of 

human Pol II Ubiquitin C (UbC) promoter into an expression vector UbC (Zeng et al., 

2005). Human Ubiquitous C (UbC) promoter, including -350 bp upstream from 

transcription initiation site, exon 1 and the intron 1 was used to derive the expression of 

shRNAs against DFNB26 gene.   

 

Pol II generates Mir based shRNA expressed as primary miRNA (pri-miRNA) 

transcripts. These constructs were created by redesigning the human miRNA, miR-30, for 

the expression of artificial siRNA (Xu-Gang et al., 2006). The stem sequence of the 

primary miR-30 transcript was replaced with DFNB26 specific duplexes for targeting 

DFNB26 mRNA. This design allows endogenous miRNA processing to produce mature 

siRNAs (Doench and Sharp, 2004). To target DFNB26 mRNA, the shRNAs were cloned 

in the intronic region of the Ubiquitous C promoter. KpnI and EcoRI restriction sites 

were incorporated into miR-30 transcript to clone shRNA by a single cloning step. 

shRNA consisted of short 5´ and 3´ miR-30 sequences flanking a 22-nt sense and 22-nt 

antisense target sequence, separated by a 15-nt miR-30 loop with total length of the 110 

bp.  

These shRNAmir undergoes endogenous enzymatic processing by the RNase III 

Drosha, which helps in subsequent Dicer recognition and specificity. shRNAmir triggers  

the RNAi pathway leading to siRNAs production in the cells (Silva et al., 2005) that are 

available for incorporation into the RISC complex for target mRNA degradation 

(Gregory et al., 2005; Cleary et al., 2004).  eGFP expression cassette (green fluorescencet 

protein) was also included in construct as a shRNA transgene expression marker. Two 

constructs were synthesized designated as P85 and P102 under Pol II Ubiquitous C 

promoter. In addition to these, a scrambled shRNA construct was also synthesized to use 

as control shRNA. All constructs were generated by cloning of shRNA between Kpn1 

and EcoR1 restriction sites in UbC expression vector (Figure 4.9).  
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                Digested Myo construct (7.2Kb) 
           Digested UbC vector (6.1Kb) 
 

                                 
 

Figure 4.9:  Restriction digestion of UbC and Myo constructs for shRNA ligation 

 
 Lane (M): 1Kb Ladder; Lane 1: Digested UbC vector (Kpn1 and EcoR1 

digestion) for shRNA ligation; Lane 2: Digested Myo construct (Kpn1 and EcoR1 

digestion) for shRNA ligation. 
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4.8 IN VITRO KNOCKDOWN OF DFNB26 BY UbC CONSTRUCT 

To knockdown the expression of DFNB26 mRNA, these UbC construct were in 

vitro studied in CHO cell line. RT-PCR as well as Immunoblot analysis was done to 

study the shRNA knockdown expression of DFNB26.  

 

4.8.1 REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION 

ANALYSIS 

In order to identify the shRNA duplexes that best suppress mouse DFNB26 

mRNA expression, two shRNA constructs under ubiquitous promoter were generated. 

One named shRNA P85 used to target exon 7 and shRNA P102 targeting exon 9 of 

mouse DFNB26 gene. The shRNA constructs were co-transfected along with DFNB26 

expression construct into 24 hours cultured CHO cells using Lipofectamin 2000 

transfection reagent. These constructs with varying efficiencies silenced the DFNB26 

mRNA (Figure 4.10A).  

 

Different concentrations of shRNAs were tested to silence different quantities of 

DFNB26. The best inhibition of DFNB26 mRNA was noticed with 4μg of shRNA of 

250ng of DFNB26 expression cassette. GAPDH results from same samples were also 

obtained by using GAPDH specific primers as loading control (Figure 4.10B). 

 

Reverse transcription polymerase chain reaction (RT–PCR) analysis showed that 

shRNA designated as P85 specifically suppressed DFNB26 mRNA in CHO cells, as 

assessed by comparison with scrambled control shRNA (Figure 4.10A).  

 

To quantitate DFNB26 mRNA suppression by shRNAs, RT–PCR expression was 

quantified by 2D gel image analyzer expressed as a band intensity value, following 27 

cycles of amplification, by using 1μl of cDNA made from 1μg of total RNA per PCR. 

Levels of gene transcription were compared with DFNB26 mRNA expression in 

scrambled control shRNA sample and expressed as percentage relative abundance of 

mRNA. 
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Figure 4.10 A:  Knockdown expression of DFNB26 mRNA by shRNAs under 

Ubiquitous C promoter 

 

RT-PCR analysis of DFNB26 knockdown by targeting shRNAs. Lane (M): 100bp 

ladder; Lane 1: Control shRNA; Lane 2: M85 shRNA; Lane 3: M102 shRNA.  

 

 

      M               3                 2                1

 

  
GAPDH 

 

Figure 4.10 B:  GAPDH analysis of DFNB26 mRNA knockdown by shRNAs under 

Ubiquitous C promoter 

  

GAPDH expression of DFNB26 mRNA knockdown by shRNAs under 

Ubiquitous C promoter. Lane (M): 100bp ladder; Lane 1: Control shRNA; Lane 2: P85 

shRNA; Lane 3: P102 shRNA.  
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DFNB26 mRNA suppression by DFNB26 targeting shRNAs was quantified. 

DFNB26 RT–PCR expression was quantified by 2D gel image analyzer expressed as a 

band intensity value, following 27 thermocycles by using 1μg of total RNA per PCR. 

Levels of gene transcription were compared with DFNB26 mRNA expression in control 

samples prepared with control shRNA and expressed as percentage relative abundance of 

mRNA. DFNB26 mRNA expression was suppressed by 69.8% of control levels by 

shRNA designated as P85 as compared to control. The other shRNA P102 at the same 

time point showed suppression of target mRNA almost 30.2% (Figure 4.11). 

 

 

 

   30.2 % 

   69.8 % 

 
Fig. 4.11:  Graphical representation of knockdown expression of DFNB26 

mRNA by shRNA under Ubiquitous C promoter 

 

shRNA (P85) exerted an effect on DFNB26 gene expression confirmed the 

silencing of mouse DFNB26 mRNA expression in vitro (Figure 4.10A). GAPDH used as 

an internal control by using GAPDH primer showed 100% expression of house keeping 

gene (GAPDH) (Figure 4.10B), confirmed that shRNA successfully knocked down 

DFNB26 mRNA expression in vitro. 
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4.8.2 WESTERN BLOT ANALYSIS 

For Western blot analysis of translation of DFNB26 by targeting shRNA, 8μg of 

shRNA was used against 2μg of DFNB26 when co-transfected in CHO cell line using 

Lipofectamin 2000 transfection reagent. After 24 hours post-transfection, total protein 

was isolated, expression was generated by HRP anti-mouse antibody on X-Ray film 

(Figure 4.12A).  

 

GAPDH expression from same protein samples was also obtained as loading 

control (Figure 4.12B). In this study, two shRNAs were selected from siRNAs with 

efficient DFNB26 mRNA knockdown efficiency. The results showed that shRNA 

designated as P85 knocked down the expression of DFNB26 at posttranscriptional level 

when compared to scramble control shRNA. The construct P102 showed a comparatively 

low silencing of DFNB26 protein (Figure 4.12A).  

 

The knockdown protein expression quantification indicated that construct 

designated as P85 knocked down the DFNB26 protein expression almost 77% as 

compared with control shRNA expression. Expression knockdown by P102 shRNA 

construct was also analyzed, which showed silencing of target gene, mRNA by 

approximately 54% as compared to control (Figure 4.13).   
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    Figure 4.12 A:  Knockdown expression of DFNB26 protein by shRNAs under 

Ubiquitous C promoter 

 

Western blot analysis of DFNB26 knockdown by shRNAs targeting. Bands 

showing DFNB26 protein knockdown by targeting shRNAs. Band 1: Control shRNA; 

Band 2: P85 shRNA; Band 3: P102 shRNA.  
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          Figure 4.12 B:  GAPDH analysis of DFNB26 protein knockdown by shRNAs 

under Ubiquitous C promoter 

 

GAPDH expression of DFNB26 protein knockdown by shRNAs. Band 1: Control 

shRNA; Band 2: P85 shRNA; Band 3: P102 shRNA. 
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   54% 

   77% 

 
Figure 4.13:  Graphical representation of DFNB26 protein knockdown by 

shRNAs under Ubiquitous C promoter 

 

4.9 EXPRESSION ANALYSIS OF shRNA CONSTRUCTS IN CELL LINES 

Immortal cell lines are helpful in auditory research, drug development, and in 

understanding of critical molecules involved in hair cell biology (Rivolta et al., 1996). To 

study the transduction efficiency of constructs, the shRNA constructs under MyoVlla and 

Ubiquitous C promoter (P85 and M85) were also studied in different cell lines. To test 

their effects on cellular toxicity, the constructs were substantially transfected into Organ 

of Corti cell line (OC1), Mouse Embryonic Fibroblast (MEF) cell line and Chinese 

Hamster Ovarian cell line (CHO). 
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     OC1 cells with P85      
shRNA construct (GFP 
expression) 
            

 

 

 

 

 

Figure 4.14:  Expression analysis of P85 construct in OC1 cells 

P85 shRNA construct was transfected in inner ear cell line (OC1). Construct 

transfected into 24 hours cultured 60% confluent OC1 cells. This construct showed a very 

low expression in OC1 cells (Figure 4.14). Thus the OC1 cell line showed low 

transfection efficiency for shRNA construct.  
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  CHO cells with M85 

shRNA construct (GFP 
expression) 

            

 

 

 

 

 

 

Figure 4.15:  Expression analysis of M85 construct in CHO cells 

Expression of M85 construct was analyzed in CHO cell line. Constructs 

transfected into 24 hours cultured 90% confluent CHO cells. Results observed at 24 hours 

post-transfection. A high transfection efficiency of M85 construct into CHO cells was 

observed at 24 hours as observed by GFP expressing cells (Figure 4.15).  

 

         
 

CHO cells with P85 shRNA 
construct (GFP expression) 
            

 
 
 
 
 
 
 
 

 

Figure 4.16:  Expression analysis of P85 construct in CHO cells  

P85 construct was transfected in CHO cells. Results observed after 24 hours post-

transfection. shRNA under Pol II Ubiquitous C promoter showed high transduction 

efficiency in CHO cell line (Figure 4.16). No effects of cellular toxicity were observed. 

Based on expression of this construct in tissue culture, the same construct was capable for 

transduction in mouse model.  
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MEF cells with M85    
shRNA construct (GFP 
expression) 
 

 

 

 

 

 

Figure 4.17:  Expression analysis of M85 construct in MEF cells 

Myo construct M85 was transfected in MEF cells. Results observed after 24 hours 

post-transfection in 50% confluent MEF cells. shRNA under MyoVlla promoter showed 

high transfection efficiency in MEF cell line (Figure 4.17). No effects of cellular toxicity 

were observed in MEF cell line. 

 

 

 

                                                        
 
MEF cells with P85 shRNA 
construct (GFP) expression 
 
            

 

 

 

 

 

Figure 4.18:  Expression analysis of P85 construct in MEF cells 

P85 construct was transfected in MEF cell line. Results observed after 24 hours 

post-transfection in 50-60% confluent MEF cells. P85 shRNA showed high transfection 

efficiency in MEF cell line (Figure 4.18). No effects of cellular toxicity were observed. 
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Studies by (Kissler et al., 2006) demonstrated that silencing by RNAi down 

regulates target protein following the genetic modifications. Using RNAi mediated gene 

silencing; the current knockdown analysis was successful in generating DFNB26 mRNA 

knockdown in vitro.   
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In this study, an initial attempt has been made to study the biological effects of 

DFNB26 gene. The study was designed in order to validate the involvement of DFNB26 

gene in hearing impairment. Mutation in DFNB26 is associated with an autosomal 

recessive, non syndromic deafness (Riazuddin et al., 2000).  

 

In the present study, RNA interference was applied to identify the DFNB26 

regulated auditory processes. The development of this powerful method of 

posttranscriptional silencing has made it possible to knockdown any known gene in 

applicable organism (Sano et al., 2008; Rana, 2007; Eccleston and Eggleston, 2004). 

RNAi, more specifically, small interfering RNA can be utilized as a tool to study 

mammalian gene function as it allows down regulation of gene expression, hence 

providing a simple way to generate transgenic animals with knockdown phenotypes 

(Cheng and He, 2009).  

 

We used T7-driven in vitro transcription of siRNAs to knockdown expression of 

DFNB26 gene in vitro. Sequence specific siRNAs, targeting the DFNB26 mRNA were 

evaluated in transiently transfected CHO cells. Six siRNAs were analyzed for their 
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efficiencies in knocking down DFNB26 mRNA. Percent remaining mRNA expression 

was measured by targeting different exons of DFNB26 by siRNAs. In our results, 

siRNAs targeting DFNB26 exon 1 and exon 5 did not markedly suppress the target gene 

expression in vitro. This is in consistent with previous reports in literature that siRNAs 

vary in their ability to silence the different regions of same target gene (Holen et al., 

2002). The findings here were same. In CHO cells, a Chinese hamster ovarian cell line, 

74% knocked down expression of DFNB26 mRNA was achieved by siRNA AR41 which 

targeted exon 4 of DFNB26. Upto 75% knockdown expression was observed with siRNA 

AR85 targeting exon 7 of DFNB26 while 81% silencing was achieved by siRNA AR102 

targeting exon 9 of DFNB26. Thus targeting the exon 7 and exon 9 effectively 

suppressed the DFNB26 mRNA expression. Overall this validated the previous 

expectations of level of knockdown by small interfering RNA. 

 

The mechanism underlying siRNA mediated gene targeting interferes with RNA 

stability and/or translation or alternatively, transcription (Sijen, 2001; Zamore et al., 

2000; Olsen et al., 1999). DFNB26 mRNA knockdown was a useful validation of siRNA 

function. However, the resulting reduction in protein is usually considered to alter 

phenotypes (Zhou et al., 2005). The DFNB26 was targeted in CHO cells and a change in 

protein expression was measured by Immunoblotting assay using Flag tag primary 

antibody to study the ability of siRNAs to knockdown DFNB26 protein. Among three 

siRNAs selected for knockdown, each siRNA variably silenced the target gene protein 

expression. siRNA AR41 resulted in almost 74% knockdown of the DFNB26 protein in 

CHO cells when compared with scrambled control siRNA. The knocked down levels of 

protein expression were compared between scramble control siRNA transduced cells and 

the cells that were transduced with DFNB26 targeting siRNA. GAPDH expressions from 

same samples were also analyzed which confirmed that siRNA were silencing 

specifically DFNB26 protein expression and was not the result of un-even loading or due 

to interferon pathway activation. The results presented in this study exhibit that 

constitutively expressed DFNB26 gene can be efficiently suppressed by RNAi. This data 

is consistent with the previous reports in literature that expression of a target gene can be 

either completely blocked or notably suppressed depending on the amount of siRNA 
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expressed and its inhibitory efficiency (Moffat and Sabatini, 2006; Hannon, 2002). Thus 

the siRNAs AR85 and AR102 were the best in silencing the DFNB26 expression at 

mRNA and protein level in vitro. So these two siRNAs were selected for further analysis 

of knockdown DFNB26 expression.  

 

Synthetic siRNAs have short half-lives, once transfected into cells and silencing 

of the target genes is quite short lived, persisting only for approximately 1 week (Grishok 

and Mello, 2002). The siRNA duplex becomes progressively diluted as cells divide (Chiu 

and Rana, 2002); activity of siRNA lasts for 3–7 days in proliferating cells (Omi et al, 

2004). For stable introduction and expression of siRNA in target cells, a vector-based 

system for intracellular expression of siRNAs from transfected DNA plasmids has been 

used by a number of scientists (Yu et al., 2002).  

 

In this study, the strategy followed to stably target DFNB26 mRNA, involving the 

cloning of a sequence coding for the sense strand of the siRNA, followed by a spacer and 

then the equivalent to the anti-sense strand in miRNA, mir-30 cassette. This addition of 

the spacer in the sequence mediates the formation of a hairpin structure, which allows the 

sense and antisense sequences to form base pairs (Paddison et al., 2007). This structure 

closely resembles the synthetic double-stranded siRNA, but with the two strands linked 

by a spacer sequence (Brummelkamp et al., 2002). Short hairpin RNAs (shRNAs) can 

block the target gene expression, more efficiently than exogenously synthetic and 

endogenously expressed small interfering RNA (siRNA) (Amarzguioui et al., 2005). 

Different methods can be followed for shRNA designing, we used the most commonly 

used method for making shRNA to stably target the DFNB26 mRNA, involved the 

synthesis, annealing and ligation of two complementary oligonucleotides into an 

expression vector (Zhou et al., 2005). This DFNB26 targeting vector based shRNA 

expression systems inhibits gene activities in inheritable manner, as a result of 

homologous sequence interactions by repressing target gene mRNA (Van et al., 2009; 

Rangasamy et al., 2008; Gupta et al., 2004). Such shRNA vector system has been 

successfully used to obtain efficient as well as stable knockdown of target genes in 

mammalian cells (Mittal, 2004). 
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In this study, shRNA mediated DFNB26 mRNA targeting was applied to study 

knockdown effects by these siRNAs. In order to knockdown DFNB26 mRNA expression 

ubiquitously, shRNAs were cloned under Pol II Ubquitous C promoter into an expression 

vector UbC-GFP-Zeocin. Additionally, the shRNAs were also cloned under an ear 

specific MyoVIIa promoter into an expression vector.  

 

The vectors were designed by cloning siRNA templates downstream of an RNA 

polymerase II transcription unit, which normally encodes the small nuclear RNA for 

ubiquitous knockdown (Zeng et al., 2005). Pol II promoter drives the expression of 

shRNA, mimicking the way in which naturally occurring miRNAs are generated. The Pol 

II promoters produce small shRNAs transcripts, processed in vivo into active ‘small 

interfering’ RNA (Ventura et al., 2004; Kunath et al., 2003; Rubinson et al., 2003; 

Khvorova et al., 2003). shRNA constructs targeting DFNB26 were created by 

redesigning the human miRNA, miR-30 for the expression of artificial siRNA/miRNA 

(Xia et al., 2006). The stem of the primary miR-30 transcript can be replaced with gene-

specific duplexes for targeting different genes (Zeng et al., 2003; Zeng et al., 2002). This 

design allows endogenous miRNA processing to produce mature siRNAs (Doench and 

Sharp, 2004). These shRNAmir designs undergo endogenous enzymatic processing by 

the RNase III Drosha, which helps subsequent Dicer recognition and specificity. 

shRNAmir triggers the RNAi pathway leading to siRNAs production in the cell that are 

available for incorporation into the RISC complex for targeted mRNA degradation 

(Gregory et al., 2005; Silva et al., 2005; Cleary et al., 2004). 

 

For ear targeted expression of shRNA, truncated version of human MyoVlla 

promoter was used to derive ear specific expression of transgene. This promoter 

consisted of 5′-truncated version of the MyoVIIa promoter region and intron 1 restricting 

the expression to the hair cells of the inner ear, cochlea and vestibule. The ubiquitous C 

promoter was replaced with MyoVIIa promoter having -118 base pair sequence from 

transcription start site, exon1 and intron1 of MyoVIIa promoter, in the shRNA expression 

construct. Previously selected siRNAs designated M85 and M102 were cloned as 

shRNAs under MyoVIIa promoter to target DFNB26 mRNA.  
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The in vitro transduction of shRNAs P85 and P102 resulted in substantial 

reduction of DFNB26 gene expression in CHO cells, as determined by Western blot 

analysis, when compared with scrambled control shRNA, which did not affect DFNB26 

mRNA expression. Almost, 93.5% knockdown was observed with M85 shRNA construct 

and 78.2% with shRNA M102. Taken together, the data indicated that a remarkable 

reduction in expression of DFNB26 protein was observed with constructs containing 

shRNA under MyoVIIa promoter in CHO cells.  

 

 In order to ubiquitously knockdown the expression of DFNB26 gene in all the 

tissues, shRNA was cloned under Pol II Ubquitous C (UbC) promoter into an expression 

vector, a modified version of human UbC promoter containing -350 base pair from 

transcription start site, intron 1 and exon 1 was used as designed by Zeng et al., (2005). 

Short hairpin RNA cassette targeting DFNB26 mRNA was cloned ahead of the Pol II 

Ubiquitous C promoter. We generated two different shRNAs constructs along with a 

scrambled shRNA construct, generated to use as control.  

 

To test the usefulness of shRNA for inhibiting the expression of DFNB26 mRNA, 

shRNA constructs under UbC promoter were co-transfected along with DFNB26 

expression construct in CHO cells. shRNAs under ubiquitous promoter showed varying 

efficiencies of silencing the DFNB26 mRNA. Reverse transcription polymerase chain 

reaction (RT–PCR) analysis showed that shRNA construct designated as P85, suppressed 

DFNB26 mRNA in CHO cells upto 69.8% as compared to control. The knockdown of 

DFNB26 mRNA with P102 shRNA construct showed a comparatively low silencing of 

target mRNA almost 30.2%. 

 

Western blot analysis was also used to evaluate the knockdown effect of shRNA 

on target gene translation product, by measuring relative amounts of the protein present 

in different samples. shRNA P85 suppressed the expression of DFNB26 protein by 77% 

as observed by Immunoblotting. The other shRNA construct, P102 showed almost 54% 

knockdown of DFNB26 as 33% DFNB26 protein expression was analyzed in P85 

shRNA targeting while 46% DFNB26 protein expression was noticed with shRNA P102 
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in CHO cells. These findings suggested that the DNA vector based RNAi approach 

functions in mammalian cells. 

 

These results indicated that shRNA is effective at inhibiting the expression of a 

constitutively expressed DFNB26 gene and imply that delivery of shRNA to the mouse 

may silence the expression of DFNB26 mRNA in vivo. This study may allow the use of 

siRNA in mice for DFNB26 gene function studies. 

 

Immortal cell lines are substantially helpful in auditory research, drug 

development, and in understanding of critical molecules involved in hair cell biology 

(Rivolta et al., 1996). The expressions of P85 and M85 constructs were also tested in ear 

specific cell line (OC1) and mouse embryonic cell line (MEF) to test transduction 

efficiency of shRNA constructs as well as to study the shRNA effect on cellular toxicity 

in vitro. 

 

Cells were transfected with shRNA constructs (P85 and M85) to mark the 

transfection efficiency of constructs and to study cytotoxic effect on embryonic cells.  In 

the presence of P85 and M85 constructs in MEF cell line, many GFP positive cells 

depicted the expression of shRNA. Taken together, our data demonstrated that shRNA 

can cause inhibition of endogenous gene expression at embryonic stage without any sign 

of cellular toxicity, suggesting that this technique is applicable to study DFNB26 function 

in mammalian cells. 

 

Expression analysis of constructs P85 and M85 constructs in Chinese hamster 

ovarian cells (CHO) showed high expression level, almost 90% GFP positive cells were 

observed for the expression of M85 shRNA. P85 construct was also transfected in 

Chinese hamster ovarian cells; the GFP positive cells ranged almost 80-90%. The results 

indicated that shRNA under ubiquitous and MyoVIIa promoter have high transfection 

efficiency in Chinese hamster ovarian cells. There were no effects of cellular toxicity on 

CHO cells. 
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 Expression of shRNA constructs under ubiquitous promoter (P85) was also 

analyzed in mouse inner ear cell line (organ of corti cells OC1). Organ of Corti cells 

showed low transfection efficiency for shRNA construct as observed by GFP positive 

cells. No effects of cell toxicity were observed with this construct in inner ear cell line 

(OC1).  

 

Since access to inner ear is usually limited due to the presence of a blood-cochlear 

barrier. The tight junctions between cells, prevents the entry of many molecules with 

potentially therapeutic effect from gaining access to their inner ear targets in human and 

mouse (Hardisty et al., 1999; Fekete, 1996; Juhn, 1988). Therefore, in present study in 

vitro studies were conducted to study effects of DFNB26 knockdown in mammalian cell 

lines. These cell lines with knockdown DFNB26 gene expression could be used to 

identify molecular pathways involved in inner ear structure and function. 

 

DFNB26 gene is unique in deafness history as its discovery introduced the idea of 

dominant genetic deafness rescuer or modifier gene (DFNM1). For the purpose of 

identifying genetic rescuer to develop therapy for genetic deafness, it is important to 

identify DFNB26 and its role in hearing. In this study, a remarkable reduction of 

DFNB26 protein was studied by small interfering RNA. The reduction in protein is 

considered to alter phenotypes. So, a reduction in protein in vivo with altered phenotypes 

would likely be helpful in studying the DFNB26 hearing loss phenotypes. Human and 

mouse DFNB26 gene is 86% homologous in two species. Based on the RNAi technique, 

the generation of transgenic animals capable of mimicking human DFNB26 deafness can 

pave a way towards understanding of genetic deafness and in future a rational design of 

therapy to restore deafness is likely possible. 

 

 
 

106



 SECTION 6 

eferences 



   

                               

                            REFERENCES 
 
 
 
 
 
 

Abe, S., Usami, S-I., Shinkawa, H., Kelley, P. M. and Kimberling, W. J. (2000) Prevalent 

connexin 26 gene (GJB2) mutations in Japanese. J Med Genet 37: 41-43. 

Agrawal, N., Dasaradhi, P. V. N., Mohmmed, A., Malhotra, P., Raj, K., Bhatnagar, R. K., Sunil, 

K. and Mukherjee, S. K. (2003) RNA Interference: Biology, Mechanism, and 

Applications. Microbiol Mol Biol Rev 67(4): 657-685.  

Akhtar, S. and Benter, I. (2007) Toxicogenomics of non-viral drug delivery systems for RNAi: 

Potential impact on siRNA-mediated gene silencing activity and specificity. Adv Drug 

Deliv Rev 59: 164-182. 

Amarzguioui, M., Rossi, J. J. and Kim, D. (2005) Approaches for chemically synthesized 

siRNA and vector-mediated RNAi. Frebs Lett 579(26): 5974-81.

Amarzguioui, M. and Prydz, H. (2004) An algorithm for selection of functional siRNA 

sequences. Biochem Biophys Res Commun 316: 1050-1058. 

Amarzguioui, M., Holen, T., Babaie, E. and Prydz, H. (2003) Tolerance for mutations and 

chemical modifications in a siRNA. Nucleic Acids Res 31: 589-595. 

Anne-Sofie, H., Steinar, K. and Kristian, T. (2009) Socioeconomic Inequalities in Hearing Loss 

in a Healthy Population Sample: The HUNT Study. Am J Pub Health 99(8): 1376-1378. 

107 
 



                                                                                                                    REFERENCES                             

Ansar, M., Amin ud Din, M., Arshad, M., Sohail, M., Faiyaz-ul-Haque, M., Haque, S., Ahmad, 

W. and Leal, M. (2003) A novel autosomal recessive non-syndromic deafness locus 

(DFNB35) maps to 14q24.1-14q24.3 in large consanguineous kindred from Pakistan. 

Euro J Hum Genet 11: 77-80. 

Arnos, K. S., Israel, J. and Cunningham, M. (1991) Genetic counseling of the deaf. Medical and 

cultural considerations. Ann N Y Acad Sci 630: 212-222. 

Ashmore, J. F., Geleoc, G. S. G. and Harbott, L. (2000) Molecular mechanisms of sound 

amplification in the mammalian cochlea. PNAS (97)22: 11759-11764. 

Assad, J. A., Shepherd, G. M. and Corey, D. P. (1991) Tip-link integrity and mechanical 

transduction in vertebrate hair cells. Neuron 7: 985-94. 

Avraham, K. B. (2003) Mouse models for deafness: lessons for the human inner ear and hearing 

loss. Ear Hear 24(4): 332-41. 

Bass, B. L. (2000) Double-stranded RNA as a template for gene silencing. Cell 101: 235-238. 

Baulcombe, D. C. (2007) Molecular biology. Amplified silencing. Sci 315: 199-200. 

Bauocombe, D. (2004) RNA silencing in plants. Nat 431: 356-363. 

Bayazit, Y. A., Cable, B. B., Cataloluk, O., Kara, C., Chamberlin, P.,  Smith, R. J., Kanlikama, 

M., Ozer, E., Cakmak, E. A., Mumbuc, S. and Arslan, A. (2003) GJB2 gene mutations 

causing familial hereditary deafness in Turkey. Int J Pediatr Otolaryngol 67: 1331-1335. 

Bergstrom, L., Hemenway, W. G. and Downs, M. P. (1971) A high risk registry to find 

congenital deafness. Otolaryngol Clin North Am 4: 369-399. 

Bernstein, E., Caudy, A. A., Hammond, S. M. and Hannon, G. J. (2001) Role for a bidentate 

ribonuclease in the initiation step of RNA interference. Nat 409: 363-366. 

Billy, E., Brondani, V., Zhang, H., Muller, U. and Filipowicz, W. (2001) Specific interference 

with gene expression induced by long, doublestranded RNA in mouse embryonal 

teratocarcinoma cell lines. Proc Natl Acad Sci USA 98(25): 14428-14433. 

Birkenhager, R., Aschendorff, A., J., Schipper, J. and Laszig, R. (2007) Non-syndromic 

Hereditary Hearing Impairment. Laryngo Rhino Otol 86: 299-313. 

Bitner-Glindzicz, M. (2002) Hereditary deafness and phenotyping in humans. Br Med Bull 63: 

73-94. 

   
 

108



                                                                                                                    REFERENCES                             

Blokland, V. R., Der, V. G. N., Mol, J. M. N. and Kooter, J. M. (1994) Transgene-mediated 

expression of chalcone synthase expression in Petunia hybrida results from an increase in 

RNA turnover. Plant J 6: 861-877. 

Boeda, B., Weil, D. and Petit, C. (2001) A specific promoter of the sensory cells of the inner ear 

defined by transgenesis. Hum Mol Genet 10: 1581-1589. 

Bohnsack, M. T., Czaplinski, K. and Gorlich, D. (2004) Exportin-5 is a RanGTP-dependent 

dsRNA-binding protein that mediates nuclear export of pre-miRNAs. RNA 10: 185-191. 

Bosher, J. M. and Labouesse, M. (2000) RNA interference: genetic wand and genetic watchdog. 

Nat Cell Biol 2: E31-E36. 

Brazas, R. M. and Hangstrom, J. E. (2005) Delivery of small interfering RNA to mammalian 

cells in culture by using cationic lipid/polymer-based transfection reagent. Meth in 

Enzymol 392: 112-24. 

Brennecke, J., Hipfner, D. R., Stark, A., Russell, R. B. and Cohen, S. M. (2003) Bantam 

encodes a developmentally regulated microRNA that controls cell proliferation and 

regulates the proapoptotic gene hid in Drosophila. Cell 113: 25-36. 

Bridge, A. J., Pebernard, S., Ducraux, A., Nicoulaz, A. L. and Iggo, R. (2003) Induction of an 

interferon response by RNAi vectors in mammalian cells. Nat Genet 34: 263-4. 

Brown, S. D. M., Hancock, J. M. and Gates, H. (2006) Understanding Mammalian Genetic 

Systems: The Challenge of Phenotyping in the Mouse. PLoS Genet 2(8): e118.  

Brummelkamp, T. R., Bernards, R. and Agami, R. (2002) A system for stable expression of 

short interfering RNAs in mammalian cells. Sci 296: 550-553.  

Camp, V.  G. and Smith, R.  J.  H.  (2007)  Hereditary  Hearing  Loss  Homepage. 

http://webhost.ua.ac.be/hhh/. 

Camp, V.  G. and Smith, R.  J.  H.  (2006)  Hereditary Hearing Loss Homepage. 

http://webhost.ua.ac.be/hhh/. 

Camp V. G., Willems, P. J. and Smith, R. J. H. (1997) Nonsyndromic hearing impairment: 

unparalleled heterogeneity. Am J Hum Genet 60: 758-764. 

   
 

109

http://webhost.ua.ac.be/hhh/
http://webhost.ua.ac.be/hhh/


                                                                                                                    REFERENCES                             

Caplen, N. J., Parrish, S., Imani, F., Fire, A. and Morgan, R. A. (2001) Specific inhibition of 

gene expression by small double-stranded RNAs in invertebrate and vertebrate systems. 

Proc Natl Acad Sci USA 98: 9742-9747. 

Carlson, C. B., Stephens, O. M. and Beal, P. A. (2003) Recognition of double-stranded RNA by 

proteins and small molecules. Biopolymers 70: 86-102. 

Castanotto, D., Sakurai1, K., Lingeman, R., Li1, H., Shively, L., Aagaard, L., Harris, S. H., 

Gatignol, A., Riggs, A. and Rossi1, J. J. (2007) Combinatorial delivery of small 

interfering RNAs reduces RNAi efficacy by selective incorporation into RISC. Nucleic 

Acids Res 35(15): 5154-5164.  

Castanotto, D.  and Scherer, L. (2005) Targeting cellular genes with PCR cassettes expressing 

short interfering RNAs. Meth Enzymol 392: 173-185. 

 Chang, K., Elledge, S. J. and Hannon, G. J. (2006) Lessons from nature: microRNA-based 

shRNA libraries. Nat Meth 3: 707-714.  

Chatterjee-Kishore, M. (2006) From genome to phenome – RNAi library screening and hit 

characterization using signaling pathway analysis. Curr Opin Drug Discov Dev 9: 231-

239. 

Chen, C. Z., Li, L., Lodish, H. F. and Bartel, D. P. (2004) MicroRNAs modulate hematopoietic 

lineage differentiation. Sci 303: 83-86.  

Chen, A. H., Mueller, R. I., Prasad, S. D., Greinwald, J. H., Manaligod, J., Muilenburg, A. C., 

Verhoeven, K., Camp, G. V. and Smith, R. J. H. (1998)  Presymptomtomatic diagnosis 

of nonsyndromix hearing loss by genotyping. Arch Otolaryngol Head Neck Surg 124: 

20-24. 

Chen, A., Wayne, S., Bell, A., Ramesh, A., Srisailapathy, C. R. S., Scott, D. A., Sheffield, V. C.,  

Hauwe,  V. P., Ross, I. S.,  Zbar, R. I. S., Ashley, J., Lovett, M., Camp, V. and Smith, R. 

J. H. (1997) New Gene for Autosomal Recessive Non-Syndromic Hearing Loss Maps to 

Either Chromosome 3q or 19p. Am J Med Genet 71: 467-471. 

 Chendrimada, T. P., Gregory, R. I., Kumaraswamy, E., Norman, J., Cooch, N., Nishikura, K. 

and Shiekhattar, R. (2005) TRBP recruits the Dicer complex to Ago2 for microRNA 

processing and gene silencing. Nat 436: 740-744. 

   
 

110



                                                                                                                    REFERENCES                             

Cheng, E. and He, S. (2009) RNA interference: a potent technology in studing and modulating 

of dendritic cells and potential in clinical therapy. Mol Biol Rep [Epub ahead of print]  

Cheng, K. and Mahato R. I. (2009) siRNA Delivery and Targeting. Mol Pharceutic 6(3): 649-

650. 

Cheng, T. L. and Chang, W. T. (2007) Construction of simple and efficient DNA vector-based 

short hairpin RNA expression systems for specific gene silencing in mammalian cells. 

Meth Mol Biol 408: 223-41. 

Chiu, Y. L. and Rana, T. M. (2002) RNAi in human cells: Basic structural and functional 

features of small interfering RNA. Mol Cell 10: 549-561. 

Chu, C. Y. and Rana, T. M. (2007) Small RNAs: Regulators and guardians of the genome. J 

Cell Physiol 213: 412-419. 

Cleary, M. A., Killan, K., Wang, Y., Bradshaw, J., Cavet, G., Ge, W., Kulkarni, A., Paddison, P. 

J., Chang, K., Sheth, N., Leproust, E., Coffey, E. M., Burchard, J., McCombie, W. R., 

Linsely, P. and Hanon, G. J. (2004) Production of complex nucleic acid libraries using 

highly parallel in situ oligonucleotide synthesis. Nat Meth 1(3): 241-8. 

Cogoni, C. and Macino, G. (1999) Gene silencing in Neurospora crassa requires a protein 

homologous to RNA-dependent RNA polymerase. Nat 399: 166-169. 

Cohen, M. M. and Gorlin, R. J. (1995) Epidemiology, etiology, and genetic patterns, in Gorlin, 

R. J., Toriello, H. V. and Cohen, M. M. (eds): Hereditary Hearing Loss and its 

Syndromes. Oxford University Press. NY: 9-21. 

Corey, D. P. (2007) Erratum: Stringing the fiddle: the inner ear’s two-part invention. Nat 

Neurosci 10(10): 1232-1233. 

Corey, D. (2003) Sensory transduction in the ear. J  Cell Sci 116: 1-3. 

Corydon, T. A. and Mikkelsen, J. G. (2006) RNA interference towards individualizing genetic 

medicine. Uqesker Laeger 168(50): 4401-4. 

Cremerscor, W. R. J. and Smith, R. J. H. (eds) (2002) Genetic Hearing Impairment. Adv 

Otorhinol Basel Karger 61: 1-10. 

   
 

111



                                                                                                                    REFERENCES                             

Cruickshank, K. J., Wiley, T. L., Tweed, T. S., Klein, B. E. K., Klein, R., Mares-Perlman, J. A. 

and Nondahl, D. M. (1998) Prevalence of hearing loss in older adults in Beaver dam, 

Wisconsin. The epidemiology of hearing loss study. Am J Epidemol 148 (9): 879-886. 

Csorba, T., Bovi, A., Dalmay, T. and Burgyan, J. (2007) The p122 subunit of Tobacco mosaic 

virus replicase is a potent silencing suppressor and compromises both siRNA and 

miRNA mediated pathways. J Virol 81: 11768-11780. 

Cullen, B. R. (2002) Antiviral defense and genetic tool.  Nat Immunol 3: 597-59. 

Dallos,  P. (1992) The active cochlea. J Neurosci 12: 4575-4585. 

Dalmay, T., Hamilton, A., Rudd, S., Angell, S. and Baulcombe, D. C. (2000) An RNA-

dependent RNA polymerase gene in Arabidopsis is required for posttranscriptional gene 

silencing mediated by a transgene but not by a virus. Cell 101: 543-553. 

Daviet, L., Erard, M., Dorin, D., Duarte, M., Vaquero, C. and Gatignol, A. (2000) Analysis of a 

binding defference between the two dsRNA-binding domains in TRBP reveals the 

modular function of a KR-helix motif. Eur J Biochem 267: 2419-2431. 

Davis, R. L. (2003) Gradients of neurotrophins, ion channels, and tuning in the cochlea. Neurosci 

9: 311-6. 

Denli, A. M., Tops, B. B., Plasterk, R. H., Ketting, R. F. and Hannon, G. J. (2004) Processing of 

primary microRNAs by the microprocessor complex. Nat 432: 231-235.  

Devree, E. and Silver, P. A. (2002) Retrovirus-delivered siRNA. BMC Biotechnol 2: 15-19. 

Ding, S. W. and Voinnet, O. (2007) Antiviral immunity directed by small RNAs. Cell 130: 413-

426. 

Djikeng, A., Shi, H., Tschudi, C. and Ullu, E. (2001) RNA interference in Trypanosoma brucei: 

cloning of small interfering RNAs provides evidence for retroposon-derived 24–26 

nucleotide RNAs. RNA 7: 1522-1530. 

Doench, J. G. and Sharp, P. A. (2004) Specificity of micro RNA target selection in translational 

repression. Genes Dev 18: 504-511. 

Doench, J. G., Petersen, C. P. and Sharp, P. A. (2003) siRNAs can function as miRNAs. Genes 

Dev 17: 438-442. 

   
 

112



                                                                                                                    REFERENCES                             

Donze, O. and Picard, D. (2002) RNA interference in mammalian cells using siRNAs 

synthesized with T7 RNA polymerase. Nucleic Acids Res 30: e46. 

Dykxhoorn, D. M. and Lieberman, J. (2005) The silent revolution: RNA interference as basic 

biology, research tool, and therapeutic. Ann Rev Med 56: 401-423. 

Dykxhoorn, D. M., Novina, C. D. and Sharp, P. A. (2003) Killing the messenger: short RNAs 

that silence gene expression. Nat Rev Mol Cell Biol 4: 457-467. 

Eccleston, A. and Eggleston, A. K. (2004) RNA interference. Nat 431: 337. 

Eisen, M. D. and Ryugo, D. K. (2007) Hearing molecules: Contributions from genetic deafness. 

Cell Mol Life Sci 64: 566-80. 

Elahi, M. M., Elahi, F., Elahi, A. and Elahi, S. B. (1998) Pedriatics hearing loss in rural 

Pakistan. Otolaryngol 27: 348-53.  

Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K. and Tuschl, T. (2001a) 

Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian 

cells. Nat 411: 494-498. 

Elbashir, S. M., Lendeckel, W. and Tuschl, T. (2001b) RNA interference is mediated by 21- and 

22-nucleotide RNAs. Genes Dev 15: 188-200. 

Elgoyhen, A. B., Johnson, D. S., Boulter, J., Vetter, D. E. and Heinemann, S. (1994) a9: an 

acetylcholine receptor with novel pharmacological properties expressed in rat cochlear 

hair cells. Cell 79: 705-715. 

Engstrom, H. (1967) The ultrastructure of the sensory cells of the cochlea. J Laryngol Oto 81: 

687-715. 

Erin, E., Leary, Swan, E. E. L., Mescher, M. J., William, F., Sewell, W. F., Sarah, L., Tao, S. L. 

and Borenstein, J. T. (2008) Inner ear drug delivery for auditory applications. Ad Drug 

Deliv Rev 60: 1583-1599. 

Fekete, D. M. (1996) Cell fate specification in the inner ear. Curr Opin Neurobiol 6: 533-541. 

Fettiplace, R. and Hackney, C. M. (2006) The sensory and motor roles of auditory hair cells. Nat 

Rev Neurosci 7: 19-29. 

   
 

113



                                                                                                                    REFERENCES                             

Filipowicz, W., Bhattacharyya, S. N. and Sonenberg, N. (2008) Mechanisms of post-

transcriptional regulation by microRNAs: Are the answers in sight? Nat Rev Genet 9: 

102-114.  

Filipowicz, W. (2005) RNAi: The nuts and bolts of the RISC machine. Cell 122: 17-20. 

Fire, A. (1999) RNA-triggered gene silencing. Trends Genet 15: 358-363. 

Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E. and Mello, C. C. (1998)  

Potent and specific genetic interference by double-6tranded RNA in Caenorhabditis 

elegans. Nat 391 (6669): 806-811. 

Flock, A., Bretscher, A. and Weber, K. (1982) Immunohistochemical localization of several 

cytoskeletal proteins in inner ear sensory and supporting cells. Hear Res 7: 75-89. 

Forge, A. and Wright, T. (2002) The molecular architecture of the inner ear. Brit Med Bull 63: 5-

24. 

Fortnum, H. M., Summerfield, A. Q., Marshall, D. H., Davis, A. C. and Bamford, J. M. (2001) 

Prevalence of permanent hearing impairment in the United Kingdom and implications 

for universal neonatal hearing screening: Questionnaire based ascertainment study. BMJ 

323: 536-40. 

Fougerolles, D. A., Vornlocher, H. P., Maraganore, J. and Lieberman, J. (2007) Interfering with 

disease: a progress report on siRNA-based therapeutics. Nat Rev Drug Discov 6: 443-

453.

Fraser, A. G., Kamath, R. S., Zipperlen, P., Martinez-Campos, M., Sohrmann, M. and Ahringer, 

J. (2000) Functional genomic analysis of C. elegans chromosome I by systematic RNA 

interference. Nat 408: 325-330. 

Friedman, L. M., Dror, A. A. and Avraham, K. B. (2007) Mouse models to study inner ear 

development and hereditary hearing loss. Int J Dev Biol 51: 609-631. 

Friedman, T. B. and Griffith, A. J. (2003) Human Nonsyndromic sensorineural deafness. Ann 

Rev Gen Hum Genet 4: 341-402.  

Friedman, T., Battey, J., Kachar, B., Riazuddin, S., Noben-Trauth, K., Griffith, A. and Wilcox, 

E. (2000) Modifier genes of hereditary hearing loss. Curr Opin Neurobiol 10: 487-493. 

Frolenkov, G. I., Atzori, M., Kalinec, F., Mammano, F. and Kachar, B. (1998) The membrane- 

based mechanism of cell motility in cochlear outer hair cells. Mol Biol Cell 9: 68-196. 

   
 

114



                                                                                                                    REFERENCES                             

Giladi, H., Ketzinel-Gilad, M., Rivkin, L., Felig, Y., Nussbaum, O. and Galun, E. (2003) Small 

interfering RNA inhibits hepatitis B virus replication in mice. Mol Ther 8 (5): 769-776. 

Gillespie, P. G. and Walker, R. G. (2001) Molecular basis of mechanosensory transduction. Nat  

413: 194-202. 

Gilmore, I. R., Fox, S. P., Hollins, A. J. and Akhtar, S. (2006) Delivery strategies for siRNA-

mediated gene silencing. Curr Drug Deliv 3: 147-155. 

Gorlin, R. J., Toriello, H. V. and Cohen, M. M. (1995) Hereditary hearing loss and its 

syndromes. Oxford University Press, Oxford. 33: 40-105. 

Graham, A., Begbie, J. and Mcgonnell, I. (2004) Significance of the cranial neural crest. Dev 

Dyn 229: 5-13. 

Gregory, R. I., Chendrimada, T. P., Cooch, N. and Shiekhattar, R. (2005) Human RISC couples 

MicroRNA biogenesis and posttranscriptional gene silencing. Cell 123(4): 631-640. 

Grimm, D. and Kay, M. A. (2007) Therapeutic application of RNAi: is mRNA targeting finally 

ready for prime time? J Clin Invest 117: 3633-3641. 

Grimm, D., Streetz, K. L., Jopling, C. L., Storm, T. A., Pandey, K., Davis, C. R., Marion, P., 

Salazar, F. and Kay, M. A. (2006) Fatality in mice due to oversaturation of cellular 

microRNA/short hairpin RNA pathways. Nat 441: 537-541. 

Grishok, A. and Mello, C. C. (2002) RNAi (Nematodes: Caenorhabditis elegans). Adv Genet 

46: 339-360. 

Grishok, A., Pasquinelli, A. E., Conte, D., Li, N., Parrish, S., Ha, I., Baillie, D. L., Fire, A., 

Ruvkun, G. and Mello, C. C. (2001) Genes and mechanisms related to RNA interference 

regulate expression of the small temporal RNAs that control C. elegans developmental 

timing. Cell 106: 23-34. 

Grundfast, K. M., Atwood, J. L. and Chuong, D. (1999) Genetics and molecular biology of 

deafness. Otolaryngol Clin North Am 32: 1067-1088. 

Gulya, A. J. and Juhlin, N. R. (1992) Histopathology of deafness. ENT J 71: 494-502. 

Gupta, S., Schoer, R. A., Egan, J. E., Hannon, G. J. and Mittal, V. (2004) Inducible, reversible, 

and stable RNA interference in mammalian cells. Proc Nat Acad Sci 101: 1927-1932. 

Hahn, H., Muller, M. and Lowenheim, H. (2008) Whole organ culture of the postnatal sensory 

inner ear in simulated microgravity. J  Neurosci Med 171: 60-71. 

   
 

115



                                                                                                                    REFERENCES                             

Haley, B. and Zamore, P. D. (2004) Kinetic analysis of the RNAi enzyme complex. Nat Struct 

Mol Biol 11: 599-606. 

Hall, 1. M., Shankaranarayana, G. O., Noma, K., Ayoub, N., Cohen, A. and Grewal, S. I. (2002) 

Establishment and maintenance of a heterochromatin domain. Sci 297(5590): 2232-

2237. 

Hamilton, A., Voinnet, O., Chappell, L. and Baulcombe, O. (2002) Two classes of short 

interfering RNA in RNA silencing. EMBO J 21(17): 4671-4679. 

Hamilton, A. J. and Baulcombe, D. C. (1999) A species of small antisense RNA in post 

transcriptional gene silencing in plants. Sci 286: 950-952. 

Hammond, S. M., Caudy, A. A. and Hannon, G. J. (2001) Post-transcriptional gene silencing by 

double stranded RNA. Nat Rev Genet 2: 110-119. 

Hammond, S. M., Berstein, E., Beach, D. and Hannon, G. J. (2000) An RNA-directed nuclease 

mediates post-transcriptional gene silencing in Drosophila cells. Nat 404: 293-296. 

Hannon, G. J., Rivas, F. V., Murchison, E. P. and Steitz, J. A. (2006) The expanding universe of 

noncoding RNAs. Cold Sp Harb Symp Quant Biol 71: 551-564.  

Hannon, G. J. and Rossi, J. J. (2004) Unlocking the potential of the human genome with RNA 

interference. Nat 431: 371-378. 

Hannon, G. J. (2002) RNA interference. Nat 418: 244-251.  

Harborth, J., Elbashir, S. M., Bechert, K., Tuschl, T. and Weber, K. (2001) Identification of 

essential genes in cultured mammalian cells using small interfering RNAs. J Cell Sci 

114: 4557-4565. 

Hardisty, R. E., Mburu, P. and Brown, S. D. (1999) ENU mutagenesis and search for deafness 

genesis. Br J Audiol 33: 279-283. 

Heller, S. and Hudspeth, A. J. (1998) Two deaf mice: murine candidate genes pinpoint the 

genetic bases of nonsyndromic hearing loss in humans. Nat Meth 4: 560-561. 

Henry, K. R. (1982) Age-raleted auditory loss and genetics: an electro-cochleographic 

comparison of 6 inbred strain of mice. J Gerontol 37: 275-282. 

   
 

116



                                                                                                                    REFERENCES                             

Henzl, M. T., O'Neal, J., Killick, R., Thalmann, I. and Thalmann, R. (2001) OCP1, an F-box 

protein, co-localizes with OCP2/SKP1 in the cochlear epithelial gap junction region. 

Hear Res 157: 100-111. 

Hietala, M., Hakonen, A., Aro, A. R., Niemela, È. P., Peltonen, L. and Aula, P. (1995) Attitudes 

toward genetic testing among the general population and relatives of patients with a 

severe genetic disease: a survey from Finland. Am J Hum Genet 56: 1493-1500. 

Holen, T., Amarzguioui, M., Babaie, E. and Prydz, H. (2003) Similar behaviour of single-strand 

and double-strand siRNAs suggests they act through a common RNAi pathway. Nucleic 

Acids Res 31: 2401-2407. 

Holen, T., Amarzguioui, M., Wiiger, M. T., Babaie, E. and Prydz, H. (2002) Positional effects 

of short interfering RNAs targeting the human coagulation trigger Tissue Factor. Nucleic 

Acids Res 30: 1757-1766. 

Hone, S. W. and Smith, R. J. H. (2002) Understanding Inner Ear Physiology at the Molecular 

Level. Adv Otorhinol Basel Karger 61: 1-10. 

Hsieh, A. C., Bo, R., Manola, J., Vazquez, F., Bare, O., Khvorova, A., Scaringe, S. and Sellers, 

W. R. (2004) A library of siRNA duplexes targeting the phosphoinositide 3-kinase 

pathway: determinants of gene silencing for use in cell-based screens. Nucleic Acids Res 

32: 893-901. 

Hudspeth, A. J. (1997) How hearing happens. Neuron 19: 947-950. 

Hudspeth, A. J. (1989) How the ear’s works work. Nat 341: 397-404. 

Huppi, K., Martin, S. E. and Caplen, N. J. (2005) Defining and assaying RNAi in mammalian 

cells. Mol Cell 17: 1-10.  

Hurle, B., Ignatova, E., Massironi, S. M., Mashimo, T., Rios, X., Thalmann, I., Thalmann, R. 

and Ornitz, D. M. (2003) Non-syndromic vestibular disorder with otoconial agenesis in 

tilted/ mergulhador mice caused by mutations in otopetrin 1. Hum Mol Genet 12: 777-

789. 

Hussain, R. (1999) Community perceptions of reasons for preference for consanguineous 

marriages in pakistan. J biosoc Sci 31: 449-461. 

   
 

117



                                                                                                                    REFERENCES                             

Hussain, R. and Bittles, A. H. (1998) The prevalence and demographic characteristics of 

consanguineous marriages in Pakistan. J Biosoc Sci 30: 261-275.  

Hutchin, T., Coy, N. N., Conlon, H., Telford, E., Bromelow, K., Blaydon, D., Taylor, G., 

Coghill, E., Brown, S., Trembath, R., Liu, X. Z., Bitner-Glindzicz, M. and Mueller, R. 

(2005) Assessment of the genetic causes of recessive childhood non-syndromic deafness 

in the UK – implications for genetic testing. Clin Genet 68: 506-512. 

Hutvagner, G., Simard, M. J., Mello, C. C. and Zamore, P. D. (2004) Sequence-specific 

inhibition of small RNA function. PLoS Biol 2: e98. 

Hutvagner, G. and Zamore, P. D. (2002) A microRNA in a multipleturnover RNAi enzyme 

complex. Sci 297: 2056-2060. 

Hutvagner, G., McLachlan, J., Pasquinelli, A. E., Balint, E., Tuschl, T. and Zamore, P. D. 

(2001) A cellular function for the RNA-interference enzyme Dicer in the maturation of 

the let-7 small temporal RNA. Sci 293: 834–838. 

Isaacson, G. (1988) Antenatal diagnosis of congenital deafness. Ann Otol Rhinol Laryngol 97: 

124-127. 

Jaber, L., Halpem, G. J. and Shohat, M. (1998) The impact of consanguinity worldwide. 

Community. Genet 1: 12-17.  

Jackson, A. L. and Linsley, P. S. (2004) Noise amidst the silence: off-target effects of siRNAs? 

Trends Genet 20: 521-524.  

Jackson, A. L., Bartz, S. R., Schelter, J., Kobayashi, S. V., Burchard, J., Mao, M., Li, B., Cavet, 

G. and Linsley, P. S. (2003) Expression profiling reveals off-target gene regulation by 

RNAi. Nat Biotechnol 21: 635-637. 

Joint Committee on Infant Hearing, American Academy of Audiology, American Academy of 

Pediatrics, American Speech-Language- Hearing Association, and Directors of Speech 

and Hearing Programs in State Health and Welfare Agencies (2007) Position statement: 

Principles and guidelines for early hearing detection and intervention programs. Pediatr 

120: 898-921. 

Juhn, S. (1988) Barrier systems in the inner ear. Acta Otolaryngol Suppl 458: 79-83. 

Kalatzis, V. and Petit, C. (1998) The fundamental and medical impacts of recent progress in 

research on hereditary hearing loss. Hum Mol Genet 7(10): 1589-1597. 

   
 

118



                                                                                                                    REFERENCES                             

Kawakami, S. and Hashida, M. (2007) Targeted delivery systems of small interfering RNA by 

systemic administration. Drug Metab Pharmacokinet 22: 142-51. 

Kawasaki, H. and Taira, K. (2004) Induction of DNA methylation and gene silencing by short 

interfering RNAs in human cells. Nat 431: 211-217. 

Keats, B.  J.  B., Popper, A. N. and Fay, R. R. (2002) Genetics and Auditory Disorders. New 

York, Springer. 1-322. 

Keats, B. J. B. and Berlin, C. I. (1999) Genomics and Hearing Impairment. Genome Res 9: 7-16. 

Kelsell, D. P., Dunlop, J., Stevens, H. P., Lench, N. J., Liang, J. N., Parry, Muller, R. F. and 

Leigh, I. M. (1997) Connexin 26 mutations in hereditary non-syndromic sensorineural 

deafness. Nat 387: 80-83. 

Kelsell, D. P., Dunlop, J., Stevens, H. P., Lench, N. J., Liang, J. N., Parry, Marazita, M. L., 

Ploughman, L. M., Rawlings, B., Remington, E., Arnos, K. S. and Nance, W. E. (1993) 

Genetic Epedimiological studies of early onset deafness in U. S. School-age population. 

Am J Med Genet 46: 486-491. 

Kennedy, S., Wang, D. and Ruvkun, G. (2004) A conserved siRNA degrading RNase negatively 

regulates RNA interference in C. elegans. Nat 427: 645-649. 

Kennerdell, J. R., and Carthew, R. W. (1998) Use of dsRNA-mediated genetic interference to 

demonstrate that frizzled and frizzled 2 act in the wingless pathway. Cell 95(7): 1017-

1026. 

Khvorova, A., Reynolds, A. and Jayasena, S. D. (2003) Functional siRNAs and miRNAs exhibit 

strand bias. Cell 115: 209-216. 

Kim, D. H. and Rossi, J. J. (2007) Strategies for silencing human disease using RNA 

interference. Nat  Rev Genet 8: 173-184.

Kim, V. N. (2004) MicroRNA precursors in motion: exportin-5 mediates their nuclear export. 

Trends Cell Biol 14: 156-159. 

Kirino, Y. and Mourelatos, Z. (2007) The mouse homolog of HEN1 is a potential methylase for 

Piwi-interacting RNAs. RNA 13: 1397-1401. 

Koen, R., Broes, N., Kevin, B., Roosmarijn, E., Vandenbroucke, Anders, H., Joseph, D., 

Stefaan, C. and Smedt, D. (2009) Biodegradable Dextran Nanogels for RNA 

   
 

119



                                                                                                                    REFERENCES                             

Interference: Focusing on Endosomal Escape and Intracellular siRNA Delivery. Adv Fun 

Mat 19(9): 1406-1415. 

Kros, C. J. (1996) Physiology of mammalian hair cells, in Dallos, P., Popper, A. N. and Fay, R. 

(eds): Springer Handbook of Auditory Research: The Cochlea. New York, Springer. 

319-385. 

Kunath, T., Gish, G., Lickert, H., Jones, N., Pawson, T. and Rossant, J. (2003) Transgenic RNA 

interference in ES cell-derived embryos recapitulates a genetic null phenotype. Nat 

Biotechnol 21: 559-561. 

Laer, V. L., Cryns, K., Smith, R. J. and Camp, V. G. (2003) Nonsyndromic hearing loss. Ear 

Hear 24: 275-288. 

Lalwani, A. K. and Castelein, C. M. (1999) Cracking the auditory genetic code: Nonsyndromic 

hereditary, hearing impairments. Am J Otol 20: 115-132. 

Lenz, G. (2005) The RNA interference revolution. Braz J Med Biol Res 38: 1749-1757. 

Leung, R. K. and Whittaker, P. A. (2005) RNA interference: from gene silencing to gene-

specific therapeutics. Pharmacol Ther 107: 222-239. 

Leuschner, P. J., Ameres, S. L., Kueng, S. and Martinez, J. (2006) Cleavage of the siRNA 

passenger strand during RISC assembly in human cells. EMBO 7: 314–320. 

Lewis, B. P., Burge, C. B. and Bartel, D. P. (2005) Conserved seed pairing, often flanked by 

adenosines, indicates that thousands of human genes are microRNA targets. Cell 120: 

15-20. 

Li, S., Price, S. M., Cahill, H., Ryugo, D. K., Shen, M. M. and Xiang, M. (2002) Hearing loss 

caused by progressive degeneration of cochlear hair cells in mice deficient for the Barhl1 

homeobox gene. Dev 129: 3523-3532. 

Li, X. C. and Friedman, R. A. (2002) Nonsyndromic hereditary hearing loss. Otol Clin North Am 

35: 275-285. 

Lim, L. P., Lau, N. C., Garrett-Engele, P., Grimson, A., Schelter, J. M., Castle, J., Bartel, D. P., 

Linsley, P. S. and Johnson, J. M. (2005) Microarray analysis shows that some 

microRNAs downregulate large numbers of target mRNAs. Nat 433: 769-773. 

   
 

120



                                                                                                                    REFERENCES                             

Lim, L. P., Glasner, M. E., Yekta, S. C., Burge, B. and Bartel, D. P. (2003a) Vertebrate micro-

RNA genes. Sci 299: 1540.  

Lim, L. P., Lau, N. C., Weinstein, E. C., Abdelhakim, A., Yekta, S., Rhoades, M. W., Burge, C. 

B. and Bartel, D. P. (2003b) The micro-RNAs of C. elegans. Genes Dev 17: 991-1008. 

Lindenbach, B. D. and Rice, C. M. (2002) RNAi targeting an animal virus: news from the front. 

Mol Cell 9: 925-927. 

Lipardi, C., Wei, Q. and Paterson, B. M. (2001) RNAi as random degradative PCR: siRNA 

primers convert mRNA into dsRNAs that are degraded to generate new siRNAs. Cell 

107: 297–307. 

Liu, Y., Okada, T., Nomoto, T., Ke, X., Kume, A., Ozawa, K. and Xiao, S. (2007) Promoter 

effects of adeno-associated viral vector for transgene expression in the cochlea in vivo. 

Exp and Mol Meth 39(2): 170-175. 

Liu, J., Carmell, M. A., Rivas, F. V., Marsden, C. G., Thomson, J. M.,  Song,  J. J., Hammond, 

S. M., Joshua-Tor, L. and Hannon, G. J. (2004) Argonaute2 is the catalytic engine of 

mammalian RNAi. Sci 305: 1437-1441. 

Lund, E., Guttinger, S., Calado, A., Dahlberg, J. E. and Kutay, U. (2004) Nuclear export of 

microRNA precursors. Sci 303: 95-98. 

Ma, J. B., Yuan, Y. R., Meister, G., Pei, Y., Tuschl, T. and Patel, D. J. (2005) Structural basis 

for 5’-end-specific recognition of guide RNA by the A. fulgidus Piwi protein. Nat 434: 

666-670. 

Marazita, M. L., Ploughman, L. M., Rawlings, B., Remington, E., Arnos, K. S. and Nance, W. 

E. (1993) Genetic epidemiological studies of earlyonset deafness in the US school-age 

population. Am J Med Genet 46: 486-491. 

Markin, V. S. and Hudspeth, A. J. (1995) Gatingspring models of mechanoelectrical 

transduction by hair cells of the internal ear. Ann Rev Biophys Biomol Struct 24:59-83. 

Martinez, J. and Tuschl, T. (2004) RISC is a 5' phosphormonoester producing RNA 

endonuclease. Genes Dev 18: 975-980. 

Martinez, J., Patkaniowska, A., Urlaub, H., Luhrmann, R. and Tuschl, T. (2002) Single-stranded 

antisense siRNAs guide target RNA cleavage in RNAi. Cell 110: 563-574. 

   
 

121



                                                                                                                    REFERENCES                             

Matranga, C., Tomari, Y., Shin, C., Bartel, D. P. and Zamore, P. D. (2005) Passenger-strand 

cleavage facilitates assembly of siRNA into Ago2-containing RNAi enzyme complexes. 

Cell 123: 607-620. 

Matzke, M. A. and Birchler, J. A. (2005) RNAi-mediated pathways in the nucleus. Nat Rev 

Genet 6(1): 24-35. 

McKusick, V. A. (1992) Mendelian Inheritance in Man, 10th edition. Johns Hopkins Baltimore, 

University Press. 1811-1812. 

McManus, M. T. and Sharp, P. A. (2002) Gene silencing in mammals by small interfering 

RNAs. Nat Rev Genet 3: 737-747. 

McManus, M. T., Petersen, C. P., Haines, B. B., Chen, J. and Sharp, P. A. (2002) Gene silencing 

using micro-RNA designed hairpins. RNA 8: 842-850. 

Meisler, M. H. (1996) The role of the laboratory mouse in the Human Genome Project. Am J 

Hum Genet 59: 764-771. 

Meister, G. and Tuschl, T. (2004) Mechanisms of gene silencing by double-stranded RNA. Nat 

431: 343-349. 

Meister, G., Landthaler, M., Patkaniowska, A., Dorsett, Y., Teng, G. and Tuschl, T. (2004a) 

Human Argonaute2 mediates RNA cleavage targeted by miRNAs and siRNAs. Mol Cell 

15: 185-197. 

Meister, G., Landthaler, M., Dorsett, Y. and Tuschl, T. (2004b) Sequence-specific inhibition of 

microRNA- and siRNA-inducedRNA silencing. RNA 10: 544-550. 

Mello, C. C. and Conte, J. D. (2004) Revealing the world of RNA interference. Nat 431: 338-

342. 

Middleton, A., Hewison, J. and Mueller, R. F. (1998) Attitudes of deaf adults toward genetic 

testing for hereditary deafness. Am J Hum Genet 63: 1175-1180. 

Misquitta, L. and Paterson, B. M. (1999) Targeted disruption of gene function in Drosophila by 

RNA interference (RNA-i): A role for nautilus in embryonic somatic muscle formation. 

Proc Natl Acad Sci USA 96(4): 1451-1456. 

Mittal, V. (2004) Improving the efficiency of RNA interference in mammals. Nat Rev Genet 

(5): 355-365. 

   
 

122



                                                                                                                    REFERENCES                             

Mochizuki, K., Fine, N. A., Fujisawa, T. and Gorovsky, M. A. (2002) Analysis of a piwi related 

gene implicates small RNAs in genome rearrangement in tetrahymena. Cell 110(6): 689-

699. 

Modell, B. and Darr, A. (2002) Genetic counselling and customary consanguineous marriage. 

Nat 3: 225. 

Moffat, J. and Sabatini, D. M. (2006) Building mammalian signaling pathways with RNAi 

screens. Nat Rev Mol Cell Biol 7: 177-187. 

Moller, A. R. (1994) Auditory neurophysiology. J Clin  Neurophysiol 11: 319-342. 

Morton, C. C. and Nance, W. E. (2006) New born hearing screening- a silent revolution. New 

Engl J Med 18: 2151-2164.  

Morton, N. E. (1991) Genetic epidemiology of hearing impairment. Ann N Y Acad Sci 630: 16-

31.  

Mourelatos, Z., Dostie, J., Paushkin, S., Sharma, A., Charroux, B., Abel, L., Rappsilber, J., 

Mann, M. and Dreyfuss, G. (2002) miRNPs: a novel class of ribonucleoproteins 

containing numerous microRNAs. Genes Dev 16: 720-728. 

 Mukherjee, M., Phadke, S. R. and Mittal, B. (2003) Connexin 26 and autosomal recessive non-

syndromic hearing loss. Ind J Hum Genet 9 (2): 40-50. 

Munoz-Baell, I. M. and Ruiz, M. T. (2000) Empowering the deaf. Let the deaf be deaf. J 

Epidemiol Commun Health 54: 40-44. 

Murchison, E. P. and Hannon, G. J. (2004) miRNAs on the move: miRNA biogenesis and the 

RNAi machinery. Curr Opin Cell Biol 16: 223-229.  

Nance, W. E. (2003) The Genetics of deafness. Mental retardation and developmental 

disabilities. Res Rev 9: 109-119.  

Nance, W. E. and Sweeney, A. (1975) Genetic factors in deafness of early life. Otol Clin North 

Am 8: 19-48. 

Newton, V. E. (1985) Aetiology of bilateral sensorineural hearing loss in young children. J 

Laryngol Otol 10S: 1-57. 

Ngo, H., Tschudi, C., Gull, K. and Ullu, E. (1999) Double-stranded RNA induces mRNA 

degradation in Trypanosoma brucei. Proc Natl Acad Sci USA 95(25): 14687-14692. 

   
 

123



                                                                                                                    REFERENCES                             

Nicholson, R. H. and Nicholson, A. W. (2002) Molecular characterization of a mouse cDNA 

encoding Dicer, a ribonuclease III ortholog involved in RNA interference. Mamm 

Genome 13: 67-73. 

Nishikura, K. (2001) A short primer on RNAi: RNA-directed RNA polymerase acts as a key 

catalyst. Cell 107: 415-418. 

Nykanen, A., Haley, B. and Zamore, P. D. (2001) ATP requirement and small interfering RNA 

structure in the RNA interference pathway. Cell 107: 309-321. 

Ohrt, T., Merkle, D., Birkenfeld, K., Echeverri, C. J. and Schwille, P. (2006) In situ fluorescence 

analysis demonstrates active siRNA exclusion from the nucleus by Exportin 5. Nucleic 

Acids Res 34: 1369-1380. 

Olsen, P. H. and Ambros, V. (1999) The lin-4 regulatory RNA controls developmental timing in 

Caenorhabditis elegans by blocking UN14 protein synthesis after the initiation of 

translation. Dev Biol 216(2): 671-680. 

Omi, K., Tokunaga K. and Hohjoh, H. (2004) Long-lasting RNAi activity in mammalian 

neurons. FEBS Lett 558: 1-3. 

Paddison, P. J., Caudy, A. A., Sachidanandam, R. and Hannon, G. J. (2007) Short hairpin 

activated gene silencing in mammalian cells. Meth Mol Biol 265: 85-100.  

Paddison, P. J., Cleary, M., Silva, J. M., Chang, K., Sheth, N., Sachidanandam, R. and Hannon, 

G. J. (2004) Cloning of short hairpin RNAs for gene knockdown in mammalian cells. 

Nat Meth 1: 163-167. 

Paddison, P. J., Caudy, A. A., Bernstein, E., Hannon, G. J. and Conklin, D. S. (2002) Short 

hairpin RNAs (shRNAs) induce sequence-specific silencing in mammalian cells. Genes 

Dev 16: 948-958. 

Parker, M. J., Fortnum, H., Young, I. D. and Davis, A. C. (1999) Variations in genetic 

assessment and recurrence risks quoted for childhood deafness: a survey of clinical 

geneticists. J Med Genet 36: 125-130. 

Parving, A., Hauch, A. M. and Christensen, B. (2003) Permanent childhood hearing impairment: 

Epidemiology, age at identification, and Nielsen syndrome. Hum Mol Genet 6 (12): 

2179-2185. 

   
 

124



                                                                                                                    REFERENCES                             

Parving, A. and Newton, V. (1995) Guidelines for description of inherited hearing loss. J Audiol 

Med 4: 2-5. 

Petersen, M. B., Wang, Q. and Willems, P. J. (2008) Sex-linked deafness. Rev Clin Genet 73: 

14-23. 

Petersen, M. B. and Willems, P. J. (2006) Non-syndromic, autosomalrecessive deafness. Review. 

Clin Genet 69: 371-92. 

Petersen, M. B. (2002) Non-syndromic autosomal-dominant deafness. Clin Genet 62: 1-13. 

Petit, C. (2006) From deafness genes to hearing mechanisms: harmony and counterpoint. Trends 

Mol Med 12: 57-64. 

Petit, C., Levilliers, J. and Hardelin, J. P. (2001) Molecular genetics of hearing loss. Ann Rev 

Genet 35: 589-646. 

Petit, C. (1996) Genes responsible for human hereditary deafness: symphony of a thousand. Nat 

Genet 14: 385-391. 

Piatto, V. B., Nascimento, E. C. T., Alexandrino, F., Oliveira, C. A.,  Lopes, A. C. P., Sartorato, 

E. L. and Maniglia, J. V. (2005) Molecular genetics of non syndromic Deafness. Rev 

Bras Otol 71(2): 216-23. 

Pratt, A. J. and MacRae, I. J. (2009) The RNA-induced Silencing Complex: A Versatile Gene-

silencing Machine. J Biol Chem 284: 17897-17901. 

Rana, T. M. (2007) Illuminating the silence: understanding the structure and function of small 

RNAs. Nat Rev Mol Cell Biol 8(1): 23-36. 

Rand, T. A., Petersen, S., Du, F. and Wang, X. (2005) Argonaute2 cleaves the anti-guide strand 

of siRNA during RISC activation. Cell 123: 621-629.

Rand, T. A., Ginalski, K., Grishin, N. V. and Wang, X. (2004) Biochemical identification of 

Argonaute 2 as the sole protein required for RNA-induced silencing complex activity. 

Proc Natl Acad Sci USA 101: 14385-14389. 

Rangasamy, D., Tremethick, D. J. and Greaves, I. K. (2008) Gene knockdown by ecdysone-

based inducible RNAi in stable mammalian cell lines. Nat Proc 3(1): 79-88. 

Rao, M. and Sockanathan, S. (2005) Molecular mechanisms of RNAi: implications for 

development and disease. Birth def Res C Emb Today 75(1): 28-42. 

   
 

125



                                                                                                                    REFERENCES                             

Raphael, Y. and Altschuler, R. A. (2003) Structure and innervation of the cochlea. Brain Res 

Bull 60: 397-422. 

Ray, K. M., Leung and Whittaker, P. A. (2005) RNA interference: From gene silencing to gene-

specific therapeutics. Pharmacol and Ther 107(2): 222-239.  

Reardon, W. (1992) Genetic deafness. J Med Genet 29 (8): 521-526. 

Reddy, M. V. V., Bindu, L. H., Reddy, P. P. and Rani, P. U. (2006) Role of Consanguinity in 

Congenital Neurosensory Deafness. Int J Hum Genet 6(4): 357-358. 

Rehm, H. L. (2005) A genetic approach to the child with sensorineural hearing loss. Semin 

Perinatol 29: 173-81. 

Reiners, J., Nagel-Wolfrum, K., Jurgens, K., Marker, T. and Wolfrum, U. (2006) Molecular basis 

of human Usher syndrome: Deciphering the meshes of the Usher protein network 

provides insights into the pathomechanisms of the Usher disease. Exp Eye Res  xx 1-23. 

Resendes, B. L., Williamson, R. E. and Morton, C. C. (2001) At the speed of sound: gene 

discovery in the auditory system. Am J Hum Genet 69: 923-935. 

Reynolds, A., Leake, D., Boese, Q., Scaringe, S., Marshall, W. S. and Khvorova, A. (2004) 

Rational siRNA design for RNA interference. Nat Biotechnol 22: 326-330. 

Riazuddin, S., Castelein, C. M., Ahmed, Z. M., Lalwani, A. K., Mastroianni, M. A., Naz, S., 

Smith, T. N., Liburd, N. A., Friedman, T. B., Griffith, A. J., Riazuddin, S. and Wilcox, E. 

R. (2000) Dominant modifier DFNM1 suppresses recessive deafness DFNB26. Nat 

Genet 26: 431-33.  

Rivas, F. V., Tolia, N. H., Song, J. J., Aragon, J. P., Liu, J., Hannon, G. J. and Joshua-Tor, L. 

(2005) Purified Argonaute2 and an siRNA form recombinant human RISC. Nat Struct 

Mol Biol 12: 340-349. 

Rivolta, M. N., Grix, N., Lawlor, P., Ashmore, J. F., Jagger, D. J. and Holley, C. M. (1998) 

Auditory hair cell precursors immortalized from the mammalian inner ear. Proc R Soc 

Lond B 265: 1595-1603. 

Ro, S., Park, C., Young, D., Sanders, K. M. and Yan, W. (2007) Tissue-dependent paired 

expression of miRNAs. Nucleic Acids Res 35: 5944-5953. 

Robertson, N. D. and Morton, C. C. (1999) Beginning of a molecular era in hearing and 

deafness. Clin Genet L 55: 149-159. 

   
 

126



                                                                                                                    REFERENCES                             

Robin, N. H. (2005a) Genetic testing for deafness is here, but how do we do it? Genet Med (edi) 

6(6): 463-4. 

Robin, N. H., Prucka, A. K., Woolley, A. L. and Smith, R. J. H. (2005b) The use of genetic 

testing in the evaluation of hearing impairment in a child. Ed review. Curr Opin Pediatr 

17: 709-12. 

Roderick, R. M. (1999) Developmental Biology: Frontiers for Clinical Genetics. Clin Genet 55: 

149-159. 

Rosenhall, U., Jönsson, R. and Soderlind, O. (1999) Self-assessed hearing problems in Sweden: 

a demographic study. Audiol 38: 328-334. 

Rubinson, D. A., Dillon, C. P., Kwiatkowski, A. V., Sievers, C., Yang, L., Kopinja, J., Rooney, 

D. L., Ihrig, M. M., McManus, M. T., Gertler, F. B., Scott, M. L. and Parijs, V. L. A. 

(2003) Lentivirus-based system to functionally silence genes in primary mammalian 

cells, stem cells and transgenic mice by RNA interference. Nat Genet 33: 401-406. 

Saetrom, P. and Snove, O. J.  (2004) A comparison of siRNA efficacy predictors. Biochem 

Biophys Res Commun 321: 247-253.  

Saghir, A. and Ibrahim, F. B. (2007) Nonviral delivery of synthetic siRNAs in vivo. J Clin Invest 

117(12): 3623-3632.  

Saito, K., Sakaguchi, Y., Suzuki, T., Siomi, H. and Siomi, M. C. (2007) Pimet, the Drosophila 

homolog of HEN1, mediates 20-O-methylation of Piwi- interacting RNAs at their 30 

ends. Genes Dev 21: 1603-1608. 

Sakaguchi, N., Henzl, M. T., Thalmann, I., Thalmann, R. and Schulte, B. A. (1998) 

Oncomodulin is expressed exclusively by outer hair cells in the organ of Corti. J 

Histochem Cytochem 46: 29-40. 

Sano, M., Sierant, M., Miyagishi, M., Nakanishi, Takagi, M. and Sutou, S. (2008) Effect of 

asymmetric terminal structures of short RNA duplexes on the RNA interference activity 

and strand selection. Nucleic Acids Res 36(18): 5812-5821.  

Scherr, M. and Eder, M. (2007) Gene silencing by small regulatory RNAs in mammalian cells. 

Div Cell Cycle 6(4): 444-9. 

Schramke, V. and Allshire, R. (2003) Hairpin RNAs and retrotransposon LTRs effect RNAi and 

chromatin-based gene silencing. Sci 301: 1069-1074. 

   
 

127



                                                                                                                    REFERENCES                             

Schrijver, I. and Chang, K. W. (2006) Two patients with the V37I/235delC genotype: Are 

radiographic cochlear anomalies part of the phenotype? Int J Pediatr Otorhinol 70: 2109-

13. 

Schwartz, D. S., Hutvagner, G., Haley, B. and Zamore, P. D. (2002) Evidence that siRNAs 

function as guides, not primers, in the Drosophila and human RNAi pathways. Mol Cell 

10(3): 537-48.  

Schwarz, D. S., Hutvagner, G., Du, T., Xu, Z., Aronin, N. and Zamore, P. D. (2003) Asymmetry 

in the assembly of the RNAi enzyme complex. Cell 115: 199-208. 

Semizarov, D., Frost, L., Sarthy, A., Kroeger, P., Halbert, D. N. and Fesik S. W. (2003) 

Specificity of short interfering RNA determined through gene expression signatures. 

Biochem 100(11): 6347-6352. 

Sharp, P. A . (2001) RNA interference. Genes Dev 15: 485-490. 

Shiagawa, T. and Ishii, S. (2003) Generation of Ski-knockdown mice by expressing a long 

double-strand RNA from an RNA polymerase II promoter. Genes Dev 17: 1340-1345. 

Sijen, T., Fleenor, J., Simmer, F., Thijssen, K. L., Parrish, S., Timmons, L., Plasterk, R. H. and 

Fire, A. (2001) On the role of RNA amplification in dsRNA-triggered gene silencing. 

Cell 107: 465-476. 

Silva, J. M., Li, M. Z., Chang, K., Ge, W., Golding, M. C., Rickles, R. J., Siolas, D., Hu, G., 

Paddison, P. J., Schlabach, M. R., Sheth, N., Bradshaw, J., Burchard, J., Kulkarni, A., 

Cavet, G., Sachidanandam, R., McCombie, W. R., Cleary, M. A., Elledge, S. J. and 

Hanon, G. J. (2005) Second-generation shRNA libraries covering the mouse and human 

genomes. Nat Genet 37(11): 1281-8. 

Skvorak-Giersch, A. B. and Morton, C. C. (2000) Genetic causes of nonsyndromic hearing loss. 

Curr Opin Pediatr 11(6): 551-7. 

Sledz, C. A., Holko, M., de Veer, M. J., Silverman, R. H. and Williams, B. R. (2003) Activation 

of the interferon system by short-interfering RNAs. Nat Cell Biol 5: 834-9. 

Smith, R. J., Bale, J. F. and White, K. R. (2005) Sensorineural hearing loss in children. Lancet 

365(9477): 2085-6.  

Smith, N. A., Singh, S. P., Wang, M. B., Stoutjesdijk, P. A., Green, A. G. and Waterhouse, P. 

M. (2000) Total silencing by intron-spliced hairpin RNAs. Nat 407: 319-320. 

   
 

128



                                                                                                                    REFERENCES                             

Smith, R. J. H. (1997) New Gene for Autosomal Recessive Non-Syndromic Hearing Loss Maps 

to Either Chromosome 3q or 19p. Am J Med Genet 71: 467-471. 

Smith, C. A. (1968) Ultrastructure of the organ of Corti. Adv Sci 24: 419-433. 

Song, J. J., Smith, S. K., Hannon, G. J. and Joshua-Tor, L. (2004) Crystal structure of Argonaute 

and its implications for RISC slicer activity. Sci 305: 1434-1437. 

Spoendlin, H. (1979) Sensory neural organization of the cochlea. J Laryngol Otol 93: 853-877. 

Stark, G. R., Kerr, I. M., Williams, B. R., Silverman, R. H. and Schreiber, R. D. (1998) How 

cells respond to interferons. Ann Rev Biochem 67: 227-264. 

Starr, A., Picton, T. W., Sininger, Y. V., Hood, L. J. and Berlin, C. I. (1996) Auditory 

neuropathy. Brain 119: 741-753. 

Steel, K. P. (1998) A new era in the genetics of deafness. New Engl J Med 339: 1545–1547. 

Steel, K. P. and  Brown, S. D. M. (1998) More deafness genes. Sci 280: 1403. 

Sui, G., Soohoo, C., Affar, B., Gay, F., Shi, Y., Forrester, W. C. and Shi, Y. (2002) A DNA 

vector-based RNAi technology to suppress gene expression in mammalian cells. Proc 

Natl Acad Sci USA 99: 5515-5520. 

Sundstrom, R. A., Laer, V. L., Camp, V. G. and Smith, R. J. H. (1999) Autosomal Recessive 

Nonsyndromic Hearing Loss. Am J Med Genet (Semin Med Genet) 89: 123-129.  

Szweykowska-Kulinska, Z., Jarmolowski, A. and Figlerowicz, M. (2003) RNA interference and 

its role in the regulation of eucaryotic gene expression. Acta Biochem Pol 50: 217-229. 

Takasaki, S., Kotani, S. and Konagaya, A. (2004) An effective method for selecting siRNA 

target sequences in mammalian cells. Cell Cycle 3: 790-795.  

Tang, L. S., Montemayor, C. and Pereira, F. A. (2006) Sensorineural hearing loss: potential 

therapies and gene targets for drug development. IUBMB Life 58: 525-530. 

Tang, G. (2005) siRNA and miRNA: an insight into RISCs. Trends Biochem Sci 30: 106-114. 

Tang, G., Reinhart, B. J., Bartel, D. P. and Zamore, P. D. (2003) A biochemical framework for 

RNA silencing in plants. Genes Dev 17(1):  9-63. 

Taxman, D. J., Livingstone, L. R.,  Zhang, J., Conti, B. J., Heather, A., Iocca, H. A., Williams, 

K. L., Lich, J. D., Ting, J. P-Y. and Reed, W. (2006) Criteria for effective design, 

construction, and gene knockdown by shRNA vectors. BMC Biotechnol 6: 7.  

   
 

129



                                                                                                                    REFERENCES                             

Teas, D. C. (1989) Auditory physiology: present trends. Ann Rev Psychol 40: 405-429. 

Tekin, M. Arnos, K. S. and Pandya, A. (2001) Advances in hereditary deafness. Lancet 358: 

1082-1090. 

Thalmann, R., Henzl, M. T., Killick, R., Ignatova, E. G. and Thalmann, I. (2003) Toward an 

understanding of cochlear homeostasis: the impact of location and the role of OCP1 and 

OCP2. Acta Otolaryngol 123: 203-208. 

Thalmann, I. (2001) Proteomics and the inner ear. Dis Mark 17: 259-270. 

Tilney, L. G., Tilney, M. S. and DeRosier, D. J. (1992) Actin filaments, stereocilia, and hair 

cells: how cells count and measure. Ann Rev Cell Biol 8: 257-274. 

Timmons, L. and Fire, A. (1998) Specific interference by ingested dsRNA. Nat 395: 854. 

Tiscornia, G., Singer, O., Ikawa, M. and Verma, I. M. (2003) A general method for gene 

knockdown in mice by using lentiviral vectors expressing small interfering RNA. Proc 

Natl Acad Sci USA 100: 1844-1848. 

Tomari, Y., Du, T. and Zamore, P. D. (2007) Sorting of Drosophila small silencing RNAs. Cell 

130: 299-308.

Tomari, Y. and Zamore, P. D. (2005) Perspective: machines for RNAi. Genes Dev 19: 517-529.  

Tran, N., Cairns, M. J., Dawes, I. W. and Arndt, G. M. (2003) Expressing functional siRNAs in 

mammalian cells using convergent transcription. BMC Biotechnol 3: 21.  

Tranebjaerg, L. (2008) Genetics of congenital hearing impairment: A clinical approach. Int J 

Audiol 47: 535-545. 

Tuschl, T. (2002) Expanding small RNA interference. Nat Biotechnol 20(5): 446-448. 

Tuschl, T. (2001) RNA interference and small interfering RNAs. Chem Biochem 2: 239-245. 

Tuschl, T., Zamore, P. D., Lehmann, R., Bartel, D. P. and Sharp, P. A. (1999) Targeted mRNA 

degradation by double-stranded RNA in vitro. Genes Dev 13: 3191-3197. 

Ui-Tei, K., Naito, Y., Takahashi, F., Haraguchi, T., Ohki-Hamazaki, H., Juni, A., Ueda, R. and 

Saigo, K. (2004) Guidelines for the selection of highly effective siRNA sequences for 

mammalian and chick RNA interference Nucleic Acids Res 32: 936-948.  

Valencia-Sanchez, M. A., Liu, J., Hannon, G. J. and Parker, R. (2006) Control of translation and 

mRNA degradation by miRNAs and siRNAs. Genes Dev 20: 515-524.  

   
 

130



                                                                                                                    REFERENCES                             

Van, M. A., Doevendans, P. A. and Sluiiter, J. P. (2009) The potential of modulating small RNA 

activity in vivo. Mini Rev Med Chem 9(2): 235-48. 

Vance, V. and Vaucheret, H. (2001) RNA silencing in plants – defense and counterdefense. Sci 

292: 2277-2280. 

Vargason, J. M., Szittya, G., Burgyan, J. and Hall, T. M. (2003) Size selective recognition of 

siRNA by an RNA silencing suppressor. Cell 115: 799-811. 

Veillette, A. (2004) Specialised adaptors in immune cells. Curr Opin Cell Biol 16: 146-55. 

Ventura, A., Meissner, A., Dillon, C. P., McManus, M., Sharp, P. A., Parijs, V. L., Jaenisch, R. 

and Jacks, T. (2004) Cre-lox-regulated conditional RNA interference from transgenes. 

Proc Natl Acad Sci USA 101: 10380-10385. 

Vogler, H., Akbergenov, R., Shivaprasad, P. V., Dang, V., Fasler, M., Kwon, M. O., 

Zhanybekova, S., Hohn, T. and Heinlein, M. (2007) Modification of small RNAs 

associated with suppression of RNA silencing by tobamovirus replicase protein. J Virol 

81: 10379-10388. 

Voinnet, O. (2002) RNA silencing: small RNAs as ubiquitous regulators of gene expression. 

Curr Opin Plant Biol 5: 444-451. 

Volpe, T. A., Kidner, C., Hall, M., Teng, G., Grewal, S. I. and Martienssen, R. A. (2002) 

Regulation of heterochromatic silencing and histone H3 lysine-9 methylation by RNAi. 

Sci 297(5588): 1833-1837. 

Vrijens, K., Laer, L. V. and Camp, V. G. (2008) Human hereditary hearing impairment: mouse 

models can help to solve the puzzle. Hum Genet 124: 325-348. 

Wadhwa, R., Kaul, S. C., Miyagishi, M. and Taira, K. (2004) Vectors for RNA interference. 

Curr Opin Mol Ther 6(4): 367-72. 

Wang, Y., Kowalski, P. E., Thalmann, I., Ornitz, D. M., Mager, D. L. and Thalmann, R. (1998) 

Otoconin-90, the mammalian otoconial matrix protein, contains two domains of 

homology to secretory phospholipase A2. Proc Natl Acad Sci USA 95: 15345-15350. 

Wangemann, P. (2006) Supporting sensory transduction: cochlear fluid homeostasis and the 

endocochlear potential. J Physiol 576(1): 11-21. 

Wangemann, P.  (2002) K+ cycling and the endocochlear potential. Hear Res 165: 1-9. 

   
 

131



                                                                                                                    REFERENCES                             

Wei, J-X., Yang, J., Sun, J-F., Jia1, L-T., Zhang, Y., Zhang, H-Z., Li, X., Meng, Y-L., Yao, L-

B. and Yang, A-G. (2009) Both Strands of siRNA have potential to guide 

posttranscriptional gene silencing in mammalian cells. PLoS one 4(4): e5382. 

Wersall, J., Flock, A. and Lundquist, P. G. (1965) Structural basis for directional sensitivity in 

cochlear and vestibular sensory receptors, Cold-Spring Harbor Symp. Quant Biol 115-

132. 

Weston, M. D., Pierce, M. L., Rocha-Sanchez, L., Beisel, K. W. and Garrett, A. (2006) 

MicroRNA gene expression in the mouse inner ear. Brain Res 1111: 95-104. 

WHO (1997) Prevention and noise-induced hearing loss. Report of an informal consultation. 

Paper presented at: World Health Organization; Geneva, Switzerland. 

Wianny, F., and Zernicka-Goetz, M. (2000) Specific interference with gene function by double-

stranded RNA in early mouse development. Nat Cell Biol 2(2): 70-75.  

Willems, P. J. (2000) Mechanisms of disease: Genetic causes of hearing loss. New Engl J Med 

342(15): 1101-1109. 

Xia, X-G., Zhou, H., Samper, E., Meloy, S. and Xu, Z. (2006) Pol II-expressed shRNA knocks 

down Sod2 gene expression and causes phenotypes of the gene knockout in mice. PLoS 

Genet 2(1): e10. 

Xu, J., Li, L., Qian, Z., Hong, J., Shen, S. and Huang, W. (2005) Reduction of PTP1B by RNAi 

upregulates the activity of insulin controlled fatty acid synthase promoter. Biochem 

Biophys Res Commun 329(2): 538-543. 

Yang, S., Tutton, S., Pierce, E. and Yoon, K. (2001) Specific double-stranded RNA interference 

in undifferentiated mouse embryonic stem cells. Mol Cell Biol 21(22): 7807-7816. 

Yi, R., Doehle, B. P., Qin, Y., Macara, I. G. and Cullen, B. R. (2005) Overexpression of 

exportin-5 enhances RNA interference mediate by short hairpin RNAs and microRNAs. 

RNA 11: 220-226. 

Yi, R., Qin, Y., Macara, I. G. and Cullen, B. R. (2003) Exportin-5 mediates the nuclear export of 

pre-microRNAs and short hairpin RNAs. Genes Dev 17: 3011-3016. 

Yildirim, A. and Yılmaz, B. M. (2006) An Overview of Hereditary Hearing Loss. ORL J 68: 57–

63. 

   
 

132



                                                                                                                    REFERENCES                             

Yoo, J. W., Kiim, S. and Lee, D. K. (2007) Competition potency of siRNA is specified by the 

5'-half sequence of the guide strand. Biochem Biophys Res Commun 367(1): 78-83. 

Yu, B., Yang, Z., Li, J., Minakhina, S., Yang, M., Padgett, R. W., Steward, R. and Chen, X. 

(2005) Methylation as a crucial step in plant microRNA biogenesis. Sci 307: 932-935. 

Zamore, P. D. and Haley, B. (2005) Ribo-gnome: the big world of small RNAs. Sci 309: 1519-

1524. 

Zamore, P. D. (2001) RNA interference: Listening to the sound of silence. Nat Struct Biol 8: 

746-750. 

Zamore, P. D., Tuschl, T., Sharp, P. A. and Bartel, D. P. (2000) RNAi: double stranded RNA 

directs the ATP-dependent cleavage of mRNA at 21 to 23 nucleotide intervals. Cell 101: 

25-33. 

Zbar, R. I. S., Ramesh, A, Srisailapathy, C. R. S., Fukushima, K., Wayne, S. and Smith, R. J. H. 

(1998) Passage to India: the search for genes causing autosomal recessive nonsyndromic 

hearing loss. Otolaryngol Head Neck Surg 118: 333-337. 

Zeng, Y., Cai, X. and Cullen, B. R. (2005) Use of RNA Polymerase II to Transcribe Artificial 

MicroRNAs. Meth Enzymol 392: 371-380. 

Zeng, Y. and Cullen B. R. (2003) Sequence requirements for micro RNA processing and 

function in human cells. RNA 9:112–123.

Zeng, Y., Wagner, E. J. and Cullen, B. R. (2002) Both natural and designed micro RNAs can 

inhibit the expression of cognate mRNAs when expressed in human cells. Mol Cell 9: 

1327–1333.

Zheng, J., Shen, W., He, D. Z., Long, K. B., Madison, L. D. and Dallos, P. (2000) Prestin is the 

motor protein of cochlear outer hair cells. Nat 405: 149-155. 

Zheng, Q. Y., Johnson, K. R. and Erway, L. C. (1999) Assessment of hearing in 80 inbred strain 

of mice by ABR threshold analysis. Hear Res 130: 94-107.  

Zhengae, Q. Y., Rozanasb, C. R., Thalmannc, I., Chanced, M. R., Kumar, N. and Alagramame, 

K. N. (2006) Inner ear proteomics of mouse models for deafness, a discovery strategy. 

Brain Res 1091: 113-121. 

   
 

133



                                                                                                                    REFERENCES                             

Zhou, H., Xia, X. G. and Xu, Z. (2005) An RNA PolymeraseII construct synthesize short-hair 

pin RNA with a quantitative indicator and mediates highly specific RNAi. Nucleic Acids 

Res 33(6): e62. 

Genetics Home. (http://ghr.nlm.nih.gov).  

Hereditary Hearing Loss Homepage; Accessed, 31st December, 2009. 

http://webhost.ua.ac.be/hhh/. 

 

 

 

 
 

 

   
 

134

http://webhost.ua.ac.be/hhh/


                                                                             

            

                  APPENDIX 
 
 
 
 

     
Appendix A:          Stock Solution 
 
Ampicillin 

  Stock:    100mg/ml  

Dissolved 1g of ampicillin in 10ml dH2O 

 

PMSF                     

Stock:                                     10mM stock solution  

Dissolved 1.74mg/ml in isopropanol  

 

0.5M EDTA (1000ml) 

EDTA    186.1g 

NaOH    Few pellets to dissolve EDTA 

dH2O    to make volume one liter. 

 

50% Glycerol Stock 

100% glycerol   200ml 

dH2O      200ml Autoclaved. 

  

 
 



                                                                                                                       APPENDIX 

10% SDS 

SDS    100g 

dH2O    900ml 

Dissolved 100g of SDS in 900ml of dH2O. Heated to 68°C to assist 

dissolution. Adjusted the pH to 7.2, by adding a few drops of conc. HCl. Adjust 

volume to 1000ml.  

 

10N NaOH (100ml) 

NaOH              40g 

dH2O              100ml 

 

1N HCl 

 Pure HCl    8ml 

 dH2O    92ml 

 

5M Potassium acetate (250ml) 

Potassium actate             122.67g 

 dH2O 250ml 

 

3M Potassium acetate (100ml) 

 5M Potassium acetate             60ml 

Glacial acetic acid             11.5ml 

 dH2O  28.5ml 

 

Phenol:Chloroform:Isoamylalcohol 

Phenol    25ml 

Chloroform   24ml 

  Isoamylalcohol                        1ml 

 

1M CaCl2 Stock (300ml) 

M. Wt. of CaCl2  110.99g/mol 
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Dissolved 33.3g of CaCl2 into 300ml dH2O and autoclaved. 

 

1M MgCl2 (100ml) 

M Wt. MgCl2   230.30g 

   Dissolve 23.03g of MgCl2 in 100ml of dH2O and autoclaved 

 

GTE 

  Glucose 50mM 

  Tris-HCl 25mM (pH: 8.0) 

  EDTA 10mM 

 Autoclave for 15 minute at 15psi (1.05kg/cm2) on liquid cycle, and 

     store at 4°C and used as ice cold. 

 

NaOH/SDS 

  NaOH  0.2N  

   (Freshly diluted from 10N stock) 

  SDS 1%(W/V) 

  Solution prepares freshly and use at room temperature. 

 

6x DNA loading dye 

        Ficoll      20% 

        EDTA      0.1M 

        SDS      1% 

        Bromophenol blue    0.25% 

        Xylene Cyanol               0.25% 

 

Taq polymerase buffer 

     Tris-HCl (pH8.4)                       100mM 

MgCl2        15-20mM 

    KCl                                            500mM 
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Appendix B:            Buffers 
 

TE buffer (100ml) 

0.5M EDTA      0.2ml 

1M HCl      1.0ml 

dH2O       To make volume 100ml 

 

50 x TAE (250ml) 

  Tris-base      70.5g 

  0.5M EDTA     50ml 

                        Acetic acid     14.7ml (pH: 8.5) 

dH2O                   To make volume 250ml 

 

10 x Phosphate buffered saline (PBS) (1 Liter) 

  NaCl     80g 

  KCl     2g 

  Na2HPO4.7H2O                          11.5g 

  KH2PO4       2g 

dH2O        To make volume one liter. 

 

1x PBST (1 Liter) 

  NaCl      8g 

  KCl      0.2g 

  Na2HPO4.7H2O                           1.15g 

  KH2PO4        0.2g 

  Tween 20      1ml 

  Adjust pH at 7.4 with NaOH volume up to 1Liter.  

 

TNE buffer: 

Tris (pH: 7.5)       40mM 

EDTA (pH: 8.0)      1mM 
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NaCl        150mM 

 

Western blot Lysis buffer 

    NaCl:    400mM 

  Tris-HCl    50mM (pH: 8.0) 

  EDTA    10mM (pH: 8.0) 

  IGPAL    1%S 

  Protease inhibitors                      2μl/ml 

  PMSF     10mg/ml 

  Protease inhibitors and PMSF added just prior to use lysis buffer. 

 

30% acrylamide/0.8%bisacrylamide 

  Acrylamide                                  30.0g 

 Bisacrylamide                               0.8g 

dH2O                     To make volume 100ml. 

                

4xTris-Cl/SDS, pH 6.8 

 TrisxCl                                          0.5mM 

 SDS                                               0.4% 

dH2O                     To make volume 100ml. 

 

4xTrisCl/SDS, pH 8.8 

 TrisxCl                                          1.5mM 

 SDS                                               0.4% 

dH2O                     To make volume 100ml. 

 

10%APS 

 APS                                               1g 

 dH2O                     10ml 
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2 x SDS gel-loading buffer for Western blotting 

 Tris-HCl                                        100mM (pH 6.8)               

 Dithiothreitol                                 200mM 

 SDS                                                4% 

 Bromophenol blue                         0.2% 

 Glycerol                                         0.2% 

 

SDS 5x Running buffer, pH 8.3, 1000ml 

 Tris                                                125mM, 15.14g 

 Glycine                                          1.25 M, 93.84g 

 SDS                                               0.50%, 5g 

 

Western blotting blocking solution 

 Nonfat dried milk                       5g 

 PBS                                            100ml 

 

Western blotting transfer buffer (1000 ml) 

 Tris             48 mM                    5.814g 

 Glycine       39 mM                    2.928g 

 SDS             0.037%                  0.37g  

 Methanol     20%                       200ml 

 

Appendix C:         Culture Mediums 

Luria Bertani medium LB (1000ml) 

 Tryptone     10g 

 Yeast Extract     5g 

 NaCl      10g 

 dH2O        up to 1000ml 
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 Dissolved the above reagents in dH2O, adjust the pH to 7.5 by 1N NaOH   

and autoclaved. 

 

Luria Bertani Agar (1000ml) 

 Tryptone      10g 

 Yeast Extract      5g 

 NaCl       10g 

 Agar       15g 

 dH2O         up to 1000 ml 

 Dissolved the above reagents in dH2O, adjust the pH to 7.5 by 1N NaOH 

and autoclaved. 
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