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ABSTRACT 

 

 Hearing loss due to injury of the sensory hair cells of the inner ear is largely 

irreversible in mammals. ATOH1, a proneural basic helix loop helix transcription factor is 

essential for inner ear hair cell differentiation and has garnered particular interest as a 

potential regeneration tool. Additionally, the transcription factors, POU4F3 and GFI1, are 

important in maturation and maintenance of inner ear hair cells and compel attention 

themselves. However, the roles of these transcription factors and their interrelationship in 

hair cell development and maintenance are not completely understood. In order to define a 

regulatory relationship between these transcription factors requires further study. We 

transfected a prosensory inner ear precursor cell line with these transcription factors and 

investigated the global transcriptome changes through microarray analysis and confirmed 

with quantitative RT-PCR. Furthermore, we employed a bioinformatic approach to explore 

the promoter regions of these genes and examined potential biological relationships through 

the Ingenuity Pathway Analysis software. We demonstrate that the regulatory pathways 

between Atoh1, Pou4f3 and Gfi1 are indirect and together comprise a larger gene regulatory 

network rather than a direct sequential cascade. Further evaluation revealed that these 

transcription factors differentially express genes classified into cell cycle and cell 

proliferation gene ontology categories. Pou4f3 displayed a potential to regulate multiple 

genes correlated with apoptosis, through which it may exhibit an important facilitatory 

function in hair cell maintenance. Finally, we illustrate for the first time the potential ability 

of Atoh1 and Gfi1 to regulate levels of certain proteins through differential regulation of the 

Ubc gene and cell cycle-associated binding partners. 
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I. INTRODUCTION 
 

A. Hearing and balance disorders 

 

 It is estimated that approximately 275 million people worldwide suffer from some 

degree of hearing loss (WHO 2011). Specifically, 26 million (15 percent) adults 20-69 years 

old, incur high frequency hearing loss due to environmental exposure (NIDCD 2011). 

Hearing impairment can have profound social consequences in the personal and occupational 

lives of affected individuals. According to the World Health Organization (WHO 2011) it is 

estimated that nearly half of all hearing loss and deafness is preventable.  

 Hearing loss can be categorized based on the component of the auditory system that is 

damaged: conductive hearing loss, sensorineural hearing loss and mixed forms of hearing 

loss. Conductive hearing loss is defined by inefficient sound conduction through the outer 

and/or middle ear. In contrast, sensorineural hearing loss occurs when damage is present in 

the inner ear (specifically the hair cells (HCs) of the cochlea) and/or the auditory nerve 

network. Mixed hearing loss contains some combination of both conductive and 

sensorineural hearing losses. Hearing aids are the most prevalent form of remediation for 

conductive and sensorineural hearing loss. Cochlear implants are used solely for 

sensorineural hearing loss. Even with advancements in cochlear implants, these technologies 

still cannot replicate the exquisite frequency range and sensitivity found in normal auditory 

function. In addition, the success of a cochlear implant is largely individualistic; depending 

on the age, linguistic skills and motivation of the patient (ASHA 2011). Sensorineural 

treatment is further hindered due to the limited regenerative capability of mammalian inner 

ear HCs (Chardin and Romand, 1995; Roberson and Rubel, 1994), although regeneration 

capabilities do occur in non-mammalian vertebrate HCs (Baird et al., 1993; Cotanche et al., 
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1987; Jones and Corwin, 1996). Research efforts are currently focused on understanding the 

regenerative potential innate to both mammalian and non-mammalian species. 

 

B. Inner ear anatomy & cellular function  

B1. Mammalian 

The anatomical organization of hearing is comprised of the central and peripheral 

auditory systems with the cochlea representing the peripheral auditory organ in humans and 

other mammalian vertebrates. The cochlea is a unique system consisting of a complex 

cytoarchitecture that translates sound wave energy into an electrical signal that is transmitted 

by and processed in the brain. Anatomically, the vertebrate ear can be divided into three main 

parts; the outer ear, middle ear and inner ear (Figure 1A). In mammals, the sense of hearing 

and perception of balance and body position are located in the innermost portion or inner ear, 

named as the bony labyrinth, in which reside three types of end organs, designated as the 

cochlea, the three semicircular canals and the two gravistatic vestibules. This entire complex 

is commonly referred to as the membranous labyrinth. Despite a general decrease in diameter 

of the bony labyrinth, the membranous labyrinth shows a gradual increase in size from base 

to apex (Lim, 1986). The inner ear can be divided into two separate functional systems, the 

auditory end-organ or the cochlea, and vestibular system, which encompass five separate 

end-organs; the utricle, the saccule and three canal cristae. The auditory system is responsible 

for the perception of sound, while the vestibular system permits perception of gravity and the 

special orientation of the head. The cochlea is a spiral shaped organ that rotates 2.5 turns 

around the central modiolus. Examination of a longitudinal cochlear cross-section reveals 

three compartments, or scalae (Figure 1B). The scala media resides between two larger fluid 

filled compartments, the scala vestibuli and scala tympani. A K
+
-rich fluid known as  
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FIGURE 1. 

 
 

FIGURE 1. Schematic Representation of the Mammalian Inner Ear. (A) The three main 

ear components; external, middle and inner ear. The auditory organ, the cochlea, and the 

gravity and balance organs, the vestibule, make up the inner ear. (B) Visualizing the cochlear 

duct through a cross-section shows the three fluid filled compartments; scala media, scala 

tympani and scala vestibuli, plus the tectorial membrane (TM) residing over the organ of 

Corti. (C) Within the organ of Corti, three rows of OHCs and one row of IHCs are 

surrounded by a variety of SCs making up the cochlear sensory epithelium. (D) The apical 

modifications of an OHC are arranged in a staircase organization of stereocilia partially 

comprised of actin filaments. Figure was adapted from (Dror and Avraham, 2010).
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endolymph fills the scala media, while a Na
+
-rich fluid, known as perilymph, fill the scala 

vestibule and scala tympani.  

Several of the evolutionary unique mammalian anatomical features described above 

account for the adaptation of mammals to perceive high frequency sound (Manley, 2000). 

The degree of cochlear turns combined with the stiffness and graded length of the basilar 

membrane have been speculated to contribute to the determination of the audible range of 

frequencies (Manoussaki et al., 2006). Additionally, the evolution of a three-ossicle middle 

ear allowed better perception of higher frequencies (Manley and Deutsche 

Forschungsgemeinschaft., 2000). Still, one of the biggest evolutionary adaptations is found 

within the scala media, resting on top of the basilar membrane. Here resides the cochlear 

sensory epithelium known as the organ of Corti. The organ of Corti is associated with the 

mammalian peripheral auditory systems. It consists of several highly specialized adaptations 

that enhance the detection of external sound vibrations. Consequently, mammals have a 

unique ability to process sounds beyond 10 kHz as compared to other tetrapods containing a 

general auditory papillae (Manley, 2000).  

 The organ of Corti contains a number of specialized cells. In general, the organ of 

Corti as well as the vestibular endorgans can be broken into four principal cell types that each 

contributes to a specific function. These are: 1) HCs that translate the mechanical stimuli into 

electric signals (Bermingham et al., 1999), 2) Supporting cells (SC) that provide both a 

cellular and mechanical support to the HCs (Maklad and Fritzsch, 2003), 3) sensory neurons 

that transmit the translated electric signals to the brain and 4) non-sensory epithelial cells that 

contribute to cell composition of the labyrinth. As a part of the membranous labyrinth, the 

organ of Corti increases in size from base to apex as well. The mass of the tectorial 
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membrane, width of the basilar membrane, overall cell size and stereocilia length and 

stiffness all show an increase from the base to the apex of the organ of Corti. In response, 

these gradual physical changes set up a gradient of differing vibration responses to different 

frequencies within the sensory epithelium. In particular, high frequencies stimulate the HCs 

in the base of the cochlea, while low frequencies provoke a stimulus from the HCs in the 

apex.  

Both HCs and SCs are found in the auditory and vestibular epithelia, however, their 

orientation and spatial arrangement differ. In the mammalian system, the HCs of the auditory 

epithelia are arranged with a single row of “inner” (IHCs) and three rows of “outer” (OHCs) 

(Figure 1C). IHCs serve the role of primary sensory receptors, while the OHCs provide an 

amplification of sound (Dallos, 1992). The division of IHCs and OHCs is thought to be an 

adaptation that allows the OHCs to give a frequency-dependent sensitizing influence to IHCs 

(Dallos and Harris, 1978).  

Further HC organization is found with the OHCs. Each OHC is kept separated from 

its neighbor by intervening SCs, the Deiter’s cells that have an appendage that reaches up and 

around the HC and makes contact with its apical surface. This intricate design forms an 

invariant and alternating arrangement of cell types, which is speculated to be the result of a 

process known as lateral inhibition (Lanford et al., 1999). This process suggests that certain 

cells within a group take on a specific cell fate and then prevent adjacent cells from doing the 

same (Artavanis-Tsakonas et al., 1999; Lewis, 1996). Current literature suggests this role 

may be controlled by the Delta-Notch signaling pathway which will be discussed further in a 

later section. 
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In addition to their spatial organization, cochlear HCs also exhibit an important 

morphology that aids the mechanism of hearing. Sprouting in a staircase organization from 

the apical surface, actin-rich filaments known as stereocilia provide cochlear HCs a 

mechanism to translate mechanical stimuli into electrical signals (Figure 1D). Several 

interconnections allow the stereocilia to maintain this staircase organization. The most 

important of these interconnections are called tip links and are present between the 

uppermost row of the hair bundle and the next lower row (Pickles et al., 1984). When 

mechanical stimuli deflect the stereocilia bundle, the tip links, like a spring, pull open 

mechanoelectrical transduction channels. Since the HCs are present in the endolymph filled 

scala media, the opening of the mechanoelectrical transduction channels drives an influx of 

potassium and calcium ions (Beurg et al., 2009). Consequently, the HCs are depolarized, 

which triggers the release of an electrical signal in the form of a neurotransmitter at the base 

of the HC (Marcotti et al., 2004). The exact mechanisms of action potentials and their 

generation are currently unknown and under investigation and are outside the scope of this 

thesis work (Gillespie and Muller, 2009; Kazmierczak and Muller, 2012). 

 

B2. Non-mammalian 

 In contrast to the overall mammalian hearing organization, the auditory/basilar 

papillae found in amphibians, reptiles and birds is considered to be homologous to the organ 

of Corti (Baird, 1974) but lacks many specialized and organized structures. The inner ear of 

chickens (Gallus gallus) is one of the best understood and studied of the basilar papillae due 

to its availability and ease of investigation through development. While “basilar papilla” is a 

loose term describing the auditory sensory organ for amphibians, lizards and birds, for 
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purposes of this study we will depict the non-mammalian basilar papilla through the anatomy 

of the chicken.  

 As with mammals, the chicken contains an external, middle and inner ear. However, 

differences are clearly present through a lack of pinna on the external ear, one ossicle (the 

columella) instead of three in the middle ear and a clear omission of an organ of Corti in the 

inner ear. In addition, the cochlea of the inner ear is not coiled as in mammals, but shows just 

a slight curve. However, the inner ear does show a separation of vestibular and cochlear 

organs as with mammals. Similarly, within a bony labyrinth resides a membranous labyrinth 

that contains the sensory epithelia composed of the vestibular maculae and cupulae of the 

semicircular canals and the auditory sense organ, the basilar papilla.  

 As with the mammalian organ of Corti, the basilar papilla contains several specialized 

cells (Figure 2). Similarly, HCs with the characteristic apical stereocilia, rest on top of SCs 

directly on the basilar membrane. Overlaying the HCs rests a thick tectorial membrane that 

extends the length of the basilar papilla. Still, these cells do not have near the arrangement or 

organization found within the organ of Corti. Instead of an arrangement of IHCs and OHCs, 

a transverse row of up to 50 HCs is observed. These HCs are split into elongated HCs, 

known simply as tall HCs, and short HCs, which are wider than they are tall. Interestingly, 

there is a loose organization of tall to short HCs depending on location within the basilar 

papilla. Roughly, tall HCs seem similar to IHCs, while short HCs are comparable to OHCs 

both in location within the basilar membrane as well as the innervations patterns. 
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FIGURE 2. 

 
 

FIGURE 2. Schematic Representation of Avian Cochlea. SCs and HCs make up the 

sensory epithelium, which rests on top of the basilar membrane (BM). Two heights of HCs 

range from short (S; inferior (inf) edge of cochlea) to tall (T; superior (sup) edge of cochlea). 

Resting over the top of the HC steriocilia resides the tectorial membrane (TM). Adapted from 

(Tilney and Saunders, 1983). 
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C. Inner ear development 

Sensory cells of the vertebrate inner ear form from an invagination of the otic placode 

to develop into what is known as the otocyst. This simple structure eventually transforms into 

the complex sensory organs that make up the inner ear. Several types of molecular factors are 

known to be necessary for sensory organ formation. SRY-related HMG-box (Sox), basic-

helix-loop-helix (bHLH), proneural/neural differentiation, paired-homeodomain (Pax) and 

homeodomain transcription factors (TFs) all are found to be relevant in the differentiation of 

cell types that form sensory organs.  

Generation of the otic placode from surrounding ectoderm involves several fibroblast 

growth factors (FGFs) (Ladher et al., 2005; Schimmang, 2007) and Wnt signaling molecules 

(Ladher et al., 2000; Ohyama et al., 2006). Further studies have revealed that the Pax2-

expressing cells represent the progenitors of the inner ear, as deletion leads to agenesis and 

severe defects in both the cochlea and vestibular system (Burton et al., 2004; Ohyama and 

Groves, 2004). Additionally, Dlx5 appears to play a role in sensory and non-sensory 

morphogenesis specific to the vestibular structures (Merlo et al., 2002). The resulting 

progenitor region has been termed the pre-otic field or the otic-epibranchial progenitor 

domain (Freter et al., 2008; Ladher et al., 2000). Eventually the otic-epibranchial progenitor 

domain undergoes invagination and forms a spherical bolus of cells known as the otocyst. 

Almost concurrently, a neuroblast population of progenitor cells leaves the otocyst and joins 

the surrounding mesoderm. After several divisions these cells become the neurons that make 

up the otic ganglion and are responsible for the synaptic connections of the inner ear. Lack of 

otic ganglion development is observed in neurogenin-1 (Ngn-1) and NeuroD knockout mice 

suggesting these TFs are involved essential in neurogenesis (Kim et al., 2001; Ma et al., 
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2000). Moreover, deletion of the TF Tbx1 enlarges Ngn1 expression (Raft et al., 2004), while 

ectopic expression suppresses Ngn1 (Funke et al., 2001), suggesting a possible restrictive 

role for Ngn1. Remaining cells in the otocyst are influenced by several signaling molecules 

(e.g. sonic hedgehog and Wnts) and TFs (e.g. the Gli family) to further differentiate these 

cells (Groves and Fekete, 2012). 

A critical fate specification early in the otocyst stage involves the separation of 

sensory and non-sensory tissues. In the chicken, lunatic fringe (Lufng), Serrate (Ser)1/Jagged 

(Jag)1 and bone morphogenetic protein 4 (BMP4) combine to mark the early sensory areas in 

the otocyst (Cole et al., 2000). In mammals (mouse) the exact role of BMP4 is still unknown 

as knockout causes embryonic lethality and further conditional knockout (cKO) using 

Foxg1
cre

 , which confines removal to otocyst derivatives is unsuccessful in eliminating Bmp4 

in the cochlea (Chang et al., 2008). Interestingly, cKO of Bmp4 in the vestibular system 

disclosed its role in sensory and non-sensory patterning (Chang et al., 2008). Recently, as an 

alternative method to determine BMP4s role in cochlear sensory development, six day 

cultured cochlea with BMP4 have revealed increased HC numbers (Liu et al., 2011). 

Additionally cultured cochlea with a BMP antagonist, noggin (Nog), or high concentration 

(40µg/ml) of BMP4, repressed HC differentiation or doubled outer HC differentiation, 

respectively (Puligilla et al., 2007). When Nog is conditionally deleted, additional rows of 

IHCs and OHCs are observed in the middle and apical turns (Hwang et al., 2010). However, 

it should be noted that the appearance of additional rows of HCs may form due to reduced 

convergent extension as cochlear length and the total number of HCs is decreased in the 

Nog(-/-) mice (Hwang et al., 2010). An additional aspect of sensory and non-sensory 

development may include Notch signaling through its Jag1, Jag2 and Delta1 ligands. Mouse 
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mutants, Headturner and Slalom, which have missense Jag1 mutations, have reductions in 

the anterior and/or posterior ampullae, semicircular canal and HCs in the organ of Corti 

(Kiernan et al., 2001). Additional evidence shows expression of these genes in the sensory 

patches at appropriate times (Lewis et al., 1998).  

More recent literature is showing the importance microRNAs (miRNAs) play in the 

development of the inner ear. Structurally, miRNAs are short RNA molecules 21-22 

nucleotides long . Functionally, miRNAs act to alter gene expression profiles 

posttranscriptionally by decreasing the quantity of specific mRNAs and subsequently 

translation of protein (Guo et al., 2010). In doing so, miRNAs can fine tune the gene 

expression profile and subsequently effect tissue development (Stefani and Slack, 2008). 

Development of the inner ear is no different. It is estimated that ~100 miRNAs are expressed 

in the developing inner ear (Weston et al., 2006). Using a Pax2-Cre transgene to disable 

small RNA processing in the otocyst has shown that small RNAs, including miRNAs, are 

essential for inner ear development, as several developmental defects are observed in their 

absence  (Soukup et al., 2009). As technologies for miRNA target gene prediction are 

improved and additional miRNA genetic models are available, a more detailed function for 

specific miRNAs in inner ear development should become available.  

Despite the ongoing research to determine the exact genes required for the initial 

sensory and non-sensory cell differentiation, an important cell specification event involves 

the difference between SCs and HCs in the sensory organs. Initially cells that will give rise to 

the organ of Corti, termed the prosensory domain, show Sox2 expression (Kiernan et al., 

2005), and regulation of Sox2 shows a complex role in specification and differentiation of the 

sensory cells of the cochlea (Dabdoub et al., 2008). It has been known that SCs and HCs 
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share a common precursor (Fritzsch and Beisel, 2001). Recent studies have developed a 

better understanding of the differences between SCs and HCs. Through a series of lateral 

inhibition choices, various notch pathway molecules separate into either HCs or SCs. Delta1, 

Jag2 and Atoh1 are specific for HCs, while Notch1, Jag1 and the Hes family of genes are 

limited to the SCs (Kelley, 2006a). Atoh1 (formerly known as mammalian atonal (ato) 

homolog 1, Math1) has been identified as the first critical gene for HC specificity, as loss of 

Atoh1 results in no HC differentiation (Bermingham et al., 1999). While Sox2 knockouts also 

show a lack of HC differentiation, it is believed this is due to a loss of progenitor cells 

(Kiernan et al., 2005). Whereas the Atoh1 transcript is broadly expressed at E12.5 according 

to β-Gal staining (Bermingham et al., 1999), by E17 only the four rows of HCs express 

Atoh1messenger RNA (mRNA) (Lanford et al., 2000). Further labeling for myosin VI, VIIa 

and the notch pathway molecules Delta1 and Jag2 mark developing HCs (Chen et al., 2002; 

Lanford et al., 1999; Montcouquiol and Kelley, 2003). Moreover, the tandemly transcribed 

miR-183, miR-96 and miR-182 show specificity to HCs (Weston et al., 2006). In particular, 

recent evidence via the diminuendo mouse model (Lewis et al., 2009), which consists of a 

mutation in miR-96, shows an arrest of development in the HCs and an inability to form 

functionally distinct IHCs and OHCs (Kuhn et al., 2011). 

 By E16-E17 several SC genes are expressed that distinguish these cells from a HC 

fate. At this time Sox2 is still expressed in both HCs and SCs, however Sox2 expression is 

more robust in SCs (Kiernan et al., 2005). Additionally, Notch1, Jag1, and Hes5 are 

restricted to the SCs (Lanford et al., 2000; Murata et al., 2006). By P0 Sox2 is absent in HCs 

but remains in the SCs (Dabdoub et al., 2008).  
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 By P7 several HC and SC factors have been down regulated and are undetectable in 

the organ of Corti. Specifically, Atoh1, Delta1 and Jag2 are no longer detected in the HCs 

(Lanford et al., 2000; Murata et al., 2006). At the same time SCs have down regulated 

Notch1 and Hes5 (Lanford et al., 2000). Still it should be noted, that just because the 

transcripts or molecules are undetectable via in situ hybridization or immunochemistry does 

not necessarily indicate absence. The molecules could still be present at levels below the 

sensitivity of the detection systems. Several of the crucial Notch pathway genes don’t appear 

to be needed for maintenance, and once the SCs and HCs are differentiated they are down 

regulated. However, it cannot be generalized that the entire Notch pathway is no longer 

necessary, as Jag1 is still present in SCs into adulthood (Oesterle et al., 2008). Additionally 

the same study showed Sox2 was expressed in adult SCs (Oesterle et al., 2008). Interestingly 

Sox2 and Jag1 are expressed early in the prosensory epithelium and are subsequently 

constrained to the SCs well after differentiation of the HCs. Such evidence suggests that SCs 

are the descendent of a prosensory precursor cell and may be an appropriate target for 

regeneration studies.  

 

D. Hair cell regeneration 

In the mammalian inner ear, HCs and SCs undergo terminal mitosis and 

differentiation (Katayama and Corwin, 1989; Ruben, 1967). Additionally, in the mature 

mammalian organ of Corti, a number of mechanisms act to sustain a postmitotic state 

(Kelley, 2006b; Kelley, 2007). As a consequence, damaged tissues do not undergo 

regeneration to regain functionality. However, this may not indicate the inability of the 

mammalian inner ear to have an inherent regenerative capacity given the proper context and 
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environmental conditions. This potential has prompted several studies investigating the 

mammalian regenerative capability.  

Initial HC regeneration studies involving mammals were done on aminoglycoside 

antibiotic treated explanted utricles from guinea pigs and humans (Forge et al., 1993; 

Warchol et al., 1993). Although regenerative potential is observed, the vast majority of HCs, 

once damaged, are permanently lost. Additionally, the newly formed cells are limited and 

appear immature. Subsequent studies involving damaged utricles again showed some degree 

of regeneration capability; however the newly formed cells were unable to recover 

functionality (Rubel et al., 1995; Stone et al., 1998). Still these initial mammalian inner ear 

regeneration studies demonstrated limited potential that cells found within the vestibular 

inner ear could provide a basis for regeneration. Succeeding studies showed dissociated and 

cultured adult vestibular support cells were capable of neurosphere formation, a hallmark of 

stem cell identity (Li et al., 2003; Oshima et al., 2007). Furthermore, those sphere forming 

cells showed the capability to self-renew and give rise to all three germ layers (Li et al., 

2003).  

The adult mammalian organ of Corti, on the other hand, is completely deficient of 

regenerative ability. However, neonatal auditory derived cells have shown some minor 

regenerative potential. Specifically, cochlear neonatal cells were shown to have stem cell 

capabilities through the ability to form spheres (Oshima et al., 2007). Yet, similar neonatal 

studies showed that progenitor markers sharply decrease in cochlear cells through the first 

two to three postnatal weeks, indicating a critical time frame to induce regeneration (Oshima 

et al., 2007; White et al., 2006). Collectively, these studies suggest a potential regenerative 
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capacity in the vestibular and neonatal mammalian inner ear and also may have an intrinsic, 

yet restricted number of stem cell or stem cell-like cells.  

Inner ear regeneration in non-mammalian vertebrates has provided some of the best 

evidence that there may be a latent ability in mammalian systems. For example, Zebrafish 

and amphibians have shown the aptitude to regenerate HCs in response to damage (Baird et 

al., 1996; Jones and Corwin, 1993; Ma et al., 2008). However, the best understood biological 

model for HC regeneration in both vestibular and auditory epithelia is arguably the chicken. 

We will focus on the chicken analyses, as the mechanism of all non-mammalian vertebrates 

appears similar. Following HC loss, SCs of the avian basilar papilla will naturally regenerate 

to form new HCs (Corwin and Cotanche, 1988). Perhaps the most interesting aspect of non-

mammalian vertebrate regeneration is the dual mechanism by which it occurs. In some 

instances SCs will divide to form two daughter cells, in which one differentiates into a HC, 

termed asymmetric SC division (Corwin and Cotanche, 1988). Otherwise SCs can avoid 

reentering the cell cycle and undergo a phenotypic change into HCs, termed direct 

transdifferentiation (Adler and Raphael, 1996). As a consequence, however, the tissue is left 

deficient of one cell type. In response it has been proposed that following the direct 

transdifferentiation event, a subsequent SC will reenter the cell cycle and divide to replace 

the transdifferentiated cell (Roberson et al., 2004). Still it remains to be determined which 

mechanism is preferred, if either. Further investigation shows only 15% of the SCs appear to 

enter the cell cycle after ototoxic damage, with the majority of those being found in neural 

locations (Cafaro et al., 2007). Such evidence suggests that even the regenerative potential of 

non-mammalian vertebrates may have a limit. In vivo it has been suggested that direct 

transdifferentiation occurs more frequently as a result of immense HC loss (Roberson et al., 
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2004). In contrast, the mechanism of regeneration in vitro depends on several variables, such 

as culture conditions and the modality used to induce HC damage (e.g. noise, antibiotics, 

diuretics) (Shang et al., 2010).  

It is worth noting here that while the avian non-mammalian vertebrate system has 

served as the primary inner ear regeneration model, one discernible difference when 

compared to regeneration observed in mammals is the mechanism through which it occurs. 

Until recently, mammalian inner ear regeneration was thought to occur only through the 

asymmetric SC mechanism. However, an initial study on postnatally isolated inner ear stem 

cells revealed that treatment with a γ-secretase inhibitor resulted in conversion to HCs 

through an Atoh1 upregulation mechanism (Jeon et al., 2011). In a subsequent study, direct 

transdifferentiation in vivo was observed through lineage tracing after inhibition of Notch 

signaling by a γ-secretase inhibitor (Mizutari et al., 2013). Additional evidence of a potential 

for direct transdifferentiation has been shown in vitro with fluorescence-activated cell sorting 

(FACS), albeit in neonatal tissues (Sinkkonen et al., 2011). Further evidence is required to 

determine if direct transdifferentiation is an appropriate regeneration method in mammals as 

the replacement of the transdifferentiated SC has not been shown to occur.  

While attempting to induce HC regeneration from the cells already present in the 

organ of Corti, other studies have focused on in vitro stem cell therapies. Manipulations of 

induced pluripotent stem (iPS) cells or embryonic stem (ES) cells have provided some 

regenerative potential, although with their own set of obstacles. Risk of tumor formation is a 

concern which makes them not safe enough for human trials (Holden and Vogel, 2008). 

Additionally, while recently there have been great strides in implantation of in vitro derived 

or manipulated cells into the inner ear, more precise methods are needed (Chen et al., 2012; 
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Okano and Kelley, 2012). No matter what approach is used to induce regeneration, an 

understanding of vital molecular factors is crucial. In particular, molecules critical for HC 

development and maintenance need to be further understood and experimentally investigated.  

 

E. Evolution of HC and conservation of TFs 

The evolution of sensory cells can be closely connected with the molecular actions of 

several bHLH genes and their TF products. The evolution of multicellular organisms appears 

to be directly related to the expansion of these bHLH gene family members, allowing for the 

diversification of novel cell types. A comparative genomics approach has shown expansion 

of bHLH genes can be traced back as far as the pre-Cambrian period, prior to metazoan 

cladogenesis (Simionato et al., 2007). In Drosophila, which is used as a classic model for 

invertebrate development, bHLH genes have been shown to be important in the formation of 

sensory organs (Garcia-Bellido and de Celis, 2009). Of particular importance to this thesis 

work are several proneural and neurogenic bHLH genes that have been shown to be involved 

in the neurosensory cell fate specification and differentiation in the inner ear (Fritzsch et al., 

2010). Understanding the molecular mechanisms of these bHLH genes, and their network of 

associate genes, could provide a basis of therapeutic treatment to recapitulate the early events 

necessary for sensory cell development and cell fate specification.  

Along the evolutionary path of the multiplication of the bHLH genes, their respective 

binding domains and binding sites (E-box motifs) began to evolve as well (Jones, 2004). 

Generally bHLH TFs loosely bind a consensus E-box motif (5’ CANNTG 3’) (Murre et al., 

1989). Through co-evolution, newly modified bHLH genes were able to find a novel function 

through their unique nucleotide binding sites that regulate downstream genes. In addition, 
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most of these downstream genes appear to have multiple E-box motifs throughout their 

promoters allowing an assortment of bHLH proteins to influence cell fate determination. In 

combination, several transcription cofactors at and around the binding sites, as well as 

expression regulating enhancer sequences, added to the complexity and diversity of 

transcriptional control attainable through these bHLH genes (Nakada et al., 2004; Powell and 

Jarman, 2008). Consequently, this increased amount of unique control, in combination with 

additional transcription cofactors, enhancers and overlapping E-box regulation, resulted in 

more multifarious molecular pathways, capable of leading to a great diversity of cell types.  

  

F. TFs in HC differentiation 

F1. Atoh1 

 As previously mentioned, one of the bHLH genes found to be critical in HC 

development and differentiation is Atoh1, a mammalian homolog of the Drosophila gene 

atonal (ato) (Akazawa et al., 1995). In the mouse Atoh1 is an intronless gene located on 

chromosome 6 with a 1.053 kb open reading frame. The resulting translated ATOH1 is a 351 

amino acid peptide that is 37 kDa in size. Despite having limited homology in peptide 

sequence, Atoh1 and ato are functionally interchangeable (Wang et al., 2002). Such evidence 

supports the notion that the bHLH properties shown in ato are found in ATOH1. Specifically, 

ato and ATOH1 are known as class II bHLH TFs that were shown to bind a specific E-box 

sequence (Akazawa et al., 1995; Jarman et al., 1993). In addition, prior to binding the E-box, 

ATOH1 needs to either form a homodimer or bind with another bHLH TF. Recently, 

examination of binding specificity for ATOH1 during cerebellar development has revealed 

the Atoh1 E-Box Associated Motif, or AtEAM (5’ G/A, C/A, CA, G/T, C/A, TG, G/T, C/T 
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3’) (Klisch et al., 2011). Further utilization of the AtEAM motif through a genome-wide 

multipronged approach, identified 601 genes as possible ATOH1 targets (Klisch et al., 2011). 

Atoh1 is known to be important in the development of several cell types, but its specific roles 

and direct gene targets still remain to be determined. Furthermore, Atoh1 function seems to 

differ depending on the specific developmental context and tissue environments.  

Atoh1 gene regulation has been shown to occur at the transcriptional level as well as 

the protein level through dimer formation that regulates its transcriptional activities. In the 

mouse, most transcriptional regulation takes place at two identified enhancer elements found 

3.4 kb downstream of the coding region (Helms et al., 2000). Enhancers A and B are 

comprised of 561 and 544 base pairs, respectively, with 300 base pairs separating the two 

regions. Several proteins have been shown to bind the Atoh1 enhancers and effect expression. 

Specifically, Atoh1 expression is upregulated by Atoh1, Sox2, β-Catenin and Cdx2 (Helms et 

al., 2000; Mutoh et al., 2006; Neves et al., 2011; Shi et al., 2010). Conversely, Atoh1 

expression is downregulated by Hes1, Hes5, NeuroD1 and Neurog1 (Jahan et al., 2012; 

Jahan et al., 2010; Zine and de Ribaupierre, 2002). Several reviews detail the complex cross-

regulation between the three bHLH TFs NEUROG1, NEUROD1 and ATOH1 (Fritzsch et 

al., 2010; Pan et al., 2012). Regulation of ATOH1 at the protein level has been shown to 

occur through formation of heterodimers that change its transcriptional function and 

competitive-binding of necessary class I helix-loop-helix transcription factors (E proteins). 

Briefly, inhibitors of differentiation and DNA binding (Id) proteins 1, 2 and 3 have been 

shown to regulate Atoh1 through competitive binding of Atoh1 itself as well as sequestering 

other E-proteins (Jones et al., 2006). Additionally, using cell culture, an E-box luciferase-

reporter and the E protein E47, Atoh1 in the presence of Hes1 eliminated all luciferase 
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luminescence (Akazawa et al., 1995). Such data suggest that HES1 outcompetes ATOH1 for 

E protein binding (Akazawa et al., 1995). In summary, while several transcriptional and 

protein-binding regulators of Atoh1 have been identified, it appears that regulation is highly 

complex and context dependent (Mulvaney and Dabdoub, 2012)).  

Functionally, Atoh1 has been shown to be important in developmental processes 

during neurogenesis, maintaining homeostasis in the intestine and terminal differentiation of 

the auditory HCs. Based on the absence of differentiated HCs in homozygous Atoh1 null 

mice, Atoh1 was demonstrated to be both necessary and sufficient in the differentiation of 

HCs (Bermingham et al., 1999; Woods et al., 2004). The studies further suggested that Atoh1 

is likely the earliest gene required for the development of HCs. Overexpression of Atoh1 in 

postnatal rat cochlear explants cultures results in extra HCs derived from cells in the greater 

epithelial ridge (Zheng and Gao, 2000). Further, ectopic expression of Atoh1 showed the 

ability to induce sensory clusters containing both HCs and SCs in non-sensory areas of the 

mouse cochlea (Woods et al., 2004). Additional evidence revealed Atoh1 was capable of 

inducing repair/regeneration of damaged stereocilia in guinea pigs (Yang et al., 2012). 

Clearly, Atoh1 is critical for the differentiation of HCs and will most likely play an important 

role in inner ear HC regeneration. Gaining a better knowledge of the gene networks and 

possible molecules that ATOH1 interacts with is imperative and could provide additional 

understanding and insights into inner ear regeneration.  

 

G. TFs in HC survival and maintenance 

Understanding the process and molecules involved in sensory cell commitment and 

differentiation appears to be only half the battle. Survival of the sensory cells, in particular 
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HCs, appears to also involve molecules responsible for maintaining a cellular environment 

critical for function and maintenance. While loss of these factors still results in HC 

development, the HCs eventually undergo apoptosis and are lost. Molecules involved in cell 

survival and maintenance are just as critical as Atoh1-associated loss of HCs. Regardless if 

this deficiency is developmental- or maintenance-based there still is a hearing loss. 

 

G1. Pou4f3 

Pou4f3 (formerly Brn3c or Brn3.1), a Pou-domain class-IV TF, has been shown to be 

specific for HCs in the auditory and vestibular sensory endorgans and critical for maturation 

and maintenance (Keithley et al., 1999; Xiang et al., 1997). Specifically, Pou4f3 expression 

varies among the cells of the progenitor sensory epithelium beginning at E12.5, which 

correspond to the newly committed HCs (Xiang et al., 1998). This expression remains in the 

developing HCs of the sensory epithelia in the inner ear throughout the remaining postnatal 

stages and continues through adulthood (Xiang et al., 1997). Targeted deletion or mutation of 

Pou4f3 in mice results in deafness and impaired balance resulting from HC loss and 

subsequent loss of cochlear and vestibular ganglion neurons (Erkman et al., 1996; Xiang et 

al., 1997). One intact copy of Pou4f3 is sufficient to retain HCs (Keithley et al., 1999). In 

addition to defects observable in the mouse, an 8 bp deletion in the human Pou4f3 gene 

causes the autosomal dominant non-syndromic progressive hearing loss DFNA15. The 

mutation was first observed in an Israeli Jewish family and mapped to the locus containing 

the human ortholog of the mouse Pou4f3 gene (Vahava et al., 1998). Deafness observed in 

both human and mouse species due to mutated Pou4f3 illustrated its functional conservation. 

Thus Pou4f3 function is likely conserved across the mammalian lineage. While Pou4f3 does 
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not seem to be necessary for HC fate determination, it clearly plays an important role in the 

expression profile and maintenance of HCs. A greater understanding of potential genes 

regulated by Pou4f3 could aid in future inner ear regeneration studies. 

 

G2. Gfi1 

Growth factor independence 1 (Gfi1) has demonstrated significance in the inner ear. 

GFI1 is a nuclear zinc-finger protein that works to repress transcription through a 20 amino 

acid N-terminal repressor characterized as a SNAG domain (Grimes et al., 1996). The Gfi1 

gene was first identified in T cells as a factor that allowed growth independent of 

interleukin-2 (IL2) (Gilks et al., 1993). Further investigation identified Gfi1 as allowing the T 

cells to proceed past G1 arrest, which is normally induced by IL2 withdrawal (Grimes et al., 

1996). Subsequent studies have shown Gfi1 also plays an important role in B-cell 

differentiation where it is expressed in hematopoietic stem cells that become the common 

lymphoid progenitors, B-cells (Zeng et al., 2004). While Gfi1 is known to function as a 

transcription repressor, ensuing studies have shown it does this through the recruitment of 

several cofactors responsible for histone modification (Montoya-Durango et al., 2008; 

Saleque et al., 2007). Further studies on Gfi1 have revealed additional mechanisms (e.g. pre 

mRNA splicing) of transcription repression and shed more light on Gfi1’s role in diseases of 

the immune system (Moroy and Khandanpour, 2011) 

 Initial functional studies of Gfi1 came through knock-out models which revealed its 

importance in the inner ear. Normal inner ear Gfi1 expression is first observed in the cochlea 

HC precursors and several ganglia around E12.5 (Wallis et al., 2003). Developing vestibular 

HCs first show Gfi1 expression at E13.5 (Yang et al., 2010a). Gfi1 expression in HCs is 
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maintained throughout adulthood and is restricted to the mature cochlear and vestibular HCs 

(unpublished data). Gfi1 deficient mice initially show HC specification, despite their 

disorganization in the cristae, maculae and cochlea, suggesting a maturation and maintenance 

role (Wallis et al., 2003). Further analysis found that outer HCs were abnormally innervated 

and also expressed several neuron specific markers. As a result, the HCs survive to just prior 

or shortly after birth, eventually becoming apoptotic in a basal-to-apical progression (Wallis 

et al., 2003). While Gfi1 is critical in both the lymphatic and inner ear development, it is 

perhaps more interesting that Gfi1 appears to hold some function critical to cellular 

differentiation in both systems. In the lymphoid system cells differentiate either as T or B-

cells, while in the inner ear a similar cell fate determination is decided between SCs and HCs. 

Both appear to be altered if Gfi1 functional effects aren’t achieved.  

 Additional data has shown an expression relationship between Pou4f3 and Gfi1. After 

comparison of E16.5 wild-type and Pou4f3 mutant inner ear gene expression profiles, it was 

discovered that the gene encoding Gfi1 was absent, in vivo (Hertzano et al., 2004). Further 

examination using the Pou4f3 mutant revealed a significant reduction in Gfi1 expression 

levels, and the dynamics of Gfi1 mRNA abundance closely mimicked the expression pattern 

of Pou4f3 (Hertzano et al., 2004). Taken together this data suggests Gfi1 may be the first 

downstream target of POU4F3 and that HC degeneration is largely the result of the loss of 

Gfi1 expression (Hertzano et al., 2004). 

 

H. Hypothesis and approach 

 Although several studies have been conducted on Atoh1, Pou4f3 and Gfi1, their 

targeted gene profiles are still not fully understood. In particular, what is the relationship of 
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these three factors in HC differentiation? The hypothesis being tested is that ATOH1 directly 

upregulates POU4F3, which in turn directly upregulates GFI1. Herein we have deemed this 

potential direct relationship the Atoh1 gene regulatory cascade (GRC). In contrast, the overall 

collection of genes and their protein products that regulate expression in a cell are deemed a 

gene regulatory network (GRN). A GRN can be comprised of many GRCs. To test this 

hypothesis, we created three specific aims that would allow us to examine the hypothesis via 

different technical and scientific methods. A pluripotent, prosensory IMO-2B1 cell model 

was used (Germiller et al., 2004). IMO-2B1 cells were isolated from the E9.5 Immortomouse 

otocyst and characterized according to several expressed inner ear precursor and prosensory 

cell markers, including Bmp4, Hes1, Notch1 and Jag1 (Germiller et al., 2004). Further 

investigation indicated that the HC markers Atoh1 and Pou4f3 were weakly expressed 

(Germiller et al., 2004). As a result, IMO-2B1 cells offer a unique inner ear precursor cell 

model to examine potential downstream gene targets of the TFs ATOH1, POU4F3 and GFI1. 

Moreover, this model is suitable to investigate the predicted Atoh1 GRC central to our 

hypothesis.  

 

H1. Specific Aim 1 – Construction and utilization of TF plasmids 

 To begin to examine the three TFs, ATOH1, POU4F3 and GFI1, plasmids containing 

the Mus musculus coding sequence of each gene were inserted in front of an IRES-WasFP 

coding sequence. Subsequent transfection of each plasmid into IMO-2B1 cells for 24, 48 and 

72 hours permitted the cells to be sorted and analyzed for positive transfection via FACS. 

Collected RNA from each of the samples was evaluated with an Affymetrix mouse gene 1.0 

ST microarray. Raw intensity microarray values were further evaluated using several 
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computational programs, including CLC-Bio and Ingenuity, to determine the effect of each 

TF on IMO-2B1 cell gene expression. Additionally, collected RNA was examined using a 

gene panel representative of HC, SC, neuronal or precursor cell markers via real-time 

polymerase chain reaction (qPCR) to detect differential expression.  

 

H2. Specific Aim 2 – Promoter analysis 

 To additionally verify the microarray and qPCR results, promoter regions of 

Neurod1, Atoh1, Pou4f3 and Gfi1 from human (Homo sapiens), mouse (Mus musculus) and 

rat (Rattus norvegicus), were investigated for potential ATOH1, POU4F3 and GFI1 predicted 

binding sites using several bioinformatics computational programs. Binding sites were 

evaluated by means of proximity according to gene transcription start sites, quantity of 

binding sites and conservation across several species. 

 

H3. Specific Aim 3 – Microarray bioinformatics 

 To further analyze and investigate the microarray data, we utilized the Ingenuity 

Pathway Analysis (IPA) software. IPA allows users to analyze and better understand 

potential complex biological interactions in a data set by integrating data from several 

experimental platforms. By importing our microarray data we were able to acquire insight 

into the observed gene expression changes and subsequent GRNs of Atoh1, Pou4f3 and Gfi1 

after transfection into IMO-2B1 cells.  
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II. MATERIALS AND METHODS 

A. Plasmid construction 

 Four plasmids were created and utilized in this investigation. First, a plasmid 

containing an internal ribosome entry site (IRES) 5’ of the Wasabi fluorescent protein 

(WasFP) was constructed. Subsequently, the coding sequence of one of the three studied TFs 

(Atoh1, Pou4f3, Gfi1) was inserted upstream of the IRES-WasFP elements. This design 

permitted downstream FACS without attachment of the WasFP to the TF being explored.  

 To begin, an IRES-eGFP plasmid was constructed by combining the IRES element 

from the pIRES2-DsRed2 vector and the green fluorescent protein from the pEGFP-N1 

vector (Clontech, Mountain View, CA).  This initial step allowed the multiple cloning site of 

the pEGFP-N1 vector to be used and permitted insertion of the IRES fragment with the 

WasFP in a subsequent step. Briefly, the IRES (pIRES2-DsRed2 nucleotides 629-1252) was 

obtained using an NcoI restriction enzyme digestion, blunted with T4 polymerase and then 

digested with EcoRI to create a fragment consisting of an end with a 5’ overhang and a blunt 

end (sticky-blunt). Agarose gel purification allowed the correct sized fragment to be 

obtained. This fragment was then inserted into the pEGFP-N1 vector digested with PstI and 

the 3’ overhang blunted with T4 polymerase. The vector was then digested with EcoRI to 

create analogous ends for ligation with the gel purified 0.6 kb IRES fragment. 

 A typical restriction digest consisted of 4 µg of DNA, 40 units of restriction enzyme, 

1X enzyme specific buffer and DNase/RNase free water to 60 µl. Each digest was incubated 

at the appropriate temperature specified for each enzyme for a period of one hour. A typical 

T4 polymerase reaction consisted of 100 µM deoxyribonucleotide triphosphates (dNTPs) and 

10 units of T4 polymerase added to the 60 µl restriction digest mixture. The T4 reaction was 
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then incubated at 12 °C for 15 minutes and heat inactivated at 75 °C for 20 minutes. 

Finalized reactions were run on a 0.75% agarose gel in 1X Tris-acetate-EDTA (40 mM Tris 

acetate and 1 mM EDTA pH 8.0) at 90 volts for 40 minutes. Correct sized fragments, as 

determined by comparison with a One KB DNA Ladder (Cat #15615024 Invitrogen, 

Carlsbad, CA), and visualized with ethidium bromide, were gel purified using the QIAquick 

Gel Extraction Kit (Cat #28704, Qiagen, Valencia, CA) as per vendors protocol. Typical 

ligation reactions were done with a vector:insert molar ratio of 1:3. Specifically, 100 ng of 

vector was combined with the appropriate concentration of insert using this ratio, 1X T4 

ligase buffer, 400 units of T4 DNA ligase and DNase/RNase free water to a final volume of 

20 µl. Ligase reactions were usually allowed to incubate at 23 °C overnight. A 5 µl volume 

of the ligation reaction was then added to NEB 10-beta competent E. coli (Cat #C3019, New 

England BioLabs) and transformed per the vendors’ high efficiency transformation protocol. 

The transformation mixture was then spread on 50 µg/ml kanamycin selection plates and 

allowed to grow overnight in a 37 °C incubator. The next day colonies were selected with a 

toothpick and placed in 3mL autoclaved lysogeny broth (1.0% tryptone, 0.5% yeast extract, 

1.0% NaCl) and shaken on an orbital shaker at 37 °C.  

 The IRES-WasFP plasmid was constructed by inserting the IRES element from the 

IRES-eGFP plasmid into the All
ele

ustrious pmWasabi-N vector (Cat # ABP-FP-WNNCS10, 

Allele Biotech, San Diego, CA).  Briefly, the IRES fragment (~623 bp) from the IRES-eGFP 

vector was excised with SalI and then blunted using T4 polymerase to cut out the IRES 

fragment.  The pmWasabi-N vector was linearized by XhoI digestion and the vector ends 

were blunted with T4 polymerase to create an insertion site for the IRES element. These 

fragments were ligated together to create the IRES-WasFP plasmid. Correct orientation was 
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determined by restriction enzyme digestion and then sequenced for further verification. 

Sequencing was done on a CEQ 8000 sequencer (Beckman Coulter, Brea, CA), using a 

DTCS Quick Start Kit (Cat #608120, Beckman Coulter) as per vendors protocol. Plasmids 

used for sequencing were pre-treated by nicking the supercoiled DNA via UV light exposure 

for approximately 15 seconds at 1200 microjoules (x 100), and heating at 96 °C for 3 

minutes. Sequencing cycling parameters consisted of 35 cycles of 96 °C for 20 seconds,  

50 °C for 20 seconds and 60 °C for 4 minutes. 

Full-length Mus musculus complimentary DNA (cDNA) of the TFs Atoh1 

(NM_007500, bases 22-1812, previously amplified and inserted into pCRII-TOPO), Pou4f3 

(NM_138945, bases 7-1080, previously amplified and inserted into pCR2.1-TOPO) and Gfi1 

(GenBank: AK089065.1, bases 1-2640, Riken #E430038C21 in pFLC1, Source BioSource 

LifeSciences) were cloned into the IRES-WasFP plasmid using unique restriction enzyme 

sites that permitted cloning these TF coding sequences 5’ to the IRES-WasFP elements. 

These unique restriction enzymes were as follows; Atoh1-StyI, Pou4f3-PvuI and Gfi1-BbsI. 

Briefly, each TF was digested with their respective unique 3’ restriction site, blunt-ended 

with T4 polymerase and then digested with EcoRI. The IRES-WasFP plasmid was digested 

with NotI, blunt-ended with T4 polymerase and digested with EcoRI. Correct sized 

fragments (Atoh1-1526 bp, Pou4f3-1105 bp, Gfi1-1647 bp, IRES-WasFP-4541 bp) were 

collected, gel purified and then ligated with T4 DNA ligase at a vector:insert molar ratio of 

1:3. Subsequent clones were initially selected for correct ligation and orientation using 

restriction enzymes (Atoh1-KspI & BspHI, Pou4f3-HindIII & ScaI and Gfi1-PvuII & BsrGI) 

and then sequence verified to validate the entire cDNA sequence.  
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B. Cell culture conditions 

 The IMO-2B1 cell line was generated by Dr. Kate Barald’s lab, Department of Cell 

and Developmental Biology, University of Michigan and obtained from Dr. Garrett Soukup, 

department of Biomedical Sciences, Creighton University (Germiller et al., 2004).  Cell 

cultures were incubated at 33 °C with a 5% carbon dioxide level. Cell culture medium used 

for incubation was as follows: Minimal Essential Media solution (Cat # 11090-081, 

Invitrogen), 10% fetal bovine serum (FBS) (Cat # 16000-077, Invitrogen), 0.5% GlutaMAX-

1 Supplement (Cat # 35050061, Invitrogen), 0.5% Antibiotic/Antimycotic solution (Cat # 

MT30004CI, Mediatech/Cellgro, Manassas, VA) and 20 ng/ml Recombinant Mouse 

Interferon-γ, (Cat # PMC4031, Invitrogen). Cell cultures were allowed to reach 100% 

confluence and then passaged to approximately 5% confluence. Passaging of cells consisted 

of detaching with 3 ml 0.25% trypsin-EDTA (1X) (Cat # 25200-056, Invitrogen), trypsin 

inactivation by adding an additional 3 ml incubation media, centrifuging for 5 minutes at 

1000 x g, decanting trypsin solution and suspending in 10 ml cell culture medium. Next,  

500 µl of the suspended cell mixture of was plated back into a fresh T25 tissue culture flask 

(Cat #TP90026, Midwest Scientific, St. Louis, MO) with 4.5 ml of cell culture medium. All 

transfected cell cultures were between 7 and 30 passages. 

 For transfection experiments, cells were allowed to reach 40-60% confluence in a 

T25 tissue culture flask.  TF constructs were introduced into IMO-2B1 cells with 

Lipofectamine 2000.  Each T25 flask received 10 µl Lipofectamine 2000 (Cat # 11668019, 

Invitrogen) and 4.5 µg of plasmid DNA added to incubation media.  Lipofectamine medium 

was replaced with normal incubation media after 24 hours. Cells were collected from flasks 

after 24, 48 or 72 hours by detaching them with 3 ml 0.25% trypsin-EDTA (1X), trypsin 
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inactivation by adding an additional 3 ml incubation media, centrifuging for 5 minutes at 

1000 x g, decanting trypsin solution and suspending in a solution of Hanks’ Balanced Salt 

Solution (HBSS) (Cat # H9394-500ML, Sigma-Aldrich, St. Louis, MO) and 5% FBS. 

 

C. Flow cytometric analysis and sorting 

 Flow cytometric analysis and sorting was conducted at the Flow Cytometry Core 

Facility in the Department of Medical Microbiology and Immunology at Creighton 

University. Fluorescent positive cells were detected and sorted using a FACSAria (Becton-

Dickinson Immunocytometry Systems, San Jose, CA). Green fluorescence was detected by 

using a 100mW air-cooled argon laser set to 488 nm and a 530/30-nm band-pass filter. A 

typical run consisted of initially designating a population of single-live cells by setting 

forward and side scatter gates. From this population, positively transfected cells were 

determined and sorted by comparing their fluorescence to live untransfected IMO-2B1 cells 

(negative control). Cells with mean fluorescence intensity greater than 3.5 times the mean 

fluorescence intensity of the negative control were deemed to be positively transfected and 

collected in a HBSS and 5% FBS solution. Cells were centrifuged for 10 minutes at 1000 x g 

and the HBSS/FBS solution was pipetted off of the cells.  

 

D. RNA isolation and cDNA 

 Total RNA was obtained using the QIAshredder (Cat # 79654, Qiagen) and “Animal 

Cells Spin” protocol in the Qiagen RNeasy Plus Mini-Kit (Cat # 74134, Qiagen). Collected 

RNA samples were DNase treated by adding 2 units (1 μl) DnaseI (Cat # M0303S, New 

England Biolabs, Ipswich, MA) and incubating for 20 minutes at 37 °C. DnaseI was 
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inactivated at 75 °C for 10 minutes and treated RNA was collected using the “RNA Cleanup” 

protocol in the Qiagen RNeasy Plus Mini-Kit. An Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA) was used to determine quality and quantities of each RNA 

sample using an RNA 6000 Pico Chip (Cat # 5067-1548, Agilent Technologies). All samples 

consisted of intact, non-degraded RNA. 

 Full-length cDNA was obtained using 200 ng of total RNA, anchored-oligo(dT) 

primer, random hexamer primers and the Transcriptor First Strand cDNA Synthesis Kit  

(Cat # 4379012001, Roche, Indianapolis, IN) in a 13 μl reaction volume. Samples were 

incubated at 25 °C for 10 minutes followed by 50 °C for 1 hour. Reactions were inactivated 

by heating to 85 °C for 5 minutes and stored at -20 °C.  

 

E. qPCR 

Three technical qPCR replicates were preformed on three separate biological replicate 

samples for RNA samples from Atoh1, Pou4f3, Gfi1 and control IRES-WasFP treated IMO-

2B1 cells harvested at 24 hours. qPCR reactions were performed on a 7500 Fast Real-Time 

PCR system (Applied Biosystems, Carlsbad, CA) using the Fast reaction setup supplied with 

the software.  For each reaction, 10 ng of specific cDNA was mixed with 5 pmol specific 

primer and 2X Fast SYBR Green Master Mix (Cat # 4385612, Applied Biosystems, 

Carlsbad, CA) to a 1X concentration. Fast reaction cycling parameters consisted of an initial 

denaturation step of 95 °C for 10 minutes followed by 40 cycles of 95 °C for 15 seconds and 

60 °C for 1 minute. GAPDH served as an endogenous control. The table in the Appendix 

lists the forward and reverse primers used in the qPCR reactions for the panel of genes 

examined. The 7500 Fast RT-PCR instrument software was allowed to determine the 
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threshold cycle (CT) of detection for each sample. Samples were considered to be 

undetectable (Und) if the software did not assign a CT value. Initially, CT values for the three 

technical replicates for each biological replicate were averaged. Subsequent averaged CT 

values were normalized to GAPDH using the comparative CT method to obtain a delta-CT 

(ΔCT) value. Subsequent delta-delta- CT (ΔΔCT) values were obtained using the following 

formula: 

ΔΔCT = ΔCT, sample - ΔCT, reference 

Finally, ΔΔCT values for each sample condition were compared to the IRES-WasFP control 

ΔΔCT values, log2 fold changes and Student’s t-test values for the data were calculated.  

 

F. Microarray analysis 

 Three experimental replicates were collected for each condition to be investigated. 

Total RNA was amplified using the WT cDNA Synthesis and Amplification Kit (Affymetrix, 

Santa Clara, CA) according to the manufacturer’s protocol. GeneChip Mouse Gene 1.0 ST 

Arrays (Cat # 901169, Affymetrix) were then used to analyze the amplified RNA. 

Amplification, labeling, hybridization and analysis were done at the Microarray Core Facility 

located at the University of Nebraska Medical Center. Expression Console software 

(Affymetrix) was used to normalize each of the triplicate biological TF 24, 48 and 72 hour 

samples with the biological triplicate IRES-WasFP 24 hour samples. Additionally, the 

Expression Console software provided raw probeset intensity values. Normalized data was 

then added to CLC Main Workbench (CLC bio, Aarus, Denmark) and analyzed using the 

microarray function. Subsequent data was further filtered by removing identified control 

probeset data. Resulting probeset intensity values from each of the biological replicate TF 
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datasets were averaged and compared against the averaged probeset intensities of the IRES-

WasFP control and statistically analyzed using Bonferroni and false discovery rate corrected 

analysis.  Subsequently these data were used to determine expression values and further 

categorized into statistically significant differential gene expression (p-value ≤ 0.05, log2 

fold changes ≥ 1.5 and ≤ -1.5).  

To utilize the IPA software (Ingenuity
®

 Systems, www.ingenuity.com), averaged 

expression values, with eliminated control probesets for each of the examined conditions, 

were exported from CLC Main Workbench and submitted to the IPA software. Data was 

screened with the criteria of p-value ≤ 0.06 and log2 fold changes ≥ 1.5 and ≤ -1.5. 

Additionally, raw intensity probeset values < 45.0 (~ 3X above background levels) were 

eliminated from further analysis to reduce potential false positive results due to the resolution 

of the microarray technique. 

 

G. Promoter analysis 

 Human, mouse and rat promoter regions were collected for Neurod1, Atoh1, Pou4f3 

and Gfi1 genes using the UCSC and Ensembl Genome Browsers (http://genome.ucsc.edu/) & 

(http://www.ensembl.org/). One thousand base pairs 5’ of the Neurod1 transcription start site 

(TSS) and ten thousand base pairs 5’ of the Atoh1, Pou4f3 and Gfi1 TSSs were used to search 

for the ambiguous DNA sequences representing the ATOH1, POU4F3 and GFI1 binding 

sites. For Atoh1, the 10 nucleotide AtEAM motif (Klisch et al., 2011) was converted to an 

ambiguous DNA sequence, RMCAKMTGKY. This sequence was inserted into the Sequence 

localizer/oligonucleotide finder on The Bio-Web website 

(http://www.cellbiol.com/scripts/oligo_finder.html). For POU4F3, the predicted binding 
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sequence found in (Berger et al., 2008) was converted to separate ambiguous sequences 

representing a stringent (POU4F3-S) and weak (POU4F3-W) sequence. The POU4F3-S 

sequence, which maintained the core ATTAATDA sequence, was represented by 

HATTAATDANKNH. Additionally the POU4F3-W binding site was converted to 

HWYWWATDHNKNH which allowed all possibilities in the position weight matrix and 

further hand annotated to allow for one variable in the ATTAATDA core sequence. All 

POU4F3 recognition sequence searches were done on the Sequence localizer/oligonucleotide 

finder on The Bio-Web website in the same method as the AtEAM predicted binding 

searches. Finally, for GFI1, two predicted binding sequences from (Zweidler-Mckay et al., 

1996) (TAAAKCACWGCA) and (Duan and Horwitz, 2003) (GAAATCACAGC) were 

combined to make one ambiguous sequence (KAAAKCACWGC) that could be searched 

using the Sequence localizer/oligonucleotide finder on The Bio-Web website. 

 To conduct alignments for specified sequences, the Clustal Omega (1.1.0) alignment 

tool was utilized on the European Bioinformatics Institute website 

(http://www.ebi.ac.uk/Tools/msa/clustalo/). Sequences were inputted as DNA and submitted 

with the website’s default settings.  

 To observe any conservation found in the promoter sequences where the predicted 

binding sites were identified, the VISTA-Point selection under the Browser tab was utilized 

(http://pipeline.lbl.gov/cgi-bin/gateway2). To begin, the Mouse genome was selected with 

the July 2007 release. Subsequent searches were performed for Atoh1, Pou4f3 and Gfi1 

recognition sequences. Under the VISTA-Point viewer the Human Mar. 2006, Rat Nov. 

2004, Horse Jan. 2007 and Chicken May 2006 alignments were organized to be used in the 

figures generated. Figure chromosome locations were generated from the mouse and 
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included the entire gene and 10 kb upstream of the TSS. Specifically, Atoh1 

(chr6:64,669,140-64,686,229), Pou4f3 (chr18:42,544,251-42,555,747) and Gfi1 

(chr5:108,145,674-108,163,363). 
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II. RESULTS 

A. Experimental design 

The goals of these experiments were to investigate the gene expression profiles of 

Atoh1, Pou4f3 and Gfi1 and their relationship. A unique conditionally immortalized otocyst 

(IMO) cell line from the embryonic day 9.5 Immortomouse was utilized (Germiller et al., 

2004). At E9.5 the otocyst can be effectively separated from surrounding tissues and then 

dissociated. Pluripotent Cell lines that are precursors to HCs and SCs can be isolated and 

cultured. Characterization of the IMO-2B1 cell line demonstrated that Atoh1 expression was 

undetectable and Pou4f3 expression was just above background levels (Germiller et al., 

2004). These cell line characteristics permitted the investigation of the global transcriptome 

changes of IMO-2B1 cells when ATOH1, POU4F3 or GFI1 were highly expressed. 

Additionally, the hypothesis that ATOH1 directly upregulates POU4F3, which in turn 

directly upregulates GFI1 could be effectively studied in the context of the IMO-2B1 cells. 

 

B. Specific Aim 1 - Construction and utilization of TF plasmids 

B1. TF plasmid construction and utilization 

 Plasmid constructs for each individual TF examined in this study (Atoh1, Pou4f3 & 

Gfi1) were created with two main design features. A reporter system was used that permitted 

expression of the monomeric WasFP. An IRES-WasFP sequence was inserted downstream of 

the Mus musculus TF coding sequences and allowed the identification of cells positively 

transfected with each of the TF plasmids. The WasFP was characterized to have similar 

excitation max (493 nm) and emission max (509 nm) to other available monomeric green 

fluorescent proteins and has a 2x brighter fluorescence than eGFP 
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(http://www.allelebiotech.com/mWasabi). In addition, the fluorescently labeled cells could 

be sorted via FACS before RNA isolation was performed. The presence of the IRES element 

eliminated the possibility of inhibition or functional change in the TF due to the addition of a 

fluorescent protein tag. The IRES-WasFP construct was used as the negative control. In 

combination, these design features should allow the TFs and their respective gene expression 

profiles to be investigated. 

 

B2. Flow cytometric analysis and cell sorting 

All three TF-IRES-WasFP constructs had detectable fluorescence as initially 

determined using an EVOS fl digital inverted fluorescence microscope (data not shown). 

IMO-2B1 cells grown in a T25 flask were subjected to transfection reagent and one of the 

TF-IRES-WasFP plasmid constructs for 24, 48 and 72 hours post transfection. WasFP 

positive cells were then visualized to determine the efficiency of transfection. Cell 

suspensions were prepared from the transfected IMO-2B1 cultures with approximately 10% 

fluorescent cells or greater. Each construct was individually used for these transfections. 

Suspended cells were submitted to the Creighton Flow Cytometry Core Facility where 

transfection efficiency and cell quantification were determined for each sample. Using a 

FACSAria instrument (BD Biosciences), forward and side scatter gates were set up to 

identify a population of single-live cells. Subsequently, WasFP fluorescence intensity was 

measured for each cell. WasFP fluorescence was then compared to a sample of healthy 

untransfected cells, the negative controls. The untransfected cells provided the relative 

background autofluorescence of IMO-2B1 cells (Figure 3). Cells showing 3.5 times greater 

fluorescence than the negative control were sorted and then collected. Transfection  
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FIGURE 3. 
 

A.    B.   C. 

 
D.    E.   F. 

 
 

 

FIGURE 3. Flow cytometric analysis and sorting of transfected IMO-2B1 cells.  Flow 

cytometric analysis was used to accumulate a population of single-live (red) and WasFP 

positive cells (green). Transfection samples (A - C) and normal (D - F) IMO-2B1 cells were 

compared. Plots represent forward versus side scatter light deflected from cells (A, D) to 

determine single-live cells, while cell count versus GFP fluorescence intensity (B, E) 

determined WasFP positive cells. From these plots and data tables (A - F) exact cell numbers 

and the transfection efficiency could be calculated.  



39 

 

TABLE 1. 

 

 

Plasmid used for 

transfection 

Time (Hrs) Transfection % 

(Range) 

# WasFP Cells 

(x10
3
) 

 

 

 

Atoh1 

 

 

24 9.2% 

(7.9 - 10.5) 

98.3 ± 7.5 

48 19.6% 

(18.1 - 20.3) 

176.0 ± 35.5 

72 15.7% 

(10.5 - 19.6) 

299.0 ± 127.0 

 

 

 

Pou4f3 

24 21.2% 

(17.8 – 24.3) 

130.5 ± 18.9 

48 21.6% 

(11.8 – 28.8) 

96.7 ± 61.5 

72 20.0% 

(17.8 – 21.2) 

295.2 ± 36.6 

 

 

 

Gfi1 

24 18.6% 

(17.5 – 19.7) 

134.1 ± 18.4 

48 31.6% 

(27.0 – 37.6) 

167.6 ± 28.0 

72 20.5% 

(19.9 – 20.8) 

170.0 ± 43.1 

 

 

 

IRES-WasFP 

24 15.3% 

(13.6 – 16.3) 

96.5 ± 22.6 

48 

 

ND ND 

72 

 

ND ND 

 

 

TABLE 1. FACS data of transfected IMO-2B1 cells. Means and range of transfection 

efficiencies for all conditions studied; Atoh1, Pou4f3, Gfi1 and IRES-WasFP. Range of cells 

collected to be further processed for total RNA are shown on the far right. Transfection 

efficiencies were calculated from a minimum of 30,000 cells observed before collection was 

initiated. ND = Not determined. 
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efficiencies were calculated from a minimum of 30,000 cells by dividing the number of 

collected cells by those uncollected (Figure 3). Table 1 shows the means and range of cells 

for each of the samples. Transfection efficiencies for all sample conditions ranged from 9.2 - 

31.6%, with an average efficiency of 19.3%. Flow cytometry analyses validated a successful 

transfection experiment, while amassing a pool of WasFP positive, single-live cells for 

further studies.  

 

B3. Analysis of RNA transcriptome by ST microarrays 

 The effects of ATOH1, POU4F3 and GFI1 on the global transcriptome of IMO-2B1 

cells were investigated. Thirty total RNA samples, representing triplicates of all 10 different 

transfection conditions, were submitted for microarray analysis using Affymetrix GeneChip 

Mouse Gene 1.0 ST Arrays. These arrays employ over 28,000 coding transcripts aimed at 

examining whole-genome expression from total RNA samples.  

 Analysis of the ST microarray data was initially done by normalizing the probeset 

intensities. All 30 data sets were grouped together using the Expression Console from 

Affymetrix. Subsequently, these data sets were then exported into CLC Main Workbench and 

statistically analyzed. Probeset intensity values from each of the TF conditions were 

compared against probeset intensities of the IRES-WasFP negative control. As anticipated, 

the transcript concentrations for Atoh1 and Pou4f3 were observed to have increased, 

demonstrating high expression from their respective plasmids. Specifically, Atoh1 showed 

log2 fold change increases of 135, 148 and 101 over the time courses of 24, 48 and 72 hours, 

respectively (Table 2). Likewise, Pou4f3 displayed log2 fold change increases of 164, 141 

and 51 over the same time courses (Table 2). In contrast, Gfi1 exhibited a log2 fold change 
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TABLE 2. 

 

Transfected 

Gene 

Transcript Control 24 Hours 48 Hours 72 Hours 

  Mean Intensity 

Value 

Intensity 

(Fold Change in log2) 

Intensity 

(Fold Change in log2) 

Intensity 

(Fold Change in log2) 

 Atoh1 36.26 ± 7.9 4880.3 ± 708.4 

(134.6)* 

5370.11 ± 202.2 

(148.12)* 

3653.15 ± 706.6 

(100.76)* 

Atoh1 Pou4f3 19.93 ± 3.7 17.15 ± 3.8 

(-1.16) 

16.00 ± 2.1 

(-1.25) 

13.37 ± 0.9 

(-1.49)* 

 Gfi1 42.71 ± 3.2 42.96 ± 7.1 

(1.01) 

42.87 ± 2.8 

(1.00) 

44.30 ± 6.7 

(1.04) 

      

 Atoh1 24.62 ± 4.6 24.52 ± 1.9 

(-1.00) 

23.52 ± 4.3 

(-1.05) 

26.18 ± 2.4 

(1.06) 

Pou4f3 Pou4f3 31.67 ± 6.2 5198.20 ± 504.7 

(164.16)* 

4459.03 ± 640.0 

(140.82)* 

1612.06 ± 495.5 

(50.91)* 

 Gfi1 54.96 ± 10.4 55.14 ± 3.4 

(1.00) 

56.03 ± 4.0 

(1.02) 

61.58 ± 3.5 

(1.12) 

      

 Atoh1 28.27 ± 8.5 23.53 ± 2.0 

(-1.20) 

26.52 ± 2.1 

(-1.07) 

24.82 ± 3.9 

(-1.14) 

Gfi1 Pou4f3 24.16 ± 3.9 22.83 ± 2.1 

(-1.06) 

20.55 ± 1.7 

(-1.18) 

21.08 ± 3.1 

(-1.15) 

 Gfi1 45.07 ± 6.0 1310.13 ± 80.6 

(29.07)* 

47.66 ± 0.8 

(1.06) 

45.67 ± 5.5 

(1.01) 
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TABLE 2. Summary of expression levels from ST microarrays. Intensity values represent 

mean probeset intensity values after IRES-WasFP control samples were normalized with one 

of the transfected gene samples, Atoh1 (), Pou4f3 () or Gfi1 (). Subsequent log2 fold 

change values represent probeset intensity comparisons of Atoh1, Pou4f3 or Gfi1 transfection 

conditions with control (IRES-WasFP). Log2 fold change values are the average of at least 

three biological samples with identical treatments. Asterisks denote a statistically significant 

value (p-value ≤ 0.05) as determined by a two-tailed Student’s t-test.  
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increase of 29 only at the 24 hour time point (Table 2). Both the 48 and 72 hour intensity 

values were not significantly different from the WasFP control (Table 2). TF transcripts have 

shown the propensity to have a short half-life (Sharova et al., 2009) and we speculated this 

may be the case with Gfi1. Further analysis over the three time points should reveal if and 

when the transcript upregulation occurred over the 72 hour period and the resulting profile of 

global transcriptome changes.  

Analysis of ST microarrays permits detection of transcriptome expression change due 

to the effects of each TF being studied. Using log2 fold change (≥ 1.5 and ≤ -1.5) and 

significance (p-value ≤ 0.06), a list of differentially expressed genes was generated for each 

TF and WasFP control. Transcript changes due to Atoh1, Pou4f3 and Gfi1 were identified. 

As shown in Figure 4 and Table 3, all three TFs showed a general increase in differentially 

expressed genes with time. In general, all three TFs showed increases in total differentially 

expressed genes with increased culture duration. There were differences observed among the 

effects of the three TFs. Atoh1 had an increase in nearly three times the total number of 

differentially expressed genes from 24 hours to 48 hours, but it then appears to reach a 

plateau with only a slight increase being observed from 48 hours to 72 hours. In contrast, 

Pou4f3 and Gfi1 showed approximately a doubling of the differentially expressed genes from 

24 to 48 hours and continued to rise at 48 and 72 hours. No apparent plateau was reached. 

Additionally, differences between the ratios of upregulated to downregulated genes among 

the conditions were evident (Figure 4, Table 3). At 24 hours all three TFs displayed 

approximately a 1:1 ratio between differentially expressed genes that are upregulated or 

downregulated. However, all three TFs revealed a similar upregulated to downregulated ratio 

between the 24 to 48 hour and 48 to 72 hour time points. Atoh1, Pou4f3 and Gfi1 exhibited 
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FIGURE 4. 

 

 
 

FIGURE 4. Summary of total differentially expressed genes identified. Graph shows the 

total differentially expressed genes among the Atoh1 (blue █), Pou4f3 (red █) and Gfi1 

(green █) transfection conditions. Differentially expressed genes were selected based on raw 

microarray intensity values compared against the control (IRES-WasFP 24Hr). Upregulated 

genes, designated by the solid box (), demonstrated a log2 fold change ≥ 1.5 and p-value  

≤ 0.06. Downregulated genes, designated by the hatched box (▓), demonstrated a log2 fold 

change ≤ -1.5 and p-value ≤ 0.06. 
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TABLE 3. 

 

 

Plasmid used 

for transfection 

Differential 

Expression 

24 Hours 48 Hours 72 Hours 

 

Atoh1 

Upregulated 168 752 763 

Downregulated 135 102 155 

Total Number 303 854 918 

 

Pou4f3 

Upregulated 145 531 606 

Downregulated 123 159 208 

Total Number 268 690 814 

 

Gfi1 

Upregulated 150 469 834 

Downregulated 164 86 146 

Total Number 314 555 980 

 

TABLE 3. Raw total gene expression data. Table depicts the total differentially expressed 

genes for conditions investigated. Differentially expressed genes were defined as showing a 

log2 fold change ≥ 1.5 (upregulated) or ≤ -1.5 (downregulated) and a p-value ≤ 0.06., when 

compared against the WasFP control. 
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ratios between these times points of around 6.5, 3 and 5.5, respectively. So while each TF has 

a general trend of more differentially expressed genes over time, they seem to work at 

different rates. Atoh1 demonstrates the quickest rate of change between the 24 to 48 hour 

time points and levels off, whereas Pou4f3 and Gfi1 tend to show a steady rise in 

differentially expressed genes.  

Potential gene regulatory pathways of the TFs ATOH1, POU4F3 and GFI1were next 

examined. We identified those TFs that were differentially expressed. Additionally, this 

investigation might reveal additional regulatory TFs that might comprise a “shared” GRN. 

Using gene ontology (GO) terms for the list of differentially expressed genes the number of 

TF genes differentially expressed were summarized in Figure 5 and Table 4. As observed 

with the overall differentially expressed genes, all three transfection conditions illustrated a 

general increase in differentially expressed TF genes. Moreover, Atoh1 again demonstrated 

the largest increase between 24 and 48 hours, and reached a plateau. Pou4f3 and Gfi1 

displayed a steady increase in differentially expressed TF genes with time. The change in 

differentially expressed TF genes closely paralleled the overall change in the total 

differentially expressed genes.  

The overlap of induced TFs was examined to identify those genes that were 

differentially regulated between and among the three TFs. Venn diagram plots were 

generated for the differentially expressed TF genes between the three experimental 

conditions and for each time point (Figure 6). As Figure 6 depicts, there was overlap between 

the differentially expressed TF genes by Atoh1, Pou4f3 and Gfi1. Furthermore, the total 

shared genes between all transfection conditions increased with longer culture durations. 

While Atoh1, Pou4f3 and Gfi1 shared a number of differentially expressed TF genes, 
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FIGURE 5. 

 

 
 

 

FIGURE 5. Summary of the number of differentially expressed TF genes. Graph shows 

the differentially expressed TF genes among the Atoh1 (blue █), Pou4f3 (red █) and Gfi1 

(green █) transfection conditions. Differentially expressed genes were selected based on raw 

microarray intensity values compared against the control (IRES-WasFP 24Hr). TFs were 

determined from labeled GO terms when using IPA. Upregulated genes, designated by the 

solid box (), demonstrated a ≥ 1.5 log2 fold change and p-value ≤ 0.06. Downregulated 

genes, designated by the hatched box (▓), demonstrated a ≤ -1.5 log2 fold change and  

p-value ≤ 0.06. 
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TABLE 4. 

 

Plasmid used  

for transfection 

Differential 

Expression 

24 Hours 48 Hours 72 Hours 

 

Atoh1 

Upregulated 12 69 58 

Downregulated 14 17 24 

Total Number 26 86 82 

 

Pou4f3 

Upregulated 16 51 55 

Downregulated 18 10 26 

Total Number 34 61 81 

 

Gfi1 

Upregulated 18 55 81 

Downregulated 21 6 24 

Total Number 39 61 105 

  

TABLE 4. TF gene expression data identified. Table depicts the differentially expressed 

TF genes for all conditions investigated. TFs were identified through GO labeling when 

using IPA. Differentially expressed genes were defined as showing a log2 fold change ≥ 1.5 

(upregulated) or ≤ -1.5 (downregulated) and a p-value ≤ 0.06, when compared against the 

WasFP control.
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FIGURE 6. 

 



 

50 

 

FIGURE 6. Venn diagrams of differentially expressed TF. Venn diagrams depict the 

commonality of differentially expressed TF genes among the Atoh1 (blue █), Pou4f3 (red █) 

and Gfi1 (green █) transfection conditions. Differentially expressed genes demonstrated  

≥ 1.5 or ≤ -1.5 log2 fold changes and p-value ≤ 0.06 when compared against the control 

(IRES-WasFP 24Hr). From the differentially expressed genes list, TF genes were determined 

via the GO terms listed in the IPA software.  
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differences were evident. Atoh1 and Gfi1 had more differentially expressed TF genes in 

common than either shared with Pou4f3. Moreover, there was an increase in overlap between 

Atoh1 and Gfi1 during the culture period. Atoh1, Pou4f3 and Gfi1 all share some analogy 

among differentially expressed TF genes. It appears that Atoh1 and Gfi1 have the most 

congruity. Yet, each TF also has their own distinct set of induced TFs that attribute to their 

uniqueness in changing the transcriptome through distinctly regulated genes. 

 

B4. Direct comparison of Atoh1, Pou4f3 and Gfi1 via microarray 

To further test the hypothesis that the Atoh1 GRC was directly regulated, the three 

factors were compared among each of the transfection conditions. Table 2 displays the mean 

probeset intensity and log2 fold change observed amongst the various transfection 

conditions. As the table demonstrates, none of the TFs exhibited a log2 fold change of ≥ 1.5 

or ≤ -1.5 except in the cells that were transfected with their respective plasmids. However, it 

is worth noting that Pou4f3 displayed a significant (p-value ≤ 0.05) log2 fold change of -1.49 

in the 72 hour Atoh1 transfected IMO-2B1 cells. Still, further evaluation revealed the 

intensity values found in these samples are below the background resolution of our 

microarray experiments limiting the implications this data may provide.  

 

B5. qPCR analysis of gene expression in transfected IMO-2B1 cells 

 To validate the gene expression data observed in the microarray experiments, qPCR 

was employed on cDNAs from the 24 hour time points of Atoh1, Pou4f3 and Gfi1 transfected 

IMO-2B1 cells. qPCR can be more sensitive in detection of gene expression changes than 

microarray and can allow small potential changes to be identified. Through the qPCR 
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experiments we wanted to validate proper transcript expression from their respective 

plasmids. Additionally, a carefully selected panel of genes was employed to find any 

evidence of transcriptome changes in the transfected cells. The selection of genes was based 

on their restricted expression in HC, SC, neuronal or precursor cells. If the transfected cells 

were undergoing differentiation, this gene panel should indicate the cell fate being acquired.  

 To confirm that the transfected plasmids were expressing appropriate mRNA 

transcripts, as the microarray data suggested, isolated total RNA from the sorted transfected 

cells were analyzed by qPCR. Analysis of Atoh1, Pou4f3 and Gfi1 transfected samples were 

performed on three biological replicates of each TF. GAPDH was chosen to serve as an 

endogenous control and allowed an appropriate data comparison across several qPCR 

experiments.  

 Changes in the Atoh1 and Pou4f3 transcript levels were found and were consistent 

with microarray intensity data (Table 5). In the Atoh1 transfected samples, qPCR data 

showed a robust detection of Atoh1 transcript detection compared to the IRES-WasFP 

control. Similarly, Pou4f3 transfected samples were observed to have a substantial increase 

in Pou4f3 transcript detection over the control. This data proved a successful transfection of 

the Atoh1 and Pou4f3 plasmids in the IMO-2B1 cells. Furthermore, the data confirmed the 

plasmids were producing correct mRNA transcripts of the representative gene, as the 

microarray data had previously shown.  

In contrast, the Gfi1 transcript was routinely not detected in the qPCR reactions. We 

speculated that the high GC content (64%) and homomeric stretches found in the Gf1 coding 

sequence could be causing problems during cDNA synthesis and/or qPCR amplification. 

Several additional Gfi1 primer sets were tested. These primer sets were generated from 
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TABLE 5 

 

Gene Category Atoh1 Pou4f3 Gfi1 

Atoh1 HC Precursor 1810.3* 1.0 0.7 

Pou4f3 HC Precursor 0.6 260.7* 0.5 

Gfi1 (1-6) HC Precursor Und Und Und 

18S House 0.7 1.6 1.3 

Barhl1 HC Precursor Und Und Und 

Bmp4 HC Precursor 4.0* 1.0 1.3 

Bmpr1 HC Precursor 1.1 0.8 1.3 

Cfdp1 Neural 1.1 0.7 1.2 

Chord Precursor Und 0.6 0.8 

Chrna10 HC Precursor Und Und Und 

Chrna9 HC Precursor 1.8 1.2 5.5 

Dlx5 Precursor 4.7 0.6 0.5 

Eya1 HC/SC Precursor 1.1 1.4 1.7 

Eya4 HC/SC Precursor 1.4 0.8 1.7 

Fgfr1 HC/SC Precursor 1.0 0.6 0.9 

Fgfr2 HC/SC Precursor Und Und Und 

Fgfr3 HC/SC Precursor Und Und Und 

Foxi1 HC Precursor 1.3 1.4 0.3 

GAPDH House 0 0 0 

Hes1 Support 3.1 0.6 1.2 

Hes5 Support Und Und Und 

Inhba Support 0.9 0.4 0.6 

Inhbb Developmental 1.1 0.5 1.1 

Jag1 Developmental 0.5* 2.1* 0.8 

Jag2 Precursor 4.3 Und Und 

Lfng Precursor 1.1 0.9 0.7 

Msx1 Precursor 1.1 0.3 1.1 

Myo6 Developmental 0.3 1.6 1.3 

Myo7a HC Precursor 0.8 1.1 0.8 

 

 

Gene Category Atoh1 Pou4f3 Gfi1 

Nbl HC Precursor Und Und Und 

Neurod1 Neural Und Und Und 

Neurod2 Neural Und Und Und 

Neurod4 Neural Und Und Und 

Neurod6 Neural Und Und Und 

Neurog1 Neural 0.5 0.6 0.7 

Neurog2 Neural 0.1 0.7 0.3 

Neurog3 Neural Und Und Und 

Noggin Precursor Und Und Und 

Notch1 Developmental 1.0 1.4 1.1 

Oto1 Precursor 1.2 0.5 1.0 

Otx1 Developmental 0.8 1.3 0.8 

Otx2 Developmental Und Und Und 

Pou3f4 Developmental Und Und Und 

Pou4f1 Developmental Und Und Und 

Pou4f2 Developmental 0.5 0.6 0.4 

Prox1 HC Precursor Und Und Und 

S16 House 2.2 1.0 1.8 

Six1 HC Precursor 0.8 0.7 0.8 

SLC26A4 HC Precursor Und Und Und 

Sox2 Precursor 1.2 1.0 0.6 

Sox3 Developmental Und Und Und 

Sox9 Precursor 0.2 0.3 0.2 

Tbx1 Precursor 5.6* 1.2 2.0 

Tecta Support Und Und Und 

Tectb Support 2.7 0.1 0.3 

Ube3b Support 0.8 1.2 1.3 

Wdr1 Developmental 1.0 1.2 1.1 

Zic2 Developmental Und Und Und 
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TABLE 5. Fold change in gene expression on panel of genes via qPCR. Fold change 

values (2
-ΔΔCt

) represent qPCR detection of Atoh1, Pou4f3 or Gfi1-WasFP 24 hour 

transfected IMO-2B1 cells when compared to the control (IRES-WasFP). GAPDH was used 

as an endogenous control across separate qPCR reaction runs. Three technical qPCR 

replicates were conducted across three biological replicate samples for each of the genes 

examined. Technical qPCR replicates were averaged to yield three values representative of 

the three biological replicate samples. Asterisks indicate statistically significant fold change 

difference (p-value ≤ 0.05) between transfection conditions and control using a two-tailed 

Student’s t-test. Und = Undetected. 



 

55 

 

published and commercial sources, company designed software and investigator-based 

primer design. Additionally, these primer sets were selected on several locations of the Gfi1 

transcript, specifically the 3’ end, away from the GC rich area of the transcript. Moreover, if 

cDNA synthesis was being hindered and truncated, the 3’ end would be the most likely to 

still be synthesized. However, despite these concerted efforts, amplification of the 

appropriate qPCR product was not observed. This suggested that qPCR or cDNA synthesis 

issues remained a problem.  

 To further analyze the transcriptome of the transfected IMO-2B1 cells, a gene panel, 

representing several cell types in the inner ear, was tested via qPCR. A full list of primers for 

this gene panel is found in appendix. Table 5 shows the fold change (2
-ΔΔCt

) of the panel of 

genes being tested. While some of the qPCR data seemed to have apparent discernible 

changes, only a few of the transcript changes were determined to be statistically significant. 

The majority of the genes investigated in our qPCR analysis are in a rare to low (generally 

thought to be ≤ 25 copies per cell) quantity. Hence, the resolution of the qPCR data was 

approaching the limits to which confident changes can be discerned and technical variations 

can affect the results. 

Besides Atoh1 and Pou4f3, which were transfected into the cells, only Bmp4, Jag1 

and Tbx1 showed fold changes deemed to be significant. Fold changes of 4.0, 0.5 and 5.6, 

were shown for Bmp4, Jag1 and Tbx1, respectively, in the Atoh1 transfected cells. 

Interestingly, Jag1 also showed a significant 2.1 fold change in the Pou4f3 transfected cells. 

To further test the validity of these changes the visible amplification curves, melt curves, as 

well as the relative CT values were taken into account. Amplification curves for these three 

genes did not represent the uniform exponential growth expected to be observed in a qPCR 
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curve. Moreover, melt curves for Bmp4, Jag1 and Tbx1 suggested technical issues, as a 

single uniform peak was not observed. These differences in detection are likely due to 

sample variation. Furthermore, microarray results did not show that these genes were 

differentially expressed. By and large, the qPCR data closely emulated the data from the 

microarray experiments as none of the genes from the panel showed differential expression 

via microarray. This suggests the transfected cells were not differentiating into a specific HC, 

SC or neuronal cell fate by the 24 hour time point. Additionally, such data validates the 

changes observed through microarray are accurate. Subsequent examination of this gene 

panel in the microarray data from the 48 and 72 hour time points revealed no expression 

changes. In response, no further qPCR experiments were conducted at the extended 48 and 

72 hour time points. 

 

C. Specific Aim 2 – Promoter Analysis. 

C1. Analysis of Neurod1, Atoh1, Pou4f3 and Gfi1 promoter regions 

 If there is a GRC involving Atoh1, Pou4f3 and Gfi1, then TF binding motifs should 

be present in the pertinent promoter regions. The promoter regions of Neurod1, Atoh1, 

Pou4f3 and Gfi1 were evaluated for potential binding sites of ATOH1, POU4F3 and GFI1. 

Since these TFs are conserved and required for HC development and maintenance, the 

promoter regions from human (Homo sapiens), mouse (Mus musculus) and rat (Rattus 

norvegicus) will also be examined. Utilizing experimentally identified binding sites for 

ATOH1 (Klisch et al., 2011), POU4F3 (Berger et al., 2008) and GFI1 (Duan and Horwitz, 

2003; Zweidler-Mckay et al., 1996), 1 kb of Neurod1 and 10 kb of Atoh1, Pou4f3 and Gfi1 

promoter sequence upstream from the deduced TSS from each species was searched to detect 
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potential predicted binding sites. In addition, since the Pou4f3 and Gfi1 sequences contain 

introns, the first intron was also examined for any predicted binding sites as regulatory 

elements are often found here (see (Majewski and Ott, 2002)). 

 To initially validate the usefulness of the Atoh1 E-box Associated Motif, or AtEAM, 

the list of Atoh1 primary targets in postnatal cerebellum identified by Klisch et al. (2011) was 

compared against the differentially expressed genes identified in the 24 hour Atoh1 

transfection microarray data set. Only 5% of the targets and genes were found to be in 

common. In response to the small similarity of these two lists, Neurod1, which was shown to 

be regulated by Atoh1 (Matei et al., 2005), was chosen to demonstrate the identification of 

the AtEAM binding site. 

 To begin the promoter analysis, sequences 1 kb upstream of the Neurod1 TSS were 

obtained for human, mouse and rat species using the UCSC and Ensembl Genome Browsers. 

Each species promoter region was surveyed using the Sequence localizer/oligonucleotide 

finder on The Bio-Web website for any potential AtEAM binding sites. To properly use the 

search software, the AtEAM sequence was converted into the corresponding ambiguous 

DNA sequence, RMCAKMTGKY. As predicted, the Neurod1 promoter regions of all three 

species contained a single AtEAM sequence within close proximity to the TSS (Figure 7). 

Variations in the distance for the TSS were identified among the human (-110 bp from TSS), 

mouse (-244 bp from TSS) and rat (-256 bp from TSS) AtEAM binding sites. Sequence 

conservation of the promoter regions was then studied using the Clustal Omega algorithm. 

To do this, regions flanking each AtEAM site were selected and subjected to the alignment. 

Figure 8 shows this alignment and demonstrates the conservation of the detected AtEAM 

sites as well as the immediate surrounding promoter region. The presence of conserved
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FIGURE 7. 

 

 
 

 

 

FIGURE 7. Identification of promoter binding sites in human, mouse and rat Neurod1 promoter regions. Promoter 

sequences for examined species Neurod1 genes. Sequence and annotation information was gathered from both the UCSC Genome 

Browser and Ensembl Genome Browser. Thick lines depict exon sequences found at or around the TSS of each promoter. All other 

sequence is depicted with a thin line.  Predicted binding sites for the AtEAM (RMCAKMTGKY) are shown in blue (█). Stars () 

represent an AUG translation start site while bent arrows () depict a TSS.  
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FIGURE 8. 

 
HUMAN   ATCCCCTCCCCCCTCTATCCCCGTCCCTTCTGCCGCCTGAAAGGGTTAATCTCTCCTGCG 

MOUSE   CCCCCCCCCCCCCACATGTCCTCTGTCTTCTGCTGCCACAAAGGGTTAATCTCTCCTGCG 

RAT     GCAAACCCCTCCCCTATGTCCTCTGTCTTCTGCTGCCACAAAGGGTTAATCTCTCCTGCG 

             * ** ***      **  *  ******* ***  ********************* 

 

HUMAN   GGTAAAAACAGGTCCGCGGAGTCTCTAACTGGCGACAGATGGGCCACTTTCTTCTGGCCA 

MOUSE   GGTAAAAACAGGTCCGCGGAGTCTCTAACTGGCGACAGATGGGCCACTTTCTTCTGGCCA 

RAT     GGTAAAAACAGGTCCGCGGAGTCTCTAACTGGCGACAGATGGGCCACTTTCTTCTGGCCA 

        ************************************************************ 

 

HUMAN   CAAAGGGGCCGGAATGGAGCGCTCCGCGGCATACAAATGGGCAGGTCACGTGGTTCCAGG 

MOUSE   CAAAGGGGCCGGAATGGAGCGCTCCGCGGCATACAAATAGGCAGGTCACGTGGTTCCCGG 

RAT     CAAAGGGGCCGGAATGGAGCGCTCCGCGGCATACAAATAGGCAGGTCACGTGGTTCCCGG 

        ************************************** ****************** ** 

 

HUMAN   CTCTTGGCTGGACCGGGAAGACCATATGGCGCATGCCGGGGAGGAAGGAGGAGGGGCGGG 

MOUSE   CTCTTGGCTGGACCGGGAAGACCATATGGCGCATGCCGGGGAGGAAGGAGCAGGGGCGGA 

RAT     CTCTTGGCTGGACCGGGAAGACCATATGGCGCATGCCGGGGAGGAAGGAGCAGGGGCGGA 

        ************************************************** ********  

 

HUMAN   GGTAGGGGTGGAGGGTGAGGGGAGCGGTTGTCGGAGGAGGGCGGGAGACGAGCAAGGCGT 

MOUSE   GGTACTGTGGGGGTGAGGGGAGTGGTGGTGGAAGGGGGCGGGAGGAAAGTTCTGGGGAGG 

RAT     GGTACTGTGGGGGTGAGGGGAGTGGTGGTGGAAAGGGGCGGGAGGGGAGTTCTAGGGAGG 

        ****  *  ** * * * ** * *  * **     **  **  **  *       ** *  

 

HUMAN   GGGGAGAA----------GT---------------------------------------- 

MOUSE   GGTGAATG-AGGGCGGGAGTCGTTCAGTCTGGACGCGTGCGCGATTGCGGGGCGCAGGGA 

RAT     GGTGAGTGGGGGGCGGGAGTCGCTCAGCCTGGACGCGTGCGCTATTGCGGGGCGCAGGGA 

        ** **             **                                         

 

HUMAN   --------------------------------------------------- 

MOUSE   CCTGCTCGTTGCTCAGCTCACGGCCCCGCCCGCGCTCAGCATCAGCAACTC 

RAT     CCTGCTCGTTGCTCAGCTCACGGCCCCGCCCGCGCTCAGCCTCAGCAACT- 

 

 

FIGURE 8. Alignment depicting conservation of AtEAM binding site in Neurod1 

promoter sequence. Human (chr2:182,545,393-182,545,702), mouse (chr2:79,456,671-

79,457,080) and rat (chr3:72,978,226-72,978,635) Neurod1 promoter sequences were aligned 

with the Clustal Omega(1.1.0) alignment tool. AtEAM (RMCAKMTGKY) predicted binding 

site is colored in yellow. Positions which have a single, fully conserved base are indicated 

with an * (asterisk).
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AtEAM sequences from Neurod1, a known regulated gene of Atoh1, validated the promoter 

search method design and the premise for the promoter studies. 

 To utilize the predicted POU4F3 binding site identified by a position weight matrix 

(Berger et al., 2008), the predicted binding sequence was converted to two ambiguous DNA 

sequences, stringent (POU4F3-S) and weak (POU4F3-W). POU4F3-S maintained the core 

ATTAATDA sequence, while POU4F3-W was further hand annotated to allow one base of 

the ATTAATDA core sequence to be mutated. According to the POU4F3 predicted binding 

position weight matrix, the probability of a real binding site having more than one of these 

core bases mutated is unlikely.  

 Finally, two GFI1 predicted binding sequences were combined to compose one 

ambiguous DNA sequence that represented a hypothesized GFI1 binding site. Two 

variations, TAAAKCACWGCA (Zweidler-Mckay et al., 1996) and GAAATCACAGC 

(Duan and Horwitz, 2003) were combined to yield the ambiguous sequence 

KAAAKCACWGC, which represented both predicted binding sites for this study. The 

limitation of this approach is distinguishing significant binding sites from false positives. 

Promoter regions for Atoh1, Pou4f3 and Gfi1 were extended to 10 kb upstream of the TSS. 

As a result, this extended region is expected to increase the number of false positive binding 

sites discovered simply due to probability of any 10-13 bp sequence being observed. 

Consequently, one approach to circumvent these limitations is to identify the TF binding sites 

within regions of conserved sequences. The VISTA genome browser is well suited for these 

characterizations. Additionally, proximity to the TSS (within 1000 bp) and/or quantity of 

binding sites were evaluated. These criteria were chosen since it is known that the Atoh1 

regulatory network is conserved across a wide diversity of species (Wang et al., 2002). Such 
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evidence would suggest that any elements important for the Atoh1 GRN would also be 

conserved. Potential ATOH1, POU4F3-S, POU4F3-W and GFI1binding sites for the Atoh1, 

Pou4f3 and Gfi1 promoters were next examined with the same approach as the Neurod1 

promoter analysis.  

 

C2. Atoh1 promoter analysis 

To deduce any potential feedback binding from ATOH1, POU4F3 and/or GFI1 with 

regulatory implications on the network, we began the promoter analysis by investigating the 

Atoh1 promoter region. Figure 9 shows the biding sites identified for the Atoh1 promoters. 

While several binding sites were identified, none of the binding sites are in close proximity to 

the TSS nor seem to have an overwhelming quantity within close proximity to each other 

(Figure 9). The closest observed binding site was a POU4F3-W at -2831 bp in the mouse 

promoter and at -2895 bp in the human promoter. Little conservation is observed in the Atoh1 

promoter outside of 1000 bp from the TSS across the available species in the VISTA genome 

browser (Figure 10). It is noted that very small regions of sequence conservation were 

observed in the Atoh1 promoter. These small sequences were further explored and none of 

the TF binding motifs were identified. The paucity of conservation, even within close 

proximity to the TSS, in the Atoh1 promoter region suggests that none of the identified 

binding sites play a major role in Atoh1 gene regulation. Previous studies have identified two 

enhancer elements in the Atoh1 gene that reside 3.4 kb 3’ of the Atoh1 coding region (Helms 

et al., 2000). Further analysis identified these enhancers to drive expression in the inner ear at 

E14.5 and P0 (Helms et al., 2000). Although regulatory elements are often found in the first 

intron of a gene, the Atoh1 gene is intronless and additional regulatory elements can be 
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FIGURE 9. 

 

A. 

 
 

B. 

 

 Atoh1 Promoter Binding Sites 

Species Predicted Binding Sites 

 AtEAM POU4F3-S POU4F3-W GFI1 

Human None -8026bp -2895bp, -3959bp &  

-6494bp 

None 

Mouse -8382bp &  

-9285bp 

None -2831bp, -7395bp &  

-9107bp 

None 

Rat None -3233bp -6637bp None 
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FIGURE 9. Identification of promoter binding sites in human, mouse and rat Atoh1 

promoter regions. (A) Promoter sequences for the examined species Atoh1 genes. Sequence 

and annotation information was obtained from both the UCSC Genome Browser and 

Ensembl Genome Browser. Thick lines depict exon sequences found at or around the TSS of 

each promoter. All other sequences are depicted with a thin line.  Predicted binding sites for 

the AtEAM (RMCAKMTGKY) are shown in blue (█),  

POU4F3-S (HATTAATDANKNH) in red (█), POU4F3-W in orange (█) or GFI1 

(KAAAKCACWGC) in green (█). Stars () represent an AUG translation start site while 

bent arrows () depict a TSS. (B) Table representing the positions of the TF binding sites 

illustrated above. Binding site positions were determined from the TSS.
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FIGURE 10. 
 

 
 

FIGURE 10. Atoh1 conservation using the VISTA-Point Browser. Figure illustrates conservation with the mouse (release 2007, 

chr6:64,669,140-64,686,229) Atoh1 sequence across human, rat, horse and chicken sequences. Exons (blue), UTRs (teal) and areas 

of conservation (red) are shown for each species. Areas of conservation were further investigated for predicted binding sites. 
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downstream. Possible predicted binding sites 3’ to Atoh1 were examined. Only one  

POU4F3-W binding site was observed in the human sequence at +3857 bp from the TSS. No 

other binding sites were detected in the 3’ region of the human Atoh1 as well as in rat and 

mouse sequences. Our promoter analysis, taken together with our qPCR and microarray data, 

insinuates that neither Pou4f3 nor Gfi1 play a role in Atoh1 gene regulation. However, this is 

not all that surprising since Atoh1 is known to be expressed before Pou4f3 or Gfi1 in the 

inner ear, since neither is observed in the Atoh1 null mutant (Bermingham et al., 1999). 

 

C3. Pou4f3 promoter analysis 

 Predicted binding sites observed in the 10 kb Pou4f3 promoters are shown in Figure 

11. Computational TSSs of the Pou4f3 gene are available for the human and mouse promoter 

regions (Flicek et al., 2013; Meyer et al., 2013). However, the rat TSS was not defined by the 

UCSC or Ensemble Genome Browsers. Two approaches were used to predict the putative rat 

TSS; 1) the sequence 5’ upstream to the coding region was compared to the mouse sequence 

and 2) a predicted TATA binding site up to the AUG translation start codon was identified by 

sequence alignment. There was a >98% similarity observed in this region between rat and 

mouse (data not shown). This prediction is marked with a light green bent arrow in Figure 

11. 

Several predicted TF binding sites are identified 10 kb upstream of the Pou4f3 TSS. 

Two sites were within 1 kb upstream of the TSS and no apparent conservation of binding 

sites was found. The mouse promoter has a single AtEAM binding site (-726 bp), but this is 

not observed in the human or rat sequences. The Pou4f3 promoter region was examined in a 

number of species for conservation (Figure 12). Very little conservation was observed > 1kb
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FIGURE 11. 

 

A. 

 
 

 

B. 

 

 Pou4f3 Promoter Binding Sites 

Species Predicted Binding Sites 

 AtEAM POU4F3-S POU4F3-W GFI1 

Human -7712bp None +407bp, -6203bp &  

-7007bp 

None 

Mouse -726bp & -5273bp -3039bp +458bp, -5320bp & 

7926bp 

None 

Rat None -6556bp +428bp, -902bp,  

-2577bp, -3406bp &  

-5414bp 

None 
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FIGURE 11. Identification of promoter binding sites in human, mouse and rat Pou4f3 

promoter regions. (A) Promoter sequences for examined species Pou4f3 genes. Sequence 

and annotation information was obtained from both the UCSC Genome Browser and 

Ensembl Genome Browser. Thick lines depict exon sequences found at or around the TSS of 

each promoter. All other sequence is depicted with a thin line.  Predicted binding sites for the 

AtEAM (RMCAKMTGKY) are shown in blue (█), POU4F3-S (HATTAATDANKNH) in 

red (█), POU4F3-W in orange (█) or GFI1 (KAAAKCACWGC) in green (█). Stars () 

represent an AUG translation start site while bent arrows () depict a TSS. Light green bent 

arrow () depicts predicted TSS for the rat promoter. (B) Table representing the positions of 

the TF binding sites illustrated above. Positions were calculated from the TSS.
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FIGURE 12. 

 

 
 

 

FIGURE 12. Pou4f3 conservation using the VISTA-Point Browser. Figure illustrates conservation with the mouse (release 

2007, chr6:64,669,140-64,686,229) Pou4f3 sequence across human, rat, horse and chicken sequences. Exons (blue), UTRs (teal) 

and areas of conservation (red) are shown for each species. Areas of conservation were further investigated for predicted binding 

sites. 
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upstream of the Pou4f3 TSS. Small regions of conservation were examined for the TF 

binding sites but no predicted binding sites were identified. 

One putative POU4F3-W binding site was observed in the first intron that appears 

across the three species. Specifically, the POU4F3-W binding site is observed at +407 bp, 

+458 bp and +428 bp in the human, mouse and rat promoters respectively. Initial 

conservation inspection revealed that this intron has some conservation across several 

species. Figure 13 shows the alignment observed in the intron of these three species and 

further reveals this intron exhibits high homology.  

 

C4. Gfi1 promoter analysis 

 The Gfi1 promoter sequence was examined for predicted ATOH1, POU4F3 and GFI1 

binding sites. Unlike NeuroD1, Atoh1 or the Pou4f3 genes, Gfi1 has several predicted and 

experimentally observed TSSs. Too be consistent with previous promoter searches, the 10 kb 

promoter sequence was identified as being upstream of the most 5’ TSS available. These 

multiple TSSs are depicted in Figure 14.  

Figure 14 shows the identified predicted TF binding sites for Gfi1. Several predicted binding 

sites were identified in the human, mouse and rat Gfi1 promoters. Only a few binding sites 

were found within the 1 kb proximity of the TSS. There were no clusters of binding sites. A 

POU4F3-S binding site was located at -391 bp in the human promoter but not in the mouse 

or rat. A single rat POU4F3-S binding site was present at -2688 bp. An AtEAM binding site 

in intron 1 of the TSS in all three species was located at +1121 bp, +81 bp and +257 bp in 

human, mouse and rat respectively. 
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FIGURE 13. 

 

HUMAN   GTACGTAGTGGAGCATAATTACCGCTCTAAGGCACATTTTTTGACAGGCACTAG 

MOUSE   GTACGTAGCGGAGCATAATTACCGCTCTAAGGCACATTTTTTGACAGGCACTAG 

RAT     GTACGTAGCGGAGCATAATTACCGCTCTAAGGCACATTTTTTGACAGGCACTAG 

        ******** ********************************************* 

 

HUMAN   CTTCATGTTTTTTTCATGTCGCCCAGAACAATCGCCGCTGTCTGAACCCCTCTC 

MOUSE   CTTCATGTTTTTTTCATGTCGCCCAGAACAATCGCCGCTGTCTGAACCCCTCGC 

RAT     CTTCATGTTTTTTTCATGTCGCCCAGAACAATCGCCGCTGTCTGAACCCCTCGC 

        **************************************************** * 

 

HUMAN   CTTGTCTCCCCCGCGTTCTCTCCCGGCGCG------------------------ 

MOUSE   CTTGTCTCCCCCGCGCTCTCTCGCGGCTCTCTCTCTCTCTCTCTCTCTCTCTCT 

RAT     CTTGTCTCCCCCGCGCTCTCTCGCGGCGCGCTCTC------------------- 

        *************** ****** **** *                          

 

HUMAN   ------------CTCTCTCTCTCATTCATGTCTCTGATCCACACGTCTGTTCCA 

MOUSE   CTCTCTCTCTCTCTCTCTCTCTCATTCATGTCTCTGATCCACACGTCTGTTCCA 

RAT     -----------TCTCTCTCTCTCATTCATGTCTCTGATCCTCACGTCTGTTCCA 

                    **************************** ************* 

 

HUMAN   GCAGAGCCGCTGCCTCCGTATTAATTTTTATGACCTGGGCTTTGAGGAGAGGCA 

MOUSE   ACAGAGAGGCTGCCTCCGTATTAATTTTTATGACCTGGGCTTTGAGGAGAGGCA 

RAT     ACAGAGAGGCTGCCTCCGTATTAATTTTTATGACCTGGGCTTTGAGGAGAGGCA 

         *****  ********************************************** 

 

HUMAN   TCTCGGTTGCTTGAAAATGTGTTTTAATCCTGTGTTGACAGTATTCCCTACTGA 

MOUSE   TCTCGGTTGCTTGAAAATGTGTTTTAATCCTGAGTTGACAGTATTCCCCACTGA 

RAT     ACTCGGTTGCTTGAAAATGTGTTTTAATCCTGAGTTGACAGTATTCCCCACTGA 

         ******************************* *************** ***** 

 

HUMAN   CCGTGCTGTGCGCCTTCTCGCTTGCAG 

MOUSE   CCGTGCTGTGCGCCTTCTCGCTTGCAG 

RAT     CCGTGCTGTGCGCCTTCTCGCTTGCAG 

        *************************** 

 

FIGURE 13. Alignment depicting conservation of Pou4f3 intron. Human 

(chr5:145,718,796-145,719,110), mouse (chr18:42,394,763-42,395,113) and rat 

(chr18:36,378,633-36,378,953) Pou4f3 first intron sequences were aligned with the Clustal 

Omega (1.1.0) alignment tool. The observed POU4F3-W predicted binding site is colored in 

orange. Positions which have a single, fully conserved base are indicated with an * (asterisk). 
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FIGURE 14. 

  

A. 

 
 

 

B. 

 Gfi1 Promoter Binding Sites 

Species Binding Sites 

 AtEAM POU4F3-S POU4F3-W GFI1 

Human +1121bp -391bp -842bp, -1147bp &  

-6057bp 

+2895bp 

Mouse +81bp, -3271bp &  

-5162bp 

None -5073bp &  

-5488bp 

None 

Rat +257bp &  

-3299bp 

-2688bp -1783bp &  

-4984bp 

None 
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FIGURE 14. Identification of promoter binding sites in human, mouse and rat Gfi1 

promoter regions. (A) Promoter sequences for examined species Gfi1 genes. Sequence and 

annotation information was obtained from both the UCSC Genome Browser and Ensembl 

Genome Browser. Thick lines depict exon sequences found at or around the TSS of each 

promoter. All other sequence is depicted with a thin line.  Predicted binding sites for the 

AtEAM (RMCAKMTGKY) are shown in blue (█),  

POU4F3-S (HATTAATDANKNH) in red (█), POU4F3-W in orange (█) or GFI1 

(KAAAKCACWGC) in green (█). Stars () represent an AUG translation start site while 

bent arrows () depict a TSS. (B) Table representing the positions of TF binding sites 

illustrated above. Binding site positions were calculated from the most 5’ TSS of each 

species. 
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 As shown in Figure 15 there was little conservation observed upstream of 

approximately 2000 bp of all three TSSs. Small regions of conservation were detected, but 

none contain TF binding sites. Little to no conservation around the AtEAM site was 

identified despite the three species showing a slight amount of homology. Taken as a whole, 

the mouse and rat promoter regions exhibited a higher homology than with the human 

sequence.   

 

D. Specific Aim 3 – Microarray Bioinformatics 

D1. Ingenuity Pathway Analysis (IPA) 

 Distillation of transcriptome alteration due to TF expression into known and new 

gene networks was performed using IPA (Ingenuity Systems, www.ingenuity.com). Since the 

maximum differential changes occurred at 48 hours, we chose to focus our IPA analyses on 

data accrued at 48 hours after transfection with the TFs. Additional criteria also lead to 

selection of this time point. One, the WasFP intensity was highly prominent and two, the TFs 

should have ample time to produce transcriptome changes. Also, the changes should reflect 

those directly associated with the TF and not downstream or indirect effects.  

 Another way to examine the IPA data was to identify the molecular networks that 

exhibited uniformity in the pattern of expression properties and the collective roles of 

members in eliciting a biological response. Networks with these qualities were examined 

further.  

http://www.ingenuity.com/
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FIGURE 15. 
 

 
 

 

FIGURE 15. Gfi1 conservation using the VISTA-Point Browser. Figure illustrates conservation with the mouse (release 2007, 

chr5:108,145,674-108,163,363) Gfi1 sequence across human, rat, horse and chicken sequences. Exons (blue), UTRs (teal) and 

areas of conservation (red) are shown for each species. Areas of conservation were further investigated for predicted binding sites. 
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D2. Molecular and cellular functions comparisons 

 Normalized microarray probeset intensity data from Atoh1, Pou4f3 and Gfi1 samples 

at 48 hours were compared with the IRES-WasFP control using the IPA software. A common 

feature among the 3 TFs were the general biological functions in the “Molecular and Cellular 

Functions,” category. Both “Cell Cycle” and “Cell Death and Survival” are listed for each TF 

(Table 6). Additionally, Atoh1 and Gfi1 share “DNA Replication, Recombination and 

Repair,” while Pou4f3 and Gfi1 share “Cellular Assembly and Organization” as top 

“Molecular and Cellular Functions.” Notably, the TFs have a number of analogous biological 

functions through their global changes in gene expression. 

 

D3. Atoh1 IPA 

 Atoh1 exhibited three gene networks that fit our criteria.  Figure 16 and Table 7 

display the top network. This gene network had a central downregulated ubiquitin-C (Ubc) 

gene. The other members were identified as having protein-protein interactions with the UBC 

protein. The genes from these other members exhibited a differential upregulation. 

Biologically, these upregulated genes implicate a general function of cell cycle progression. 

 The second gene network (Figure 17, Table 8) identified displayed uniform 

upregulation of the members within this network. Atoh1-Network 2 contained a number of 

genes associated with cellular assembly, cell cycle and DNA replication. In fact, the 

differentially expressed genes with ≥ 2.0 log2 fold change function to varying degrees in 

mitosis, meiosis or growth factor regulation. Specifically, gene associated with spindle 

formation, chromosome segregation and microtubule association were in this network. 

Additionally Atoh1-Network 2 displayed one transcription regulator, TFDP2, which is 
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TABLE 6. 

 

 

Atoh1 
 

Molecular and Cellular Functions # of Molecules 

Cell Cycle 130 

Cellular Assembly and Organization 93 

DNA Replication, Recombination and Repair 84 

Cell Death and Survival 190 

Cellular Growth and Proliferation 187 

 

Pou4f3 

Cell Cycle 119 

Cell Death and Survival 176 

Cellular Assembly and Organization 110 

Cellular Function and Maintenance 134 

Cellular Development 152 

 

Gfi1 

Cell Cycle 74 

Cell Death and Survival 107 

Cellular Assembly and Organization 31 

DNA Replication, Recombination and Repair 56 

Cellular Movement 49 

 

TABLE 6. Top Molecular and Cellular Functions identified by IPA. Top five molecular 

and cellular functions listed in the IPA summaries for each TF. Number of molecules was 

identified according to GO terms associated with the gene products of differentially 

expressed genes (TF 48 hour vs. IRES-WasFP).  
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FIGURE 16. 

 
 

FIGURE 16. The Atoh1-UBC network. Differentially expressed genes demonstrated a log2 

fold change ≥ 1.5 (red) or ≤ -1.5 (green) and a p-value ≤ 0.06 when compared to control 

(IRES-WasFP). Ingenuity characterizes the shapes as follows; diamond-enzyme, rectangle-

ion channel, trapezoid-transporter and circle-other. 
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TABLE 7. 

 

Gene Mouse Entrez 

Gene ID 

Log2 Fold 

Change 

p-value Intensity 

GATSL2 80909 2.50 8.16E-03 117.02 

APOOL 68117 2.41 3.34E-03 360.52 

GEN1 209334 2.37 2.16E-04 765.45 

MOSPD1 70380 2.31 1.58E-03 947.18 

HYLS1 76832 2.12 2.00E-02 95.97 

NSUN3 106338 2.09 2.52E-03 360.75 

ALG9 102580 2.03 2.18E-03 149.66 

CKAP2L 70466 2.02 1.07E-03 226.81 

KIAA0528 74741 1.97 5.22E-04 251.97 

GDPD1 66569 1.93 3.99E-03 534.15 

KIF18B 70218 1.91 1.02E-03 478.44 

METTL4 76781 1.91 5.00E-02 287.93 

BHLHB9 70237 1.90 1.00E-02 201.85 

DENND4C 329877 1.90 4.21E-03 200.72 

C1orf112 381306 1.88 6.48E-04 253.03 

CENPL 70454 1.79 1.78E-04 100.60 

CXorf38 69155 1.76 5.79E-04 212.82 

NRM 106582 1.76 5.53E-03 237.34 

TMEM50A 71817 1.76 2.86E-04 594.57 

SLC25A36 192287 1.73 7.35E-03 319.30 

TMEM39A 67846 1.73 2.00E-02 559.45 

DCAKD 68087 1.72 1.99E-03 691.49 

PHTF2 68770 1.69 3.00E-02 72.08 

ABHD2 54608 1.67 1.00E-03 488.09 

CSPP1 211660 1.67 4.00E-02 227.09 

RNASEH2B 67153 1.67 1.00E-02 197.35 

PDPR 319518 1.66 2.00E-02 106.25 

NBEAL1 269198 1.64 6.00E-02 76.81 

PCMTD1 319263 1.64 4.29E-03 408.35 

CLCC1 229725 1.63 2.65E-03 413.24 

TMEM106C 380967 1.63 2.00E-02 188.82 

PRPSAP2 212627 1.62 2.00E-02 183.45 

TRMT2B 215201 1.62 4.00E-02 49.78 

TPGS2 66648 1.60 8.36E-03 319.93 

UBC 22190 -1.95 3.00E-02 386.66 

 

TABLE 7. Differentially expressed genes observed in IPA Atoh1-UBC. Table shows 

genes in descending order of log2 fold change (Atoh1 48 hour vs. IRES-WasFP) and their 

respective, p-value, microarray intensity value and Entrez Gene ID number.
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FIGURE 17. 

 

 
 

FIGURE 17. Atoh1 48 hour IPA Network 2. Differentially expressed genes demonstrated a 

log2 fold change ≥ 1.5 (red) with a p-value ≤ 0.06. Partially colored circles represent a family 

of multiple genes where only some members are differentially expressed. Ingenuity 

characterizes the shapes as follows; diamond-enzyme, triangle-kinase, square-cytokine, oval-

transcription regulator and circle-other
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TABLE 8. 

Gene Mouse Entrez 

Gene ID 

Log2 Fold 

Change 

p-value Intensity 

SPRED2 114716 3.23 9.69E-04 736.22 

CENPF 108000 2.64 1.80E-05 811.82 

AURKB 20877 2.56 3.46E-06 403.87 

KIF11 16551 2.54 5.40E-06 1006.61 

ASPM 12316 2.35 1.03E-04 199.09 

KIF14 381293 2.31 1.73E-04 323.60 

CASC5 76464 2.18 3.30E-04 827.51 

TTK 22137 2.15 4.41E-04 672.17 

HMMR 15366 2.13 8.28E-03 467.08 

GPSM2 76123 2.07 2.59E-03 275.27 

TFDP2 211586 1.98 4.04E-03 591.74 

B3GNT2 53625 1.89 1.10E-03 775.04 

SPC25 66442 1.89 2.69E-03 476.61 

KIF4A 16571 1.87 2.59E-05 709.54 

IL17RD 171463 1.86 4.51E-05 158.90 

SKA3 219114 1.85 2.05E-03 786.86 

BNIP3L 100043324|12177 1.83 5.77E-03 1036.09 

FBXO5 67141 1.83 2.16E-03 782.00 

DYNLT3 67117 1.81 3.99E-03 1453.74 

FIGF 14205 1.81 7.40E-03 341.93 

CENPE 229841 1.76 1.94E-04 897.76 

SGOL1 72415 1.75 1.00E-02 648.67 

NDC80 67052 1.74 8.42E-04 1235.91 

PBRM1 66923 1.74 1.66E-03 321.78 

BUB1B 12236 1.71 5.43E-04 699.57 

NUF2 66977 1.69 4.37E-05 705.04 

CDC27 217232 1.65 7.30E-04 1010.33 

BUB1 12235 1.64 2.37E-03 1047.61 

AGK 69923 1.61 2.03E-03 134.93 

CDCA8 52276 1.61 1.00E-02 441.51 

PRC1 233406 1.60 2.00E-02 635.83 

APC (complex)* - - - - 

Dynein* - - - - 

ERK1/2* - - - - 

Scf Trcp beta* - - - - 
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TABLE 8. Differentially expressed genes listed in Atoh1-Network 2. Table shows genes 

in descending order of log2 fold change (Atoh1 48 hour vs. IRES-WasFP) and their 

respective, p-value, microarray intensity value and Entrez Gene ID number. Protein families 

are denoted with a *, where data is not given. 
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associated with E2F and its ability to bind promoters of genes in regulation of cell cycle and 

DNA replication (Zhang and Chellappan, 1995).  

 Atoh1-Network 3 (Figure 18, Table 9) contained a number of differentially expressed 

genes with ≥ 2.0 log2 fold change. These genes were associated with cell cycle or histone 

modulation. Of note, one gene with a log2 fold change of -2.55 was Immediate Early 

Response 3 (IER3). IER3 holds a complex function in the regulation of cell cycle and 

apoptosis (Arlt and Schafer, 2011). This Atoh1-Network also included three transcription 

regulators. These were FOXO3, ELF4 (also known as myeloid Elf-1-like factor, or MEF) and 

NFIA, B and C (Nuclear Factor I (NFI) family members). The common biological function 

of the 3TF is their role in cell cycle and DNA replication (Chaudhry et al., 1997; Lacorazza 

et al., 2006; Maiese et al., 2009). The three Atoh1 gene networks appear to be associated with 

cell cycle. 

 

D4. Pou4f3 IPA 

 Only one prominent gene network was identified for Pou4f3. Figure 19 and Table 10 

illustrate this gene network and the gene expression data for Pou4f3-Network 1. Common 

functions of cell cycle and DNA replication were characteristic of the network. Some 

variations within the members of this network were present. The highly upregulated gene, 

Sprouty-Related EVH1 Domain containing 2 (SPRED2), is known to inhibit ERK1/2 and 

suppress proliferation (King et al., 2005). In contrast, Polo-Like Kinase 2 (PLK2) was the 

most downregulated gene in this network and was shown to retard growth and skeletal 

development within PLK2 deficient mice (Ma et al., 2003). The opposing regulation of 

SPRED2 and PLK2 may function to provide a fine-tuning of the rate of 
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FIGURE 18. 

 

 

FIGURE 18. Atoh1 48 hour IPA Network 3. Differentially expressed genes demonstrated a 

log2 fold change ≥ 1.5 (red) or ≤ -1.5 (green) and a p-value ≤ 0.06. Partially colored circles 

represent a family of multiple genes where only some members are differentially expressed. 

Ingenuity characterizes the shapes as follows; diamond-enzyme, triangle-phosphatase, upside 

down triangle-kinase, oval-transcription regulator and circle-other.
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TABLE 9. 

Gene Mouse Entrez 

Gene ID 

Log2 Fold 

Change 

p-value Intensity 

ATOH1 11921 148.12 1.07E-07 5370.11 

HIST1H1B 56702 2.40 6.96E-04 836.56 

UBE2C 68612 2.14 8.85E-05 509.51 

RBL2 19651 2.04 3.90E-04 125.65 

CCNF 12449 2.02 8.76E-03 129.94 

PPP3CC 19057 1.87 2.00E-02 198.97 

ELF4 56501 1.83 3.12E-03 269.39 

Ccnb1/Gm5593 268697|434175 1.82 4.90E-04 1595.49 

CCNA2 12428 1.80 1.33E-04 1467.69 

SKP2 27401 1.79 6.83E-04 243.54 

CCNG2 12452 1.77 5.75E-03 55.99 

NFIA 18027 1.74 5.00E-02 92.99 

PIK3C3 225326 1.73 9.95E-05 180.23 

TNS1 21961 1.73 4.00E-02 69.03 

NRBP1 192292 1.71 5.46E-04 813.36 

MLF1 17349 1.68 8.14E-03 109.52 

SDC2 15529 1.67 1.00E-02 514.70 

CAPG 12332 1.65 3.00E-02 416.51 

NFIB 18028 1.62 2.58E-04 1000.21 

NFIC 18029 1.61 5.00E-02 395.64 

CHKA 12660 -1.61 1.58E-04 255.35 

FOXO3 56484 -1.77 4.00E-02 210.30 

IER3 15937 -2.55 9.05E-04 370.31 

c-Src* - - - - 

Cdc2* - - - - 

Cdk* - - - - 

Cyclin A* - - - - 

Cyclin B* - - - - 

Cyclin D* - - - - 

Cyclin E* - - - - 

Histone H1* - - - - 

Laminin1* - - - - 

Nuclear factor 1* - - - - 

PI3K (complex)* - - - - 

SWI-SNF* - - - - 

 

 

 



 

85 

 

TABLE 9. Differentially expressed genes listed in Atoh1-Network 3. Table shows genes 

in descending order of log2 fold change (Atoh1 48 hour vs. IRES-WasFP) and their 

respective, p-value, microarray intensity value and Entrez Gene ID number. Protein families 

are denoted with a *, where data is not given. 
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FIGURE 19. 

 

FIGURE 19. Top Network listed in Pou4f3 IPA. Differentially expressed genes 

demonstrated a log2 fold change ≥ 1.5 (red) or ≤ -1.5 (green) and a p-value ≤ 0.06. Partially 

colored circles represent a family of multiple genes where only some members are 

differentially expressed. Ingenuity characterizes the shapes as follows; diamond-enzyme, 

triangle-phosphatase, upside down triangle-kinase, oval-transcription regulator, square-

cytokine/growth factor and circle-other. 
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TABLE 10. 

Gene Mouse Entrez 

Gene ID 

Log2 Fold 

Change 

p-value Intensity 

SPRED2 114716 2.67 1.00E-02 614.69 

CENPF 108000 2.37 2.61E-03 776.78 

FIGF 14205 2.35 5.00E-02 507.64 

STXBP4 20913 2.34 4.31E-04 172.86 

KIF11 16551 2.30 2.04E-03 830.27 

KIF2C 73804 2.21 9.03E-03 228.81 

ECT2 13605 2.04 2.96E-04 593.26 

IL17RD 171463 2.03 1.00E-02 160.91 

HMMR 15366 2.01 2.00E-02 437.35 

KDM5B 75605 1.93 1.00E-02 85.51 

AURKB 20877 1.92 7.41E-03 325.82 

Rab5b 19344 1.88 3.20E-03 373.70 

UBE2C 68612 1.87 2.18E-03 451.12 

CEP192 70799 1.85 3.00E-02 81.13 

NCAPH 215387 1.83 4.20E-03 565.70 

BUB1 12235 1.79 1.00E-02 1248.18 

CASC5 76464 1.79 2.00E-02 686.71 

RAPGEF2 76089 1.78 6.03E-03 164.92 

AXIN2 12006 1.73 2.14E-03 107.76 

PLK1 18817 1.73 6.68E-03 450.14 

ERCC6L 236930 1.68 8.10E-03 711.45 

CDC27 217232 1.66 7.10E-03 1045.78 

TPX2 72119 1.66 5.19E-05 789.27 

DLGAP5 218977 1.62 8.14E-03 1138.67 

AURKA 20878 1.61 2.00E-02 927.02 

PSRC1 56742 -1.61 3.00E-02 83.51 

FDPS 110196 -1.85 2.00E-02 310.46 

PLK2 20620 -1.90 1.00E-02 1263.58 

APC (complex)* - - - - 

ERK1/2* - - - - 

Mi2* - - - - 

MIR320* - - - - 

Plk* - - - - 

potassium 

channel* 

- 

- - - 

Rab5* - - - - 
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TABLE 10. Differentially expressed genes observed in IPA Pou4f3-Network . Table 

shows genes in descending order of log2 fold change (Pou4f3 48 hour vs. IRES-WasFP) and 

their respective, p-value, microarray intensity value and Entrez Gene ID number. Protein 

families are denoted with a *, where data is not given.
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proliferation. CENPF, KIF11 and KIF2C are three other notable upregulated genes in 

Pou4f3-Network 1. Gene products of these genes all have functions related to centromere 

separation, suggestive of dividing and proliferating cells. In general this putative network 

may not impact on the proliferative responses of the Pou4f3 transfected IMO-2B1 cells. 

 

D5. Gfi1 IPA 

For Gfi1 there was one gene network that fit our criteria (Figure 20, Table 11). 

Interestingly, this gene network was similar to Atoh1-UBC and so we designated this 

network as Gfi1-UBC (Figure 16 and Figure 20). A central gene, Ubc, was present and was 

downregulated. The remaining members increased in expression and were able to interact 

with the UBC protein. There was overlap between the Atoh1-UBC and Gfi1-UBC networks. 

The two networks shared 13(~40%) common genes, which are ALG9, APOOL, CKAP2L, 

DENND4C, GEN1, KIAA0528, KIF18B, METTL4, NBEAL1, NSUN3, PDPR, PHTF2 and 

SLC25A36. Gene regulation of Ubc and the interacting protein partners were central to both 

Atoh1 and Gfi1 regulation of IMO-2B1 cells. 
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FIGURE 20. 

 
FIGURE 20. The Gfi1-UBC network. Differentially expressed genes demonstrated a log2 

fold change ≥ 1.5 (red) or ≤ -1.5 (green) and a p-value ≤ 0.06 when compared to the control 

(IRES-WasFP). Ingenuity characterizes the shapes as follows; diamond-enzyme, rectangle-

ion channel, trapezoid-transporter and circle-other. 
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TABLE 11. 

 

Gene Mouse Entrez 

Gene ID 

Log2 Fold 

Change 

p-value Intensity 

KIAA1109 229227 2.83 5.87E-04 138.54 

GEN1 209334 2.48 9.98E-05 911.64 

G2E3 217558 2.38 3.11E-03 282.64 

APOOL 68117 1.95 5.00E-02 305.42 

METTL4 76781 1.84 1.09E-03 242.12 

MTX3 382793 1.83 7.24E-03 71.10 

SLC25A36 192287 1.82 8.73E-03 364.69 

KIAA0528 74741 1.80 2.00E-02 235.49 

PHTF2 68770 1.78 3.00E-02 83.50 

ZNF608 269023 1.78 7.19E-03 149.41 

CKAP2L 70466 1.77 3.00E-02 181.88 

ARHGAP19 71085 1.76 1.97E-04 200.12 

ALG9 102580 1.75 4.00E-02 130.26 

TMEM171 380863 1.75 2.41E-03 558.24 

ZNF317 244713 1.75 6.05E-03 84.93 

KIF18B 70218 1.72 2.96E-03 414.92 

NBEAL1 269198 1.72 3.00E-02 92.72 

DENND4C 329877 1.70 4.38E-04 215.68 

COQ5 52064 1.69 1.00E-02 337.04 

TICRR 77011 1.68 2.00E-02 384.74 

PDPR 319518 1.67 1.00E-02 91.81 

SLC39A10 227059 1.67 2.27E-05 555.20 

TRAPPC1 245828 1.67 5.00E-02 408.02 

NSUN3 106338 1.66 1.05E-03 279.10 

RSPRY1 67610 1.66 3.00E-02 190.36 

HEATR6 217026 1.65 2.69E-03 167.08 

C5orf42 73692|546032 1.64 1.40E-03 181.23 

TRMT5 76357 1.63 4.00E-02 312.06 

HEATR5B 320473 1.62 1.00E-02 188.64 

PLEKHA8 231999 1.62 1.00E-02 170.52 

PIEZO1 234839 1.61 2.00E-02 259.41 

C10orf76 71617 1.60 8.35E-03 141.74 

UBC 22190 -2.02 2.00E-02 296.21 

 

TABLE 11. Differentially expressed genes observed in IPA Gfi1-UBC. Table shows 

genes in descending order of log2 fold change (Gfi1 48 hour vs. IRES-WasFP) and their 

respective, p-value, microarray intensity value and Entrez Gene ID number. 
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IV. DISCUSSION 

 These studies are an initial step in determining if a regulatory cascade of the TFs 

ATOH1, POU4F3 and GFI1 exists in HC development and maintenance. These results 

demonstrated that Atoh1, Pou4f3 and Gfi1 are not directly and sequentially regulated as part 

of the hypothetical Atoh1 GRC. Through microarray analysis, we examined the differential 

expression of genes at 24, 48 and 72 hours in the sorted, transfected IMO-2B1 cells. None of 

these time points exhibited an upregulation of the predicted downstream TFs in the Atoh1 

GRC. We confirmed these observations by qPCR. The paucity of binding sites for ATOH1 in 

the promoter region of Pou4f3 and POU4F3 binding sites in the promoter of Gfi1 further 

support the contention that the direct regulation is unlikely. These data together suggest that 

the three TFs are part of a larger Atoh1 GRN but do not represent a direct GRC.  

Two recent studies identified potential target genes for ATOH1. Klisch et al. (2011) 

found over 600 target genes directly regulated by ATOH1 in the mouse postnatal cerebellum. 

Subsequently, Lai et al. (2011) identified transcripts enriched in an Atoh1 derived lineage of 

the dorsal spinal cord. ATOH1 driven genes in the cerebellar and spinal cord cells were 

partially overlapping, suggesting cell context was important to define the availability of 

ATOH1 targets. Neither of these studies demonstrated that Pou4f3 was a direct target of 

ATOH1. Our results concurred with these findings, since Pou4f3 was never differentially 

expressed in the Atoh1 transfected cells. There is limited data for POU4F3 and GFI1 gene 

targets. Two studies suggest Caprin-1 and Lhx3 as potential targets of POU4F3 in the 

auditory system (Hertzano et al., 2007; Towers et al., 2011). Presently, global gene target 

studies have yet to be reported. Only a few predicted targets of GFI1 were observed. One 

study utilizing chromatin immunoprecipitation revealed 32 binding sites over a set of 16 
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genes (Duan and Horwitz, 2003). No additional investigations were reported. None of the 

TFs of the Atoh1 GRC were identified as potential targets of POU4F3 or GFI1. Presently, 

there are no experimental data that provide evidence of an Atoh1 GRC that involves Pou4f3 

and Gfi1. 

Atoh1 has been speculated to play varying roles in several developing tissues 

depending on the cellular context and active signaling pathways available for each specific 

cell type (Klisch et al., 2011). As such, the differential expression projected as part of the 

Atoh1 GRN could vary depending on tissue and cell type (Klisch et al., 2011; Lai et al., 

2011). We identified Atoh1 TF targets at 48 hours and these represented the Atoh1 GRN in 

the context of IMO-2B1 cells. Comparison of the three cell types showed that there was very 

little overlap in the ATOH1 targeted TFs of the cerebellar, spinal cord and IMO-2B1 cells. 

Available cofactors and epigenetic changes, such as DNA methylation and histone 

modification, could establish various Atoh1 GRNs that are specific for each cell type. Having 

predicted unrelated GRNs for Atoh1 in several cellular contexts seems to advocate Atoh1’s 

diverse set of gene regulatory roles depending on the tissue and developmental contexts.  

 The onset of Atoh1, Pou4f3 and Gfi1 transcripts in the inner ear and the length of 

expression of these factors can provide additional insights into the regulatory associations of 

Atoh1, Pou4f3 and Gfi1. Atoh1 expression is first detected in the inner ear around E12.5 

according to ISH or E11.5 with EGFP driven by the Atoh1 enhancer (Matei et al., 2005; 

Yang et al., 2010b). Subsequently, expression begins to decrease by P3 in a basal to apical 

gradient (Yang et al., 2010b). In contrast, Pou4f3 and Gfi1 expression is first detected at 

E12.5 in the inner ear, but both remain throughout adulthood (Wallis et al., 2003; Xiang et 

al., 1998). Given the timing of this expression pattern, it can be inferred that if these TFs are 
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directly regulating each other, it will most likely occur in a 12-24 hour time window. 

Providing additional time for the transcripts to elevate and become detectable by our 

microarray and qPCR techniques, we expect a time frame of 24-48 hours should include any 

directly regulated genes. At the 48 hour time point, our results do not exhibit the differential 

expression of the TFs of the predicted Atoh1 GRC. Even at the 72 hour time points, which 

should be ample time for these factors to induce regulation, our results still do not indicate 

any direct regulation. The alternative hypothesis is that Atoh1, Pou4f3 and Gfi1 are indirectly 

associated as part of an Atoh1 GRN in inner ear HCs and is supported by our findings. 

  Tissue and the cellular expression patterns of Atoh1, Pou4f3 and Gfi1 are fairly 

restricted. According to the expressed sequence tag (EST) profiles, which are inferred by 

EST counts in cDNA libraries, Atoh1 expression is highly restricted to a small number of 

cellular tissue types. The EST profiles on NCBIs UniGene show Atoh1 is found in the brain, 

embryonic tissue and intestine. Pou4f3 expression is limited to the eye and spinal cord. Gfi1 

has a wider, but still restrictive expression pattern and is present in the bone marrow, liver, 

lung, mammary gland, testis and the thymus. Besides their known expression in the ear, these 

EST profiles do not indicate any additional overlap in expression of the three TFs. If the 

predicted Atoh1 GRC consisted of direct regulation among the TFs, more overlap in 

expression would most likely be present. Furthermore, our study of exploring this cascade in 

the inner ear is properly validated as it’s one of the few tissues where all three of these TFs 

are known to be expressed concurrently in vivo.  

 With the appropriate developmental context potentially influencing our results, we 

employed a bioinformatic promoter analysis that is context independent. We found no 

evidence of significant ATOH1 binding sites on the Pou4f3 promoter or POU4F3 binding 
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sites on the Gfi1 promoter. Furthermore, we did not observe any significant regulation 

apparent between any of the investigated TFs. Results of these analyses further supported our 

conclusions drawn from the microarray and qPCR results and convey the hypothesized Atoh1 

GRC is not comprised of a direct sequential relationship, regardless of cellular context.  

 One reoccurring theme that was routinely present in the IPA bioinformatic results 

were the differential expression of genes associated with GO cell cycle and cell proliferation 

classifications. Through this analysis we identified three predicted molecular networks for 

Atoh1 and one molecular network for both Pou4f3 and Gfi1 (Figures 16 - 20) (Tables 7 -11). 

These networks all displayed uniform patterns of gene expression that consisted of genes 

with varying characteristics related to proliferation, the mechanism of mitosis and the 

regulation of cell cycle. Generally speaking, GRNs affect the transcriptome by regulating the 

transcription of various genes and elicit a cellular response through the subsequently 

translated gene products. The top predicted networks identified in the IPA summaries of 

Atoh1 (Atoh1-UBC) and Gfi1 (Gfi1-UBC), revealed an additional regulatory effect that these 

networks may possess. Both networks exhibited a central downregulated Ubc gene. 

Moreover, several of the upregulated genes surrounding the central Ubc gene were again 

linked with cell cycle and cell proliferation categories. Ubc is one of two polyubiquitin genes 

found in mammals (Wiborg et al., 1985). One of the major functions of Ubc is its ability to 

regulate the amount of cellular ubiquitin (Ub) in a cell (Ryu et al., 2007). Each Ub unit has 

the ability to bind proteins and direct the intracellular transport of proteins. Additionally, Ub 

is a key component in the ubiquitin-mediated degradation of regulatory proteins (Hershko 

and Ciechanover, 1998). By downregulating Ubc, Atoh1 and Gfi1 appear to simultaneously 

cause the upregulation of UBC binding partners. Many binding partners that displayed an 
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increase in transcript levels have been placed within the GO cell cycle and cell proliferation 

categories. As a result, these combined changes may provide new insights into their roles in 

cell cycle or cell proliferation. This, to our knowledge, is the first time either Atoh1 or Gfi1 

have been shown to be connected with the cell cycle-associated proteome.  

Atoh1 is known to impact on cell proliferation. Recent evidence now has established a 

role for Atoh1 in tumorigenesis and tumor progression (Flora et al., 2009; Peignon et al., 

2011; Xu et al., 2013; Zhao et al., 2008). Atoh1 is thought to function as a tumor suppressor. 

A number of studies demonstrated an inverse correlation of Atoh1 expression with 

proliferation of tumor cells (Bossuyt et al., 2009; Kazanjian et al., 2010; Xu et al., 2013). 

Loss of Atoh1 expression or deletion of the Atoh1 gene appears to prevent medulloblastoma 

development and the expansion of the differentiated cell population (Flora et al., 2009; Zhao 

et al., 2008). Atoh1 has the propensity to regulate pathways that  guide cell fate decisions as 

well as cell cycle control in the developing cochlea (Kelly et al., 2012). Thus, our Atoh1-

based IPA data correlates with the apparent role of cell cycle and proliferation control in the 

IMO-2B1 cell. In contrast, there appears to be some disparity in the role Atoh1 plays in 

proliferation detected in tumorigenesis. One explanation could be the difference in tissue 

types. In developing tissues, like the inner ear, proliferation may be influenced by Atoh1 

expression. On the contrary, tumors are generally thought to exhibit uncontrolled cell 

division lacking regulation. This is not that surprising as Atoh1 is speculated to have differing 

roles depending on cellular context (Klisch et al., 2011). 

 Very little is known what, if any, role Gfi1 plays in tumorigenesis and proliferation. 

Gfi1 has been suggested to inhibit proliferation in hematopoietic stem cells (Soliera et al., 

2012) (Hock et al., 2004). Additionally, Gfi1 expression was significantly higher in certain 
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cells of chronic myelogenous leukemia (Huang et al., 2010), but no mechanistic role in 

tumorigenesis of chronic myelogenous leukemia was proposed. Whether or not Pou4f3 

contributes to tumorigenesis or proliferation is presently unknown. In summary, Atoh1 

appears to differentially express several genes associated with cell cycle regulation in the 

developing inner ear. Subsequent and continual expression of Pou4f3 and Gfi1 throughout 

adulthood might help to maintain the HCs in a stable and non-proliferating state.  

 In the developing inner ear, timing of expression for certain genes is critical to 

eliciting the diverse and complex cytoarchitecture required for proper acoustic detection. 

While it’s known that Pou4f3 is not required for proper differentiation of HCs in the inner 

ear, the HCs show a rapid and progressive loss starting in late gestation with the loss of 

Pou4f3 (Xiang et al., 1997). It is speculated that Pou4f3 has a maturation and maintenance 

role in the developing HCs of the inner ear. Our IPA analysis of the Pou4f3 transfected cells, 

revealed an enrichment of differentially expressed genes within the GO cell cycle and DNA 

replication classifications. Additionally, one of the top canonical pathways identified by the 

Pou4f3 IPA summary was “Apoptosis.” This pathway enrichment was not observed in the 

Atoh1 or Gfi1 IPA summaries. It is interesting the HCs of Pou4f3 null mice fail to develop 

stereociliary bundles and eventually succumb to apoptosis (Xiang et al., 1998). From these 

IPA data it can be postulated that Pou4f3 regulates genes critical in preventing apoptosis. 

A unique finding was the identification of a POU4F3-W binding site in the first intron 

of the Pou4f3 gene. This binding site was observed in all three species explored and found to 

have high homology demonstrated through conservation and alignment (Figure 12, 13). 

Evidence has suggested that the first intron of genes generally contain regulatory elements 

for splicing and transcription control (Majewski and Ott, 2002). Such evidence could suggest 
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possible regulatory features are imbedded in the first Pou4f3 intron. In this case, a possible 

positive feedback mechanism could be functional with POU4F3 binding its own downstream 

sequence. Potential future experiments to determine if POU4F3 actually binds this section of 

DNA would be interesting, and represent a possible future line of study. 

 In summary, the data from our investigation of the Atoh1 GRN presented here 

demonstrates the proposed Atoh1 GRC, between Atoh1, Pou4f3 and Gfi1, is indirect and 

more appropriately fits within a GRN. General biology pathways that are affected by these 

TFs are cell cycle control and proliferation regulation. A new finding was that Pou4f3 

exhibited the regulation of several genes associated with apoptosis and may be an important 

facet in HC maintenance. Finally, we describe for the first time a potential for Atoh1 and Gfi1 

to influence specific protein levels through differential downregulation of the Ubc gene and 

concurrent upregulation of cell cycle-associated binding partners. 

The regulatory relationship among Atoh1, Pou4f3 and Gfi1 in HC development and 

maintenance likely represents an Atoh1 GRN and not a sequential GRC. Further study and 

additional techniques could be employed to validate and extend our current studies. First, the 

utilization of chromatin immunoprecipitation-sequencing (ChIP-seq) in combination with 

tagged TF constructs could further verify our list of possible directly regulated gene targets 

observed in the IMO-2B1 cells. ChIP-seq also may provide additional inner ear gene targets 

for these TFs and broaden the functional roles they possess. Second, further established early 

embryonic inner ear or sensorineural cell culture models could be investigated. Similarly, use 

of a conditionally induced Atoh1 tagged knock-in mouse model, should allow in vivo inner 

ear examination of the Atoh1 GRN. Cellular context is important when investigating the role 

of the Atoh1 GRN and additional cellular environments could provide data supplementary to 



 

99 

 

that which we reported. Finally, TF binding sites and promoter analysis is in the beginning 

stages. Our results reflect data compiled from several different examinations, both 

experimental and computational. As more complete computational algorithms are created 

and further knowledge is gained on the correlation of gene regulation and epigenetic factors, 

a more in depth analysis may reveal alternate findings.  
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V. APPENDIX 

 

Gene Forward (F) and Reverse (R) Primer 

18S F - 5’ ACGGACAGGATTGACAGATTG 3’ 

R – 5’ ATCGCTCCACCAACTAAGAAC 3’ 

Atoh1 F – 5’ GCGATGATGGCACAGAAGG 3’ 

R - 5’ GGGAGATGTTTTGCTGTTGTC 3’ 

Pou4f3 F – 5’ GGGCGACTTACTTGAGCAC 3’ 

R – 5’ GATGATGCGGGTGGATCTG 3’ 

Gfi1 Set1♦ F – 5’ CTAAACTAAGCCACGCATCCC 3' 

R – 5’ CTCTGGTCCCTTTGCTCTGC 3' 

Gfi1 Set2◊ 

 

F – 5’ AGAAAGTCAAACCGGACAGG 3' 

R – 5’ AAACGTATGGACGGAAGGAC 3' 

Gfi1 Set3† 

 

F – 5’ TGACTGTAAGACCTGTGGCAAG 3' 

R – 5’ TCCGAGTGAATGAGCAGATG 3' 

Gfi1 Set4‡ F – 5’ ACCTTCATCCACACAGGTGA 3' 

R – 5’ TGAGGTTGGAGCTCTGACTG 3' 

Gfi1 Set5‡ F – 5’ GGCAAGAGCTTCAAGAGGTC 3' 

R – 5’ TCACCTGTGTGGATGAAGGT 3' 

Gfi1 Set6‡ F – 5’ GGAACGCAGCTTTGACTGTA 3' 

R – 5’ CCGAGTGAATGAGCAGATGT 3' 

Barhl1 F – 5’ CAAAGTGAAGGAGGAGGGCG 3' 

R – 5’ GTGTCGGTGAGGTTGAGCGA 3' 

Bmp4 F – 5’ ACACGGTGGGAAACTTTCG 3’ 

R – 5’ TGTCTGGTGGAGGTGAGTC 3’ 

Bmpr1 F – 5’ GTCGTTACAACCGTGATTTGG 3’ 

R – 5’ AAAGGCAATCCAGATCCACTC 3’ 

Cfdp1 F – 5’ AATGAGCACCCTTGAGAAGTC 3’ 

R – 5’ GCCAGTTCTTCACCAATCCC 3’ 

Chord F – 5’ GATCTGTGACCCTGTAGTATGC 3’ 

R – 5’ ACTGCGTTGTTTCTCTGGAC 3’ 

Chrna9 F – 5’ TGGGTGAGAGCTGCCTTAG 3’ 

R – 5’ AGGTTGGATTCTGGGAGTTTG 3’ 

Chrna10 F – 5’ CATGAGCCACGGTGTCTATG 3’ 

R – 5’ GCGGAAGGTACTAGCAATGG 3’ 

Dlx5 F – 5’ GCCACCGATTCTGACTACTAC 3’ 

R – 5’ GCCATAAGAAGCAGAGGTAGG 3’ 

Eya1 F – 5’ CAACAAGCCACAGCCTACG 3’ 

R – 5’ CAATCCACTTTCCGTCTTGATG 3’ 

Eya4 F – 5’ AACCATCATCGTCTTCCACTC 3’ 

R – 5’ CCGAGAGTCACAGCCATTG 3’ 

Fgfr1 F – 5’ ATGACCTCACCGCTCTACC 3’ 

R – 5’ CCAACATGCAGGAGATCAGG 3’ 

Fgfr2 F – 5’ GAAAGTGTGGTCCCGTCAG 3’ 

R – 5’ GGTGGTAGGTGTGGTTGATG 3’ 
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Fgfr3 F – 5’ GGTCTTCTTCCTCTTCATCCTG 3’ 

R – 5’ GAGCCCAAGCCCTTCTTTG 3’ 

Foxi1 F – 5’ GCCTCGCCAGACACTACC 3’ 

R – 5’ GTCATGGTGGAGAGGAAGTTG 3’ 

GAPDH F – 5’ GAAACCTGCCAAGTATGATGAC 3’ 

R – 5’ ACCTGGTCCTCAGTGTAGC 3’ 

Hes1 F – 5’ GCCAATTTGCCTTTCTCATCC 3’ 

R – 5’ ACCGAGGTCCCACTGTTG 3’ 

Hes5 F – 5’ CGAGGGCTACTCCTGGTG 3’ 

R – 5’ GCCGCTGGAAGTGGTAAAG 3’ 

Inhba F – 5’ TGAGCAGTGCCAGGAGAG 3’ 

R – 5’ TCCCATCTTTCTTCTTCCCATC 3’ 

Inhbb F – 5’ TCCGAGATCATCAGCTTTGC 3’ 

R – 5’ TCTGGTTGCCTTCATTAGAGAC 3’ 

Jag1 F – 5’ GGACATAGTGGTGCCAAGTG 3’ 

R – 5’ CAGGTGTTACAGTCATCATCCC 3’ 

Jag2 F – 5’ CAAGGTATGGTGCGGATGG 3’ 

R – 5’ CGGCCTTCTCCTGACATTG 3’ 

Lfng F – 5’ ATGACTGCACCATTGGCTAC 3’ 

R – 5’ CTAGGTGGGAGTGGAAGAGG 3’ 

Msx1 F – 5’ GAAGATGCTCTGGTGAAGGC 3’ 

R – 5’ GGAGAAGCGGGGACTCTG 3’ 

Myo6 F – 5’ GAGCGTTGTGGAGGCATC 3’ 

R – 5’ CGGTCTACTTGAGCAGGTTC 3’ 

Myo7a F – 5’ CCAAATATCTCCGAGGCTACC 3’ 

R – 5’ AACTTGACCCTGTAGATGAGTG 3’ 

Nbl F – 5’ TTCCCGCAGTCCACAGAG 3’ 

R – 5’ CACTCCAAGGTCACAATCTCC 3’ 

Neurod1 F – 5’ TCTGGAGCCCTTCTTTGAAAG 3’ 

R – 5’ GAAGTTGCCATTGATGCTGAG 3’ 

Neurod2 F – 5’ TCTGTCTCAACGGCAACTTC 3’ 

R – 5’ CCGAGTAGTGCATAGAGTAGTG 3’ 

Neurod4 F – 5’ AGCCATCCACCTGACTGC 3’ 

R – 5’ AGGAGAAGTTGCCACTAATGC 3’ 

Neurod6 F – 5’ GTGCCAGCCCTCAGTTTG 3’ 

R – 5’ AGGTTTCTTCTTGCTTCAGGG 3’ 

Neurog1 F – 5’ GAGGAGGACTGTGCCAGG 3’ 

R – 5’ ATTCGATGCCCCGGAGAG 3’ 

Neurog2 F – 5’ CCTTCTCCACCTTCCTCCTG 3’ 

R – 5’ CTAGCGGGCGATAAAGTGC 3’ 

Neurog3 F – 5’ TGCTCAGTTCCAATTCCACC 3’ 

R – 5’ TGCTCAGTTCCAATTCCACC 3’ 

Noggin F – 5’ GAGGGCATGGTGTGTAAGC 3’ 

R – 5’ TGGGGTACTGGATGGGAATC 3’ 

Notch1 F – 5’ ACCTTGTCCCCGATTATTTACC 3’ 

R – 5’ GGCTGGAGCTGTAAGTTCTG 3’ 
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Oto1 F – 5’ AGTTCCATGTGCCTCCTAATG 3’ 

R – 5’ TTCTTTACACCACCACCCATC 3’ 

Otx1 F – 5’ TCTCTGAGCACGCCTACTG 3’ 

R – 5’ TGGCTCTGGCACCGATAC 3’ 

Otx2 F – 5’ TTACCAGCCATCTCAATCAGTC 3’ 

R – 5’ AGCTTCCAAGAGGCAGTTTG 3’ 

Pou3f4 F – 5’ GGACCAGCAAGACGTGAAG 3’ 

R – 5’ GTTAGTGTGCGGCGAGTG 3’ 

Pou4f1 F – 5’ AGCAAGCAGCCTCACTTTG 3’ 

R – 5’ CTCGGAGCTGGAGTGCAG 3’ 

Pou4f2 F – 5’ CCTCTTCTTCTGTGCCCATC 3’ 

R – 5’ GCTGGTGATGGTGGTGATG 3’ 

Prox1 F – 5’ CCTGCAATGCTTTGGTGATG 3’ 

R – 5’ CGTCTGGTCTGTGGAACTAG 3’ 

S16 F – 5’ ATCACCAATGCTGAGAGACTAC 3’ 

R – 5’ GCCTCTGACTCTGCTTTCTG 3’ 

Six1 F – 5’ CAAGCCGCTCATGTCCAG 3’ 

R – 5’ CGTGGCCCATATTGCTCTG 3’ 

SLC26A4 F – 5’ GTGGTAGGAGTGAGGTCATTG 3’ 

R – 5’ CTTGAAGCAGAGCAAAGTACAC 3’ 

Sox2⌂ F – 5’ CTGTTTTTTCATCCCAATTGCA 3’ 

R – 5’ CGGAGATCTGGCGGAGAATA 3’ 

Sox3 F – 5’ TCCGTGGTGAAGTCGGAG 3’ 

R – 5’ GATCATGTCGCGCAGGTC 3’ 

Sox9 F – 5’ AATACGACTACGCTGACCATC 3’ 

R – 5’ GGTGGAGTAGAGCCCTGAG 3’ 

Tbx1 F – 5’ CAAGGCAGGCAGACGAATG 3’ 

R – 5’ CGGGCACAAAGTCCATGAG 3’ 

Tecta F – 5’ GTGCTGACAACTCGGGATG 3’ 

R – 5’ CGTAGCATTTGTTGAGTGTGAG 3’ 

Tectb F – 5’ CCTCGGCTGACTTCATGTAC 3’ 

R – 5’ AGGACTGTCTCATCGGTGG 3’ 

Ube3b F – 5’ TGGAGTGCCTGAACAATGAC 3’ 

R – 5’ ACAGTCACAGAAGAGCATCAG 3’ 

Wdr1 F – 5’ AGCAAGGTGGTCACAGTATTC 3’ 

R – 5’ TATCCATGCCGCCAGAGG 3’ 

Zic2 F – 5’ GGAGCAATACCGCCAAGTG 3’ 

R – 5’ AGGGCCGTACTGGTTGTG 3’ 

 

All primer sequences were acquired from Germiller et al., (2004) unless otherwise noted. 

† - Created using the Integrated DNA Technologies RealTime PCR design tools. 

‡ - Investigator designed. 

♦ - (Zhu et al., 2010) 

◊ - (Wei et al., 2008) 

⌂ - Kindly provided by Dr. Garrett Soukup, Creighton University
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