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ABSTRACT 

Dissertation Title: From Cell Fate to Terminal Differentiation – Insights into Inner Ear 

Hair Cell Development from Cell Type-Specific Transcriptomic Analyses 

 

Maggie S. Matern, Doctor of Philosophy, May 2019 

Dissertation directed by: Ronna Hertzano, M.D., Ph.D. 

Associate Professor - Department of Otorhinolaryngology Head 

and Neck Surgery 

Associate Professor – Department of Anatomy and 

Neurobiology 

Affiliate Member – Institute for Genome Sciences 

 

Hair cells (HCs), which are specialized neuroepithelial sensory cells of the inner ear, are 

responsible for conveying information about the environment, such as sound and 

movement, to the brain. In adult mammals, HCs do not spontaneously regenerate. 

Therefore, damage that occurs to HCs after noise or ototoxic drug exposure often leads to 

a permanent loss of inner ear function. It is estimated that 1/3 of individuals over the age 

of 65 experience hearing loss that could benefit from use of a hearing aid, representing a 

significant healthcare burden in the United States. It is for these reasons that the NIH 

National Institute on Deafness and Other Communication Disorders has set 

understanding the normal development of the auditory and vestibular systems as the 

Hearing and Balance Research Priority Area 1 of their 2017-2021 Strategic Plan, so that 

regenerative therapies can be better formulated. Here I have utilized cell type-specific 



ribosomal immunoprecipitation analyses to study HC gene expression, with the goal of 

furthering our understanding of their normal development. First, research into control of 

inner ear development has indicated that early HC differentiation appears to be dependent 

on the expression and normal functioning of the transcription factors ATOH1, POU4F3, 

and GFI1. While Pou4f3 and Gfi1 expression seems to be downstream of ATOH1, and 

the expression of Gfi1 is dependent on POU4F3, the signaling cascades downstream of 

GFI1 and its role in HC development are completely unknown. Here I have identified a 

critical role for GFI1 in HC maturation, namely through repression of a neuronal 

transcriptional program that is normally present in cochlear HCs during early embryonic 

development. Later in this developmental program, cochlear HC precursors must further 

differentiate into either inner or outer HCs, however, apart from the recently described 

INSM1 in embryonic development, no transcription factors have been implicated in the 

differentiation of outer HCs. It was therefore my second goal to identify and validate 

candidate downstream targets of helios, a newly identified postnatal outer HC 

transcription factor. Finally, I have developed and validated a model for ribosome 

immunoprecipitation and translatome analysis to study zebrafish HC gene expression – 

the Tg(myo6b:RiboTag) zebrafish. 
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CHAPTER 1: OUTLINE OF SPECIFIC AIMS 

Hair cells (HCs), which are the specialized neuroepithelial sensory cells of the 

inner ear, are responsible for conveying information about the environment, such as 

sound and movement, to the brain (Ehret, 1976). In adult mammals, HCs do not 

spontaneously regenerate. Therefore, damage that occurs to HCs after noise or ototoxic 

drug exposure often leads to a permanent loss of inner ear function. It is estimated that 

one out of every three individuals over the age of 65 experience hearing loss that could 

benefit from use of a hearing aid, representing a significant healthcare burden in the 

United States (Chou et al., 2011; World Health Organization, 2018). It is perhaps for 

these reasons that the National Institutes of Health (NIH) National Institute on Deafness 

and Other Communication Disorders (NIDCD) has set understanding the normal 

development of the auditory and vestibular systems as the Hearing and Balance Research 

Priority Area 1 of their 2017-2021 Strategic Plan, so that regenerative therapies can be 

better formulated.  

Research into control of inner ear development has indicated that early HC 

differentiation appears to be dependent on the expression and normal functioning of the 

transcription factors ATOH1, POU4F3, and GFI1 (Costa et al., 2015). While Pou4f3 and 

Gfi1 expression seems to be downstream of ATOH1, and the expression of Gfi1 is known 

to be dependent on POU4F3, the signaling cascades downstream of GFI1 and its role in 

HC development are completely unknown (Hertzano et al., 2004; Wallis et al., 2003). It 

was therefore the first goal of this dissertation to better understand the role of the GFI1 

transcription factor in inner ear HC development, in the hopes that discoveries can be 

applied to efforts in HC regeneration. Later in their development, cochlear HC precursors 



2 

must differentiate into either inner or outer HCs (IHCs or OHCs). However, apart from 

INSM1 in embryonic development, no transcription factors have been implicated in the 

differentiation of OHCs. It was therefore the second goal of this dissertation to identify 

and validate candidate downstream targets of helios, a newly identified postnatal OHC 

transcription factor. Finally, this dissertation utilized the RiboTag mouse model to 

perform cell type-specific analyses of cochlear and vestibular HCs. It was the final aim of 

this dissertation to develop and validate a similar model of ribosome 

immunoprecipitation and translatome analysis to study zebrafish HCs – the 

Tg(myo6b:RiboTag) zebrafish.  

Specific Aim 1: Characterizing the role of GFI1 in HC development  

The GFI1 transcriptional repressor is known to be necessary for HC 

differentiation and survival. However, a complete understanding of the effects of loss of 

GFI1 during inner ear development, as well as the downstream transcriptional targets of 

GFI1 in cochlear and vestibular HCs, are completely unknown. Therefore, the first 

objective of this aim was to evaluate the morphology, function and gene expression of 

Gfi1-null HCs in the auditory and vestibular systems. A thorough analysis of gene 

expression in Gfi1-null HCs using ribosome immunoprecipitation followed by RNA 

sequencing revealed a significant downregulation of genes involved in normal HC 

development and function, suggesting that the HCs undergo a maturation arrest when 

GFI1 is not expressed. Additionally, this analysis revealed a significant upregulation of 

genes involved in neuronal processes, suggesting that GFI1 may be important for 

repressing the progression of neuronal fate in HC precursors. An additional goal of this 

aim was to investigate the ability of GFI1 to control expression of these candidate 
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neuronal target genes. Successful completion of this aim has further characterized the 

functional deficits that result from the absence of GFI1 in the inner ear, as well as 

identified, for the first time, the downstream transcriptional cascade of GFI1 mediated 

repression in developing HCs.  

Specific Aim 2: Identifying downstream targets of helios in mouse OHCs  

Despite their distinct and necessary roles in hearing, very little is known about the 

transcriptional regulation of postnatal inner versus outer HC development. A recent ENU 

mutagenesis screen undertaken at MRC Harwell identified a hearing loss mouse model 

(the cello mouse) that harbors a mutation in the helios transcription factor, which is 

normally expressed in postnatal OHCs starting at 4 days after birth. Furthermore, an 

RNA sequencing analysis of the cello mutant cochlea showed that several key OHC 

genes are downregulated, suggesting that helios is important for controlling OHC-

specific gene expression. It was the goal of this aim to further characterize the cello 

mutant OHCs by performing a cell-type specific RNA-seq experiment of the cello mutant 

OHCs to identify and then validate potential targets of helios transcriptional control. 

Furthermore, this aim proposed to validate differential expression of genes/proteins 

induced or repressed in P8 inner HCs that have been transduced to overexpress helios. 

Successful completion of this aim has confirmed the importance of helios in regulating 

OHC gene expression, as well as identified its role in OHC functional maturation.   

Specific Aim 3: Cell type-specific analysis of HC gene expression using the 

Tg(myo6b:RiboTag) zebrafish  

Zebrafish are a particularly useful model for studying normal HC development 

and function. It is for this reason that the laboratories of Drs. Ronna Hertzano and Katie 
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Kindt have collaborated to develop a model for studying zebrafish HCs using ribosome 

tagging; the Tg(myo6b:RiboTag) zebrafish. It was the goal of this final aim to develop 

and test a method to reliably enrich for actively translated zebrafish HC mRNA using this 

model. This was accomplished by first developing a zebrafish RiboTag 

immunoprecipitation assay, which was then utilized to measure HC gene expression by 

RNA sequencing. Additionally, the results obtained from this analysis were used to 

identify novel zebrafish HC-expressed genes, as well as to identify the effects of cell 

sorting techniques on gene expression. Successful completion of this aim has introduced 

the Tg(myo6b:RiboTag) model as a useful tool for studying changes in zebrafish HC-

specific gene expression. 
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CHAPTER 2: INTRODUCTION 

2.1 The mammalian inner ear 

In mammals, sound detection relies on the transformation of air particle motion 

(the sound wave) into liquid wave motion within the fluid filled inner ear (Reichenbach 

and Hudspeth, 2014). This process begins when sound waves are funneled into the 

auditory canal by the outer ear pinna and make contact with the tympanic membrane, or 

ear drum (Figure 2.1). These sound waves cause the tympanic membrane to vibrate, 

which in turn moves the first bone of the middle ear ossicular chain, which is embedded 

in the tympanic membrane (Bowl and Dawson, 2015). The ossicular chain is comprised 

of the three smallest bones in the human body: the malleus, incus, and stapes (i.e. the 

hammer, anvil, and stirrup). The middle ear is responsible for transmitting and 

amplifying sound vibrations from the tympanic membrane to the base of the stapes, 

which is in direct contact with the membrane covered oval window of the inner ear 

(Figure 2.2a) (Purves et al., 2001a). Within this process, the vibrational sound signal is 

amplified primarily as a result of the larger surface area of the tympanic membrane that 

focuses energy onto the small surface area of the stapes footplate, thereby overcoming the 

impedance mismatch between air and the fluid filled inner ear. Movement of the stapes 

against the membranous covering of the oval window then results in a fluid wave within 

the spiral of the cochlea (Bowl and Dawson, 2015).  

Sound waves that enter the cochlea via vibration of the oval window travel down 

the length of the cochlear spiral within a fluid filled duct called the scala vestibuli (Figure 

2.2a). The consequent fluid pressure is then relieved when the vibration travels  
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Figure 2.1. Schematic representation of the human outer, middle and inner ear. 

CVG = cochleo-vestibular ganglion. This this figure was modified from a schematic on 

Servier Medical Art (https://smart.servier.com/).     
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Figure 2.2. Schematic representations of the mammalian cochlea (a) and organ of 

Corti (b). HC = hair cell. Part (b) of this figure was modified from a schematic on 
Servier Medical Art (https://smart.servier.com/). 
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back through a connecting duct called the scala tympani, resulting in a complementary 

distending of the membrane covered round window (Figure 2.2a) (Furness, 2015). The 

scala vestibuli and scala tympani, which are filled with perilymph and connected at the 

apex of the cochlea by the helicotrema, surround a third fluid filled duct called the scala 

media (Figure 2.2a) (Furness, 2015). This third duct is filled with a potassium rich 

extracellular fluid called the endolymph, and houses the organ of Corti (Figure 2.2b) 

(Hudspeth, 2014). When sound travels as a fluid wave through the perilymph (called the 

travelling wave), it causes the basilar membrane that supports the organ of Corti to 

vibrate in a frequency specific manner (von Békésy, 1947; Hudspeth, 2014; Lighthill, 

1981). The basilar membrane increases in width and decreases in stiffness from the base 

of the cochlea (closest to the oval window) to the apex (Hudspeth, 2014). This 

differential stiffness, as well as molecular and structural differences in the HCs along the 

cochlea, results in the tonotopic organization of the cochlea, whereby the resonant 

frequency of the basilar membrane decreases from base to apex (i.e. higher frequency 

sounds vibrate the basilar membrane toward the base of the cochlea, and lower frequency 

sounds cause vibration towards the apex) (Eatock et al., 2006). Vibration of the basilar 

membrane in response to the travelling wave in turn causes the tectorial membrane to 

shift and stimulate the mechanosensitive HCs within the organ of Corti (Hudspeth, 2014).  

The organ of Corti is a complex tissue comprised of a variety of epithelial cell 

types (Figure 2.2b). These cells can be separated into two basic classes; 1) 

mechanosensory HCs and 2) non-sensory supporting cells (SCs). The SCs provide 

structure to the organ of Corti and are thought to play a role in maintenance and recycling 

of ions, whereas the HCs are responsible for sensing frequency specific sound vibration 
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(Eatock et al., 2006). Cochlear HCs can be further divided into two groups based on 

distinct physiology, function and placement (Hudspeth, 2014). On the neural side of the 

organ of Corti, organized as a single file of cells, are the inner HCs (IHCs). IHCs serve as 

the primary sound sensors of the cochlea by transmitting sound information to the brain 

via afferent cochlear nerve connections (Fettiplace and Hackney, 2006; Glowatzki and 

Fuchs, 2002; Purves et al., 2001b). Additionally, organized into three rows that run in 

parallel to the IHCs, are the outer HCs (OHCs), which receive primarily efferent 

innervation and act as frequency-selective cochlear amplifiers to increase sound and 

tuning sensitivity (Brownell et al., 1985; Fettiplace and Hackney, 2006; Ospeck et al., 

2003; Purves et al., 2001b; Ulfendahl and Flock, 1998).  

Upon deflection of the actin-based projections at the tops of the IHCs (called 

stereocilia) by a sheering force from the tectorial membrane in which they are embedded, 

mechanoelectrical transduction (MET) channels open, causing an influx of ions and 

depolarization of the cell (Eatock et al., 2006; Jia et al., 2007). In turn, the IHC 

depolarization results in quantal release of the excitatory neurotransmitter glutamate by 

the ribbon synapses at the base of the cell, proximal to the synaptic connections to the 

auditory nerve, and a subsequent action potential of the afferent neuron (Eatock et al., 

2006). This action potential is propagated along the auditory pathway, where is it 

processed by the brain as the perception of sound. The OHCs function to further 

modulate stimulation of the IHC stereocilia by voltage dependent changes in cell length, 

also referred to as OHC electromotility (Dallos et al., 2008; He et al., 1994; Liberman et 

al., 2002; Ospeck et al., 2003). This process also occurs after deflection of the OHC 

stereocilia bundles and depolarization of the cell, which results in a change in the 
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conformation of the piezoelectric integral membrane protein prestin and constriction of 

the cell’s lateral wall (Simmons et al., 2010; Zheng et al., 2000). OHC electromotility is 

an evolutionary advantage that allows mammals to effectively perceive a larger range of 

sound intensities by increasing the signal of quiet sounds and dampening the signal of 

loud sounds (Hudspeth, 2014).  

In addition to detecting and transmitting sound information to the brain in this 

manner, the inner ear is also responsible for vestibular function, or the ability to detect 

fluid motion within the inner ear that results from changes in gravity and the position of 

the head in space. The mechanosensory HCs embedded in the macular vestibular organs 

(the utricle and the saccule) sense linear acceleration, whereas those in the cristae, which 

are positioned at the base of each of the three semicircular canals, sense rotational 

movement (Figure 2.1) (Eatock et al., 2006). The HCs of both the cochlear and vestibular 

systems are innervated by the cochleovestibular ganglion (CVG), which relays the sound 

and movement information to the brain (Figure 2.1) (Purves et al., 2001c). Together, the 

proper functioning of these sensory HCs allows humans to accurately hear a wide range 

of frequencies and sound intensities, as well as to orient themselves in space. However, 

mature HCs are post-mitotic, meaning that once lost due to aging or damage, they do not 

regenerate (Ehret, 1976). Additionally, the OHCs (particularly those positioned towards 

the base of the cochlea) are more sensitive to damage and cell death (Furness, 2015; 

Jensen-Smith et al., 2012; Lee et al., 2013; Mahendrasingam et al., 2011; Sha et al., 

2008), contributing to the high prevalence of sensorineural hearing loss in adults 

worldwide (Bielefeld et al., 2010; Lin et al., 2011; World Health Organization, 2018; 

Wright et al., 1987). For this reason, researchers in the auditory field have been striving 
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to develop protocols to restore hearing in patients with hearing and vestibular deficits by 

two methods; 1) regeneration of sensory HCs from surviving cells in the inner ear, or 2) 

implantation of replacement cells (Conde de Felipe et al., 2011). For either of these 

methods to be successful, it is essential to have a detailed understanding of the 

transcriptional cascades necessary for inner ear cell type-specific development and 

function. 

2.2 Development and Deafness 

The World Health Organization (WHO) estimates that over 466 million people 

worldwide have a disabling hearing loss, and that this prevalence will increase to over 

900 million by the year 2050 (~8.4% of the global population) (World Health 

Organization, 2018). This population is composed of mostly older adults, with over one 

third of individuals over the age of 65 worldwide suffering from some form of hearing 

loss, and older males being more affected compared to older females (Chou et al., 2011; 

World Health Organization, 2018). Normal hearing individuals should be able to perceive 

sounds between the frequencies of 500 and 4000 Hz at a sound level less than or equal to 

25 decibels (dB) (Deal et al., 2015), whereas adults with a disabling hearing loss are 

defined as having a 40 dB loss in hearing sensitivity in their better hearing ear (World 

Health Organization, 2018). In addition to the increasing prevalence of acquired hearing 

loss among adults, it is estimated that 0.2-0.3% of infants are born each year in the 

United States with hearing loss that can be attributed to a genetic defect  (Gaffney et al., 

2010).  

Over 400 hereditary syndromes have been identified with hearing loss as a 

symptom, and over 100 genes have been implicated in nonsyndromic forms of deafness 
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(i.e. no other symptoms in addition to the hearing loss) (Van Camp and Smith, 2017; 

Shearer et al., 2014). This hereditary hearing loss can be attributed to defects in the 

external ear or ossicular bones (conductive hearing loss), malfunction of the inner ear 

(sensorineural hearing loss), defects in auditory processing (central auditory dysfunction), 

or a combination of these deficits (Shearer et al., 2014). Additionally, the number of 

genes implicated in hereditary hearing loss is projected to increase as sequencing and 

diagnostic methods become more sensitive. Currently, treatments for individuals with 

either acquired or genetic forms of hearing loss are limited to hearing aids and cochlear 

implants, and while these treatments are effective, they do not restore normal hearing 

function. Therefore, a common goal for the hearing field is to develop regenerative 

treatments for hearing loss. However, in order to achieve this goal, further understanding 

of the normal development and function of the inner ear is necessary. In addition, the 

study of the molecular basis of hearing loss can help to identify targets for gene editing 

with approaches such as CRISPR/Cas9, as well as aids in the resolve rate of prenatal 

genetic diagnosis by identifying potential deafness causing genes.  

2.3 The GFI1 transcription factor 

 GFI1 is a transcriptional repressor that was first characterized as a dominant 

proto-oncogene through analysis of proviral integration sites in the NB2 rat lymphoma 

cell line (Schmidt et al., 1996). However, further studies have shown GFI1 to have 

varying roles in normal cell fate determination during development, including restriction 

of the adult hematopoietic stem cell population, promoting Paneth and mucous cell fate in 

the developing intestine, and additional roles in the pancreas, lung and brain (Bjerknes 

and Cheng, 2010; Hock et al., 2004; Kazanjian et al., 2004; Linnoila et al., 2007; Qu et 
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al., 2015; Shroyer et al., 2005; Tsuda et al., 2005; Zeng et al., 2004). In the immune 

system, GFI1 is a critical regulator of neutrophil development, where it is necessary for 

suppressing monocyte/macrophage cell fate during late neutrophil differentiation (Hock 

et al., 2003). GFI1 is also strongly upregulated in T-cells upon antigenic stimulation, and 

can modulate the innate immune response by negatively regulating the response of 

macrophages to endotoxins and live bacteria (Möröy et al., 2008; Yucel et al., 2004).  

 A paper published in 2003 by Wallis et al., described a critical role for the GFI1 

transcription factor in inner ear HC development. In this article, mice deficient for Gfi1 

were observed to have severe auditory and vestibular defects, including circling, head 

tilting, ataxia, and having no startle reflex (Wallis et al., 2003). Further analysis of the 

inner ears of Gfi1 deficient mice showed defects in HC development and survival, where 

cochlear and vestibular HCs developed but were nonfunctional and eventually degraded 

in early postnatal life (in the case of the cochlea only). Additional work published by 

Hertzano et al., in 2004 identified Gfi1 as a downstream target of the transcription factor 

POU4F3 (Figure 2.3) (Hertzano et al., 2004), another key regulator of inner ear HC 

development that, when mutated, causes deafness in humans (DFNA15) (Vahava et al., 

1998). Gfi1 expression is never induced in the POU4F3 deficient cochlear HCs 

(Pou4f3dll/dll), and similarities between the OHC degradation patterns of Pou4f3 and Gfi1 

mutant mice suggest that the Pou4f3 mutant OHC phenotype is mainly a result of Gfi1 

deficiency (Hertzano et al., 2004). This observation was further hypothesized to be 

related to deficient STAT3 signaling in the OHCs, as GFI1 is known to interact and 

inhibit function of the STAT3 inhibitor – Protein Inhibitor of Activated STAT3 - PIAS3 

(Hertzano et al., 2004; Rodel et al., 2000). However, despite this demonstrated  



14 

 

Figure 2.3. Cascade of transcriptional regulation involved in HC fate determination 

in the developing inner ear.   
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importance of GFI1 in HC development, no additional studies have been published that 

characterize the role of GFI1 mediated repression in developing HCs, nor have identified 

direct downstream transcriptional targets. 

2.4 The helios transcription factor 

 The ikaros family of transcription factors consists of 5 highly evolutionarily 

conserved members; ikaros (Ikzf1), helios (Ikzf2), aiolos (Ikzf3), eos (Ikzf4) and pegasus 

(Ikzf5) (Heizmann et al., 2018; John and Ward, 2011). To function as transcription 

factors, these family members can form homo- and heterodimers to increase their DNA 

binding affinity and modulate activation or repression of target genes (Kelley et al., 

1998). They do so by binding to the core motif “GGGAA”, and to date have mainly been 

characterized for their roles in hematopoietic cell-fate decision making (John and Ward, 

2011). Helios in particular has been found to be expressed in hematopoietic stem cells, 

and is also thought to play a critical role in the terminal differentiation of B- and T-cells 

(Dovat et al., 2005; John and Ward, 2011; Zhang et al., 2007). Additionally, recent 

evidence points towards a specific role for helios in the differentiation and activity of 

thymically derived T regulatory cells (or suppressor T-cells), where it may function to 

modulate expression of enzymes such as Pde3b and Nt5e which metabolize compounds 

known to mediate T regulatory cell suppressive function (Thornton et al., 2019). A recent 

ENU mutagenesis Ageing Screen undertaken at MRC Harwell identified a mouse model 

with severe early-onset hearing loss, that harbors a mutation in the dimerization domain 

of helios (subsequently named the cello mutant mouse model) (Potter et al., 2016). This 

suggests that the helios transcription factor may also play a novel role in modulating gene 

expression during inner ear development.  
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2.5 Cell type-specific analyses of inner ear gene expression 

Historically, cell type-specific analyses of gene expression in the inner ear have 

been difficult to perform due to the complex cellular structure of cochlear and vestibular 

sensory organs (Matern et al., 2017). Fortunately, cell-sorting techniques such as 

fluorescence-activated cell sorting (FACS) have proved to be very informative in 

studying changes to HC gene expression that occur in response to different conditions, 

such as genetic mutation and developmental progression (Cai et al., 2015; Elkon et al., 

2015). However, the tissue dissociation process, resulting both in cellular stress and loss 

of cell-cell contacts, as well as delay from dissection to RNA extraction may cause 

potentially confounding changes in gene expression (van den Brink et al., 2017; Matern 

et al., 2018). This makes studying HC-specific changes in gene expression that occur in 

response to conditions that also result in cellular stress, such as noise exposure, ototoxic 

drug exposure, or in animal models experiencing active cell death, difficult to perform. 

Additionally, cellular changes that occur during postnatal development make inner ear 

tissue dissociation less efficient after postnatal day (P) 8.  

In recent years, the Hertzano laboratory has pioneered the use of the RiboTag 

mouse model as a method to study inner ear gene expression in a cell type-specific 

manner without relying on tissue dissociation and FACS based methods (Sanz et al., 

2009). The RiboTag mouse model (see Sanz et al. 2009) contains a modified Rpl22 gene, 

which encodes for a component of the 60s subunit of the ribosome. In the presence of a 

tissue/cell type-specific expressed Cre recombinase, the wildtype exon 4 of Rpl22 is 

floxed out and replaced by an exon 4 that also encodes for a hemagglutinin (HA) tag. 

This allows for isolation of actively translated mRNA (the translatome) from a tissue or 
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cell type of interest by HA immunoprecipitation (IP) of tagged ribosomes (Figure 2.4). 

For Aims 1 and 2 of this dissertation, I utilized the RiboTag mouse model to perform 

HC-specific analyses of gene expression in response to developmental progression and 

loss of the necessary transcription factors GFI1 and helios (addressed in Chapters 3 and 

4). Additionally, the goal of Aim 3 of this dissertation was to develop and validate a 

model for performing comprehensive cell type-specific gene expression analyses of 

zebrafish HCs, the Tg(myo6b:GFP-2A-rpl10a-3xHA) or Tg(myo6b:RiboTag) zebrafish 

(addressed in Chapter 5). These analyses have further demonstrated the utility of 

RiboTag immunoprecipitation methods for studying gene expression in rare cell types of 

interest. 
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Figure 2.4: (A) Schematic representation of RiboTag Rpl22 modification. (B) Layout 
and processing of inner ear translatome immunoprecipitation (IP).  
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CHAPTER 3: GFI1 FUNCTIONS TO REPRESS NEURONAL GENE 

EXPRESSION IN DEVELOPING HAIR CELLS1 

 

3.1 Abstract  

Despite the known importance of the GFI1 transcription factor in the development 

of inner ear hair cells, no direct downstream targets of GFI1 mediated repression have 

been identified in these cells. To address this gap in knowledge, we utilized the Gfi1cre/cre 

knock-in mouse to study the molecular consequences of loss of GFI1 in the neonatal 

cochlear and vestibular systems. A RiboTag-based expression analysis of the mutant hair 

cells identified a significant downregulation of genes involved in normal hair cell 

development and function, suggesting that in the absence of GFI1, the hair cells undergo 

a maturation arrest. Furthermore, the Gfi1 deficient hair cells display a significant 

upregulation of genes involved in neurodifferentiation and neuronal function. These 

results suggest that GFI1 promotes hair cell fate during normal inner ear development by 

repressing neuronal gene expression.   

 

                                                 

1Matern, M.S., Milon, B., Ogawa, Y., Tkaczuk, A., Song, Y., Elkon, R., Hertzano, R. In 

preparation.  
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3.2 Introduction  

In mice, development of the inner ear begins at embryonic day (E) 8 with a 

thickening of the ectoderm adjacent to the developing hindbrain, resulting in the 

formation of the otic placode. Between E9 and E10, the otic placode invaginates to first 

form a pit and then an epithelial cyst, called the otocyst (Eatock et al., 2006; Wu and 

Kelley, 1995). At this time, some cells within the otocyst begin to express markers of 

neurosensory progenitors, and either delaminate to begin formation of the cochleo-

vestibular ganglion (CVG) or remain within the epithelium to form other cell types, 

including supporting cells and mechanosensory hair cells (HCs). This process is thought 

to be mediated by three basic helix-loop-helix (bHLH) transcription factors; ATOH1, 

NEUROG1 and NEUROD1 (Raft and Groves, 2015). NEUROG1 is the first of these 

transcription factors to be expressed in the developing otocyst, specifically in the 

delaminating neuroblasts. Soon afterwards, NEUROG1 induces expression of its 

downstream target Neurod1, and these cells are committed to a neuronal fate. 

Alternatively, some cells within the otocyst will express ATOH1 rather than 

NEUROG1/NEUROD1, and these cells are thought to then commit to a HC fate.  

It has been observed that these three bHLH transcription factors are capable of 

cross regulating each other, and also share some target genes (Raft and Groves, 2015), 

suggesting that the development of HCs and neurons in the inner ear may be controlled 

by subsets of common regulatory pathways. In support of this hypothesis, a paper by Raft 

et al. in 2007 showed that HCs, neurons and nonsensory cells in the vestibular maculae 

could arise from common Neurog1 expressing cells, although this result could not be 

recapitulated in the HCs and neurons of the cochlea (Raft et al., 2007). Similarly, Jahan et 
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al. in 2010 demonstrated that deletion of Neurod1 in the developing inner ear, which is 

thought to mediate neuronal fate, caused both an expected decrease in CVG neurons, but 

also ATOH1 positive HC-like cells to develop in the remaining sensory ganglia (Jahan et 

al., 2010). There is also evidence of a role for NEUROD1 in early embryonic HC 

development (possibly as a downstream target of ATOH1) (Jahan et al., 2010, 2015; Pan 

et al., 2012), further supporting a model in which ATOH1, NEUROG1 and NEUROD1 

have common yet distinct roles in both HC and neuronal development in the inner ear.   

In addition to the bHLH transcription factors ATOH1 and NEUROD1, other 

transcription factors such as POU4F3 and its downstream target GFI1 are necessary for 

HC development in the auditory and vestibular organs (Hertzano et al., 2004; Wallis et 

al., 2003). The Gfi1 (growth factor independence-1) gene encodes for a 55 kDA nuclear 

protein with six C-terminal C2H2 zinc-finger domains and an N-terminal SNAG domain 

connected by a variable linker region (Moroy, 2005). The third, fourth and fifth C2H2 

zinc-finger domains allow the GFI1 protein to bind DNA with a minimum sequence 

requirement of “AATC”, while the remaining C2H2 zinc-finger domains, SNAG domain, 

and linker region are thought to be necessary for protein-protein interactions (Grimes et 

al., 1996; Zweidler-McKay et al., 1996). GFI1 acts as a transcriptional repressor, 

recruiting co-factors and histone modifying enzymes to the promoters of target genes, 

and has been extensively studied for its important role in differentiation of hematopoietic 

cell lineages (Suzuki et al., 2016). Additionally, GFI1 is widely expressed in other tissues 

such as the lung, nervous system, liver, and gut (Moroy, 2005), where it has been shown 

to be important for cell lineage specification and development. For example, in the 

intestinal epithelium, GFI1 promotes Paneth and mucous cell fate by repressing the 
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enteroendocrine lineage in epithelial stem cells (Bjerknes and Cheng, 2010; Shroyer et 

al., 2005).  

The importance of GFI1 in inner ear development was first described in 2003 by 

Wallis et al. (Wallis et al., 2003). In this paper, mice homozygous for a loss-of-function 

deletion of Gfi1 (the Gfi1-/- mice) were reported to have severe auditory and vestibular 

defects, which could be attributed to abnormal sensory HC development in both systems. 

In the Gfi1-/- mouse cochlea, HCs initially form, but begin to die before birth in a basal to 

apical gradient by apoptosis. Conversely, HCs within the vestibular system survive up to 

5 months of age (the latest time point tested) while remaining disorganized and 

nonfunctional (Wallis et al., 2003). Later studies further identified Gfi1 as a target of 

POU4F3 (encoded by the human deafness causing gene Pou4f3, DFNA15) (Hertzano et 

al., 2004; Vahava et al., 1998). Gfi1 expression is never induced in POU4F3 deficient 

cochlear HCs (Pou4f3dll/dll), and similarities between the outer HC (OHC) degradation 

patterns of Pou4f3 mutant and Gfi1 mutant mice suggest that the Pou4f3 OHC phenotype 

is mainly a result of Gfi1 deficiency (Hertzano et al., 2004). This observation was further 

hypothesized to be related to deficient STAT3 signaling in the OHCs, as GFI1 is known 

to interact and inhibit function of the STAT3 inhibitor PIAS3 (Protein Inhibitor of 

Activated STAT3) (Hertzano et al., 2004; Rodel et al., 2000). However, while these data 

clearly demonstrate a critical role for GFI1 in both HC differentiation and function, direct 

downstream targets of GFI1 mediated repression in inner ear HCs have yet to be 

identified. 

To further characterize the role of GFI1 in developing mouse inner ear HCs, here 

we have analyzed gene expression in Gfi1 deficient HCs using the RiboTag approach 
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(Chessum and Matern et al., 2018; Sanz et al., 2009; Yang et al., 2011). This analysis 

revealed that Gfi1 mutant HCs within both the cochlear and vestibular systems exhibit 

significantly decreased expression of genes involved in normal HC development and 

function, as well as significantly increased expression of genes involved in neuronal 

differentiation and neuron fate commitment. Many of these significantly upregulated 

genes are transcriptional regulators of neuronal fate, including Atoh1, Lhx2, Neurod1, and 

the NEUROD1 downstream targets Insm1, St18 and Myt1. Further comparison of the 

upregulated genes with a previously published dataset measuring gene expression during 

HC development indicates that these neuronal genes are normally expressed within the 

cochlear HCs early in development, and their downregulation corresponds to the onset to 

Gfi1 expression. Overall, our analyses suggest that in the absence of GFI1, an early 

neuronal program fails to be downregulated in the developing HCs, resulting in a HC 

maturation arrest. 
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3.3 Results 

The Gfi1cre knock-in mouse replicates the inner ear phenotypes of Gfi1 knockouts 

To analyze changes to HCs that occur in the absence of GFI1, here we have 

utilized the Gfi1cre knock-in mouse model. For this model, which was first introduced by 

Yang et al., in 2011, the coding regions of exons 1-5 of the Gfi1 gene have been replaced 

with a construct to encode for Cre recombinase (Yang et al., 2011). This results in 

complete loss of Gfi1 expression, as well as efficient recombination in auditory and 

vestibular HCs through expression of Cre recombinase under control of the Gfi1 

promoter (Yang et al., 2011). Additionally, recombination occurs within a population of 

CD45(+) cells, which are also present in the inner ear as resident immune cells, and are 

comprised mainly of CD11b(+)Gr1(−) monocytes/macrophages (Appendix A, Matern et 

al., 2017). Because the Gfi1cre mouse has not been fully characterized as a model to study 

the effects of loss of GFI1 in the inner ear, we first aimed to validate the auditory and 

vestibular phenotypes of the Gfi1cre/cre mice compared to the previously reported Gfi1 

knockout mouse. 

Our earlier work has shown that mice homozygous for the Gfi1cre allele are deaf 

and exhibit severe vestibular dysfunction, comparable to what has been reported for the 

Gfi1-/- mice (Appendix A, Matern et al., 2017). Further analysis of HC morphology by 

staining for the HC marker MYO6 indicates that early postnatal (P0-P1) Gfi1cre/cre 

cochlear OHCs degrade in a basal to apical gradient, analogous to the pattern described 

for Gfi1/- OHCs (Figure 3.1a). Additionally, MYO6 staining of the Gfi1cre/cre vestibular 

HCs does not reveal a difference in density or morphology compared to wildtype and 

heterozygous controls (Figure 3.1b, 3.2a). Phalloidin staining of P0-P1 whole mounted 
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Figure 3.1. The Gfi1cre knock-in mouse model exhibits similar inner ear phenotypes 

to that reported for the Gfi1 knockout mouse. (a-b) Staining for the HC marker MYO6 

demonstrates that the cochlear HCs of Gfi1cre/cre mice are degrading in a basal to apical 
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gradient at P0 (a), whereas the HCs of the vestibular system persist (b) (n=6). (c-e) 

Further visualization of the HC bundles by phalloidin staining shows the same pattern of 

Gfi1cre/cre cochlear HC degradation (c), while the hair bundles of the vestibular system are 

present but unorganized (d-e) (n=3). (f) TUNEL staining in the Gfi1cre/cre inner ear 

recapitulates the observation of OHC death by apoptosis reported for the Gfi1-/-mouse 

(n=3). No TUNEL staining was observed in the vestibular HCs (n=3). (g) Additionally, 

the OHCs of the Gfi1cre/cre mouse also express the neuronal marker TUBB3 (n=3). Scale 

= 20µm (a, c, f cochlea, g) or 50µm (b, d, e, f vestibule). 
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Figure 3.2. HCs are not lost in the Gfi1cre/cre vestibular system, and they do not 

express the neuronal marker TUBB3. (a) Quantification of vestibular HC density in 

10µm serial sections of P0-1 Gfi1cre/+ and Gfi1cre/cre inner ears (n=3 ears per genotype). 

No significant difference was seen in the number of HCs per section between genotypes 

(statistical significance was assessed by Welch’s t-test). (b) The vestibular HCs of 

Gfi1cre/cre mice do not express the neuronal marker TUBB3 (n=3). Scale = 50µm.  
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cochlea also shows this pattern of Gfi1cre/cre OHC degradation, with progressive loss of 

OHC stereociliary bundles from the base to the apex (Figure 3.1c). This contrasts with 

the stereociliary bundles of the vestibular HCs in the utricle and cristae, which are present 

but appear thinner and unorganized (Figure 3.1d-e). Furthermore, terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was observed in both the 

middle and apical turns of the Gfi1 deficient cochlea at P0-P1, exclusively in the region 

of the OHCs (Figure 3.1f), while no labelling was detected in the regions of the vestibular 

HCs. This suggests that the Gfi1cre/cre OHCs are degrading by apoptosis at P0-P1, as was 

also noted for the OHCs of Gfi1-/- mice (Wallis et al., 2003). Finally, it has previously 

been reported that the Gfi1-/- OHCs aberrantly express the neuron-specific marker beta 

tubulin class III (TUBB3) at E17.5 (Wallis et al., 2003). Staining for this marker in the 

inner ears of P0-P1 Gfi1cre/cre mice shows that the OHCs of this model also aberrantly 

express TUBB3, while no TUBB3 staining could be observed in the inner HCs (IHCs) or 

vestibular HCs (Figure 3.1g, 3.2b). Combined, these results suggest that the Gfi1cre/cre 

mouse can be used as a reliable substitute for the Gfi1-/- model to study the consequence 

of loss of GFI1 expression in the inner ear HCs.  

RNA-seq analysis of GFI1 deficient HCs using RiboTag 

We next took advantage of the expression of Cre recombinase in the Gfi1cre model 

to perform an RNA-seq analysis of GFI1 deficient HCs using the RiboTag mouse (Sanz 

et al., 2009). For this experiment, Gfi1cre and RiboTag (Rpl22HA) mice were crossed to 

obtain Gfi1cre/+;Rpl22HA/HA breeding pairs, resulting in Cre-positive offspring that express 

HA tagged ribosomes in all HCs. Cochlear and vestibular tissues were collected 

separately from Gfi1cre/cre;Rpl22HA/HA mutants and Gfi1cre/+;Rpl22HA/HA controls at P0-P1, 
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Figure 3.3. Analysis of Gfi1cre HC gene expression by RiboTag immunoprecipitation 

(IP). (a) Tissue from mice simultaneously expressing Cre recombinase and RPL22HA 

were collected from cochleae and vestibular tissues, separately, for RiboTag IP (see 

methods for more information). (b-c) qPCR analysis of input (IN) and 

immunoprecipitated (IP) RNA from cochlear and vestibular tissues of Gfi1cre/+ and 

Gfi1cre/cre. The RiboTag IP reliably enriches for transcripts of the HC marker gene Myo6, 

while also depleting transcripts of the mesenchymal marker gene Pou3f4, in all Gfi1cre/+ 

and Gfi1cre/cre samples compared to IN. Additionally, RiboTag IP either depletes or does 

not enrich neuronal-specific transcripts (n=3). (d) Comparison of Tubb3 expression in the 

IN and IP RNA from Gfi1cre/+ and Gfi1cre/cre shows a significant increase in Tubb3 

transcripts only in the mutant cochlear IP (FC = 7.87, p-value = 0.0046), underscoring the 

utility of the RiboTag IP in revealing cell type-specific changes in transcripts that are also 

expressed in other cell types (n=3). Statistical significance was assessed by Welch’s t-

test. * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, ns = not significant. 
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and tissues from five mice were pooled for each replicate of ribosome 

immunoprecipitation (Figure 3.3a). qPCR analysis indicates that ribosome 

immunoprecipitation from both the Gfi1cre/cre;Rpl22HA/HA mutants and Gfi1cre/+;Rpl22HA/HA 

controls reliably enriches for mRNA of the HC marker Myo6, while mRNA for the 

mesenchymal marker Pou3f4 is consistently depleted (Figure 3.3b-c). Furthermore, 

mRNA for the neuronal marker Tubb3 is either not enriched or is depleted by RiboTag 

immunoprecipitation (Figure 3.3b-c). Importantly, comparison of the cochlear input 

samples from Gfi1cre/cre;Rpl22HA/HA mutants and Gfi1cre/+;Rpl22HA/HA was not sensitive 

enough to detect significant differences in Tubb3 expression, whereas comparing the 

immunoprecipitated samples showed a significant increase in Tubb3 transcripts in the 

mutant cochleae (~7-fold , p-value = 0.0046) (Figure 3.3d). No difference in Tubb3 was 

detected between the vestibular samples from Gfi1cre/cre;Rpl22HA/HA and 

Gfi1cre/+;Rpl22HA/HA controls, which is expected as no aberrant TUBB3 expression was 

observed in the mutant vestibular HCs (Figure 3.2b). These results further highlight the 

utility of the RiboTag approach for studying HC-specific changes in gene expression; as 

differences in HC expressed transcripts that are also expressed in other cell types in the 

inner ear (such as Tubb3 in the CVG) may not be detected when assessing gene 

expression in whole inner ear tissues. 

To further assess global differences in gene expression between the Gfi1cre/cre and 

Gfi1cre/+ HCs, we next performed an RNA sequencing (RNA-seq) analysis of the 

RiboTag HC immunoprecipitated mRNA. This analysis resulted in the detection of 210 

genes that were upregulated and 277 genes that were downregulated in the Gfi1cre/cre 

cochlear HCs, and 223 genes that were upregulated and 76 genes that were 
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downregulated in the Gfi1cre/cre vestibular HCs (log2 fold change [LFC] > 1 or < -1, false 

discover rate [FDR] < 0.001, full separation - see methods) (Figure 3.4a). Among the 

genes called as downregulated in both the mutant cochlear and vestibular HCs are the HC 

expressed genes Chrna1, Atp2a3 and Fcrlb, whereas other HC expressed genes such as 

Myo6 and Myo7a did not reach our cutoff as significantly changed (Chessum et al., 2018; 

Liu et al., 2014; Scheffer et al., 2007). This indicates that the difference in HC gene 

expression between Gfi1cre/cre and Gfi1cre/+ samples are not a result in differences in HC 

number. Consistent with our qPCR results, the gene encoding for neuron-specific β-

tubulin (Tubb3) was found to be upregulated in the Gfi1cre/cre mutant cochlear HC 

samples only (LFC = 3.49, FDR = 6.59E-40).  

To identify major biological processes that are dysregulated in the Gfi1 deficient 

HCs, we next performed Gene Ontology (GO) term enrichment analyses using the sets of 

upregulated and downregulated genes identified by our RiboTag RNA-seq analysis. This 

revealed that genes found to be downregulated in the Gfi1cre/cre mutant cochlear HCs 

showed significant enrichment for GO terms involved in sensory perception of sound and 

inner ear development, suggesting the Gfi1 deficient cochlear HCs have undergone a 

maturation arrest (Table 3.1). Notably, a similar analysis of the genes downregulated in 

the Gfi1cre/cre vestibular HCs revealed only one significant GO term (“myeloid leukocyte 

migration,” enrichment = 14.95, adjusted p-value = 0.0347), possibly highlighting the 

limited published knowledge of vestibular HC gene function. In support of this 

hypothesis, one gene within this GO term (Spp1: LFC = -2.03, FDR = 2.70E-13) was 

recently identified as a specific marker for Type I HCs in the mouse utricle (McInturff et 

al., 2018).  



32 

 
Downregulated in Gfi1

cre/cre 
cochlear HCs 

Rank Term Enrich. Adj. p-val 

#1 
detection of mechanical stimulus involved 
in sensory perception of sound*** 

34.49 6.84E-05 

#2 
auditory receptor cell stereocilium 
organization*** 

24.64 4.05E-02 

#3 auditory receptor cell development*** 22.99 7.03E-04 

#4 
inner ear auditory receptor cell 
differentiation*** 

18.56 4.79E-05 

#5 hair cell differentiation*** 18.48 6.94E-06 

#6 
inner ear receptor cell stereocilium 
organization*** 

15.52 7.26E-03 

#7 
detection of mechanical stimulus involved 
in sensory perception*** 

14.44 1.12E-02 

#8 sensory perception of sound*** 14.29 1.39E-15 

#9 inner ear receptor cell development*** 14 4.21E-04 

#10 inner ear receptor cell differentiation*** 13.18 2.35E-05 

#11 neuroepithelial cell differentiation*** 12.28 1.16E-03 

#12 mechanoreceptor differentiation*** 12.2 4.92E-05 

#13 
columnar/cuboidal epithelial cell 
development 

12.03 6.77E-03 

#14 
sensory perception of mechanical 
stimulus*** 

11.89 6.21E-14 

#15 inner ear morphogenesis*** 8.14 7.81E-03 

#16 inner ear development*** 7.54 3.38E-06 

#17 
columnar/cuboidal epithelial cell 
differentiation 

7.45 1.64E-02 

#18 ear development*** 6.94 3.54E-06 

#19 sensory perception of light stimulus 6.78 1.20E-02 

#20 ear morphogenesis*** 6.77 3.66E-02 

#21 epidermal cell differentiation 5.99 3.70E-02 

#22 sensory organ development*** 3.5 5.46E-03 
 

Table 3.1: All statistically enriched GO terms from genes significantly downregulated in 

cochlear HCs of Gfi1
cre/cre

 mice (fold change < 0.5, adjusted p-values < 0.001). Asterisks 
denote HC development and function GO terms. 
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Ontology analysis of the genes upregulated in the mutant cochlear and vestibular 

HCs revealed a striking enrichment for genes involved in neuronal processes, and 

included GO terms such as “neuron development”, “axon development” and “positive 

regulation of neuron differentiation” (Table 3.2). Interestingly, three transcriptional 

regulators of neuronal development fall within the top 5 upregulated genes in the 

Gfi1cre/cre cochlear HCs. These three genes are Lhx2 (LFC = 7.1, FDR = 1.22E-125), 

Neurod1 (LFC = 6.73, FDR = 2.62E-132) and St18 (LFC = 6.72, FDR = 4.75E-133) 

(Kameyama et al., 2011; Matsushita et al., 2014; Pataskar et al., 2016; Subramanian et 

al., 2011). Of particular interest is Neurod1, which encodes for the bHLH pioneer 

transcription factor NEUROD1, a known driver of neuronal fate that is also important for 

early inner ear HC development (Jahan et al., 2010). NEUROD1 has been shown to 

target and upregulate other transcriptional regulators of neuronal development such as 

St18, which was also found to be significantly upregulated in Gfi1cre/cre vestibular HCs 

(LFC = 4.86, FDR = 8.66E-42), Myt1, which was significantly upregulated in Gfi1cre/cre 

cochlear HCs (LFC = 1.1, FDR = 8.43E-9), and Insm1, which is also known to be 

important for spiral ganglion and OHC development, was upregulated in the Gfi1cre/cre 

cochlear HCs (LFC = 1.16, FDR = 1.36E-7) (Lizio et al., 2015; Pataskar et al., 2016; 

Lorenzen et al., 2015; Wiwatpanit et al., 2018). Additionally, the transcription factor gene 

and target of NEUROD1 mediated repression, Atoh1 was found to be upregulated in the 

Gfi1cre/cre vestibular HCs (LFC = 2.04, FDR = 1.45E-17) (Jahan et al., 2010).  

In order to assess the validity of our RiboTag RNA-seq study, we next 

investigated upregulation and downregulation of select genes by qPCR in independent 

immunoprecipitated mRNA samples from P0-P1 Gfi1cre/cre;RiboTagHA/HA animals and 



34 

 
Upregulated in Gfi1

cre/cre 
cochlear HCs 

Upregulated in Gfi1
cre/cre 

vestibular 

HCs 

Rank Term Enrich. p-val Term Enrich. p-val 

#1 
neurotransmitter 
secretion*** 

10.42 1.63E-02 

cell-cell adhesion via 
plasma-membrane 
adhesion molecules 

7.03 2.47E-03 

#2 
signal release from 
synapse*** 

10.42 1.63E-02 axon guidance*** 6.01 3.30E-02 

#3 
synaptic vesicle 
cycle*** 

9.44 4.76E-04 
neuron projection 
guidance*** 

5.95 3.62E-02 

#4 
neurotransmitter 
transport*** 

7.82 8.20E-04 
regulation of 
axonogenesis*** 

5.77 4.77E-02 

#5 response to calcium ion 7.79 3.52E-02 axon development*** 5.54 8.70E-05 

#6 
chemical synaptic 
transmission*** 

6.08 7.30E-06 axonogenesis*** 5.36 9.05E-04 

#7 
anterograde trans-
synaptic signaling*** 

6.08 7.30E-06 synaptic signaling*** 5.02 3.59E-04 

#8 
trans-synaptic 
signaling*** 

5.78 1.62E-05 
trans-synaptic 
signaling*** 

4.93 1.13E-03 

#9 behavior 5.76 3.79E-12 

cell morphogenesis 
involved in neuron 
differentiation*** 

4.76 7.81E-04 

#10 synaptic signaling*** 5.57 2.92E-05 
neuron projection 
morphogenesis*** 

4.59 5.88E-04 

#11 learning or memory 5.56 3.72E-03 
chemical synaptic 
transmission*** 

4.57 1.53E-02 

#12 cognition 4.97 1.32E-02 
anterograde trans-
synaptic signaling*** 

4.57 1.53E-02 

#13 
positive regulation of 
neuron 
differentiation*** 

4.24 8.16E-03 

plasma membrane 
bounded cell projection 
morphogenesis 

4.54 6.97E-04 

#14 neuron development*** 4.03 2.75E-06 

positive regulation of 
neuron 
differentiation*** 

4.51 7.46E-04 

#15 
regulation of neuron 
differentiation*** 

4.01 1.30E-05 
cell projection 
morphogenesis 

4.49 7.98E-04 

#16 
positive regulation of 
nervous system 
development*** 

3.75 2.96E-03 cell part morphogenesis 4.26 1.79E-03 

#17 
modulation of chemical 
synaptic 
transmission*** 

3.75 4.02E-02 
neuron projection 
development*** 

4.21 1.08E-05 

#18 
neuron projection 
development*** 

3.74 1.55E-03 
positive regulation of 
nervous system 

3.91 3.95E-04 
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development*** 

#19 
regulation of trans-
synaptic signaling*** 

3.74 4.13E-02 
positive regulation of 
neurogenesis*** 

3.81 4.61E-03 

#20 
regulation of neuron 
projection 
development*** 

3.65 1.57E-02 

cell morphogenesis 
involved in 
differentiation 

3.76 1.08E-02 

#21 
neuron 
differentiation*** 

3.62 4.07E-06 cell-cell signaling 3.74 5.98E-05 

#22 
positive regulation of 
neurogenesis*** 

3.6 3.65E-02 Behavior 3.71 9.70E-04 

#23 
generation of 
neurons*** 

3.58 1.19E-11 
regulation of neuron 
differentiation*** 

3.54 6.26E-04 

#24 
regulation of nervous 
system development*** 

3.58 2.77E-06 
positive regulation of 
cell development 

3.52 8.04E-03 

#25 neurogenesis*** 3.57 1.58E-12 neuron development*** 3.44 5.76E-04 

 

Table 3.2: Top 25 enriched GO hits from genes significantly upregulated (fold change > 
2, adjusted p-values < 0.001) in either cochlear or vestibular HCs of Gfi1cre/cre mutant 
mice. Asterisks denote neuronal related GO terms. 
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 Gfi1cre/+;RiboTagHA/HA controls. This analysis showed that the HC-expressed genes 

Cdh1, Sema5b, Slc26a5, Strc, Strip2 and Tmc1 are indeed significantly downregulated in 

the Gfi1cre/cre cochlea, and Fcrlb and Ocm are significantly downregulated in the 

Gfi1cre/cre vestibular system (Figure 3.4b-c). Additionally, the neuronal genes Gap43, 

Myt1, Ncam1, Neurod1, St18 and Lhx2 were found to be upregulated in the mutant 

cochlear HCs, and Atoh1 and the neuronal gene Gfy validated as upregulated in the 

mutant vestibular HCs (Figure 3.4d). Importantly, upregulation of St18 expression in the 

vestibular HCs from the Gfi1 mutant mice did not reach statistical signficance compared 

to the heterozygous controls, most likely due to variability in fold enrichmentbetween the 

mutant samples (St18 fold change ranged from 18-33 fold upregulated in the Gfi1cre/cre 

samples compared to Gfi1cre/+, p-value=0.051) (Figure 3.4b).  

To further assess if the observed differences in gene expression between the 

Gfi1cre/cre and Gfi1cre/+ animals were indeed a result of changes within the HCs (as 

opposed to dysregulation within the CVG neurons, or within resident immune cells which 

also express HA-tagged ribosomes), we next used in situ hybridization to localize 

dysregulated trasncripts within the inner ear. This analysis revealed HC-specific 

differences in Fcrlb, Sema5b, Gfy, Neurod1, and Lhx2 expression in the Gfi1cre/cre 

cochlear HCs compared to controls at P0-P1 (Figure 3.4d-i). Additionally, in the 

vestibular system, specific downregulation of the striolar HC protein OCM was observed 

in the Gfi1cre/cre HCs by immunostaining (Figure 3.4j-k). These results further 

demonstrate that in the absence of GFI1, expression of normal HC genes is significantly 

disrupted and HCs express markers of neuronal cells. 
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GFI1 plays a role in repressing neuronal gene expression in developing hair cells 

 In addition to being essential for development of the CVG, the transcription factor 

NEUROD1 has also been implicated in early embryonic HC development; the cochleae 

of Neurod1 conditional null mice are shortened, the apical HCs exhibit premature 

expression of Atoh1 and MYO7A, and some of the OHCs are transformed into IHCs 

(Jahan et al., 2010). We therefore next aimed to assess whether 1) a neuronal program is 

aberrantly activated in the Gfi1cre/cre HCs, or 2) if this program is normally present in 

early HCs and fails to be downregulated in the absence of GFI1. For this, we utilized the 

Shared Harvard Inner Ear Laboratory Dataset (SHIELD), which assessed gene expression 

in sorted cochlear and utricular HCs at four developmental time points (E16, P0, P4 and 

P7) (Scheffer et al., 2015; Shen et al., 2015). By calculating a log2 fold change for the 

expression of each gene measured in HCs between E16 and P0, we first determined that 

the sets of genes downregulated in Gfi1cre/cre mutant cochlear and vestibular HCs are 

normally upregulated during development from E16 to P0 (Figure 3.5a-b), further 

supporting the finding that HC development is arrested in the Gfi1cre/cre mutants. A 

similar analysis of the genes upregulated in Gfi1cre/cre mutant cochlear HCs shows that 

they are normally expressed at E16, immediately preceding the onset of Gfi1 expression 

at E16.5, and are subsequently downregulated by P0 (Figure 3.5c). This result suggests 

that a neuronal program is indeed active in early differentiating HCs, but fails to be 

repressed in the cochlear HCs of the Gfi1cre/cre mice. Importantly, the expression of genes 

upregulated in Gfi1cre/cre vestibular HCs did not change between E16 and P0 in the 

SHIELD utricular HC dataset (Figure 3.5d). This difference may reflect the earlier onset  
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Figure 3.4. Hair cell gene expression differences between Gfi1cre/cre and Gfi1cre/+. (a) 

Venn diagram describing the number of genes found to be upregulated and 

downregulated in the Gfi1cre/cre cochlear and vestibular HCs. (b-d) qPCR validation of 

dysregulated genes in independent vestibular (b) and cochlear (c-d) Gfi1cre RiboTag IP 

samples (n=3). Statistical significance was assessed by Welch’s t-test. * = p-value < 0.05, 

** = p-value < 0.01, *** = p-value < 0.001, ns = not significant. (e-i) Validation of HC 

specific downregulation of the genes Fcrlb (e) and Sema5b (f), and upregulation of the 

genes Gfy (g), Lhx2 (h), and Neurod1 (i) in the Gfi1cre/cre cochlea compared to Gfi1cre/+ at 

P0 (n≥3). Arrowheads denote IHCs, arrows denote OHCs. Scale = 20µm. (j-k) 

Validation of HC specific downregulation of OCM in the Gfi1cre/cre vestibule compared to 

Gfi1cre/+ at P0 (n=3). Scale = 50µm. 
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Figure 3.5. Modulation of Gfi1cre/cre dysregulated HC genes during normal 

development. (a-b) As a group, the genes found to be downregulated in the Gfi1cre/cre 

cochlear (a, n=248) and vestibular (b, n=73) HCs are normally upregulated during normal 

cochlear and utricular HC development between E16 and P0 (according to the SHIELD 

dataset). (c) Contrastingly, the genes found to be upregulated in the Gfi1cre/cre cochlear 

HCs (n=198) are normally repressed during normal cochlear HC development between 

E16 and P0 – corresponding to the onset of Gfi1 expression at E16.5. (d) No difference in 

expression of the genes upregulated in the Gfi1cre/cre vestibular HCs (n=207) was detected 

between E16 and P0, possibly reflecting the earlier onset of Gfi1 expression in the 

vestibular system (E14.5). Statistical significance was assessed by Wilcoxon's test.  
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of Gfi1 expression in the vestibular system compared to the cochlea (E14.5 vs. E16.5) 

(Wallis et al., 2003), a time point for which is not captured in the SHIELD dataset.  

 Next, to investigate if NEUROD1 or its targets were responsible for the high 

expression of neuronal genes observed in Gfi1 mutant HCs, we compared these lists of 

upregulated genes to a dataset measuring changes in gene expression in mouse embryonic 

stem cells (mESCs) induced to neurodifferentiate through NEUROD1 overexpression 

(Pataskar et al., 2016). By again calculating a log2 fold change, we found that, indeed, 

the sets of genes upregulated in both cochlear and vestibular Gfi1cre/cre HCs are also 

significantly induced after forced expression of Neurod1 in mESCs (Figure 3.6a-b). 

Taken together, these comparisons reveal that in the absence of GFI1, cochlear and 

vestibular HCs maintain an early neuronal program, which is likely only transient during 

early HC development, and subsequently fail to progress to functional maturity. 

Binding motif prediction indicates GFI1 as a regulator of upregulated genes in the 

Gfi1cre/cre mutant cochlea 

 GFI1 is a transcriptional repressor with a well-defined DNA binding motif, with a 

core binding sequence of GATT (Moroy, 2005). We were therefore interested in 

identifying which of the genes upregulated in the Gfi1cre/cre HCs represented direct 

downstream targets of GFI1. To do this, we performed a scanning analysis of the 

regulatory regions 10kb upstream and downstream of genes upregulated in the Gfi1cre/cre 

mutant cochlear and vestibular HCs to identify statistically overrepresented binding 

motifs (Janky et al., 2014). Unsurprisingly, among the predicted regulators of the 

cochlear upregulated genes was GFI1, as well as its upstream regulator POU4F3, and the  
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Figure 3.6. Modulation of Gfi1cre/cre dysregulated HC genes during 

neurodifferentiation of mouse embryonic stem cells. (a-b) As a group, the genes found 

to be upregulated in the Gfi1cre/cre cochlear (a, n=194) and vestibular (b, n=189) HCs are 

also upregulated by NEUROD1induced neurodifferentiation of mESCs (see Pataskar et 

al., 2016). Statistical significance was assessed by Wilcoxon's test. 
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RFX family of TFs (Figure 3.7a, Figure 3.8). POU4F3 was also predicted to regulate the 

upregulated genes within the mutant vestibular samples, along with EMX2, a known 

regulator of planar cell polarity reversal in the utricular and saccular maculae (Figure 

3.7b) (Holley et al., 2010; Jiang et al., 2017). Additionally, the binding motif for the RE1 

Silencing Transcription Factor (REST) was significantly enriched in the regulatory 

regions of genes upregulated in both the Gfi1cre/cre cochlear and vestibular HCs. REST is 

a known transcriptional repressor of neuronal gene expression in non- neuronal tissues 

including HCs, and a mutation in REST has recently found to underlie hereditary hearing 

loss in humans (DFNA27) (Nakano et al., 2018). Among the genes predicted to be 

directly regulated by GFI1 in the cochlea were the neuronal transcription factor encoding 

genes Neurod1, Lhx2, Myt1 and St18 (Figure 3.8), further suggesting that GFI1 is directly 

involved in repressing a neuronal transcriptional program in developing HCs. 
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Figure 3.7. Transcription factor binding motif prediction analysis predicts GFI1 as 

a regulator of genes upregulated in the Gfi1cre/cre cochlea.  (a-b) Top 9 transcription 

factors and their corresponding binding motifs that were predicted to regulate the 

upregulated genes in the Gfi1cre/cre cochlear (a) and vestibular (b) HCs. NES = normalized 

enrichment score. NES ≥ 3.0 corresponds to a false discovery rate of 3-9% (see Janky et 

al., 2014). 
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Figure 3.8. GFI1, RFX and POU4F3 regulatory map of genes that are upregulated 

in the Gfi1cre/cre cochlea. Schematic representation of the predicted regulatory network 

for GFI1, POU4F3and the RFX family of transcription factors in regulating genes that are 

significantly increased in the Gfi1cre/cre cochlear HCs. Generated using the iRegulon 

application in Cytoscape. Red nodes are predicted transcription factors and white nodes 

are upregulated genes. Brown arrows indicate predicted targets of the RFX family, blue 

arrows indicate predicted targets of GFI1, and purple arrows indicate predicted targets of 

POU4F3. 
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3.4 Discussion 

Here we have utilized the Gfi1cre/cre mouse model to perform a comprehensive 

analysis of the effect of loss of GFI1 in the inner ear. Our analyses indicate that in 

addition to being essential for cochlear and vestibular HC developmental progression, the 

main function of GFI1 is to repress a neuronal transcriptional program which is normally 

transiently expressed in early phases of HC development (Figure 3.9). Interestingly, 

further clues for this role of GFI1 in regulating neuronal genes have also been reported in 

other systems.  

GFI1 is known to function downstream of ATOH1 in the development of the 

intestinal epithelia, where it is normally expressed within the mucous and Paneth cells to 

repress the enteroendocrine cell lineage (Bjerknes and Cheng, 2010; Lo et al., 2017). In 

Gfi1-/- intestinal epithelia, the expression of the enteroendocrine drivers Ngn3 and 

Neurod1 is increased, and the mucous and Paneth cells exhibit some enteroendocrine 

phenotypes (Bjerknes and Cheng, 2010; Shroyer et al., 2005). As another example, a 

recent article published by Lee et al., identified a subgroup of medulloblastomas where 

GFI1 is aberrantly activated. In GFI1-active tumor cells generated from neonatal 

neuronal progenitors, neuronal gene expression is significantly repressed, including a 16-

32 fold decrease in the expression of Neurod1, Atoh1, Insm1 and St18 (Lee et al., 2019). 

Finally, an article published by Costa et al. in 2015 showed that the efficiency of 

generating HC-like cells from mESCs in vitro could be dramatically increased (~5% to 

~50%) with the addition of GFI1 and POU4F3 to ATOH1 overexpression (Costa et al., 

2015). An analysis to quantify the neuronal marker TUBB3 in these transfected cells  



46 

 

Figure 3.9. GFI1 promotes HC fate by repressing a neuronal transcriptional 

program in developing HCs. In developing HCs, ATOH1 expression activates Pou4f3, 

and POU4F3 induces GFI1 expression to promote a HC fate. However, ATOH1 also 

activates Neurod1 expression, and NEUROD1 in turn can repress Atoh1. We hypothesize 

that GFI1 therefore promotes a HC vs. neuronal transcriptional program by either 

repressing Neurod1 directly, or by repressing Atoh1 to prevent continued expression of 

Neurod1.   
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showed that while all ATOH1-overexpressing cells also expressed TUBB3, none of the 

combined ATOH1/POU4F3/GFI1-overexpressing cells were positive for TUBB3, 

suggesting that ATOH1 alone is sufficient to drive a neuronal program in mESCs which 

is then either repressed or modified by the addition of GFI1 and POU4F3. Overall, these 

previous observations further support our model for GFI1 mediated neuronal gene 

repression in developing HCs.  

The comparative analyses outlined in Figures 3.5 and 3.6 suggest that the 

neuronal program that is upregulated in the Gfi1cre/cre cochlear HCs, and likely vestibular 

HCs, is normally expressed in Atoh1 positive HCs early in their development (E16), 

before GFI1 starts being expressed at E16.5. Based on this observation, it is likely that 

the upregulated genes in the Gfi1cre/cre vestibular HCs exhibit the same pattern of 

expression during development, but this could not be addressed using the time points of 

gene expression analysis provided by the SHIELD dataset. It is unclear if the expression 

of this suite of neuronal genes is serving some role in the development of HCs, or if they 

are only secondary to the prolonged expression of neuronal transcription factors in the 

Gfi1cre/cre HCs, such as NEUROD1 and its downstream target ST18 in the cochlear HCs, 

or ST18 alone in the vestibular HCs.  

NEUROD1 is a pioneer transcription factor, capable of opening chromatin in 

lineage specified cells to drive expression of its target genes and induce a neuronal fate 

program (Pataskar et al., 2016). However, NEUROD1 is also known to be involved, to 

some extent, in HC development. The cochleae of Neurod1 conditional null mice are 

shortened, the apical HCs exhibit altered expression of HC markers such as MYO7A, 

premature upregulation of ATOH1, and some of the OHCs are transformed into IHCs 
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that express the IHC marker Fgf8 (Jahan et al., 2010, 2013). Previously published 

research suggests that ATOH1 and NEUROD1 seem to function in a feedback loop; 

where ATOH1 is capable of upregulating Neurod1 expression, and in turn NEUROD1 

represses Atoh1 (Jahan et al., 2010, 2013; Pan et al., 2012). Therefore, early NEUROD1 

expression could be functioning to prevent premature apical HC differentiation by 

repression of Atoh1. GFI1 may then be the molecular signal for HC development to 

progress, repressing NEUROD1 expression and allowing upregulation of ATOH1. 

However, to further complicate the model, we observed upregulation of Neurod1 only in 

the Gfi1cre/cre cochlear OHCs, and Atoh1 expression is upregulated only in the vestibular 

HCs at P0-1. It could therefore be possible that GFI1 represses expression of Atoh1, and 

upregulation of ATOH1 in the mutant HCs feeds forward to Neurod1 upregulation as 

well (Figure 3.9). Experiments using chromatin immunoprecipitation of GFI1 bound 

regions upstream of the Neurod1 and Atoh1 promoters will be necessary to elucidate this 

mechanism. 

Of the genes identified and validated as dysregulated in the Gfi1cre/cre mutant 

cochlear HCs by in situ hybridization, only Fcrlb was found to be downregulated in both 

the IHCs and OHCs. The remainder of genes analyzed (Neurod1, Lhx2, Sema5b, and 

Gfy) were found to be upregulated or downregulated specifically in the OHCs (Figure 

3.4). Additionally, TUBB3 expression is only observed in the OHCs by 

immunohistochemistry (Figure 3.1, 3.2). Based on these observations, as well as the 

accelerated degeneration of the OHCs compared to IHCs, it is likely that GFI1 serves 

distinct roles in the development of these two cell types, consistent with previously 

published observations (Hertzano et al., 2004). Furthermore, observed downregulation of 
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the Type I striolar HC protein OCM suggests that GFI1 may also play distinct roles in the 

development and function of HC subtypes in the vestibular organs. In order to address 

these questions, it would be necessary to analyze changes to gene expression that occur in 

the individual HC subtypes when GFI1 is not present. Fortunately, with the increasing 

efficiency of single cell profiling techniques, this analysis is possible and would certainly 

help to further elucidate the differential roles that GFI1 may play in cochlear and 

vestibular HC subtype development.   

Overall, our analyses of the Gfi1cre/cre inner ear indicates a critical role for GFI1 in 

repressing neuronal gene expression in the developing cochlear and vestibular HCs. 

Additionally, the observed upregulation of neuronal genes in the mutant HCs is likely 

secondary to the maintained expression of transcriptional drivers of neuronal fate, such as 

Neurod1 and St18. It would be interesting to elucidate the exact role that these 

transcription factors are serving in the development of HCs, which our analyses indicate 

are expressed in early on in embryonic development, at least within the cochlea. This 

could be accomplished through further generation and characterization of conditional 

knockout animals, as well as analysis of altered chromatin landscapes to identify 

downstream transcriptional cascades. It is likely that GFI1 mediated control of neuronal 

gene expression will represent a critical step in regeneration of HCs from pluripotent 

stem cell populations.  
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3.5 Methods 

Animals 

The RiboTag and Gfi1cre knock-in mice were maintained on a C57BL/6J 

background at the University of Maryland School of Medicine. To generate animals for 

the Gfi1cre;RiboTag RNA-seq dataset, RiboTagHA/HA mice were crossed to Gfi1cre/+ mice 

to produce Gfi1cre/+;RiboTagHA/+ mice. These mice were further crossed to obtain 

Gfi1cre/+;RiboTagHA/HA breeding pairs, which were used to generate 

Gfi1cre/+;RiboTagHA/HA and Gfi1cre/cre;RiboTagHA/HA neonates for RiboTag 

immunoprecipitation. All procedures involving animals were carried out in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals 

and have been approved by the Institutional Animal Care and Use Committee at the 

University of Maryland School of Medicine (protocol numbers 1015003 and 0918005). 

Immunohistochemistry and image acquisition  

Inner ears from Gfi1cre/cre mutants and controls were dissected between P0 and P1, 

fixed in 4% paraformaldehyde (PFA) in PBS overnight at 4 °C, and if necessary 

decalcified in 0.5M EDTA at 4 °C. Ears were then either stored in PBS for further 

dissection or processed and embedded in OCT compound (Tissue-Tek) for 

cryosectioning. Immunohistochemistry on sectioned or whole mounted tissues was 

performed using the following primary antibodies: mouse anti-TUBB3 (BioLegend, 

1:500); goat anti-oncomodulin N-19 (1:100, Santa Cruz Biotechnology); rabbit anti-

myosin-VI (1:1,000, Proteus BioSciences). Complementary Alexa Fluor 488 and 546 

(1:800, Invitrogen) antibodies were used for secondary detection, Alexa Fluor 488 
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Phalloidin (1:1,000, Invitrogen) was used to stain F-actin, and DAPI (25µg/ml, 

Invitrogen) was used to stain cell nuclei. TUNEL staining was performed using the Click-

iT™ Plus TUNEL Assay (Invitrogen). Images were acquired using either a Nikon Eclipse 

E600 microscope (Nikon) equipped with a Lumenera Infinity 3 camera (Lumenera) or a 

Nikon CSU-W1 spinning disk confocal (Nikon) located at the University of Maryland 

School of Medicine Confocal Microscopy Facility.   

RiboTag immunoprecipitations 

RiboTag immunoprecipitations from inner ear tissues were performed as 

previously described (see Chapter 4, Chessum and Matern et al., 2018). For each 

biological sample, cochlear ducts or vestibular tissues from five P0-P1 

Gfi1cre/+;RiboTagHA/HA or Gfi1cre/cre;RiboTagHA/HA mice were pooled and homogenized in 

1 ml of supplemented homogenization buffer (50 mM Tris-HCl pH.7, 100 mM KCl, 12 

mM MgCl2, 1% Nonidet P-40, 1 mM 1,4-Dithiothreitol, 1X protease inhibitor cocktail, 

200 U/mL RNAseOUT, 100 μg/ml cycloheximide, 1 mg/ml heparin). Homogenates were 

then centrifuged to remove cell debris (10,000 rpm for 10 minutes at 4ᵒC), and 40 μl 

reserved as input control. 5 μg HA antibody (BioLegend) was added to the remaining 

homogenate and incubated under gentle rotation for 4 – 6 hours at 4ᵒC before adding 300 

μl of rinsed Invitrogen Dynabeads Protein G magnetic beads (Thermo Fisher). Samples 

were then incubated under gentle rotation overnight at 4ᵒC. Bound beads were rinsed 3x 

with 800 μl high salt buffer (50 mM Tris-HCl pH.7, 300 mM KCl, 12 mM MgCl2, 1% 

Nonidet P-40, 1 mM 1,4-Dithiothreitol, 100 μg/ml cycloheximide) under gentle rotation 

at 4ᵒC. 350 μl of buffer RLT from the RNeasy Plus Micro kit (Qiagen) was used to 

release bound ribosomes and associated RNAs from the beads. RNA was extracted using 
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the RNeasy Plus Micro kit (Qiagen), using 16 µl of nuclease free water for elution. RNA 

quality was assessed using the Agilent RNA Pico kit (Agilent Technologies), and only 

samples with RIN > 8 were used for RNA sequencing. 

RNA sequencing and data analysis 

Gfi1cre;RiboTag IP RNA-seq libraries were prepared in biological triplicates from 

cochlear tissues using the Ovation® Ultralow Library Preparation Kit (NuGEN), and 

vestibular tissues using the NEBNext® Ultra™ Directional RNA Library Prep Kit (New 

England BioLabs) per manufacturers instructions. Samples were then sequenced on a 

HiSeq 2500 system (Illumina) using a 100-bp paired end read configuration at the 

University of Maryland School of Medicine Institute for Genome Sciences. Reads were 

aligned to the mouse reference genome (mm10) using TopHat (Trapnell et al., 2009), and 

the number of reads aligning to predicted coding regions was quantified using HTSeq 

(Anders et al., 2015). Significant differential gene expression between Gfi1cre/+ and 

Gfi1cre/cre RiboTag IP samples was assessed using DEseq (Anders and Huber, 2010). In 

addition to a cutoff of LFC > 1 or < -1 and FDR< 0.001, we required a full separation of 

normalized expression values between replicates to call a gene as differentially 

expressed. For example, for a gene to be called as downregulated in the Gfi1cre/cre samples 

compared to Gfi1cre/+, the normalized expression levels measured in each replicate of 

Gfi1cre/cre must be lower than the lowest expression level measured in a Gfi1cre/+ replicate. 

Gene ontology analyses were performed using the Gene Ontology database 

(http://www.geneontology.org) (Harris et al., 2004). Motif prediction analyses were 

performed on the putative regulatory region of 20 kb centered around the transcription 

start site of upregulated genes using iRegulon and default settings (Janky et al., 2014).  
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Quantitative PCR  

RNA from Gfi1cre;RiboTag IP and input samples was reverse-transcribed using 

the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific), and 

preamplified using TaqMan PreAmp Master Mix (Applied Biosystems). qPCR was 

performed using TaqMan Fast Advanced Master Mix (Applied Biosystems). In cases 

where no amplification was detected, threshold values were set to the maximum cycle 

(40). Cycle threshold levels in the cochlear samples were normalized to Myo6 expression 

to control for differences in HC number. qPCR was performed in 3 biological replicates, 

and statistical significance between samples was assessed by Welch’s t-test. 

In situ hybridization 

In situ hybridization was performed as previously described (see Chapter 4, 

Chessum and Matern et al., 2018). Briefly, 10µm inner ear sections mounted on 

positively charged glass slides were refixed with 4% PFA before a 10 minute treatment 

with 2 ug/ml Proteinase-K. The Proteinase-K reaction was stopped using 4% PFA, and 

tissues were soaked in acetylation and permeabilization buffers. Digoxigenin labelled 

probes for Fcrlb, Sema5b, Gfy, Lhx2 and Neurod1 were hybridized to sections overnight 

at 65°C. After washing, slides were incubated with sheep-anti-digoxigenin antibody 

conjugated to alkaline phosphatase (Sigma-Aldrich) diluted to 1:100 overnight at 4°C. 

Colorimetric visualization of hybridized probes was performed using BM purple AP 

substrate precipitating solution (Roche). 
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CHAPTER 4: HELIOS IS A KEY TRANSCRIPTIONAL REGULATOR OF 

OUTER HAIR CELL MATURATION1 

 

4.1 Abstract 

The sensory cells responsible for hearing include the cochlear inner hair cells 

(IHCs) and outer hair cells (OHCs), with OHCs being necessary for sound sensitivity and 

tuning. Both cell types are thought to arise from common progenitors, however our 

understanding of the factors that control IHC and OHC fate remains limited. Here we 

identify Ikzf2/helios as an essential transcription factor required for OHC functional 

maturation and hearing. Ikzf2/helios is expressed in postnatal mouse OHCs, and a 

mutation in Ikzf2 causes early-onset sensorineural hearing loss in the cello mouse model. 

Ikzf2cello/cello OHCs have greatly reduced prestin-dependent electromotile activity, a 

hallmark of OHC functional maturation, and show reduced levels of critical OHC-

expressed genes such as Slc26a5/prestin and Ocm. Moreover, we show that ectopic 

expression of Ikzf2/helios in IHCs induces expression of OHC-specific genes, reduces 

canonical IHC genes, and confers electromotility to IHCs, demonstrating that Ikzf2/helios 

is capable of partially shifting the IHC transcriptome towards an OHC-like identity.  

 

                                                 

1Chessum, L.*, Matern, M.S.*, Kelly, M.C., Johnson, S.L.4, Ogawa, Y., Milon, B., 
McMurray, M., Driver, E.C., Parker, A., Song, Y., Codner, G., Esapa, C.T., Prescott, J., 
Trent, G., Wells, S., Dragich, A.K., Frolenkov, G.I., Kelley, M.W., Marcotti, W., Brown, 
S.D.M., Elkon, R., Bowl, M.R., and Hertzano, R. (2018). Nature.  
*Co-first authors 
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4.2 Introduction, results and discussion 

The mature mammalian cochlea contains two distinct types of sensory cells, 

named inner and outer hair cells (HCs), each of which are highly specialized and, in 

humans, do not regenerate once damaged or lost (Ehret, 1976). Progressive loss of these 

cells, particularly the outer HCs (OHCs), underlies much of the aetiology of age-related 

hearing loss – a worldwide epidemic (Bielefeld et al., 2010; World Health Organization, 

2018). While these two cell types were first described by Retzius in the 1800’s, the 

mechanisms underlying the specification of their common progenitor cells to functional 

inner versus outer HCs remain poorly understood. Additionally, attempts to direct stem 

cells towards HC fates have, to date, resulted only in the formation of immature HC-like 

cells that lack many of the markers of mature inner or outer HCs (Mittal et al., 2017). 

Given the vulnerability of the OHCs, identifying factors that specify OHC fate is crucial, 

not only for understanding the biology of this unique cell type, but ultimately for working 

towards regenerative therapies for hearing loss. 

To define a set of high confidence OHC-expressed genes for downstream gene 

regulation analyses, we crossed the prestin-CreERT2 mice, which can be induced to 

express Cre-recombinase specifically in OHCs, with the RiboTag mouse model, allowing 

for OHC-specific ribosome immunoprecipitation (IP) (Fang et al., 2012; Sanz et al., 

2009). Cochlear ducts from RiboTagHA/+;prestinCreERT2/+ mice were collected at five 

postnatal time points (postnatal day (P) 8, P14, P28, 6 weeks (wk), and 10 wk), and 

actively translated OHC transcripts were enriched for by ribosome IP, followed by RNA 

sequencing (RNA-seq) of all IP and paired input RNA (Figure 4.1a-b, see Chessum and 

Matern et al., 2018  Supplementary Table 1). We calculated an OHC enrichment factor 
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Figure 4.1. RiboTag immunoprecipitation enriches for known OHC-expressed 

transcripts. (a) Representative prestinCreERT2/+;ROSA26CAG-tdTomato cochlear whole-

mount. Prestin-CreERT2-driven tdTomato expression is OHC-specific at P21 (n=1). 
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Scale=20 µm. (b) Schematic of the RiboTag immunoprecipitation protocol. Red OHCs 

represent Cre/HA-tagged ribosome expression. (c) RiboTag RNA-seq log2 enrichment 

and depletion of transcripts for known inner ear cell type markers (enrichment factor (EF) 

= log2(IP/input)). (d) Genes at least 2-fold enriched in IHCs (n = 565 genes) or OHCs (n 

= 253 genes) in the dataset of Liu et al. are significantly depleted and enriched, 

respectively, by the RiboTag OHC immunoprecipitation (two-sided Wilcoxon's test). 

This was true for all time points examined.  Black line represents median EF, box 

demarcates 1st and 3rd quartiles, whiskers demarcate 1st and 3rd quartiles ± 1.5×IQR 

values, dots represent single outliers.  (e) Clustering of genes differentially expressed 

across OHC postnatal development (error bars = SD). Prior to clustering, expression 

levels were standardized to mean=0 and SD=1. (f) Enriched gene ontology (GO) 

functional categories identified for the gene clusters in (e) (cluster 1 n=160 genes, cluster 

2 n=63 genes). No significantly enriched GO categories were found for cluster 3 (n=79 

genes). Enrichment and statistical analyses were performed using the EXPANDER 

implemented tool TANGO.  
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(EF) based on the IP/input log2 fold change (LFC) for each gene at each time point (see 

Chessum and Matern et al., 2018 Supplementary Table 2). Reassuringly, known postnatal 

HC- and OHC-expressed genes such as Pou4f3, Gfi1, Strc, Ocm and Slc26a5 generally 

had high EFs across time points (EF>1), while prominent IHC marker genes such as 

Otof, Atp2a3 and Slc17a8 were generally depleted from the IP samples (EF<-1). 

Additionally, marker genes for supporting cells, neurons and otic mesenchyme were also 

depleted (Figure 4.1c). Further informatics analyses of our RiboTag OHC dataset 

demonstrated a systematic enrichment of OHC markers and depletion of IHC markers 

identified by a published adult mouse OHC and IHC transcriptomic dataset (Liu et al., 

2014), and overall classified the OHC-enriched transcripts into three clusters (Figure 

4.1d-f, see Chessum and Matern et al., 2018  Supplementary Table 3). Intersecting genes 

whose transcripts were enriched in OHCs in our most mature RiboTag OHC data point 

(10wk, EF>0.5) with the Liu et al. dataset resulted in a list of 100 highly confident 

postnatal OHC markers that are significantly and consistently enriched in postnatal OHCs 

(Figure 4.2a, see Chessum and Matern et al., 2018 Supplementary Table 4). We and 

others have previously shown that relevant transcriptional regulators can be discovered 

by analysing the promoters of cell-type specific genes to identify statistically over-

represented transcription factor (TF) binding motifs (Elkon et al., 2015; Hertzano et al., 

2011). A TF binding motif prediction analysis of the 100 OHC marker genes identified 

multiple enriched motifs in the20 kb regions centered around the transcription start site, 

the top five of which correspond to the TFs HNF4A, MZF1, POU3F2, IKZF2/helios and 

RFX3 (Janky et al., 2014). Of these TFs, only IKZF2/helios was included in the list of 

100 OHC marker genes; was found to be markedly enriched in OHCs at all time points  
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Figure 4.2. Helios is a candidate regulator of OHC genes. (a) The 100 OHC marker 
genes (n=100) are enriched in OHCs at all RiboTag OHC dataset time points compared to 
expression of all other genes detected (background, BG) (n=13,044). p-values: P8 = 
1.73E-17, P14 = 6.55E-12, P28 = 1.60E-18, 6wk = 7.79E-18, 10wk = 1.43E-33 (two-
sided Wilcoxon's test). Black center line represents median enrichment factor (EF, log2 
fold change), box demarcates 1st and 3rd quartiles, whiskers demarcate 1st and 3rd quartile 
± 1.5×IQR values, dots represent single outliers. (b) Transcription factor binding motif 
analysis using the 100 highly confident OHC marker genes identifies the binding 
signature for IKZF2/helios as significantly overrepresented. NES = normalized 
enrichment score. NES≥3.0 corresponds to a false discovery rate of 3-9% (see Janky et 
al., 2014). (c) Ikzf2 transcript enrichment in OHCs as measured by the RiboTag OHC 
RNA-seq. (d) Specific expression of helios in the nuclei of wild-type P8 OHCs (white 
arrows, n=3 biologically independent samples). Scale=50 µm. (e) Helios expression is 
maintained in wild-type OHCs at 1-month (white arrows, n=3 biologically independent 
samples). Scale=10 µm. (f) Helios is detected in wild-type OHCs from P4 and is 
maintained in mature P16 OHCs (P3 n=2, P4 n=4, P8 n=4, P16 n=4 biologically 
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independent samples). Loss of labelling when the anti-helios antibody is ‘pre-blocked’ 
with its immunizing peptide confirms specificity (n=5 biologically independent samples). 
Scale=10 µm. (g) The genomic/domain structure of Ikzf2/helios. Black = 5’ untranslated 
region, light grey = N-terminal DNA-binding domain, dark grey = C-terminal 
dimerization domain. The Ikzf2cello mutation lies in ZnF6. Further alignment of the helios 
ZnF6 sequence with its paralogues and the classical Cys2His2 ZnF motif shows that the 
H517Q cello mutation causes substitution of a highly conserved zinc-coordinating 
histidine residue. 3D modelling of wild-type Ikzf2+ ZnF6 and mutant Ikzf2cello ZnF6 
illustrates the requirement of residue His517 for zinc-coordination, which is not possible 
when residue Gln517 is substituted. HC, Hensen’s cells; IHC, inner hair cells; OoC, 
organ of Corti; OHC, outer hair cells; PC, pillar cells; RM, Reissner’s membrane; SG, 
spiral ganglion; SL, spiral ligament; SV, stria vascularis. 
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(Figure 4.2b-c); and showed a ~4-fold enrichment in OHCs compared to IHCs in the Liu 

et al. dataset (see Chessum and Matern et al., 2018 Supplementary Table 4). Further 

characterization of helios protein expression in the inner ear confirmed that it is restricted 

to the OHC nuclei starting from P4, and persists in functionally mature OHCs (Figure 

4.2d-f, Figure 4.3a). Together, these data suggest an important role for Ikzf2/helios in 

regulating the OHC transcriptome from early postnatal to adult stages. 

A recent phenotype-driven ENU-mutagenesis screen, undertaken at the MRC Harwell 

Institute, identified a C-to-A transversion at nucleotide 1551 of Ikzf2 in the cello mouse 

mutant, causing a non-synonymous histidine-to-glutamine substitution (p.H517Q) in the 

encoded helios TF (Figure 4.2g, Figure 4.3b-d) (Potter et al., 2016). A combination of in 

silico mutation analyses, structural 3D modelling, immunolabeling of helios in the cello 

mutant mice, and in-vitro assays predicted and validated a deleterious effect of the cello 

mutation on the ability of helios to dimerize without impairing its cellular localization 

(Figure 4.2g, Figure 4.3e and 3.4). We further investigated the functional role of Ikzf2 in 

hearing by assessing Auditory Brainstem Response (ABR) thresholds in wild-type and 

cello mice across several time points. Results show that Ikzf2cello/cello mice have 

progressive deterioration of hearing function starting as early as P16 (>60 dB SPL) with a 

threshold of ≥85 dB SPL by 9-months (Figure 4.5a-b, Figure 4.6a-c). Using scanning 

electron microscopy, we show that the ultrastructure of the cochlear sensory epithelia and 

HC stereocilia bundles in the cello mice appear normal up to 1-month of age, after which 

the OHCs bundles, and later the IHCs bundles, begin to degenerate (Figure 4.6d, 4.7a-d, 

see Chessum and Matern et al., 2018  Extended Data Tables 1-2). These data indicate that 

the hearing impairment in cello mice precedes the loss of HC bundles, and suggest that  
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Figure 4.3. Auditory phenotyping, SNP mapping and whole-genome sequencing of 

mouse pedigree MPC173, subsequently named cello. (a) Specific expression of helios 
can be seen in the nuclei of wild-type P8 OHCs (white arrow, n=3 biologically 
independent samples, scale=50 µm), and is maintained in wild-type OHCs at 1-month 
(white arrows, n=3 biologically independent samples, scale=10 µm). (b) Auditory 
brainstem response phenotyping of pedigree MPC173 at 9-months of age identified 17 
biologically independent animals with elevated hearing thresholds (red triangles) 
compared to their normal hearing colony mates (n=15 biologically independent animals, 
black triangles). (c) The mutation mapped to an 8.4 Mb region on Chromosome 1 
between SNPs rs31869113 and rs13475914 (Chr1:63280183-71629721), containing 66 
genes. (d) Detection of a non-synonymous mutation in cello. DNA sequencing identified 
a nucleotide transversion (c.1551C>A) in the Ikzf2 gene at codon 517, thus altering the 
wild-type (WT) sequence CAC, encoding a histidine (His), to the mutant (M) sequence 
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CAA, encoding a glutamine (Gln). Electropherograms derived from a cello mutant mouse 
(Ikzf2cello/cello) and a wild-type colony mate (Ikzf2+/+) control showing the sequence 
surrounding Ikzf2 nucleotide 1551 (indicated by an arrow). (e) Helios is expressed in the 
OHC nuclei of both Ikzf2+/+ and Ikzf2cello/cello mice at P8 (n=3 biologically independent 
samples per genotype). Loss of labelling when the anti-helios antibody is ‘pre-blocked’ 
confirms specificity (n=1 biologically independent sample). Scale=20 µm. 
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Figure 4.4. The Ikzf2cello mutation disrupts helios homodimerization. 

(a) Cos-7 cells transfected with Ikzf2+- or Ikzf2cello-Myc. Nuclear localization is 
unaffected by the Ikzf2cello mutation (n=2 biologically independent experiments). 
Scale=10 µm. (b) Co-immunoprecipitation (IP) of Myc-tagged (~62 kDa) and GFP-
tagged (~88 kDa) Ikzf2+ and Ikzf2cello constructs. Transfected cell lysates were 
immunoprecipitated using an anti-Myc antibody and analysed by western blotting with 
both anti-Myc and anti-GFP antibodies. Results show that wild-type Ikzf2+ helios can 
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dimerize, but that dimerization is impaired by the cello mutation. kDa = kilodaltons, LC 
= cell lysate loading control.  (c) Reciprocal immunoprecipitation reactions using an anti-
GFP antibody confirm dimerization of wild-type Ikzf2+helios and reduced dimerization of 
mutant Ikzf2cello helios. kDa = kilodaltons, LC = cell lysate loading control.  (d) 
Quantification of Co-IP western blots. Band intensities were determined and used to 
calculate the relative ratio of Co-IP to IP signal. Data shown are averaged percentages ± 
s.e.m. (n=4 biologically independent experiments).  
 
Myc IP p-values: Ikzf2+-Myc + Ikzf2+-GFP vs Ikzf2+-Myc + Ikzf2cello-GFP 
<0.0001, Ikzf2+-Myc + Ikzf2+-GFP vs Ikzf2cello-Myc + Ikzf2+-GFP 
<0.0001, Ikzf2+-Myc + Ikzf2+-GFP vs Ikzf2cello-Myc + Ikzf2cello-GFP 
<0.0001, Ikzf2+-Myc + Ikzf2cello-GFP vs Ikzf2cello-Myc + Ikzf2+-GFP = 
0.1488, Ikzf2+-Myc + Ikzf2cello-GFP vsIkzf2cello-Myc + Ikzf2cello-GFP = 
0.9020, Ikzf2cello-Myc + Ikzf2+-GFP vs Ikzf2cello-Myc + Ikzf2cello-GFP = 0.0476. GFP IP p-

values: Ikzf2+-GFP + Ikzf2+-Myc vs Ikzf2+-GFP + Ikzf2cello-
Myc <0.0001, Ikzf2+-GFP + Ikzf2+-Myc vsIkzf2cello-GFP + Ikzf2+-
Myc <0.0001, Ikzf2+-GFP + Ikzf2+-Myc vs Ikzf2cello-GFP + Ikzf2cello-
Myc <0.0001, Ikzf2+-GFP + Ikzf2cello-Myc vs Ikzf2cello-GFP + Ikzf2+-Myc = 
0.0202, Ikzf2+-GFP + Ikzf2cello-Myc vsIkzf2cello-GFP + Ikzf2cello-Myc = 
0.0346, Ikzf2cello-GFP + Ikzf2+-Myc vs Ikzf2cello-GFP + Ikzf2cello-Myc = 0.9894.  
 
Significance was assessed by one-way ANOVA with Tukey post-hoc test. See Chessum 
and Matern et al., 2018 Supplementary Fig.1 for source images.  
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Figure 4.5. Ikzf2/helios is required for hearing and OHC electromotility. (a-b) 
Averaged ABR thresholds for cello mice at P16 (a, n=4 biologically independent animals 
per genotype) and 1- and 9-months of age (b, n=5 biologically independent animals per 
genotype for each time point). Age-matched Ikzf2+/+ and Ikzf2cello/+ controls display 
thresholds within the expected range (15 – 30 dB SPL) at all time-points tested. Data 
shown are averaged thresholds ± s.e.m. P16 Ikzf2cello/cello vs Ikzf2+/+ (a) p-values: 8 kHz 
<0.0001, 16 kHz <0.0001, 32 kHz <0.0001, Click <0.0001. P16 Ikzf2cello/cello vs Ikzf2cello/+ 

(a) p-values: 8 kHz <0.0001, 16 kHz <0.0001, 32 kHz <0.0001, Click<0.0001. 1-month 
Ikzf2cello/cello vs 9-month Ikzf2cello/cello (b) p-values: 8 kHz = 0.0284, 16 kHz = 0.0166, 32 
kHz = 0.0303, Click = 0.0042. Significance was assessed by one-way ANOVA with 
Tukey post-hoc test (a) or two-sided Welch’s t-test (b). (c-d) Images showing a patch 
pipette attached to an OHC from control Ikzf2cello/+ (c) and mutant Ikzf2cello/cello (d) 
cochleae at P16–P18. Red lines indicate the position of the OHC basal membrane before 
(left) and during (right) a depolarizing voltage from step from –64 mV to +56 mV, 
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highlighting the shorting of the cells. Scale=5 μm. Also shown are time-based z-stack 
projections (right), where red lines indicate the resting position of the basal membrane 
and the green lines indicate the movement. Ikzf2cello/+ n = 10 and Ikzf2cello/cello n = 21 z-
stack projections (one set per OHC) from 5 biologically independent animals per 
genotype. (e-f) Average movement was significantly reduced in Ikzf2cello/cello OHCs 
compared to Ikzf2cello/+ at P16–P18 (e), even after normalization to respective membrane 
capacitance (f) (for this set of recordings, Ikzf2cello/+: 13.6 ± 0.4 pF; Ikzf2cello/cello: 10.0 ± 
0.3 pF). Data shown are averaged movement ± s.e.m. Ikzf2cello/+ n = 10 and Ikzf2cello/cello n 
= 21 OHCs from 5 biologically independent animals per genotype. p-value <0.0001, two-
sided Welch’s t-test. (g) Averaged DPOAE responses for cello mice at 1-month of age 
(n=5 biologically independent animals per genotype). Data shown are averaged 
thresholds ± s.e.m. Ikzf2cello/cello vs Ikzf2+/+ p-values: 8 kHz <0.0001, 16 kHz <0.0001, 32 
kHz = 0.0004. P16 Ikzf2cello/cello vs Ikzf2cello/+ p-values: 8 kHz <0.0001, 16 kHz <0.0001, 
32 kHz = 0.0012. Significance was assessed by one-way ANOVA with Tukey post-hoc 
test. (h-i) NanoString validations of genes downregulated in Ikzf2cello/cello cochleae at P8 
(h) and results showing no change in expression of other OHC TFs (i). Data shown are 
mean normalized reads relative to wild-type ± SD (n=4 biologically independent samples 
per genotype). Ikzf2cello/cello vs Ikzf2+/+ p-values: Car7 = 0.028, Ppp17r1 = 0.006, Ocm = 
0.017, Slc26a5 = 0.017 (two-sided Welch’s t-test). 



68 

 

Figure 4.6. Auditory function and HC bundle survival in cello mice. (a) 
Representative click ABR waveforms for Ikzf2+/+, Ikzf2cello/+ and Ikzf2cello/cello littermates 
at P16 (n=4 biologically independent animals per genotype). (b-c) Averaged ABR 
thresholds for cello mice at 1-month of age (b, n=5 biologically independent animals per 
genotype) and 9-months of age (c, n=5 biologically independent animals per genotype). 
Age-matched Ikzf2+/+ and Ikzf2cello/+ controls display thresholds within the expected range 
(15 – 30 dB SPL) at all time-points tested. Data shown are averaged thresholds ± s.e.m. 
1-month Ikzf2cello/cello vs 1-month Ikzf2+/+ (b) p-values: 8 kHz<0.0001, 16 kHz <0.0001, 
32 kHz <0.0001, Click <0.0001. 1-month Ikzf2cello/cello vs 1-month Ikzf2cello/+ (b) p-values: 
8 kHz <0.0001, 16 kHz <0.0001, 32 kHz <0.0001, Click <0.0001.  9-month Ikzf2cello/cello 
vs 9-month Ikzf2+/+ (b) p-values: 8 kHz <0.0001, 16 kHz <0.0001, 32 kHz <0.0001, Click 
<0.0001. 9-month Ikzf2cello/cello vs 9-month Ikzf2cello/+ (b) p-values: 8 kHz <0.0001, 16 
kHz<0.0001, 32 kHz <0.0001, Click <0.0001.  Significance was assessed by one-way 
ANOVA with Tukey post-hoc test. (d) OHC and IHC bundle counts for cello mice from 
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P16 to 18-months of age. Data shown are averaged number of HC bundles adjacent to ten 
pillar cells ± s.e.m. n.s. non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 
one-way ANOVA with Tukey post-hoc test. Number of biologically independent samples 
for OHC bundle counts: P16 Ikzf2+/+ n=3, P16 Ikzf2cello/+ n=3, P16 Ikzf2cello/cello n=3; 1-
month Ikzf2+/+ n=4, 1-month Ikzf2cello/+ n=5, 1-month Ikzf2cello/cello n=3;  3-month Ikzf2+/+ 
n=4, 3-month Ikzf2cello/+ n=5, 3-month Ikzf2cello/cello n=4;  6-month Ikzf2+/+ n=4, 6-month 
Ikzf2cello/+ n=3, 6-month Ikzf2cello/cello n=5;  9-month Ikzf2+/+ n=3, 9-month Ikzf2cello/+ n=4, 
9-month Ikzf2cello/cello n=4;  18-month Ikzf2+/+ n=3, 18-month Ikzf2cello/+ n=3, 18-month 
Ikzf2cello/cello n=3. Number of biologically independent samples for IHC bundle counts: 
P16 Ikzf2+/+ n=3, P16 Ikzf2cello/+ n=3, P16 Ikzf2cello/cello n=3; 1-month Ikzf2+/+ n=4, 1-
month Ikzf2cello/+ n=4, 1-month Ikzf2cello/cello n=3;  3-month Ikzf2+/+ n=4, 3-month 
Ikzf2cello/+ n=5, 3-month Ikzf2cello/cello n=3;  6-month Ikzf2+/+ n=3, 6-month Ikzf2cello/+ n=3, 
6-month Ikzf2cello/cello n=4;  9-month Ikzf2+/+ n=3, 9-month Ikzf2cello/+ n=4, 9-month 
Ikzf2cello/cello n=4;  18-month Ikzf2+/+ n=3, 18-month Ikzf2cello/+ n=3, 18-month Ikzf2cello/cello 
n=3. 
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Figure 4.7. Scanning electron microscopy of cello mice and auditory function of 

Ikzf2cello/del890 compound heterozygotes. (a) Scanning electron micrographs of the organ 
of Corti of cello mice from P16 to 18-months of age. Representative images from the mid 
region of the cochlear spiral are shown. Scale = 10 µm. Number of biologically 
independent samples: P16 Ikzf2+/+ n=4, P16 Ikzf2cello/+ n=3, P16 Ikzf2cello/cello n=3; 1-
month Ikzf2+/+ n=4, 1-month Ikzf2cello/+ n=5, 1-month Ikzf2cello/cello n=3;  3-month Ikzf2+/+ 
n=4, 3-month Ikzf2cello/+ n=5, 3-month Ikzf2cello/cello n=4;  6-month Ikzf2+/+ n=4, 6-month 
Ikzf2cello/+ n=5, 6-month Ikzf2cello/cello n=4;  9-month Ikzf2+/+ n=3, 9-month Ikzf2cello/+ n=4, 
9-month Ikzf2cello/cello n=4;  18-month Ikzf2+/+ n=3, 18-month Ikzf2cello/+ n=3, 18-month 
Ikzf2cello/cello n=3. (b-d) Scanning electron micrographs of OHC stereocilia bundles of 
cello mice at P16, showing that wild-type Ikzf2+/+ (b), Ikzf2cello+ (c) and mutant 
Ikzf2cello/cello (d) mice display overall expected bundle patterning. Images are from the mid 
region of the cochlear spiral. Scale = 1 µm. Number of biologically independent samples: 
Ikzf2+/+ n=3, Ikzf2cello/+ n=3, Ikzf2cello/cello n=3. (e) The genomic/domain structure of the 
Ikzf2del890 allele/protein. Black = 5’ untranslated region, light grey = N-terminal DNA-
binding domain, dark grey = C-terminal dimerization domain. The Ikzf2cello mutation lies 
in ZnF6. The del890 mutation deletes exon 4 and surrounding intronic sequence. (f) 
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Averaged ABR thresholds for Ikzf2cello/del890 compound heterozygotes at 1-month of age, 
showing significantly elevated thresholds (≥40 dB SPL) at all frequencies tested 
compared to Ikzf2+/+, Ikzf2cello/+ and Ikzf2del890/+ control colony mates. Data shown are 
averaged thresholds ± s.e.m. Number of biologically independent samples: Ikzf2+/+ n=4, 
Ikzf2cello/+ n=2, Ikzf2+/del890 n=4, Ikzf2cello/del890 n=5. Ikzf2cello/del890 vs Ikzf2+/+ p-values: 8 
kHz = 0.011, 16 kHz = 0.002, 32 kHz <0.0001, Click = 0.0001;  Ikzf2cello/del890 vs 
Ikzf2cello/+ p-values: 8 kHz = 0.078, 16 kHz = 0.034, 32 kHz = 0.001, Click = 0.001; 
Ikzf2cello/del890 vs Ikzf2+/del890 p-values: 8 kHz = 0.025, 16 kHz = 0.009, 32 kHz = 0.0002, 
Click = 0.0002. Significance was assessed by one-way ANOVA with Tukey post-hoc 
test. 
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the helios mutation instead leads to a functional OHC deficit. Furthermore, by utilizing a 

second Ikzf2 mutant allele (Ikzf2del890), which leads to an in-frame deletion of the 3rd 

coding exon, we confirm Ikzf2 as the causative gene underlying the auditory dysfunction 

in the cello mutants. At 1-month of age, Ikzf2cello/del890 compound heterozygotes display 

elevated ABR thresholds (up to 40 dB SPL) compared to heterozygotes and wild-type 

mice (Figure 4.7e-f), confirming Ikzf2cello as the causative allele in the cello mutant. 

To explore the effect of the cello mutation on OHC physiology we investigated the 

basolateral properties of OHCs. We found that the MET current (Figure 4.8a-c) and the 

adult-like potassium (K+) current IK,n (Figure 4.8d-h) have normal biophysical 

characteristics in Ikzf2cello/cello OHCs. The resting membrane potential (Vm) of OHCs is 

also similar between genotypes (Ikzf2cello/+: −68 ± 2 mV; Ikzf2cello/cello: −70 ± 1 mV). We 

then investigated whether helios regulates OHC electromotile activity. We found that 

stepping the membrane potential from −64 mV to +56 mV causes the OHCs from both 

genotypes to shorten (Figure 4.5c-d), as previously described (Ashmore, 1987; Brownell 

et al., 1985; Marcotti and Kros, 1999). However, Ikzf2cello/cello OHCs show significantly 

reduced movement compared to Ikzf2cello/+ control OHCs (Figure 4.5e), even when the 

values are normalized to their reduced surface area (Figure 4.5f). We also found that 

young adult Ikzf2cello/cello mice have significantly reduced DPOAE responses (≤−15 dB 

SPL) compared to littermate controls (Figure 4.5g), further demonstrating impaired OHC 

function. 

To identify genes regulated by helios in OHCs, we compared gene expression from 

cochleae of P8 Ikzf2cello/cello and their wild-type littermate controls by RNA-seq. We 

identified 105 upregulated and 36 downregulated genes in Ikzf2cello/cello cochleae (see 
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Figure 4.8. The MET current is normal in Ikzf2cello mice. (a-b) MET currents were 
recorded from OHCs of P9 Ikzf2cello/cello and Ikzf2cello/+ (control) littermates. During 
voltage steps, hair bundles were displaced by applying a 50 Hz sinusoidal force stimuli 
(the driver voltage to the fluid jet is shown above the traces). At hyperpolarised 
membrane potentials (−121 mv), saturating excitatory bundle stimulation (i.e., towards 
the taller stereocilia) elicited a large inward MET current from both Ikzf2cello/+ and 
Ikzf2cello/cello OHCs, while inhibitory bundle stimulation (i.e. away from the taller 
stereocilia) closed the MET channels and reduced the resting current. Because the MET 
current reverses near 0 mV, it became outward when excitatory bundle stimulation was 
applied during voltage steps positive to its reversal potential. At positive membrane 
potentials (+99 mV), excitatory bundle stimulation now elicited similar outward MET 
currents with larger resting amplitudes. Arrows indicate closure of the MET channels 
(i.e., disappearance of the resting current) during inhibitory bundle displacements, 
arrowheads indicate the larger resting MET current at +99 mV compared to -121 mV. (c) 
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Peak-to-peak current-voltage curves obtained from Ikzf2cello/+ (n=10 biologically 
independent samples) and Ikzf2cello/cello (n=8 biologically independent samples) OHCs at 
P9. The maximal MET current and the resting open probability of the MET channel were 
found to be similar between the two genotypes. Data shown are mean values ± s.e.m. (d-
e) Total K+ currents recorded from P18 Ikzf2cello/+ control (d) and Ikzf2cello/cello mutant (e) 
OHCs. The size of the K+ current, which is mainly due to the negatively-activated IK,n (in 
addition to a small delayed rectifier IK : Marcotti and Kros, 1999), was smaller in 
Ikzf2cello/cello OHCs. (f) Average peak current-voltage relationship for the total K+ current 
recorded from the OHCs of Ikzf2cello/+ (n = 9 OHCs from 6 biologically independent 
animals) and Ikzf2cello/cello (n = 7 OHCs from 5 biologically independent animals) mice at 
P16–P18. Data shown are mean values ± s.e.m. (g-h) After normalization to the 
significantly reduced surface area of Ikzf2cello/cello OHCs (for this set of experiments: 

Ikzf2cello/+: 14.2 ± 0.4 pF; Ikzf2cello/cello: 11.2 ± 0.5 pF; p<0.0005), both the total IK (g) and 
isolated IK,n (h) were not significantly different between the two genotypes at P16–P18. 
Data shown are mean values ± s.e.m. n.s. non-significant, two-sided Welch’s t-test. (i) 
NanoString validations of genes downregulated in P8 Ikzf2cello/cello cochleae at P16. Data 
shown are mean normalized reads relative to wild-type ± SD (n = 4 biologically 
independent samples per genotype). Ppp17r1 in Ikzf2cello/cello vs Ikzf2+/+ p-value = 0.038, 
Ppp17r1 in Ikzf2cello/cello vs Ikzf2cello/+ p-value = 0.037.  Significance was assessed by two-
sided Welch’s t-test. 
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Chessum and Matern et al., 2018 Supplementary Table 5), including downregulation of 

the canonical OHC markers Slc26a5 and Ocm, which was confirmed by NanoString 

validation (Figure 4.5h). Furthermore, we did not observe modulation of other OHC-

expressed TFs selected from Li et al., 2016 (Figure 4.5i) (Li et al., 2016), suggesting that 

the observed OHC gene dysregulation results from disruption of a specific transcriptional 

cascade. Interestingly, by P16 the transcript levels of Car7, Ocm, and Slc26a5, but not 

Ppp1r17, are similar to wild-type littermate controls, suggesting the possibility that other 

factors may be compensating for the functional loss of Ikzf2 by this time point (Figure 

4.8i).  

To further characterize the transcriptional cascade downstream of Ikzf2/helios, we 

performed in vivo Anc80L65 adeno-associated virus (AAV) gene delivery of a myc-

tagged Ikzf2 or GFP (from hereon Anc80-Ikzf2 and Anc80-eGFP) to neonatal inner ears 

of Myo15Cre/+;ROSA26CAG-tdTomato mice, sorted the cochlear HCs at P8, and measured 

resultant changes in gene expression using single cell RNA-seq (scRNA-seq) (Figure 4.9, 

4.10a) (Landegger et al., 2017; Zinn et al., 2015). The HCs from Anc80-Ikzf2 injected 

inner ears separated into two distinct sets of clusters, containing both IHCs and OHCs. 

One set of IHCs and OHCs completely overlapped with the HCs from the Anc80-eGFP 

control injected ears (Figure 4.10b, bottom clusters), while the other set clustered 

separately (Figure 4.10b, top clusters). Separation of the two sets of clusters showed a 

clear correlation with Anc80-Ikzf2 transgene expression (Figure 4.10b), where HCs in the 

bottom clusters had a lower expression of Anc80-Ikzf2, and the HCs in the top clusters 

had a higher expression of Anc80-Ikzf2 (hereon defined as Anc80-Ikzf2 low (-) and high 

(+), respectively). Because the HCs defined as Anc80-Ikzf2 (-) clustered together with the  
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Figure 4.9. Transduction of cochlear HCs using Anc80L65 and HC enrichment by 

flow cytometry. (a) Schematic representation of inner ear viral gene delivery via the 
posterior semicircular canal of CD-1 mice for HC marker immunolabeling. (b) 
Immunolabeling for GFP in the Anc80-eGFP injected, and MYC in the Anc80-Ikzf2 
injected ears, showed mainly HC transduction, although some MYC staining could also 
be observed in supporting cells (blue arrow) (n=3 biologically independent samples per 
condition). Nuclear MYC staining suggests proper trafficking of the MYC-tagged helios 
protein in transduced cells. White arrows indicate OHCs and white arrowheads indicate 
IHCs. Scale = 10 µm. (c-d) Fluorescence activated cell sorting (FACS) of dissociated 
cochlear GFP positive and tdTomato positive cells from P8 Myo15Cre/+;ROSA26CAG-

tdTomato mice injected with either Anc80-eGFP (c, 2 mice) or Anc80-Ikzf2 (d, 4 mice). 
Cells were first gated by forward and side scatter to exclude doublets. For the Anc80-
eGFP transduced cochlear sample, transduced cells were identified based on GFP 
expression, and hair cells were further identified by tdTomato expression. tdTomato 
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single positive, GFP single positive and tdTomato+GFP double positive cells were 
collected. For the Anc80-Ikzf2 transduced cochlear sample, HCs were gated based on 
tdTomato single positive expression and collected. 
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Figure 4.10 Partial transcriptional conversion of Anc80-Ikzf2 transduced IHCs 

identified by scRNA-seq. (a) Representative Myo15Cre/+;ROSA26CAG-tdTomato cochlear 
whole-mount. Myo15-Cre-driven tdTomato expression is HC specific at P6 (n=3 
biologically independent samples with similar results). Scale=50 µm. (b) tSNE plots of 
all cochlear HCs profiled by scRNA-seq, including the cluster to which each cell was 
assigned, the experimental origin of each cell (Anc80-Ikzf2 or Anc80-eGFP injected 
cochlea), and the relative transcript abundance of Anc80-Ikzf2 measured in each cell. (c) 
Anc80-Ikzf2 is highly expressed in the Anc80-Ikzf2(+) IHCs and OHCs, whereas Anc80-
eGFP expression is only seen in the cells assigned to the Anc80-Ikzf2(-) IHC and OHC 
clusters. Dots represent the expression values of individual cells, with width of violins 
summarizing overall relative distribution of expression. (d) Canonical HC markers are 
highly expressed in all HC clusters, and not notably changed as a result of Anc80-Ikzf2 

expression. (e) IHC-enriched genes that are highly expressed in control IHCs vs control 
OHCs, but are significantly reduced in Anc80-Ikzf2(+) IHCs. Anc80-Ikzf2(-) IHC (n=34) 
vs. Anc80-Ikzf2(+) IHC (n=40) FDR: Slc17a8 = 2.25E-12, Otof = 6.76E-14. Significance 
was assessed by Kruskal-Wallis test followed by post-hoc pairwise Wilcoxon Ranked 
Sum test adjusted for multiple comparisons. (f) OHC-enriched genes that are induced in 
Anc80-Ikzf2(+) IHCs. Anc80-Ikzf2(-) IHC (n=34) vs. Anc80-Ikzf2(+) IHC (n=40) FDR: 
Ocm = 3.65E-08, Lbh = 1.81E-10. Significance was assessed by Kruskal-Wallis test 
followed by post-hoc pairwise Wilcoxon Ranked Sum test adjusted for multiple 
comparisons. 
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HCs transduced with Anc80-eGFP, these two groups of HCs were merged and named 

Anc80-Ikzf2 (-) IHCs and OHCs for all downstream analyses (Figure 4.10b-c). While 

overexpression of Ikzf2 in IHCs and OHCs did not change the expression of HC markers 

such as Pou4f3 and Calb1 (Figure 4.10d), it led to a significant downregulation of many 

genes whose transcripts were identified as IHC-enriched in the control HC populations, 

including Otof, Rprm, Atp2a3, and Fgf8 (Figure 4.10e, 3.11, see Chessum and Matern et 

al., 2018  Supplementary Tables 6, 7, 8). Interestingly, some of the genes that are 

downregulated in both Anc80-Ikzf2 transduced IHCs and OHCs are genes that are 

normally expressed in both cell types in early postnatal development, and that later 

become IHC-specific (e.g., Pvalb and Otof, see Chessum and Matern et al., 2018 

Supplementary Table 8) (Roux et al., 2006; Simmons et al., 2010). This suggests that 

helios overexpression in OHCs results in an accelerated downregulation of these genes. 

Additionally, helios overexpression in IHCs results in the upregulation of genes that are 

normally enriched in OHCs, such as Ocm, Pde6d, Ldhb and Lbh (Figure 4.10f, 4.11). 

Overall, these data suggest that during normal OHC development, helios likely functions 

to both decrease the expression of early pan-HC markers, such as Otof, in the maturating 

OHCs, as well as to upregulate OHC marker genes. A correlation analysis further 

validates the role of Ikzf2 in regulating OHC-related gene expression (Figure 4.11, 4.12, 

see Chessum and Matern et al., 2018 Supplementary Table 9). The effect of Ikzf2 

transduction on IHC gene expression was further validated by immunolabeling or in situ 

hybridization for OTOF, VGLUT3, OCM, prestin and Fcrlb (Figure 4.13, 4.14a-b). 

Further analysis of the surface characteristics of the transduced IHCs does not show a 

change from an IHC-like to an OHC-like stereociliary bundle, consistent with a partial  
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Figure 4.11.  Transcriptional conversion of Anc80-Ikzf2 transduced IHCs. (a) 
Heatmap for the top 30 differently expressed genes between all HCs profiled. Scaled 
expression values shown as z-scores, with yellow indicating higher and purple indicating 
lower expression than the mean. (b) OHC enriched genes that are induced in Anc80-
Ikzf2(+) IHCs. Anc80-Ikzf2(-) IHC (n=34) vs. Anc80-Ikzf2(+) IHC (n=40) FDR: Pde6d = 
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2.03E-12, Ldhb = 3.74E-11. Dots represent the expression values of individual cells, with 
width of violins summarizing overall relative distribution of expression. (c) IHC enriched 
genes that are highly expressed in control IHCs vs control OHCs, but are significantly 
reduced in Anc80-Ikzf2(+) IHCs. Anc80-Ikzf2(-) IHC (n=34) vs. Anc80-Ikzf2(+) IHC 
(n=40) FDR: Fgf8 = 3.30E-14, Atp2a3 = 2.46E-13, Rprm = 2.27E-13 (Kruskal-Wallis 
test followed by post-hoc pairwise Wilcoxon Ranked Sum test adjusted for multiple 
comparisons). (d) IHC enriched genes that show only moderately reduced expression in 
Anc80-Ikzf2(+) IHCs. Anc80-Ikzf2(-) IHC (n=34) vs. Anc80-Ikzf2(+) IHC (n=40) FDR: 
Shtn1 = 8.59E-05, Tbx2 = 3.88E-08, Cabp2 = 1.40E-10 (Kruskal-Wallis test followed by 
post-hoc pairwise Wilcoxon Ranked Sum test adjusted for multiple comparisons). (e-f) 
Top 20 genes negatively (e) or positively (f) correlated with Ikzf2 expression in control 
HCs, shown alongside corresponding correlations of gene expression within all Anc80-
Ikzf2 transduced HCs, Anc80-Ikzf2 transduced IHCs, or Anc80-Ikzf2 transduced OHCs. 
(g) Genes that are negatively correlated with Ikzf2 (n=20, Pearson correlation < -0.6) are 
not enriched in OHCs at P8 compared to all other genes detected in the RiboTag OHC 
dataset (background genes, BG, n=13,124). Genes that are positively correlated with 
Ikzf2 (n=41, Pearson correlation > 0.6) are significantly enriched in OHCs at P8 
compared to BG (n=13,103) (p = 0.025, two-sided Wilcoxon's test). Black line represents 
median enrichment factor (EF, log2 fold change), box demarcates 1st and 3rd quartiles, 
whiskers demarcate 1st and 3rd quartile ± 1.5×IQR values, dots represent single outliers.    
(h) One of the most differentially expressed genes we observed in our scRNA-seq 
experiment was Fcrlb, a gene which encodes an Fc receptor like protein, and whose 
expression in the ear has not been previously described. Fcrlb is significantly 
downregulated in Anc80-Ikzf2(+) HCs. Anc80-Ikzf2(-) IHC (n=34) vs. Anc80-Ikzf2(+) 
IHC (n=40) FDR= 4.89E-06. Anc80-Ikzf2(-) OHC (n=132) vs. Anc80-Ikzf2(+) OHC 
(n=148) FDR= 6.88E-08 (Kruskal-Wallis test followed by post-hoc pairwise Wilcoxon 
Ranked Sum test adjusted for multiple comparisons).  
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Figure 4.12. Single cell RNA-seq allows for high-resolution discrimination of cell 

types and their transcriptional changes due to overexpression of Ikzf2/helios. (a) 
Custom annotation strategy with theoretical reads mapping to unambiguous regions of 
the various custom viral loci, as well as those regions that get discarded because of 
endogenous sequence similarity (i.e. ambiguous reads). (b) Violin plots of the overall 
scRNA-seq detection metrics, including number of unique molecules detected in each of 



83 

the major cell type cluster identified (low Anc80-Ikzf2 expressing IHCs: vIk- IHCs n=34; 
low Anc80-Ikzf2 expressing OHCs: vIk- OHCs n=132; high Anc80-Ikzf2 expressing 
IHCs: vIk+ IHCs n=40; high Anc80-Ikzf2 expressing OHCs: vIk+ OHCs n=140; and 
non-HCs: NonHCs n=219). (c) FeaturePlots with red showing higher expression across 
all profiled cells, including cells identified as non-HCs. Expression from loci captured 
with custom annotation shown to support cluster identification. A final labeled tSNE plot 
shows all cells profiled clustered by predicted cell type. (Misc: Cells from all 
miscellaneous clusters with fewer than 5 cells, NSC: Non-Sensory Epithelial Cell, SC: 
Organ of Corti Supporting Cell, and other clusters defined by the highest differentially 
expressed marker gene). (d) Pearson correlation scatter plots for selected genes within all 
profiled HCs, HCs from the Anc80-eGFP sample, or IHCs from the Anc80-Ikzf2 sample. 
(e) A Pearson correlation heatmap of all HCs detected showing overall transcriptional 
similarities between the non-transduced IHCs and OHCs, along with the Anc80-Ikzf2 

transduced IHCs and OHCs.  
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Figure 4.13. Helios overexpression modulates expression of HC markers. (a-b) IHC 
markers OTOF and VGLUT3 are downregulated in Anc80-Ikzf2 transduced IHCs (n=3 
biologically independent samples). Arrows = OHCs, arrowheads = IHCs. Scale=10µM. 
(c) The OHC marker OCM is expressed in Anc80-Ikzf2 transduced IHCs (n=3 
biologically independent samples per condition). Arrows = OHCs, arrowheads = IHCs. 
Scale=10 µm. (d) Fcrlb expression during wild-type mouse inner ear development as 
detected by in situ hybridization. While at E16, Fcrlb expression is not detected in the 
inner ear, by P0 it is detected in both IHCs and OHCs and by P8, Fcrlb expression is 
largely restricted to the IHCs (n=3 biologically independent samples per time point). 
Scale=10 µm. (e) In the absence of functional helios (Ikzf2cello/cello mouse), Fcrlb is 
robustly expressed in IHCs and OHCs at P8. IHC expression of Fcrlb is not affected by 
Anc80-eGFP transduction, whereas Fcrlb expression is lost in Anc80-Ikzf2 transduced 
HCs (n=3 biologically independent samples per condition). Scale=10 µm. (f-g) 
Expression of prestin can be seen in Anc80-Ikzf2 transduced IHCs up to 8-weeks of age 
(n=3 biologically independent samples at 6-8 weeks) (f, scale=100 µm), and overlaps 
with Myc staining (g, scale=20 µm). 
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Figure 4.14: Helios overexpression induces prestin expression and electromotility in 

IHCs but does not affect hair bundle morphology. (a) The OHC electromotility 
protein prestin is expressed in the OHCs of Ikzf2cello/cello mutants (n=6 biologically 
independent samples). Additionally, the pattern of prestin expression is not affected by 
Anc80-eGFP transduction, but is induced in Anc80-Ikzf2 transduced IHCs (n=3 
biologically independent samples per condition). Scale=10 µm  (b) Expression of prestin 
can be seen in Anc80-Ikzf2 transduced IHCs as early as P8, and up to 8-weeks of age and 
overlaps with MYC staining (n=6 biologically independent samples at P8, n=3 
biologically independent samples at 6-8 weeks). Scale = 20 µm. (c) Scanning electron 
micrographs of IHC and OHC stereocilia bundles of Anc80-Ikzf2 and Anc80-eGFP 
injected mice at P23 showing expected bundle patterning. Images are from the mid – 
basal region of the cochlear spiral. Scale=1 µm. Number of biologically independent 
samples (P16-P23): Anc80-Ikzf2 injected cochlea n=8, Anc80-Ikzf2 contralateral cochlea 
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n=6, Anc80-GFP injected cochlea n=3. (d) Representative traces of the voltage-
dependent (non-linear) component of the membrane capacitance (an electrical 
“signature” of electromotility) in the IHCs of Anc80-Ikzf2 injected mouse (red) and its 
non-injected littermate (black). Mice were injected with Anc80-Ikzf2 at P2 and recorded 
at P16. (e) Normalized maximal non-linear capacitance in all recorded IHCs of mice 
injected with Anc80-Ikzf2 at P2 (red) at different ages after injection and their non-
injected littermates (black). Each symbol represents one biologically independent cell, the 
total number of cells is indicated in parentheses. Since Anc80-Ikzf2 transduction is not 
100% efficient in the apical turn of the cochlea at the time points tested, some IHCs of 
Anc80-Ikzf2 injected mice do not show prominent non-linear capacitance while the other 
IHCs do. In the IHCs with maximal non-linear capacitance of more than 0.25 pF (due to 
presumable Ikzf2 expression), the parameters of the Boltzmann fit were as following 
(Mean±SEM): Qmax = 0.10±0.02 pC; Vpk = -31±1 mV; z=0.91±0.02; Clin = 11.7±1.2 pF; 
Csa = 0.14±0.07 pF (n=12). For information on the fitting procedure, see methods. 
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role for helios in regulating OHC-fate (Figure 4.14c). However, Ikzf2 transduction 

resulted in the appearance of prominent voltage-dependent (non-linear) capacitance in 

IHCs (Figure 4.14d-e), which is an electrical “signature” of prestin-dependent OHC 

electromotility (Santos-Sacchi, 1991; Zheng et al., 2000). These data indicate that Anc80-

Ikzf2 transduced IHCs start to acquire the major function of normal OHCs. 

In conclusion, our study demonstrates that Ikzf2/helios is necessary for hearing and is a 

critical regulator of gene expression in the maturing postnatal OHC. In particular, our 

results suggest that Ikzf2/helios functions to suppress IHC and early pan-HC gene 

expression in OHCs, as well as upregulate canonical OHC marker genes. It further shows 

that Ikzf2/helios is sufficient to induce the essential function and many of the molecular 

characteristics of OHCs when expressed in early postnatal IHCs, albeit not all of them – 

supportive of the notion that additional OHC-expressed transcription factors are involved 

in postnatal OHC development. This is the first study to demonstrate functional shifts in 

postnatal HC molecular identities via viral gene delivery, and suggests that delivery of 

combinations of TFs may lead to successful regeneration of functional OHCs in the 

deafened cochlea. 
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4.3 Methods 

Animal procedures 

Animal procedures performed at the University of Maryland School of Medicine 

were carried out in accordance with the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals and have been approved by the Institutional Animal Care 

and Use Committee at the University of Maryland, Baltimore (protocol numbers 1112005 

and 1015003). The RiboTag (maintained on a C57BL/6N background), prestin-CreERT2 

and Myo15-Cre mouse models (maintained on a C57BL/6J background) have been 

described previously (Caberlotto et al., 2011; Fang et al., 2012; Sanz et al., 2009), and 

were generously provided for this study by Dr. Mary Kay Lobo, Dr. Jian Zuo, and Drs. 

Christine Petit and Thomas Friedman, respectively. CBA/CaJ mice (stock #000654) and 

B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J mice (stock #007914, referred to as 

ROSA26CAG-tdTomato) were procured from the Jackson Laboratory (Bar Harbor, ME). 

PrestinCreERT2 specificity was determined by crossing prestinCreERT2/CreERT2 mice to 

ROSA26CAG-tdTomato mice, and resulting offspring were dissected at P21 for whole-mount 

immunohistochemistry. To generate animals for the RiboTag OHC RNA-seq dataset, 

RiboTagHA/HA mice were crossed to prestinCreERT2/CreERT2 mice to produce 

RiboTagHA/+;prestinCreERT2/+ mice. These mice were further intercrossed to obtain double 

homozygous RiboTagHA/HA;prestinCreERT2/CreERT2 animals, which were then crossed to 

CBA/CaJ mice to generate F1 RiboTagHA/+;prestinCreERT2/+ offspring on a mixed 

CBA/C57BL/6 background, avoiding the recessively inherited age related hearing loss 

phenotype inherent to C57BL/6 mice (Johnson et al., 2006). Recombination was induced 

by tamoxifen injection (3 mg/40 g body weight in mice younger than 21 days, 9 mg/40 g 
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body weight in mice 21 days or older), and cochlear tissues were collected at the 

following ages: P8, P14, P28, 6 weeks, and 10 weeks. For the cello RNA-seq and 

NanoString experiments, cochlear ducts from Ikzf2+/+, Ikzf2cello/+ and Ikzf2cello/cello mice 

were dissected at P8 and P16. CD-1 or C57BL/6 pregnant females were procured from 

Charles River (Frederick, MD) or the University of Maryland School of Medicine 

Veterinary Resources (Baltimore, MD). Resulting neonates were injected with Anc80L65 

virus between P1 – P3, and dissected for later analyses between P8 and 8wk. For the 

Anc80L65 transduced IHC scRNA-seq experiment, Myo15Cre/Cre mice were crossed to 

ROSA26CAG-tdTomato mice, resulting offspring were injected with Anc80L65 virus between 

P1-P3, and the cochlear epithelium was collected at P8. Additionally, a number of litters 

with Anc80-Ikzf2 injected pups and their control littermates (aged P7 – P8), together with 

a mother, were sent to the University of Kentucky for the measurements of non-linear 

(voltage-dependent) capacitance, an electrical “signature” of electromotility. All animal 

procedures for these experiments were approved by the Institutional Animal Care and 

Use Committee at the University of Kentucky (protocol 00903M2005). Both male and 

female animals were used for all experiments.  

Animal procedures performed at the MRC Harwell Institute were licenced by the 

Home Office under the Animals (Scientific Procedures) Act 1986, UK and additionally 

approved by the relevant Institutional Ethical Review Committees. The cello mutant 

mouse was originally identified from the MRC Harwell Institute phenotype-driven N-

ethyl-N-nitrosourea (ENU) Ageing Screen (Potter et al., 2016). In this screen, ENU-

mutagenized C57BL/6J males were mated with wild-type ‘sighted C3H’ (C3H.Pde6b+) 

females (Hoelter et al., 2008). The resulting G1 males were crossed with C3H.Pde6b+ 



90 

females to produce G2 females, all of which were screened for the Cadherin23ahl allele 

(Johnson et al., 2006). Cadherin23+/+ G2 females were then backcrossed to their G1 

fathers to generate recessive G3 pedigrees, which entered a longitudinal phenotyping 

pipeline. Auditory phenotyping comprised clickbox testing at 3-, 6-, 9- and 12-months of 

age and ABR at 9-months of age. The Ikzf2del890 mutant line was generated at the MRC 

Harwell Institute using a CRISPR-Cas9-mediated deletion approach. Both male and 

female mice were used for experiments.  

RiboTag immunoprecipitations  

RiboTag immunoprecipitations were performed as described in Sanz et al., 2009 

(Sanz et al., 2009). Briefly, for one biological sample, 10 cochlear ducts from 5 mice 

were pooled and homogenized in 1 ml of supplemented homogenization buffer (50 mM 

Tris-HCl pH.7, 100 mM KCl, 12 mM MgCl2, 1% Nonidet P-40, 1 mM 1,4-Dithiothreitol, 

1X protease inhibitor cocktail, 200 U/mL RNAseOUT, 100 μg/ml cycloheximide, 1 

mg/ml heparin). Homogenates were spun down (10,000 rpm for 10 minutes at 4ᵒC) to 

remove particulates. 40 μl of homogenate was reserved for total RNA isolation (input 

control), and the remaining homogenate was incubated with 5 μg HA antibody 

(BioLegend) at 4ᵒC under gentle rotation for 4 – 6 hours. The supernatant was then added 

to 300 μl of rinsed Invitrogen Dynabeads Protein G magnetic beads (Thermo Fisher), and 

incubated overnight at 4ᵒC under gentle rotation. The following day, bound beads were 

rinsed three times with 800 μl high salt buffer (50 mM Tris-HCl pH.7, 300 mM KCl, 12 

mM MgCl2, 1% Nonidet P-40, 1 mM 1,4-Dithiothreitol, 100 μg/ml cycloheximide) at 4ᵒC 

for 10 minutes, rotating. 350 μl of buffer RLT from the RNeasy Plus Micro kit (Qiagen) 

was then added to the beads or reserved input sample, and vortexed for 30 seconds to 
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bound ribosomes and RNA. RNA was extracted according to the manufacturer’s 

instructions for the RNeasy Plus Micro kit (Qiagen), using 16 µl of nuclease free water 

for elution as recommended by Sanz et al. This method yielded an average of 10.9 ng of 

IP RNA (average concentration = 0.68 ng/µl) and 185.6 ng of input RNA (average 

concentration = 10.9 ng/µl) for downstream analyses. All RNA samples used for RNA-

seq had a minimum RNA integrity number (RIN) of 8. 

cello cochlear RNA extractions 

For the cello RNA-seq, cochlear ducts from P8 Ikzf2+/+ and Ikzf2cello/cello mice 

were dissected and pooled (6 cochlear ducts/sample) to generate two biological replicates 

per genotype. For the NanoString validations, cochlear ducts from P8 Ikzf2cello/cello, 

Ikzf2cello/+ and Ikzf2+/+ mice were dissected and pooled (2 – 4 cochlear ducts/sample) to 

generate four biological replicates per genotype. RNA was extracted using the Direct-

zol™ RNA MiniPrep kit (Zymo Research) following the manufacturer’s instructions. 

RNA quality and concentration were assessed using the Agilent RNA Pico kit (Agilent 

Technologies). All RNA samples used for RNA-seq had a minimum RNA integrity 

number (RIN) of 8.  

RNA-seq and normalization 

RiboTag OHC RNA-seq libraries were prepared using the NEBNext® Ultra™ 

Directional RNA Library Prep Kit for Illumina (New England Biolabs), and samples 

were sequenced in at least biological duplicates on a HiSeq 4000 system (Illumina) using 

a 75 bp paired end read configuration. P8 Ikzf2+/+ and Ikzf2cello/cello RNA libraries were 

prepared using the TruSeq RNA Sample Prep kit (Illumina), and samples were sequenced 
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in biological duplicates on a HiSeq 2000 system (Illumina) and a 125 bp paired end read 

configuration. Reads were aligned to the Mus musculus reference genome (assembly 

GRCm38.87 [RiboTag] or GRCm38.84 [P8 cello]) using TopHat v2.0.8 (Kim et al., 

2013), and HTSeq was used to quantify the number of reads aligning to predicted coding 

regions (Anders et al., 2015). See Chessum and Matern et al., 2018 Supplementary Table 

10 for alignment statistics. Expression levels were normalized using quantile 

normalization. In downstream analyses, only genes covered by at least 20 reads in a 

minimum of two samples from the same biological condition were considered as 

expressed. Significant differential gene expression between samples was assessed using 

DEseq (Anders and Huber, 2010). In addition to statistical significance between samples 

(FDR≤0.05), we also required a complete separation of expression levels between 

compared conditions for a gene to be called as differentially expressed. That is, for a gene 

to be called downregulated in condition A compared to condition B, we required that all 

normalized expression levels measured in the samples of condition A to be lower than all 

normalized expression levels measured in the samples of condition B. To avoid inflation 

of fold change estimates for lowly expressed genes, a floor level equal to the 10th 

percentile of the distribution of the expression levels was applied (i.e., all expression 

values below the 10th percentile were set to the 10th percentile value). The OHC 

enrichment factors (EF) were calculated for each gene and time point by comparing the 

RiboTag IP samples to matched input samples, and are defined as the Log2 ratio of 

expression levels between the IP and input samples. Inspection of these EFs revealed a 

systematic association to transcripts length. Therefore, we used a locally weighted 

regression, implemented by the R lowess function, to remove this systematic effect. The 
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RiboTag OHC RNA-seq and P8 cello cochlea RNA-seq data have been submitted to the 

Gene Expression Omnibus database (GEO accession numbers GSE116703 and 

GSE116702), and are additionally available for viewing through the gEAR Portal 

(https://umgear.org/). 

Gene expression analyses 

Genes with a changed level of expression in OHC IP samples at any time point 

relative to P8 were subjected to a clustering analysis using the CLICK algorithm, 

implemented in the EXPANDER package (Sharan et al., 2003; Ulitsky et al., 2010). Gene 

Ontology (GO) enrichment analysis was carried out using the EXPANDER implemented 

tool TANGO (Ulitsky et al., 2010). The adult mouse IHC and OHC transcriptomic 

dataset used for comparisons was generated by Liu et al., 2014 and can be accessed 

through the Gene Expression Omnibus database (GEO accession number GSE111348) 

(Liu et al., 2014). The expanded motif prediction analysis was performed using iRegulon 

(Janky et al., 2014) through the Cytoscape visualization tool (Shannon et al., 2003). The 

analysis was performed on the putative regulatory region of 20 kb centered around the 

TSS using default settings.  

Immunohistochemistry 

 For cochlear sections, mice were culled by cervical dislocation and inner ears 

fixed in 4% paraformaldehyde (PFA) overnight at 4°C then decalcified in 4% 

ethylenediaminetetraacetic acid (EDTA) in PBS. Ears were positioned in 4% low melting 

temperature agarose (Sigma-Aldrich) in upturned BEEM® capsules (Agar Scientific) at a 

45° diagonal angle, with the apex of the cochlea facing down and the vestibular system 
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uppermost. Once set, the agarose block was removed from the BEEM® capsule and 200 

µm sections were cut through the mid-modiolar plane of the cochlea using a Leica 

VT1000S Vibratome. Sections were simultaneously permeabilized and blocked with 10% 

donkey serum (Sigma) in 0.3% Triton-X for 30 minutes at room temperature (RT) then 

labelled with primary antibodies for 3 hours at RT. To enable detection, samples were 

incubated with fluorophore-coupled secondary antibodies for 2 hours at RT then stained 

with DAPI (1:2500, Thermo Fisher) for 5 minutes. Sections were transferred to WillCo 

glass bottom dishes (Intracel) and visualized free-floating in PBS using a Zeiss 700 

inverted confocal microscope (10x – 40x magnification). Primary antibodies: goat anti-

helios M-20 (1:400, Santa Cruz Biotechnology); mouse anti-β-Actin (1:500, Abcam). 

Secondary antibodies: Alexa Fluor® 568 donkey anti-goat (Invitrogen, 1:200) and Alexa 

Fluor® 488 donkey anti-mouse (Invitrogen, 1:200).  

For cochlear whole-mounts, mice were euthanized by cervical dislocation and 

inner ears fixed in 2% PFA for 30 minutes at 4°C. Post-fixation, ears were fine dissected 

to expose the sensory epithelium then immediately permeabilized in 0.2% Triton-X for 

10 minutes and blocked with 10% donkey serum (Sigma) for 1 hour at RT. Cochleae 

were immunolabelled with goat anti-helios M-20 (1:400, Santa Cruz Biotechnology) 

overnight at 4°C then incubated with Alexa Fluor® 568 donkey anti-goat secondary 

(1:200, Invitrogen) and the F-actin marker Alexa Fluor® 488 Phalloidin (1:200, 

Invitrogen) for 1 hour at RT. Samples were washed with DAPI (1:2500, Thermo Fisher) 

for 60 seconds to stain nuclei then mounted onto slides with SlowFade® Gold (Life 

Technologies) and visualized using a Zeiss LSM 710 fluorescence confocal microscope 

and 63x oil magnification.  
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Identification of the cello mutation 

DNA was extracted from ear biopsies of affected G3 mice using the DNeasy 

Blood and Tissue Kit (Qiagen) and used for an initial genome-wide linkage study, 

employing SNP markers polymorphic between the parental strains C57BL/6J and 

C3H.Pde6b+ (Tepnel Life Sciences). Following linkage to a 21.57 Mb region on 

Chromosome 1, additional SNP markers were identified and genotyped using standard 

PCR and restriction endonuclease protocols in order to delineate an 8.4 Mb critical 

interval between SNPs rs31869113 and rs13475914. Subsequently, high-quality DNA 

was extracted from the tail of an affected G3 mouse using the Illustra™ Nucleon BACC2 

Genomic DNA Extraction Kit (GE Healthcare) and sequenced by the Oxford Genomics 

Centre (Wellcome Trust Centre for Human Genetics, Oxford, UK) using the HiSeq 

system (Illumina). Sequencing reads were aligned to the mouse reference genome 

(assembly GRCm38) and known C57BL/6J and C3H.Pde6b+ SNPs were filtered out, 

leaving variants that were then given a quality score based on their sequencing read 

depth. Variants within the 8.4 Mb critical region which were deemed heterozygous, low-

confidence (quality score <200), non-coding or synonymous were discounted. The 

putative Ikzf2 lesion was amplified by standard PCR (see Chessum and Matern et al., 

2018 Supplementary Table 11 for genotyping primers) and validated by Sanger 

sequencing, using DNA from an affected G3 animal, as well an unaffected G3 (control). 

Sequence gaps that spanned coding regions were amplified by PCR using DNA from an 

affected G3 mouse and analysed by Sanger sequencing. In all cases, sequence data were 

assessed for variation using DNASTAR Lasergene software (version 12.0.0).  

In silico analyses 



96 

 Three independent online tools were used to predict the functional effect of the 

cello mutation in silico: Sorting Intolerant From Tolerant (SIFT); Polymorphism 

Phenotyping version 2 (PolyPhen-2); and Protein Variation Effect Analyser (PROVEAN) 

(Adzhubei et al., 2010; Choi et al., 2012; Kumar et al., 2009). Structural 3D 

representations of wild-type and H517Q helios ZnF6 were predicted with RaptorX 

(Källberg et al., 2012), using peptide sequences as input, and visualized using pyMOL 

software (version 1.7). 

In vitro analyses 

 A full-length Ikzf2+ helios construct was prepared using the pGEM®-T Vector 

System II Kit (Promega) and used as a template for the generation of an Ikzf2cello helios 

construct with the QuikChange® Lightning Site-Directed Mutagenesis Kit (Agilent 

Technologies). Plasmid DNA was prepared using the Wizard® Plus SV Miniprep 

Purification System (Promega) and validated by Sanger sequencing. Sequence-verified 

Ikzf2+ and Ikzf2cello constructs were subcloned in-frame into pCMV-Myc and pEGFP-C3 

mammalian expression vectors (generously provided by Dr. Chris Esapa), to yield N-

terminally tagged Ikzf2+ and Ikzf2cello helios. See Chessum and Matern et al., 2018 

Supplementary Table 11 for cloning and mutagenesis oligonucleotide sequences.  

Constructs were subsequently employed for subcellular localization studies using 

male Cercopithecus aethiops SV40 transformed kidney cells (Cos-7) cells (generously 

provided by Dr. Chris Esapa) that had been seeded onto 22 x 22 mm glass coverslips in 

six-well plates, at a volume of 1x105 cells per well. After 24 hours (or when at 50 – 60% 

confluency), cells were transiently transfected with 1 µg DNA of Ikzf2+-Myc or Ikzf2cello-
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Myc helios construct using JetPEI® DNA Transfection Reagent (Polyplus Transfection). 

At 24 hours post-transfection, cells were fixed in 4% PFA for 10 minutes and 

permeabilised with 1% Triton-X for 15 minutes at RT. After blocking in 10% donkey 

serum (Sigma) for 1 hour at RT, cells were immunolabelled with goat anti-helios M-20 

primary antibody (1:600, Santa Cruz Biotechnology) overnight at 4°C then incubated 

with Alexa Fluor® 488 donkey anti-goat secondary antibody (1:200, Invitrogen) and F-

actin marker Texas Red®-X Phalloidin (1:200, Invitrogen) for 1 hour at RT. Cells were 

washed with DAPI (1:2500, Thermo Fisher) for 60 seconds. Coverslips were mounted 

onto slides with SlowFade® Gold (Life Technologies) and cells were visualized using a 

Zeiss LSM 710 multiphoton fluorescence confocal microscope and 63x oil magnification. 

Constructs were also utilized for co-immunoprecipitation studies using Homo 

sapiens embryonic kidney cells (HEK293T) cells (generously provided by Dr. Chris 

Esapa) that had been seeded directly onto six-well plates at a volume of 5x105 cells per 

well. Cells were transiently co-transfected 24 hours later with a total of 2 µg plasmid 

DNA to mimic the wild-type (1 µg Ikzf2+-Myc helios + 1 µg Ikzf2+-GFP helios), 

heterozygous (1 µg Ikzf2+-Myc helios + 1 µg Ikzf2cello-GFP helios; 1 µg Ikzf2cello-Myc 

helios + 1 µg Ikzf2+-GFP helios) or homozygous (1 µg Ikzf2cello-Myc helios + 1 µg 

Ikzf2cello-GFP helios) states using JetPEI® DNA Transfection Reagent (Polyplus 

Transfection). Single transfections with either 1 µg Ikzf2+-GFP helios or 1 µg Ikzf2+-Myc 

helios were also carried out for negative controls. Cells were lysed in 250 µl of 1x RIPA 

buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris pH 7.5 in 

milliQ water) at 48 hours post-transfection, then incubated with Protein G Sepharose® 

Beads (Sigma) for 2 hours at 4°C. The beads were pelleted by centrifugation and the 
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supernatant incubated with either 1 µg of mouse anti-cMyc 9E10 antibody 

(Developmental Studies Hybridoma Bank) or 1-2 µg of custom-made rabbit anti-GFP 

antibody overnight at 4°C. The immunoprecipitation complexes were captured using 

Protein G beads, washed with RIPA buffer and released by incubation with NuPAGE 

Reducing Agent (Novex). Immunoprecipitation reactions and their corresponding 

reduced cell lysate were analysed by western blotting. Samples were electrophoresed on 

NuPage 4 – 12% Bis-Tris gels (Invitrogen) and transferred onto nitrocellulose 

membranes using the iBlot® system (Invitrogen). Membranes were incubated with 

mouse anti-cMyc 9E10 antibody (1:5000, Developmental Studies Hybridoma Bank) and 

custom-made rabbit anti-GFP (1:1000, CUK-1819 MGU-GFP-FL) primary antibodies. 

Mouse 12G10 anti-α-Tubulin (1:10,000, Developmental Studies Hybridoma Bank) was 

also used as a loading control. For detection, membranes were incubated with goat anti-

mouse IRDye 680RD (1:15000, LI-COR) and goat anti-rabbit IRDye 800CW secondary 

antibodies (1:15000, LI-COR) and imaged using the Odyssey® CLx Infrared Imaging 

System (LI-COR). For quantification, band intensities were determined using the Image 

Studio Lite Ver 5.2 software and used to calculate the relative ratio of Co-IP to IP signal. 

Cos-7 and HEK293T cells were grown at 37°C under 5% carbon dioxide (CO2) 

conditions in Dulbecco’s Modified Eagle Medium (Invitrogen) containing 10% heat-

inactivated foetal bovine serum (FBS) (Invitrogen) and 1X penicillin/streptomycin 

(Invitrogen). 

Auditory brainstem response (ABR) 

ABR tests were performed using a click stimulus in addition to frequency-specific 

tone-burst stimuli to screen mice for auditory phenotypes and investigate auditory 
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function (Hardisty-Hughes et al., 2010). Mice were anaesthetized by intraperitoneal 

injection of ketamine (100 mg/ml at 10% v/v) and xylazine (20 mg/ml at 5% v/v) 

administered at the rate of 0.1 ml/10 g body mass. Animals were placed on a heated mat 

inside a sound-attenuated chamber (ETS Lindgren) and electrodes were placed 

subdermally over the vertex (active), right mastoid (reference) and left mastoid (ground). 

ABR responses were collected, amplified and averaged using TDT System 3 (Tucker 

Davies Technology, Alachua, FL, USA) in conjunction with either BioSig RP (version 

4.4.11) or BioSig RZ (version 5.7.1) software. The click ABR stimuli comprised clicks of 

unfiltered 0.1 ms broadband noise, presented at a rate of 21.1/s with alternating polarity. 

Tone-burst stimuli were of 7 ms duration, inclusive of 1 ms rise/fall gating using a Cos2 

filter, presented at a rate of 42.5/s and were measured at 8, 16, and 32 kHz. All stimuli 

were presented free-field to the right ear of the mouse, starting at 90 dB SPL and 

decreasing in 5 dB increments. Auditory thresholds were defined as the lowest dB SPL 

that produced a reproducible ABR trace pattern and were determined manually. All ABR 

waveform traces were viewed and re-scored by a second operator blind to genotype. 

Animals were recovered using 0.1 ml of anaesthetic reversal agent atipamezole 

(Antisedan™, 5 mg/ml at 1% v/v), unless aged P16, when the procedure was performed 

terminally. 

Generation of Ikzf2del890 mice 

The Ikzf2del890 mutant line was generated by the Molecular and Cellular Biology 

group at the Mary Lyon Centre, MRC Harwell Institute using CRISPR-Cas9 gene 

editing, as in Mianné  et al., 2016 (see Chessum and Matern et al., 2018  Supplementary 

Table 11 for single guide RNA (sgRNA) sequences, donor oligonucleotide sequences and 
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genotyping primers) (Mianné et al., 2016). For construction of each sgRNA plasmid, a 

pair of single-stranded donor oligonucleotides (IDT) was hybridized and cloned using 

Gibson Assembly® Master Mix (NEB) into linearized p_1.1 plasmid digested with StuI 

and AflII in order to express sgRNAs under the T7 promoter.  

The p_1.1_sgRNA plasmids were linearized with XbaI, phenol-chloroform 

purified and the products used as templates from which sgRNAs were in vitro 

transcribed. sgRNAs were synthesized using MEGAshortscript™ T7 Transcription Kit 

(Ambion). RNAs were purified using MEGAclear™ Transcription Clean-Up Kit 

(Ambion). RNA quality was assessed using a NanoDrop (Thermo Scientific) and by 

electrophoresis on 2% agarose gel containing Ethidium Bromide (Fisher Scientific). 

As this exon deletion mutant was generated as part of an experiment to generate a 

floxed mutant, a Ikzf2 flox long single-stranded DNA (lssDNA) donor was also 

synthesized as per Codner et al., 2018, for inclusion in the microinjection mix (Codner et 

al., 2018). 

For microinjections, the pronucleus of one-cell stage C57BL/6NTac embryos 

were injected with a mix containing Cas9 mRNA (5meC,Ψ, Tebu-Bio/TriLink 

Biotechnologies) at 100 ng/µl, the four Ikzf2 sgRNAs, each at 50 ng/µl and the Ikzf2 flox 

lssDNA donor at 50 ng/µl prepared in microinjection buffer. Injected embryos were re-

implanted in pseudo-pregnant CD1 females, which were allowed to litter and rear F0 

progeny. 

For genotyping, genomic DNA was extracted from ear biopsies of F0 and F1 mice 

using DNA Extract All Reagents Kit (Applied Biosystems) and amplified by PCR using 
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high fidelity Expand Long Range dNTPack (Roche) and specific genotyping primers (see 

Chessum and Matern et al., 2018 Supplementary Table 11). PCR products were further 

purified using QIAquick Gel Extraction Kit (Qiagen) and analysed by Sanger sequencing. 

Copy counting experiments by ddPCR against a known two copy reference (Dot1l) were 

also carried out to confirm the exon deletion and that there were no additional 

integrations of the lssDNA donor. Mice carrying the del890 deletion allele were 

subsequently mated with mice carrying the cello mutation in order to generate 

Ikzf2cello/del890 compound heterozygotes for complementation testing. 

Scanning electron microscopy 

Mice were culled by cervical dislocation and inner ears were removed and fixed 

in 2.5% glutaraldehyde (TAAB Laboratories Equipment Ltd.) in 0.1 M phosphate buffer 

for 4 hours at 4°C. Following decalcification in 4.3% EDTA, cochleae were dissected to 

expose the organ of Corti, and subjected to ‘OTO’ processing (1 hour incubation in 1% 

osmium tetroxide (TAAB Laboratories Equipment Ltd.), 30 minute incubation in 1% 

thiocarbohydrazide (Sigma), 1 hour incubation in 1% osmium tetroxide), before 

dehydration in increasing concentrations of ethanol (25%, 40%, 60%, 80%, 95%, 2 x 

100%) at 4°C. Samples were critical point dried with liquid CO2 using an Emitech K850 

(EM Technologies Ltd), then mounted on stubs using silver paint (Agar Scientific) and 

sputter coated with platinum using a Quorum Q150R S sputter coater (Quorum 

Technologies). Samples were examined using a JEOL JSM-6010LV Scanning Electron 

Microscope. Hair cell bundle counts were performed by counting the number of OHC 

and IHC bundles adjacent to ten pillar cells in the apical (<180° from apex), mid (180 – 
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450° from apex) and basal (> 450° from apex) regions of the cochlea. At least three ears 

(one ear per mouse) were analysed for each genotype at each time point.  

Electrophysiological analyses 

 Electrophysiological recordings were made from OHCs of cello mice aged P9 – 

P18. Cochleae were dissected in normal extracellular solution (in mM): 135 NaCl, 5.8 

KCl, 1.3 CaCl2, 0.9 MgCl2, 0.7 NaH2PO4, 5.6 D-glucose, 10 Hepes-NaOH. Sodium 

pyruvate (2 mM), MEM amino acids solution (50X, without L-Glutamine) and MEM 

vitamins solution (100X) were added from concentrates (Fisher Scientific, UK). The pH 

was adjusted to 7.5 (osmolality ~308 mmol kg-1). The dissected cochleae were transferred 

to a microscope chamber, immobilized as previously described (Corns et al., 2014) and 

continuously perfused with a peristaltic pump using the above extracellular solution. The 

organs of Corti were viewed using an upright microscope (Nikon FN1, Japan) with 

Nomarski optics (x60 objective). 

MET currents were elicited by stimulating the hair bundles of P9 OHCs in the 

excitatory and inhibitory direction using a fluid jet from a pipette (tip diameter 8 – 10 

µm) driven by a piezoelectric disc (Corns et al., 2014). The pipette tip of the fluid jet was 

positioned near to the bundles to elicit a maximal MET current. Mechanical stimuli were 

applied as 50 Hz sinusoids (filtered at 0.25 kHz, 8-pole Bessel) with driving voltages of ± 

40 V. MET currents were recorded with a patch pipette solution containing (in mM): 106 

Cs-glutamate, 20 CsCl, 3 MgCl2, 1 EGTA-CsOH, 5 Na2ATP, 0.3 Na2GTP, 5 Hepes-

CsOH, 10 sodium phosphocreatine (pH 7.3). Membrane potentials were corrected for the 

liquid junction potential (–11 mV). 
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Patch clamp recordings were performed using an Optopatch (Cairn Research Ltd, 

UK) amplifier. Patch pipettes were made from soda glass capillaries (Harvard Aratus Ltd, 

UK) and had a typical resistance in extracellular solution of 2-3 MΩ. In order to reduce 

the electrode capacitance, patch electrodes were coated with surf wax (Mr Zoggs 

SexWax, USA). Potassium current recordings were performed at RT (22 – 24ºC) and the 

intracellular solution contained (in mM): 131 KCl, 3 MgCl2, 1 EGTA-KOH, 5 Na2ATP, 5 

Hepes-KOH, 10 Na2-phosphocreatine (pH 7.3; osmolality ~296 mmol kg-1). Data 

acquisition was controlled by pClamp software (version 10) using Digidata 1440A boards 

(Molecular Devices, USA). Recordings were low-pass filtered at 2.5 kHz (8-pole Bessel), 

sampled at 5 kHz and stored on computer for off-line analysis (Origin: OriginLab, USA). 

Membrane potentials in voltage clamp were corrected for the voltage drop across the 

uncompensated residual series resistance and for a liquid junction potential (–4 mV).  

The presence of electromotile activity in P16 – P18 OHCs was estimated by 

applying a depolarizing voltage step from the holding potential of –64 mV to +56 mV. 

Changes in cell length were viewed and recorded with a Nikon FN1 microscope (75x 

magnification) with a Flash 4.0 SCCD camera (Hamamatsu, Japan). Cell body movement 

was tracked using Fiji software. Lines were drawn across the basal membrane of patched 

OHCs, perpendicular to the direction of cell motion, and a projected time-based z-stack 

of the pixels under the line was made. Cell movement was measured with Photoshop as a 

pixel shift and then converted to nm (290 pixels = 10 µm). 

Non-linear (voltage-dependent) capacitance of IHCs in Anc80-Ikzf2 injected mice 

and their non-injected littermates was studied at P12 – P16 using conventional whole cell 

patch clamp recordings. Apical turn of the organ of Corti was carefully dissected in 
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Leibovitz's L-15 cell culture medium (Cat #21083027, Gibco/ThermoFisher, USA) 

containing the following inorganic salts (in mM): NaCl (137), KCl (5.4), CaCl2 (1.26), 

MgCl2 (1.0), Na2HPO4 (1.0), KH2PO4 (0.44), MgSO4 (0.81)  and placed into the custom-

made recording chamber, where it was held by two strands of dental floss. The organ of 

Corti explants were viewed with an upright microscope (BX51WIF, Olympus, Japan), 

equipped with a high numerical aperture (NA) objective (100x, 1.0 NA). To block 

voltage-gated ion channels in IHCs, the bath solution was made of L-15 medium 

supplemented with 100 mM tetraethylammonium, 2 mM CoCl2, 10 CsCl, and 0.1 mM 

Nifedipine (all from Sigma, USA), while the intrapipette solution contained (in mM): 

CsCl (140), MgCl2 (2.5), Na2ATP (2.5), EGTA (1.0), HEPES (5). During recordings, the 

organs of Corti were continuously perfused with the above extracellular bath solution. 

Whole cell current responses were recorded with MultiClamp 700B patch clamp 

amplifier (Molecular Devices, USA), controlled by jClamp software (SciSoft, USA). 

Membrane capacitance was measured during the voltage ramp with a dual sinusoidal, 

FFT-based method (Santos-Sacchi, 2004). The recorded capacitance was fitted to the first 

derivative of a two-state Boltzmann function that is typically used to fit non-linear 

capacitance of OHCs plus a small correction for the membrane area changes between 

expanded and contracted states of prestin (Santos-Sacchi and Navarrete, 2002), as 

follows: 

Cm = Cv + Clin, where Cm is the total membrane capacitance, Cv is a voltage-dependent 

(non-linear) component, and Clin is a voltage-independent (linear) component. 
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where, Qmax is the maximum nonlinear charge moved, Vpk is a voltage at peak 

capacitance, V is membrane potential, z is valence, e is electron charge, k is Boltzmann’s 

constant, T is absolute temperature, and ∆Csa is the maximum increase in capacitance that 

occurs when all prestin molecules change from compact to expanded state. To account 

for some variability in sizes of IHCs, statistical data are shown as the maximum of 

voltage-dependent component of capacitance (Cv) normalized to the linear capacitance of 

the cell (Cv/Clin).   

Distortion Product Oto-Acoustic Emissions (DPOAEs) 

DPOAE tests were performed using frequency-specific tone-burst stimuli at 8, 16 

and 32 kHz with the TDT RZ6 System 3 hardware and BioSig RZ (version 5.7.1) 

software (Tucker Davis Technology, Alachua, FL, USA). An ER10B+ low noise probe 

microphone (Etymotic Research) was used to measure the DPOAE near the tympanic 

membrane. Tone stimuli were presented via separate MF1 (Tucker Davis Technology) 

speakers, with f1 and f2 at a ratio of f2/f1 = 1.2 (L1=65 dB SPL, L2=55 dB SPL), centred 

around the frequencies of 8, 16 and 32 kHz. Surgical anaesthesia was achieved by 

intraperitoneal injection of ketamine (100 mg/ml at 10% v/v), xylazine (20 mg/ml at 5% 

v/v) and acepromazine (2 mg/ml at 8% v/v) administered at a rate of 0.1 ml/10 g body 

mass. Once the required depth of anaesthesia was confirmed by the lack of the pedal 

reflex, a section of pinna was removed to allow unobstructed access to the external 

auditory meatus. Mice were then placed on a heated mat inside a sound-attenuated 

chamber (ETS-Lindgren) and the DPOAE probe assembly was inserted into the ear canal 

using a pipette tip to aid correct placement. In-ear calibration was performed before each 

test. The f1 and f2 tones were presented continuously and a fast-Fourier transform was 
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performed on the averaged response of 356 epochs (each ~21 ms). The level of the 2f1-f2 

DPOAE response was recorded and the noise floor calculated by averaging the four 

frequency bins either side of the 2f1-f2 frequency.  

NanoString validation  

Cochlear RNA extracted from biological triplicates of Ikzf2cello/cello, Ikzf2cello/+ and 

Ikzf2+/+ animals at P8 were processed for NanoString validation at the UMSOM Institute 

for Genome Sciences using the nCounter Master Kit per manufacturer’s instructions, and 

quantified using the NanoString nCounter platform. See Chessum and Matern et al., 2018 

Supplementary Table 11 for NanoString probe sequences. Data were analyzed using 

nSolver 4.0 software (NanoString).  

Anc80L65 AAV vector construction  

The Anc80L65-Myc-Ikzf2+ (Anc80-Ikzf2) expression vector was designed to drive 

expression of a Myc-tagged Ikzf2 construct followed by a bovine Growth Hormone poly-

adenylation (BGH pA) site under control of the cytomegalovirus (CMV) promoter. The 

Anc80L65-eGPF (Anc80-eGFP) expression construct also contained a Woodchuck 

Hepatatis Virus Posttranscriptional Regulatory Element (WPRE) preceding the BGH pA 

site. Anc80L65 AAV vectors (Landegger et al., 2017; Zinn et al., 2015) were produced 

by the Gene Transfer Vector Core, Grousbeck Gene Therapy Center at the Massachusetts 

Eye and Ear Infirmary (Boston, MA) (http://vector.meei.harvard.edu/). 

Inner ear gene delivery  
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For in vivo HC transductions, mice were injected with Anc80L65 AAVs between 

P1 to P3 via the posterior semicircular canal following the injection method described in 

Isgrig et al., 2017 (Isgrig et al., 2017). Briefly, animals were anesthetized on ice before a 

post-auricular incision was made on either the left or right side. Tissues were further 

dissected to reveal the posterior semicircular canal, and a Nanoliter 2010 microinjection 

system (World Precision Instruments) equipped with a loaded glass needle was used to 

inject 700 nl of 1.13E+13GC/ml Anc80-Ikzf2 or 500 nl of 4.85E+12GC/ml Anc80-eGFP. 

Injections into the inner ear were performed in 50 nl increments over the course of 2 

minutes. The needle was then removed, the incision sutured, and animals were placed on 

a 37°C heating pad to recover before being returned to their cage.  

Fluorescence activated cell sorting (FACS)  

For the scRNA-seq analysis of Anc80-Ikzf2 transduced HCs, inner ears of 

neonatal Myo15Cre/+;ROSA26CAG-tdTomato mice were injected with Anc80-Ikzf2 (4 mice) or 

control Anc80-eGFP (2 mice) via the posterior semicircular canal. Cochlear tissues from 

both injected and uninjected ears were harvested at P8 and further dissected to reveal the 

sensory epithelium. Inclusion of the uninjected ear in the single cell analysis allowed for 

the study of changes in gene expression that occur in response to a gradient of transgene 

expression. This is because, in mice, inner ear gene delivery often results in transduction 

in the contralateral ear, albeit at a lower intensity (Landegger et al., 2017). Cochlear 

tissues were then dissociated for fluorescence activated cell sorting (FACS) following the 

method described in Elkon et al., 2015 (Elkon et al., 2015). Briefly, the sensory epithelia 

from Anc80-eGFP and Anc80-Ikzf2 injected mice were pooled separately into 2 wells of 

a 48-well plate containing 0.5 mg/ml Thermolysin (Sigma). Tissues were incubated at 
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37°C for 20 minutes, after which the Thermolysin was removed and replaced with 

Accutase enzyme (MilliporeSigma). After a 3 minute incubation at 37°C, tissues were 

mechanically disrupted using a 23G blunt ended needle connected to a 1 ml syringe. This 

step was performed twice. After confirming tissue dissociation by direct visualization, the 

dissociation reaction was stopped by adding an equal volume of IMDM supplemented 

with 10% heat-inactivated FBS to the Accutase enzyme solution. Cells were passed 

through a 40 mm cell strainer (BD) to remove cell clumps. tdTomato expressing HCs 

were sorted into ice cold tubes containing IMDM with 10% FBS on a BD FACSAria II 

(BD Biosciences) and processed for scRNA-seq. Flow cytometry analyses were 

performed at the University of Maryland Marlene and Stewart Greenebaum 

Comprehensive Cancer Center Flow Cytometry Shared Service. 

Single cell RNA-seq (scRNA-seq) 

tdTomato positive sorted HCs were pelleted once (300 g at 4°C) and resuspended 

in a minimal remaining volume (~30 µl). HC-enriched single cell suspensions were then 

used as input on the 10X Genomics Chromium platform with 3’ Single Cell v2 chemistry 

(10x Genomics). Following capture and library preparation, single cell RNA-seq libraries 

were sequenced on a NextSeq 500 (Illumina) to an average depth of over 300,000 reads 

per cell, which resulted in detection of a median of >3,000 genes (Anc80-eGFP) and 

>4,000 genes (Anc80-Ikzf2) per cell, ensuring maximal transcriptional complexity and 

detection of low-abundance transcripts (see Figure 4.12b-c). Reads were aligned to a 

modified mm10 mouse reference containing the sequences for the Ai14 locus, as well as 

Anc80-eGFP and Anc80-Ikzf2 viral sequences (Figure 4.12a) using the 10X Genomics 

cellranger (version 2.0.2) package to generate the read counts matrix files. Read counts 



109 

from viral and Ai14 loci were removed from the expression matrix before dimensionality 

reduction so as to not influence data clustering. Cells from these HC clusters were 

determined to be Anc80-Ikzf2(+) versus Anc80-Ikzf2(-), and IHCs versus OHCs, based 

on their expression of Anc80-Ikzf2 and Slc17a8, respectively (Figure 4.10, 3.11 and 3.12, 

see Chessum and Matern et al., 2018 Supplementary Table 7). Slc26a5 was not well 

detected in the scRNA-seq dataset and was therefore not used as an OHC marker. After 

clustering, four HCs were excluded based on co-expression of a contaminating cell type. 

Secondary analyses, including shared nearest neighbor (SNN) clustering, tSNE 

embedding, and differential expression testing (using either Wilcoxon Ranked Sum for 

marker gene identification or MAST for pairwise comparison between control inner and 

outer HCs) were performed in R with Seurat (version 2.1.0) (Finak et al., 2015; Satija et 

al., 2015). Non-parametric analysis of variance between the four classified groups of HCs 

(IHCs and OHCs with either high or low Anc80-Ikzf2 expression) using a Kruskal-Wallis 

test was performed to help qualify genes that had statistical difference across these cell 

populations. This was followed by post-hoc pairwise Wilcoxon Ranked Sum 

comparisons to assess multiple-comparison-adjusted p-values. Additional plots were 

generated by NMF (version 0.20.6) and ggplot2 (version 2.2.1) (Gaujoux and Seoighe, 

2010; Wickham, 2009). scRNA-seq data have been submitted to the Gene Expression 

Omnibus database (GEO accession number GSE120462), and are additionally available 

for viewing through the gEAR Portal (https://umgear.org/). 

Immunohistochemistry of AAV-injected cochleae 

Mouse inner ears injected with either Anc80-Ikzf2 or Anc80-eGFP were between 

P8 and 8 weeks, fixed in 4% PFA in PBS overnight at 4°C, and decalcified in a solution 
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of 5% EDTA in RNAlater (Invitrogen). Decalcified ears were processed by sucrose 

gradient and embedded in OCT compound (Tissue-Tek) for cryosectioning, or fine 

dissected for whole-mount immunohistochemistry. 10 µm sections on positively charged 

glass slides were used for in situ hybridization (ISH) and section immunohistochemistry. 

For whole-mount immunolabeling at 6-8 weeks, HC loss was observed in the injected ear 

and therefore the contralateral ear, expressing a lower level of the Anc80-Ikzf2 virus, was 

used. Primary antibodies: goat anti-prestin N-20 (1:200, Santa Cruz Biotechnology), goat 

anti-Oncomodulin N-19 (1:100, Santa Cruz Biotechnology), rabbit anti-MyosinVI 

(1:1000, Proteus BioSciences), rabbit anti-GFP (1:100, Life Technologies), mouse anti-

cMyc 9E10 (1:100, Santa Cruz Biotechnology), and mouse anti-Otoferlin (1:100, 

Abcam). Dr. Rebecca Seal generously donated the guinea pig anti-Vglut3 antibody used 

in this study (1:5000). Corresponding Alexa Fluor® 488 and 546 (1:800, Invitrogen) 

were used for secondary detection, Alexa Fluor® 488 Phalloidin (1:1000, Invitrogen) 

was used to mark F-actin, and 4′,6-Diamidino-2-Phenylindole Dihydrochloride (DAPI, 

1:20,000, Thermo Fisher) was used to mark cell nuclei. Images were acquired using a 

Nikon Eclipse E600 microscope (Nikon, Tokyo, Japan) equipped with a Lumenera 

Infinity 3 camera. Whole-mount images were acquired using a Zeiss LSM DUO confocal 

microscope, located at the UMSOM Confocal Microscopy Core, at 63x oil magnification. 

Images were processed using Infinity Capture and Infinity Analyze software (Lumenera, 

Ottawa, ON), and ImageJ software.  

RNA in situ hybridization (ISH) 

ISH was performed as described in Geng et al., 2016 (Geng et al., 2016). Briefly, 

slides were re-fixed in 4% PFA, and then treated with 2 ug/ml Proteinase-K for 10 
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minutes. Proteinase-K reaction was stopped by soaking slides again in 4% PFA, followed 

by acetylation and permeabilization. Hybridization for the digoxigenin labelled Fcrlb 

probe was performed overnight at 65°C (see Chessum and Matern et al., 2018 

Supplementary Table 11 for Fcrlb probe primers). Following a series of washes in saline 

sodium citrate, slides were incubated with sheep-anti-digoxigenin antibody conjugated to 

alkaline phosphatase (Sigma-Aldrich, 1:100) overnight at 4°C. Slide were then incubated 

in BM purple AP substrate precipitating solution (Roche) to localize bound anti-

digoxigenin antibody. 
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CHAPTER 5: TRANSCRIPTOMIC PROFILING OF ZEBRAFISH HAIR CELLS 

USING RIBOTAG1 

 

5.1 Abstract  

The zebrafish inner ear organs and lateral line neuromasts are comprised of a 

variety of cell types, including mechanosensitive hair cells. Zebrafish hair cells are 

evolutionarily homologous to mammalian hair cells, and have been particularly useful for 

studying normal hair cell development and function. However, the relative scarcity of 

hair cells within these complex organs, as well as the difficulty of fine dissection at early 

developmental time points, makes hair cell-specific gene expression profiling technically 

challenging. Cell sorting methods, as well as single-cell RNA-Seq, have proved to be 

very informative in studying hair cell-specific gene expression. However, these methods 

require that tissues are dissociated, the processing for which can lead to changes in gene 

expression prior to RNA extraction. To bypass this problem, we have developed a 

transgenic zebrafish model to evaluate the translatome of the inner ear and lateral line 

hair cells in their native tissue environment; the Tg(myo6b:RiboTag) zebrafish. This 

model expresses both GFP and a hemagglutinin (HA) tagged rpl10a gene under control 

of the myo6b promoter (myo6b:GFP-2A-rpl10a-3xHA), resulting in HA-tagged 

ribosomes expressed specifically in hair cells. Consequently, intact zebrafish larvae can 

be used to enrich for actively translated hair cell mRNA via an immunoprecipitation 

protocol using an antibody for the HA-tag (similar to the RiboTag mice). We demonstrate 

                                                 

1Matern, M.S., Beirl, A., Ogawa, Y., Song, Y., Paladugu, N., Kindt, K., Hertzano, R. 
Transcriptomic profiling of zebrafish hair cells using RiboTag. (2018). Front Cell Dev 

Biol. doi:10.3389/fcell.2018.00047 
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that this model can be used to reliably enrich for actively translated zebrafish hair cell 

mRNA. Additionally, we perform a global hair cell translatome analysis using RNA-Seq 

and show enrichment of known hair cell expressed transcripts and depletion of non-hair 

cell expressed transcripts in the immunoprecipitated material compared with mRNA 

extracted from whole fish (input). Our results show that our model can identify novel hair 

cell expressed genes in intact zebrafish, without inducing changes to gene expression that 

result from tissue dissociation and delays during cell sorting. Overall, we believe that this 

model will be highly useful for studying changes in zebrafish hair cell-specific gene 

expression in response to developmental progression, mutations, as well as hair cell 

damage by noise or ototoxic drug exposure. 
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5.2 Introduction 

 Hearing loss is a genetically heterogeneous disorder, with mutations in over 150 

genes estimated to underlie genetic nonsyndromic hearing deficits (Van Camp and Smith, 

2017). Of these, a large proportion affect genes that are preferentially expressed in the 

sensory cells of the inner ear, namely the mechanosensory hair cells (HCs) (Elkon et al., 

2015). Zebrafish have served as an excellent model system for functional analysis of 

genes in HC function, as they possess HCs both in the inner ear as well as within an 

external lateral line system, are easy to manipulate genetically, and generate large 

numbers of progeny within a short gestational period (Erickson and Nicolson, 2015; 

Nicolson, 2005, 2017). However, the study of the molecular changes induced by 

manipulation of HC-expressed genes in zebrafish has been limited due to a paucity of 

model organisms that allow cell type-specific molecular analysis of changes in gene 

expression. Specifically, across vertebrate species, the auditory, vestibular and lateral line 

sensory organs are comprised of a variety of cell types, of which HCs make up only a 

small percentage (see Appendix A Figure A.3A) (Hertzano and Elkon, 2012; Jiang et al., 

2014; Matern et al., 2017). Therefore, due to their relative scarcity, cell type-specific 

approaches such as manual cell sorting, fluorescence activated cell sorting (FACS) or 

single cell RNA-Seq (scRNA-Seq) are necessary to analyze gene expression in HCs. 

These methods have been used in both mice and zebrafish to analyze HC gene expression 

changes that occur in mutant animals, during development and regeneration, or after 

exposure to noise or ototoxic drugs (Burns et al., 2015; Elkon et al., 2015; Hertzano and 

Elkon, 2012; Jiang et al., 2014; McDermott et al., 2007; Scheffer et al., 2015; Steiner et 

al., 2014). However, both scRNA-Seq and cell sorting-based techniques require 
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dissociation of tissues to obtain a single cell suspension. Tissue dissociation can induce 

significant cellular stress due to loss of lateral inhibition and cell-cell contact, and 

combined with the prolonged time associated with tissue processing, may lead to 

confounding changes in gene expression (Gay et al., 2013, 2014; Sanz et al., 2009).  

To avoid dissociation-induced molecular changes, recent studies have developed 

techniques in both mice and zebrafish models to extract RNA from specific cell types 

within intact organs (Erickson and Nicolson, 2015; Gay et al., 2013; Heiman et al., 2009; 

Roh et al., 2017; Sanz et al., 2009; Tryon et al., 2013). These approaches rely on 

pulldown of RNA from a cell type of interest via tagged ribosomes, or directly tagged 

RNA. As an example, the RiboTag mouse model expresses a component of the 60S 

subunit of the ribosome with a C-terminal hemagglutinin tag (RPL22-HA) (Sanz et al., 

2009). Using this model, Cre-induced expression of RPL22-HA can be used to capture 

actively translated RNA from a cell type of interest via immunoprecipitation. The 

BACarray and NuTRAP mice models work in a similar way to RiboTag, however 

ribosomes are tagged with a green fluorescent protein (GFP). Additionally, the NuTRAP 

mice co-express nuclear tagging proteins that allow for concomitant epigenetic profiling 

of a Cre expressing cell type. In 2013, Tryon et al. also introduced several 

RiboTag/TRAP models to study cell type-specific gene expression in zebrafish (Tryon et 

al., 2013). Similar to the BACarray and NuTRAP mouse models, these zebrafish models 

rely on tagging the 60S ribosomal subunit through non-inducible tissue-specific 

expression of an rpl10a-GFP fusion gene. Collectively, in mouse and zebrafish, RiboTag, 

BACarray and NuTRAP can be used for cell type-specific isolation of RNA via pulldown 

of labeled ribosomes. In these models, the immunoprecipitated RNA is enriched for 
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actively translated transcripts, and is referred to as the ‘translatome’ rather than the whole 

cellular transcriptome.  

An alternative method to ribosomal pulldown is to isolate cell type-specific RNA from a 

complex tissue environment by thiouracil (TU) tagging. This method relies on tissue 

specific expression of uracil phosphoribosyltransferase (UPRT), an enzyme capable of 

integrating 4-thiouracil into newly synthesized RNA, which can then be affinity purified. 

Both mice and zebrafish TU-tagging models have been developed, and rather than 

obtaining only actively translated RNA as in the RiboTag/TRAP models, this method 

allows for capture of all newly synthesized RNA within a cell type of interest (i.e. the 

transcriptome) after the application of 4-thiouracil (Erickson and Nicolson, 2015; Gay et 

al., 2013, 2014). As with the ribosomal pulldown techniques, affinity purified RNA is 

enriched for the cell type of interest, and also contains some RNA from other tissues. In 

zebrafish, TU-tagging has been used to identify HC expressed transcripts. However, this 

model was only able to identify a small number of genes, and only those genes with very 

high expression levels in HCs were found to be significantly enriched in the 

immunoprecipitated RNA compared to input (Erickson and Nicolson, 2015). 

To more effectively isolate RNA from zebrafish HCs, we have developed a transgenic 

zebrafish RiboTag model to evaluate the translatome of zebrafish inner ear and lateral 

line HCs; the Tg(myo6b:GFP-2A-rpl10a-3xHA) zebrafish (from here on referred to as 

Tg(myo6b:RiboTag)). This model carries a construct to drive expression of both an HA-

tagged Rpl10a protein and GFP in HCs under control of the HC-specific myo6b promoter 

(Obholzer et al., 2008; Seiler et al., 2004). To our knowledge, this is the first zebrafish 

model to allow for HC-specific gene expression analysis via two methods: (1) tissue 
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dissociation and cell sorting based on GFP expression, and (2) immunoprecipitation of 

HA-tagged ribosomes to enrich for HC expressed transcripts. We use both RT-qPCR and 

RNA-Seq to analyze gene expression in our Tg(myo6b:RiboTag) model. We show that 

immunoprecipitated RNA from our Tg(myo6b:RiboTag) model is significantly enriched 

for known HC expressed transcripts, indicating that this model is effective in enriching 

for the HC translatome. Additionally, a comparison of our translatome dataset with a 

previously published zebrafish HC transcriptome dataset (generated using sorted HCs) 

shows that similar gene expression results can be obtained using the Tg(myo6b:RiboTag) 

model without cell sorting. Finally, we use the Tg(myo6b:RiboTag) model to identify 

novel HC expressed transcripts, and demonstrate that RiboTag immunoprecipitation 

helps to avoid gene expression changes that are induced by dissociation. Overall, we 

believe that this model will be highly useful for studying the normal development and 

function of zebrafish HCs, as well as changes to HC gene expression in response to 

different conditions.  
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5.3 Methods 

Zebrafish husbandry  

Zebrafish were grown at 28°C in E3 embryo media (5 mM NaCl, 0.17 mM KCl, 

0.33 mM CaCl2 and 0.33 mM MgSO4) using standard methods. Work performed at the 

National Institute of Health was approved by the NIH Animal Use Committee under 

animal study protocol #1362-13. At the University of Maryland School of Medicine 

(UMSOM), all procedures involving animals were carried out in accordance with the 

NIH Guide for the Care and Use of Laboratory Animals and have been approved by the 

Institutional Animal Care and Use Committee at the University of Maryland, Baltimore 

(protocol numbers 0514001 and 1116003).  

Vector construction and generation of the Tg(myo6b:GFP-2A-rpl10a-3xHA) 

zebrafish 

Plasmid construction was based on the Tol2/Gateway zebrafish kit (Kwan et al., 

2007). The pME-GFP-2A-rpl10a-3xHA was a generous gift from Dr. Brant Weinstein at 

the NIH. The p5E-pmyo6b entry clone used to drive expression in hair cells has been 

described previously (Kindt et al., 2012). These two clones were used along with the tol2 

kit gateway clones p3E-polyA (#302) and pDest (#394) to create the myo6b:GFP-2A-

rpl10a-3xHA expression construct. To generate a stable transgenic fish line, plasmid 

DNA at 50 ng/µl and tol2 transposase mRNA at 20 ng/µl were injected into zebrafish 

embryos as previously described to create Tg(myo6b:GFP-2A-rpl10a-3xHA)idc10  (Kwan 

et al., 2007). Each line was grown to the F1 generation and outcrossed to confirm single 

copy integration. 

Immunohistochemistry and confocal imaging 
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Immunohistochemistry was performed on whole-mount larvae. Wildtype or 

transgenic larvae were fixed with 4% paraformaldehyde in phosphate buffered saline 

(PBS) for 4 hours at 4oC. After 5x5 minute washes in PBS, followed by a 5 minute wash 

in H2O, larvae were permeabilized with ice cold acetone (at -20 oC) for 5 min. Larvae 

were then washed in H2O for 5 minutes, followed by a 5x5 minute washes in PBS, and 

then blocked overnight with PBS containing 2% goat serum and 1% bovine serum 

albumin (BSA). A primary rat anti-HA antibody (Roche) was diluted at 1:750 in PBS 

containing 1% BSA, and larvae were incubated in the solution for 4 hours at room 

temperature. After 5x5 minute washes in PBS to remove the primary antibody, an Alexa 

568 secondary antibody diluted at 1:1,000 (Life Technologies) was added in PBS 

containing 1% BSA and incubated overnight at 4oC. After 5x5 minutes washes in PBS to 

remove the secondary antibody, larvae were rinsed in H2O and mounted in Prolong Gold 

(Life Technologies). Fixed samples were imaged on an inverted Zeiss LSM 780 laser-

scanning confocal microscope with a 63× 1.4 NA oil objective lens. Excitation 

wavelengths of 488 nm and 546 nm were used to excite GFP and Alexa 568, 

respectively.  

Tg(myo6b:RiboTag) translatome immunoprecipitation 

The Tg(myo6b:RiboTag) immunoprecipitation protocol was modified from the RiboTag 

immunoprecipitation protocol described in Sanz et al., 2009. Briefly, GFP+ 

Tg(myo6b:RiboTag) zebrafish larvae were euthanized at 5 days post fertilization (dpf) 

using MS-222/Tricaine and rinsed with system water. Groups of fifty larvae were then 

either flash frozen and stored at -80○C or used immediately for immunoprecipitation. 

Larvae were resuspended and homogenized in 1mL of supplemented homogenization 
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buffer (50mM Tris-HCl pH.7, 100mM KCl, 12mM MgCl2, 1% Nonidet P-40, 1mM 1,4-

Dithiothreitol, 1X protease inhibitor cocktail, 200 U/mL RNAsin, 100ug/mL 

cycloheximide, 1mg/mL heparin) by douncing on ice. Homogenates were spun at 

10,000g for 10 minutes at 4oC to remove particulates, and a small sample of clear 

supernatant was reserved for total RNA isolation (input control, IN). Remaining 

supernatant was incubated with 5μg HA antibody (BioLegend) at 4oC under gentle 

rotation for 4-6 hours. After incubation, supernatants were incubated with 300μL of 

rinsed Invitrogen Dynabeads Protein G magnetic beads (Thermo Fisher) overnight, 

rotating. Following incubation, bound beads were rinsed three times with 800μL high salt 

buffer (50mM Tris-HCl pH.7, 300mM KCl, 12mM MgCl2, 1% Nonidet P-40, 1mM 1,4-

Dithiothreitol, 100ug/mL cycloheximide) at 4oC for 10 minutes, rotating. After washing, 

350μL of buffer RLT from the RNeasy Plus Micro kit (Qiagen) was added to the bound 

beads or reserved input sample and vortexed for 30 seconds to dissociate bound RNA. 

RNA was then extracted according to manufacturer’s instructions (using 16µl of nuclease 

free water for elution) and stored at -80oC. RNA quality and concentration was assessed 

using the Agilent RNA Pico kit (Agilent Technologies) at the UMSOM Genomics Core 

Facility.  

Fluorescence activated cell sorting 

Zebrafish dissociation and FACS were performed as previously described (Elkon 

et al., 2015). Briefly, approximately 150 Tg(myo6b:RiboTag) larvae per replicate were 

euthanized at 5 dpf and dissociated in cold trypsin-EDTA solution (0.5g/L trypsin, 0.2g/L 

EDTA, Sigma) by trituration with a p1000 pipette tip on ice for 20 minutes. Dissociation 

was then halted by adding HBSS supplemented with 10% fetal bovine serum (FBS) and 
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100µg/ml DNaseI. Cells were filtered through a 70μm cell strainer (Fischer Scientific) 

and pelleted by centrifugation at 2000rpm for 10min at 4oC. Cells were washed once in 

HBSS, resuspended in HBSS supplemented with 10% FBS, and filtered into glass tubes 

through a 35µm cell strainer (Falcon). Flow cytometry analyses were performed at the 

University of Maryland Marlene and Stewart Greenebaum Comprehensive Cancer Center 

Flow Cytometry Shared Service. Samples of GFP positive and negative cells (HCs and 

the rest of the fish) were collected using a BD FACSAria II (BD Biosciences), and a 

small aliquot of each sorted population was re-analyzed to determine cell purity. RNA 

was extracted from sorted cells using Trizol LS Reagent (Thermo Fischer Scientific) and 

the Direct-zol™ RNA MiniPrep Plus (Zymo Research). 

 

RT-qPCR  

RT-qPCR was performed as described previously with minor modifications (see 

Appendix A, Matern et al., 2017). RNA from 5 dpf Tg(myo6b:RiboTag) zebrafish input 

and IP samples, or sorted cells, was reverse-transcribed using the Maxima First Strand 

cDNA Synthesis Kit (Thermo Fisher Scientific), and qPCR was performed using the 

Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific). To account 

for low levels of RNA obtained from sorted cells, a preamplification step using PerfeCTa 

PreAmp Supermix (Quantbio) was added for the RNA-Seq validation and immediate 

early gene expression experiments. Expression values were normalized to actb1 

expression (see Matern et al., 2018 supplemental information for primer sequences).  

RNA sequencing and informatics 
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RNA from 5 dpf Tg(myo6b:RiboTag) zebrafish IN and IP samples was submitted 

in biological quadruplicates for RNA-Seq at the UMSOM Institute for Genome Sciences. 

Only samples with RNA integrity numbers (RIN) > 8 were used for sequencing. Libraries 

were prepared from 25ng of RNA using the TruSeq RNA Sample Prep kit (Illumina) per 

manufacturer’s instructions, with the exception of an additional PCR cycle. Samples were 

sequenced on an Illumina HiSeq 4000 with a 75bp paired-end read configuration. 

Between 100-150 million reads were obtained for each sample, and reads were aligned to 

the zebrafish genome (Danio rerio.GRCz10) using TopHat version 2.0.8 (maximum 

number of mismatches  =  2; segment length  =  30; maximum multi-hits per read  =  25; 

maximum intron length  =  50,000) (Kim et al., 2013). The number of reads that aligned to 

the predicted coding regions were determined using HTSeq (Anders et al., 2015), and 

only genes with CPM (reads count per transcripts per million mapped reads) values > 

0.01 in all IN and IP replicates were called as expressed (17,164 genes). One IP sample 

had a high intergenic content suggestive of DNA contamination and was excluded from 

the analysis. Significant differential expression was assessed using DEseq (Anders and 

Huber, 2010). RNA-Seq data were submitted to the Gene Expression Omnibus database 

(GEO accession GSE102861), as well as the gEAR Portal (UMgEAR.org). Gene 

ontology of highly enriched and depleted gene sets was performed using the Gene 

Ontology (GO) database (http://www.geneontology.org) (Harris et al., 2004). For HC 

enriched and depleted gene sets, top branches of GO terms are shown. Anatomical 

structure enrichment was performed using the Zebrafish Expression Ontology of Gene 

Sets (ZEOGS) tool (Prykhozhij, Marsico and Meijsing, 2013), with a corrected p-value 
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cutoff of 0.10. Sorted HC dataset transcript IDs from Steiner et al. were converted to gene 

IDs using bioDBnet (https://biodbnet-abcc.ncifcrf.gov) (Mudunuri et al., 2009).  
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5.4 Results 

Generation of Tg(myo6b:GFP-2A-rpl10a-3xHA) zebrafish to create the 

Tg(myo6b:RiboTag) model 

To create a RiboTag zebrafish model that would allow for enrichment of the 

neuromast and lateral line HC translatome, we utilized the rpl10a gene, which has 

previously been used to effectively immunoprecipitate ribosomes in zebrafish via a GFP 

tag (Tryon et al., 2013). However, instead of an Rpl10a-GFP fusion protein, here we use 

an Rpl10a-3xHA fusion protein for the ribosomal pulldown. To drive Rpl10a-3xHA 

expression in HCs we utilized the HC-promoter myo6b, which has been shown to 

specifically drive expression of downstream genes in zebrafish inner ear and lateral line 

HCs (Obholzer et al., 2008). The construct is engineered to express Rpl10a-3xHA 

together with GFP bi-cistronically using the viral P2A peptide, resulting in the 

myo6b:GFP-2A-rpl10a-3xHA construct (Figure 5.1a). This construct was injected into 

zebrafish embryos at the one-cell stage to create a stable Tg(myo6b:GFP-2A-rpl10a-

3xHA) transgenic line, referred to here as our Tg(myo6b:RiboTag) model. To confirm 

Rpl10a-3xHA was localizing properly in HCs, we immunostained our 

Tg(myo6b:RiboTag) zebrafish with an anti-HA antibody at 5 or 6 dpf, when HCs in the 

inner ear and along the lateral line have developed. As expected, we observed both GFP 

and HA signal localizing to the cytosol of inner ear and lateral line HCs (Figure 5.1b,c). 

Consistent with previously observed Rpl10a-GFP localization in xef1α>TRAP zebrafish 

(Tryon et al., 2013), the HA staining in the HCs of the Tg(myo6b:RiboTag) zebrafish also 

shows nucleolar localization (Figure 5.1c, white arrows), indicating that our model is 

localizing Rpl10a-3xHA properly.  
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Ribosome immunoprecipitation isolates the HC translatome from 

Tg(myo6b:RiboTag) zebrafish 

In order to test whether the Tg(myo6b:RiboTag) zebrafish could be used to 

analyze gene expression of the inner ear and lateral line HCs, we next adapted the 

RiboTag immunoprecipitation protocol described in Sanz et al., 2009 to capture the HC 

translatome at 5 dpf (Figure 5.2a) using fresh or frozen embryos. We chose 5 dpf as the 

time point for our experiment, as this time point allows us to compare our results to other 

previously published HC gene expression datasets also generated using 5 dpf larvae. This 

technique yields approximately 50ng of immunoprecipitated RNA (IP, average RNA 

concentration = 3.5±2.3ng/µl in 16µl elution volume) and 660ng of input control RNA 

(IN, average RNA concentration = 41.3±24.6ng/µl in 16µl elution volume) per fifty 

homogenized Tg(myo6b:RiboTag) larvae (n=19 IPs). Because of the amount of 

homogenate used for immunoprecipitation, these quantities of RNA correspond to 

approximately 330ng of input RNA and approximately 1ng immunoprecipitated RNA per 

larvae. Interestingly, while analysis of the IN samples showed characteristic ratio of 1.6-2 

between the 28s to 18s rRNA, representing intact RNA components of the 60S and 40S 

ribosomal subunits respectively, the IP samples showed ratios >2.5, indicating reduced 

levels of 18s rRNA (Figure 5.2b). This observation is consistent with the zebrafish 

ribosomal immunoprecipitation results in Tryon et al., 2013, and is thought to be a result 

of tagging the 60S subunit of the ribosome (of which Rpl10a is a component). Overall, 

these results indicate that high quality RNA in amounts suitable for downstream analyses 

such as RT-qPCR and RNA sequencing (RNA-Seq) can be obtained using the 

Tg(myo6b:RiboTag) fish along with our immunoprecipitation protocol.  
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Figure 5.1. The Tg(myo6b:RiboTag) zebrafish.  (a) Schematic representation of the 

GFP-2A-rpl10a-3xHA construct driven by the HC-specific myo6b promoter. (b) 

Representative image of a live Tg(myo6b:RiboTag) zebrafish at 5 dpf showing GFP 

expression in the inner ear (IE) and lateral line neuromasts (N).  (c) 

Immunohistochemistry using an HA antibody showing that Rpl10a-HA expression 

overlaps with GFP expression specifically within the HCs of the inner ear and 

neuromasts. White arrows denote nucleolar Rpl10a-HA staining. 
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After establishing our protocol, we next aimed to validate whether the 

immunoprecipitation step was efficiently pulling down RNA from HCs. For this analysis, 

we used RT-qPCR to determine the relative transcript abundance of known HC expressed 

genes between IN and IP samples. As expected, immunoprecipitation of HA-tagged 

ribosomes resulted in significant enrichment of transcripts for the HC expressed genes 

atoh1a, which encodes a transcription factor necessary for HC development, and myo6b, 

the promoter of which is used to drive rpl10a-3xHA expression in this model (Figure 

5.2c) (Seiler et al., 2004; Millimaki, Sweet, Dhason, & Riley, 2007). We did not observe 

significant differences in transcript abundance for the supporting cell expressed gene 

sox2 or the muscle expressed gene myod1. However, we observed significant depletion of 

the eye specific gene rho and gut specific gene and vil1 in the RNA obtained from the IP 

compared to the IN. These results indicate that the protocol adapted for the 

Tg(myo6b:RiboTag) ribosome immunoprecipitation is able to specifically enrich for 

transcripts of HC expressed genes, while also depleting, to a varying extent, transcripts 

expressed in other cell types.  

RNA sequencing of IP and IN samples from Tg(myo6b:RiboTag) zebrafish  

After confirming the efficiency of immunoprecipitation protocol, we next sought 

to perform an unbiased and systematic analysis of the utility of the Tg(myo6b:RiboTag) 

model as a tool to study the zebrafish HC translatome. We therefore performed RNA-Seq 

on paired IP and IN samples in at least biological triplicate from 5 dpf 

Tg(myo6b:RiboTag) zebrafish. In total, 17,164 genes were detected as expressed in our 

IN and IP samples based on our criteria (IN and IP counts per million [CPM] > 0.01 in all 

samples), allowing for a direct comparison of expression levels. Of these, transcripts for  
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Figure 5.2. HC ribosome immunoprecipitation pulls down HC-specific transcripts. 

(a) Explanation of the HA-tagged ribosome immunoprecipitation protocol (see methods 

for more information). (b) Agilent Bioanalyzer PicoChip outputs showing that input (IN) 

and immunoprecipitated (IP) RNA quality is comparable between sample types despite 

reduced levels of 18S rRNA in the IP samples. This observation is consistent with 

previous zebrafish ribosome immunoprecipitation protocols (Erickson et al., 2017; 

Maeda et al., 2014). (c) RT-qPCR results showing that transcripts for known HC-

expressed genes such as atoh1a and myo6b are significantly enriched by HA-tagged 

ribosome immunoprecipitation, whereas transcripts for genes not specifically expressed 

in HCs are either not significantly enrichened (sox2, myod1) or depleted (rho, vil1). Error 

bars represent fold change ± standard deviation, and statistical significance was assessed 

by two-tailed Welch’s t-test (n=10). * = p-value < 0.05, ** = p-value < 0.01, *** = p-

value < 0.001. 
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2,379 genes were significantly enriched in IP samples compared to IN (fold change > 2, 

IP CPM > 1, false discovery rate [FDR] < 0.05), and transcripts of 2,258 genes were 

significantly depleted in IP samples compared to IN (fold change < 0.5, IN CPM > 1, 

FDR < 0.05) (Figure 5.3a). As an internal control, we first analyzed transcript enrichment 

and depletion of the same HC and non-HC expressed genes used in our RT-qPCR 

analysis (Figure 5.2c) and saw parallel results (Figure 5.3b). Our RNA-Seq analysis also 

found that transcripts for the known HC genes atoh1a and myo6b are significantly 

enriched in the IP samples compared to IN.  

As shown in Figure 5.3a, the majority of transcripts found to be significantly 

enriched or depleted in the IP compared to the IN samples had a 2-5 fold-change in 

transcript abundance. This large number of genes with small differences in transcript 

abundance between IP and IN could be attributed to the likelihood that many HC- 

expressed genes are also expressed in other cell types. Because our protocol isolates RNA 

from whole, intact larvae, concomitant enrichment and depletion of RNA expressed in 

both HCs and other cell types could lower the overall fold change values for HC 

enrichment and depletion. Therefore, in order to restrict our analyses to genes with a 

preferential expression in HCs compared to other tissues, we focused on genes with high 

fold-change transcript enrichment in the IP samples. A gene ontology (GO) analysis of 

the genes with five-fold or greater transcript enrichment in IP compared to IN samples 

(n=694) identified “detection of mechanical stimulus” as a top enriched GO term (Table 

5.1). This same analysis was also performed on the genes with five-fold or greater 

depletion in the IP compared to IN samples (n=532), resulting in top GO terms including 

“detection of light stimulus” and “visual perception” (Table 5.2). Together with our RT-  
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Figure 5.3. HC ribosome 

immunoprecipitation can reliably 

detect HC enriched and depleted transcripts by RNA-Seq. (a) Bar graph showing the 

distribution of significantly enriched and depleted transcripts in the IN vs. IP samples 

binned by fold change range. For genes with depleted transcripts in the IP samples, the 

number of genes per bin is as follows: 2x − 5x = 1726, 5x − 10x = 422, 5x − 10x = 109, 

and 50x + = 1. For IP enriched gene transcripts, the number of genes per bin is as 

follows: 2x − 5x = 1685, 5x − 10x = 450, 5x − 10x = 223, and 50x + = 21. (b) RNA-Seq 

fold change enrichment and depletion of HC expressed and non-expressed genes 

replicates the results obtained by RT-qPCR (Figure 5.2C). Statistical significance was 

assessed using DEseq (see Methods). *FDR < 0.05, **FDR < 0.01, ***FDR < 0.001. 
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GO 

biological 

process 

complete 

# in 

Reference 

# in 

input 

# 

expected 

Fold 

Enrichment 
FDR Genes 

miRNA 
mediated 
inhibition of 
translation 

9 5 0.14 35.77 
1.17E-
02 

tnrc6a tnrc6b tnrc6c1 ago2 

trim71  

detection of 

external 

stimulus 

65 7 1.01 6.93 
4.23E-
02 

loxhd1b dennd5a opn4b 

parapinopsinb  tmc2a loxhd1a 

pcdh15b 

detection of 

abiotic stimulus 
65 7 1.01 6.93 

4.43E-
02 

loxhd1b dennd5a opn4b 
parapinopsinb  tmc2a loxhd1a 

pcdh15b 

cellular response 
to organic cyclic 
compound 

97 9 1.51 5.97 
2.12E-
02 

pparda dicer1 nr6a1b thrb ago2 

abhd2a rorb nr0b2a rorcb 

response to 
hormone 

186 12 2.89 4.15 
2.59E-
02 

ncoa1 sik1 pparda pik3r3b 

nr6a1b thrb socs1a dio2 abhd2a 
rorb nr0b2a rorcb 

mRNA 
metabolic 
process 

296 17 4.6 3.7 
6.76E-
03 

tnrc6a dicer1 crnkl1 celf4 snrpa 

snrnp70 exosc3 ptbp3 ago2 qkia 
rbm25a exosc7 aqr coil rbbp6 

rbmx2 nova2 

gene expression 1669 52 25.93 2.01 
3.17E-
03 

bhlhe41 twistnb lipt2 ncoa1 ict1 
eed pparda dicer1 ccnd1 crnkl1 

celf4 nr6a1b snrpa snrnp70 

jarid2b exosc3 kri1 mrpl52 thrb 
eif4e3 ptbp3 onecut1 ears2 ago2 

qkia hoxc6b hoxb3a mef2aa 

gtf2a1l rbm25a plagx pou2f2a 
exosc7 rorb aqr coil nr0b2a 

pou2f1b nrarpa iscub med19a 

nop56 hdac4 rest rbbp6 brf2 
znf143 rorcb rbmx2 eef1a1b 

nova2 stat2 

 

Table 5.1: Gene ontology analysis of hair cell enriched genes. 
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GO biological 

process complete 

# in 

Reference 

# in 

input 

# 

expected 

Fold 

Enrichment 
FDR Genes 

ATP synthesis coupled 
electron transport 

43 7 0.78 9 
5.65E-
03 

mt-cyb mt-nd2 mt-nd4 mt-co1 

mt-nd4l mt-nd5 mt-co2 

detection of light 
stimulus 

38 6 0.69 8.73 
1.94E-
02 

opn1mw1 rho gnat2 opn1sw1 

lamc1 opn1sw1  

pyruvate metabolic 
process 

44 6 0.8 7.54 
3.63E-
02 

aldoca eno2 pdha1b hkdc1 

pkmb aldoaa  

hydrogen ion 
transmembrane 
transport 

53 7 0.96 7.3 
1.63E-
02 

atpv0e2 atp6v1b2 mt-co1 

BX901937 atp6v0b mt-atp6 

AC024175 

visual perception 91 11 1.65 6.68 
5.49E-
04 

cryaa opn1mw1 rho gnat2 
zgc:113307 opn1sw1 lamc1 

irbp opn1sw2 crx aoc2 

organic hydroxy 
compound 
biosynthetic process 

65 7 1.18 5.95 
4.15E-
02 

spra tyrp1b dhcr7 lbr mvk tyr 

cyp7a1  

coenzyme metabolic 
process 

167 13 3.02 4.3 
4.56E-
03 

ndufa9b aldoca taldo1 eno2 

spra tdo2b pdha1b suclg2 
hkdc1 pkmb aldoaa mvk 

mat2al  

protein transport 527 24 9.53 2.52 
1.09E-
02 

vps11 nmd3 rab10 arcn1b 
ap2m1b tsg101a rab4a copa 

BX901937 tomm40l pcid2 

sec24d ap4e1 tvp23b 
BX901937 grpel2 jagn1a 

pttg1ipb napgb smg5 snx1b 

atg9a copb1 vps29 

cellular protein 
localization 

506 23 9.15 2.51 
1.55E-
02 

vps11 nmd3 ap2m1b copa 

BX901937 hsc70 lamtor2 

glrbb tomm40l pcid2 chrna1 
sec24d ap4e1 wipi2 grpel2 

epb41l3b pttg1ipb napgb 

smg5 snx1b atg9a copb1 
vps29  

system development 2833 79 51.25 1.54 
1.99E-
02 

gdpd3a vps11 rapsn PDCL3 

SLITRK1 igfbp7 anos1a 

camk1db rab10 polr3b tfap2b 
col17a1b dnase1l3l rab4a 

copa casp9 id4 BX470189 

cdh7 ugdh padi2 itm2bb rtn4r 
inpp5b tyrp1b ruvbl2 six3a 

cryaa chrna1 celsr2 dhps 

sec24d smyd1b olfm2a 
epb41b pou3f1 CRIP2 

slc4a1a slc35b2 lingo2a zic6 

slc33a1 scinla fez1 rel aldoaa 
wif1 grhl2a snapc2 lamb2 

ephb4a shox plppr1 jagn1a 

dacha ncaldb ponzr1 pttg1ipb 
lamc1 fosab hpse arl3l1 

slitrk6 spry4 dpysl2b lhx1a 
atp6v0b mcm3 inpp5kb lrfn4b 

ecrg4b copb1 klhl40a crx 

pou4f2 slc2a2 lrrn1 mab21l2 
inab  

 

Table 5.2: Gene ontology analysis of hair cell depleted genes. 
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qPCR, our RNA-Seq and GO analysis of 5-fold enriched transcripts support that our 

Tg(myo6b:RiboTag) model and immunoprecipitation protocol can enrich for the 

zebrafish HC translatome. 

Immunoprecipitation enriches for known HC expressed transcripts 

We next wanted to assess the efficiency of our model for enriching for other 

genes known to be expressed in zebrafish HCs. Therefore, we analyzed our transcripts 

with five-fold or greater enrichment (n=694) and depletion (n=532), from here on name 

‘enriched’ and ‘depleted’ gene sets, using the Zebrafish Expression Ontology of Gene 

Sets (ZEOGS) tool (Prykhozhij et al., 2013). This online tool can be used to detect 

overrepresented anatomical structures based on known gene expression patterns from the 

Zebrafish Information Network (ZFIN) (Howe et al., 2013). When analyzing the enriched 

gene set, the top result for overrepresented anatomy is “neuromast,” and also includes the 

inner ear HC types “hair cell anterior macula” and “hair cell posterior macula” (Table 

5.3). We also performed a ZEOGS analysis on the highly depleted genes, resulting in the 

top term of “retinal photoreceptor layer” and no results related to the inner ear or 

neuromast hair cells (Table 5.4). This indicates that the Tg(myo6b:RiboTag) 

immunoprecipitation is capturing transcripts of genes experimentally validated to be 

expressed in neuromast and inner ear HCs.   

Zebrafish have proved to be a highly useful animal model for studying the normal 

development and function of HCs, as well as for dissecting the mechanistic consequences 

of gene mutations that cause human hearing loss (Lieschke and Currie, 2007). For this 

reason, we next probed our RNA-Seq dataset to detect zebrafish homologs of known  
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Anatomical term 
Corrected P-

value 
Genes 

neuromast 0.03028 
s100t atp2b1a s100s rorb pho pvalb8 wasa 

tmc2a otofa bdnf myclb cabp2b 

levator operculi 0.05542 tnnc1b smyhc2 

hair cell anterior 
macula 

0.03988 atp2b1a tmc2a otofa 

hyohyoideus 0.0483 myha tnnc1b smyhc2 

olfactory epithelium 0.06734 
tnks1bp1 s100t s100s s100a1 cnga3a 

elavl3 bdnf 

renal system 0.06879 s100t s100s s100a1 

hair cell posterior 
macula 

0.07659 atp2b1a tmc2a 

 

Table 5.3. ZEOGS analysis of HC enriched transcripts. 
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Anatomical term 
corrected 

P-value 
Genes 

retinal 

photoreceptor layer 
0.0069 

epb41l3b opn1sw1 irbp fam13a arl3l1 crx opn1mw1 

scl35a3a gc3 gnat1 rho gnb5b gnat2 selt1a 

retina 0.0107 

nrip1a fez1 rtn4r tfap2b dacha epb41l3b anp32b 

opn1sw1 mab21l2 rrm2b sh3gl2 crhbp scinla 

gadd45gb.1 olfm2a pttg1ipb irbp vps11 fam13a ext1c 

arl3l1 slc6a1b vdac3 cat spry4 polr3b got1 id4 mt-nd2 

crx hmgb1b scg3 rab4a lamc1 eno2 rgs8 tspan36 

rogdi opn1mw1 slc25a3a gc3 slc29a1a phc2b tyrp1b 

tbr1b lrrn1 aldoaa zgc:91999 gnat1 rho gnb5b six3a 

dhcr7 gnb1a amdhd2 anxa11b kcnip3a gfap gnb3b 

sgce lbr gnat2 selt1a vsx2 

retinal pigmented 

epithelium 
0.0188 dct pttg1ipb irbp vps11 crx lamc1 tspan36 tyrp1b rho 

epidermis 0.0247 

epb41l3b padi2 caspb scinla cfl1l cfd aldh3b1 si:dkey-

251i10.2 capn9 lamc1 rcn1 osgn1 alox12 kera 

atp1b1b wdr1 pycard cd151l gnb1a anxa11b lye 

plscr3b selt1a 

melanocyte 0.0252 spra dct tyr tspan36 tyrp1b 

ocular blood vessel 0.0257 igfbp7 gfap 

epiphysis 0.0498 

fez1 inab ephb4a lrrn3 sh3gl2 necap1 map1lc3b irbp 

arl3l1 qsox1 crispld1b crx scg3 dpysl2b igfbp7 rogdi 

opn1mw1 atp1b1b slc25a3a lrrn1 atpv0e2 gnat1 rho 

irf2bp2a gnb5b gnb3a gnat2 

peripheral olfactory 

organ 
0.0559 

inab ppp1r14ba epb41l3b acy1 padi2 scinla cyp3c1 

aldh3b1 fam13a capn9 serpine2 ftr83 alox12 atp1b1b 

wdr1 krt18 spock2 stk38l tbr1b pycard aldoaa 

irf2bp2a gnb1a anxa11b fosab selt1a 

corneal epithelium 0.0824 scinla kera 

 

Table 5.4. ZEOGS analysis of HC depleted transcripts 
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human syndromic and nonsyndromic deafness causing genes reported on the Hereditary 

Hearing Loss Homepage (http://hereditaryhearingloss.org) (Van Camp and Smith, 2017). 

In total, we found that 36 deafness genes were significantly enriched in our zebrafish HC 

IP samples compared to IN (fold change > 2, p-value < 0.05), of which 27 remained 

significant after taking into account multiple testing (FDR < 0.05) (Table 5.5). 

Importantly, only 13 of these genes have been previously reported in the literature to be 

expressed in the developing zebrafish inner ear or HCs, which indicates that the 

Tg(myo6b:RiboTag) model is effective in identifying genes not previously known to be 

expressed in zebrafish HCs.  

Tg(myo6b:RiboTag) gene expression profile is comparable to previously published 

FACS-based HC transcriptomes 

In order to ensure that similar HC gene enrichment could be obtained from our 

Tg(myo6b:RiboTag) immunoprecipitation method, we next wanted to compare our 

translatome dataset to a previously published cell sorting experiment. To do this, we 

utilized a dataset generated by comparing gene expression in sorted zebrafish HCs to 

sorted skin cells using microarray technology (Steiner et al., 2014). Setting a five-fold 

transcript enrichment criterion in HCs compared to skin cells within the microarray 

dataset, we identified 1,041 unique gene IDs with significant enrichment in sorted HCs 

(p-value < 0.05 from Steiner et al., 2014 results). We then analyzed the fold change 

values of this set of genes within our Tg(myo6b:RiboTag) dataset. Of the 1,041 genes 

identified as significantly enriched in the Steiner et al. dataset, 762 were identified as 

expressed in our dataset and could be used in this analysis. This is secondary to our strict 

CPM cutoff to determine gene expression (CPM > 0.01 for all IP and IN samples), as all  
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Ensembl ID 
Zebrafish  gene 

name 

Human 

homolog 
Human disease 

Fold 

enrichment 

in zebrafish 

HCs 

p-value FDR 

Previously reported 

expression in zebrafish 

HCs 

ENSDARG00000074638 loxhd1b LOXHD1 
AR nonsyndromic 

deafness 
77.35484 3.01E-57 1.6E-53 NA 

ENSDARG00000094738 loxhd1a LOXHD1 
AR nonsyndromic 

deafness 
47.78006 8.84E-20 1.63E-17 NA 

ENSDARG00000056386 tmc1 TMC1 
AD and AR 

nonsyndromic 
deafness 

15.46066 0.00102 0.007132 
(Erickson et al., 2017; 

Maeda et al., 2014) 

ENSDARG00000053074 gipc3 GIPC3 
AR nonsyndromic 

deafness 
15.4136 4.61E-26 1.7E-23 NA 

ENSDARG00000105391 si:cabz01059983.1 STRC 
AR nonsyndromic 

deafness 
14.00558 7.37E-16 7.78E-14 NA 

ENSDARG00000056458 lhfpl5b LHFPL5 
AR nonsyndromic 

deafness 
12.75537 2.74E-07 5.53E-06 NA 

ENSDARG00000020581 otofb OTOF 
AR nonsyndromic 

deafness 
12.37504 4.49E-29 2.6E-26 (Chatterjee et al., 2015) 

ENSDARG00000105434 grxcr1 GRXCR1 
AR nonsyndromic 

deafness 
10.61186 4.21E-07 8.07E-06 NA 

ENSDARG00000053692 grxcr2 GRXCR2 
AR nonsyndromic 

deafness 
10.00353 0.011347 0.052075 NA 

ENSDARG00000074742 elmod3 ELMOD3 
AR nonsyndromic 

deafness 
7.635278 0.043045 0.145634 NA 

ENSDARG00000053315 tmprss3a TMPRSS3 
AR nonsyndromic 

deafness 
7.302665 2.63E-15 2.52E-13 NA 

ENSDARG00000008849 ptprq PTPRQ 
AR nonsyndromic 

deafness 
6.882463 0.030491 0.11237 NA 

ENSDARG00000008127 pcdh15b PCDH15 

Usher syndrome 
type 1F and 1D, 

AR nonsyndromic 
deafness 

6.751992 6.03E-09 1.81E-07 
(Maeda et al., 2014; 
Seiler et al., 2005) 

ENSDARG00000076414 espn ESPN 
AR nonsyndromic 

deafness 
6.702256 0.00318 0.018583 NA 

ENSDARG00000030832 otofa OTOF 
AR nonsyndromic 

deafness 
6.1553 6.87E-12 3.71E-10 

(Chatterjee et al., 2015; 
Thisse and Thisse, 2004) 

ENSDARG00000040046 snai2 SNAI2 
Waardenburg 

syndrome 
5.542076 1.21E-13 9.15E-12 NA 

ENSDARG00000052277 cabp2b CABP2 
AR nonsyndromic 

deafness 
5.462416 1.59E-13 1.18E-11 (Di Donato et al., 2013) 

ENSDARG00000045023 lhfpl5a LHFPL5 
AR nonsyndromic 

deafness 
5.390774 0.002062 0.012931 

(Erickson and Nicolson, 
2015) 

ENSDARG00000075870 triobpa TRIOBP 
AR nonsyndromic 

deafness 
5.012163 6.12E-13 4.04E-11 NA 

ENSDARG00000005335 slc22a4 SLC22A4 
AR nonsyndromic 

deafness 
4.781316 0.000239 0.002071 NA 

ENSDARG00000029482 ush2a USH2A 
Usher syndrome 

type 2A 
4.61055 0.047798 0.157459 

(Blanco-Sánchez et al., 
2014) 

ENSDARG00000105136 ccdc50 CCDC50 
AD nonsyndromic 

deafness 
4.590251 9.01E-11 3.98E-09 NA 

ENSDARG00000006385 triobpb TRIOBP 
AR nonsyndromic 

deafness 
3.836217 5.98E-08 1.44E-06 NA 

ENSDARG00000042141 myo6b MYO6 
AD and AR 

nonsyndromic 
deafness 

3.512935 0.007429 0.037159 
(McDermott et al., 2007; 

Seiler et al., 2005) 

ENSDARG00000010192 pax3a PAX3 
Waardenburg 

syndrome 
3.496733 0.038943 0.134993 NA 

ENSDARG00000012397 eya4 EYA4 
AD nonsyndromic 

deafness 
3.495119 0.000225 0.001968 

(Kozlowski et al., 2005; 
Wang et al., 2008) 

ENSDARG00000069423 tmie TMIE 
AR nonsyndromic 

deafness 
3.285445 0.00012 0.001138 

(Gleason et al., 2009; 
Shen et al., 2008) 

ENSDARG00000068166 dfnb31b WHRN 
Usher syndrome 

type 2D, AR 
2.864421 0.010032 0.047095 

(Blanco-Sánchez et al., 
2014) 
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nonsyndromic 
deafness 

ENSDARG00000011407 col2a1b COL2A1 Stickler syndrome 2.802449 0.002457 0.014951 NA 

ENSDARG00000102128 eps8 EPS8 
AR nonsyndromic 

deafness 
2.782384 0.000132 0.001236 NA 

ENSDARG00000010186 myo3a MYO3A 
AR nonsyndromic 

deafness 
2.523912 0.011106 0.051163 NA 

ENSDARG00000045302 smpx SMPX 

X-linked 
nonsyndromic 

deafness 
2.435658 0.000595 0.004516 NA 

ENSDARG00000042707 cx30.3 GJB2 

AD keratitis-
ichthyosis-
deafness 

syndrome, AD and 
AR nonsyndromic 

deafness 

2.33159 0.000102 0.000991 
(Chang-Chien et al., 

2014; Tao et al., 2010) 

ENSDARG00000002831 col4a4 COL4A4 Alport syndrome 2.309518 0.032912 0.119212 NA 

ENSDARG00000003395 col4a3 COL4A3 Alport syndrome 2.136137 0.03126 0.114457 NA 

ENSDARG00000026165 col11a1a COL11A1 Stickler syndrome 2.073293 0.025006 0.096541 
(Fang et al., 2010; Thisse 
and Thisse, 2004) (otic 

vesicle) 

 

Table 5.5. Fold change enrichment of human deafness gene homologs in 

Tg(myo6b:RiboTag) IP samples. AR = autosomal recessive, AD = autosomal dominant. 
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1,041 genes are found within our dataset before CPM filtering. Similar to the Steiner et 

al. dataset, the transcripts encoding these 762 genes also had a higher enrichment in HCs 

according to our dataset (IP vs. IN, mean Log2FC = 0.51), compared to all other 

transcripts detected as expressed (mean Log2FC = 0.085) (Figure 5.4a). This result 

suggests that similar HC expression results can be obtained using either cell sorting or the 

Tg(myo6b:RiboTag) zebrafish.  

A possible concern with dissociation and FACS-based approaches for analysis of 

gene expression relates to induction of changes in gene expression secondary to cellular 

trauma, loss of tissue context (e.g., cell-cell contacts and lateral inhibition) and length of 

time from dissociation to RNA extraction. Indeed, a recent manuscript published by van 

den Brink et al., described robust induction of immediate early gene expression (i.e. Fos, 

Jun and Egr1), as well as heat shock protein genes, in mouse muscle stem cells that were 

dissociated for single cell RNA-Seq (van den Brink et al., 2017). We therefore wanted to 

compare the expression of the zebrafish homologs of selected immediate early and heat 

shock protein encoding genes between sorted HCs and immunoprecipitated HC 

transcripts in the Tg(myo6b:RiboTag) IP. For this analysis, we utilized the concomitant 

myo6b promoter driven expression of GFP in the HCs of the Tg(myo6b:RiboTag). Five-

day-old larvae were dissociated and cells were separated by FACS to GFP-positive (HCs) 

and GFP-negative (cells from the rest of the fish) populations (Figure 5.4b). Using RT-

qPCR, we found that the immediate early genes egr1, fosab, fosb and junb, as well as the 

zebrafish heat shock protein gene hsp70.1 were enriched in sorted HCs compared to their 

level of expression in intact fish (Figure 5.4c). Similarly, all five genes were highly 

expressed in the sorted GFP-negative cells in comparison to their expression in intact  
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Figure 5.4. Tg(myo6b:RiboTag) immunoprecipitation avoids gene expression 

changes from cell sorting. (a) Sets of genes found to be enriched in sorted HCs from 

Steiner et al., 2014 have significantly higher fold change enrichment in the IP samples 

compared to remaining expressed genes (background). Significance was determined by 

Wilcoxon’s test. (b) Cell sorting experiment utilizing the Tg(myo6b:RiboTag) model. 

Populations of both GFP positive (GFP+) and GFP negative (Neg, GFP-) were collected 

via FACS based on GFP expression. Post sort analysis shows high purity of negative and 

positive populations (98.2% and 95.3%, respectively). (c,d,e) RT-qPCR analysis of 

zebrafish homologs of immediate early and heat shock protein encoding genes in sorted 

HCs (GFP+, c), sorted non-HCs (GFP-, d), and immunoprecipitated RNA (IP, c) versus 

RNA extracted from whole, non-dissociated larvae (IN).  Error bars represent fold change 

± standard deviation. Statistical significance was assessed by two-tailed Welch’s t-test 

(n=3). * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001.   
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zebrafish (Figure 5.4d), suggesting that their expression is likely induced by the 

dissociation and cell sorting process. Finally, a similar RT-qPCR analysis performed on 

the Tg(myo6b:RiboTag) IP vs. IN samples showed that only two of these transcripts, egr1 

and fosb are enriched in the IP (Figure 5.4e). Taken together, these data suggest that (1) 

immediate early genes are induced in the sorted samples, and (2) that this technical 

artifact is avoided by measuring gene expression using the Tg(myo6b:RiboTag) zebrafish. 

Immunoprecipitation of the HC translatome reveals novel HC expressed genes 

By comparing our data to genes previously identified as HC-specific in zebrafish, 

we have demonstrated that the Tg(myo6b:RiboTag) immunoprecipitation method allows 

for detection of HC expressed genes in zebrafish. However, many of the transcripts that 

were detected as highly enriched in the IP were not previously reported in the literature as 

expressed in zebrafish HCs. For this reason, we selected 10 genes that have not been 

previously characterized as expressed in zebrafish HCs from among our top 100 

significantly enriched transcripts (Table 5.6) for validation of expression by RT-qPCR. 

These genes were acin1a, cnga1, cnga3a, cnga3b, dynlrb2, grin2db, loxhd1a, loxhd1b, 

onecut1 and zbtb20. First, we utilized independent Tg(myo6b:RiboTag) IP and IN 

samples, and found that 8 out of the 10 genes validated as significantly enriched in IP 

compared to IN RNA samples (Figure 5.5a). To then further confirm the expression of 

these genes in HCs, we utilized RNA extracted from sorted HCs (post-sort purity = 

95.3%, see Figure 5.4c). All 8 genes that validated as enriched in our IP vs. IN samples 

were also detected as expressed in sorted zebrafish HCs (cycle threshold [CT] values ≤ 

30, Figure 5.5b). These data further show the utility of the Tg(myo6b:RiboTag) zebrafish 
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in detecting HC expressed genes, as well as for the discovery of new genes with potential 

novel functions in HCs.   
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Ensembl ID 
Gene 

name 

IP/IN 

FC 
Ensembl ID 

Gene 

name 

IP/IN 

FC 
ENSDARG00000070620 grin2db 238.45073 ENSDARG00000097891 si:ch73-4e5.1 29.65151 

ENSDARG00000012297 cnga3b 171.14503 ENSDARG00000015543 s100a1 29.46444 

ENSDARG00000095475 
si:ch211-

196j1.2p 
140.54253 ENSDARG00000101240 CU651662.2 29.20299 

ENSDARG00000070726 cnga3a 120.51259 ENSDARG00000098668 si:dkeyp-7b3.2 28.98217 

ENSDARG00000005586 zbtb20 109.13792 ENSDARG00000086048 
si:ch211-

229i14.2 
28.90909 

ENSDARG00000103864 CABZ01117436.1 108.30144 ENSDARG00000057276 iqca1 27.31372 

ENSDARG00000025797 abhd2a 105.04717 ENSDARG00000083557 dre-mir-125b-3 27.17617 

ENSDARG00000093232 si:dkey-202p8.1 98.87874 ENSDARG00000041301 crybb3 27.09172 

ENSDARG00000007982 onecut1 87.784253 ENSDARG00000020845 tns1b 27.00964 

ENSDARG00000033104 tmc2a 85.964033 ENSDARG00000090387 onecut2 26.96214 

ENSDARG00000056929 kdm6bb 83.536804 ENSDARG00000077360 zgc:173593 26.08159 

ENSDARG00000093487 si:dkey-217f16.2 79.719269 ENSDARG00000078832 si:dkey-73p2.3 25.14349 

ENSDARG00000074638 loxhd1b 77.354843 ENSDARG00000054290 acin1a 25.11392 

ENSDARG00000036844 tsen54 76.456421 ENSDARG00000007245 rundc3aa 24.93577 

ENSDARG00000044212 CR735126.1 67.599114 ENSDARG00000011602 si:dkeyp-117h8.2 24.34544 

ENSDARG00000068760 tnks1bp1 65.117677 ENSDARG00000095639 si:dkey-177p2.5 24.33792 

ENSDARG00000087953 wu:fi09b08 55.900177 ENSDARG00000092945 si:ch211-250g4.3 24.31019 

ENSDARG00000096831 si:dkey-73p2.5 55.218546 ENSDARG00000073936 BX511021.2 24.06788 

ENSDARG00000061268 ago2 53.500537 ENSDARG00000014209 
ODF3L2 (1 of 
many) 

23.56497 

ENSDARG00000036462 rab11fip1b 50.795805 ENSDARG00000095906 si:dkey-235h8.1 23.25235 

ENSDARG00000089602 si:dkey-217f16.1 50.01916 ENSDARG00000043757 ptbp3 22.35869 

ENSDARG00000094738 loxhd1a 47.780062 ENSDARG00000056917 si:rp71-45g20.4 22.31696 

ENSDARG00000101205 si:dkey-242k1.6 46.817407 ENSDARG00000096967 si:dkey-207j16.10 21.72401 

ENSDARG00000099968 BX322612.1 45.599014 ENSDARG00000070440 atp6v1c2 21.68779 

ENSDARG00000101455 si:ch211-284k5.2 45.304755 ENSDARG00000078775 RASA2 21.6853 

ENSDARG00000075972 csrnp2 44.36362 ENSDARG00000099178 CABZ01033309.1 21.40067 

ENSDARG00000012125 cnga1 43.513005 ENSDARG00000003998 phyhipla 21.31558 

ENSDARG00000087429 si:dkey-73p2.2 43.238953 ENSDARG00000056617 rpgra 21.19264 

ENSDARG00000102275 CU104716.1 43.234123 ENSDARG00000105114 crebrf 20.96328 

ENSDARG00000079688 tnrc6a 41.767079 ENSDARG00000077741 zgc:175135 20.56711 

ENSDARG00000052294 BX537277.1 41.605431 ENSDARG00000031756 mef2aa 20.5153 

ENSDARG00000087337 wu:fi09b08 40.840477 ENSDARG00000030311 tmc2b 20.28182 

ENSDARG00000090886 CU856539.4 39.586324 ENSDARG00000018004 nkx2.5 20.25081 

ENSDARG00000089952 DYNLRB2 39.354195 ENSDARG00000035133 pho 20.13909 

ENSDARG00000086573 omga 38.739876 ENSDARG00000028213 ttn.2 19.90842 

ENSDARG00000099005 palm2 38.006009 ENSDARG00000075542 zfhx4 19.90344 

ENSDARG00000102437 BX321875.2 37.562198 ENSDARG00000067509 slc24a4b 19.85265 

ENSDARG00000073857 klf7a 36.246227 ENSDARG00000098702 zgc:165603 19.62371 

ENSDARG00000071727 si:dkey-37o8.1 35.866122 ENSDARG00000069499 spag1b 19.59808 

ENSDARG00000093029 si:dkey-175d9.2 34.396799 ENSDARG00000026406 anxa5a 19.5324 

ENSDARG00000090015 BX321875.1 33.741061 ENSDARG00000070698 kbtbd8 19.42143 

ENSDARG00000105587 si:dkey-111f13.3 32.635428 ENSDARG00000033450 nkap 19.20547 

ENSDARG00000015425 slc24a4a 32.455301 ENSDARG00000076005 piezo2a.2 19.10798 

ENSDARG00000086059 CABZ01067746.1 31.974666 ENSDARG00000071585 
si:dkeyp-

110e4.11 
18.80712 

ENSDARG00000076847 tnrc6c1 31.966324 ENSDARG00000006527 brd3a 18.73924 

ENSDARG00000077721 knop1 31.441963 ENSDARG00000013863 fam133b 18.69995 

ENSDARG00000099283 epb41a 30.853552 ENSDARG00000006923 cacna1ab 18.68518 

ENSDARG00000042677 cadm1b 30.441341 ENSDARG00000036826 ankrd52a 18.40239 

ENSDARG00000095705 CDPF1 30.081108 ENSDARG00000063730 osbpl6 18.37327 

ENSDARG00000078072 si:ch211-232i5.1 29.804177 ENSDARG00000089110 si:ch211-198b3.4 18.3509 

 

Table 5.6 Top 100 significantly HC enriched transcripts. 
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Figure 5.5. HC RiboTag immunoprecipitation reveals expression of novel HC 

expressed genes. (a) Validation of 10 genes found to be highly enriched in HCs from the 

Tg(myo6b:RiboTag) RNA-Seq using RT-qPCR in independent HC immunoprecipitation 

(IP) and input (IN) samples. Error bars represent fold change ± standard deviation, and 

statistical significance was assessed by two-tailed Welch’s t-test (n=3). * = p-value < 

0.05, ** = p-value < 0.01, *** = p-value < 0.001.  (b) Validation of the same 10 highly 

enriched genes selected from the Tg(myo6b:RiboTag) RNA-Seq in sorted HCs by RT-

qPCR. Black bar indicates the cycle threshold (CT) cutoff used to denote reliable 

expression (CT ≤ 30).  Error bars represent CT standard deviation between biological 

replicates (n=3).   
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5.5 Discussion 

Cell type-specific expression analysis has gained popularity in the past decade, 

and is of particular importance to understanding the biology of rare cell types. The HCs 

of the zebrafish lateral line and inner ear are one such example of a rare cell type present 

within a complex tissue environment. The Tg(myo6b:RiboTag) zebrafish described here 

was generated to express both GFP and HA-tagged ribosomes in inner ear and lateral line 

HCs (Figure 5.1a-c). Thus, this model enables HC-specific gene expression analysis 

through two independent approaches: (1) tissue dissociation and cell sorting based on 

GFP expression, and (2) immunoprecipitation of HA-tagged ribosomes to enrich for HC-

expressed transcripts. While HC-specific transcriptome analysis using flow cytometry is 

not novel, this is the first application of a RiboTag approach for immunoprecipitation of 

the zebrafish HC translatome, as well as the first model to allow HC-specific expression 

analysis using two separate approaches in zebrafish. Through the analyses presented in 

this manuscript, we have demonstrated the utility of the Tg(myo6b:RiboTag) model in 

enriching for HC-expressed transcripts (through the immunoprecipitation approach), 

while concurrently avoiding changes to gene expression that occur secondary to tissue 

dissociation and the cell sorting process. The immunoprecipitation protocol can be 

performed using either fresh or frozen tissues, making it a convenient technique for 

analysis of gene expression at multiple time points or treatment conditions, and removing 

the need for multiple cell sorting sessions. Our subsequent RNA-Seq and validation 

experiments revealed not only the expected enrichment of known zebrafish HC expressed 

transcripts, but also enrichment of transcripts with potential new functions in inner ear 

and/or lateral line HCs.  
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In light of these results, some important considerations should also be taken into 

account when using this model. First, unlike cell sorting where, in ideal conditions, the 

RNA will contain genetic material only from the cell types of interest, all ribosome 

immunoprecipitation models, including the Tg(myo6b:RiboTag) zebrafish, are not 

completely effective at isolating the translatome of a cell type of interest. 

Immunoprecipitated samples contain, to a varying extent, RNA from other cell types. 

Indeed, our average IP RNA yield (56ng per 50 larvae at 5 dpf) was much larger than 

would be expected if this technique was specifically acquiring only actively translated 

RNA from HCs.  

Second, the inclusion of transcripts from other cell types limits the interpretation 

of the data. The HC translatome results described in this manuscript were generated by 

comparing immunoprecipitated HC RNA to the whole fish transcriptome, detecting 2,379 

genes as more than 2-fold enriched in HCs. This method of comparison is not ideal for 

detecting all HC expressed transcripts, as it is estimated that an average 11,000-13,000 

genes are expressed in all cell types (Ramsköld et al., 2009). Some transcripts which are 

expressed in HCs may not be detected as enriched if they are expressed in many other 

cell types included in the sample, as the effect of the depletion may (although not 

always), outweigh the effect of the enrichment. We therefore recommend that the 

Tg(myo6b:RiboTag) model be used to analyze gene expression in HCs between different 

conditions (e.g., drugs or noise) through direct comparison of the IP RNA. The IN RNA 

can be used to validate whether the changes in gene expression originate from HCs, and 

we recommend a 2-fold enrichment cutoff in IP vs. IN to denote HC expression.  
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Third use of this model inherently relies on the expression of HA-tagged 

ribosomes in HCs under control of the myo6b promoter. This promoter is highly specific 

to HCs to all time points, which is critical to the successful use of this method and the 

purity of the immunoprecipitated RNA. However, analysis of the HC translatome in 

different conditions will therefore rely on (1) the presence of HCs and (2) the expression 

of myo6b. As examples, HC gene expression in very early developmental time points 

prior to the onset of myo6b, mutants in which HCs never develop or do not express 

myo6b, or treatments that rapidly decrease HC number or abolish myo6b expression, may 

be difficult or impossible to analyze with the Tg(myo6b:RiboTag) zebrafish.  

Finally, the immunoprecipitation protocol is limited by the total amount of tissue 

that can be homogenized in one sample (we recommend not exceeding 10% the total 

volume of homogenization buffer). For analyses of the HC translatome at later 

developmental stages, different dissection techniques can be applied to reduce total tissue 

volume and ‘pre-enrich’ for HCs (i.e. inner ear dissection, skin peeling, etc.). These 

dissections may also be applied to isolate and compare gene expression differences in 

specific HC subtypes (i.e. inner ear vs. neuromast). Overall, each of these points should 

be considered when designing experiments using this model.  

Our results show that the Tg(myo6b:RiboTag) zebrafish immunoprecipitation 

protocol detailed in the methods yields quantities of RNA appropriate for downstream 

analyses of HC gene expression such as RT-qPCR and RNA-Seq. Additionally, this 

protocol is able to enrich for the zebrafish HC translatome, resulting in marked increases 

in transcript abundance of known HC expressed genes in the IP samples compared to 

RNA extracted from whole larvae (IN). Indeed, our RNA-Seq analysis of 
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immunoprecipitated RNA shows enrichment for genes related to inner ear and lateral line 

HC function, while also showing depletion of genes involved in the function of other 

organs. Analysis of significantly enriched genes by RT-qPCR revealed high expression of 

genes not previously validated as expressed in zebrafish HCs, such as loxhd1a, loxhd1b 

and dynlrb2, among others. Loxhd1a and loxhd1b are both homologs of the human 

deafness gene LOXHD1, the causative gene of DFNB77 (Grillet et al., 2009). 

Additionally, dynlrb2, a gene that encodes for a dynein light chain protein, has been 

previously identified as highly expressed in mouse HCs at both the transcript and protein 

levels, although its function in HCs has yet to be elucidated (J. Jiang et al., 2001; Scheffer 

et al., 2015; J. Shen et al., 2015; Hickox et al., 2017). Zebrafish may therefore be an 

appropriate model to study the roles that these genes play in normal HC function. 

Overall, taking into account the considerations outlined above, we believe that the 

Tg(myo6b:RiboTag) zebrafish represent an easy to use, versatile and sensitive model for 

studying inner ear and lateral line HC gene expression.  

 

 



149 

CHAPTER 6: DISCUSSION 

6.1 Summary  

For the past two decades, research efforts have been focused on developing 

biological treatments for hearing loss, either through regeneration of sensory HCs from 

surviving cells in the inner ear, or by implantation of replacement HCs (Conde de Felipe 

et al., 2011). However, current methods to induce HC development either in vivo or in 

vitro through modulation of Notch/Wnt signaling, or by induced expression of different 

transcription factors (namely ATOH1), have resulted in the production of only immature 

HC-like cells with more vestibular-like phenotypes (Costa et al., 2015; Koehler et al., 

2017; Kuo et al., 2015; Lee et al., 2017; Li et al., 2015; Liu et al., 2012; McLean et al., 

2017; Nie et al., 2017; Oshima et al., 2010; Shi et al., 2013; Walters et al., 2017; 

Yamamoto et al., 2006). Within a given cell, developmental programs are largely 

controlled by transcription factors, which modulate target gene expression to induce a 

cell fate. To date, the inner ear field has a relatively limited knowledge of the 

transcriptional control of gene expression in developing HCs, consequently limiting the 

available armamentarium for translational researchers focused on successful regeneration 

of mature HCs. It is therefore necessary to elucidate the transcriptional programs that 

determine the development, functional maturation and survival of the different types of 

HCs in the mammalian inner ear. 

Completion of the analyses outlined in this dissertation has resulted in a better 

understanding of the cascades of gene expression that occur during mammalian HC 

development. First, through studying a mutant model of the GFI1 transcription factor, we 

have identified a novel role for GFI1 in modulating neuronal gene expression during 
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early embryonic HC development. Additionally, through studying a mutant model for the 

helios transcription factor, which has been newly characterized as specific to early 

postnatal OHCs, we have identified and characterized its role in promoting OHC 

functional maturation by repressing IHC gene expression and upregulating OHC genes. 

This included such OHC genes as Slc26a5 and Ocm, which are important for the 

characteristic electromotility of the OHCs. Finally, this dissertation highlights the overall 

utility of ribosomal immunoprecipitation techniques for studying HC gene expression, 

and also introduces a new RiboTag model for analysis of zebrafish HC gene expression 

which can be used in future analyses to study HC developmental progression, response to 

damage and regeneration.  

6.1.1 Strengths and Limitations of the RiboTag approach 

Cell type-specific sorting techniques, such as FACS, can be used to isolate 

cellular populations from the embryonic and early postnatal inner ear with high efficiency 

(Elkon et al., 2015; Hertzano et al., 2011). However, as the inner ear sensory epithelium 

matures, cell-cell junctions tighten (Burns et al., 2013; Collado et al., 2011), which may 

contribute to the overall decrease in efficiency of tissue dissociation from adult inner 

ears. Additionally, while it is still possible to obtain some HCs from mature inner ears by 

single cell aspiration (Barta et al., 2018; Li et al., 2016, 2018, Liu et al., 2014, 2018; 

Ranum et al., 2019), a second concern of isolating populations of interest by cell sorting 

is related to possible changes in the transcriptome as a result of cell stress and loss of 

cell-cell contacts that is inherent to the dissociation process (van den Brink et al., 2017). 

Indeed, in Chapter 5 of this dissertation, we identified significant induction of immediate 

early and heat shock protein gene expression in zebrafish HCs isolated by FACS (Figure 
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5.4). While other methods, such as use of cold activated proteases for dissociation (Adam 

et al., 2017), have aimed to ameliorate some of these challenges, they cannot fully 

address the problem of cell dissociation in mature tissues. Therefore, in order to study HC 

changes in gene expression while also avoiding FACS-based methods of isolating HCs, 

the Hertzano laboratory has pioneered the use of RiboTag to profile HC gene expression 

(Sanz et al., 2009). The RiboTag mice possess a modified exon four of the Rpl22 gene, 

which, in the presence of a cell type-specific Cre recombinase, is excised and replaced by 

an altered exon four that also encodes a hemagglutinin (HA) tag (Figure 2.4) (Sanz et al., 

2009). The incorporation of RPL22-HA into the 60S subunit of the ribosome then allows 

for enrichment of actively translated mRNAs (i.e. the translatome) from a cell type of 

interest, by immunoprecipitation (IP) with an antibody that detects the HA tag.  We have 

also generated a RiboTag zebrafish model with non-inducible rpl10a-3xHA expressed 

specifically in the inner ear and lateral line HCs under control of the HC-specific myo6b 

promoter (see Figure 5.1). 

Despite the successful employment of this method in Chapters 3, 4 and 5, the 

RiboTag method also has its own limitations, mainly the inclusion of mRNA from other 

cell types in the immunoprecipitated samples. However, comparing transcript abundance 

between the IP and input RNA samples results in a metric of transcript enrichment (as 

used in Chapters 4 and 5), which can then be used to predict genes with predominant 

expression in the cell type of interest. Additionally, our analyses of cross-referencing the 

HC RiboTag datasets with previously published HC transcriptome datasets (published by 

Liu et al., 2014, Steiner et al., 2014) has proved to be very helpful, increasing our 

confidence of the gene expression results and allowing for the identification of highly 
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confident lists of HC-expressed genes to be used for additional analyses (such as TF 

binding motif prediction, utilized in Chapters 3 and 4). However, when comparing 

immunoprecipitated mRNA to input, we have also noticed a bias for immunoprecipitation 

based on transcript length (i.e. longer transcripts are more efficiently immunoprecipitated 

compared to shorter transcripts, possibly due to an increased number of HA tagged 

ribosomes on the transcript that are then recognized by the HA antibody). To account for 

this, we suggest that IP/input enrichment factors are calculated using a correction for 

transcript length (such as was done for the RiboTag dataset profiling postnatal OHC 

development in Chapter 4). The Hertzano lab has also observed an increased 3’ end bias 

in immunoprecipitated mRNA sequencing libraries. However, both this 3’ end bias and 

the bias for transcript length seems to be partially overcome depending on the kit selected 

for library preparation (see Song et al., 2018). An additional caveat to the use of 

ribosomal immunoprecipitation methods is the enrichment of only actively translated 

mRNAs (i.e. the translatome). This overlooks non-coding RNAs, such as microRNAs, 

that are present in the transcriptome and may be playing important roles in the control of 

gene expression within the cell type of interest.  

 In Chapter 3 and Appendix B, the RiboTag method was used in a different 

manner compared to Chapters 4 and 5, specifically to study differences in HC gene 

expression between two conditions (mutant vs. control) using the IP samples only. This 

application does not rely on an enrichment score, as the IP samples are thought to have 

similar levels of transcripts from other cell types that will not be detected as differentially 

expressed. Additionally, this application has its own advantages. Relying on an 

enrichment of transcripts between IP and input allows for only the detection of 
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significantly enriched and depleted mRNAs; overlooking genes that may be expressed at 

lower levels in HCs, or also within other surrounding cell types, but may nonetheless 

serve important functions within the HCs. The results obtained from the RiboTag 

experiments utilizing Gfi1cre (Chapter 3) and PrestincreERT2 (Appendix B) were variable, 

with the Gfi1cre RiboTag dataset showing high reproducibility in downstream validations. 

Reasons for this are further discussed in Appendix B. Overall, this dissertation aimed to 

test that ribosome immunoprecipitation methods, such as RiboTag, are highly useful for 

studying cell types of interest in a complex tissue environment, such as the HCs within 

the sensory epithelium. Here, these methods were successfully employed to discover 

novel HC expressed genes, as well as to study changes to HC gene expression that 

occurred as a result of mutation or developmental progression.     

6.1.2 Implications for regenerative therapies 

As mentioned previously, induction of a HC fate through forced expression of 

different transcription factors has only resulted in the production of immature HC-like 

cells, that lack many of the distinct markers of mature inner or outer HCs (Costa et al., 

2015; Kuo et al., 2015; Lee et al., 2017; Li et al., 2015; Liu et al., 2012; McLean et al., 

2017; Oshima et al., 2010; Shi et al., 2013; Walters et al., 2017; Yamamoto et al., 2006). 

Arguably the most successful of these attempts using mouse embryonic stem cells was 

published by Costa et al., in 2015. In this study, they utilized expression vectors 

containing the coding sequence of either ATOH1 alone, or ATOH1, GFI1 and POU4F3 

in concert. Interestingly, they found that overexpression of ATOH1 alone, which has 

been shown to be an effective cue to transdifferentiate neonatal supporting cells into HCs 

in vivo, resulted only in inefficient production of HCs and mainly development of 
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TUBB3 positive neurons (Costa et al., 2015). However, with the addition of POU4F3 and 

its downstream target GFI1, they showed a drastic decrease in TUBB3 positive neuronal 

development and an increase in the efficiency of HC development (Costa et al., 2015). 

Taking into account the analyses performed and discussed in Chapter 3, this result is not 

surprising altogether, as GFI1 is likely a key regulator of neuronal gene expression in 

early differentiating HCs. NEUROD1, one of the transcription factors upregulated in the 

cochlear OHCs in the absence of GFI1, is a downstream target of ATOH1 that is capable 

of altering chromatin landscapes to drive a neuronal fate (Glahs and Zinzen, 2015; 

Pataskar et al., 2016). It is therefore possible that driving ATOH1 expression in mouse 

embryonic stem cells resulted in the upregulation of NEUROD1, and thus production of 

mainly neurons. However, with the addition of GFI1, neuronal gene expression is 

repressed and generation of HCs was able to progress. Overall, the results from Costa et 

al., indicate that GFI1 likely represents a necessary component of the transcriptional 

program for HC fate induction and regeneration, and our results indicate that the role that 

GFI1 plays in this process is repression of neuronal genes.  

After induction of a HC fate either in vivo or in vitro, it is clear that the expression 

of additional factors are needed to induce further differentiation into either IHCs or 

OHCs. Prior to the projects described in Chapter 4 of this dissertation (Chessum and 

Matern et al., 2018), as well as an article published simultaneously in Nature (Wiwatpanit 

et al., 2018), no transcriptional regulators of either IHC- or OHC-specific development 

had been identified. In the article published by Wiwatpanit et al., they identified a role for 

the transcription factor INSM1 in embryonic OHC development. INSM1 is expressed in 

the organ of Corti specifically in the differentiating OHCs from E15.5 to P2 (Lorenzen et 
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al., 2015). Wiwatpanit et al. further showed that when they conditionally removed this 

transcription factor from the developing HCs, some of the OHCs switched fates and 

developed into IHCs instead, suggesting that INSM1 helps to “lock in” OHC versus IHC 

identity during their development (Wiwatpanit et al., 2018). Additionally, transversion of 

OHCs to IHCs in the conditional INSM1 knockouts seems to be time dependent, as 

Wiwatpanit et al. reports that recombination with Gfi1cre (onset of E16.5) instead of 

Atoh1cre (onset of E13.5) results in a significantly decreased number of IHCs in the OHC 

domain (Wiwatpanit et al., 2018). The observation that in the absence of INSM1 not all 

OHCs developed as IHCs also suggests that other transcription factors or signaling 

molecules are involved in OHC development and are at least partially sufficient to drive 

the OHC fate. From our complementary analyses, we have identified helios, a postnatal 

OHC-specific transcription factor necessary for OHC maturation. The function of OHCs, 

and therefore hearing is severely impacted when this transcription factor is inactive. 

Additionally, if helios is instead active in the IHCs (as mediated by viral gene delivery to 

the inner ear), they will take on some OHC-specific characteristics, such as expression of 

the OHC markers prestin and oncomodulin, and electromotility. Together, these two 

discoveries have shed significant light on the development of the OHCs, and introduce 

them as drivers of OHC fate that can be utilized in efforts towards regeneration. 

6.2 Ongoing research 

6.2.1 Determining inner ear targets of GFI1 in vivo 

A recently published article identified a subgroup of medulloblastomas in which 

GFI1 activation was found to be the primary cause of tumorigenesis (Lee et al., 2019; 

Northcott et al., 2014). To further investigate the mechanism of tumor formation, these 
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researchers generated tumor cells by overexpressing Myc and GFI1 in neonatal mouse 

neural progenitor cells. They then performed a microarray experiment to measure 

changes in gene expression between these GFI1-active tumor cells and normal neural 

progenitors. Through this analysis, they demonstrated that GFI1-active tumor cells 

exhibited a significant decrease in expression of genes involved in neuronal fate 

commitment and differentiation, consistent with their previous observations that Myc and 

GFI1 driven tumors appear undifferentiated and do not express mature neuronal markers 

such as TUBB3 (Lee et al., 2019; Northcott et al., 2014). Additionally, some of their their 

most significantly downregulated genes included a 32 fold decrease in Neurod1 (FDR = 

2.77E-04), a 21 fold decrease in Atoh1 (FDR = 5.82E-06), a 17 fold decrease in St18 

(FDR = 1.68E-08), and a 16 fold decrease in Insm1 expression (FDR = 6.57E-04) 

compared to control neural progenitor cells. These results fully complement the increased 

expression of genes involved in neuronal fate and neurodifferentiation detected in the 

Gfi1cre/cre mutant cochlear and vestibular HCs (see Table 3.2).   

In addition to this microarray study, Lee et al. also performed a ChIP-seq 

experiment to identify regulatory regions bound by GFI1 in the Myc+GFI1 active tumor 

cells (Lee et al., 2019). By analyzing this dataset, I have identified several potential GFI1 

binding sites in the regulatory regions of Neurod1, Atoh1, Lhx2 and Insm1 (Figure 6.1). 

To determine if GFI1 is binding to these same regulatory regions within the inner ear 

HCs, I plan to deliver Anc80-Gfi1-FLAG-HA (from hereon referred to as Anc80-Gfi1) 

into the inner ears of wildtype mice via a posterior semicircular injection between the 

ages of P1-P3 (method derived from Isgrig et al., 2017). This virus has previously been  
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Figure 6.1. Potential GFI1 binding sites in the genes Atoh1, Neurod1, Lhx2 and 

Insm1 identified by GFI1 ChIP-seq in Myc+GFI1-active tumor cells. Primers were 

designed in regions of overlap between replicates, if possible. ChIP-seq data generated by 

Lee et al., 2019 and visualized in the UCSC Genome Browser.   
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shown to be exceptionally effective at in vivo transgene delivery to mouse inner ear 

cochlear and vestibular HCs (see Chapter 4, Figure 4.9), and I therefore do not expect any 

difficulties with tagged GFI1 delivery. At P8, cochlear and vestibular tissues will be 

collected in biological triplicate. Chromatin IP using an HA antibody will then be 

performed on both cochlear and vestibular tissues separately, and qPCR will be used to 

determine if GFI1 binds the sites in the regulatory regions of Neurod1, Atoh1, Lhx2 and 

Insm1 identified in Lee et al., 2019 (Figure 6.1). 

6.2.2 Characterization of gfi1aa/ab zebrafish knockouts  

In the past two decades, zebrafish have proven to be a highly useful model 

organism for studying HC physiology, function, and development. In addition to having 

an inner ear, with structures and cell types that are homologous to those in the human 

inner ear, zebrafish possess an external sensory system called the lateral line (see Figure 

5.1). This organ consists of a series of HC containing cell bundles, called neuromasts, 

which are present along the length of the fish and help to sense changes in water current 

(Montgomery et al., 2000; Nicolson, 2005; Raible and Kruse, 2000). Additionally, this 

system has been successfully utilized to assess changes in HC gene expression, 

development, morphology, survival, and regeneration in response to mutation or drug 

exposure (Chatterjee et al., 2015; Di Donato et al., 2013; Elkon et al., 2015; Erickson and 

Nicolson, 2015; Erickson et al., 2017; Gleason et al., 2009; Hans et al., 2013; He et al., 

2016; Jiang et al., 2014, 2017; Kindt et al., 2012; Lukasz and Kindt, 2018; Matern et al., 

2018; McDermott et al., 2007; Millimaki et al., 2007; Monroe et al., 2015; Obholzer et 

al., 2008; Steiner et al., 2014; Tang et al., 2016). Homologs of Gfi1 are known to be 

important for sensory organ development in other organisms (Wallis et al., 2003). For 
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example, senseless, the Gfi1 homolog in Drosophila, has been well studied for its 

involvement in development of the peripheral nervous system in flies (Nolo et al., 2000). 

However, no studies have been published that investigate the role of the Gfi1 homologs 

gfi1aa and gfi1ab in developing zebrafish HCs, despite both gfi1aa and gfi1ab being 

expressed in zebrafish inner ear and lateral line HCs (Dufourcq et al., 2004; Thisse and 

Thisse, 2004). Therefore, as part of the analyses described in Chapter 3, we have also 

collaborated with Dr. Katie Kindt of the NIDCD to generate zebrafish mutant models for 

the duplicated Gfi1 homologs gfi1aa and gfi1ab by CRISPR/Cas9.  

Both the gfi1aako/ko and gfi1abko/ko show no defects with HC development, as 

evidenced by normal viability and swimming patterns. Therefore this model has been 

crossed to generate gfi1aako/ko;gfi1abko/+ zebrafish, which will then be used to generate  

double homozygous larvae for analysis. Because Gfi1 deficient mice exhibit severe 

auditory and vestibular dysfunction, I hypothesize that gfi1aako/ko;gfi1abko/ko zebrafish will 

also exhibit auditory and vestibular dysfunction. This dysfunction will manifest as loss of 

response to sound and vibration, altered swimming patterns, and an overall decrease in 

the number of HCs in the inner ear and lateral line neuromasts. Experiments are planned 

to assess the behavioral phenotypes of gfi1aako/ko;gfi1ab+/+, gfi1aako/ko;gfi1abko/+ and 

gfi1aako/ko;gfi1abko/ko zebrafish at 5dpf (when fish are freely swimming). Additionally, 

changes in HC organization, number and function will be assessed by confocal 

microscopy and FM1-43 dye uptake experiments at 5 dpf (when HCs are normally fully 

formed and functional).  
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6.2.3 Rescue of Gfi1cre/cre vestibular deficits by viral gene delivery 

 In the absence of Gfi1 the cochlear OHCs, followed by the IHCs, degenerate in a 

basal to apical gradient after birth. However, the Gfi1cre/cre vestibular HCs, while non-

functional, survive up until at least 1 month of age (see Wallis et al., 2003), making them 

a feasible target for rescue experiments that utilize the Anc80-Gfi1 AAV. For this 

experiment I plan to inject Anc80-Gfi1 into the inner ears of Gfi1cre/cre mice via the 

posterior semicircular between the ages of P1-P3. I will then assess rescue of vestibular 

function by open field and swim testing at 1 month of age.  

6.3 Outstanding questions and future directions 

6.3.1 Is GFI1 serving different roles in cochlear and vestibular hair cell subtypes? 

 As mentioned previously, our analyses of gene expression within the Gfi1cre/cre 

mutant cochlear and vestibular HCs have suggested a possible distinct role for GFI1 in 

development of IHCs vs. OHCs, as well as development of the different vestibular HC 

subtypes. To address these observations, it will be necessary to profile gene expression in 

the different HC subtypes individually. This could be accomplished by bulk RNA-seq 

analysis of sorted HC populations from Gfi1 mutants, however a lack of models and 

reliable cell markers to label IHCs vs. OHCs and vestibular HC subtypes at P0 (when 

mutant cochlear HCs are still present) make this approach impracticable at this time. 

Fortunately, methods such as scRNA-seq would allow us to study changes to HC subtype 

gene expression in the Gfi1cre/cre inner ear compared to controls.  

For this analysis, Gfi1cre mice could be crossed to a reporter mouse line (such as 

Ai14, used in Chapter 4 and Appendix 1) to obtain Gfi1cre/+;Ai14 breeding pairs. Inner 
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ears from the subsequent offspring would be collected at P0, and HCs sorted from each 

animal separately by expression of tdTomato and CD326 (as in Appendix A). Processing 

of HCs for scRNA-seq would then progress until the first available stopping point, so that 

animals could be genotyped and libraries prepared only from desired genotypes.  

6.3.2 Are the GFI1 cofactors LSD1 and Co-REST mediating transcriptional 

repression in hair cells? 

 In other systems, the SNAG domain of both GFI1 and its family member GFI1b 

have been shown to interact with the co-factors LSD1 and Co-REST, as well as HDAC1 

and HDAC2, to mediate transcriptional repression at their target binding sites 

(Chowdhury et al., 2013; Lee et al., 2019; Saleque et al., 2007; Thambyrajah et al., 2016; 

Velinder et al., 2016). LSD1 is an amine oxidase capable of repressing transcription by 

demethylating lysine 4 of histone H3 (Shi et al., 2005, 2004), and Co-REST is required 

for the repressive functioning of the RE1 silencing transcription factor/neural-restrictive 

silencing factor REST/NRSF (Andrés et al., 1999). A recent article published by Lee et 

al., identified a subgroup of medulloblastoma where GFI1 is aberrantly activated and 

neuronal gene expression is significantly repressed, including a 16-32 fold decrease in the 

expression of Neurod1, Atoh1, Insm1 and St18 (Lee et al., 2019). Furthermore, by co-

immunoprecipitation, they found that GFI1 was indeed interacting with LSD1 and Co-

REST in these tumors. It is therefore possible that the mechanism by which GFI1 

modulates expression of these same genes within the developing HCs is also through 

interactions with LSD1 and Co-REST. 
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Previous work has suggested a critical role for LSD1 in the maintenance and 

proliferation of neuronal stem cell populations (He et al., 2015; Sun et al., 2010), and 

some studies have been performed to characterize a possible role of LSD1 in HC 

development. The genes that encode for LSD1 and Co-REST (Kdm1a and Rcor1, 

respectively) are expressed within the cochlear and vestibular HCs at P0 according to our 

Gfi1cre RiboTag RNA-seq dataset, and are not dysregulated as a result of GFI1 knockout, 

suggesting that their expression is not dependent on GFI1. In 2013, He et al. 

demonstrated that inhibition of LSD1 during zebrafish larval development by treatment 

with trans-2-phenylcyclopropylamine resulted in an overall decrease in the number of 

supporting cells and HCs in the neuromasts of the lateral line (He et al., 2013). 

Additionally, this same group published in 2016 that inhibition of LSD1 also resulted in a 

decrease in lateral line HC regeneration after neomycin-induced HC death (He et al., 

2016). If LSD1 is indeed required for the repressive function of GFI1 in HCs, it is 

possible that the decrease in HC development/regeneration by LSD1 inhibition 

demonstrated in these studies could be explained (at least perhaps in part) by the 

inactivation of GFI1. To further suggest this relationship between GFI1 and LSD1 

function, the group investigating the role of GFI1 in medulloblastoma proposed 

pharmacological inhibition of LSD1 as a potential therapeutic, and showed that treatment 

with small molecule LSD1 inhibitors was able to block GFI1-active tumor growth (Lee et 

al., 2019). It would be interesting to investigate if genetic or pharmacologic inhibition of 

LSD1 in developing HCs also results similar changes in gene expression observed in the 

Gfi1cre/cre mutant HCs (namely upregulation of neuronal genes).  Additionally, pull-down 
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assays could assess the interaction of Co-REST and LSD1 with endogenous GFI1, as 

specific antibodies for LSD1 and Co-REST are available. 

6.3.3 What are the upstream and downstream targets of helios in outer hair cells? 

 The recent identification of helios and INSM1 as OHC specific transcription 

factors has shed significant light on the development and functional maturation of these 

cells. However, it is still unknown how the expression of these transcription factors is 

temporally regulated in the OHCs. While Wiwatpanit et al. identified INSM1 as a 

regulator of OHC fate during early embryonic development, their conditional knockout 

experiments that utilize the Gfi1cre model suggests that it mainly functions before the 

onset of Gfi1 at E16.5 in the cochlea, despite being present in OHCs until P2. Therefore, 

it is unlikely that INSM1 is regulating Ikzf2/helios expression in the OHCs starting at P4. 

However, in their study, they also identified the OHC-specific transcription factor 

BCL11B, which is expressed in the OHCs from at least E16.5, and according to our 

RiboTag RNA-seq experiments is consistently 4 to 20 fold enriched in the OHCs 

between P8 and 10 weeks of life. It is therefore possible that BCL11B is a regulator of 

helios expression in the OHCs. Further experiments utilizing methods such as ATAC-seq 

to assess open and closed chromatin regulatory regions around Ikzf2 before and after its 

onset of expression will be necessary to identify potential upstream regulators.   

The scRNA-seq experiment described in Chapter 4 demonstrated the ability of the 

helios transcription factor to modulate upregulation and downregulation of genes in 

postnatal HCs. However, one limitation with this approach was that it did not identify 

direct targets of helios transcriptional control in these cells - i.e. the regulatory elements 
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of which dysregulated genes were bound directly by helios, and which were bound by 

possible downstream effectors. This question would best be addressed by 

immunoprecipitation of helios bound chromatin regions followed by DNA sequencing 

(ChIP-seq). ChIP-seq methods usually require millions of cells to obtain enough DNA for 

sequencing, and it is therefore unsurprising that no ChIP-seq experiments utilizing 

transcription factor bound chromatin from HCs have been published. To address this 

problem, other studies have utilized the functional redundancy of transcription factors in 

other systems to identify direct downstream targets. For example, a study published in 

2015 utilized an ATOH1 ChIP-Seq dataset obtained from the neonatal cerebellum to 

identify and then validate ATOH1 targets in the inner ear HCs (Cai et al., 2015). 

Additionally, a ChIP-seq experiment performed to identify GFI1 targets in Gfi1 positive 

brain tumors has been utilized for the studies described in section 6.2.1 of this chapter 

(Lee et al., 2019). Because like ATOH1 and GFI1, helios serves several functions 

throughout the body, it is possible that a ChIP-seq experiment in a different cell type 

could identify possible targets of helios in the inner ear. However, the OHCs are a very 

specialized cell type, with expression of candidate helios target genes such as Slc26a5 

being highly specific to these cells. Therefore, this strategy may not be completely 

effective at identify potential binding sites in the regulatory regions surrounding these 

genes, as they may not be expressed in the cell type being analyzed. Ideally, this 

experiment would be performed using cochlear tissues or even purified OHCs, and, as 

ChIP and sequencing methods become more sensitive, may be possible within the near 

future. 
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APPENDIX A: GFI1CRE MICE HAVE EARLY ONSET PROGRESSIVE 

HEARING LOSS AND INDUCE RECOMBINATION IN NUMEROUS INNER 

EAR NON-HAIR CELLS1 

 

A.1 Abstract  

Studies of developmental and functional biology largely rely on conditional 

expression of genes in a cell type-specific manner. Therefore, the importance of 

specificity and lack of inherent phenotypes for Cre-driver animals cannot be 

overemphasized. The Gfi1Cre mouse is commonly used for conditional hair cell-specific 

gene deletion/reporter gene activation in the inner ear. Here, using immunofluorescence 

and flow cytometry, we show that the Gfi1Cre mice produce a pattern of recombination 

that is not strictly limited to hair cells within the inner ear. We observe a broad 

expression of Cre recombinase in the Gfi1Cre mouse neonatal inner ear, primarily in inner 

ear resident macrophages, which outnumber the hair cells. We further show that 

heterozygous Gfi1Cre mice exhibit an early onset progressive hearing loss as compared 

with their wild-type littermates. Importantly, vestibular function remains intact in 

heterozygotes up to 10 months, the latest time point tested. Finally, we detect minor, but 

statistically significant, changes in expression of hair cell-enriched transcripts in the 

Gfi1Cre heterozygous mice cochleae compared with their wild-type littermate controls. 

Given the broad use of the Gfi1Cre mice, both for gene deletion and reporter gene 

activation, these data are significant and necessary for proper planning and interpretation 

of experiments.  

                                                 

1Matern, M., Vijayakumar, S., Margulies, Z., Milon, B., Song, Y., Elkon, R., Zhang, X., 
Jones, S.M., Hertzano, R. (2017). Gfi1Cre mice have early onset progressive hearing loss 
and induce recombination in numerous inner ear non-hair cells. Scientific Reports, 7, 
42079. http://doi.org/10.1038/srep42079 
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A.2 Introduction  

Inner ear hair cells (HCs) are mechanosensitive cells responsible for sensing and 

transmitting information to the brain to then be interpreted as sound or head 

position/movement. However, HC-specific molecular analyses of both the auditory and 

vestibular systems in response to noise damage, ototoxic drug exposure, or genetic 

manipulation, have historically been limited by the heterogeneous cellular composition of 

the inner ear epithelia, in which HCs make up less than 2-6% of total cells in the auditory 

and vestibular systems, respectively (Figure A.1A) (Elkon et al., 2015). Fortunately, the 

development of mouse models that result in tissue and cell type-specific Cre-mediated 

recombination in the inner ear have allowed for controlled spatiotemporal activation or 

deletion of genes of interest (for a comprehensive review of Cre models in the inner ear 

see Cox et al., 2012). Overall, the most important considerations for Cre-expressing 

mouse models in all fields of research should be reliable cell-type specificity with no 

inherent effects on phenotype in at least the heterozygous state. 

One commonly used HC Cre-driver in inner ear research is the Gfi1Cre knock-in 

mouse (Burns et al., 2015; Elkon et al., 2015; Hu et al., 2016; Hwang et al., 2010; Liu et 

al., 2016, 2012; Savoy-Burke et al., 2014; Scheffer et al., 2015; Shi et al., 2013, 2014; 

Wu et al., 2016). GFI1 is a transcriptional repressor that, in the late embryonic and 

postnatal inner ear, is expressed in all HCs and is required for HC differentiation and 

survival (Wallis et al., 2003). In 2003, Wallis et al. first reported that Gfi1-null mice are 

profoundly deaf and have severe balance dysfunction. They further observed that the 

mutantinner ear dysfunction could be directly attributed to defects in both cochlear and 

vestibular HC development and organization, as well as cochlear HC death that occurs in 
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a basal to apical gradient documented as early as postnatal day 0 (P0)(Wallis et al., 2003). 

Importantly, the Gfi1+/- mice were reported as phenotypically indistinguishable from 

wild-type littermates (Wallis et al., 2003). Based on these observations, it was therefore 

assumed that the replacement of one copy of Gfi1 with the coding sequence for Cre 

recombinase would result in HC-specific Cre expression in the inner ear, with no 

negative effects on hearing or balance (Yang et al., 2011). Thus the Gfi1Cre mouse was 

introduced in 2010, and shown to result in specific recombination in >90% of cochlear 

and vestibular HCs (Cox et al., 2012; Yang et al., 2011). Additionally, the reported 

recombination pattern in the inner ear was specific to HCs. Nevertheless, data obtained 

from Gfi1Cre mice in our laboratory, as well as recently published data (Burns et al., 2015; 

Scheffer et al., 2015), have suggested that the pattern of recombination in these mice may 

not be specific to HCs, and that the hearing of the mice may differ from their wild-type 

littermate controls.  

To reconcile the discrepancy between the reported and observed phenotype of this 

model, we have performed a comprehensive analysis of Gfi1Cre mouse inner ears to 

assess the cell type-specificity of Cre recombinase activity, as well as the effect of Gfi1 

haploinsufficiency on hearing, vestibular function, and gene expression. In agreement 

with previous reports, we observe that Cre-mediated recombination is highly efficient in 

the HCs of both the cochlear and vestibular systems. However, we also observe broad 

recombination in other cells throughout the inner ear, resulting in the Cre-expressing HCs 

outnumbered by Cre-expressing non-HCs. We further identify these newborn inner ear 

Cre-expressing non-HCs as primarily CD45+CD11b+Gr1- immune cells, consistent with 

observations showing numerous resident macrophages in the adult mouse inner ear 
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(Fujioka et al., 2014; Neng et al., 2014; Okano, 2014; Okano et al., 2008; Zhang et al., 

2012). Finally, we also assess both the vestibular and auditory phenotypes of the Gfi1Cre 

mice, and find that heterozygotes exhibit an early onset progressive hearing loss as 

compared with their wild-type littermates. This hearing loss cannot be attributed to the 

age-related hearing loss inherent to the C57BL/6 inbred mouse strain, and may be due to 

minor changes in gene expression that result from Gfi1 haploinsufficiency. These results 

highlight the necessity of rigorous validation of Cre-driving mouse models for proper use 

in research. We further suggest several strategies to allow for the continued use of the 

Gfi1Cre mice for ear research, controlling for the identified limitations. 
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A.3 Methods 

Animals  

The Gfi1Cre knock-in mice were generated by Dr. Lin Gan at the University of 

Rochester and were generously provided for this study by Dr. Jian Zuo of the 

Developmental Neurobiology Department at St. Jude Children's Research Hospital. 

Gfi1Cre mice were maintained in a C57BL/6J background at the University of Maryland 

School of Medicine. B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J mice were procured from 

the Jackson Laboratory (stock #007914, Bar Harbor, ME). All procedures involving 

animals were carried out in accordance with the National Institutes of Health Guide for 

the Care and Use of Laboratory Animals and have been approved by the Institutional 

Animal Care and Use Committee at the University of Maryland, Baltimore (protocol 

numbers 1209008 and 1015003). 

Genotyping 

As reported in Yang et al., Gfi1Cre drives recombination in a number of other 

tissues in addition to the inner ear, including the liver, lung, heart, kidney, gut and 

pancreas (Wallis et al., 2003; Yang et al., 2011). For this reason, Gfi1Cre/+;ROSA26CAG-

tdTomato and Gfi1+/+;ROSA26CAG-tdTomato mice were genotyped by physical observation of 

tdTomato red fluorescence in the liver following inner ear dissection at P1. For Gfi1Cre 

mice used in auditory and vestibular phenotyping, genotyping was performed by 

polymerase chain reaction (PCR) on genomic DNA extracted from tail snips using a 

modified one step protocol outlined in Yang et al., 2011. Primers used for Gfi1Cre 

genotyping are as follows: Gfi1 wild-type forward (5’-GGG ATA ACG GAC CAG TTG-

3′), Gfi1 wild-type reverse (5’-CCG AGG GGC GTT AGG ATA-3’), Gfi1Cre reverse (5’-
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GCC CAA ATG TTG CTG GAT AGT-3’). Additionally, because Gfi1Cre mice were 

developed on a mixed 129S6 and C57BL/6J background, the Gfi1Cre mice used for 

auditory phenotyping by ABR were also genotyped for age-related high frequency 

hearing loss susceptibility as denoted by polymorphisms at position 753 in the Cdh23 

gene. Genotyping was performed by PCR using the primers Cdh23 forward (5′-GGC 

CAT CAT CAT CAC GGA CA-3′) and Cdh23 reverse (5′-TAG CCC ATT TGA CCA 

GGT GC-3’) followed by Sanger sequencing at the University of Maryland, Baltimore 

Genomics Core Facility (Baltimore, MD). Genotypes for each mouse at position 753 

were manually curated by scanning chromatograms in Sequence Scanner Software 2 

(Applied Biosystems, Foster City, CA).  

Immunofluorescence and image acquisition 

Gfi1Cre/+;ROSA26CAG-tdTomato inner ears were dissected at P1 and fixed in 4% 

paraformaldehyde (PFA) in PBS overnight at 4◦C. After fixation, ears were then either 

stored in PBS for further dissection and whole mount immunohistochemistry or 

processed and embedded in OCT compound (Tissue-Tek) for cryosectioning. 

Immunofluorescence was determined using FITC rat anti-mouse CD326 (BioLegend, at 

1:50) and mouse anti-Tubulin β 3 (TUBB3) (BioLegend, 1:500) primary antibodies. 

Chicken anti-mouse IgG (H+L) Alexa Fluor 488 (Invitrogen, 1:800) was used for 

secondary detection, Alexa Fluor 488 Phalloidin (Invitrogen, 1:500) to stain the actin 

cytoskeleton, and 4',6-Diamidino-2-Phenylindole Dihydrochloride (DAPI, 1:20,000, Life 

Technologies) to mark the cell nuclei. Images were acquired from N=3 

Gfi1Cre/+;ROSA26CAG-tdTomato mice for cryosection staining and N=5 Gfi1Cre/+;ROSA26CAG-

tdTomato mice for whole mount staining using a Nikon Eclipse E600 microscope (Nikon, 
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Tokyo, Japan) equipped with a Lumenera Infinity 3 camera and processed using Infinity 

Capture and Infinity Analyze software (Lumenera, Ottawa, ON).  

Flow Cytometry 

Cochlear tissue dissociation was performed as previously described (Hertzano et 

al., 2011). Briefly, the auditory sensory epithelia were collected and placed in 

0.5 mg ml−1 Thermolysin (Sigma). Tissues were then incubated for 20 min at 37°C, and 

Thermolysin was replaced with Accutase enzyme cell detachment medium (eBioscience). 

Tissues were incubated for 3 min at 37°C, followed by mechanical disruption with a 23G 

blunt ended and 1 ml syringe. Tissues were incubated for an additional 3 min in 

Accutase, and mechanical disruption was performed a second time. Upon visual 

confirmation of successful dissociation, the reaction was stopped by adding an equal 

volume of IMDM supplemented with 10% heat-inactivated fetal bovine serum (FBS). 

Cells were then passed through a 40-μm cell strainer (BD) and placed on ice. The 

following anti-mouse monoclonal antibodies (mAbs) were used for FACS staining: 

CD45-FITC, CD326-APC, CD3e-Alexa Fluor 647, and Gr1-APC (obtained from BD 

Biosciences); B220-PerCP, CD11b-PE, and DX5-PE (obtained from BioLegend). 

Cochleae and spleen single cell suspensions from P4 mice were pre-treated with anti-

mouse CD16/CD32 for Fc receptor blocking, followed by staining with antibodies in 

FACS buffer (PBS, 2% FBS, 0.05% NaN3) for 30 minutes at 4⁰C. Cells were then 

washed and acquired by a BD LSRII flow cytometer. Data was analyzed with BD FACS 

Diva software (BD Biosciences, San Jose, CA). Cells were gated based on forward 

scatter (FSC) vs side scatter (SSC), doublets were excluded based on the forward scatter-

H (FSC-H) vs forward scatter-A (FSC-A). CD45 positive (CD45+) staining defines 
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immune cells. Within the CD45+ gate, specific immune cell populations were identified 

as: CD3+ T cells, B220+ B cells, CD3-DX5+ NK cells, CD11b+ Gr1- 

mono/macrophages, and CD11b+Gr1+ granulocytes. 

Vestibular evoked potentials (VsEPs) 

For VsEP testing, mice were anesthetized with a ketamine (90-100 mg/kg) and 

xylazine (10-12 mg/kg) solution injected intraperitoneally. Core body temperature was 

maintained at 37.0 ± 0.1°C using a homeothermic heating pad system (FHC, Inc., 

Bowdoin, ME). Linear acceleration pulses, 2 ms duration, were generated and controlled 

with National Instruments processors and presented to the cranium via a non-invasive 

spring clip that encircled the head and secured it to a voltage-controlled mechanical 

shaker. Stimuli were presented along the naso-occipital axis using two stimulus 

polarities, normal (upward pulse) and inverted (downward pulse). Stimuli were presented 

at a rate of 17 pulses/sec with amplitudes ranging from +6 dB to –18 dB re: 1.0g/ms 

(where 1g = 9.8 m/s2) adjusted in 3 dB steps. Electrodes were placed subcutaneously at 

the nuchal crest to serve as the noninverting electrode, and posterior to the left pinna and 

at the hip for inverting and ground electrodes, respectively.  Traditional signal averaging 

was used to resolve responses in electrophysiological recordings.  Ongoing 

electroencephalographic activity was amplified (equivalent to 200,000X), filtered (300 to 

3000Hz) and digitized (24 kHz sampling rate).  Primary responses (n=512) were 

averaged for each VsEP response waveform. All responses were replicated. VsEP 

intensity series was collected beginning at the maximum stimulus intensity (+6 dB re: 

1.0g/ms) with and without acoustic masking, then descending in 3 dB steps to -18 dB re: 

1.0g/ms. A broad band forward masker (50 to 50,000 Hz, 94 dB SPL) was presented 
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during VsEP measurements to verify absence of cochlear responses42. VsEP thresholds 

were defined as the intensity midway between the minimum stimulus intensity that 

produced a discernable response and the maximum intensity where no response was 

detectable. Thresholds were compared between heterozygote and wildtype controls using 

two factor analysis of variance with age and genotype as the factors (SPSS Version 23.0). 

Auditory brainstem responses (ABRs) 

For ABR testing, mice were anesthetized with pharmaceutical grade ketamine 

(100-150mg/kg) and xylazine (10-16 mg/kg) solution by intraperitoneal injection. 

Recording electrodes were attached posterior to the right and left pinna, a noninverting 

electrode was attached at the vertex of the skull, and a ground electrode was attached to 

the hip. Hearing thresholds were determined at 8, 16, 24 and 32 kHz using an ABR 

recording system (Tucker-Davis Technologies). 500 sweeps of 5 ms tone bursts were 

introduced beginning at 90 dB peSPL (peak equivalent Sound Pressure Level) and 

proceeding in 5 dB decrements down to 0 dB peSPL. All recordings were performed in a 

soundproof box. Statistical significance between Gfi1Cre heterozygote and wild-type 

groups was assessed by two-way ANOVA, followed by Tukey’s test to account for 

multiple comparisons. 

RNA sequencing and analysis 

RNA was extracted from cochlear ducts of eight day old (P8) Gfi1Cre/+ and Gfi1+/+ 

mice in independent biological triplicate samples for each genotype using the Direct-zol 

RNA Mini-prep kit (Zymo Research, Irvine, CA). Each sequenced Gfi1+/+ sample 

consisted of pooled RNA from two cochleae (1 mouse), and each Gfi1Cre/+ sample 

consisted of pooled RNA from six cochleae (3 mice). RNA-seq libraries were prepared 
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from a minimum of 75ng of RNA with the TruSeq RNA Sample Prep kit (Illumina) per 

manufacturer's protocol, and samples were sequenced on an Illumina HiSeq 2500 with a 

paired-end 150 base configuration (between 38 and 50 million reads were obtained for 

each sample). Sequenced reads were aligned to the mouse genome (mm10) using Tophat 

(Trapnell et al., 2009). Only uniquely mapped reads were used in subsequent analyses. 

Gene expression levels were calculated using HTseq-count (Anders et al., 2015) and 

normalized using quantile normalization. Only genes covered by at least 40 reads were 

considered as expressed in our dataset (14,866 genes). Differential expression analysis 

was done using DEseq (Anders and Huber, 2010). RNA-seq data was submitted to the 

Gene Expression Omnibus database (accession ID GSE85519). Gene expression data 

from mouse macrophages were taken from GEO RNA-seq datasets GSE65530 and 

GSE77885 (Avraham et al., 2016; Langlais et al., 2016). Only unstimulated samples were 

analyzed. Genes covered by at least 40 reads were called as expressed genes in these 

datasets. Quantile normalization was applied to allow comparison of expression levels 

between different datasets. The definition of the set of genes whose expression is 

enriched in macrophages was based on the comparison of expression between 

macrophages and sensory epithelial, neuronal, mesenchymal and endothelial cells in the 

inner ear taken from Hertzano et al. (Hertzano et al., 2011). 360 genes showed at least 3-

fold elevated expression in macrophages compared to all other cell types. 

Quantitative RT-PCR  

Total RNA was extracted from whole cochlear tissues from newborn (P0-P1) 

Gfi1Cre/+ and Gfi1+/+ mice using the Direct-zol RNA MiniPrep Kit (Zymo Research), and 

RNA was reverse-transcribed using the Maxima First Strand cDNA Synthesis Kit 
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(Thermo Fisher Scientific). RT-qPCR was performed using Maxima SYBR Green/ROX 

qPCR Master Mix (Thermo Fisher Scientific) and primers designed for shared and unique 

exons between the wild-type and Gfi1Cre knock-in alleles. These primers are as follows: 

exons 2 to 3 (Ex2-3 forward 5’-CCG AGT TCG AGG ACT TTT GGA-3’, Ex2-3 reverse 

5’-AGC GGC ACA GTG ACT TCT C-3’), exons 5 to 6 (Ex5-6 forward 5’-AAT GCA 

GCA AGG TGT TCT-3’, Ex5-6 reverse 5’-CTT ACA GTC AAA GCT GCG T-3’), and 

exons 6 to 7 (Ex6-7 forward 5’-CAG GTG AGA AGC CCC ACA AA-3’, Ex6-7 reverse 

5’-GAA GCC TGT GTG CTT TCT GC-3’). Transcript levels were normalized to Myo7a 

expression to account for possible differences in dissection and HC number as each 

biological replicate consisted of two cochleae only (Myo7a forward 5’-GAA TCC ACG 

GTA CAG GGC AA-3’, Myo7a reverse 5’-AGT AAA TCT CGT CCC GCA GC-3’). 

RT-qPCR was performed in 4 biological replicates, and statistical significance was 

assessed by Welch’s t-test.  
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A.4 Results 

Gfi1 driven Cre recombinase expression is not HC-specific in the inner ear 

The Gfi1Cre mouse is used as a tool for inner ear HC-specific Cre recombinase 

expression (Yang et al., 2011). To test the specificity of the Cre recombinase activation in 

the newborn mouse inner ear, we crossed the Gfi1Cre mouse with the B6.Cg-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J reporter mouse (from here on referred to as 

ROSA26CAG-tdTomato). The ROSA26CAG-tdTomato reporter mouse is designed to allow for 

robust tdTomato expression in all Cre recombinase expressing cells, as excision of a 

floxed stop codon within the Rosa26 locus by Cre recombinase induces tdTomato 

expression under control of the endogenous ROSA26 promoter, as well as the robust 

CAG promoter (Madisen et al., 2010). Whole mount fluorescence microscopy of 

Gfi1Cre/+;ROSA26CAG-tdTomato mice inner ears at postnatal day 1 (P1) demonstrates that 

Gfi1Cre drives recombination in almost all HCs within the cochlear and vestibular 

systems. However, HCs comprise only a fraction of the total number of cells expressing 

tdTomato (Figure A.1B), as numerous tdTomato positive non-HCs can be observed at the 

basal, middle and apical regions of the cochlea, as well as within all vestibular sensory 

structures (Figure A.1D-F, H-J). This observation is not a result of sporadic 

recombination, as Gfi1+/+; ROSA26CAG-tdTomato littermates show no tdTomato expression 

in the inner ear (Figure A.1C). Furthermore, immunohistochemistry shows that tdTomato 

positive non-HCs are not just limited to close proximity of the sensory epithelium, but 

can also be observed throughout the inner ear (Figure A.1G,K), for example in regions 

closer to the modiolus. This analysis demonstrates that Gfi1Cre-mediated recombination is 

not HC specific either in the cochlea or in the vestibular end organs.  



177 

 

Figure A.1. Gfi1Cre mediated non-HC recombination. A. Schematic of the auditory and 

vestibular epithelia showing a heterogeneous cellular population made up of hair cells 

(HCs), epithelial non-HCs, non-epithelial cells and neurons. B.  Whole mount 

immunofluorescence of an apical turn from a P1 Gfi1Cre/+;ROSA26CAG-tdTomato mouse 

showing extensive non-HC recombination as a result of Gfi1Cre.  C. Cochlear whole 

mount immunofluorescence of a P1 Gfi1+/+;ROSA26CAG-tdTomato littermate showing no 

recombination in any cells in the absence of Cre recombinase (n=3). Whole mount (D-F, 

H-J, n=5) and section (G,K, n=3) immunohistochemistry showing the presence of non-

HC Gfi1Cre mediated tdTomato expressing cells (white arrowheads) in the basal, middle 

and apical turns of the cochlea (D-F), and utricle, saccule and crista vestibular organs (H-

J). HCs are denoted by white arrows, scale bars = 100µm.  
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Non-HC Cre-mediated recombination is restricted to non-epithelial and non-neuronal 

cells 

It was next our goal to determine the identity of the tdTomato expressing non-

HCs within the inner ears of the Gfi1Cre/+;ROSA26CAG-tdTomato mice. It has previously been 

shown that all sensory and non-sensory epithelia within the inner ear express the cell 

surface marker CD326, also known as epithelial cell adhesion molecule (EpCAM) 

(Hertzano et al., 2011). Cryosections from P1 Gfi1Cre/+;ROSA26CAG-tdTomato inner ears 

stained with an antibody for CD326 show that the tdTomato positive HCs overlap with 

staining for CD326 in both the cochlea and vestibule (Figure A.2A-B). However, non-HC 

Gfi1Cre expression is limited to non-epithelial cells, as there is no observable overlap of 

CD326 expression with tdTomato positive non-HCs. This shows that non-HC tdTomato 

positive cells are restricted to non-epithelial cells, and are thus not supporting cells.  

In situ hybridization results from Wallis et al., 2003 suggest that Gfi1, at least at 

the mRNA level, may be expressed in the developing cochleovestibular ganglion (CVG) 

in addition to HC precursors in the otic vesicle as early as embryonic day 12.5 (E12.5) 

(Wallis et al., 2003). It was thus possible that Cre recombinase, under control of the Gfi1 

promoter, may be expressed in the CVG to drive the non-HC recombination. Therefore, 

we assessed if non-HC Gfi1Cre-mediated recombination could be observed in neuronal 

cells by staining P1 Gfi1Cre/+;ROSA26CAG-tdTomato inner ear sections with an antibody for 

the neuronal marker β–tubulin class III (TUBB3). We did not observe any overlap of 

tdTomato and TUBB3 expression in the cochlear or vestibular ganglia (Figure A.2C-D), 

demonstrating that the Cre-expressing non-epithelial cells in the Gfi1Cre mice are also not 

neuronal in nature.  
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Figure A.2. tdTomato positive non-HCs are neither epithelial nor neuronal. A.-B. 

Inner ear section immunohistochemistry from P1 Gfi1Cre/+;ROSA26CAG-tdTomato mouse 

stained with an antibody for the epithelial marker CD326 (EpCAM) showing no overlap 

of tdTomato expressing non-HCs with CD326 expression in either the auditory or the 

vestibular systems (n=3). C.-D. P1 Gfi1Cre/+;ROSA26CAG-tdTomato mouse inner ear sections 

stained with an antibody for the neuronal marker TUBB3 showing no overlap of 

tdTomato expressing cells with TUBB3 expression in either system (n=3). Non-HC 

Gfi1Cre mediated tdTomato expressing cells are denoted by white arrowheads, HCs by 

white arrows, scale bars = 100µm. 
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These results also suggest that the Gfi1 promoter is not actively driving expression in 

developing CVG neurons during embryonic inner ear development. 

Cre recombinase expressing non-HCs are primarily immune cells  

To quantify the non-HC tdTomato positive cells and determine their identity we 

next used flow cytometry. Single cell suspensions from cochleae extracted from four day 

old (P4) Gfi1Cre/+;ROSA26CAG-tdTomato mice showed that the tdTomato positive cells (3.3% 

of total singlet cells) consisted of both CD326 positive and negative cells, consistent with 

the results obtained by immunohistochemistry (Figure A.3A). Because GFI1 has a known 

role in the immune system (Moroy, 2005), we further analyzed the tdTomato positive 

cells for expression of CD45, a leucocyte specific receptor-linked protein tyrosine 

phosphatase which is a commonly used broad immune cell marker  (Altin and Sloan, 

1997; BD-Biosciences, 2010).  We found that the tdTomato positive cells within the 

cochlea could be separated into two distinct populations, accounting for 93.0% of all 

tdTomato positive cells. These consist of CD326+CD45- cells (43.4% of the parent 

population) which account for HCs, and CD326-CD45+ cells (49.6% of the parent 

population) which represent a population of immune cells (Figure A.3A,B).  Importantly, 

on average, over 95% of CD45+ cells within the cochlea of the Gfi1Cre/+;ROSA26CAG-

tdTomato mice were also tdTomato positive (Figure A.4).  

To further define the specific types of immune cells the CD326-CD45+ tdTomato 

expressing cells represent, we next stained dissociated cochlear cells from P4 C57BL/6 

mice with CD45 and additional canonical immune markers for T cells (CD3+), B cells 

(B220+), natural killer (NK) cells (CD3-DX5+), monocytes/macrophages (CD11b+Gr1-) 

and granulocytes (CD11b+Gr1+) (BD-Biosciences, 2010). Staining of a single cell  
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Figure A.3. tdTomato positive inner ear cells from Gfi1Cre mice consist of 

CD326+CD45- cells and CD326-CD45+ cells. A. Cochlear single cell suspensions from 

four day old Gfi1Cre/+;ROSA26CAG-tdTomato mice were analyzed for the expression of 

CD326 and CD45 in the tdTomato positive cell population. One representative FACS 

analysis is shown. From left to right: (1.) Forward and side scatter of the dissociated cells. 

The analysis was focused on the marked population to exclude cellular debris; (2.) Gating 

for doublet discrimination; (3.) CD326 vs tdTomato expression. The tdTomato cells 

(3.3% of total singlet cells) consist both of CD326 positive and negative cells; (4.) Gating 

on the tdTomato positive cells (marked in a box in 3.), the cells are divided to two 

distinct populations: CD326+CD45- which represent HCs, and CD326-CD45+ which 

represent immune cells. B. The mean+SD percentage of each population was summarized 

from 5 individual mice (43.4±14.7% CD326+CD45- HCs, 49.6±13.2% CD326-CD45+ 

immune cells). C. Single cell suspensions from spleen and cochleae of wild-type 4 day 

old C57BL/6 mice were analyzed for immune cell surface markers by FACS. 5 

populations were identified within CD45+ gated cells in the cochlea: P1: 3.1% 

CD11b+Gr1+ granulocytes; P2: 81.3% CD11b+Gr1- monocytes/macrophages; P3: 0.8% 

CD3+ T cells; P4: 3.4% CD3-DX5+ NK cells; P5: 0.4% B220+ B cells (D). Data is 



182 

representative of one out of two experiments using pooled cochlear cells from 5 and 7 

mice, respectively. SSC-A = side scatter-A, FSC-A = forward scatter-A, FSC-H = 

forward scatter-H.  
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Figure A.4. The majority of CD45+ cells in the P4 Gfi1Cre/+;ROSA26CAG-tdTomato 

cochlea express tdTomato. One representative FACS analysis of cochlear single cell 
suspensions from four day old Gfi1Cre/+;ROSA26CAG-tdTomato mice, analyzing expression of 
CD326 and CD45 in the tdTomato positive cell population. On average, 95.2% of CD45 
positive cells were also positive for tdTomato (P1, immune cells).  
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suspension obtained from the spleen of the same mice was used as a positive control. Our 

analysis revealed the identity of 89% of the CD45+ cells in the early postnatal mouse 

inner ear. Specifically, the CD45+ cells consisted primarily of monocytes/macrophages 

(81.3%) followed by NK cells (3.4%), and a combination of granulocytes, T-cell and B-

cells (4.3%) (Figure A.3C,D). These data show that, in the Gfi1Cre mice, recombination 

occurs in all HCs as well as in CD45+ cells, most of which consist of 

monocytes/macrophages.  

Gfi1Cre heterozygotes display no vestibular defects  

It has been assumed that Gfi1Cre/+ mice are phenotypically normal despite having 

only one functional copy of Gfi1, and can thus be a good model for investigating the 

effect of HC-specific Cre-mediated knockout of genes of interest (Yang et al., 2011). 

Here we assessed vestibular function of Gfi1Cre/Cre, Gfi1Cre/+ and Gfi1+/+ littermates at 

three ages using vestibular sensory-evoked potentials (VsEP). As expected, Gfi1Cre/Cre 

mice showed significantly elevated VsEPs at 3 months due to the loss of both functional 

copies of the Gfi1 coding sequence (Figure A.5). However, Gfi1Cre/+ show no change in 

vestibular function as compared to Gfi1+/+ littermates at ages 3 and 5 months. 

Importantly, vestibular function does not decline up to 10 months of age in the Gfi1Cre/+ 

mice, indicating that they have normal vestibular HC development and function, and can 

thus be considered a good model for studying the vestibular system from embryonic to 

adult ages. 

Gfi1Cre heterozygotes display an early onset progressive hearing loss  

After observing that Gfi1Cre/+ mice do not display any vestibular dysfunction, we 

next assessed auditory function by measuring auditory brainstem responses (ABR). As  
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Figure A.5. Gfi1Cre/+ mice do not exhibit vestibular dysfunction up to 10 months of 

age. Vestibular function of Gfi1+/+ (+/+), Gfi1Cre/+ (cre/+) and Gfi1Cre/Cre (cre/cre) 

littermates was measured by vestibular sensory-evoked potentials (VsEP) at 3, 5 and 10 

months of age. Two of the four Gfi1Cre/Cre animals (number shown in parentheses) had 

absent responses at 3 months. Average threshold shown for Gfi1Cre/Cre reflects only those 

animals with measurable responses (n=2(2)). Analysis of variance showed no significant 

differences in VsEP thresholds between Gfi1+/+ and Gfi1Cre/+ at all ages tested (Gfi1+/+ n= 

2, 4, and 3 mice at 3, 5 and 10 months respectively, Gfi1Cre/+ n= 4, 10, and 8 mice at 3, 5 

and 10 months respectively). 
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was expected, Gfi1Cre/Cre mice were profoundly deaf (ABR thresholds are greater than 

90dB SPL, highest stimulus tested) at all time points, consistent with the cochlear HC 

dysfunction and death observed in Gfi1-/- mice (Wallis et al., 2003). However, in contrast 

to the vestibular system, where Gfi1Cre/+ VsEP thresholds were indistinguishable from 

wild-type C57BL/6J littermates up to 10 months of age, Gfi1Cre/+ mice show significantly 

elevated hearing thresholds as compared to wild-type mice at as early as 1 month of age 

at 32 kHz (average thresholds= 73.2 dB SPL vs. 50.8 dB SPL, p-value=6.40E-05) (Figure 

A.6A). This high frequency hearing loss is also Arent at 2 months, where Gfi1Cre/+ mice 

continue to have elevated hearing thresholds compared to wild-type at 32 kHz (average 

thresholds= 79.5 dB SPL, vs. 57.5 dB SPL, p-value= 2.72E-06) (Figure A.6B), and by 3 

months of age, hearing loss progresses in Gfi1Cre/+ mice to show significantly elevated 

hearing thresholds at 24 kHz as compared to their wild-type littermates (average 

thresholds= 47.0 dB SPL vs. 23.3 dB SPL, p-value= 0.029). Interestingly, at 3 months, 

both the Gfi1Cre/+ and Gfi1+/+ mice show elevated hearing thresholds at 32 kHz (average 

thresholds= 85.2 dB SPL and 71.7 dB SPL respectively, p-value=0.076) (Figure A.6C), 

and we hypothesize that this is the consequence of a strain-specific age-related high 

frequency hearing loss.  

Next, to determine the long-term effects of Gfi1 haploinsufficiency on hearing, 

we further investigated hearing thresholds of the Gfi1Cre mice at 8, 16 and 32 kHz at 5 

and 10 months of age. We found that by 5 months of age, hearing thresholds are 

significantly elevated in Gfi1Cre/+ mice when compared to wild-type at 16 kHz (average 

thresholds= 69.5 dB SPL and 34.1 dB SPL respectively, p-value= 7.11E-05), and even at 

8kHz (the lowest frequency tested, average thresholds= 56.5 dB SPL and 39.1 dB SPL  
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Figure A.6. Gfi1Cre heterozygotes exhibit an early onset progressive hearing loss. 

Gfi1Cre/Cre mice showed absent ABR thresholds (>90 dB SPL, highest stimulus tested) at 

all frequencies and time points (up to 3 months). A. Elevated hearing thresholds can be 

seen in one month old Gfi1Cre/+ mice (cre/+) as compared to Gfi1+/+ (+/+) littermates at 

32 kHz (p-value= 6.40E-05). B. High frequency hearing loss worsens as heterozygous 

mice age, as Gfi1Cre/+ mice have more pronounced elevated hearing thresholds compared 

to Gfi1+/+ at 32 kHz at 2 months (p-value=2.72E-06). C. At 3 months of age, Gfi1Cre/+ 

mice now show significantly elevated hearing thresholds at 24 kHz as compared to 

Gfi1+/+ littermates (p-value= 0.029), however both Gfi1Cre/+ and Gfi1+/+ mice show 

elevated hearing thresholds at 32 kHz (p-value= 0.076). D. At 5 months old, Gfi1Cre/+ 

mice show significantly elevated hearing thresholds at both 8 kHz and16 kHz as 

compared to Gfi1+/+ littermates (p-value= 6.64E-03 and 7.11E-05, respectively), and C. at 

10 months old, Gfi1Cre/+ mice still show significantly elevated hearing thresholds at 8 

kHz and 16 kHz as compared to Gfi1+/+ littermates (p-value=3.37E-13 and 3.86E-04, 

respectively). *At 10 months, one Gfi1+/+ mouse exhibited no response to sound stimuli 
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at 16 kHz, while others showed average thresholds of 40.1 dB SPL. We believe that this 

mouse is an outlier, based on known hearing phenotypes of aged wild-type mice, but was 

still included in this analysis. Animal numbers: 1 month Gfi1+/+ n=3, Gfi1Cre/+ n=15; 2 

months Gfi1+/+ n=4, Gfi1Cre/+ n=16; 3 months Gfi1+/+ n=3, Gfi1Cre/+ n=16; 5 months 

Gfi1+/+ n=3, Gfi1Cre/+ n=7; 10 months Gfi1+/+ n=3, Gfi1Cre/+ n=6. NR= no response (>90 

dB SPL), n.s. = not significant, *= p-value < 0.05, **=p-value< 0.01, ***=p-value< 

0.001. Significance was assessed by two-way ANOVA, followed by Tukey’s test to 

account for multiple comparisons, and data displayed as box plots to show variability in 

hearing phenotypes in Gfi1Cre/+ mice.  
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respectively, p-value= 6.64E-03), while both genotypes still show elevated hearing 

thresholds at 32 kHz (over 90 dB) (Figure A.6D). By 10 months, Gfi1Cre/+ mice have 

progressed to near deafness at all frequencies, with absence of measurable hearing 

thresholds at 16 and 32 kHz, and average thresholds of 84.9 dB SPL at 8 kHz (Figure 

A.6E). These results further indicate that substitution of one copy of Gfi1 with Cre 

recombinase causes a progressive age related hearing loss in the Gfi1Cre/+ mice.  

Importantly, a single nucleotide polymorphism (SNP) in Cdh23 (753G>A, also 

called Ahl), which encodes for the essential HC tip link component Cadherin 23, has been 

previously reported to cause an increased susceptibility to both noise-induced and age-

related hearing loss in several inbred mice strains, including C57BL/6J (Boeda et al., 

2002; Johnson et al., 1997; Mock et al., 2016; Noben-Trauth et al., 2003; Wilson et al., 

2001). As the Gfi1Cre mouse line was first developed on a mixed 129S6 and C57BL/6J 

background (Yang et al., 2011), we wanted to ensure that the age-related hearing loss 

phenotype observed in Gfi1Cre heterozygotes compared to wild-type littermates was not a 

result of a skewed distribution of Cdh23753A genotypes within our tested population. 

Therefore, we genotyped each mouse at position 753 in the Cdh23 gene by Sanger 

sequencing. We found that 100% of mice (Gfi1+/+, Gfi1Cre/+ and Gfi1Cre/Cre) used for ABR 

testing were homozygous for the Cdh23753A allele, and are thus more susceptible to age-

related hearing loss. However, this further indicates that the more severe age-related 

hearing loss phenotype seen in Gfi1Cre heterozygotes as compared to their wild-type 

littermates is a result of the replacement of one copy of Gfi1 with Cre recombinase and 

not the result of the Cdh23753A allele, as all mice are homozygous for Ahl.  
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Minimal differences in cochlear gene expression at P8 between Gfi1Cre/+ and Gfi1+/+  

GFI1 is a transcription factor that, in addition to its functions in other tissues, 

regulates gene expression in  inner ear HCs (Fiolka et al., 2006; Hertzano et al., 2004; 

Moroy, 2005; Wallis et al., 2003). To determine if the Gfi1Cre/+ mice have statistically 

significant changes in cochlear gene expression that could contribute to their hearing loss 

phenotype, we extracted RNA from cochlear ducts of eight day old (P8) Gfi1Cre/+ and 

Gfi1+/+ mice and measured gene expression using RNA-seq. We chose this time point 

both to identify early changes resulting from Gfi1 haploinsufficiency, as well as to 

eliminate a bias in gene expression that could result from a later loss of HCs. Our 

analysis detected 14,866 genes as expressed in the cochleae of the heterozygous and 

wild-type mice. Notably, differences in expression profiles between Gfi1Cre/+ and Gfi1+/+ 

mice were minimal. Only a very small number of genes (11) could be considered 

differentially expressed between the two groups based on standard criteria (fold 

change>2.0, p-value<0.05; Table A.1). Moreover, only 4 of these 11 genes remained 

statistically significant after taking into account multiple testing (false discovery rate, 

FDR=0.05). Of note, these 4 genes are located on the Y chromosome, indicating that our 

Gfi1Cre/+ samples were obtained mainly from male pups, while our Gfi1+/+ population 

mainly from female, and thus the changes in their expression are likely unrelated to the 

Gfi1Cre/+ genotype. Levels of Gfi1 mRNA were not significantly downregulated in the 

RNA-seq samples from Gfi1Cre/+ cochleae (fold change=0.88). This is not surprising as 

only a portion of exon 1, as well as exons 2-5, are replaced by Cre recombinase, and the 

rest of the transcript, while not functional, will add to the overall read-counts for the 

gene. As the RNA-seq was performed on whole cochleae, there were not sufficient read  
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Gene ID Symbol Chr 
Het/WT 

FC 

Log2 

Het/WT 

FC 

p-value 
Adj. p-

value 

ENSMUSG00000069045 Ddx3y Y Inf Inf 4.60E-18 6.84E-14 
ENSMUSG00000056673 Kdm5d Y 839.53 9.71 9.51E-18 7.07E-14 
ENSMUSG00000068457 Uty Y Inf Inf 1.64E-15 8.15E-12 
ENSMUSG00000069049 Eif2s3y Y 421.14 8.72 7.67E-13 2.28E-09 
ENSMUSG00000099876 Gm29650 Y Inf Inf 4.71E-05 0.116604 
ENSMUSG00000009350 Mpo 11 5.71 2.51 0.000598 1 
ENSMUSG00000032496 Ltf 9 4.06 2.02 0.00286 1 
ENSMUSG00000048385 Scrt1 15 0.36 -1.46 0.010741 1 
ENSMUSG00000028332 Hemgn 4 27.12 4.76 0.02712 1 
ENSMUSG00000065870 Rnu3a 10 0.034 -4.88 0.041691 1 
ENSMUSG00000023216 Epb4.2 2 11.81 3.56 0.044962 1 

 

Table A.1. RNA-seq analysis of P8 Gfi1Cre/+ and Gfi1+/+ cochlear RNA. Out of 14,866 
genes found to be expressed in cochleae of the Gfi1Cre/+ (Het) and Gfi1+/+ (WT) mice, 
only 11 passed filtering for differential expression with standard criteria (Log2 fold 
change >1 or <-1, p-value<0.05). Furthermore, only 4 genes (shaded in grey) could be 
considered significantly changed after taking into account multiple testing (false 
discovery rate, FDR=0.05), all which are encoded on chromosome (Chr.) Y. Inf indicates 
infinity, or genes that were highly expressed in Gfi1Cre/+ samples and not detected in 
Gfi1+/+ samples. FC, fold change.  
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counts to compare exon-specific transcript levels. We therefore extracted RNA from 

newborn Gfi1Cre/+ and Gfi1+/+ cochleae and measured the relative transcript abundance of 

exons 2-3, 5-6 and 6-7 by RT-qPCR. We detected a statistically significant 30-40% 

decrease in transcript abundance of the exons replaced by Cre recombinase (exons 2-3: 

fold change = 0.675, p-value = 0.022 and exons 5-6: fold change = 0.621, p-value = 

0.005), while no change in transcript levels of exons present in both genotypes was 

observed (exons 6-7: fold change = 1.099, p-value = 0.52) (Figure A.7). 

To further investigate this dataset, and specifically assess subtle changes in gene 

expression in the HCs of the Gfi1Cre/+ mice, we defined a group HC-enriched transcripts 

using two publicly available transcriptomic inner ear datasets. We identified 871 and 

1,817 HC-enriched transcripts (showing at least 3-fold enriched expression in HCs 

compared to non-HCs) in the datasets of Elkon et al. (Elkon et al., 2015) and Cai et al., 

(Cai et al., 2015) respectively, with an overlap of 521 genes. Testing these sets of genes 

as a whole, we observed that their expression was slightly, yet statistically significantly, 

decreased in Gfi1Cre/+ compared to Gfi1+/+ (Figure A.8A-C). Finally, as we observed a 

broad expression of Cre-recombinase in inner ear resident macrophages in the Gfi1Cre 

mouse, we next sought to exclude the possibility that the decrease in expression of HC-

enriched transcripts found in the Gfi1Cre/+ cochlea came from Cre positive immune cells 

rather than from HCs. To this end, we analyzed two publicly available RNA-seq datasets 

that recorded gene expression profiles in bone-marrow derived mouse macrophages (see 

methods) (Avraham et al., 2016; Langlais et al., 2016). First, we confirmed that the set of 

HC-enriched transcripts used in the above analysis is significantly enriched in HCs also 

when compared to macrophages (Figure A.9A). Secondly, we used the macrophage  
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Figure A.7. Quantitative comparative analysis of Gfi1 transcript in Gfi1+/+ and 

Gfi1Cre/+ cochlea. RT-qPCR data showing relative expression levels of shared and unique 
exons between the wild-type and Gfi1Cre knock-in alleles in the cochlea of newborn 
Gfi1+/+ and Gfi1Cre/+ littermates. A statistically significant ~30-40% decrease of Gfi1 

expression within regions substituted by Cre recombinase can be observed in Gfi1Cre/+ 

mice cochlea compared to wild-type: exons 2 to 3 (Ex2-3: fold change = 0.675, p-value = 
0.022), and exons 5 to 6 (Ex5-6: fold change = 0.621, p-value = 0.005). No significant 
change in abundance was observed for a region shared between the two genotypes (Ex6-
7: fold change = 1.099, p-value = 0.52). N=4. Error bars represent fold change values 
taking into account one standard deviation. Statistical significance was assessed using 
Welch’s t-test.  
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Figure A.8. Gfi1Cre/+ cochleae display slight downregulation of HC-enriched 

transcripts. The distribution of relative gene expression levels (fold change values in 

log2 scale) between Gfi1Cre/+ (Het) and Gfi1+/+ (WT) samples was calculated for sets of 

HC-enriched transcripts and compared with the fold change of remaining genes in the 

dataset (background).  HC-enriched sets of genes (consisting of genes that showed at 

least 3-fold elevated expression in HCs compared to non-HCs from either the A. Elkon et 

al. dataset (871 genes), B. Cai et al. dataset (1,817 genes) or C. defined by the overlap 

between these two datasets (521 genes)), exhibited statistically significant decreased 

expression in Gfi1Cre/+ P8 cochlea compared to their wild-type control (p-values = A. 

1.67E-15, B. 6.03E-11, C. 1.17E-14, calculated using Wilcoxon's test).  

 



195 

Figure A.9. A. Expression of the set of 521 HC-enriched transcripts is significantly 
elevated in HCs also when compared to macrophages (Mph). To address a possible 
concern that the downregulation of the HC-enriched transcripts in Gfi1Cre/+ cochleae 
could arise from changes in Mph gene expression, we further determined the relative 
expression levels of these 521 transcripts in two Mph datasets. For each gene that was 
expressed in both the HC dataset (based on intersection of Elkon et al., Cai et al.) and the 
Mph datasets (obtained from Avraham et al., Langlais et al.), HC to Mph fold-change of 
expression level was calculated. This resulted in a set of fold-change values for 7,219 and 
9,078 genes expressed both in HCs and Mph. Of the 521 HC-enriched transcripts defined 
in Fig 6C, only 135 and 254 were expressed in the two Mph datasets, respectively. This 
analysis compares the distribution of fold-change values for these remaining HC-enriched 
transcripts vs. all other overlapping genes (p-values calculated using Wilcoxon’s test.). 
Thus, the majority of the HC-enriched transcripts were not detected at all in Mph, and 
those that were detected (135 and 254) show significantly higher expression in HCs (p-
values = 1.22E-20 and 2.71E-55 respectively). B. Based on the macrophage expression 
datasets, a set of 360 macrophage-enriched transcripts was defined. The expression of 
this set of genes is not decreased in the Gfi1Cre/+ mice cochlea. 
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datasets to define a set macrophage- enriched genes. This set contained 360 genes that 

showed, in both macrophage datasets, at least 3-fold enriched expression in macrophages 

compared to other key cell types in the inner ear. Reassuringly, Gene-Ontology (GO) 

functional enrichment analysis demonstrated that this set of macrophage expressed genes 

was significantly enriched for immune-system related functions (Table A.2). Importantly, 

the expression of this set of transcripts was not decreased in Gfi1Cre/+ compared to Gfi1+/+ 

(it was even slightly increased; Figure A.9B). Taken together, these results show that the 

decreased expression of HC-enriched transcripts observed in Gfi1Cre/+ cochlea compared 

to Gfi1+/+ can be attributed to reduced expression specifically in HCs.  
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Term Count p-value Fold enrich. FDR 

GO:0006955: immune response 39 1.12E-13 4.18 1.88E-10 

GO:0006954: inflammatory response 22 3.66E-09 4.94 6.15E-06 

GO:0009611: response to wounding 26 2.34E-08 3.78 3.94E-05 

GO:0006935: chemotaxis 19 3.86E-12 8.81 6.50E-09 

GO:0048584: positive regulation of response to 
stimulus 

17 8.45E-07 4.62 0.00142 

GO:0002709: regulation of T cell mediated 
immunity 

7 8.47E-07 19.64 0.00142 

GO:0002703: regulation of leukocyte mediated 
immunity 

11 1.05E-06 7.94 0.00177 

GO:0002819: regulation of adaptive immune 
response 

10 1.33E-06 9.02 0.00224 

GO:0002706: regulation of lymphocyte mediated 
immunity 

10 4.81E-06 7.77 0.00809 

 

Table A.2. Gene-Ontology (GO) functional enrichment analysis demonstrating that the 
defined set of 360 macrophage enriched transcripts are significantly enriched for 
immune-system related functions. 
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A.5 Discussion  

Researchers are dependent on Cre mouse models with reliable cell-type 

specificity and the absence of inherent phenotypes to make accurate and informative 

conclusions. For this reason, it is important to comprehensively validate such models to 

ensure these two assumptions are met, or if they are not met, that appropriate controls and 

considerations be used to make the model useful. Here we have performed such a 

validation on the Gfi1Cre mouse, a model commonly used in inner ear research for HC-

specific Cre-mediated recombination (Burns et al., 2015; Elkon et al., 2015; Hu et al., 

2016; Hwang et al., 2010; Liu et al., 2016, 2012; Savoy-Burke et al., 2014; Scheffer et 

al., 2015; Shi et al., 2013, 2014; Wu et al., 2016). Upon investigation of this mouse, we 

have shown that in addition to HCs, recombination is also present in a multitude of 

CD45+ monocytes/macrophages in the inner ear that outnumber Cre-expressing HCs. 

This observation indicates that Gfi1Cre was expressed at one point in the development of 

the observed CD45+ cells, but does not necessarily mean that the gene is expressed at the 

time the tissue was analyzed, a common limitation of Cre-reporter mice that are not based 

on inducible expression. Additionally, Gfi1Cre mediated recombination in CD45+ cells is 

not altogether  unexpected, as GFI1 is highly characterized for its involvement in the 

development of hematopoietic cell lineages, including macrophages (Karsunky et al., 

2002a, 2002b; Yucel et al., 2004; Zhu et al., 2014). Although our data show that Gfi1Cre 

does not result in HC-specific recombination, it introduces this mouse as a potential dual 

reporter for studying the role of HCs and resident macrophages in the inner ear (for 

example, for observing macrophage migration in response to noise or ototoxic drug 

induced damage). We have additionally observed that Gfi1Cre positive cells that are not 
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HCs are also non-epithelial. This observation provides a functional solution for the 

continued use of Gfi1Cre mice to drive reporter gene expression for HC sorting by flow 

cytometry, through either co-staining with the epithelial marker CD326 (Figure A.2A), or 

by isolating epithelial cells by delamination before dissociation (Burns et al., 2015). 

Furthermore, because the number of tdTomato positive immune cells seems to increase in 

a gradient from the organ of Corti towards the modiolus (Figure A.1B), it may also be 

possible to better exclude macrophages from HCs with altered dissection approaches.  

The difference in recombination patterns seen between our Cre expression results 

and the original description of the Gfi1Cre mice is likely the result of the reporter gene 

used. Previous reports of Cre model recombination patterns, such as those performed in 

Madisen et al, 2010, have shown that the use of different reporter mice can result in 

different recombination patterns (Madisen et al., 2010). Whether this indicates that 

different reporters are more or less susceptible to recombination depending on the level 

of Cre expression in the tissue of interest, or that differences in expression of reporter 

molecules after recombination can account for these discrepancies, is not precisely 

known, and could vary between Cre and reporter models. In the original description of 

the Gfi1Cre mouse, the induction of Cre recombinase was tracked using an enzymatic 

reaction for LacZ expression under control of the ROSA26 promoter (R26R-LacZ, 

Jackson Laboratory stock #003310) (Yang et al., 2011). However, the ROSA26CAG-tdTomato 

mouse used in this study is a much more robust reporter mouse. tdTomato is a bright 

fluorescent molecule, and its expression is aided by the strong CAG promoter in the 

presence of Cre recombinase, as well as by a woodchuck hepatitis virus 

posttranscriptional regulatory element (WPRE) to help increase tdTomato mRNA 
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stability (Madisen et al., 2010). Indeed, addition of the CAG promoter to drive expression 

in the Rosa26 locus has been shown to result in ~9 fold higher expression than the 

endogenous ROSA26 promoter alone (Chen et al., 2011).  

The Gfi1+/-  mice were originally described as phenotypically indistinguishable 

from wild-type littermates, suggesting that knock-in of Cre recombinase would result in 

an inconsequential HC-specific recombination. However, this observation was based on 

behavioral assessment rather than quantitative neurophysiological testing (Wallis et al., 

2003). Here we have shown that while in the heterozygous state Gfi1Cre mice exhibit no 

vestibular defects, they do present with an early onset progressive hearing loss 

phenotype. This finding potentially undermines past and future phenotypic 

characterizations of conditional knockout models that utilize the Gfi1Cre mouse. However, 

the hearing loss in Gfi1Cre/+ mice does not significantly affect the mice at 8 and 16 kHz 

up to 3 months of age. Therefore, continued use of the Gfi1Cre mouse for conditional gene 

deletion and evaluation of hearing is possible, but necessitates concomitant analysis of 

Gfi1Cre/+ mice as controls instead of commonly used Cre-negative controls.  

From previous research, we are aware that the GFI1 transcription factor plays an 

essential role in HC development and survival (Fiolka et al., 2006; Hertzano et al., 2004; 

Kirjavainen et al., 2008; Wallis et al., 2003). It would therefore not be surprising that 

replacement of one copy of Gfi1 with the coding sequence for Cre recombinase could 

cause minor changes in the HC transcriptome that may eventually lead to HC 

dysfunction. Indeed, although our RNA-seq results showed only a few number of genes 

to be significantly differentially expressed early in postnatal life (all likely secondary to 

an uneven distribution of male and female animals used for the RNA-seq), HC-enriched 
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transcripts were found to be overall slightly downregulated in Gfi1Cre heterozygotes. 

Moreover, functional Gfi1 transcript abundance as measured in newborn Gfi1Cre/+ 

cochleae by RT-qPCR was decreased by 30-40%, consistent with a possible gene-dosage 

effect. Alternatively, there is also the possibility that prolonged Gfi1 driven Cre 

recombinase expression leads to what is termed “Cre toxicity,” which could be affecting 

either the function or survival of HCs in Gfi1Cre heterozygote animals. Cre toxicity is a 

phenomenon in which prolonged Cre exposure can lead to non-specific recombination at 

cryptic loxP sites in the genome of Cre-expressing cells, and has been shown to lead to 

dose dependent cell damage and death in select Cre-expressing mouse models (Bersell et 

al., 2013; Garcia-Arocena, 2013; Lexow et al., 2013; Loonstra et al., 2001; Naiche and 

Papaioannou, 2007; Thanos et al., 2012).  Although this may not pose much of a problem 

for studies done utilizing non-inducible Cre models early in life, it may be a challenge for 

studies focusing on mature animals with constitutive expression of Cre recombinase. 

However, if Cre toxicity is the mechanism by which Gfi1 driven Cre recombinase 

expression results in cochlear HC dysfunction, the lack of a vestibular phenotype in 

Gfi1Cre heterozygous mice would still be surprising. Published transcriptome data 

demonstrates that Gfi1 expression is higher in vestibular HCs as compared to cochlear 

HCs, at least early in life (Elkon et al., 2015; Scheffer et al., 2015). Thus, theoretically, 

vestibular HCs would have increased exposure to Cre recombinase as compared to 

cochlear HCs, and would be more likely to accrue damage over time. It is also possible 

that cochlear HCs are simply more sensitive to damage resulting from Cre exposure, and 

thus more prone to dysfunction compared with vestibular HCs. To resolve this, a more 

comprehensive analysis involving several HC-expressed Cre-drivers would be necessary. 
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A recent study published by Walters et al. provided the research community with 

valuable insight on the use of the Sox2CreER mouse model in cochlear supporting cell fate-

mapping experiments. In this study, they showed that while Cre induction by tamoxifen 

injection at all ages resulted in highly efficient recombination in cochlear supporting cells 

(>85%), induction at early postnatal ages (P1) also resulted in recombination in cochlear 

HCs (>50%) (Walters et al., 2015). Without this information, studies using the Sox2CreER 

mice for testing regenerative therapies at postnatal ages could have led to inaccurate 

conclusions. These types of observations further accentuate the need for appropriate and 

in-depth validation of animal models used for research purposes. Here we have shown 

that the Gfi1Cre mouse can still be used as a valuable tool for both conditional gene 

deletion and inner ear HC isolation for downstream gene expression analysis, provided 

that experiments are adjusted to account for non-HC Cre mediated recombination and an 

early onset progressive hearing loss phenotype. Of note, review of studies published to 

date that utilize the Gfi1Cre mouse for conditional deletion/activation of target genes 

followed by phenotyping after one month of age did not reveal any significant 

conclusions that, in our opinion, could have been solely attributed to the inherent 

phenotype of the Gfi1Cre mouse described here (Hwang et al., 2010; Liu et al., 2016, 

2012; Savoy-Burke et al., 2014; Shi et al., 2014; Wu et al., 2016). For all Cre models, 

patterns of recombination should be characterized using robust reporters, such as the 

ROSA26CAG-tdTomato mouse (where both the CAG and endogenous ROSA26 promoters 

drive tdTomato expression following recombination). Finally, the presence of inherent 

phenotypes should be rigorously examined in heterozygous animals, and if found, it is 
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our suggestion that heterozygous animals be included as controls in conditional gene 

deletion experiments instead of Cre-negative controls.  
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APPENDIX B: TRANSCRIPTIONAL ANALYSIS OF THE CELLO MUTANT 

OUTER HAIR CELLS USING RIBOTAG IMMUNOPRECIPITATION 

FOLLOWED BY RNA-SEQ 

 

B.1 Introduction and method 

The RNA-seq and NanoString analyses of the cello mutants described in Chapter 

4 were performed using RNA extracted from whole cochlear tissues at P8. While this 

method was effective at identifying OHC expressed genes dysregulated in the mutant 

cochlea compared to their wildtype and heterozygous littermates, the relatively small 

number of OHCs within the cochlear cell population (less than 1% of total cells) may 

result in this method being insufficient to detect subtle differences in OHC gene 

expression. I have therefore utilized the RiboTag mouse model to perform an OHC-

specific translatome analysis of the cello mutants. For this, Ikzf2cello mice were crossed 

both to the RiboTag mouse, as well as to the OHC-specific Cre recombinase model 

PrestinCreERT2 to obtain Ikzf2cello/+;RiboTagHA/HA and Ikzf2cello/+;PrestinCreERT2/CreERT2 

breeding pairs (Figure B.1). OHC Cre mediated recombination was induced by tamoxifen 

injections at P4 and P5, and the cochlear epithelium was collected and flash frozen at P8. 

RiboTag immunoprecipitations were performed in biological triplicates using 5 mice of 

each genotype (Ikzf2+/+, Ikzf2cello/+ and Ikzf2cello/cello) per replicate.  
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Figure B.1. Layout of breeding and tissue collection scheme for OHC-specific 

RiboTag immunoprecipitation (IP) of cello mutant cochlea at P8. 
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B.2 Results and discussion 

 After RNA extraction, enrichment of the HC-expressed gene Myo7a, as well as 

the OHC-expressed gene Slc26a5, was confirmed using qPCR in the immunoprecipitated 

samples (IP) compared to paired input whole cochlear RNA for each sample. This 

analysis showed that Slc26a5 was significantly enriched by immunoprecipitation in the 

Ikzf2+/+, Ikzf2cello/+ and Ikzf2cello/cello samples (Figure B.2a-c). Additionally, transcripts for 

the general HC marker Myo7a was found to be significantly enriched in the Ikzf2+/+ and 

Ikzf2cello/+ IP samples. Due to variability between the Ikzf2cello/cello IP samples, suggesting 

variable enrichment efficiency, the HC-marker Myo7a was not significantly enriched 

compared to input (p-value = 0.053). After confirming OHC transcript enrichment, IP 

RNA samples were then sequenced at the UMSOM Institute for Genome Sciences and 

gene expression within the Ikzf2cello/cello samples compared to Ikzf2+/+ and Ikzf2cello/+. 

In total, 38 genes were called as significantly differentially expressed (LFC > 1 or 

< -1, FDR < 0.05) between the Ikzf2cello/cello IP samples compared to Ikzf2cello/+ (Table 

B.1), and 29 genes were called as significantly differentially expressed between the 

Ikzf2cello/cello IP samples compared to Ikzf2+/+ (Table B.2). To validate differential 

expression, the genes Ocm, Fcrlb, Miat, Mobp and Snhg11 were then selected for 

NanoString analysis in independent whole cochlear RNA samples from P8 and P16 cello 

littermates. Only Ocm was found to be downregulated in the cello mutants at P8 (see 

Figure 4.5), and only Fcrlb was found to be upregulated in the cello mutants at P16 using 

this method (Ikzf2cello/cello vs. Ikzf2+/+ fold change =1.57, p-value = 0.0078). Fcrlb was 

also found to be upregulated in cello mutant OHCs at P8 by in situ hybridization (see  
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Figure B.2. Enrichment of transcripts for the HC-expressed gene Myo7a and the 

OHC-expressed gene Slc26a5 in the RiboTag IP samples from Ikzf2+/+ (a), Ikzf2cello/+ 

(b) and Ikzf2cello/cello (c) cochlea at P8. 

 

a. 

b. 

c. 
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ID Gene symbol LFC (Hom/Het) FDR 

ENSMUSG00000086324 Gm15564 3.445149 1.85E-19 

ENSMUSG00000088609 Gm24187 3.286662 1.77E-45 

ENSMUSG00000076281 Gm24270 3.23707 6.46E-44 

ENSMUSG00000076258 Gm23935 3.096388 5.47E-08 

ENSMUSG00000035202 Lars2 3.041606 1.68E-05 

ENSMUSG00000097971 Gm26917 2.831842 4.41E-22 

ENSMUSG00000092837 Rpph1 2.55051 7.38E-14 

ENSMUSG00000106106 Rn18s-rs5 2.174699 4.76E-20 

ENSMUSG00000102349 Gm37376 1.487019 0.000675 

ENSMUSG00000088088 Rmrp 1.420702 1.66E-05 

ENSMUSG00000070524 Fcrlb 1.35209 6.78E-09 

ENSMUSG00000064339 mt-Rnr2 1.047076 0.007132 

ENSMUSG00000036572 Upf3b -1.01067 0.034885 

ENSMUSG00000024287 Thoc1 -1.01743 0.030138 

ENSMUSG00000035545 Leng8 -1.0178 9.80E-05 

ENSMUSG00000007603 Dus3l -1.03451 0.037207 

ENSMUSG00000029618 Ocm -1.04827 1.18E-06 

ENSMUSG00000002625 Akap8l -1.04934 0.028473 

ENSMUSG00000029817 Tra2a -1.08174 0.000222 

ENSMUSG00000095041 PISD -1.10342 3.45E-05 

ENSMUSG00000021134 Srsf5 -1.1312 2.74E-06 

ENSMUSG00000039233 Tbce -1.13576 0.019064 

ENSMUSG00000001750 Tcirg1 -1.15201 0.003208 

ENSMUSG00000061028 Clasrp -1.18294 0.008547 

ENSMUSG00000089788 Gm16586 -1.20037 0.001151 

ENSMUSG00000037266 Rsrp1 -1.22017 6.96E-08 

ENSMUSG00000022194 Pabpn1 -1.35258 0.000222 

ENSMUSG00000097767 Miat -1.36596 2.73E-06 

ENSMUSG00000026200 Glb1l -1.44902 0.016494 

ENSMUSG00000052631 Sh2d6 -1.50134 0.013339 

ENSMUSG00000044349 Snhg11 -1.5722 7.22E-07 

ENSMUSG00000055862 Izumo4 -1.64862 0.007132 

ENSMUSG00000029022 Miip -1.6746 0.025099 

ENSMUSG00000073125 Xlr3b -1.69335 0.013062 

ENSMUSG00000050578 Mmp13 -1.82303 0.027085 

ENSMUSG00000053964 Lgals4 -1.95449 0.032635 

ENSMUSG00000043923 Ccdc84 -2.07528 0.003926 

ENSMUSG00000086503 Xist -2.2949 1.83E-24 

 

Table B.1. Results of the cello RiboTag RNA-seq experiment: Ikzf2cello/cello compared 

to Ikzf2cello/+. 38 genes reached the cutoff for significant differential expression (LFC > 1 
or < -1, FDR < 0.05). Genes in bold were also validated by NanoString analysis in whole 
cochlear tissues at P8 and P16.  
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ID Gene symbol LFC (Hom/WT) FDR 

ENSMUSG00000095562 Gm21887 5.214484 3.85E-08 

ENSMUSG00000076281 Gm24270 2.533833 4.81E-32 

ENSMUSG00000086324 Gm15564 2.488178 2.19E-12 

ENSMUSG00000088609 Gm24187 2.238758 7.88E-25 

ENSMUSG00000076258 Gm23935 2.212483 0.001085 

ENSMUSG00000035202 Lars2 2.181284 0.01721 

ENSMUSG00000106106 Rn18s-rs5 2.061723 1.12E-25 

ENSMUSG00000097971 Gm26917 2.002871 3.48E-12 

ENSMUSG00000001901 Kcnh6 1.977267 0.019234 

ENSMUSG00000070524 Fcrlb 1.85112 7.99E-25 

ENSMUSG00000069045 Ddx3y 1.424635 1.35E-10 

ENSMUSG00000020788 Atp2a3 1.367864 1.88E-07 

ENSMUSG00000042861 Kcna10 1.202438 0.04176 

ENSMUSG00000026247 Ecel1 1.060834 0.003175 

ENSMUSG00000046480 Scn4b -1.0041 0.007879 

ENSMUSG00000018411 Mapt -1.04743 0.001409 

ENSMUSG00000097767 Miat -1.08988 8.67E-05 

ENSMUSG00000032517 Mobp -1.16399 0.007879 

ENSMUSG00000089788 Gm16586 -1.20661 0.000189 

ENSMUSG00000044349 Snhg11 -1.26731 9.06E-06 

ENSMUSG00000031762 Mt2 -1.41535 0.03016 

ENSMUSG00000029618 Ocm -1.48527 3.15E-17 

ENSMUSG00000020435 Osbp2 -1.52741 0.007879 

ENSMUSG00000026200 Glb1l -1.57056 0.000786 

ENSMUSG00000035783 Acta2 -1.62114 0.044261 

ENSMUSG00000030108 Slc6a13 -1.99423 0.000647 

ENSMUSG00000086503 Xist -2.0259 4.47E-25 

ENSMUSG00000046337 Fam178b -3.22588 0.016293 

ENSMUSG00000029866 Kel -5.59919 0.0428 

 

Table B.2. Results of the cello RiboTag RNA-seq experiment: Ikzf2cello/cello compared 

to Ikzf2+/+. 29 genes reached the cutoff for significant differential expression (LFC > 1 or 
< -1, FDR < 0.05). Genes in bold were also validated by NanoString analysis in whole 
cochlear tissues at P8 and P16.  
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Figure 4.13). 

One possible reason for so few genes being called as differentially expressed, as 

well as not many genes being shared between this dataset and the cello mutant RNA-seq 

dataset that was generated using whole cochlear tissue at P8, is variable enrichment of 

OHC transcripts between samples. The PrestinCreERT2 mouse used in this study drives 

expression of Cre recombinase under control of the Slc26a5 promoter. Because Slc26a5 

expression is known to be regulated by helios, and is decreased in the Ikzf2cello/+ and 

Ikzf2cello/cello cochlea at P8, it is possible that the efficiency of Cre mediated 

recombination, and therefore HA-tagged ribosome expression in OHCs was reduced in 

the Ikzf2cello/+;RiboTagHA/+;PrestinCreERT2/+ and Ikzf2cello/cello;RiboTagHA/+;PrestinCreERT2/+ 

cochlea compared to Ikzf2+/+;RiboTagHA/+;PrestinCreERT2/+. This could potentially explain 

the variability between samples, and the overall limited utility of this dataset. Another 

explanation could be that we activated this reporter mouse too early to its endogenous 

onset of expression, possibly resulting in variable efficiency in recombination.  
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APPENDIX C: INVESTIGATION OF GFI1 MEDIATED TRANSCRIPTIONAL 

REPRESSION OF NEURONAL GENES IN MOUSE P19 CELLS 

 

C.1 Introduction  

Mouse P19 cells are embryonic carcinoma cells that are able to differentiate into 

neurons when treated with the signaling molecule retinoic acid (RA) (Babuška et al., 

2010; Jin et al., 2009; Kameyama et al., 2011; MacPherson and McBurney, 1995). In 

2011, Kameyama et al. demonstrated that expression of the neuronal transcription factors 

Neurod1, Myt1 and St18 are induced in P19 cells upon treatment with RA, and that 

individual overexpression of Neurod1, Myt1 or St18 is sufficient to drive 

neurodifferentiation without retinoic acid (Kameyama et al., 2011). Because these 

transcription factors are upregulated in the Gfi1cre/cre cochlear HCs, as well as 

downregulated in GFI1-active tumors generated from neuronal progenitors cells (Lee et 

al., 2019), here I hypothesized that overexpression of GFI1 would inhibit neuronal 

differentiation of retinoic acid treated P19 cells by repressing Neurod1, Myt1 and St18 

expression. Additionally, I aimed to use this model to test if GFI1 was binding to the 

regulatory regions of Neurod1, Insm1, Atoh1 and Lhx2 identified in Figure 6.1 to 

modulate their expression. To do this, I first established a P19 neurodifferentiation 

protocol, and then tested if Gfi1 overexpression by plasmid transfection was sufficient to 

prevent neurodifferentiation and expression of neuronal transcription factors. Finally, I 

used ChIP-PCR using an HA-antibody to assess GFI1 binding to regulatory regions of 

interest.  
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C.2 Methods 

P19 neurodifferentiation 

P19 mouse embryonal carcinoma cells were acquired from ATCC (CRL-1825) 

and cultured in MEM alpha media (Gibco) supplemented with 10% FBS (Gemini Bio-

Products) and 1x penicillin/streptomycin (Gibco). To induce neurodifferentation, cells 

were plated onto 2% gelatin (Sigma) coated culture dishes. When plates reached 60-80% 

confluency, the growth media was supplemented with 0.5µM all-trans retinoic acid 

(Sigma) for 4 days (with one media change at 2 days), after which the media was 

replaced with normal growth media for an additional 2 days. To assess the ability of GFI1 

to modulate neurodifferentiation, cells were transfected with plasmids to overexpress 

GFP (pEGFP-C1) or Gfi1-FLAG-HA-IRES-GFP (pCMV-Gfi1-FLAG-HA-IRES-GFP) 

using FuGENE HD Transfection Reagent (Promega) at the start of RA treatment (day 0). 

The Gfi1-FLAG-HA-IRES-GFP construct was generously provided for this study by Dr. 

Tarik Moroy. 

Western blotting 

Protein from P19 cells transfected with plasmid to overexpress GFI1-FLAG-HA 

or eGFP was harvested 24 hrs post transfection using RIPA buffer (Boston BioProducts) 

supplemented with 1x protease inhibitor cocktail. Total protein was quantified using the 

Qubit Protein Assay Kit (Thermo Fisher Scientific). Proteins were separated by SDS–

PAGE using freshly cast 4-12% Tris-glycine gels and transferred onto PVDF membrane 

(Millipore) using a Mini Trans-Blot® Cell apparatus (Bio-Rad). Blocked membranes 

were incubated with rat anti-HA (1:1000, Roche) and rabbit anti-GFP (1:2000, Life 
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Technologies). Membranes were then incubated with corresponding secondary antibodies 

conjugated to horseradish peroxidase, and signal was detected using Pierce ECL Western 

Blotting Substrate (Thermo Fisher Scientific).  

Quantitative and non-quantitative RT-PCR  

RNA from day 0, day 2, day 4 and day 6 time points was collected using the 

Direct-zol RNA MiniPrep kit (Zymo Research) following the manufacturer’s 

instructions, and was reverse-transcribed using the Maxima First Strand cDNA Synthesis 

Kit (Thermo Fisher Scientific). Non-quantitative RT-PCR was performed using 

EconoTaq® PLUS GREEN (Lucigen), and band intensity was assessed using FIJI. qPCR 

was performed using TaqMan Fast Advanced Master Mix (Applied Biosystems), and 

pCMV-Gfi1-FLAG-HA-IRES-GFP transfected samples were normalized to pEGFP-C1 

transfected controls. All analyses were performed in biological triplicates, and statistical 

significance between samples was assessed by Welch’s t-test. 

Chromatin IP followed by Quantitative PCR (ChIP-qPCR) 

ChIP was performed using the protocol described by Francis et al., 2017. RA 

treated P19 cells transfected with pEGFP-C1 or pCMV-Gfi1-FLAG-HA-IRES-GFP were 

collected at day 4 of RA treatment and crosslinked with 1% formaldehyde. The reaction 

was then quenched, cells were lysed by washing with lysis buffer supplemented with 

protease inhibitors, and chromatin was sheared to 400-1000bp using a Bioruptor Pico 

sonication device (Diagenode), 7 cycles of 30 seconds on/off. 0.1X the volume of 10% 

triton X-100 was then added to the sheared chromatin samples, and debris was removed 

by centrifugation. Sheared chromatin from 1x106 cells was used for each IP, and an 



214 

aliquot was reserved for 10% input control. Samples were then mixed with Invitrogen 

Dynabeads Protein G magnetic beads (Thermo Fisher) pre-conjugated to mouse anti-

HA.11 antibodies (BioLegend, #901502) overnight at 4°C, rotating. The following day, 

beads were washed 1x with low-salt buffer, high-salt buffer, LiCl wash buffer, and 

TE+50mM NaCl before elution. Crosslinks were reversed overnight at 65°C, and DNA 

isolated by phenol:chloroform extraction. qPCR analysis was performed using Maxima 

SYBR Green/ROX qPCR Master Mix (Thermo Fisher), and samples were normalized to 

input.  
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C.3 Results and discussion 

 A sub-aim of the proposed GFI1 project (Chapter 1, Aim 1; Chapter 3) was to 

develop and test a neurodifferentiation protocol for the P19 cells when treated with RA 

(see methods and Figure C.1a). After culturing the P19 cells in 0.5µM RA for 4 days, and 

allowing for an additional 2 days of differentiation in normal growth medium, the P19 

cells can be seen to extend long and thin processes, indicative of neurodifferentiation and 

the formation of axons (Figure C.1b). Additionally, these cells upregulate the neuronal 

transcription factor genes Neurod1, St18 and Myt1, as has been previously described 

(Figure C.1c-d) (Kameyama et al., 2011). We also investigated expression of the 

transcription factors Lhx2, Atoh1 and Insm1, which are known to be involved in neuronal 

development, as well as are upregulated in Gfi1cre/cre HCs (see Chapter 3) (Lorenzen et 

al., 2015; Mulvaney and Dabdoub, 2012; Subramanian et al., 2011). Our results indicate 

that the genes that encode for Insm1 and Atoh1 are also upregulated during 

neurodifferentiation, and Lhx2 may be present in both differentiated and undifferentiated 

P19 cells (Figure C.1c-d). 

 We next aimed to determine if overexpression of GFI1 in P19 cells during RA 

treatment could modulate expression of these neuronal genes. We therefore transfected 

P19 cells on day (d) 0 of RA treatment with plasmids to overexpress a Gfi1-FLAG-HA-

IRES-GFP construct or GFP as a control (Figure C.2a). Analysis of the GFP expressing 

cells at d6 using fluorescent microscopy suggests that cells expressing the Gfi1-FLAG-

HA-IRES-GFP construct can still neurodifferentiate (Figure C.2b inset). Additionally, 

analysis of gene expression in the transfected cells reveals no statistically significant  
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Figure C.1 Expression of the neuronal genes Neurod1, Myt1, St18 and Insm1 

increase in P19 cells when treated with RA. (a) Visualization of RA treatment time 

course for mouse P19 cell neurodifferentiation. d = day. (b) Images showing P19 cells 

before (d0) and after neurodifferentiation with RA (d6). Cells at d6 have formed 

connections with extended processes. Scale = 50µm. (n=3). (c) RT-PCR results showing 

increase in Neurod1, Myt1, St18, Atoh1 and Insm1 following RA treatment outlined in (a) 

(n=3). (d) Assessment of differences in band intensity from (c), normalized to d0.  
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Figure C.2 Overexpression of Gfi1 does not prevent neurodifferentiation of P19 cells 

treated with RA. (a) Western blot showing induced expression of GFP and GFI1 24 

hours after transfection with pEGFP-C1 or pCMV-Gfi1-FLAG-HA-IRES-GFP (n=3). (b) 

Images showing transduced P19 cells (GFP expressing) at d6 after neurodifferentiation 

with RA. Cells with extended processed could still be observed in the pCMV-Gfi1 

transfected condition (n=3). Scale = 50µm. (c-d) qPCR results showing no difference in 
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neuronal transcription factor expression at d2 or d4 in Gfi1 transfected cells compared to 

GFP transfected controls (n=3). (e) qPCR results showing significantly increased 

expression of neuronal transcription factors between d2 and d4 in both transfection 

conditions (n=3). Statistical significance was assessed by Welch’s t-test. * = p-value < 

0.05, ** = p-value < 0.01, *** = p-value < 0.001, ns = not significant. 
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difference in expression of Atoh1, Insm1, Neurod1, Myt1 or St18 in the Gfi1-FLAG-HA-

IRES-GFP transfected cells compared to controls after 2 and 4 days of RA treatment 

(Figure C.2c-d). Furthermore, comparison of the d2 and d4 time points in each condition 

indicates that overexpression of either Gfi1-FLAG-HA or GFP does not prevent 

upregulation of Atoh1, Insm1, Neurod1, Myt1 or St18 (Figure C.2e). It is unclear if these 

observations are a result of GFI1 being unable to repress gene expression, or an inability 

to detect changes in gene expression from only a relatively few transfected cells within 

the total cell population. I therefore next aimed to test if GFI1 was capable of binding to 

the chromatin regions identified by Lee et al., upstream of Neurod1, Insm1, Atoh1 and 

Lhx2. However, this ChIP-PCR analysis also did not reveal statistically significant 

differences in pulldown of these chromatin regions between Gfi1-FLAG-HA or GFP 

expressing samples (Figure C.3).  

 As stated earlier, a lack of resolution to detect differences in gene expression 

within only the small population of transfected cells may be a possible explanation for 

our results indicating that GFI1 cannot modulate neuronal gene expression in this model. 

According to our qPCR experiments, expression of the genes analyzed is greatly 

increased between day 2 and day 4 of RA treatment (between 5 and 70 fold increased, 

depending on the gene) (Figure C.2e). Therefore, small differences in gene expression 

may not be detected when most cells are exhibiting this robust induction in gene 

expression. It would be interesting to used FACS to isolate the GFP expressing 

populations of pEGFP-C1 and pCMV-Gfi1-FLAG-HA-IRES-GFP transfected cells, and 

then compare differences in expression of these genes. Another possible explanation is 

that GFI1 is simply not sufficient to downregulate gene expression in these cells when 
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treated with RA. RA is a potent signaling molecule which binds to members of the 

retinoic acid receptor nuclear receptor superfamily, allowing them to then act as 

transcriptional activators (Rhinn and Dollé, 2012). Exogenous expression of GFI1 (which 

these analyses suggest is not normally highly expressed in RA treated P19 cells at day 2 

and day 4) may therefore not be enough to halt this transcriptional process. It is also 

possible that GFI1 cannot function due to a lack of co-factors, however previous studies 

have demonstrated that both LSD1 and Co-REST are expressed in P19 cells (Ceballos-

Chávez et al., 2012). Overall, the experiments proposed in section 6.2.1 will assess if 

GFI1 is functioning to directly repress transcription of the genes Neurod1, Insm1, Atoh1 

and Lhx2 specifically in the cochlea.  
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Figure C.3 GFI1-FLAG-HA was not detected as bound to the promoters of neuronal 

genes in P19 cells treated with RA. ChIP-PCR performed using an HA antibody and 

sheared chromatin from pEGFP-C1 or pCMV-Gfi1-FLAG-HA-IRES-GFP transfected 

P19 cells treated with RA for 4 days (n=2). No difference in immunoprecipitated 

chromatin was detected between conditions for any of the sites selected from the Lee et 

al., 2019 GFI1 ChIP dataset (see Figure 6.1). Int. control = intergenic control. 
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