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ABSTRACT 

Hair cells are the vital mechanotransducer cells found in both the mammalian 

auditory and vestibular systems.  Mammalian hair cells are non-regenerative, and thus 

their death leads to irreversible losses in hearing.  Hair cells in zebrafish and other non-

mammalian organisms such as chickens have regenerative properties, which makes them 

important to study.   In addition to the inner ear sensory epithelia of the zebrafish, hair 

cells exist on the zebrafish exterior in lateral-line neuromasts.   This convenient and 

accessible anatomy has been exploited by researchers to screen drugs for possible 

ototoxicity and hair cell regeneration studies. Our study focuses on the transcriptomes of 

the adult inner ear hair cells. Using a pou4f3 promoter-driven GAP-GFP line of 

transgenic adult zebrafish, hair cells were isolated from the three inner sensory epithelia: 

the utricle, saccule, and lagena.  Two thousand GFP+ cells (hair cells) and 2000 GFP- 

cells (non-sensory cells in the inner ear) were individually collected by suction 

pipetting.  RNA-seq was performed on GFP+ hair cells, and GFP- surrounding cells.    

The transcriptomes of the GFP+ and GFP- cells were then analyzed and 

compared.  Using a 1 FPKM threshold, 12,444 total genes were found to be expressed in 

GFP+ hair cells, with 2,291 genes being differentially upregulated when being compared 

to the GFP- cells.  A total of 13,119 total genes were found in the GFP- cells, with 1,757 

genes being differentially upregulated compared to hair cells.   The top ten differentially 

expressed genes in hair cells are anxa5a, s100s, cd164l2, pvalb9, s100t, pvalb8,        

si:ch73-199k24.2, atp1b2b, cabp2b, and atp1a3b.  In addition, 73 zebrafish orthologs of 

human deafness-related genes were examined; 57 of these genes are present in adult 

zebrafish hair cells.  The transcriptome was characterized by examining stereocilia 
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related genes, cell cycle control genes, and ion channel and neurotransmission genes. 

Validation of our RNA-seq data was accomplished by RT-qPCR and literature review of 

published data.  Our RNA-seq data of purified adult zebrafish hair cells provides an 

extremely valuable resource for understanding the molecular mechanisms underlying hair 

cell morphology, function, and pathology.  This dataset also establishes a framework for 

future characterization of all genes expressed in hair cells. 
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I. INTRODUCTION 

A. Hearing loss       

Hearing loss affects more than five percent of the world’s population.  

Approximately 360 million people world-wide have disabling hearing loss, 32 million of 

them being children.  Presbycusis, age-related hearing loss, occurs in 80 percent of the 

population over 85 years of age (Parham et al., 2014, Mao et al., 2013).  The recent rise 

of mp3 players and smartphones with associated headphone use has had some troubling 

effects on hearing loss statistics in young people.  A study shown that 14.9% of children 

aged 6 through 19 have some degree of hearing loss (Niskar et al., 1998) and it can only 

be assumed that this statistic will inevitably increase as headphone use continues to 

increase. 

Hearing loss can be categorized into either conductive or sensorineural types of 

hearing loss.  Conductive hearing loss occurs when sound fails to effectively be 

conducted through the outer and middle ear.  Ear infections, wax buildup, and perforated 

eardrums are common examples of conductive hearing loss, and most cases can be 

medically or surgically treated with expected restorations of hearing function.   

Sensorineural hearing loss involves damage to the inner ear or auditory nerve.  

Sensorineural hearing loss is permanent (Wong and Ryan, 2015).  Cochlear implants are 

used specifically for sensorineural hearing loss.  The success of cochlear implantation is 

variable and is influenced by factors such as age of implantation, level of speech 

development, and personal motivation to rehabilitate (Tobey et al., 2013).  There are 

presently no other medical treatments to repair or restore cochlear function.  
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Sensorineural hearing loss can be further split into three categories of loss:  

presbycusis, genetic, and environmental.  Presbycusis, or age-related hearing loss is the 

most common form of hearing loss in humans (Yang et al., 2015), and can be described 

as decreased hearing sensitivity, speech comprehension, acoustic processing, and sound 

localization associated with aging (Gates and Mills, 2005).  Specific gene mutations can 

result in hearing impairment and loss ranging from congenital deafness to later-onset 

hearing losses. Currently over 115 known hearing loss genes have been identified 

(HereditaryHearingloss.org, 2015).  Environmental causes, which include noise-, drug-, 

and infection-related hearing losses, are another major category.  Outer hair cells (OHCs) 

are more susceptible to environmental-induced damage than inner hair cells (IHCs), and 

hair cell loss usually occurs first in the high frequency region of the cochlea and then 

proceeds toward the low frequency region.  Progressive hearing loss in presbycusis may 

be contributed to by multiple pathogenic influences (Yang et al., 2015). 

 

B. The Auditory Organ-Overview  

 Human ears are divided into three parts: the outer ear, the middle ear, and the 

inner ear.  The outer ear is comprised of the pinna and external auditory meatus.  The 

middle ear’s structure consists of the tympanic membrane and the three ossicles, the 

malleus, incus, and stapes.  Together the outer and middle ear are responsible for 

funneling and transferring airborne sound waves to the liquid-filled inner ear (Ravicz and  

Rosowski, 2013).  The inner ear encompasses both the vestibular and auditory organs.  

The vestibular organs for balance consist of the three semicircular canals, the saccule, 

and utricle.  The cochlea is the bony, spiraled, fluid-filled organ of hearing that provides 
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sound detection.  The neurosensory cells (i.e. hair cells) in the cochlear organ of Corti 

transform sound waves into neuronal impulses.  Hair cells are arranged in organ of Corti 

in a longitudinal, tonotopical gradient where high frequency sound waves arrive in the 

base and low frequencies in the apex.  Stimulation of hair cells sends neural impulses to 

the neurons of the auditory system. 

 

C. Auditory structure and function 

C1.  Mammalian  

The mammalian cochlea contains the mechanotransducing hair cells responsible 

for the ability to hear.  The labyrinthine inner ear is embedded in the temporal bone of the 

skull and includes the vestibular and cochlear end organs. The bony parts of the labyrinth 

include the modiolus, which serves as the central axis of the cochlea, and the otic capsule, 

which forms the outer boundary of the cochlea (Dallos et al., 1996).  Around the 

modiolus spiral three fluid-filled membranous tubes called scaleae.  These scaleae, on 

average, turn between 2.5 and 2.75 times around the central axis in the human ear 

(Bierdon et al., 2009).  The number of cochlear turns varies between species.  The stapes 

is inserted into the oval window of the scala vestibuli.  The scala vestibuli is separated 

from the scala media by Reissner’s membrane, while the scala tympani is separated by 

the scala media by the basilar membrane and spiral lamina.  Both the scala tympani and 

scala vestibuli are connected by an opening at the apex of the cochlea called the 

helicotrema (Pickles, 1996).  They also share a sodium-rich fluid called perilymph.  The 

scala media consists of a high potassium fluid called endolymph which is maintained by 

secretions of the stria vascularis (Wangemann et al., 1995).  Endolymph is prevented 
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FIGURE 2. FIGURE 1. 

FIGURE 1.   

from diffuse outside the scala media by tight junctions along Reissner’s membrane and 

the apical faces of the hair and supporting cells of the organ of Corti that make up the 

reticular lamina. Perilymph from the scala tympani can diffuse through the basilar 

membrane, which allows the cell bodies of the hair and supporting cells of the organ of 

Corti to be surrounded by perilymph-type fluid. 

 

 

 

FIGURE 1.   Diagram of the organ of Corti.  This representation shows the specialized 

structure of the organ of Corti.  (A) Nerve fibers, (B) Claudius cell, (C) Inner hair cell, 

(D) Outer hair cell, (E) The tunnel of Corti, (F) Tectorial Membrane, (G) Stereocilia, (H) 

Basilar membrane, (I) Reticular lamina, (J) Deiters’ cell.  Figure adapted from (Levinson, 

2015). 
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FIGURE 2. 

 

 

 

 

 

 

FIGURE 2.  Cell types of the mouse organ of Corti.  Images of isolated cells from the 

mouse organ of Corti.  Images of an inner hair cell (A), outer hair cell (B), pillar cell (C), 

and a Deiters’ cell (D).  Note the stereocilia visible on both the inner and outer hair cells.  

Figure was adapted from (Liu et al.,2014).  

 

The organ of Corti is a highly specialized sensory organ made up of specialized 

neurosensory cells and their associated supporting cells that lie on the basilar membrane. 

There are two types of neurosensory cells, inner hair cells (IHCs) and outer hair cells 

(OHCs).   These polarized epithelial cells are characterized by stereocilia at their apical 

surface of the cells, as well as synaptic machinery at the basal surface (Dallos et al., 

1996).  IHCs are tightly surrounded by the border cells of the inner sulcus and phalangeal 

cells.  Pillar cells form a system that forms the tunnel of Corti (Forge, 2002).  Posteriorly 

to the tunnel of Corti are the outer hair cells and the Deiters’ cells.   Deiters’ cells are 

supporting cells that cup OHCs at their basal ends.  These cells also extend phalange 

processes up to form part of the reticular lamina and fill in the spaces between the OHCs 

A B C D 
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there (Pickles, 1996).  It should be noted that this arrangement allows OHCs free space 

around the length of their cell bodies, which is accommodating to their later-discussed 

electromotility.  Hensen’s cells are the supportive cells immediately adjacent to the third 

row of OHCs.  The basilar membrane is thinnest at its base and gets progressively wider 

towards the apex of the cochlea.  The width of the basilar membrane is also associated 

with stiffness, with thinner sections being stiffer than the wider sections found at the apex 

of the cochlea and allows for a range of sound frequencies to be detected (Oghalai, 2004).  

The human hearing range is often stated as 20 Hz to 20 kHz (Heffner and Heffner, 2007).    

The tectorial membrane is a gel-like structure covers the organ of Corti and is made up of 

collagens and alpha and beta tectorins.  Interdental cells located in the spiral limbus 

secrete these materials that contribute to the tectorial membrane (Dallos et al., 1996).   

 The stereocilia on both the IHCs and OHCs are responsible for turning 

mechanical forces into electrical signals (Manor and Kachar, 2008) and are arranged in a 

stair-step configuration(Sakaguchi et al, 2010).  When the stereocilia are deflected in the 

direction of the tallest row, tension pulls on these tip links and the mechanoelectrical 

transduction (MET) channels are more likely to open, leading to an intracellular increase 

of potassium and calcium and a graded cellular depolarization.   When the hair bundles 

are deflected in the direction of the shortest stereocilia, the tension relaxes and causes 

these channels to close.  Deflections perpendicular to the polar arrangement of the 

stereocilia staircase cause relatively no effect on transduction (Shotwell et al, 1981).   

Stereocilia are useful cytological markers of hair cells allowing relatively easy cellular 

identification in contrast with the supporting cells.  
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FIGURE 3.   

 

FIGURE 3.  Colorized image of stereocilia.  Figure adapted from (Sound, The Biology 

of The Ear, & How We Hear PART 1. Taylor Sound Engineer weblog). 

 

  IHCs are considered to be primarily sensory while OHCs serve a primarily 

mechanical role due to electromotile properties and structure (Dallos et al, 1996).  Inner 

hair cells are goblet-shaped cells with a nucleus that is centrally located.  A single row of 

IHCs spiral throughout the cochlea, and surrounding supporting cells and nerve fibers 

keep IHCs from making contact with the basilar membrane.  A single IHC is 

predominately innervated by multiple afferent nerve fibers, whose responsiveness can be 

modulated by efferent innervation (Rabbitt and Brownell, 2011).   

 Outer hair cells are rod-shaped hair cells with a basally located nucleus.  Usually 

arranged in three rows, OHCs have been called the mechanical amplifiers of the 

mammalian inner ear.  OHCs increase mammalian hearing sensitivity by optimizing and 
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amplifying sound vibrations for the IHCs by utilizing OHCs’ characteristic electromotile 

length changes (Brownell et al., 1985).   OHCs have afferent innervation but their 

function is less clear than in IHCs (Weisz et al., 2012).   Efferent innervation of the 

OHCs has been experimentally shown to modulate electromotility (Rabbitt and Brownell, 

2011). OHCs represent a uniquely mammalian cell type that is responsible for the 

sensitivity and mechanical amplification found in our auditory systems. 

 

C2.  Zebrafish Inner Ear 

The auditory system of the zebrafish differs from the mammalian inner ear in 

several ways.  They lack an external or middle ear. In addition to conserved vestibular 

semicircular canals, three macular organs, the utricle, saccule, and lagena, are thought to 

have overlapping vestibular and auditory functions. Hair cells are the mechanotransducer 

cells the zebrafish inner ear and have associated support cells.  Hair cells are found in 

both the cristae at the base of the semicircular canals and in the macular organs of the 

inner ear. These macular organs are bathed in potassium-rich endolymphatic fluid that is 

also shared by the interconnected vestibular semicircular canals.  The utricle organ is 

thought to be predominantly vestibular, while the saccule is thought to be more involved 

in sound detection (Riley and Moorman, 2000).  The lagena is thought to be an accessory 

to the saccule, providing both orientation and hearing functions (Monroe et al., 2015).    

Weberian ossicles connect the adult swim bladder to the saccule, which lets the swim 

bladder transfer vibrations to the saccule, in essence providing an amplification of sound 

(Nicolson, 2005).  Development of the Weberian ossicles significantly increases the 

zebrafish hearing frequency range such that the adult zebrafish can detect sound 
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frequencies between 10-4000 Hz (Higgs et al, 2003). In addition to the inner ear, 

zebrafish and other lower vertebrates such as frogs have a lateral line system consisting 

of groups of sensory hair cells and supporting cells found on the body surface.  These 

groups of hair cells are arranged in circular formations called neuromasts.  The stereocilia 

and kinocilia of these hair cells are encased in a gelatinous cupula and detect water 

currents and vibrations. 

 

FIGURE 4.     

 

 

FIGURE 4.  Location of the zebrafish inner ear macular organs.  The utricle, saccule, 

and the later developing lagena are the macular organs of the zebrafish inner ear.  These 

organs thought to share both vestibular and auditory functions.  This figure is adapted 

from (Liang and Burgess, 2009, video). 
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FIGURE 5. 

 

 

 

 

 

 

 

FIGURE 5.  Zebrafish neuromast and inner ear location and structure.  Box A and Box 

B show locations of external zebrafish neuromasts.  C shows a cartoon diagram of a 

neuromast, while D shows a colorized neuromast image with the stereocilia being colored 

blue and the kinocilia being colored orange.  E shows the zebrafish inner ear with sensory 

patches containing hair cells highlighted.  This figure is adapted from (Monroe et al., 

2015). 

 

Zebrafish hair cells of the utricle, saccule, and lagena of the inner ear are situated 

on top of a layer of a layer of non-sensory cells, with some of those cells rising up 

between the hair cells.  In addition to stereocilia, each hair cell has a single large 

microtubule-based kinocilium that is embedded in the overlying calcium carbonate 
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otolith. The zebrafish inner ear hair cells are spaced evenly apart in patches of hair cells 

surrounded by supporting cells as opposed to the orderly rows of IHCs and OHCs in the 

mammalian cochlea.  Zebrafish hair cells have been described as having two basic types, 

Type I-like and Type II hair cells.  Type I-like hair cells are located near the macular 

striola, and have afferent and efferent innervation (Popper, 2000). The macular striola is a 

line where stereocilia and kinocilium orientation changes in macular organs.  Type II hair 

cells are found in extrastriolar regions and primarily feature afferent innervation.  

Zebrafish hair cells are able to regenerate after death and damage, unlike 

mammalian hair cells that lose this ability shortly after birth.  After low levels of hair cell 

damage in zebrafish, supporting cells have been shown to directly transdifferentiate into 

hair cells. At high rates of damage these hair cells can be replaced by mitotically dividing 

support cells which maintains a constant number of hair and support cells (Monroe et al, 

2015).   

 

D. Transcriptomes 

D1. Cell Transcriptome Characteristics 

The transcriptome represents all the RNA transcripts in a cell and can vary 

depending on cell type, physiological condition, and development stage (Wang et al., 

2009).  Transcriptomic analyses of the differences between cell types can offer important 

clues to help our understanding of developmental, pathological, and physiological 

processes (Schimmang and Maconochie, 2015).  Comparisons between transcriptomes 

reveal large numbers of shared genes required for housekeeping functions, as well as 
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transcripts unique to biological properties of a cell.   Variation in transcript expression 

levels can account for anywhere between 30% to 85% variation in protein levels, while 

the other 15% to 70% of protein levels variation can be attributed to post-transcriptional 

and post-translational regulation (Abreu et al., 2009). 

 

D2.  Microarrays vs RNA-sequencing 

Originally useful for only whole tissue analysis, high through-put methods of 

transcriptome analysis like microarrays and RNA-sequencing have advanced in 

sensitivity to the present-day ability to examine the transcripts in a limited numbered of 

cells.  Microarrays are inexpensive and high-throughput, but have a number of 

disadvantages when compared to RNA-sequencing.  Microarrays are a closed system and 

require prior knowledge of the genome and transcripts being examined.  The fluorescence 

hybridization technique can create cross-hybridization causing high background levels, as 

well as saturations of signals of highly expressed transcripts, leading to lower detected 

dynamic range.  Comparing data across different microarray experiments also requires 

careful normalization between experiments (Wang et al., 2009). 

The development of RNA-sequencing has allowed researchers to examine the 

transcriptome of an organism without having extensive prior knowledge of the 

organism’s genome.  RNA-sequencing involves the creation of a collection of cDNA 

fragments that are than ligated to flanking constant nucleotide sequences called adapters 

recognized by the sequencing instrument (Qian et al., 2014).  After these fragments are 

read, they are then mapped to a genome by read mapping software such as TopHat, 
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UGENE, or CLC Genomics Workbench.  RNA-sequencing has several advantages over 

other methods of transcriptome analysis.  RNA-sequencing is useful for discovering new 

transcript variants and genes because it is an open system of analysis that doesn’t rely on 

previous known transcript sequences and allows mapping to intronic sequences of the 

genome as well as the predicted exomic sequences.  RNA-sequencing offers a larger 

dynamic range compared to microarray experiments because RNA-sequencing does not 

have an upper limit for transcript quantification and avoids any cross-hybridization 

background signals that are found in lower expressed transcripts in microarrays (Wang et 

al., 2009).  Background signal in RNA-sequencing occurs when a read is incorrectly 

mapped. RNA-sequencing is now the gold standard of examining transcriptomes 

quantitatively and in its ability to identify transcript variants.   

 

D3.  Hair cell transcriptome studies 

 Transcriptomes of the inner ear cells have been examined in a variety of 

organisms including the mouse, human, rat, guinea pig, chicken, and zebrafish using 

microarrays. Current research being published generally uses RNA-sequencing due to its 

aforementioned advantages. Transcriptomic research of the inner ear has been used to 

examine development, the tonotopic arrangement of the murine cochlea and chicken 

basilar papilla, aging, acoustic and chemical damage, regeneration, and differences 

between specific cells and tissues.  For more information consult the comprehensive 

review of gene expression profiling of the inner ear written by (Schimmang and 

Maconochie, 2015).   
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The transcriptome of both IHCs and OHCs of the adult mouse cochlea was 

analyzed by microarray. 2,000 individually collected cells made up each sample, and 

16,647 IHC transcripts and 17,711 OHC transcripts were considered to be expressed (Liu 

et al., 2014.)  A recent studying using RNA-sequencing examined single-cell 

transcriptomes of murine hair cells and sensory cells in newborn mice in both the cochlea 

and utricle (Burns et al., 2015).  Another RNA-sequencing experiment looked hair cell 

development in the mouse cochlea and utricle from E16 to P7.  FACS sorting using a 

strain of transgenic GFP-labeled Pou4f3 mice was used to identify hair cells from sensory 

cells (Scheffer et al., 2015).  In adult zebrafish individually collected inner ear hair cells 

of the lagena were examined in a microarray study that identified 1,037 hair cell-

expressed genes when compared to a liver sample control (McDermott et al.,2007).  A 

recent RNA-sequencing study in 5 day post-fertilization zebrafish examined the 

supporting cells of the lateral line in response to neomycin-induced hair cell death. FACS 

sorting using a transgenic GFP-labeled sqET20 fish was used to sort the support cells 

from surrounding hair cells and other cells (Jiang et al., 2014).   
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E.  Hypotheses  

Transcriptomic analyses have been proven to be useful for defining the molecular 

signatures and processes of many different tissues and cell types.  The goal of my thesis 

is to investigate the transcriptome of the hair cell of the adult zebrafish inner ear utilizing 

RNA-sequencing.  Based on published data and GEO datasets of other transcriptome 

analyses, I hypothesize that 20-25% of the total expressed genes will be differentially 

expressed in comparison to the GFP- non-sensory cells.  I conjecture that stereocilia 

related and neurotransmission function genes expressed in hair cells to not be expressed 

in GFP- non-sensory cells due to the hair cells’ specialized structure and role as 

mechanotransducer cells.  I expect that that cell-cycle control related genes expressed in 

hair cells will not be expressed in GFP- non-sensory cells because both groups of cells 

have differential potentials for cell proliferation. 
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II. MATERIALS AND METHODS 

A.  Inner Ear Cell Isolation 

Adult female transgenic Tg(pou4f3:GAP-GFP)s273t zebrafish at 11-13 months of 

age were acquired from Dr. Kenneth Kramer’s lab.  GFP fluorescence in the hair cells of 

the transgenic zebrafish line was used by expressing the GAP-GFP protein, which was 

being driven by the pou4f3 promoter (Erkman et al., 1996).  Presence of GFP 

fluorescence and stereocilia were used to identify hair cells (see Figure 6).  Inner ear non-

sensory cells lacked GAP-GFP expression and stereocilia.  Any ambiguous cells that 

exhibited either fluorescence or apical specializations were excluded, as well as cells that 

appeared to be swollen, since they were likely undergoing cell death. 

  Adult zebrafish were euthanized by submersion in ice water (0-4°C) for ten 

minutes after cessation of opercular movement.  The inner ear tissue containing utricular, 

saccular, and lagenar end organs were dissected from the inner ear using a method as 

described by Liang and Burgess (2009).  These tissues then underwent an enzymatic 

digestion medium containing 1 ml of L-15 medium and 1 mg of Collagenase IV (Sigma-

Aldrich, St. Louis, MO, USA).  This digestion was performed at room temperature for 20 

minutes.  The inner ear tissues were transferred to Leibovitz’s L-15 medium at 300 

mOsm, 7.35 pH.  Hair cells and the non-sensory cells were separated by gentle trituration 

and then individual hair cells and non-sensory cells were identified using an inverted 

microscope. After identification, individual cells were collected by two accessory pipettes 

approximately 30 μm in diameter mounted in separate electrode holders mounted on 

Leitz 3-D micromanipulator and individual cells were drawn into the pipettes using a 
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micrometer-driven syringe.  These cells were transferred into a chilled microcentrifuge 

tube containing 10 μl of RNAlater and were stored at -80°C. 

 

FIGURE 6 

  

 

  

  

             

                            

 

Figure 6. Typical examples of isolated zebrafish hair cells.  Note the clearly visible 

stereocilia and pou4f3-driven GFP expression. 
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Figure 7 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  An example of ambiguous GFP+ cells and GFP- non-sensory cells.  

Careful precaution was taken to make sure that GFP+ cells that lacked stereocilia were 

not collected for RNA-seq. 
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B.  RNA Isolation and cDNA amplification 

Isolation of total RNA from two biological GFP+ hair cell replicates and one 

GFP-non-sensory cell sample was performed using the Qiagen miREasy Mini Kit 

(Qiagen, Hilden, Germany).  This kit is capable of purifying RNA 18 base pairs and 

larger.  After purification the quality and quantity of RNA was tested using an Agilent 

2100 BioAnalyzer and compared to examples of pure RNA results found in the Agilent 

2100 Bioanalyzer 2100 Expert User’s Guide (2005).  These purified RNA samples were 

reverse transcribed into cDNA and amplified by the UNMC Next Generation Sequencing 

Core Facility using the SMART-Seq kit (Clontech Laboratories, Inc., Mountain View, 

CA, USA) to prepare the samples for RNA sequencing. 

 

C.  RNA-Sequencing 

The UNMC Next Generation Sequencing Core Facility performed paired-end 

sequencing on these samples with an Illumina HiSeq 2500 sequence analyzer with a read 

length of 100 base pairs.  Two biological samples representing hair cells and a single 

biological sample of non-sensory cells were analyzed.  Two technical repeats of each 

biological sample were performed.  Data output from the Illumina HiSeq 2500 instrument 

was collected in the form of fastq.gz read files. 
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D.  Bioinformatic Analyses  

The quality of the reads was first assessed by importing the fastq.gz files into the 

online Illumina Basespace bioinformatic cloud-computing interface found at 

https://basespace.illumina.com/home/index.  The FastQC app (version 1.0.0) on the 

online Illumina Basespace cloud computing interface examined the quality of the reads 

by comparing the read signals to the probability of accurate base-reading.  This number is 

called the Phred quality score, with a score of 40 indicating a 99.99% accuracy of the 

base call, a 30 an accuracy of 99.9%, and a 20 an accuracy of 99%(phrap.com, 2015).   

CLC Genomics Workbench software (CLC bio, Waltham, MA, USA) was used to map 

the reads to the GRCz10 zebrafish genome and generate gene expression values in the 

normalized form of fragment reads per kilobase of transcript per million mapped reads 

(FPKM) values.  Reads were mapped to exonic, intronic, and intergenic sections of the 

genome.  For a gene to be considered to be expressed values ≥ 1.0 FPKM were required.  

Significant differences between GFP+ hair cells and GFP- non-sensory cells were 

determined by a 2-tailed Student’s T-Test with assumed unequal variances between 

samples.  Gene comparisons with P-values lower equal to or lower than 0.05 were 

considered to be significantly different.  For a gene to be considered differentially 

upregulated or downregulated a ≥1.6-fold change in expression after a log2 

transformation of FPKM expression values was needed to be observed.  These 

parameters were determined to best include genes of both high and low expression that 

were statistically significantly different between hair cells and non-sensory cells.  
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Several experiments and comparisons utilized previously published and accessible 

RNA-seq data.  SRA files were found and accessed on the Gene Expression Omnibus 

(GEO) hosted by NCBI.  Table 1 lists the GEO accession numbers of these datasets. 

 

TABLE 1. 

 

TABLE 1.  Gene Expression Omnibus datasets used.   

 

Downloaded SRA files were converted into FASTQ files using NCBI’s 

downloadable SRA toolkit.  The zebrafish lateral line RNA-seq data was trimmed of 

RNA-seq adapters and mapped by CLC Genomics Workbench software while the murine 

RNA-seq data was mapped to the reference genome mm10 by the TopHat Alignment app 

(Ver. 1.0.0) in the Illumina Basespace cloud computing interface.  Additionally, adult 

murine inner hair cell and outer hair cell RNA-seq data was acquired by personal 

communication with Dr. David He’s lab.   

Sample Description GEO Series GEO accession number Reference
Zebrafish 5 dpf Lateral Line GFP+ Supporting Cells GSE56176 GSM1357168 Jiang et al., 2014

Zebrafish 5 dpf Lateral Line GFP- GSE56176 GSM1357162 Jiang et al., 2014

Zebrafish Adult Whole Liver GSE38042 GSM932886 Driessen et al, 2015

Murine p0 GFP+ Cochlear Hair Cells (rep 1) GSE60019 GSM1463876 Scheffer et al., 2015

Murine p0 GFP+ Cochlear Hair Cells (rep 2) GSE60019 GSM1463877 Scheffer et al., 2015

Murine p0 GFP+ Vestibular Hair Cells (rep 1) GSE60019 GSM1463879 Scheffer et al., 2015

Murine p0 GFP+ Vestibular Hair Cells (rep 2) GSE60019 GSM1463880 Scheffer et al., 2015

Murine p7 GFP+ Cochlear Hair Cells GSE60019 GSM1463886 Scheffer et al., 2015

Murine p7 GFP+ Vestibular Hair Cells GSE60019 GSM1463888 Scheffer et al., 2015

Murine 16 DPD  osteoblast cells (rep 2) GSE54461 GSM1315822 Kemp et al., 2014

Murine 16 DPD  osteoblast cells (rep 2) GSE54461 GSM1315823 Kemp et al., 2014

Murine 18 DPD  osteoblast cells (rep 1) GSE54461 GSM1315825 Kemp et al., 2014

Murine 18 DPD  osteoblast cells (rep 2) GSE54461 GSM1315826 Kemp et al., 2014

Murine Adult Whole Liver (rep 1) GSE43013 GSM1055018 Fushan et al., 2015

Murine Adult Whole Liver (rep 2) GSE43013 GSM1055019 Fushan et al., 2015
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Lists of mammalian genes associated with stereocilia, ion channels and 

neurotransmission, and cell cycle control genes were adapted from a published study 

involving a microarray analysis of pure outer hair cells and inner hair cells from mice 

(Liu et al., 2014).    

The mammalian orthologs of zebrafish genes were determined using ZFIN and 

GeneCards databases (zfin.org)(genecards.org).  These databases were also used to 

identify gene ontology terms associated with each gene.   

 

E.  Quantitative RT-PCR 

 Quantitative reverse-transcription polymerase chain reaction (qPCR) is a method that 

quantifies the number of transcripts of a targeted gene in a sample of cDNA that has been 

reverse transcribed from RNA.  An additional biological sample of adult zebrafish hair 

cells was isolated and collected in the manner previously described.   A control sample of 

RNA was isolated from dissected tissue of the inner ear.  The tissue was cut away from 

GFP expression areas in an attempt to avoid hair cells.   RNA isolation and cDNA 

transcription was done using the Smart-seq Ultra low Input RNA kit (Clontech 

Laboratories, Inc., Mountain View, CA, USA).     
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TABLE 2. 

 

TABLE 2.  qPCR PRIMER SEQUENCES.  Oligonucleotide primers were used to 

examine the expression of hair cell transcripts using quantitative RT-qPCR 

 

Ten genes were chosen to be analyzed, with four being highly expressed in hair cells, 

four highly expressed in non-sensory surrounding cells, and two being reference genes.  

The first reference gene, actb2, oligonucleotide primer set was acquired as a gift from Dr. 

Kenneth Kramer’s lab.  The sequences of the primers for the second reference gene, 

rpl13-a, was found in the literature and acquired from Integrated DNA Technologies 

(Tang et al., 2007).  A search of NCBI’s probe database revealed published sequences for 

s100t (Pr010553599) (Cullingford et al., 2008).   The rest of the oligonucleotide primers 

were designed using A plasmid Editor (ApE) software 

(http://biologylabs.utah.edu/jorgensen/wayned/ape/), and utilizing BLAST searches 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to find unique and appropriate sequences with 

melting temperatures above 60°C that had predicted low rates of homodimerization.  

Gene name Forward Primer Sequence 5-3 Reverse Primer Sequence 5-3

anxa1b TCAGGCGGCCATTCAGAAAGAAAC CACAGCCAGCAGTTTCAATACAAG 

cabp2b AGCTTCTCTCAGCTCTTCAATCTC GGCAAAGTGAAACGGGCCTGTC 

ctgfa GCACAGATGGTCGCTGTTGCACTC CCAAGAATAGTCAAGTCAGCAC 

lhfpl5a AGGACAAACTGCTGCCAGAGGAC CTTCAGAAAGTGAATGCGTTCG 

krt4 TACCATTCATGTTCAGCAGACCTC CCTGATCCAGTGAAACCATAGTAC 

s100t TGGGAATGAGGGTGACAAAT TCATTCGCTGGTCATGTGTT

wnt2 ACACATCAAGAGTGAGTCGCACAAC GAAGTTGCTGGTCATGTTGTGTACG

otofb GGCGCTTCATTTATCCTTTCGAC GACGAGGTGCCGGATTGCCTTTAGC

actb2 CTTCTAAACGGACTGTTACCACTTCAC CACGTTCCACACAGCTTTTACAATATG

rpl13-a TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG
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Oligonucleotide primers were acquired from Integrated DNA Technologies, Coralville, 

Iowa.    

Quantitative PCR experiments were run on an Applied Biosystems 7500 Fast 

Real-Time PCR system. Ten microliters of Powerup SYBR Green Master Mix (Thermo 

Fisher Scientific, Waltham, MA, USA) was used in each 20 microliter reaction.  Primer 

concentrations were 450 nM.  The original cDNA samples were diluted twenty-fold with 

two microliters for every reaction.  The fast thermal cycling mode of the Applied 

Biosystems 7500 instrument was used, with an initial stage of 2 minutes at 50°C followed 

by a 2 minute period at 95°C.  65 amplification cycles consisting of 3 seconds at 95°C 

and 1 minute at 60°C were used.  Ct values are the number of PCR amplification cycles 

needed for the fluorescent signal to exceed the background noise of the instrument.  

  Ct normalization to the two reference genes, actb2 and rpl13-a, was accomplished 

by averaging the differences of the two sets of Ct scores between the hair cell sample and 

the inner ear control tissue sample.  That number was then subtracted from the hair cell 

samples, inverted (1/Ct) and graphed.   

 

F. In Situ Hybridization Web Search 

An internet search was conducted using the PubMed search portal hosted by NCBI.  

In situ hybridization experiments focusing on the zebrafish inner ear were found and used 

for comparison and validation of our RNA-sequencing data.  Two published articles were 

utilized for this purpose (Erickson and Nicolson, 2015) (McDermott et al., 2007). 
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III.   RESULTS  

A. Quality Assessment of Expression Analyses 

A number of quality-control steps were taken throughout the experimental process 

to ensure that standards of quality for the RNA-seq based experiments were met.  First, 

quality of RNA-isolation was examined to ensure non-degraded RNA was used for RNA-

sequencing.   The accuracy of the RNA-sequencing was then tested, and then expression 

values of hair cell specific genes were examined to ensure proper locus mapping of the 

RNA-sequences to the genome as well as confirm the purity of the hair cell samples.  

Finally, expression profiles of ribosomal housekeeping genes were compared between 

sequenced samples and an external liver control to help illustrate the similarities and 

differences between sample types.   

Samples of isolated RNA were analyzed for quality of intact RNA and 

concentration to determine their suitability for RNA-sequencing. Examples shown in 

Figure 9 represent RNA samples of the hair cells and GFP- non-sensory cells.  Samples 

were considered to be of high quality if the ribosomal peaks had minimal (<5% of the 

total peak area) shoulders that are indicative of degradation.  All of the samples selected 

for RNA for sequencing met this criterion.  The RNA concentration of the GFP- non-

sensory cell was higher than the sample of GFP+ hair cells, with concentrations of 2.4 

ng/μl and 1.2 ng/μl, respectively.   
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FIGURE 8 

A.  

B.  

Figure 8.  Examples of RNA-isolation quality results (A) Pure hair cell isolated 

RNA (B) GFP- non-sensory cell control isolated RNA 
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 Phred scores of the sequenced reads were examined to confirm quality of RNA-

sequencing.  Mean Phred scores above 28, indicative of high accuracies of determining 

the correct base at a given nucleotide in the sequence, was used as the high-quality cutoff.  

Examples of these analyses are shown in Figure 9.  All of our sequencing runs exceeded 

that mean, which meant the RNA-sequencing performed was of high quality and 

unambiguous.  
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FIGURE 9 

  A.  

B.  

FIGURE 9.  Phred scores of RNA-sequencing reads.   The scores are from a technical 

replicate of pure zebrafish hair cells (A) and a technical replicate of GFP- non-sensory 

cells (B). 
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Purity of our samples and accuracy of read-mapping to the zebrafish genome next 

needed to be examined.  To accomplish this FPKM values from 21 genes from a 

published list of zebrafish hair-cell specific genes (Erickson and Nicolson, 2015) were 

then examined (see Table 3).  It was expected that our hair cell samples should express 

these genes, while our surrounding non-sensory cell samples should not if our hair cell 

samples were of high cellular purity.   The results support the cellular purity of our 

samples, as well as confirming the ability of the CLC Genomics Workbench software to 

correctly map the sequences to the genome.  Gene markers of supporting cells of the 

zebrafish lateral line were identified from published studies (Steiner et al, 2014) (Behra et 

al., 2012).  Transgenic lines have utilized the genes krt4 (sqet20Et) and tnks1bp1 

(Tg(tnks1bp1:EGFP)) to mark supporting cells of the zebrafish neuromast (Zfin.org).  

Both of these genes were expressed in our GFP- non-sensory cells with differential low 

expression in the hair cells.  This suggests our GFP- non-sensory cells collection likely 

has a large portion of inner ear supporting cells, as well as showing the exclusion of 

supporting cells in our hair cell samples.   
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TABLE 3 

 

TABLE 3.  Hair cell and supporting cell specific genes.  This table shows the FPKM 

values of hair cell specific genes in zebrafish inner ear hair cells and GFP- non-sensory 

cells.  List of hair cell genes (Erickson and Nicolson, 2015) and supporting cell genes 

(Steiner et al, 2014) (Behra et al., 2012) was found in published literature.  

 

 

Gene Name HC FPKM Std. dev. GFP- FPKM Std. dev.

anxa5a 1952.5 101.81 1.2 0.30

baiap2l2 155.7 15.17 2.2 0.21

cabp2b 681.2 91.66 0.6 0.00

cd164l2 1655.1 144.58 1.2 0.24

CD37 83.2 16.84 0.6 0.00

chrna9 99.1 2.02 0.3 0.00

dnajc5b 229.6 24.55 0.5 0.00

FAM188B2 14.6 1.66 0.0 0.00

myo15ab 9.0 0.24 0.1 0.00

myo1ha 23.3 1.69 0.1 0.00

myo6b 60.7 6.45 0.3 0.00

otofb 221.6 20.18 0.3 0.00

pcsk5a 55.2 1.15 0.1 0.00

s100s 4104.4 911.99 2.8 1.47

s100t 8989.6 557.22 7.5 2.90

si:dkey-229d2.6 32.5 4.43 0.6 0.00

si:dkey-229d2.7 109.7 3.77 0.2 0.00

si:dkeyp-110e4.11 386.8 6.30 0.6 0.00

si:rp71-68n21.12 180.7 21.98 1.3 0.36

slc17a8 151.8 6.16 0.2 0.00

tekt3 111.3 8.55 3.3 1.70

tmc2a 255.4 28.05 0.4 0.00

krt4 2.0 0.25 1634.5 6.92

nfe2l2a 7.9 0.28 30.9 0.25

si:dkey-247k7.2 0.0 0.03 86.0 1.18

tnks1bp1 0.9 0.30 17.7 0.88

zgc:198419 104.0 27.73 21.0 0.42
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Biological samples of similar origin would be expected to utilize housekeeping 

genes at relatively similar levels compared to other tissues and cell types. Expression 

profiles of housekeeping genes were examined to qualitatively compare our samples with 

an external liver control.    Figures 10 and 11 show expression patterns of large and small 

ribosomal subunit genes in our zebrafish hair cell and GFP- non-sensory cell samples and 

a control zebrafish liver sample.  The expression profiles of both the hair cells and GFP- 

non-sensory cells showed obvious similarity, while the expression of those genes in the 

liver sample had showed little correlation with either of the other samples.  Similarities in 

expression profiles between inner ear hair cells and the inner ear GFP- non-sensory cells 

may reflect their homogeneity compared to the whole liver profile.
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FIGURE 10
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FIGURE 11
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FIGURE 10 and FIGURE 11.  Expression profiles of ribosomal housekeeping genes.  

Figure 10 and Figure 11 show the average FPKM values ribosomal housekeeping genes 

of zebrafish inner ear hair cells, zebrafish inner ear GFP- non-sensory cells, and a 

zebrafish whole liver.  Figure 10 is arranged in decreasing hair cell gene expression 

values and Figure 11 is arranged in decreasing liver gene expression values.  The lightly 

shaded colored lines that connect values are for visualization of expression patterns only, 

and do not represent statistical analyses.      

 

Biological replicates and technical repeats were performed to ensure that our 

results were reproducible and statistically significant. Table 4 contains the number of 

RNA-seq reads for each technical repeat, as well as representative FPKM values of ten 

arbitrarily chosen genes to show the variability between biological and technical repeats.  

It was determined that both biological repeats of the GFP+ pure hair cells showed 

consistent expression patterns, with technical repeats being even more closely aligned.  

These results indicate that our experimental method provides repeatable results from cell 

identification, cell collection and RNA-isolation and the resulting RNA-sequencing.   

The number of differentially expressed genes between two cell types or tissues is 

reflective of the functional, structural, and cellular lineage differences between them.  To 

determine the expected percentage of differentially expressed genes in these experiments, 

a number of previously published RNA-seq datasets were also used for comparisons.  

These results are found in Table 5, and shows that percentage of differential gene 
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expression can be correlated to known differences in cell type and lineage.  This data led 

to the hypothesis that the percentage of differentially expressed genes between zebrafish 

hair cells and GFP- non-sensory cells of the inner ear is in the 20-25% range.  Our data 

actually showed a 31.7% between our two samples (shown at the bottom of Table 5) 

which is higher than expected.  This percentage could possibly due to a higher dynamic 

range of expression because of our method of collecting samples of pure hair cells or 

larger physiological differences between hair cells and supporting cells.  Table 5 also 

reinforces Table 3’s assessment that our biological replicates of hair cells are 

reproducible, with only 20 of > 12,000 genes being statistically significant at over a 1.6 

log2 fold change.    
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A. 

B. 

TABLE 4 

    

    

TABLE 4.  Number of reads per technical repeat and ten gene examples of FPKM values across biological and technical 

repeats.  The number of RNA-seq reads of each sequenced sample and the average read length after trimming of adapters and 

ambiguous bases by CLC Genomics Workbench are found in (A).  Ten arbitrary genes were chosen to show examples of FPKM 

values across biological and technical repeats in (B) 

 

Biological Sample Technical Repeat Number of reads Average read length after trimming (bp)

Zebrafish GFP+ Hair Cells 1 1 19,276,300 85.7

Zebrafish GFP+ Hair Cells 1 2 19,028,855 85.6

Zebrafish GFP+ Hair Cells 2 1 61,199,811 82.4

Zebrafish GFP+ Hair Cells 2 2 60,331,260 82.3

Zebrafish non-GFP surrounding cells 1 1 20,837,149 82.8

Zebrafish non-GFP surrounding cells 1 2 20,589,856 82.7

Gene

Name Chromosome

Transcripts 

annotated Exon length Exons

Gene 

length

GFP+ HC

Biological 1

Technical 1

GFP+ HC

Biological 1

Technical 2

GFP+ HC 

Biological 2

Technical 1

GFP+ HC

Biological 2

Technical 2

HC FPKM 

average

HC FPKM 

Std. dev.

GFP- 

Biological 1

Technical 1

GFP-

Biological 1

Technical 2

GFP-   

FPKM 

average

GFP- 

FPKM

Std. Dev

smarca5 1 1 3711 24 28516 11.23 10.87 10.34 10.28 10.68 0.45 1.90 2.13 2.02 0.16

slc3a2b 21 1 2028 9 4509 82.05 83.47 93.18 91.48 87.55 5.60 23.68 22.62 23.15 0.75

slc17a8 18 1 1773 12 19241 146.64 146.77 159.02 154.95 151.85 6.16 0.26 0.10 0.18 0.11

gsnb 5 4 2886 22 8348 3.56 3.72 1.87 1.75 2.72 1.06 21.41 21.91 21.66 0.35

sub1a 10 2 741 7 6956 225.73 227.59 234.30 238.31 231.48 5.85 82.70 74.41 78.55 5.86

rnps1 3 1 1465 7 12107 17.85 19.13 15.24 15.78 17.00 1.81 10.55 9.32 9.93 0.87

ncl 22 5 3574 29 17440 24.11 22.69 28.51 27.61 25.73 2.78 26.18 27.00 26.59 0.58

frzb 9 1 2994 7 7117 5.26 4.57 2.19 2.26 3.57 1.58 67.57 68.07 67.82 0.35

zgc:77849 1 2 2146 6 8489 26.75 25.41 33.37 32.29 29.46 3.96 34.38 36.61 35.50 1.58

npc2 17 4 1574 11 10301 20.22 20.57 28.12 28.14 24.26 4.47 48.34 50.18 49.26 1.30
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TABLE 5 

 

TABLE 5.    Comparison of differential gene expression between various cell types.   This table was constructed using  

published GEO RNA-seq datasets and our own RNA-seq data (highlighted in green) to examine differential gene expression 

 between different cell types and conditions.     

Comparison Averaged number of genes expressed Differentially expressed genes percentage

P0 Cochlear Hair Cells vs. 16 DPD Osteoblast Cells 10235 5983 58.456

P0 Cochlear Hair Cells vs. Adult Liver 10741 2942 27.390

16 DPD Osteoblast Cells vs. Adult liver 12327 2783 22.576

P0 Cochlear Hair Cells vs.  P0  Vestibular Cells 8468 609 7.192

16 DPD Osteoblast Cells vs. 18 DPD Osteoblast Cells 11871.5 22 0.185

Biological Replicates of Zebrafish Hair Cells 12365.5 20 0.162

Adult zebrafish hair cells vs. GFP- Non-sensory cells 12781.5 4047 31.663
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B.  Highly Expressed Genes of the Transcriptome 

Characterization of the transcriptomic data procured from RNA-sequencing 

required expression patterns of genes to be analyzed and compared between cell types.  

The genes with the highest expression were examined, as well as differentially expressed 

genes.  These analyses provided the framework of gene expression that characterizes the 

adult zebrafish hair cells. 

RNA-sequencing of individually collected adult zebrafish inner ear hair cells 

revealed a total of 12,444 expressed genes.  A total of 2,291 (18.4%) hair cell genes were 

found to be differentially upregulated in hair cells when compared to the inner ear non-

sensory control sample.  In the control sample of non-sensory inner ear cells a total of 

13,119 total genes were expressed with 1,757(13.4%) genes being differentially 

upregulated in comparison with the hair cell samples. 

The highest expressed genes in a transcriptome usually are involved in generic 

cellular functions common to many cell types.  To examine these genes in the zebrafish 

hair cell and GFP- non-sensory cells, the 80 genes with the highest FPKM expression 

values in hair cells and GFP- non-sensory cells were arranged into Table 6 and Table 7.  

A total of 31 of these 80 (38.8%) genes overlapped in their respective lists of top 80 

expressed genes.  In addition, expression of 97.5% of these 80 highly expressed hair cell 

genes were also found at any level in the GFP- non-sensory cells.  This overlap signifies 

similar utilization of these highly expressed housekeeping genes between the hair cells 

and GFP- non-sensory cells of the zebrafish inner ear.    The top three hair cell-expressed 

genes mt-co2, mt-co3, and mt-co1 are mitochondrial and are part of respiratory electron 

transport chain.   Interestingly, mutations in these mitochondrial genes appear to 
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compound the severity of sensorineural hearing loss associated with a defective GJB2 

gene, a hearing loss gene (Guaran, 2013).   
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TABLE 6. Top 80 Expressed Zebrafish Hair Cell Genes. 

 

RankingGene Name HC FPKM Std.dev Gfp- Cells FPKM Std. dev

1 mt-co2 18846.5 611.5 6868.4 0.7

2 mt-co3 18665.8 1980.3 8189.9 16.1

3 mt-co1 12457.4 3881.2 5352.9 8.2

4 s100t 8989.6 557.2 7.5 1.2

5 mb 7870.0 225.0 159.2 2.0

6 mt-atp6 6633.0 427.8 1582.5 0.5

7 pvalb9 6435.4 499.5 4.8 0.0

8 mt-cyb 6100.5 318.2 2095.5 14.0

9 pvalb8 4280.2 350.4 3.6 0.0

10 s100s 4104.4 912.0 2.8 0.2

11 mt-atp8 3698.6 593.6 824.3 24.5

12 glula 3236.2 827.4 150.1 1.8

13 slc25a5 3060.9 538.2 2539.0 2.9

14 mt-nd4 2629.3 118.2 744.8 2.9

15 fosab_1 2209.4 235.5 321.3 1.4

16 ckbb 2096.8 2.1 51.7 0.9

17 mt-nd2 2062.2 179.8 665.2 9.9

18 mt-nd4l 1980.5 31.0 742.5 2.0

19 anxa5a 1952.5 101.8 1.2 0.0

20 gapdhs 1672.7 196.3 265.6 3.6

21 cd164l2 1655.1 144.6 1.2 0.3

22 si:ch211-243g18.2 1502.9 32.7 4.6 0.7

23 si:ch73-199k24.2 1408.0 73.4 1.4 0.4

24 calm2b 1397.9 35.7 313.1 0.4

25 si:dkey-151g10.6 1365.8 123.5 1971.7 13.4

26 zgc:158463 1302.5 694.1 2291.3 6.1

27 RPL37A 1226.6 98.9 2091.2 10.3

28 cox7c 1159.5 21.3 199.9 3.7

29 rpl32 1154.5 242.6 1683.1 0.3

30 mt-nd6 1073.3 78.5 430.8 5.6

31 atp1b2b 1069.8 90.1 1.2 0.0

32 mt-nd3 1051.7 148.3 273.1 5.2

33 rps20 997.2 148.0 1637.0 9.5

34 mt-nd1 923.3 158.4 307.5 8.0

35 si:dkey-222f2.1 897.8 119.4 2.6 0.1

36 hspa8 821.7 106.1 315.8 2.0

37 rpl19 803.5 122.2 1262.1 0.6

38 pnrc2 767.4 138.8 414.0 3.2

39 rpl26 756.9 99.1 1250.9 13.7

40 itm2ba 751.6 62.7 820.9 1.0
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RankingGene Name HC FPKM Std.dev GFP- Cells FPKM Std. dev

41 rps27.1 743.3 89.6 1166.0 2.8

42 calm3b 732.7 14.2 228.8 1.1

43 zgc:92066 730.4 113.0 286.0 1.1

44 rps15 726.4 46.2 1263.2 3.1

45 mt-nd5 707.0 36.4 267.8 1.2

46 calm1b 684.3 16.1 22.0 0.5

47 cabp2b 681.2 91.7 0.6 0.4

48 jun 658.2 77.8 110.7 2.4

49 si:ch211-152c2.3 649.9 17.7 5.7 0.4

50 junbb 646.8 14.2 194.6 1.6

51 si:dkey-11c5.11 643.9 22.7 2.5 0.6

52 cox7b 640.2 101.6 116.3 3.5

53 rplp0 640.1 55.9 1032.8 12.3

54 COX5B (2 of 3) 625.1 28.2 123.8 3.0

55 cx30.3 614.7 111.9 4.4 0.3

56 actb2 614.0 60.1 1400.8 0.7

57 rplp2 603.1 70.0 857.0 4.2

58 calm1a 599.7 50.3 79.2 0.7

59 gpx1b 589.6 9.1 6.5 0.2

60 rpl6 586.1 40.2 1070.5 14.4

61 stm 581.3 24.6 9.5 0.5

62 skp1 580.0 47.8 266.3 4.3

63 oaz1a 577.7 102.7 154.4 2.7

64 mia 572.4 164.6 151.6 4.1

65 rps5 571.8 87.0 1001.7 9.9

66 rpl3 567.1 109.4 1151.5 11.3

67 atp5l 561.3 57.4 203.0 1.3

68 tectb 529.8 28.6 3.0 0.4

69 ppiab 524.8 16.5 410.4 7.1

70 atp5b 506.0 110.9 174.6 4.1

71 atp5o 497.1 33.4 102.1 2.9

72 aldocb 481.9 1.0 47.9 2.3

73 actb1 472.9 14.5 620.4 2.1

74 rplp1 467.7 16.1 699.1 0.4

75 rps12 456.2 4.1 845.9 4.5

76 cldnb 455.3 93.8 1193.3 2.9

77 RPL29 450.3 7.1 625.5 7.2

78 atp1a3b 446.8 94.4 0.7 0.0

79 zgc:101846 446.3 57.4 147.6 1.1

80 prdx2 445.3 53.1 107.8 1.9
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Table 6. Top 80 Expressed Zebrafish Hair Cell Genes.  This table shows the top 

eighty GFP+ hair cell expressed genes according to hair cell FPKM values with standard 

deviations, along with the FKPM values and standard deviations found in the 

corresponding GFP- non-sensory cells. 
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TABLE 7. Top 80 Expressed GFP- Non-sensory Cell Genes.  

 

Rank Gene Name HC FPKM Std.dev Gfp- Cells FPKM Std. dev

1 coch 172.6 7.97 13364.8 24.88

2 mt-co3 18665.8 1980.27 8189.9 16.12

3 mt-co2 18846.5 611.50 6868.4 0.74

4 mt-co1 12457.4 3881.17 5352.9 8.16

5 zgc:153154 23.4 1.48 5053.6 17.91

6 icn 123.2 3.33 4626.9 11.70

7 ptgdsb 14.3 3.84 4213.1 32.68

8 krt91 0.7 0.10 4159.1 2.27

9 krt5 281.1 10.16 3103.5 2.14

10 slc25a5 3060.9 538.20 2539.0 2.90

11 si:dkey-238c7.12 180.3 37.54 2296.2 10.05

12 zgc:158463 1302.5 694.08 2291.3 6.12

13 si:dkey-248g15.3 1.5 0.29 2290.6 3.40

14 mt-cyb 6100.5 318.18 2095.5 14.04

15 RPL37A 1226.6 98.93 2091.2 10.31

16 tmsb4x 203.4 29.55 1976.0 0.22

17 si:dkey-151g10.6 1365.8 123.48 1971.7 13.45

18 krt97 0.1 0.07 1834.6 5.29

19 icn2 0.5 0.26 1826.1 16.47

20 rpl32 1154.5 242.57 1683.1 0.29

21 rps20 997.2 148.00 1637.0 9.46

22 krt4 2.0 0.25 1634.5 6.92

23 mt-atp6 6633.0 427.81 1582.5 0.53

24 actb2 614.0 60.09 1400.8 0.75

25 rps15 726.4 46.19 1263.2 3.07

26 rpl19 803.5 122.15 1262.1 0.62

27 rpl26 756.9 99.09 1250.9 13.71

28 fabp1b.2 0.2 0.06 1246.9 23.12

29 cldnb 455.3 93.80 1193.3 2.86

30 rps27.1 743.3 89.64 1166.0 2.84

31 rpl3 567.1 109.40 1151.5 11.33

32 rpl6 586.1 40.22 1070.5 14.40

33 rplp0 640.1 55.95 1032.8 12.27

34 rps5 571.8 86.96 1001.7 9.90

35 clu 42.7 9.63 949.4 0.89

36 si:dkey-193p11.2 0.1 0.11 901.8 1.60

37 rplp2 603.1 69.96 857.0 4.20

38 rps12 456.2 4.13 845.9 4.51

39 mt-atp8 3698.6 593.60 824.3 24.52

40 cd74a 27.2 5.40 822.3 1.71
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Rank Gene Name HC FPKM Std.dev Gfp- Cells FPKM Std. dev

41 itm2ba 751.6 62.69 820.9 6.46

42 epcam 220.1 33.02 817.3 2.62

43 si:dkey-152p16.6 2.3 0.67 816.4 8.29

44 s100a10b 34.5 3.43 813.3 0.97

45 eef1a1l1 354.1 17.92 794.1 6.96

46 rps4x 397.3 67.12 752.2 4.30

47 matn4 0.8 0.43 746.5 2.95

48 mt-nd4 2629.3 118.23 744.8 2.00

49 mt-nd4l 1980.5 30.97 742.5 3.69

50 nanos1 74.5 8.60 726.7 0.45

51 rplp1 467.7 16.08 699.1 1.79

52 rps2 313.9 24.16 691.2 5.89

53 rpl30 373.5 52.70 686.2 9.95

54 anxa1a 2.5 0.56 670.6 3.16

55 btf3 316.3 38.86 666.9 9.90

56 mt-nd2 2062.2 179.83 665.2 1.15

57 rpl18 340.6 19.06 653.1 4.77

58 rps13 314.1 6.58 644.3 13.05

59 rpl21 440.8 70.49 643.4 7.26

60 rpl18a 354.9 30.61 628.3 11.47

61 rps14 333.5 16.10 626.7 7.19

62 RPL29 450.3 7.12 625.5 2.07

63 actb1 472.9 14.52 620.4 5.47

64 rpl22 337.6 21.07 612.3 1.58

65 cfd 12.0 4.79 612.0 7.17

66 rps7 364.9 22.33 601.4 7.82

67 krt1-19d 0.4 0.06 582.5 2.30

68 nme2b.1 332.4 31.97 581.0 1.18

69 rpl7a 380.8 56.43 553.8 3.12

70 nsa2 153.5 8.18 552.8 0.30

71 mhc1uba 187.4 42.68 551.8 7.05

72 ctgfa 3.0 0.93 544.5 8.59

73 rpl28 288.0 17.59 542.5 3.51

74 rps27a 261.7 23.07 540.5 6.75

75 rps16 289.6 29.90 538.4 3.63

76 rpl36 345.3 38.64 534.5 3.15

77 cfl1l 8.6 2.05 533.8 1.96

78 si:dkey-238c7.13 1.2 0.37 526.6 3.94

79 mhc1zba 151.7 17.55 524.3 9.57

80 sdc4 69.9 15.70 522.0 1.88
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Table 7. Top 80 Expressed GFP- Non-sensory Cell Genes.  This table shows the top 

eighty GFP- non-sensory cell expressed genes according to GFP- non-sensory FPKM 

values with standard deviations, along with the FKPM values and standard deviations 

found in the corresponding hair cells 

 

 

Highly differentially expressed genes between hair cells and GFP- non-sensory 

cells likely include genes that are involved in roles unique to each cell type.  Statistical 

analysis of expression fold changes revealed these important genes.  A total of 2,291 hair 

cells genes were determined to be differentially upregulated in comparison to GFP- non-

sensory cell genes, with 1,757 GFP- non sensory cell genes being upregulated in 

comparison to hair cells.  Table 8 and Table 9 show the most differentially expressed 

genes in hair cells and GFP- non-sensory cells, respectively.  It would be expected that 

the list of hair cell differentially upregulated genes include genes with functions in the 

apical and basal specializations of hair cells.  Twelve of the top 80 hair cell genes that 

were differentially upregulated are involved with calcium binding functions, and are 

highly represented with six of the top ten most differentially expressed genes.  This isn’t 

surprising as calcium and potassium entry into the hair cell after mechanical stimulation 

of the stereocilia is responsible for the graded messages sent to the connecting neurons.  

Of the 80 genes differentially upregulated in hair cells shown in Table 8, eight had 

unknown or uncharacterized functions.  These genes could also have significant roles in 

the mechanosensory specialization of hair cells, and would be important targets for future 

study.   
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TABLE 8. The Top 80 Differentially Upregulated GFP+ Hair Cell Genes 

 

Rank Name HC FPKM log2 fold changeGFP-  FPKM avg.zfin molecular function

1 anxa5a 1952.5 10.63 1.2 calcium ion binding

2 s100s 4104.4 10.53 2.8 calcium ion binding

3 cd164l2 1655.1 10.46 1.2 membrane component

4 pvalb9 6435.4 10.40 4.8 calcium ion binding

5 s100t 8989.6 10.23 7.5 calcium ion binding

6 pvalb8 4280.2 10.21 3.6 calcium ion binding

7 si:ch73-199k24.2 1408.0 10.00 1.4 non-coding RNA

8 atp1b2b 1069.8 9.77 1.2 membrane component

9 cabp2b 681.2 9.41 0.6 calcium ion binding

10 atp1a3b 446.8 8.80 0.7 ATP binding/membrane component

11 calml4a 439.5 8.78 0.4 calcium ion binding

12 CABZ01067746.1 408.7 8.67 0.4 unknown/protein coding

13 si:dkeyp-110e4.11 386.8 8.60 0.6 lipid binding

14 nptna 357.2 8.48 0.6 membrane component

15 C5H11orf1 354.5 8.47 0.2 unknown 

16 rtn4rl2b 344.7 8.43 0.6 protein binding

17 si:dkey-222f2.1 897.8 8.42 2.6 keratin filament

18 si:ch211-243g18.2 1502.9 8.35 4.6 structural filament

19 si:ch211-172l8.4 273.7 8.10 0.8 unknown

20 eef1a1b 312.4 8.07 1.2 translation/gtp binding

21 si:dkey-11c5.11 643.9 8.03 2.5 unknown

22 tmc2a 255.4 8.00 0.4 mechanosensor channel

23 her4.1 249.6 7.96 0.9 transcription factor

24 osbpl1a 344.3 7.95 1.4 lipid transport

25 twf2b 241.3 7.91 0.1 actin binding 

26 dnajc5b 229.6 7.84 0.5 protein binding

27 si:ch211-218o21.4 226.8 7.83 0.5 unknown

28 lhfpl5a 226.0 7.82 0.5 MET/membrane component

29 otofb 221.6 7.79 0.3 calcium ion binding/membrane

30 TMBIM1 (2 of 2) 208.8 7.71 1.0 BAX inhibitor motif/membrane component 

31 dnase1 193.5 7.60 0.4 DNA ribonuclease

32 cacnb3b 191.0 7.58 0.2 voltage-gated calcium channel

33 tspan13b 343.5 7.52 1.9 calcium channel regulator 

34 gfi1aa 182.8 7.51 1.0 transcription factor/metal ion binding

35 EMB 181.5 7.50 0.5 protein binding

36 tectb 529.8 7.45 3.0 inner ear/otolith development

37 fgf10b 171.1 7.42 0.5 otic vesicle development

38 CIB3 164.0 7.36 0.7 calcium and integrin binding

39 otofa 162.7 7.35 0.5 calcium binding

40 C25H17orf105 (2 of 2) 161.2 7.33 0.2 unknown
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Rank Name HC FPKM log2 fold changeGFP-  FPKM avg.zfin molecular function

41 VSIG10L 160.0 7.32 0.1 membrane component

42 gal3st1a 159.9 7.32 0.6 golgi-related

43 otomp 176.0 7.32 1.1 otolith development

44 zdhhc16b 226.8 7.28 1.5 zinc/metal ion binding

45 slc17a8 151.8 7.25 0.2 L-glutamate symporter

46 scg5_2 233.0 7.24 1.5 motile cilium component/secretory granule

47 si:dkey-14k9.2 145.0 7.18 0.9 membrane component

48 CU469384.1 144.4 7.17 0.1 extracellular endopeptidase inhibitor

49 DYNLRB2 143.7 7.17 0.2 microtubule motor

50 si:rp71-68n21.12 180.7 7.14 1.3 voltage-gated calcium channel

51 cx30.3 614.7 7.12 4.4 connexion/gap junction

52 ndufa4 246.8 7.06 1.8 oxidation-reduction process

53 pcp4b 189.2 7.00 1.5 binds calmodulin

54 s100a1 121.6 6.93 0.6 calcium-binding

55 si:ch211-57i17.5 119.5 6.90 0.1 membrane component

56 pou4f3 117.9 6.88 0.1 transcription factor

57 si:ch211-152c2.3 649.9 6.84 5.7 membrane component

58 vsig8a 113.1 6.82 0.9 membrane component

59 si:dkey-229d2.7 109.7 6.78 0.2 unknown

60 tuba1a 287.8 6.74 2.7 gtp-binding/microtubule associated

61 kcnj2a 141.4 6.70 1.4 inward rectifying potassium channel

62 sncb 119.8 6.66 1.2 neuron differentiation

63 chrna9 99.1 6.63 0.3 nicotinic cholinergic receptor

64 ptprz1b 99.1 6.63 0.7 phosphatase activity

65 gfi1ab 257.3 6.63 2.6 transcription factor

66 gipc3 97.7 6.61 0.2 protein binding

67 clic5b 96.2 6.59 0.1 actin-associated intracelllar chloride channel

68 si:dkeyp-72h1.1 95.3 6.57 0.7 transcription regulation

69 fscn2b 95.3 6.57 0.5 actin-binding

70 itm2cb 148.1 6.56 1.6 intergral membrane component

71 gpx1b 589.6 6.51 6.5 oxidation-reduction process

72 si:ch211-38m6.6 90.6 6.50 0.2 transmembrane transporter activity

73 si:ch73-350k19.1 90.4 6.50 0.4 unknown

74 rbm24a 256.6 6.48 2.9 mRNA processing (3' UTR end binding)

75 fam228a 87.5 6.45 0.2 unknown

76 THEM6 (2 of 2) 86.7 6.44 0.1 extracellular localization

77 clic5a 86.7 6.44 0.5 actin-associated intracelllar chloride channel

78 her4.2_1 85.6 6.42 0.2 transcription factor

79 tmprss3a 84.8 6.41 0.6 transmembrane protease

80 CD37 83.2 6.38 0.6 protein binding
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TABLE 8.  The Top 80 Differentially Upregulated GFP+ Hair Cell Genes 

The log2 fold values in this table represent the expression difference between hair cell 

and GFP- non-sensory cell FPKM values after a log2 transformation.  Molecular function 

was surmised primarily from the ZFIN database, with the GENECARDS being the 

backup in case ZFIN wasn’t clear.   
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TABLE 9.  Top 50 Differentially Expressed GFP- non-sensory cell genes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rank Name GFP-   FPKM avg. log2 fold change HC FPKM avg. ZFIN molecular function

1 krt91 4159.1 12.02 0.7

2 krt97 1834.6 10.84 0.1

3 icn2 1826.1 10.83 0.5

4 si:dkey-248g15.3 2290.6 10.62 1.5

5 fabp1b.2 1246.9 10.28 0.2

6 si:dkey-193p11.2 901.8 9.82 0.1

7 krt4 1634.5 9.66 2.0

8 matn4 746.5 9.54 0.8

9 krt1-19d 582.5 9.19 0.4

10 si:dkey-238c7.13 526.6 8.81 1.2

11 CABZ01118678.1 400.1 8.64 0.1

12 si:dkey-152p16.6 816.4 8.49 2.3

13 ptgdsb 4213.1 8.20 14.3

14 anxa1a 670.6 8.08 2.5

15 zgc:193505 370.0 8.05 1.4

16 ucmab 415.1 7.98 1.6

17 anxa2a 450.8 7.97 1.8

18 si:dkey-7c18.24 216.8 7.76 0.0

19 zgc:153154 5053.6 7.76 23.4

20 klf2a 410.3 7.71 2.0

21 spaca4l 206.0 7.69 0.1

22 si:ch211-217k17.10 387.6 7.66 1.9

23 pdgfrl 253.8 7.63 1.3

24 anxa1b 188.1 7.56 0.1

25 zgc:111983 186.5 7.54 0.1

26 ctgfa 544.5 7.49 3.0

27 wnt2 164.9 7.37 0.0

28 clec11a 159.8 7.32 0.9

29 zgc:165571 148.7 7.22 0.0

30 zgc:163079 145.4 7.18 0.0

31 si:busm1-48c11.3 144.4 7.17 0.4

32 EFEMP1 (1 of 2) 137.0 7.10 0.7

33 krt18 233.9 7.03 1.8

34 hmx4 129.3 7.02 0.5

35 gpc1a 164.0 6.99 1.3

36 aqp3a 115.1 6.85 0.6

37 si:busm1-194e12.12 110.9 6.79 0.2

38 crabp1b 110.4 6.79 0.1

39 si:dkeyp-1h4.6 105.0 6.71 0.0

40 si:ch211-195b11.3 103.2 6.69 0.5

41 sult1st6 98.2 6.62 0.7

42 wnt3 97.8 6.61 0.3

43 si:ch211-157c3.4 97.5 6.61 0.0

44 aldob 165.4 6.55 1.8

45 si:ch211-207n23.2 92.8 6.54 0.0

46 si:dkey-247k7.2 86.0 6.43 0.0

47 ptrfb 85.4 6.42 0.5

48 scinlb 85.2 6.41 0.5

49 ccl44 330.9 6.41 3.9

50 tmem176l.4 102.8 6.37 1.2
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TABLE 9.  The Top 50 Differentially Upregulated GFP- Non-Sensory Cell Genes.  

The log2 fold values in this table represent the expression difference between GFP- non-

sensory cell FPKM and hair cell values after a log2 transformation.   

 

In conclusion, the characterization of the transcriptome of the adult zebrafish 

inner ear hair cells provides genes and properties that are important to the structure and 

function of the cells.  The highest expressed genes in hair cells were examined and found 

to have similar expression in the GFP- non-sensory cells, showing a high proportion of 

shared genes.  Differentially expressed genes of a transcriptome are predicted to be 

involved in unique cellular roles in comparison to the other cell being analyzed.  A large 

number of genes were differentially upregulated in hair cells and the GFP- non-sensory 

cells of the zebrafish inner ears.    These analyses provide important housekeeping and 

cellular specialization genes of the transcriptomes being studied.   
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C. Characterization of Functional and Structural Gene Pathways/Groups 

Characterization of genes’ expression that leads to structural and functional 

specializations of zebrafish hair cells can provide insight into similarities and differences 

compared to other cells and other organisms’ hair cells.  Stereocilia related genes, ion 

channel genes, and neurotransmission related genes are logical groups of genes to 

analyze in the zebrafish hair cell transcriptome due to their roles in the apical and basal 

specialization in mechanosensory hair cells.  Cell cycle control genes are also important; 

examining zebrafish orthologs of mammalian sets of genes related to these hair cell 

features and cell cycle control can lead to greater understanding of post-mitotic stasis. 

Known stereocilia-related mammalian genes were examined by identification of 

zebrafish orthologs.  Some stereocilia related genes have other functional and structural 

roles.  These genes were identified and then eliminated from further analysis by their 

expression in zebrafish liver cells.  It was hypothesized that stereocilia related genes 

would have expression in the hair cells with no expression in the GFP- non-sensory cells 

since they do not have.  This hypothesis was shown to be incorrect, since it was shown 

that the majority of stereocilia related genes found in zebrafish hair cells were also 

expressed in the GFP- non-sensory cells. Figure 12 a total of 103 stereocilia genes were 

examined, with 77 being expressed in the zebrafish hair cells and 55 (73%) being 

expressed in the GFP- non-sensory cells.   27 of these 77 hair cell-expressed stereocilia 

genes showed no expression in the GFP- non-sensory cells.   
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FIGURE 12.  Expression of stereocilia related genes in the zebrafish inner ear hair 

cell.  FPKM values of hair cells in green, with GFP- non-sensory cells in brown. 

 

Ion channel and neurotransmission related genes were also examined in the same 

way as stereocilia related genes by excluding any genes that were also expressed in the 

zebrafish liver.  Again, it was expected that these genes should be expressed in hair cell 

and not the GFP- non-sensory cells of the zebrafish inner ear.  This was demonstrated to 

be invalid; Figure 13 shows 68 genes being expressed in hair cells and 28 (41%) of them 

having expression in the GFP- non-sensory cells.   
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FIGURE 13. Gene expression of ion channel and neurotransmission genes. 
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FIGURE 13.  Gene expression of ion channel and neurotransmission genes.  FPKM 

values of hair cells in green, with GFP- non-sensory cells in brown. 

 

Cell cycle control gene expression in zebrafish hair cells is important due to the 

ability of zebrafish hair cells to be replaced by mitotic and transdifferentiation pathways 

of the surrounding cells of the inner ear, which contrasts the terminally differentiated 

mammalian cochlear hair cells.  I hypothesized that cell cycle genes found in zebrafish 

hair cells would also be found in the GFP- non-sensory cells because zebrafish hair cells 

are undergoing replacement under normal physiological conditions like the surrounding 

cells.  Figure 14 shows the cell-cycle control related gene that were examined 55 being 

expressed in hair cells and only 48(87%) of them not expressed in the GFP- non-sensory 

cells.  These data showed that the vast majority of the cell cycle control genes in 

zebrafish hair cells are also expressed in the GFP- non-sensory cells of the inner ear. 
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FIGURE 14. Expression of cell cycle control genes in the adult zebrafish hair cell 
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FIGURE 14.  Expression of cell cycle control genes in the adult zebrafish hair cell. 

FPKM values of hair cells in green, with GFP- non-sensory cells in brown. 

 

Expressions profiles of these groups of cells critical for hair cell mechanosensory 

function and replacement show that most of these genes are expressed in both the 

zebrafish hair cells and the GFP- non-sensory cells of the inner ear.  Out of the three 

groups, ion channel and neurotransmission related genes were the most differentially 

expressed between hair cells and GFP- non-sensory cells, but exhibited a 41% overlap of 

genes being shared.  These two cell types have a common cell lineage precursor, and 

share many structural/function transcriptomic elements despite these genes being 

considered to be unique properties of these different cell types.     
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D.  Comparisons to other  Transcriptomic Studies 

Comparisons of our transcriptome data to other hair cell expression studies can 

provide other insights and allow the focus on pertinent structural and functional 

characteristics of hair cells as well as biomedical issues associated with hearing loss and 

restoration of hearing.  Comparison  RNA-seq data from mammalian adult mouse OHCs 

and IHCs, microarray data from adult zebrafish inner ear hair cells, and RNA-seq data 

from P7 collections of mammalian vestibular and cochlear were examined for hearing 

loss associated genes, and signficant zebrafish hair cell genes, and differentially 

expressed genes between murine vestibular and cochlear hair cells.  

 Known mammalian hearing loss genes are critical to the function hearing.  A 

large portion of these genes are expressed in the IHCs and OHCs.  To see if these genes 

were also expressed in the adult zebrafish, zebrafish orthologs of known mammalian 

hearing loss genes were examined and zebrafish expression was compared to RNA-seq 

data of the adult mouse IHC and OHC.  It was expected that a large number of zebrafish 

orthologs of hearing loss genes would be expressed in zebrafish hair cells.   Figure 15 

shows that there are at least 73 human hearing loss genes with known zebrafish 

orthologs.  57 of these zebrafish orthologs were expressed in the adult zebrafish inner ear 

hair cells.  Murine IHCs expressed 61 of these genes, and OHCs expressed 62 of these 

genes.  59 of these genes were shared between IHCs and OHCs.   These results show a 

high similarity of expression, showing a conservation of hearing loss genes’ expression 

between organisms.   
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FIGURE 15. 
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FIGURE 15.  Zebrafish hair cell expression of hearing loss genes with comparisons 

to mouse inner hair cells and outer hair cells.  The green bars represent the zebrafish 

hair cell FPKM values, the white bars the murine IHC FPKM values, and the blue bars 

the murine OHC FPKM values. 

 

 

 Zebrafish inner ear hair cells share a number of morphological features with 

mammalian vestibular cells such as a single kinocilium and an overlying otolithic or 

otoconic structure associated with the hair bundles of hair cells.  Adult hair cells of the 

mammalian cochlea have lost their kinocilium.  Due to these similarities, it was expected 

that zebrafish inner ear hair cells would share gene expression patterns more similar to 

mammalian vestibular hair cells in comparison to cochlear hair cells.  To answer this 

question previously released RNA-seq data was analyzed (Scheffer et al., 2015).  Sixteen 

highly differentially upregulated genes between P7 mouse vestibular and cochlear genes 

were chosen and compared to zebrafish orthologs (see Table 10).  12 of the 16 murine 

vestibular upregulated genes were found to be expressed in the zebrafish hair cell, and 12 

of the 16 murine cochlear upregulated genes were found to be expressed in the hair cell.   
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TABLE 10 

 

TABLE 10.  Zebrafish ortholog gene expression of differentially upregulated genes 

between mouse P7 vestibular and cochlear hair cells.  Comparisons of FPKM values 

between adult zebrafish inner ear hair cells and GFP- non-sensory cells with mouse P7 

vestibular and cochlear cells 

 

Name P7 utricle FPKM P7 cochlea FPKM HC FPKM averagestd. dev GFP-  FPKM averagestd. dev

Dlx2 69.4 0.1 8.1 1.80 4.9 0.67

Lpgat1 171.0 0.8 5.4 0.35 4.8 0.18

Spp1 634.8 3.3 0.0 0.04 2.1 0.35

Cib3 126.8 0.3 164.0 49.68 0.7 0.31

1700026D08Rik 113.4 0.3 3.1 0.46 0.1 0.10

Bmp2 100.1 0.3 11.9 1.92 0.4 0.18

Pcdh20 100.8 0.3 10.2 1.26 1.0 0.29

Synpr 193.9 1.5 0.2 0.24 0.2 0.00

Aldh1a3 69.5 0.2 69.3 8.42 8.7 0.20

Dnajc5b 100.3 0.7 229.6 24.55 0.5 0.05

Nppc 70.6 2.0 0.1 0.06 2.4 0.11

Slc5a3 40.6 1.3 0.0 0.04 0.0 0.04

Tshz3 49.5 1.5 1.0 0.08 2.2 0.05

Dhrs3 68.8 1.6 8.4 1.06 5.0 0.60

Skor1 87.9 2.0 43.6 2.70 0.0 0.01

Kcnj2 44.1 0.2 141.4 22.50 1.4 0.18

Gata3 2.0 501.9 66.8 16.42 8.8 0.04

Rassf2 0.6 61.7 6.8 1.79 1.2 0.02

Strip2 3.6 305.9 0.3 0.09 0.2 0.01

Slc14a1 0.2 16.4 0.1 0.05 1.0 0.08

Rorb 1.0 69.3 18.2 1.38 0.5 0.10

Pla2g7 3.2 89.8 3.8 0.27 7.7 0.92

Olfm1 9.4 212.6 0.9 0.47 1.1 0.08

Wisp1 0.3 42.0 2.8 0.27 30.8 0.47

Tacstd2 0.1 46.7 220.1 33.02 817.3 6.46

Lmod3 0.0 52.9 0.1 0.03 0.1 0.02

Hsbp1l1 0.6 27.1 2.3 0.71 4.9 0.09

Aqp11 3.8 152.8 3.8 0.27 3.4 0.11

Endod1 3.9 151.2 28.3 6.23 39.5 6.13

Pcolce2 1.8 49.1 2.1 0.24 20.3 0.62

Slc26a5 0.0 19.5 5.9 1.17 3.0 0.30

Cdh1 2.5 54.1 13.4 3.83 70.5 0.76
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Ideally, we would have liked to compare our zebrafish inner ear hair cell 

transcriptome to RNA-data from zebrafish lateral line hair cells.  Currently only one 

RNA-seq study focuses on neuromasts in the Gene Expression Omnibus at NCBI.  This 

study used FACS sorted GFP+ supporting cells and GFP- “hair cells”.   This dataset was 

mapped and analyzed and was deemed to be not useful due to the lack of appropriate 

purification methods for hair cells, and the differing ages of zebrafish between 

experiments: adult versus 5 days postfertilization(dpf) (Jiang et al., 2014). 

  A previous study of the transcriptome of the adult zebrafish inner ear hair cells of 

the lagena macular organ was done with microarray before the first zebrafish reference 

genome was published (McDermott et al., 2007).  It was expected that our transcriptome 

created from RNA-sequencing should mirror the expression of important hair cell genes 

described in this study.  Table 11 was compiled from a list of 38 known zebrafish hair 

cell expressed genes and the associated ratios of their expression to the liver control.  37 

of these 38 genes were expressed in zebrafish inner ear hair cell transcriptome.  Ratios of 

expression varied greatly due to the difference of controls (liver vs. non-sensory cells of 

the inner ear) and the differences of sensitivity between microarray experiments and 

RNA-sequencing experiments.  This microarray expression data also supports our 

findings that many genes considered to be zebrafish “hair cell genes” are also present in 

the surrounding non-sensory cells.     
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TABLE 11 

 

 

Name

Zebrafish Hair Cell

Raw Microarray Expression

Data (McDermott 2007)

Arbitrary Fluorescence 

Units

Normalized 

Microarray

ZF HC/Liver 

Control HC FPKM averageGFP-   FPKM average

RNA-seq ratio

HC FPKM/

GFP- FPKM

atp2b2 815 33 12.1 0.8 15

bbs7 161 49 6.7 2.1 3

cacna1da 233 6 2.1 0.2 9

capgb 2817 239 120.0 18.9 6

cdh4 404 16 1.8 0.9 2

celsr1a 676 116 6.5 3.2 2

cetn2 588 6 0.2 1.5 0

coro1b 870 23 6.1 2.3 3

cotl1 255 5 19.7 62.9 0

cttnbp2 1968 92 4.2 1.7 2

dlg1l 1871 13 9.3 2.3 4

dmxl2 1073 25 3.0 0.5 6

eml1 118 9 6.9 1.9 4

epha4b 451 34 10.2 2.0 5

ift172 290 5 3.3 0.8 4

kcnd3 198 9 11.7 0.8 14

kidins220b 990 36 15.1 2.9 5

lrrc6 398 21 18.8 0.3 64

magi1b 539 5 2.8 2.5 1

meis2a 171 7 3.0 10.3 0

myo15aa 1418 12 8.1 0.2 34

myo1ea 290 14 8.3 11.1 1

nsfa_1 1325 33 25.0 0.3 96

otofa 39142 228 162.7 0.5 334

pcdh10b 145 6 3.2 0.5 7

pvalb8 17255 226 4280.2 3.6 1187

rims2a 625 26 3.6 0.1 54

sall4 115 17 2.9 0.1 45

sema5ba 2380 93 11.2 1.4 8

slc16a3 1569 93 18.6 1.6 12

slc6a8 3633 24 6.9 0.8 8

slmapb 1024 88 31.9 13.7 2

smarca5 949 8 10.7 2.0 5

syne1a 819 27 2.3 0.4 6

synj1 458 6 2.8 0.6 5

tmem198b 415 20 7.2 3.3 2

ush1c 1720 49 41.9 0.1 415

ush1ga 288 20 10.6 0.1 172
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TABLE 11.  Zebrafish Inner ear microarray study compared with RNA-sequencing 

Zebrafish hair cell genes found to be expressed in a previously published microarray 

experiment were compared to our RNA-seq data.   No statistical analysis was done 

between the two groups.  

 

 Based on the comparison of zebrafish and mouse hair cell transcriptomes there 

were many similarities. These types of cross-species comparisons come with a number of 

caveats.  A major hurdle is the identification of orthologs, as well as substitution of other 

paralogs for function.  Histological characteristics show zebrafish and mouse hair cells 

share relatively similar apical and basal specializations.  As expected, they also share the 

expression of many orthologs.  Comparisons with a previous zebrafish inner ear hair cell 

microarray data supports our own RNA-sequencing generated zebrafish inner ear hair 

cell transcriptomes, as well highlighting the importance of having a control transcriptome 

from the inner ear. 
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E. Transcriptome Validation 

Validation of our RNA-sequencing data by other methods is necessary to confirm 

the accuracy of our experimental transcriptomic results.  Gene expression of targeted 

genes by qPCR and previously published in situ hybridization data was utilized.   

A collection of a third biological replicate of pure hair cells and carefully 

dissected inner ear tissue excluding hair cells both had their RNA isolated and transcribed 

into cDNA that was used.  Eight genes of high expression in one cell type and low 

expression in the other cell type (4 from each) were chosen for qPCR analysis.  This 

allowed for a positive control in the non-GFP surrounding tissue when trying to confirm 

expression values with little to no expression in hair cells.  Relative expression values 

from our qPCR are expected to match the FPKM values found by RNA-sequencing.   

Figure 16 confirms the differentiated expression found in our initial RNA-seq data.  

Figure 17 also shows similar gene expression values of zebrafish hair cells using RNA-

seq and qPCR.   This validation of hair cell gene expression of a third biological replicate 

by qPCR is more evidence of experimental repeatability and expression accuracy. 
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Inverted Ct scores 

(1/Ct)  

FIGURE 16 

A.  

B.  

FIGURE 16.  Zebrafish hair cell qPCR results of ten targeted genes.  (A) Shows the 

inverted and normalized Ct scores of purified hair cell cDNA in green and an inner ear 

surrounding cell tissue control cDNA in brown with standard deviation error bars.  (B) 

shows RNA-seq data of these targeted genes in hair cells and GFP- non-sensory cells 

with the raw Ct values of the hair cell qPCR.  Lower Ct values mean higher expression, 

and higher Ct values mean lower expression.    
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Zebrafish Purified Hair Cell
(1/Ct) values

ZF inner ear surrounding
tissue control (1/Ct)

Name

HC FPKM 

average

HC FPKM 

Std. dev

GFP-   

FPKM 

average

GFP- 

FPKM 

Std. dev

qPCR average

Ct values

from zebrafish 

hair cell cDNA Number of 

times detected

Ct value 

Std. dev

s100t 8989.6 557.22 7.5 1.18 21.34 (3/3) 0.15

cabp2b 681.2 91.66 0.6 0.43 25.86 (3/3) 0.07

actb2 614.0 60.09 1400.8 0.75 25.49 (3/3) 0.03

lhfpl5a 226.0 9.39 0.5 0.00 25.44 (2/3) 0.27

otofb 221.6 20.18 0.3 0.02 27.78 (3/3) 0.21

krt4 2.0 0.25 1634.5 6.92 34.48 (3/3) 0.48

anxa1b 0.1 0.10 188.1 0.67 41.47 (1/3)      N/A

wnt2 0.0 0.02 164.9 3.83 31.55 (3/3) 0.38

ctgfa 3.0 0.93 544.5 7.05               N/A (0/3)      N/A

rpl13a 110.4 4.10 179.6 1.07 25.32 (3/3) 0.34
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Figure 17.

 

Figure 17. Zebrafish Hair Cell Gene Expression: RNA-seq vs. qPCR.  Gene 

expression in hair cells from RNA-seq (green) and qPCR (yellow) are shown.  The graph 

compares the trend of expression between the two methods, and is not a statistical 

comparison.  Standard deviation bars are for comparisons to other genes within its own 

measurement method (same color) only. 
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FIGURE 18.  

 

 

FIGURE 18.  Typical qPCR Amplification Curve.  This qPCR amplification curve is 

from adult zebrafish hair cell cDNA.  The x-axis is the number of amplification cycles 

and the y-axis is the normalized reporter value of fluorescence intensity.   
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External validation of inner ear gene expression was accomplished by searching 

for previously published in situ hybridization experiments performed in the inner ear of 

the zebrafish.  Any gene transcript that has been previously visually confirmed in the 

zebrafish inner ear by in situ hybridization would be expected to be expressed in hair 

cells of our RNA-sequencing data.   Two papers proved very useful and were used to 

compose Figure 19 and Figure 20.  Figure 19 has twelve genes verified by in situ 

hybridization of the anterior macula in 4 day old zebrafish (McDermott et al., 2007).  Our 

adult zebrafish inner ear hair cell RNA-sequencing confirms the presence of all 12 of 

these genes.  Another in situ hybridization was done in 3 days postfertilization zebrafish 

embryos.  The images found in Figure 20 show the inner ear and a section of neuromasts 

(Erickson and Nicolson, 2015).  15 of these 18 genes were expressed in the adult 

zebrafish inner ear hair cell RNA-seq data.  CR293520.1 was not a gene name found in 

GRCz10, while strc was found to not be present in our adult zebrafish hair cell data.  This 

could be due to the fact that their study didn’t discriminate between inner ear hair cells 

and lateral line hair cells, or because they used larval zebrafish, as opposed to adult 

zebrafish.   As expected, the vast majority (96.5%) of these in situ-verified inner ear 

genes were found to be expressed in our RNA-seq transcriptomic data, providing another 

level of validation.  
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FIGURE 19 

    

FIGURE 19.  RNA-sequencing validation by published in situ data A.    On the left 

hand of this figure is whole embryo mount in situ hybridization data from the anterior 

macula of 4 day-old-zebrafish.  The table part of this figure is average FPKM values from 

the adult inner ear hair cells and GFP- non-sensory cells.  This figure is adapted from 

(McDermott et al., 2007). 

 

 

 

 

 

 

McDermott 2007 

in-situ verified

gene name GRCz10 name HC FPKM Std. dev GFP- FPKM Std. dev

slmap slmapb 31.9 4.28 13.7 0.16

coro1b coro1b 6.1 0.98 2.3 0.14

zgc:1122127 tmem198b 7.2 0.69 3.3 0.36

sema5b sema5ba 11.2 1.52 1.4 0.07

cttnbp2 cttnbp2 4.2 0.33 1.7 0.18

eml1 eml1 6.9 1.34 1.9 0.06

epha4b epha4b 10.2 1.10 2.0 0.03

pcdh10b pcdh10b 3.2 0.65 0.5 0.04

myo6b myo6b 60.7 6.45 0.3 0.01

mybpc3 mybpc3 2.7 1.39 0.1 0.03

rims2 rims2a 3.6 0.89 0.1 0.05

kcnd3 kcnd3 11.7 3.95 0.8 0.14
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A 

 

FIGURE 20 

 

 

 

 

 
FIGURE 20.  RNA-sequencing validation by published in situ data B.   Part A is a 

previously published whole mount in situ hybridization of 3 dpf zebrafish embryos 

adapted from (Erickson and Nicolson, 2015).  The inner ear and neuromasts can be 

visibly seen. The accompanying table (B) of genes show the FPKM expression values in 

the adult inner ear hair cells. 

Erickson 2015

in situ verified

gene names GRCz10 names HC FPKM Std. dev GFP- FPKM Std. dev

anxa5a anxa5a 1952.5 101.81 1.2 0.02

baiap2l2b baiap2l2b 155.7 15.17 2.2 0.21

cd164l2 cd164l2 1655.1 144.58 1.2 0.30

cd37 CD37 83.2 16.84 0.6 0.13

chrna9 chrna9 99.1 2.02 0.3 0.08

dnajc5b dnajc5b 229.6 24.55 0.5 0.05

fam188b2 fam188b2 14.6 1.66 0.0 0.00

gpx2 gpx1b 589.6 9.05 6.5 0.23

myo15ab myo15ab 9.0 0.24 0.1 0.01

myo1ha myo1ha 23.3 1.69 0.1 0.03

otofb otofb 221.6 20.18 0.3 0.02

si:dkey-229d2.7 si:dkey-229d2.7 109.7 3.77 0.2 0.22

si:dkeyp-110e4.11 si:dkeyp-110e4.11 386.8 6.30 0.6 0.09

si:rp71-68n21.12 si:rp71-68n21.12 180.7 21.98 1.3 0.18

strc STRC 0.5 0.29 0.1 0.03

tekt3 tekt3 111.3 8.55 3.3 0.28
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In conclusion, validation of our zebrafish hair cell transcriptomes acquired by 

RNA-sequencing needed to be confirmed by other gene expression experimental 

methods.  qPCR quantitatively supported the validity of our transcriptome, while 

previously published in situ data provided qualitative support.  These analyses support 

the accuracy of our RNA-sequencing data and experimental method. 
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IV. DISCUSSION    

 This is the first study using RNA-sequencing to explore the transcriptome of adult 

zebrafish inner ear hair cells.  This makes our transcriptomic data a novel and important 

first step for future hair cell transcriptomic studies (Schimmang and Maconochie, 2015).   

These data will allow further understanding between gene expression and their associated 

functional properties that define the hair cell phenotype (Liu et al, 2014).  Our study 

provides the framework for further characterization of known and uncharacterized genes 

in zebrafish hair cells, and will be especially useful in future studies of hair cell 

functional specialization, regeneration, and development. We identified 12,444 genes 

being expressed in zebrafish hair cells, with 2,291 genes being differentially upregulated 

when being compared to the transcriptome of non-sensory cells of the zebrafish inner ear.  

Published expression data and qPCR validation confirmed the quality of our RNA-

sequencing-based transcriptomics. 

 Our hair cell transcriptome confirms the presence of many known zebrafish hair 

cell genes, like stereocilia related genes clrn1 (3.0 FPKM) and pcdh15a (4.3 FPKM), as 

well as ion channels slc17a8 (151.9 FPKM) and cacna1da (2.1 FPKM), and the nicotinic 

cholinergic receptor chrna9 (99.1 FPKM) (Ogun and Zallocchi, 2014)(Erickson and 

Nicolson, 2015 (Sheets et al., 2012).  These five genes have no expression (< 1.0 FPKM) 

in the GFP- non-sensory cells controls.  In contrast, some previously associated zebrafish 

hair cell genes have expression in both the hair cell transcriptome and the GFP- non-

sensory cells.  As shown in Table 11, the zebrafish hair cell associated genes capgb, 

cotl1, meis2a, myo1ea, and slmapb all have expression values >10 FPKM in our GFP- 

non-sensory cells (McDermott et al., 2007)  In fact, the transcription factor meis2a and 
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actin-associated myo1ea both had higher expression values in the GFP- non-sensory cells 

in comparison to hair cells. Our findings show that hair cell expression of genes 

associated with hair cell specializations are often expressed in the surrounding cells of the 

zebrafish inner ear. 

 Taking into consideration that 2,291 genes are differentially upregulated in hair 

cells compared to the surrounding non-sensory cells, our zebrafish hair cell transcriptome 

provides a long list of characterized and uncharacterized genes not previously associated 

with hair cells.  In the list of top 80 most differentially upregulated hair cell genes alone 

12 uncharacterized genes were identified in zebrafish hair cells.  The following four 

examples of highly differentially upregulated hair cell genes are examples of what new 

insights our RNA-seq data can lead to.   The gene si:ch73-199k24.2 is an uncharacterized 

long intergenic non-coding RNA (lincRNA).  The vast majority of lincRNAs have yet to 

be functionally assessed. Some lincRNAs are thought to play a role in gene regulation 

(Ulitsky and Bartel, 2013).  Since si:ch73-199k24.2 is so highly expressed in hair cells 

(1,408 FPKM) compared to the GFP- non-sensory hair cells of the inner ear (1.4 FPKM) 

it may serve an important function in regulating hair cell gene expression.  Another 

possibly important transcriptional regulator in zebrafish hair cells is the si:dkeyp-72h1.1 

gene.  The gene codes for a transcriptional factor and its function in zebrafish hair is 

unknown (zfin.org).  The potassium inwardly rectifying channel gene kcnj2a (alias, 

Kir2.1) was also highly upregulated in hair cells.  Mutations in the human ortholog 

KCNJ2 cause Andersen-Tawil syndrome Type I that causes episodic muscle weakness, 

heart arrhythmias, and developmental abnormalities.  However, this syndrome has the 

primary clinical feature of ventricular arrhythmias (Fernlund et al, 2013).  Human and 
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chicken orthologs of kcnj2a have been shown to be expressed in those species’ respective 

hair cells (Correia 2004).  Interestingly, no inner ear abnormalities are observed with 

KCNJ2 mutations.  Our study suggests that the zebrafish kcnj2a also plays a role in the 

maintenance of zebrafish hair cell potential.  Another gene expressed in the zebrafish hair 

cells is snbc, which is associated with neuronal differentiation (zfin.org). This gene 

encodes the β-synuclein protein in zebrafish, and mutations in the human ortholog, 

SNBC, is associated with susceptibility to dementia with Lewy bodies (Ohtake et al., 

2004).  Expression of snbc by in situ hybridization in 3 dpf zebrafish was shown to be 

restricted to the brain and retinas (Sun and Gitler, 2008).  The highly differentiated 

expression of snbc in zebrafish hair cells (119.8 FPKM) compared to GFP- non-sensory 

cells (1.2 FPKM) suggests it may be an important component of hair cell differentiation.  

This small sample of four genes, especially considering the total of 2,291 upregulated 

hair cell genes, illustrates the usefulness of our study as a starting point for many future 

studies. 

Our study revealed that the majority of zebrafish orthologs of known mouse genes 

associated with the apical and basal cellular specializations of mammalian hair cells are 

also expressed in adult zebrafish hair cells.  Stereocilia- , neurotransmission-, and ion 

channel-related gene expression was characterized in hair cells.   Many of these genes are 

also expressed in the surrounding non-sensory cells that do not exhibit similar 

specializations. Some of these genes, especially the structural actin/stereocilia related 

genes, have broader functional properties in many other cell types.  To address this issue, 

genes in these hair cell specialization sets that were expressed in a previously published 

zebrafish liver were omitted from our analyses (Driessen et al, 2015).  Even after 
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excluding genes that were expressed in the liver from these sets of stereocilia and 

neurotransmission machinery associated genes it is clear that many of these genes 

thought to be “hair cell specific” are also expressed in the surrounding cells of the inner 

ear. 

 The expression of deafness related genes orthologs in zebrafish hair cells was 

strikingly similar to the expression of those genes in mouse IHCs and OHCs.  This 

commonality in gene expression in hair cells between species underscores the usefulness 

of using zebrafish as a model organism for studying auditory disorders.  However, it 

should be noted that around 40 known mammalian deafness genes have no known 

zebrafish ortholog (HereditaryHearingloss.org, 2015) (zfin.org, 2015).  In addition, some 

zebrafish genes like stm that are vital for proper zebrafish ear development and function 

have no mammalian equivalent (Różycka et al., 2014).  Our study suggests that critical 

mammalian deafness genes expressed in mammalian hair cells that have zebrafish 

orthologs are also likely expressed in zebrafish hair cells.   

 The zebrafish inner ear hair cell transcriptome has previously been examined by 

microarray analysis (McDermott et al, 2007).  This study found 6,472 transcripts to be 

present in the hair cell with 4,335 transcripts deemed present in their liver control.  This 

study occurred before a completed zebrafish genome was available, and only contained 

around 15,000 probes.  RNA-sequencing allowed us to assess the expression over 31,000 

genes of the GRCz10 zebrafish genome.  A major disadvantage of microarray 

transcriptome analyses is the incredibly difficulty of comparing arbitrary expression 

values to other published experiments.  RNA-sequencing circumvents this problem by 
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allowing a standardized normalization, making our experiment easily comparable to 

hundreds of published zebrafish RNA-seq datasets.   

 A more recent methodological approach was used for the isolation of zebrafish 

hair cell transcripts with RNA-seq (Erickson and Nicolson, 2015).  RNA transcripts being 

expressed in hair cells of both the inner ear and lateral line of transgenic zebrafish larvae 

were identified by the use of a myo6b promoter-driven transgenic genicuracil phospho-

ribosyltransferase gene.  This allowed hair cell transcripts to be tagged with thiouracil, 

after which total RNA from the whole larva was isolated.   The thiouracil-tagged 

transcripts were biotinylated and magnetically labeled, and then separated from the non-

tagged transcripts via column streptavidin pulldown.  This method relies heavily on the 

assumption that myo6b promoter transcription is occurring only in hair cells.  Even a 

minimal transcription of the promoter elsewhere would lead to diminish the quality of the 

resulting hair cell transcriptome. The possibility of retaining any non-tagged transcripts, 

or the inability to capture all the tagged transcripts will affect the specificity of the hair 

cell transcriptomic data.  Even though this technique eliminates the need to isolate 

individual cells and provides hair cell specificity, it appears to have poor sensitivity 

(Erickson and Nicolson, 2015).  These sensitivity issues are illustrated by their findings 

that 32 genes were found to be differentially expressed between hair cells and the rest of 

the zebrafish larva, compared with our findings of 4,047 differentially expressed genes 

between adult inner ear hair cells and GFP- non-sensory cells.  Interestingly, krt4, which 

is used as neuromast supporting cell marker (Jiang et al., 2014), was found to be the 31st 

highest expressed gene in their thiouracil-tagged “hair cell” transcripts.  This greatly 

contrasts our own findings that krt4 was the 7th most differentially upregulated GFP- non-
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sensory cell gene (1634.5 FPKM) compared to hair cells (2.0 FPKM).  Their thiouracil-

tagging experiment did succeed in identifying a small number of extremely differentiated 

genes in larval zebrafish hair cells, and the majority of these identified genes like otofb, 

anxa5a, and dnajc5b are found in our own Table 7 of the top eighty differentially 

upregulated GFP+ genes.  Although novel, this thiouracil-tagging technique relies on a 

number of assumptions and a long multi-step purification process.  Our own method of 

cell identification collection uses both pou4f3-driven GFP label and morphological 

features to exclude ambiguous cells that may be expressing GFP in the inner ear, which 

offers a distinct advantage over the commonly used fluorescence-activated cell sorting 

(FACS) and thiouracil-tagging approaches.  With the constant turnover of hair cells 

found in the zebrafish, FACS sorting includes cells that may be immature or swollen hair 

cells that lack proper hair cell morphology.  An example of these ambiguous GFP+ cells 

of the inner ear is shown in Figure 7.  Another advantage of our approach is that we 

minimized harvesting time and the rapid addition of RNAlater.  FACS sorting can take 

up to four hours depending on the amount of cells being sorted, and thiouracil-tagging 

requires 15 hours of thiouracil exposure in addition to purification, compared to our 

average of thirty minutes.  This shorter time of sorting allows isolation of higher quality 

RNA. 

Future transcriptomic studies could help enhance the scientific community’s 

understanding of gene expression in the understanding zebrafish hair cells and supporting 

cells.  GFP- non-sensory cells of the zebrafish inner ear contain many different cell types, 

therefore we do not know what they really represent  A double-transgenic zebrafish 

model would address this, with pou4f3 promoter-driven GFP labeling hair cells and krt4 
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promoter-driven RFP labeling support cells (Jiang et al., 2014).  This transgenic model 

would label both the hair cells and supporting cells of the neuromasts with their own 

fluorescent protein.  Pure cellular populations of both of cell types would be able to be 

collected by pipette.  Another future experiment could involve separating biological 

samples of the utricle, saccule, and lagena, whereas our experiment processed these cells 

together as one biological sample, although transcriptomic differences between these hair 

cells are likely to be minimal.  Isolation and sequencing of hair cells in other species like 

the frog, chicken, and salamander would also be of great interest, although the previously 

mentioned bioinformatics challenge of comparing different species’ transcriptomes 

would be multiplied.    

Our adult zebrafish hair cell transcriptome is a valuable reference for study of 

cellular functional specialization, hair cell regeneration, and auditory evolution.  RNA-

sequencing takes transcriptomes from the previously closed system of microarrays to an 

open system that welcomes comparisons to other published RNA-sequencing 

experiments.  This non-biased data will allow us to identify and characterize specific 

genes important to the zebrafish hair cell and be a key first step in many future studies. 
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