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ABSTRACT 

The ear is essential to maintaining balance and hearing; both of which can be 

linked to one another and significantly impact a person’s quality of life. Although aging 

and damage are more common reasons for hearing loss, congenital ear defects still have 

a considerable impact on our population. The function of the ear can be affected by 

structural deformities to the ear and its components which results in hearing loss. 

Mutations and single nucleotide polymorphisms in the gene encoding Collagen XI alpha 

one chain (COL11A1) protein can play a role in hearing and balance dysfunction in 

humans as seen in disorders such as Stickler Type 2 and Marshall Syndrome, and 

nonsyndromic hearing loss deafness autosomal dominant 37 (DFNA37). Due to its 

transparency, external fertilization, the zebrafish model system was used to create a 

COL11A1 zebrafish counterpart (Col11a1a) knockdown and knockout genetic model. 

This research highlights the importance of Col11a1a in the development and structure of 

the inner ear as a whole including the hair cells, kinocilia, and otolith formation. 

Studying the development and structural changes of the inner ear can provide insight 

into hearing loss and potential interventions.  
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CHAPTER ONE: ZEBRAFISH AS A MODEL FOR STUDIES OF HEARING AND 

DEAFNESS CAUSED BY MUTATIONS IN GENES ENCODING 

EXTRACELLULAR MATRIX PROTEINS 

 
Introduction and Background 

One in eight people who are twelve years or older in the United States is affected 

by hearing loss and 35% of people will experience balance complications in their lifetime 

[1–4]. The ear is essential to maintaining balance and hearing; both of which can be 

linked to one another and significantly impact a person’s quality of life. Most hearing 

loss is largely seen in adults with 14% adults 20 to 69 years of age experiencing hearing 

loss [5,6]. Much of this observed hearing loss is due to a type of high frequency hearing 

linked to genetics but also a high correlation with aging [7]. 

Although aging and damage are more common reasons for hearing loss, 

congenital ear defects still have a considerable impact on our population. The function of 

the ear can be affected by structural deformities to the ear and its components which 

results in hearing loss. Studying the development and structural changes of the inner ear 

can provide insight into hearing loss and potential interventions. Further determining the 

role of extracellular matrix proteins in the inner ear can provide a more thorough 

understanding of overall molecular, cellular, anatomical, and physiological mechanisms 

in hearing and balance.   
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The Human Inner Ear versus the Zebrafish Inner Ear 

The human ear is a complex organ comprised of the outer, middle, and inner ear 

sections, as shown in Figure 1. The outer ear is the external structure, which is referred 

to as the pinna, which leads to the ear canal. The middle ear is supported by the mastoid 

bone and contains the tympanic membrane, also known as the eardrum. The ossicles 

known as malleus, incus, and stapes, form the sound conducting system. These bones 

conduct the vibration of sound from the air through the tympanic membrane to the fluid-

filled inner ear through the oval window see Figure 1 [8]. 

The middle ear leads to the inner ear which contains the vestibular and 

membranous labyrinths. The vestibular labyrinth includes the three semicircular canals 

consisting of the otolith organs: the saccule and the utricle see Figure 1 [9]. The 

membranous labyrinth is where sound conduction turns into the action of hearing. The 

cochlea, a small snail shell-like bony structure with two and a half turns, contains this 

membranous labyrinth. This labyrinth is surrounded by perilymph fluid. The cochlea is 

comprised of 30,000 hair cells arranged in four rows on top of the basilar membrane see 

Figure 1 [10]. Each hair cell has sensory hair bundles with rows of stereocilia in the 

subtectorial space below the tectorial membrane which are surrounded by endolymph 

fluid. The outer hair cells have stereocilia attached to the tectorial membrane while the 

other hair cells’ stereocilia are generally free or loosely attached see Figure 1 [8]. Each 

sensory hair bundle has rows of stereocilia made of actin along with one kinocilia long 

primary cilia composed of microtubulin. In the cochlea, no kinocilia are present in the 

hair cells, instead longer stereocilia act as similar to the kinocilia in non-cochlear hair cell 

patches. Together, these cilia help sense vibrations and conduct this signal down into the 
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hair cells where nerve impulses are sent to the brain to correspond a hearing signal. 

Dysfunction in these hair cells results in hearing and balance complications. 

As previously stated, the cilia help sense vibrations and conduct this signal down 

into the hair cells thus resulting in nerve impulses relaying hearing to the brain. The 

endolymph the stereocilia are surrounded by is rich in potassium ions (K+) but sparse in 

calcium ions (Ca2+) and sodium ions (Na+) [11–13]. Mechanoelectrical transducer (MET) 

channels are located near the tips of the stereocilia. MET channels are cation-selective 

transduction channels which allow K+ and Ca2+ from the endolymph to enter the hair cell 

when the MET channels are open. When the shorter outer stereocilia are positively 

deflected towards the taller stereocilia, MET channels are opened causing 

hyperpolarization of the hair cells [11,13]. When the stereocilia are negatively deflected 

towards the shorter outer stereocilia, MET channels are closed causing depolarization of 

the hair cells [11,13,14]. Fluxes in ion concentration in the hair cells result in a graded 

receptor potential at the basilar membrane [12,13]. At the basilar membrane, the graded 

receptor potential results in synaptic dialogue with afferent nerve fibers resulting in a 

hearing signal in the central nervous system [12]. When the stereocilia are damaged or 

shortened the MET channels can become dysfunctional or damaged or the hair cell’s 

structure can be damaged as well resulting in failure of mechanotransduction of sound 

[15].  
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Studying the development and function of the inner ear using a zebrafish model 

for vertebrates is well documented in the literature [16–20]. The development of the inner 

ear and anatomy of zebrafish is similar to that of other vertebrate inner ears [21–23]. The 

development and structure of the zebrafish inner ear is analogous to and conserved in 

mammalians. Embryonic zebrafish do not contain the semicircular canals at first, but the 

maculae are observed in early embryonic development as early as 19 hours post fertilized 

(hpf) see Figure 2 [18].   

Figure 1.1. Anatomy of the human inner ear.  
A) Diagram of the outer, middle, and inner ear. Key locations are marked. B) Cross 
section of the cochlea revealing the three chambers including the Organ of Corti. C) 
Close-up of the Organ of Corti revealing the tectorial membrane, the basilar membrane, 
the supporting cells, and the outer and inner hair cells along with their stereocilia. 
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Introduction and Background 

 
 
One in eight people who are twelve years or older in the United States is affected 

by hearing loss and 35% of people will experience balance complications in their lifetime 

[1–4]. The ear is essential to maintaining balance and hearing; both of which can be 

Figure 1.2. Zebrafish embryo inner ear structure and function.  
A) 24 hpf zebrafish embryo for reference. The otic vesicle is indicated by a red circle. 
A close-up of the otic vesicle is shown to the right. Both sensory patches are indicated: 
utricular macula and saccular macula. B) Anatomy of the human inner ear displaying 
the three semicircular canals, otocania, sensory hair cells, and cochlea are displayed. 
The otoconia are outlined in blue. Inset shows how balance is maintained. C) Anatomy 
of zebrafish inner ear displaying the three semicircular canals, otoliths, and sensory 
hair cells are displayed. The otoliths are outlined in blue. Inset shows how balance and 
hearing are maintained. 
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linked to one another and significantly impact a person’s quality of life. Most hearing 

loss is largely seen in adults with 14% adults 20 to 69 years of age experiencing hearing 

loss [5,6]. Much of this observed hearing loss is due to a type of high frequency hearing 

linked to genetics but also a high correlation with aging [7]. 

Although aging and damage are more common reasons for hearing loss, 

congenital ear defects still have a considerable impact on our population. The function of 

the ear can be affected by structural deformities to the ear and its components which 

results in hearing loss. Studying the development and structural changes of the inner ear 

can provide insight into hearing loss and potential interventions. Further determining the 

role of extracellular matrix proteins in the inner ear can provide a more thorough 

understanding of overall molecular, cellular, anatomical, and physiological mechanisms 

in hearing and balance.  

The Human Inner Ear versus the Zebrafish Inner Ear 

The human ear is a complex organ comprised of the outer, middle, and inner ear 

sections, as shown in Figure 1. The outer ear is the external structure, which is referred 

to as the pinna, which leads to the ear canal. The middle ear is supported by the mastoid 

bone and contains the tympanic membrane, also known as the eardrum. The ossicles 

known as malleus, incus, and stapes, form the sound conducting system. These bones 

conduct the vibration of sound from the Similar to humans, the zebrafish inner ear 

contains three semicircular canals lined with sensory hair cells (Figure 2). 

While these structures are not visually identical to what is shown in the human 

inner ear anatomy, the cristae and maculae structure and function are highly similar to 

what is seen in mammals including humans [24]. Both humans and zebrafish have three 
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cristae lined with sensory hair cells in the semicircular canals and two maculae within the 

utricle and the saccule (Figure 2B-2C). Similarly, the formation of the semicircular canal 

is conserved throughout vertebrates from zebrafish to humans. In zebrafish the precursor 

to the inner ear, the otic vesicle, undergoes an epithelial thinning process early in 

development where the inter-sensory patch is thinned causing the segregation of sensory 

patches: utricular macula and saccular macula see Figure 2A [25]. This allows for 

innervation of the hair cells in the sensory patch which in turn allows the stereocilia and 

kinocilium to sense vibrations and changes in orientation and send that signal to the brain 

via the vestibulocochlear nerve see Figure 2 [26]. 

Extracellular Matrix Molecules and the Inner Ear 

Several research groups have explored the zebrafish inner ear over time, and 

numerous research groups have studied the inner ear development in mice. Many 

research groups have recently initiated studies using the zebrafish model to study ear 

development, and many of the same genes found to be important in the mechanism of 

hearing in mice have recently been reported as also having important roles in zebrafish 

[27–40].  Zebrafish have become increasingly popular for inner ear studies due to several 

advantages over higher vertebrates including mice [41–44]. Zebrafish are preferred for 

their optical clarity, their fast development, and the ease of genetic manipulation 

[41,43,44]. In hearing studies, zebrafish are preferred for their easily accessible hair cells 

as well as easily observable live otic development [41,43]. The inner ear development of 

zebrafish has been well-documented and easily seen in larval (3 days post fertilized) fish 

[43,44]. Several of these molecules include extracellular matrix (ECM) molecules. The 

ECM has been shown to be involved in the formation of the inner ear [30,45]. The 
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folding within the otic placode that results in the otic pit, later to become the otic vesicle, 

is the result of an increased secretion of ECM [45]. 

Several of the ECM molecules are involved in sensory hair cell development 

(Table 1). One of the transcription factors that regulates ECM molecule expression, the 

Yamanaka factor SOX2 (SRY (sex determining region Y)-box2) is expressed along floor 

of the otic vesicle and in the hair cells. SOX2 expression is required for initial otic 

neuronal specification including formation of hair cells and supporting cells [46–48]. 

SOX2 works with ATOH1 (atonal BHLH transcription factor 1) to maintain sensory-

neural boundaries in order to induce hair cell development [48–51]. Expressed in the 

epithelium of the otic vesicle, BMP7 (bone morphogenetic protein 7) regulates ATOH1 

while promoting prosensory domain specification into nonsensory and supporting cells 

around the hair cells [52,53]. Not only do ECM molecules interact with one another, they 

also interact with the collagen network that supports structures during development.  

Collagens make up the primary structural component of connective tissues. An 

alpha chain of collagen contains repeats of glycine, proline, and hydroxyproline. These 

repeats are important in the formation of trimeric collagen triplehelices which contain 

three alpha chains [54]. There are several groups of collagens based on the structure and 

supramolecular organization. The collagens we observe in the neural circuit, and more 

specifically the inner ear, collagen type I, II, III, IV, V, IX, and XI, are all fibrillar or 

fibril-associated (type IX) collagens see Table 1 [54]. The major fibrillar collagens, 

collagen type I, II, and III have well-documented expression in the inner ear; specifically 

collagen II has been observed in the tectorial membrane and in the basilar membrane of 
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humans and other model systems such as the mouse. The minor fibrillar collagens, 

collagen type V and XI, have less or very little known about them.  

Table 1.1. ECM molecules and their functions in the inner ear.  
Molecule Location Function 

SOX2 Hair cells, floor of the otic 
vesicle 

Required for formation of hair cells and 
supporting cells, otic neurogenesis both neuron 
and sensory epithelia development 

ATOH1 Hair cells, cochlea Along with SOX2 help maintain sensory-neural 
boundary and is required for hair cell formation, 
important in hair cell differentiation in the 
cochlea 

BMP7 Epithelium of otic vesicle Regulates ATOH1, necessary for specification 
of nonsensory and supporting cells from the 
prosensory domain 

COL1 Middle ear, inner ear, cochlea Important for transforming sound to mechanical 
stimulation 

COL2 Tectorial membrane, cochlea Important for transforming sound to mechanical 
stimulation 

COL3 Middle ear, inner ear, cochlea Important for transforming sound to mechanical 
stimulation 

COL4 Basilar membrane, cochlea Important in the active tuning of the basilar and 
tectorial membrane to allow frequency 
discrimination and amplification of auditory 
signals 

COL5 Tectorial membrane, basilar 
membrane, cochlea 

Function and structure of tectorial membrane 

COL9 Tectorial membrane, cartilage 
middle and inner ear 

Function and structure of tectorial membrane 

COL11A2 Cartilage middle and inner 
ear, tectorial membrane, 
cochlea 

Affects the membranous labyrinth and the 
central nervous system, 

COL11A1 Inner ear, tectorial membrane, 
cochlea 

Affects the membranous labyrinth and the 
central nervous system, 

 

For example, very little is known about Type XI collagen in the inner ear. Type 

XI collagen, a minor fibrillar collagen, is known to be important in the regulation of 

collagen fibril diameter and the maintenance of tissue integrity [55]. Disruption of 

collagen type XI expression interrupts the organization and complexity of proper 

functioning mature collagen networks. Collagen type XI alpha 2 chain (COL11A2) gene 

expression has been reported in the fluid of the inner ear. Deletion of COL11A2 causes a 

decrease in the density of collagen fibers, but also resulted in an increase in auditory 
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thresholds due to mechanical anisotropy of the tectorial membrane [56].  These results 

indicate that the mechanical integrity of the tectorial membrane is dependent on the 

proper organization of collagen radial fibers and the maintenance of the mechanical 

integrity of the tectorial membrane is vital to proper hearing.  

Collagen XI Alpha One 

The structure and formation of a type XI collagen fiber is displayed in Figure 

3.Collagen type XI (COL11) is a minor fibrillar collagen made up of three alpha chains: 

α1(XI), α2(XI), and α3(XI). These alpha chains join at the carboxyl propeptide to form a 

triple helical molecule [57].  Cleavage of the carboxyl propeptide occurs first followed by 

the amino propeptide [57]. Collagen type XI alpha 1 chain (COL11A1) possesses a 

globular amino propeptide domain that is retained for a longer duration after synthesis 

and secretion than amino propeptides of other collagens see Figure 3 [58]. The collagen 

type XI molecule can be post-translationally modified by further proteolytic cleavage. 

This includes removal of the COL11A1 amino propeptide domain or cleavage removing 

the amino propeptide domain along with the alternatively spliced region, or more 

extensive processing to remove the minor triple helix, leaving the mature collagen 

molecule with the amino telopeptide intact (Figure 3E). COL11A1 is alternatively 

spliced to generate a family of splice forms (Figure 3F). 

Collagen type XI alpha 1 chain (Col11a1) gene expression has been reported in 

the nucleus pulposus of the intervertebral disc, the vitreous humor of the mammalian eye, 

skeletal muscle, brain tissue, tendons, heart valves, skin, the tectorial membrane of the 

inner ear, intestinal epithelial, and smooth muscle of the intestine and endochondral 

bones [59–62].  
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Figure 1.3. Model of Collagen type XI.  
A) Full Collagen type XI molecule. Structural regions are indicated such as the signal 
peptide, the amino and carboxy terminal propeptides, the amino and carboxy 
telopeptide, the variable region, the minor helix, and the major triple helix. Relative 
size and dimensions are shown above the molecular model. B) Three alpha chains: 
α1(XI), α2(XI), and α3(XI). C) Triple helical molecule formation from the C-terminus 
towards the N-terminus. D) Fully assembled triple helical molecule. E) Potential 
cleavage events indicated by a dotted line. (1) Carboxy propeptide removed, (2) With 
the amino propeptide removed at the BMP-1 cleavage site (35 kDa), (3) At the 
ADAMTS2 cleavage site within the amino telopeptide resulting in the major triple 
helix and a fragment containing the amino propeptide and variable region (100kDa). 
F) Exon structure of the molecule. Alternative splicing of isoforms is shown. amino 
terminal domain (NTD); amino propeptide domain (Npp); variable region (VR); 
minor helix (mh); amino telopeptide (N-tp); major triple helix (MH); carboxy 
telopeptide (C-tp); carboxy propeptide (Cpp). 
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According to previous literature, COL11A1 is only associated with the inner ear through 

hearing impairment associated with two diseases: Stickler syndrome and Marshall 

syndrome, which both can be caused by a mutation in COL11A1. Interestingly, 

COL11A1 mutations have also been discovered in nonsyndromic hearing loss deafness 

autosomal dominant 37 (DFNA37).  

As previously mentioned, Marshall syndrome and Stickler syndrome are both 

genetically inherited disorders that are caused by mutations in COL11A1. Both of these 

diseases are chondrodysplasias characterized by midfacial hypoplasia, myopia, skeletal 

defects, and auditory deficits [63]. The phenotypes of these two diseases are very similar, 

but they have some unique characteristics that keep them from being merged into one 

disorder. Marshall syndrome is caused by one mutation in the COL11A1 gene and this 

gene is also identified as the locus of this syndrome. Some characteristics more common 

to Marshall than Stickler syndrome include short stature, cranial ossification 

abnormalities, and more pronounced facial dysmorphic features [63]. However, Stickler 

syndrome can also be caused by mutations in COL2A1, COL11A1, COL11A2, COL9A1, 

and COL9A2. Type II Stickler syndrome is caused by mutations specifically in 

COL11A1. Type II Stickler syndrome patients commonly have a hearing impairment. 

Balance problems are also reported in some patients with Stickler syndrome; however, it 

is not common among all patients [64]. 

Nonsyndromic deafness has been identified associated with the deafness, 

autosomal dominant 37 (DFNA37) locus [65,66]. COL11A1 is located at the DFNA37 

locus, and heterozygous variants in COL11A1 are responsible for this nonsyndromic 

deafness [65].  DFNA37 nonsyndromic hearing loss has been shown to occur as both 
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after the development of speech and language (postlingual) and before the development 

of speech and language (prelingual) [66,67]. Postlingual autosomal dominant 

nonsydromic hearing loss DFNA37 has been shown to result from a mutation in the 

COL11A1 gene that changes an A to a C within a splice consensus site, leading to 

changes in the splicing within the amino propeptide domain (c.652-2A>C) [66]. 

Prelingual autosomal dominant nonsyndromic hearing loss DFNA37 has been shown to 

result from disruption of the normal splicing process and mutations such as c.652-1G>C 

and c.4338+2T>C [67]. While mutations within the splice acceptor and donor consensus 

sites (c.652-1G>C, c.652-2A>C) are observed with different splicing outcomes, they both 

affect the intron 4 canonical splice site effectiveness [67]. In summary, this new 

information confirms that COL11A1 mutations can be a cause of nonsyndromic deafness 

in addition to the well-established syndromes. 

While Stickler syndrome type II, Marshall syndrome, and DFNA37 are the main 

diseases caused by mutations in COL11A1, other mutations also have been shown to 

cause other syndromic and nonsyndromic hearing loss disorders see Figure 4 [68]. A 

search of the Deafness Variation Database from the Molecular Otolaryngology and Renal 

Research Laboratories at the University of Iowa [69] revealed over 13,000 COL11A1 

mutations resulting in hearing loss. Many of these mutations had an unidentified or 

benign result. Therefore, these mutations usually do not have an impact on health or 

development of an individual and thus these mutations are not often observed to be the 

cause of a disorder. 

Approximately 60 genetic mutations in COL11A1 are classified as pathogenic or 

likely pathogenic in relation to hearing loss see Figure 4 [68]. Many of these mutations 
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are high-impact mutations which tend to be more conserved compared to lower predicted 

impacts and thus often seen in diseases [70]. These COL11A1 high-impact and likely 

pathogenic mutations are often characteristic of significant syndromic and nonsyndromic 

diseases. Figure 4 displays the 62 high impact, likely pathogenic mutations in COL11A1 

resulting in syndromic and nonsyndromic hearing loss. Many of these mutations result in 

syndromic hearing loss such as Stickler syndrome and Marshall syndrome. However, 

other syndromic disorders with hearing loss as a symptom are displayed; many occur 

after the alternative splice zone of COL11A1 (Figure 4). Four mutations resulting in 

nonsyndromic hearing loss are also displayed. Three of these (c.560C>T, c.652-1G>C, 

c.652-2A>C) are in the amino propeptide domain of COL11A1 while one 

(c.4338+2T>C) lays in intron 57 within the major triple helix domain (Figure 4). 
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Summary 

Collagen is fundamental to proper development within the embryonic stages. 

While collagen type XI is a minor fibrillar collagen, its expression is seen throughout 

development and in its absence, development cannot proceed properly. Mutations in 

COL11A1 cause Marshall and Stickler syndrome, which both display hearing deficit 

symptoms. Based on a recent literature review, COL11A1 has been briefly identified in 

the ear of fish and mice [71–75]. Col11a1 expression has been mostly observed in the 

cochlear duct and tectorial membrane of embryonic mice [72] and in the Col11a1 

knockout cho/cho mouse model characterized by underdevelopment of the organ of Corti 

in the cochlea leading to hearing impairment [71,75]. In fish, col11a1 expression has 

been observed within the channel catfish swimbladder revealing involvement in sensory 

reception of sound [73]. This expression in the inner ear is still sparsely described and 

understood. Further knowledge is important in diagnosing and treating the hearing 

problems seen in Stickler and Marshall syndrome. Understanding the function of 

COL11A1 in the ear may lead to better diagnoses and treatment of ear and hearing 

disorders.  
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Abstract 

The autosomal dominant chondrodystrophies, the Stickler type 2 and Marshall 

syndromes, are characterized by facial abnormalities, vision deficits, hearing loss, and 

articular joint issues resulting from mutations in COL11A1. Zebrafish carry two copies 

of the Col11a1 gene, designated Col11a1a and Col11a1b. Col11a1a is located on 

zebrafish chromosome 24 and Col11a1b is located on zebrafish chromosome 2. 

Expression patterns are distinct for Col11a1a and Col11a1b and Col11a1a is most 

similar to COL11A1 that is responsible for human autosomal chondrodystrophies and 

the gene responsible for changes in the chondrodystrophic mouse model cho/cho. We 

investigated the function of Col11a1a in craniofacial and axial skeletal development in 

zebrafish using a knockdown approach. Knockdown revealed abnormalities in Meckel’s 

cartilage, the otoliths, and overall body length. Similar phenotypes were observed using 

a CRISPR/Cas9 gene-editing approach, although the CRISPR/Cas9 effect was more 

severe compared to the transient effect of the antisense morpholino oligonucleotide 

treatment. The results of this study provide evidence that the zebrafish gene for 

Col11a1a is required for normal development and has similar functions to the 

mammalian COL11A1 gene. Due to its transparency, external fertilization, the Col11a1a 

knockdown, and knockout zebrafish model systems can, therefore, contribute to filling 

the gap in knowledge about early events during vertebrate skeletal development that are 

not as tenable in mammalian model systems and help us understand Col11a1-related 

early developmental events.  

Keywords: collagen; Col11a1; alternative splicing; minor fibrillar collagen; zebrafish; 

Stickler Type 2 Syndrome, Marshall Syndrome, Fibrochondrogenesis 
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1. Introduction 

The molecular mechanisms directing developmental patterning and gene 

expression at early stages in vertebrate development are conserved in many respects 

between zebrafish and humans, with cartilage forming the majority of the vertebrate 

embryonic skeleton in early development, relying on mesenchymal cell proliferation and 

condensation [1,2]. Chondroprogenitor proliferation and terminal differentiation lead to 

the formation of precisely sized and shaped skeletal elements [3]. Cartilage defects 

during this process can lead to chondrodystrophies that may include abnormal bone 

formation, joint dysfunction, and early-onset osteoarthritis [4]. In addition to skeletal 

symptoms, chondrodystrophies such as Stickler syndrome also includes hearing loss, and 

the zebrafish model system may provide insight into the mechanism that links the skeletal 

phenomena to hearing loss, resulting from mutations in the Col11a1 gene. The 

development of the zebrafish ear is similar to other vertebrates [5,6] and zebrafish has 

served as a model system for the study of ear development [6–8]. Cartilage-related 

defects associated with collagen type XI have been identified in several vertebrate species 

including mice, humans, dogs, and zebrafish [9–13]. In mice, a Col11a1 mutation causing 

a hereditary recessive chondrodysplasia (cho/cho) has provided key insight into the role 

of Col11a1 in the formation of cartilaginous structures. Cho/cho mice display severe 

hearing impairment due to underdevelopment of the organ of Corti in the cochlea [14] 

and chondrodysplasia of the limbs, palate, ribs, mandible, and trachea [15], all of which 

are present as transient or permanent cartilaginous structures in the developing mouse 

embryo. Human mutations in COL11A1 result in similar abnormalities that constitute the 

Marshall and Stickler syndromes. These syndromes are similar, characterized by varying 
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degrees of craniofacial abnormalities, such as cleft palate, myopia, retinal detachment, 

deafness, dental anomalies, and early-onset arthritis [16–20]. Collagen is the most 

abundant protein in connective tissue and plays an integral part in most vertebrate tissues 

[21]. Disturbances in cartilage collagen composition and distribution during development 

results in alterations in the skeletal structure that contribute to an increased risk of disease 

[22]. Specifically, disruption in the expression of collagen type II and XI negatively 

impacts the organization and complexity needed for proper functioning mature cartilage 

[23]. Collagen type XI belongs to the fibrillar class of collagens [24] and polymerizes 

with collagen type II and IX to produce heterotypic collagen fibrils [25] found in fetal 

and adult cartilage [26]. Col11a1 gene expression is reported widely beyond cartilage, to 

include the nucleus pulposus of the intervertebral disc, the developing notochord, the 

vitreous humour of the mammalian eye, skeletal muscle, brain tissue, tendons, heart 

valves, skin, the tectorial membrane of the inner ear, intestinal epithelia and smooth 

muscle of the intestine, the calvaria, and endochondral bones [26–28]. In our previous 

study, we identified zebrafish orthologues of the minor fibrillar collagen genes and 

analyzed the exons included within the specific splice forms. We characterized the 

temporal and spatial expression patterns of the Col11a1a splice-forms in the developing 

zebrafish embryo and found these splice forms to be prevalent in the ear, notochord, and 

Meckel’s cartilage. In this study, we designed antisense morpholino oligonucleotides 

(AMOs) that effectively block translational initiation as well as intron/exon splicing of 

exon 6a within the alternatively spliced variable region. The results that we present here 

from this knockdown technique using AMOs further substantiate the identification of the 

homologous zebrafish genes as orthologues of COL11A1. The result of the exclusion of 
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exon 6a also resulted in malformations in the otoliths in the ear, of the notochord, and of 

Meckel’s cartilage. Finally, results of the AMO knockdowns were compared to 

CRISPR/Cas9-mediated gene editing of Col11a1a to confirm our findings. These 

investigations of zebrafish orthologues of COL11A1 increase our understanding of the 

function of Col11a1 and help to establish zebrafish as a biological model for the study of 

collagen type XI in vertebrate development and disease. 

The molecular mechanisms directing developmental patterning and gene 

expression at early stages in vertebrate development are conserved in many respects 

between zebrafish and humans. Cartilage forms the majority of the vertebrate embryonic 

skeleton in early development. The formation of cartilage involves mesenchymal cell 

proliferation and condensation. Chondroprogenitor proliferation and terminal 

differentiation lead to less-densely packed regularly shaped and arranged cells vital to the 

formation of precise size and shape skeletal elements [1]. Cartilage defects during this 

process can lead to abnormal bone formation, joint dysfunction, and early-onset 

osteoarthritis [2]. 

Stickler syndrome includes hearing loss, and the zebrafish model system may 

provide insight into the mechanism of hearing loss, which results from mutations in the 

Col11a1 gene. The development of the zebrafish ear is similar to other vertebrates in 

many ways [3,4]. Zebrafish do not possess a cochlea and there is not a middle or outer 

ear system as seen in humans [5].  

Cartilage-related defects associated with collagen type XI have been identified in 

several vertebrate species including mice, humans, dogs, and zebrafish [6–10]. In mouse, 

a Col11a1 mutation causing a hereditary recessive chondrodysplasia (cho/cho) has 
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provided key insight into the role of Col11a1 in the formation of cartilaginous structures. 

Cho/cho mice display severe hearing-impairment due to underdevelopment of the organ 

of Corti in the cochlea [11] and chondrodysplasia of the limbs, ribs, mandible, and 

trachea [12], all of which are present as transient or permanent cartilaginous structures in 

the developing mouse embryo.  Human mutations in COL11A1 result in similar 

abnormalities that constitute Marshall and Stickler syndromes. These syndromes are 

similar, characterized by varying degrees of craniofacial abnormalities, cleft palate, 

myopia, retinal detachment, deafness, dental anomalies, and early onset arthritis [13]. 

Collagen is the most abundant protein in connective tissue and plays an integral 

part in most vertebrate tissues. Once development has occurred, collagen architecture 

cannot be restored if injury or degeneration of the mature cartilage occurs [14]. 

Disturbance in collagen composition and distribution during development results in 

alterations of the skeletal structure that contributes to an increased risk of disease. 

Specifically, disruption in the expression of collagen type II and XI negatively impacts 

the organization and complexity needed for proper functioning matured cartilage [15].  

Collagen type XI belongs to the fibrillar class of collagens [16] and polymerizes 

with collagen type II and IX to produce heterotypic collagen fibrils [17], found in fetal 

and adult cartilage [18].  Col11a1 gene expression is reported widely beyond cartilage, to 

include nucleus pulposus of the intervertebral disc, the developing notochord, the 

vitreous of the mammalian eye, skeletal muscle, brain, tendons, heart valves, skin 

tectorial membrane of the inner ear, intestinal epithelia and smooth muscle of the 

intestine, calvaria and endochondral bones [18–20].  



33 

 

In our previous study, we identified zebrafish orthologues of the minor fibrillar 

collagen genes and analyzed the exons included within the specific splice forms and the 

temporal and spatial expression patterns of the col11a1a splice forms were characterized 

in the developing zebrafish embryo and found to be prevalent in the ear, notochord, and 

Meckel’s cartilage, among others. 

In this study, we designed antisense morpholino oligonucleotides (AMOs) that 

effectively block translational initiation as well as intron/exon splicing within the 

alternatively spliced variable region. The results that we present here from knockdown 

using AMOs further substantiate the identification of the homologous zebrafish genes as 

orthologues of COL11A1. The result of the exclusion of specific exons of the 

alternatively spliced variable region also resulted in malformations of the otoliths in the 

ear, notochord, and Meckel’s cartilage. Finally, results of the AMO knockdowns were 

compared to CRISPR/Cas9 mediated gene editing of Col11a1a to confirm findings. 

Investigation of zebrafish orthologues of COL11A1 increases our understanding 

of the function of Col11a1 and helps to establish the zebrafish as a biological model for 

the study of collagen type XI in vertebrate development and disease.   

2. Materials and Methods 

2.1. Fish Maintenance, Care, and Staging 

Ab/Ab Danio rerio embryos were obtained from Zebrafish International Resource 

Center (ZIRC) (Eugene, OR, USA). Juvenile and adult zebrafish were housed in an 

Aquatic Habitat (Apopka, FL, USA) system with regulated temperature and light cycle. 

Fertilized eggs were maintained in a smaller tank with a temperature of 28.5 ◦C, 20 to 25 

embryos per 100 mL. Zebrafish were euthanized with 300 mg/mL ethyl 3-aminobenzoate 
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methane sulfonate salt (MS-222) (Sigma Aldrich, St. Louis, MO, USA), by treating for 

5–10 min until the opercular movement stopped, as approved by the Boise State 

University Institutional Animal Care and Use Committee (AC18-014 and AC18-015). 

Embryos were staged before euthanization or experimentation to determine age in hours 

or days post-fertilization (hpf and dpf) at 28.5 ◦C using a Zeiss Stemi 2000-C dissecting 

microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA).  

2.2. PCR 

Zebrafish RNA was isolated at specific developmental stages (4 h, 10 h, 24 h, 48 

h, 72 h, 3.5 d, 4.5 d, and 6.5 d) and used to generate cDNAs using Retroscript (Ambion, 

Austin, TX, USA). cDNA was used as a template in PCR reactions with primers flanking 

the variable region of the Col11a1a chain. Ten picomoles of each primer and 2 µL of 

cDNA were added to 22 µL of PCR master mix generated by adding water to Ready-To-

Go PCR Beads (Amersham Biosciences, Piscataway, NJ, USA). The final reaction (25 

µL) contained 1.5 U Taq DNA Polymerase, 10 mM Tris-HCl, pH 9.0 at room 

temperature, 50 mM KCl, 1.5 mM MgCl2, 200 µM of each dNTP as well as bovine 

serum albumin (BSA). Each reaction was then incubated as follows: 95 ◦C for 5 min, (95 

◦C for 1 min, 55.5 ◦C for 1 min, 72 ◦C for 1 min) × 30 cycles, and 72 ◦C for 10 min. PCR 

products were separated by size by electrophoresis on a 2% agarose gel (Nusieve 3:1) in 

Tris Acetate EDTA (TAE) buffer and stained with ethidium bromide. Bands were 

visualized using a Kodak ID Image Station (Eastman Kodak Company, Rochester, NY, 

USA) trans-illuminator.  
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2.3. Cloning and Riboprobe Synthesis 

Excised PCR products were purified using the Ultrafree-DA Centrifugal 

purification system (Millipore/Amicon, Bellerica, MA, USA) and sequenced by the Idaho 

State University Molecular Research Core Facility (Pocatello, ID, USA). Purified 

products were ligated into the PCRII vector (Invitrogen, Carlsbad, CA, USA) overnight 

at 14 ◦C. The ligation product was transformed into chemically competent TOP10 

Escherichia coli cells (Invitrogen, Carlsbad, CA, USA). Sequence analysis was 

performed by the Idaho State University Molecular Research Core Facility (Pocatello, 

ID, USA).  

Five micrograms of riboprobe-containing plasmids were linearized using 5U Hind 

III with 10× BSA in 20 µL total volume. Plasmid digest fragments were subsequently 

purified by phenol/chloroform extraction. One-tenth volume of 8 M LiCl was added to 

each reaction followed by the addition of 2.5 volumes of 100% ethanol. One microgram 

of linearized/purified plasmid was used as a template to synthesize antisense, 

digoxigenin-labeled probe using DIG RNA Labeling (Roche Applied Science, 

Indianapolis, IN, USA). A control probe was synthesized using pSPT18-neo empty 

plasmid. Riboprobe synthesis products were purified using P-30 Bio Spin columns 

(BioRad Laboratories, Hercules, CA, USA). Probe reactions were then diluted to a 

working concentration with hybridization buffer for in situ hybridization assays.  

2.4. In Situ Hybridization 

Zebrafish embryos were fixed in 4% paraformaldehyde in phosphate buffer (PBS) 

containing 8% sucrose and 0.3 µM CaCl2. Embryos were dehydrated, rehydrated, 
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washed and hybridized as previously described [29]. Embryos were washed and fixed in 

2% formalin in PBST overnight at 4 ◦C, and stored in 75% glycerol at 4 ◦C.  

2.5. Antisense Morpholino Oligonucleotide Injection 

Antisense morpholino oligonucleotides (AMOs) were designed to knockdown the 

protein expression of Col11a1a, Col11a1b, or alter specific isoforms of Col11a1a (Gene 

Tools, LLC Philomath, OR). AMOs directed to the translational start site in exon 1 of 

Col11a1a (chr24) consisted of the sequence 5’ -

GGGACCACCTTGGCCTCTCCATGGT-3’, and Col11a1b (chr2) exon 1 consisted of 

the sequence  5’ -ACCACCTTTCCTTATCCTTATCCAT-3’ to block initiation of 

protein synthesis. AMOs used to block the inclusion of specific exons within the variable 

region were as follows:  

exon 6A 5’ -GTTGTGTACTGCACATAGGGAGAGG-3’;  

exon 6B 5’ -GTTTCACTCTCTGGAAAAAGGTTAT-3’;  

exon 8 5’ -CATGGCCTTATTACACCCAAAGCAA-3’.  

A control AMO 5’ -CCTCTTACCTCAGTTACAATTTATA-3’ directed to the 

gene encoding β-globin of a human patient with thalassemia was used as a negative 

control, as this sequence should not be present in the experimental samples (Gene Tools 

#18633993). AMOs were injected into the yolk of one- to two-cell embryos using an 

Eppendorf Femtotip II microinjection needle and an injection pressure of 3.5 psi for 0.1 s 

with a compensation pressure of 0.22 psi (Eppendorf, Hamburg, Germany). The 

effectiveness of splice blocking AMOs was confirmed by RT-PCR (see Supplementary 

Materials). The skeletal effects of the Col11a1 AMOs were detected by analysis of 

morphants directly or by using Alcian blue staining of the injected zebrafish at specific 
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time points and compared to time-matched untreated zebrafish and those treated with the 

control AMO.  

2.6. CRISPR/Cas9 Gene Editing 

A CRISPR/Cas9 gene-editing approach was used to introduce a premature stop 

codon in Col11a1a. Target sequences were designed as described by Gagnon and 

colleagues [30]. The target sequences were identified through the CHOPCHOP webtool 

(https://chopchop.rc.fas.harvard.edu/). The six best targets were selected and were used to 

create six different guide sequences shown in Table 1. Guide sequence e201 resulted in a 

premature stop codon within exon 2 and was used for Col11a1a CRISPR/Cas9 mutant 

generation.  

 

Table 2.1. CRISPR/Cas9 gene editing. 
Name Target Guide Sequence1 Forward Primer Reverse Primer 

E101 Exon 1 

ATTTAGGTGACACTATA 
GGCCAAGGTGGTCCCCAATG 
GTTTTAGAGCTAGAAATAGCA

AG 

 
GGCACTTTTGGGATTGTAGAA

G 

 
CATCTCCTCTTAGAAAGCCCC

T 

E201 Exon 2 

ATTTAGGTGACACTATA 
AAGAGCATCACAGCCAGACG 
GTTTTAGAGCTAGAAATAGCA

AG 

 
CTGCTGACATTTTGCATGTCT

T 

 
CATTTAAACGCAGCTGAACGT

A 

E301 Exon 3 

ATTTAGGTGACACTATA 
AGGCGTCCAGCAGCTGGGCG
GTTTTAGAGCTAGAAATAGCA

AG 

 
GTAAGAAGAAGCTGACCAAG

CC 

 
CCCGTTTATTTCTACCTCATGC 

E401 Exon 4 

ATTTAGGTGACACTATA 
TGGCACCAGGATCCTGGATG 
GTTTTAGAGCTAGAAATAGCA

AG 

 
GTAAGAAGAAGCTGACCAAG

CC 

 
CCCGTTTATTTCTACCTCATGC 

E501 Exon 5 

ATTTAGGTGACACTATA 
GCCTGCAGTGTGTCCTTGTG 
GTTTTAGAGCTAGAAATAGCA

AG 

 
GCTCTGTTTTTGGTCTCCTCAG 

 
AGACGTCCAGAAGCGTTTAGT

C 

E2701 Exon 27 

ATTTAGGTGACACTATA 
GGTGTCCGTGGTCTAAAGGG 
GTTTTAGAGCTAGAAATAGCA

AG 

 
TTCACTGTTGTCATTTTCAGG

G 

 
ACGTGTGACGATTTCTCCATT

A 

1 Bold nucleotides indicate the coding sequence with the guide sequences.  
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2.7. Statistical Analysis 

One-way ANOVA was used with randomized blocking. p-values of <0.05 were 

considered statistically significant. Measurements were analyzed using SAS/STAT 

software, v. 9.1 (SAS System, Cambridge, MA: Cytel Software Corporation, 2007). 

3. Results 

The Danio rerio Col11a1a gene is located on chromosome 24 (chr24) and 

the Col11a1b gene is located on chromosome 2 (chr2). Exon 1 of both Col11a1a and 

Col11a1b encodes the translational start site and the signal peptide, as is true for the other 

minor fibrillar collagen genes. Exons 2 through 5 of Col11a1a and Col11a1b encode the 

relatively large amino propeptide (Npp), which is also conserved for α1(XI), α2(XI), 

α1(V) and α3(V) alpha chains. Sequence comparison demonstrated the high degree of 

sequence conservation between humans and zebrafish, as shown in Figure 1. The degree 

of identity was used to identify the homologs of human genes within the zebrafish model 

system. Figure 1 demonstrates that the percent amino acid sequence identity varies 

among specific regions of the corresponding protein and that the most closely related 

zebrafish gene is that located on zebrafish chromosome 24, Col11a1a. 

Within the npp of the amino-terminal domain, the position of four cysteines is 

strictly conserved, as are stretches of amino acids predicted to adopt β-strand secondary 

structure. Originally predicted to adopt an Ig domain fold by analysis of primary 

sequence [31], it has been further demonstrated that this domain is a homolog of the 

amino-terminal domain of thrombospondin 1 and 2 and the LNS family, so named for 

laminin, neurexin, and sex-hormone binding protein [32,33,34,35]. The predicted amino 

propeptide domain of Col11a1a and Col11a1b of zebrafish also shares sequence 
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homology with the N-terminal domains of FACIT collagens types IX, XII, XIV, and XIX 

[36,37,38,39,40,41] as well as collagens type XXVIIa and XXVIIb. Divalent cation 

binding sites and sites of interactions with sulfated glycosaminoglycans are present in 

many of the LNS domains and appear to be conserved within the zebrafish genes. 

 
 

In addition to the highly conserved Npp domain, within the Col11a1a and 

Col11a1b amino-terminal domains in zebrafish there are predicted amino acid sequences 

that are poorly conserved among paralogues α1(XI), α2(XI), α1(V), and α3(V) chains, 

and also poorly conserved among the orthologues of any one of the minor fibrillar 

collagens compared across species. This region is referred to as the variable region (VR) 

[41,42,43,44]. In zebrafish Col11a1a but not Col11a1b, the α1(XI) mRNA exists as a set 

of splice forms arising by the mechanism of alternative splicing [45,46]. Alternative 

splicing in the analogous region has also been reported for the orthologues in other 

Figure 2.1. Amino acid sequence identity between Homo sapien and Danio rerio 
genes.  

Amino propeptide (npp), variable region (VR), minor helix (mh), amino telopeptide 
(ntp), major triple helix (MTH), carboxyl telopeptide (ctp), and carboxyl propeptide 
(cpp). Percentages shown indicate identity between human COL11A1 and the 
zebrafish gene. Homology is observed within the npp, mh and ntp, MTH, and the ctp 
and cpp domains, while the degree of identity is very low for the VR. Amino acid 
sequence identity for other minor fibrillar collagens is shown in comparison to 
human COL11A1. The D. rerio chromosome 2 Col11a1 locus identity corresponds 
to Col11a1b. 
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vertebrate species for Col11a1 as well as for genes encoding the α2(XI) chain. 

Interestingly, no alternative splicing has been reported for the alpha chains of the type V 

collagens. However, zebrafish may represent an exception to this rule [29,47]. 

We have analyzed the zebrafish intron–exon structure of the Col11a1a gene, 

comparing it to other vertebrates, and have found that a similar genomic structure exists. 

The Col11a1a on chromosome 24 gene comprises 130 kbp of genomic DNA, compared 

to 150 kbp in humans, with 67 exons compared to 68 exons in humans. The protein 

length is predicted to be slightly longer than in humans—1866 amino acids compared to 

1852 amino acids. The amino acid sequence identity between zebrafish and humans, 

estimated by global alignment was found to be 76%, with regions of higher sequence 

identity in the carboxyl telopeptide and carboxyl propeptide (80%), the major triple helix 

(87%), and the minor helix and amino telopeptide region (81%) identity. Amino acid 

sequence identity for specific regions is shown in comparison to 

human COL11A1 in Figure 1.  

Col11a1a (chr24) was expressed during development, as shown in Figure 

2. Col11a1a (chr 24) mRNA was not detectable at 4 hpf, but it was apparent at 10 hpf, 

during the segmentation phase of development. Expression levels were consistent 

through 72 hpf see Figure 2A-B. Col11a1b (chr2) mRNA expression was detectable at 4 

Error! Reference source not found.hpf through the 72 hpf time point see Figure 2A. 

GAPDH is shown as an internal control housekeeping gene for each time point. 
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Exons 6a through 8 of the variable region of Col11a1a were analyzed to evaluate 

the intron–exon boundaries across the variable region. To determine the pattern of 

alternative splicing that took place within this region of the zebrafish mRNA, RT-PCR 

was carried out using primers that would distinguish between the different possible 

splicing outcomes. Results indicated changes due to alternative splicing of 

the Col11a1a mRNA between 10 hpf and 6.5 dpf, as shown in Figure 3.   

 

Figure 2.2. RT-PCR indicates that Col11a1a (chr24) is expressed between 10 
and 72 hpf and Col11a1b (chr2) is expressed at 4 hpf through 72 hpf. (A)  

Using primers to amplify a 470 bp fragment, Col11a1b (chr2) mRNA was detected in 
embryos and larval fish. Time post-fertilization is indicated at the bottom of gels as 4, 
10, 24, 48, and 72 hpf. (B) Col11a1a (chr24) was detected at 10 hpf through 72 hpf. 
(C) GAPDH was included as housekeeping gene control. 
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Figure 2.3. RT-PCR demonstrates alternative splicing patterns in the expression 
of Col11a1a isoforms.  

(A) PCR primers hybridizing to sequences within exons 5 and 7 were used to investigate 
the inclusion and exclusion of exons 6a and 6b overtime during development. Expression 
was detected as early as 10 hpf and continued throughout development to the last time 
point queried in this study, which was 6.5 dpf. (B) PCR primers hybridizing to sequences 
within exon 7 and 9 were used to investigate the inclusion and exclusion of exon 8 
overtime during development. Exon 8 was included in the most predominant form 
of Col11a1a at all time points investigated. However, exon 8 was skipped in some forms 
of Col11a1a, joining exon 7 directly to exon 9, as shown by the PCR band migrating 
below 200 kilobases. (C) PCR primers hybridizing to sequences within exons 5 and 9 
were used to investigate the complexity of splice form expression across the variable 
region of Col11a1a in zebrafish. The predominant splice form included exons 6a and 8, 
in agreement with observations shown in panels A and B. Alternative patterns of 
expression were observed to exclude exons 6a and 6b but include exon 8 at 24 hpf. 
Additionally, exclusion of exons 6a, 6b, and 8 resulted in the expression of the splice 
form comprising exons 5-7-9 migrating at approximately 300 kilobases at 48 hpf. (D) 
GAPDH was included as housekeeping gene control to confirm RNA content in samples 
representing distinct time points in development. The identity of the PCR product was 
verified by DNA sequencing. 
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Alternative splicing of the Col11a1a (chr 24) mRNA in zebrafish generated 

similar splice variants to those previously been described for humans, rats, mice, and 

chicken with a few notable exceptions. The splice variant that includes exon 6a, 7, and 8 

but excludes exons 6b (α16a-7-8(XI)) was observed in zebrafish at the earliest time points. 

Additionally, splice variants α17(XI), α16a-7(XI), and α17-8(XI) were also confirmed in 

zebrafish. Interestingly, the splice variant α16a-6b(XI), was observed in zebrafish at 3.5, 

4.5 and 6.5 days post-fertilization (dpf). This is noteworthy because exon 7 was thought 

to be constitutively expressed in all vertebrates, and exons 6a and 6b were previously 

thought to be either included or excluded in a mutually exclusive manner based on data 

from other species. This observation warrants further investigation, not only in the 

zebrafish system but also in humans and other vertebrate organisms. The most 

predominant form observed was α16a-7-8(XI), which is also the predominant form found in 

mesenchymal stem cells in other vertebrates previously shown by our laboratory [48]. 

The spatial expression of Col11a1a and Col11a1b was determined by in situ 

hybridization, as shown in Figure 4. Using probes directed to exons 6a-7-8-9 

for Col11a1a (chr 24) and exons 6-7-8-9 for Col11a1b (chr2), expression was detected in 

early zebrafish embryos. Spatial expression varied with the developmental stage. At 10 

hpf, Col11a1a (chr24) expression was present along the dorsal midline. At 24 hpf, 

expression was most pronounced in the notochord and in the hindbrain. At 60–72 hpf, 

expression was detected in the craniofacial structures. The overall expression pattern 

for Col11a1a (chr24) was similar to that determined for Col11a2 (chr19), as both were 

expressed in notochord and developing cranial cartilages [29]. Col11a1b (chr2) was 



44 

 

observed in the somites at 20–24 hpf, similar to Col5a1 [29]. Col11a1b (chr2) was 

detected within the craniofacial region at 60–72 hpf similar to Col11a1a (Figure 4).  

 
An AMO-mediated knockdown strategy was used to investigate the role 

of Col11a1a and Col11a1b in early development. Microinjection of 2 nL of a 0.5 mM 

AMO targeting the translational start site of Col11a1a (Col11a1a-MOe1) was lethal in 

57% of treated embryos compared to 26% lethality for treatment with the AMO targeting 

Figure 2.4. In situ hybridization of Col11a1a (chr 24) and Col11a1b (chr 2).  
Wild-type embryos were treated with pSPT-18 control riboprobe (A–
C), Col11a1b (chr2) ex6-7-8-9 riboprobe (D–F), and Col11a1a (chr24) ex6a-7-8-9 
(G–I). Embryos were observed at 10 hpf (A,D,G), 20–24 hpf (B,E,H), and 60–72 hpf 
(C,F,I). Expression was limited to the embryonic midline (m) at 10 hpf. At 20–24 hpf, 
expression was most pronounced in the notochord (n) for Col11a1a (chr24) and in the 
somites (s) for Col11a1b (chr2). At 60–72 hpf, developing craniofacial structures 
showed high levels of expression in addition to the notochord observed at 24 hpf seen 
for Col11a1a (chr24). Col11a1b (chr2) was also apparent in the craniofacial (cf) 
structures at 60–72 hpf in addition to the somites. Scale bars = 250 µm. 
apparent in the craniofacial (cf) structures at 60–72 hpf in addition to the somites. 
Scale bars = 250 µm. 
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the translational start site of Col11a1b (Col11a1b-MOe1) (Table 2). The knockdown of 

specific variants to explore the contribution of the variable region to survival was 

performed under the same conditions. AMOs targeting splice sites of exon 6a or exon 8 

are shown in the Supplementary Materials. 

Table 2.2. Summary of lethal effect on reduced levels of Col11a1b and Col11a1a 
variants. 

AMO N Lethality 

Col11a1b-MOe1 54 14(26%) 

Col11a1a-MOe1 87 50(57%) 

Col11a1a-MOe6a 80 24(30%) 

Col11a1a-MOe8 56 19(34%) 

Std. AMO control 32 11(34%) 

 

Comparing the efficiency of splice-modifying AMOs indicated that the exon 6a 

AMO was more effective than the exon 8 AMO. Therefore, we focused primarily on the 

splice-altering effect of skipping exon 6a, including the AMO targeting exon 8 for 

comparison. Lethality levels were similar to standard morpholino control, indicating that 

alternative isoforms may be able to compensate for each other in the case of Col11a1a. 

The AMO targeting exon 6b, Col11a1a-MOe6b, did not affect mRNA splicing. 

Notochord deformities and a shortened overall body length were observed in 

morphants (Table 3 and Table 4). Approximately 74% of Col11a1a-MOe1 morphants 

exhibited a severely curved notochord. A significantly shorter body length was observed 

in the remaining morphants when compared to the standard AMO control (2.81 ± 0.12 

mm vs. 3.02 ± 0.17 mm; p = 0.0031). Col11a1b-MOe1 morphants exhibited a similar 
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trend, with 75% having a severely curved notochord and the remaining showing a 

significantly shortened body length than the standard AMO control (2.67 ± 0.16 mm; p < 

0.0001). Although AMOs directed toward splice sites of exons 6a and 8 did not alter 

viability, as shown in Table 2, they did have a significant effect on development and 

body plan. Morphants treated with the AMO preventing the inclusion of exon 6a 

(Col11a1a-MOe6a) showed a 93% prevalence of notochord deformity as well as a 

significantly shortened body length in measurable morphants (2.85 ± 0.12 mm; p = 

0.0284). By contrast, Col11a1a-MOe8 morphants showed the lowest prevalence of 

notochord deformities but still demonstrated a shortened body length (2.85 ± 0.18 

mm; p = 0.0123). 

Additionally, missing or extra otoliths, pericardial edema, and smaller Meckel’s 

cartilage were observed in the Col11a1a and Col11a1b knockdown morphants (Table 4). 

To illustrate the change in body length and curvature observed due to treatment with 

AMOs that block protein translation by targeting the translational start site that exists 

with exon 1 for Col11a1a, representative examples are shown in Figure 5.  

Table 2.3. Col11a1a knockdown results in a decrease in body length. 

AMO Length (mm) % Decrease 

Col11a1b-MOe1 2.67 ± 0.16 -13.1% 

Col11a1a-MOe1 2.81 ± 0.12 -7.5% 

Col11a1a-MOe6a 2.85 ± 0.12 -6.0% 

Col11a1a-MOe8 2.85 ± 0.18 -6.0% 

Std. AMO control 3.02 ± 0.17 0 

No effect was observed for MOe6b 
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Table 2.4. Summary of Defects Observed under Reduced Levels of Col11a1a and 
Col11a1b 

AMO n 
Missing or 
Extra 
Otoliths 

Pericardial 
Edema Curved 

Notochord  

Smaller  
Meckel’s 

Col11a1b-MOe1 40 40(100%) 39 (98%) 30 (75%) 40(100%) 

Col11a1a-MOe1 34 18(53%) 28(82%) 25(74%) 33(97%) 

Col11a1a-
MOe6a 

44 30(68%) 42(95%) 41(93%) 44(100%) 

Col11a1a-MOe8 18 0 0 1 18(100%) 

Std. AMO 
control 

32 0 0 0 0 

 No effect was observed for MOe6b 

A similar phenotype was observed using the Col11a1b-MOe1, as shown in Figure 5.  

Treatment with the AMO that blocks protein translation by targeting the translational 

start site existing with exon 1 for Col11a1b resulted in the defects illustrated in Figure 6.   
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We investigated Col11a1a in more detail, focusing on the effect of splice-

modifying AMOs. A reduction in Alcian blue staining was observed in the cartilage of 

Col11a1a-MOe1, Col11a1a-MOe6a, and Col11a1a-MOe8 morphants (Figure 7). A 

reduction in the size of Meckel’s cartilage was observed. Otolith defects were observed 

that included a reduction in size, extra or missing otoliths. 

Figure 2.5. Cardiac, body length, and curvature changes due to 
Col11a1b-MOe1 AMO knockdown.  

(A) Control AMO injection, observed at 72 hpf. (B) Col11a1b-MOe1 AMO 
injection, observed at 72 hpf. Body length shortening, the curvature of the 
primary axis, and edema of the heart are apparent in zebrafish embryos treated 
with the transcriptional start site-specific AMO for Col11a1b. Otoliths are 
affected as indicated by arrows within the insets. Two arrows in A (inset) 
indicate the position of two otoliths in control zebrafish embryos. One arrow in 
B (inset) indicates the presence of only one otolith. Pericardial edema is 
indicated by the red arrow in B. Scale bar = 200 µm. Scale bars in inset 
represent 50 µm. 
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Figure 2.6. Alcian blue staining of craniofacial cartilage in 72 hpf zebrafish 
morphants of Col11a1a.  

A range of severity was observed among embryos of Col11a1a morphants. (A) Antisense 
morpholino oligonucleotide targeting the translational start site of Col11a1a-MOe1 
morphants demonstrate reduced Alcian blue staining, disorganized cartilage, and shortened 
jaw. (B) Col11a1a-MOe6a morphants demonstrate reduced Alcian blue staining, shortened 
Meckel’s cartilage, and an absence of otoliths. (C) Col11a1a-MOe6b show relatively little 
effect and are similar to the control zebrafish. (D) Col11a1a-MOe8 show reduced Alcian 
blue staining. (E) Standard AMO control. Abbreviations palatoquadrate (pq); Meckel’s 
cartilage (m); ethmoid plate (ep); otolith (o). Scale bars = 200 µm. 
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Homozygous knockout embryos displayed severe phenotypes such as that shown 

in Figure 8 and demonstrated a more severe lethality, as shown in Table 5. Heterozygous 

knockouts that resulted from crossing homozygous knockouts with a wild-type fish 

resulted in a lower level of lethality and a phenotype that was more similar to the AMO 

morphants. Representative homozygous and heterozygous offspring are shown in Figure 

8.  

 

Table 2.5. Summary of lethality in CRISPR/Cas9 mutants 

CRISPR/Cas9 n Lethality 

Col11a1a -/- 303 299 (98 %) 

Col11a1a +/- 299 152 (50 %) 

Wildtype control 311  25(8 %) 

 

Figure 2.7. CRISPR/Cas9-mediated homozygous and heterozygous knockout of 
Col11a1a shows a similar but more severe outcome compared to AMO knockdown.  

(A) Wild-type 72 hpf embryo compared to (C) homozygous Col11a1a −/− knockout 
embryo at 72 hpf showing the severe effect of the complete absence of Col11a1a in early 
embryogenesis. Homozygous offspring were raised to adulthood and bred to wild type to 
generate heterozygous Col11a1a-/+ offspring. (B) Wild-type 72 hpf embryo. (D) 
Heterozygous Col11a1a −/+ embryo at 72 hpf. Scale bar = 200 µm.  
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4. Discussion 

Mutations in the COL11A1 gene have been identified as a cause for a range of 

human developmental defects resulting in facial abnormalities, eye defects, hearing loss, 

and articular joint defects. Zebrafish have been well established as a model for studying 

mammalian developmental processes and disorders resulting from genetic defects. Two 

chromosomal locations were investigated for Col11a1a and Col11a1b in zebrafish. Gene 

expression was detected throughout development. Alternative splicing was observed in 

the zebrafish gene Col11a1a but not Col11a1b. Knockdown of zebrafish gene expression 

and splice forms resulted in varying degrees abnormalities in the Meckel’s cartilage, 

otoliths, notochord, and heart. Additionally, shortening of total body length and 

embryonic lethality was observed. These data provide evidence that the zebrafish genes 

for Col11a1a and Col11a1b are essential for normal development and that Col11a1a has 

similar characteristics as the human COL11A1 gene. 

The development of every organ system depends on a properly organized 

extracellular matrix. Extracellular matrix (ECM) assembly involves the dynamic 

interaction around structural macromolecules as well as between cells and ECM 

molecules. Biosynthetic or structural deficiencies of the components of the ECM are 

associated with a wide spectrum of birth defects that predispose individuals to symptoms 

ranging in severity from mild osteoarthritis to lethal chondrodysplasia with associated 

eye involvement and hearing loss [49,50], designated Stickler syndrome type 2 (OMIM 

#604841) or Marshall syndrome (OMIM #154780) [17]. 

Cloning of the zebrafish orthologues Col11a1a and Col11a1b with subsequent 

analysis of the various splice forms presented here form the basis on which further 
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studies of vertebrate type XI collagen function can be performed. This work also 

confirms the value of the zebrafish as a model for the study of the role of type XI 

collagen during vertebrate development. 

In our studies, riboprobes localized to the structures that were affected during 

AMO-mediated knockdown. The zebrafish craniofacial structures are analogous to those 

that are affected in the cho/cho mice as well as the structure commonly affected by a 

mutation in the human COL11A1 gene. These affected structures include a small jaw, 

changes to the ears that lead to hearing loss, and cleft palate [51]. In the cho/cho mouse, a 

model for chondrodysplasia, the result of a mutation in Col11a1 is dwarfism, with both 

chondrogenesis and endochondral ossification affected [52]. These data provide 

encouraging evidence that the functions of zebrafish Col11a1a and human COL11A1 are 

conserved. If the zebrafish mutant generated in this study is an accurate model, mutants 

may also display cleft palate, smaller rib cage, and signs of osteoarthritis. Vison 

impairment and hearing loss would also be expected. Additionally, disturbed 

endochondral bone formation would possibly occur. Studies are now underway to 

investigate ear development and hearing, eye development and vision, and jaw formation 

with subsequent mineralization in our mutant zebrafish. 

CRISPR/Cas9 gene editing was used to create a model system that expressed a 

lower level of Col11a1a. CRISPR/Cas9 has advantages over AMO knockdown because, 

unlike the transient effect of AMOs, the CRISPR/Cas9-mediated change is stable. 

Further, while AMOs are ideal for observing the effects very early in development, 

CRISPR/Cas9 may be useful for looking at the effect of genes that are expressed at later 

times in development. 
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Expression of the Col11a1a within the developing otic vesicle suggests that the 

zebrafish model will provide a means by which to study the further molecular and 

cellular basis of the hearing loss characteristic of the Marshall and Stickler syndromes. 

The structural role of collagens in the formation of the ECM is well established. 

However, many ECM proteins also function as signaling molecules, directing the 

behavior of cells [53]. Interestingly, the craniofacial structures commonly affected by 

mutations in Col11a1a are derived from neural crest cells, including Meckel’s cartilage, 

the otic vesicle, and otoliths [7]. Perhaps a lack of proper neural crest migration or 

differentiation, in addition to structural abnormalities, may be responsible for the 

phenotypes that characterize aberrant Col11a1a expression [54,55]. The ECM may serve 

as a scaffold on which neural crest cells migrate [56], and may facilitate the onset of 

migration of cells of neural crest origin during emigration [57]. ECM molecules may also 

influence cells by inhibiting or deflecting migrating neural crest cells, thus establishing a 

specific developmental pattern within the developing embryo [58]. Complex patterns of 

alternative splicing and splice form expression may be the key to unlocking the roles 

played by type XI collagen, minor fibrillar collagens, and other ECM proteins. 
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Supplementary Materials 

The following are available online at https://www.mdpi.com/2221-

3759/8/3/16/s1, Supplemental Figure S1. Col11a1a-MOe6a and Col11a1a-MOe8 alter 

splicing pattern at 48 hpf but recover by 72 hpf. Treatment with AMOs was performed at 

the one- to two-cell stage and splicing was monitored at 48 and 72 hpf. Lane 1: size 

markers; Lane 2: PCR product amplified using primers for exon 5 and 9 of Col11a1a (chr 

24) from 48 hpf embryos after treatment with the control AMO showing that the most 

prevalent splice form consists of 6a-7-8-9 at 48 hpf. Lane 3: PCR products of 

amplification after treatment with Col11a1a-MOe6a, showing a decrease in the most 

prominent splice form and the appearance of new splice forms that exclude exon 6a. Lane 

4: PCR products of amplification after treatment with Col11a1a-MOe8, showing 

appearance of new splice forms that exclude exon 8. Lanes 5, 6, and 7: control and 

treatment at the 72 hpf time point demonstrate the transient effect of AMO treatment, 

showing that the splice patterns of the treated samples match the control. Size markers 

are indicated in basepairs on the left, while identity of the PCR bands is indicated on the 

right, referring to exons included as a result of alternative splicing. The identity of PCR 

products was confirmed by DNA sequencing. 
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Abstract 

Objective: Extracellular matrix proteins play important roles in embryonic 

development and antibodies that specifically detect these proteins are essential to 

understanding their function. The zebrafish embryo is a popular model for vertebrate 

development but suffers from a dearth of authenticated antibody reagents for research. 

Here, we describe a novel antibody designed to detect the minor fibrillar collagen chain 

Col11a1a in zebrafish (AB strain). 

Results: The Col11a1a antibody was raised in rabbit against a peptide comprising 

a unique sequence within the zebrafish Col11a1a gene product. The antibody was 

affinity-purified and characterized by ELISA. The antibody is effective for immunoblot 

and immunohistochemistry applications. Protein bands identified by immunoblot were 

confirmed by mass spectrometry and sensitivity to collagenase. Col11a1a knockout 

zebrafish were used to confirm specificity of the antibody. The Col11a1a antibody 

labeled cartilaginous structures within the developing jaw, consistent with previously 

characterized Coll11a1 antibodies in other species. Col11a1a within formalin-fixed 

paraffin-embedded zebrafish were recognized by the antibody. The antibodies and the 

approaches described here will help to address the lack of well-defined antibody reagents 

in zebrafish research.  

Keywords: Collagen α1(XI), Col11a1a, Col11a1a, cartilage, vertebrate 

development, zebrafish, antibody authentication, immunoblot, immunofluorescence 

microscopy 
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Introduction 

The extracellular matrix (ECM) plays a key role during embryonic development 

[1–5], and the minor fibrillar collagens play regulatory roles in collagen assembly and 

structural integrity of connective tissues [6–11]. While progress has been made on the 

documentation of ECM protein expression patterns within the developing embryo by in 

situ hybridization, such information does not always indicate the location of the resulting 

protein within tissue [6,8]. This is a particularly important limitation for secreted proteins 

of the ECM that have long half-lives, making specific antibodies essential reagents for 

ECM research. 

Collagen type XI is a trimeric molecule consisting of α1, α2, and α3 chains. The 

α1(XI) and α2(XI) chains possess unique amino terminal domains (NTD) that contain an 

amino propeptide and a variable region, and can be retained at the surface of collagen 

fibrils for an extended period of time. Collagens persist in tissues for long periods of time 

[12,13], and undergo post transcriptional and post translational modifications such as 

alternative splicing of the primary transcript, proteolytic cleavage of the procollagen, and 

post translational modifications [14,15] that add to complexity. The development of 

novel and specific research tools such as antibodies are essential to accurately monitor 

tissue changes, both temporally and spatially [12,16]. 

The fibril structure of collagens creates a challenge for accessing epitopes for 

immunolocalization studies. Additionally, sequence conservation among all collagens 

increases the challenge associated with the design and development of novel and robust 

antibodies for research focused on the role of fibrillar collagens [17,18]. However, the 

NTD of minor fibrillar collagens offers attractive targets for specific protein recognition 
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[11,16,19,20]. The location and slow proteolytic processing make the NTD a suitable 

epitope target for antibody-based detection.  

Zebrafish, a model vertebrate organism [21], offer the advantages of optical 

transparency and ex utero development [22]. One limitation, however, is the paucity of 

antibody reagents for zebrafish ECM proteins. Here we describe antigen selection and 

antibody development of a novel Col11a1a antibody. Antibody validation is a critical 

component of research as indicated by NIH guidelines to assure rigor and reproducibility 

for key biological resources [23–25].  

Methods 

Zebrafish Husbandry 

This study was performed with the approval of the Institutional Animal Care and 

Use Committee (IACUC) protocols AC18-014 and AC18-15 at Boise State University. 

Zebrafish (AB strain) were housed under standard laboratory conditions [26]. 

Developmental staging was reported as hours post-fertilization (hpf) at 28.5°C. Embryos 

were raised in egg water (pH 7.2) [26]. CRISPR/Cas9 was used to knockout Col11a1a 

expression. Full knockout was lethal in the majority of offspring; therefore, a 

heterozygous fish line was created by outbreeding with wildtype fish. Heterozygous 

crosses were used in addition to wildtype to validate the antibody. All mutant embryos 

were humanely euthanized at 72 hpf before nervous system development occurred. No 

animals were excluded during this study. Potential confounders were not controlled. A 

total number of 40 animals were used in this study.   
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Antibody design and development 

Antibodies were generated using the peptide sequence NH2-ck(g)9dvphkdtlqa-

COOH conjugated to keyhole limpet hemocyanin. Antibody production was outsourced 

to Bethyl Laboratories, Inc. According to Bethyl Laboratories, rabbits were immunized, 

and sera were collected. Sequential bleeds were screened by ELISA against the peptide to 

determine titer. Antibodies were affinity purified, concentrated, and stored at -20oC upon 

arrival. 

Protein isolation and detection by immunoblot 

Wildtype, heterozygotes (Col11a1a+/-) and homozygotes (Col11a1a-/-) embryos 

were used for protein isolation and detection by immunoblot. Each experimental group 

contained 20 embryos for sufficient protein extraction. Embryos were dechorionated 

using 1 mg/mL pronase at room temperature then rinsed in Ringer’s solution. Embryos 

were treated with ethylenediamine tetraacetic acid (EDTA) and protease/phosphatase 

inhibitor cocktail (Thermo Fisher Scientific) in Ringer’s and passed through a glass 

pipette to remove the yolk.  

Samples were processed as previously described [27] with modification. In brief, 

samples previously fixed in 4% paraformaldehyde (PFA) were incubated in 2% sodium 

dodecyl sulfate (SDS) at 95°C for 30 min and 60°C for 2 hours to reverse PFA fixation. 

The embryos were pelleted by centrifugation for 20 min at 5000 x g and the supernatant 

was removed. De-yolked embryos were homogenized in SDS sample buffer with a 

microfuge pestle, boiled, and centrifuged to clarify the extract. Extracted proteins were 

separated on a 4-12% gradient bis-Tris gel and transferred to polyvinylidene difluoride 

membranes and blocked for 60 min at room temperature. Membranes were rinsed with 
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Tween-20 Tris buffered saline (TTBS) 3 x 5 min. Primary antibody was added to the 

membrane in TTBS with 5% bovine serum albumin and incubated overnight at 4oC with 

constant rocking. For peptide blocking experiments, the peptide was added to the primary 

antibody solution and agitated for 1 hour before adding to the membrane. The primary 

antibody solution was decanted, and unbound antibody was removed by rinsing the 

membrane with TTBS 3 x 5 min. Secondary antibody conjugated to horseradish 

peroxidase was added to the membrane and rocked at room temperature for one hour. 

The secondary antibody was decanted, and the membrane washed 3 x 5 min with TTBS. 

Enhanced chemiluminescence reagent was added to the membrane and imaged on a 

FluorChem E Digital Darkroom.  

LC-MS/MS-based protein sequence analysis 

LC-MS/MS analysis was performed using methods established previously [28] 

with modifications. Briefly, excised gel pieces were destained in 50% acetonitrile and 

50mM NH4HCO3, followed by the treatment with dithiothreitol (10 mM) to reduce 

disulfide bonds and iodoacetamide (55 mM) for alkylation and then digested with 

proteomics grade trypsin (Thermo Fisher Scientific, Waltham, MA, USA) overnight at 

37oC. Peptides were extracted, dried under vacuum, and reconstituted in 5% acetonitrile 

and 0.1% formic acid. Tryptic peptides were analyzed on a Velos Pro Dual-Pressure 

Linear Ion Trap mass spectrometer equipped with a nano electrospray ionization source 

and coupled with an Easy-nLC II nano LC system (Thermo Fisher Scientific, Waltham, 

MA, USA).  

Peptide spectral matching and protein identification were achieved by database 

search using Sequest HT algorithms in Proteome Discoverer 2.2 (Thermo Fisher 



69 

 

Scientific). Raw spectrum data were searched against the UniProtKB/Swiss-Prot protein 

database for Zebrafish (downloaded from www.uniprot.org on September 8, 2020). 

Search parameters included: trypsin, maximum missed cleavage site of two, precursor 

mass tolerance of 1.5 Da, fragment mass tolerance of 0.8 Da, fixed modification of 

cysteine carbamidomethylation (+57.021 Da), and variable modification of 

oxidation/hydroxylation of methionine, proline, and lysine (+15.995Da). Decoy database 

search was performed to calculate false discovery rate (FDR). Proteins containing two or 

more peptides with FDR≤0.01were considered positively identified. 

Immunofluorescence 

Wildtype, heterozygotes (Col11a1a+/-) and homozygotes (Col11a1a-/-) embryos 

were used for immunofluorescence analysis. Each experimental group contained 15 

embryos. Zebrafish embryos were fixed in 4% PFA and embedded in paraffin prior to 

sectioning. Samples were cut into 10 micrometer sections. Sections were deparaffinized 

in xylenes and rehydrated in a graded alcohol series. Sections were rinsed with 0.1% 

Tween-20 in PBS and Triton X-100 at room temperature. Blocking was performed in 5% 

goat serum and 2% Tween-20 in PBS for one hour. Primary antibodies were diluted in 

blocking solution and samples were incubated at 4oC overnight. Secondary antibody was 

diluted 1:200 in blocking solution and applied to samples overnight in the dark. 

ProlongTM Gold antifade mountant with DAPI (Fisher Scientific) was used to mount the 

coverslip. Samples were imaged on a Zeiss LSM 510 Meta confocal microscope.  

http://www.uniprot.org/
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Results 

Epitope selection 

We identified a unique sequence within the zebrafish collagen α1(XI) protein 

corresponding to the NTD [29–31]. This sequence is encoded by exon 5, preceding the 

start of the variable region (Figure 1).  

Immunoblot analysis 

We tested the specificity of the antibody against protein extracted from whole 

zebrafish lysates by immunoblot. The antibody recognized protein bands with apparent 

molecular weights of 100 kDa and 35 kDa from total lysate collected from embryos at 24 

hpf. Collagenase treatment of an ECM extract resulted in the disappearance of the 100 

kDa band and a concomitant generation of a protein band with an apparent molecular 

weight of 35 kDa Figure 2A.  
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Figure 3.1. Model of Collagen type XI.  

A) Collagen type XI molecule. Structural regions of the type XI collagen molecule are 
indicated including the signal peptide, amino terminal propeptide, variable region, the 
minor helix, the amino telopeptide, the major triple helix, the carboxy telopeptide, and 
the carboxy propeptide. Relative size and dimensions are shown above the molecular 
model. B) Three alpha chains: α1(XI), α2(XI), and α3(XI) C) Formation of triple helical 
molecule is initiated at the C-terminus. D) Fully assembled triple helical collagen 
molecule with carboxy propeptide. E) Potential cleavage events, with carboxy propeptide 
removed, with amino propeptide removed at the BMP-1 cleavage site (35 kDa), and 
finally, with the ADAMTS2 cleavage site within the amino telopeptide indicated by the 
vertical dotted line that would release the major triple helix and generate a fragment 
containing the amino propeptide and variable region (100kDa). F) Exon structure of 
Col11a1a, indicating alternatively spliced isoforms. G) Epitope sequence unique to the 
new antibody. This sequence is encoded by exon 5 which is present in all spliceforms. 
Abbreviations: amino terminal domain (NTD); amino propeptide domain (Npp); variable 
region (VR); minor helix (mh); amino telopeptide (N-tp); major triple helix (MH); 
carboxy telopeptide (C-tp); carboxy propeptide (Cpp). 
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The antibody recognized the peptide originally used to generate the antibody 

under the conditions of the immunoblot, as indicated by observed competition by the 

peptide and abolition of the detection of protein bands at 100 kDa and 35 kDa (Figure 

2A).  

Protein sequence analysis 

The protein bands identified by immunoblot were excised from the gel and 

submitted for mass spectrometry to confirm identity of the proteins by sequencing 

(Figure 2). Mass spectrometry results of the band migrating with an apparent molecular 

weight of 100 kDa identified peptides from the NTD of Col11a1a. The NTD peptides 

were also identified in a band with an apparent molecular weight of 35 kDa (Figure 2B-

C).  

Specificity of Col11a1a antibody 

To confirm antibody specificity, we tested the antibody on proteins extracted from 

Col11a1a knockout zebrafish. Immunoblot indicated a lower expression of Col11a1a in 

heterozygous embryos and no expression in knockout homozygous embryos. Full length 

and the fragment of Col11a1a was observed in wildtype and heterozygous embryos while 

knockout embryos displayed no Col11a1a protein expression (Figure 2D).  
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Immunohistochemistry 

We confirmed that the antibody recognized tissues in which expression of 

collagen type XI is well established. The antibody specifically labeled cartilage within 

the jaw and eye structures at 72 hpf (Figure 3).  

 

 

 

 

Figure 3.5. Antibody detection of Col11a1a protein by immunoblot and 
confirmed by mass spectrometry.  

A) The antibody recognized protein bands migrating with apparent molecular weights 
of 100 and 35 kDa from zebrafish total lysate. Proteins extracted from the ECM 
contained the 100 kDa that was converted to a 35 kDa band upon treatment with 
collagenase. In the presence of a large excess of the peptide used as the antigen, the 100 
kDa and 35 kDa bands from total lysate are not visible on the immunoblot, supporting 
competition by the peptide for the antigen binding site on the antibody. B) Structural 
model of the amino propeptide domain of Col11a1a. Peptides detected by mass 
spectrometry are indicated in their respective locations of the exons encoding the 
protein. C) Protein sequence of Col11a1a amino propeptide domain with grey shading 
indicates the sequence coverage used to confirm the identity of the protein recognized 
by the new antibody as Col11a1a. D) Quantification of immunoblot band intensity from 
proteins extracted from wildtype (WT), heterozygotes, and homozygous knockout 
embryos. The NTD fragment and full-length molecule were quantified by densitometry. 
Absence of these protein bands from homozygous knockout embryos confirmed 
specificity of the new antibody. Abbreviations: wildtype (WT); heterozygous (HET); 
knockout (KO).   
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Discussion 

Collagens are essential molecules for establishing tissue morphology during 

embryological development. Our goal was to develop an antibody recognizing Col11a1a 

of zebrafish. We chose an epitope that was unique to zebrafish Col11a1a within the NTD 

of Col11a1a that could be used for both immunoblotting and immunohistochemistry. The 

detection of a protein migrating with an apparent molecular weight of 100 kDa is 

consistent with a fragment generated by proteolytic cleavage by ADAMTS2 (ADAM (A 

Disintegrin And Metalloproteinases) Metallopeptidase with Thrombospondin Type 1 

Motif 2) within the amino telopeptide [31,32]. The recognition of the 35 kDa protein 

band is consistent with a released NTD fragment upon collagenase digestion to remove 

the minor helix or alternatively, proteolytic processing by bone morphogenetic protein-1 

(BMP-1) [31,33,34]. Together, these results support the utility of the new antibody to 

recognize biologically relevant forms of Col11a1a in the zebrafish embryo. 

Mass spectrometry results identified peptides unique to Col11a1a in bands 

identified by the new antibody, supporting future investigations of collagens during 

Figure 3.6. Immunohistochemistry demonstrating location of Col11a1a within 
developing craniofacial region (72 hpf).  

Zebrafish embryos were fixed, embedded, and sectioned for immunofluorescence 
detection of Col11a1a using the new antibody. A) DAPI staining indicates the location of 
nuclei; B) Col11a1a primary antibody detects Col11a1a in the eye and within the jaw 
cartilage. C) Merge of panels A and B. Scale bar = 50 µm. 
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development [35,36]. Important aspects of the molecular processing of procollagens that 

results in mature collagens [37,38] and the fates of fragments [39] may be enabled by this 

antibody. Additionally, this antibody may facilitate the localization of collagens in tissues 

such as skin, bones and ligaments [40–43]. The epitope recognized by the new antibody 

is unique to zebrafish Col11a1a and the antibody did not recognize other collagen types. 

Immunoblot analysis of Col11a1a knockouts confirmed specificity of the Col11a1a 

antibody.  

Tissue staining within the eye and craniofacial cartilage of the jaw at 72 hpf is 

consistent with results from other species [40]. The Col11a1 chondrodystrophic (cho) 

mouse is characterized by deficiencies in chondrogenesis including in the craniofacial 

skeleton [40,44]. Human disorders such as type 2 Stickler syndrome due to a mutation in 

COL11A1, display a smaller jaw, high myopia, and retinal detachment [18,45–47].  

Collagen type XI nucleates and limits the diameter of collagen type II fibrils and 

interacts with non-collagenous molecules. Previous studies demonstrated severe changes 

in the ECM and collagen networks when Col11a1a was knocked down in zebrafish 

[1,18]. Additionally, Col11a1 mutations in the cho mouse show disordered chondrocytes 

and collagen fibrils in the growth plate [40–43]. 

We have generated a novel tool for monitoring changes in Col11a1a synthesis and 

localization in zebrafish tissue during embryonic development. We show that the 

antibody is useful for immunoblot and immunohistochemistry and confirmed the 

expression in cartilage of the developing skeleton as would be expected for collagen type 

XI. Future studies will rely on this antibody to investigate zebrafish models for 

syndromic and nonsyndromic congenital disease and diseases associated with aging.  
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Limitations 

• As expected, additional collagens were found to migrate with apparent molecular 

weight of approximately 100 kDa specifically, collagen XIIα1, however, this 

collagen does not contain the peptide epitope and recognition by the antibody is 

unlikely. 

• Classification of homozygous and heterozygous offspring was performed visually 

based on severity of observed phenotype. It is possible that some more severely 

affected heterozygous embryos were classified as homozygous knockouts, leading 

to low levels of Col11a1a present in protein extracts from the homozygous 

knockout group. However, based on original homozygous embryo data before 

outcrossing, we feel confident in our ability to distinguish between homozygous 

knockouts and heterozygous knockdown mutant groups.  
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Abstract 

Sensory hair cells are responsible for mechanotransduction in hearing and balance 

function. Mutations and single nucleotide polymorphisms in the gene encoding Collagen 

XI alpha one chain (COL11A1) protein can play a role in hearing and balance 

dysfunction in humans as seen in disorders such as Stickler Type 2 and Marshall 

Syndrome, and nonsyndromic hearing loss DFNA37. Here, we address the role of the 

COL11A1 zebrafish orthologue Col11a1a in otic development and structure. In situ 

hybridization, immunofluorescence, and scanning electron microscopy techniques were 

implemented to observe normal Col11a1a expression. We found that Col11a1a was 

expressed in the developing otic vesicles by in situ hybridization. Col11a1a protein was 

localized to the sensory hair cells. Knockdown and knockout models of Col11a1a 

resulted in abnormal numbers of otoliths and shortened kinocilia. This research highlights 

the importance of Col11a1a in the development and structure of the inner ear as a whole 

including the hair cells, kinocilia, and otolith formation.  

Keywords: collagen, zebrafish, inner ear, balance 

1. Introduction 

The inner ear is essential to maintaining balance and hearing. The hearing 

component of the inner ear contains the semicircular canals and the cochlea. Similarly, 

the semicircular canals, saccule, and utricle contribute to balance maintenance [1–6]. Hair 

cells are found in the cochlea and along the semicircular canals, saccule, and utricle. Each 

of these sensory hair bundles consist of rows of actin-containing stereocilia and one 

microtubule-containing kinocilia [1–4]. Tethering links between stereocilia and the 

kinocilia allow the cilia to move together, which is sensed by the hair cell, which sends 
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hearing signals through nerves [7,8]. Dysfunction of hair cells lead to hearing and 

balance complications.   

The molecular basis for a link between hair cell dysfunction and complications 

with hearing and balance can be the extracellular matrix (ECM) molecule, collagen [9]. 

Collagen has been characterized in the nervous system including the innervated regions 

of vertebrates, the spinal cord, and the ear [9,10]. Collagen type XI is an essential minor 

fibrillar collagen in cartilaginous tissues and provides structure during development by 

nucleating the fibrillogenesis process and limiting the final diameter of collagen fibers 

[11–14]. Collagen type XI is found within the fluid of the inner ear and mutations of 

Collagen type XI alpha 2 chain (COL11A2) have been reported to cause an increase in 

auditory thresholds, and abnormal structure of the tectorial membrane [15]. However, 

little is known about the function of Collagen type XI alpha 1 chain (COL11A1) in the 

ear. According to limited literature, the family member COL11A1 is assumed to be 

present in the inner ear because of hearing impairment and balance dysfunction that is 

associated with Stickler syndrome type 2, Marshall syndrome, and nonsyndromic hearing 

loss deafness autosomal dominant 37 (DFNA37) [1–4,16,17].  

Results from this study indicate that Col11a1a is important in the development of 

the ear and new evidence shows Col11a1a protein localized to hair cells in zebrafish. In 

the absence of Col11a1a, structure of the ear is altered. Changes that occurred as a result 

of a decrease in or loss of Col11a1a included the length of kinocilia and stereocilia, and 

otolith morphology. These results provide new information about Col11a1a in ear 

development and may provide an explanation for the mechanism of COL11A1 associated 

hearing loss in humans, whether it is syndromic or nonsyndromic. These results also 
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indicate new and novel functions for the amino terminal proteolytic fragment of 

COL11A1 that is not related to chondrodystrophies. Additionally, these results enable a 

more thorough understanding of the molecular, cellular, anatomical, and physiological 

mechanisms of Col11a1a in hearing and balance. 

2. Materials and Methods 

2.1. Zebrafish Husbandry 

This study was performed with the approval of the Institutional Animal Care and 

Use Committee (IACUC) at Boise State University. Zebrafish were raised and housed 

under standard laboratory conditions at 28.5 °C [18]. Wild-type AB strain were used. 

Developmental staging the embryos were reported as hours post-fertilized (hpf) at 28.5 

°C. Embryos were raised in egg water (pH 7.2) [18]. In embryos raised to older than 24 

hpf, 200 µM 1-phenyl-2-thiourea (PTU) was added to the embryo incubation water as 

previously described in [19]. 

2.2. In Situ Hybridization 

Whole mount in situ hybridization (ISH) was performed as previously described 

[20]. Antisense digoxigenin labeled riboprobes for Col11a1a were synthesized and used. 

Sequences for the primers to design these probes were published in [20]. Previously 

published in situ hybridization protocol was used for whole mount sample preparation 

[21].  

2.3. Immunofluorescence and Confocal Microscopy 

Custom-made antibody against Col11a1a was generated in rabbits (Bethyl 

Laboratories). Antibody to acetylated alpha-tubulin was purchased from Thermo Fisher 

Scientific. The custom antibody was validated and authenticated as published previously 
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[22]. Alterations to the following protocols [21], were used during immunofluorescence 

preparation. Samples were fixed in 4% paraformaldehyde (PFA) and then rinsed three 

times with a solution of 0.1% Tween-20 in PBS. TritonX-100 was used as a 

permeabilization step where samples are incubated for 1.5 hours at room temperature. 

Blocking solution was prepared using 5% goat serum and 2% Tween-20 in PBS and 

samples were incubated for one hour. Further permeabilization was performed by 

incubating samples in ice cold acetone for eight minutes at -20 °C. Primary antibodies 

were diluted in blocking solution, and samples were incubated while rocking at 4 °C 

overnight. Samples were rinsed in blocking solution, and then secondary antibodies were 

diluted 1:200 in blocking solution. Samples were incubated while rocking overnight in 

the dark at 4 °C. Samples were imaged on a Zeiss Confocal LSM 510 Meta microscope. 

2.4 Antisense Morpholino Oligonucleotide Injection 

Antisense morpholino oligonucleotides (AMOs) were designed as previously 

described [23–25]. AMOs injections resulted in knockdown of protein expression of 

Col11a1a (Gene Tools, LLC Philomath, OR). The sequence was been detailed in Hardy, 

et al [23]. and is as follows: 5’-GGGACCACCTTGGCCTCTCCATGGT-3’. As a 

negative control, a standard control AMO 5’-CCTCTTACCTCAGTTACAATTTATA-3’ 

directed to the gene encoding β-globin in human thalassemia patients was used (Gene 

Tools #18633993). AMOs were injected at 1.75 nL of 150 ng/µL concentration into the 

cell cytoplasm. AMO injection effectiveness was confirmed by RT-PCR [23].   

2.5. CRISPR/Cas9 Gene Editing 

CRISPR/Cas9 probes were used to cause a premature stop codon in Col11a1a as 

previously described [26]. The target sequences were identified through the CHOPCHOP 
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webtool [27,28]. Hardy et al, [23], previously described the six best targets for 

introducing a stop codon in Col11a1a. In this study, we used guide sequence e201 

resulting in a premature stop codon in exon 2 to generate Col11a1a CRISPR/Cas9 mutant 

generation shown in Table 1 modified from [23]. 

 

Table 4.1. CRISPR/Cas9 gene editing constructs. 

Na
me 

Targ
et Guide Sequence1 Forward Primer Reverse Primer 

E20
1 

Exon 
2 

ATTTAGGTGACACT
ATA 
AAGAGCATCACAGC
CAGACG 
GTTTTAGAGCTAGA
AATAGCAAG 

 
CTGCTGACATTTTG
CATGTCTT 

 
CATTTAAACGCAG
CTGAACGTA 

1 Bold nucleotides indicate the coding sequence within the guide sequence. 
2 Insert contains homology arms (lowercase) and the stop codon insert (capitals). 
(Hardy et al., 2020) 
 

2.6. Scanning Electron Microscopy 

Previously fixed (4% PFA) embryos were treated with respect to their designated 

treatment group (untreated wild-type, hyaluronidase, ethylenediaminetetraacetic acid 

(EDTA), and TritonX-100). After treatment, samples were prepared for SEM as 

previously described in [7]. The following changes to the protocol were used in order to 

compensate for younger samples: samples were fixed in glutaraldehyde and osmium 

tetroxide for two hours, the tips were not silver coated, and gold sputter coats were 

applied at 60 second intervals for 15 cycles at 0.15 mbar and 10 mA [7]. Samples were 

imaged on a Hitachi S-3500N SEM.   
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2.7. Image Processing 

Digital images were processed using Fiji ImageJ [29]. Image processing for use in 

Figures was done in Inkscape and Photoshop. Images were adjusted in full for brightness 

and contrast.  

 

 
3. Results 

3.1. The Zebrafish Inner Ear Counterparts to The Human Inner Ear 

Sequencing studies have shown 71% of human genes and 82% of human diseases 

have one or more zebrafish ortholog [30,31]. Not only do zebrafish have orthologous 

genes, the structure and function of several organs are also conserved [32]. The zebrafish 

inner ear is representative of the vertebrate inner ear as shown in [33]. Figure 1 displays 

the similar structures between the human and zebrafish inner ear (Figure 1A-B). Both 

vertebrate models have three fluid-filled semicircular canals lined with sensory hair cells. 

Figure 4.1. Neurovestibular anatomy and function.  
A) Anatomy of human neurovestibular organs responsible for balance. B) Anatomy of 
zebrafish neurovestibular organs responsible for hearing and balance. The utricle and 
saccule are structurally and functionally conserved between the two species. C) 5 day 
post fertilized larval zebrafish displaying the sensory neuromasts along the lateral line 
and within the otic capsule. D) Anatomy of a zebrafish neuromast showcasing the 
important cilium showcased in the utricle and saccule in both A and B. 
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Two otocania/otoliths, the utricle and the saccule, are present in both models. The human 

model has a cochlea which is absent in the zebrafish model. In the zebrafish model the 

two otoliths, utricle and saccule, do not perform the same function unlike the human 

otocania (Figure 1A-B). Zebrafish have sensory hair cells in the inner ear as well as 

along the lateral line (Figure 1C). These hair cells contain the stereocilia and the 

kinocilia responsible for balance and hearing sensing (Figure 1D). 
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3.2 Imaging Structure of Neuromast and Kinocilium of the Hair Cells. 

Confocal imaging of paraffin sectioned zebrafish embryos was performed to 

visualize neuromasts. Sectioning of the otic vesicle reveals sensory patches containing a 

neuromast (Figure 2A). Imaging a full neuromast revealed the cell structure of the 

neuromast as well as the long kinocilia in the middle (Figure 2B). Z-stack confocal 

Figure 4.2. Inner ear hair cells and neuromasts of embryonic zebrafish.  
Immunohistochemistry of 60 hpf embryo sections stained with DAPI (blue) and anti-
acetylated alpha tubulin (green). A) Longitudinal section showing the opening of the 
otic vesicle where a series of hair cells are visible in green. B) Section looking down at 
a neuromast. The kinocilia are seen in green. C) Cross section of the 3D view of B. 
Axes are z, y, and x dimensions respectively measured in µm. Long kinocilia (green) 
are seen coming out of the neuromast. Scale bars = 10 µm. n = 10. 
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images of the neuromast was used to create a 3D image of the neuromast. A cross section 

of this 3D image reveals the internal structure of the neuromast including the long 

kinocilia of the hair cells (Figure 2C). 

3.3. COL11A1 Ortholog mRNA Expression in the Otic Vesicle. 

Col11a1a is present the cartilage of developing vertebrates. Our lab has 

previously shown that loss of Col11a1a expression resulted in abnormal otic appearance. 

In situ hybridization (ISH) was used to characterize the expression pattern of collagen 

type XI alpha one chain mRNA orthologue in zebrafish embryos. Zebrafish orthologue 

Col11a1a mRNA expression was characterized in 72 hpf embryos by ISH riboprobe or a 

sense probe control. Control probe samples were prepared for comparison (Figure 3A-

B). Col11a1a riboprobe allowed visualization of Col11a1a mRNA expression around the 

otic vesicle (Figure 3C). Closer observation of the otic vesicle suggested Col11a1a was 

expressed within the otic vesicle (Figure 3D). 
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3.4. Col11a1a protein was present at 18 hpf and 24 hpf of embryonic otic vesicle 

development. 

To determine the expression of Col11a1a protein during development, we 

performed immunofluorescence (IF) at specific timepoints. We found that expression of 

Col11a1a varied throughout different stages of embryonic otic development. Otic vesicle 

development observations spanned a 10-hour time frame in fish of age 14 to 24 hpf in 

order to characterize expression at placode formation through full otic vesicle 

development. Anatomy presented in Figure 1 was used to evaluate the location of 

Col11a1a expression. The otic vesicle was observed forming at 14 hpf with no Col11a1a 

expression (Figure 4A). At 18 hpf, the otic vesicle showed Col11a1a expression (Figure 

4B). By 24 hpf the otic vesicle was fully formed with Col11a1a expression located along 

Figure 43. In situ hybridization of COL11A1 zebrafish ortholog probe Col11a1a.  
A) 24 hour post fertilized (hpf) embryo with Col11a1a probe. B) 24 hpf wild-type 
embryo. C) 72 hpf embryo with Col11a1a probe. D) 72 hpf wild-type embryo. Arrows 
indicate location of otic vesicles. Scale bar = 200 µm.   
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the opening and the hair cell kinocilia (Figure 4C). The observed expression indicated 

that Col11a1a was expressed around and within the otic vesicle during mid to late otic 

vesicle development. 

3.5. Col11a1a Protein is Present in the Kinocilia of the Otic Vesicle Hair Cells in Early 

Development.  

 

 
Further analysis of Col11a1a expression around and within the otic vesicle and in 

the hair cells was performed to determine the exact localization of the protein. Key 

features of the anatomy of a 24 hpf embryos were mapped for reference in analysis of IF 

data (Figure 5A). Anti-Col11a1a antibody fluorescence indicated Col11a1a protein 

within the embryonic zebrafish (Figure 5B). Analysis of the otic vesicle and the inner ear 

Figure 4.4. Col11a1a expression in the otic vesicle through embryonic 
development.  

Immunofluorescence of otic vesicle development in wild-type embryonic zebrafish over 
the course of 10 hours. The fish diagram indicates the orientation of each sample in 
panels A, B, and C. Expression of Col11a1a (red), anti-acetylated alpha tubulin (green), 
and DAPI (blue) are shown. A) 14 hpf embryo showing no expression of Col11a1a. The 
otic vesicle is starting to form as shown in the DAPI channel. Arrow indicates formation 
of otic vesicle. B) 18 hpf embryo showing Col11a1a expression around the otic vesicle. 
Arrow indicates opening of the otic vesicle. C) 24 hpf embryo has Col11a1a expression 
around the otic vesicle as well as within the otic vesicle. Arrow indicates expression of 
Col11a1a within the otic vesicle along the neuromast hair cell’s kinocilia as stained by 
acetylated alpha tubulin. Scale bars are all 50 µm. Abbreviations: P, posterior; A, 
anterior; D, dorsal; V, ventral. n=30. 
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hair cells demonstrated Col11a1a expression along the otic vesicle opening and in the 

hair cells (Error! Reference source not found.C-D). Col11a1a expression along 

kinocilia of the otic hair cells was also observed (Error! Reference source not 

found.D). This expression suggested Col11a1a is located along the kinocilia. 

 

 
3.6. Col11a1a Protein is Present in the Kinocilia of the Otic Vesicle Hair Cells Later in 

Development. 

Col11a1a expression along the kinocilia is still observed in later embryonic 

development. At later stages in development, Col11a1a expression is more specific. As 

shown by Figure 6, 60 hpf embryos have less general expression around the otic vesicle 

compared to 24 hpf embryos in Figure 5 (Figure 6A and Figure 5B). Expression of 

Col11a1a along the kinocilia was detected along several kinocilia in a neuromast (Figure 

Figure 4.5. Localization of Col11a1a in the kinocilia of hair cells in zebrafish 
otic vesicle.  

Immunofluorescence on 24 hpf wild-type whole mount embryos for Col11a1a 
expression (red), anti-acetylated alpha tubulin (green), and DAPI (blue). A) Diagram of 
24 hpf embryo with important landmarks indicated for labeling purposes. Red square 
indicates location of otic vesicle where we will focus. B) Otic vesicle with Col11a1a 
expression colocalizing along the opening and kinocilia. C) Close-up of otic 
neuromast. Col11a1a is shown along the kinocilia attaching to the otolith (black 
sphere). Scale bars = 10 µm B and 1 µm C. n = 30. 
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6B). Imaging of a single kinocilium revealed a punctate pattern of Col11a1a expression 

similar to what is observed at 24 hpf (Figure 6C and Figure 5C). 

 

3.7. Structurally Abnormal Otic Vesicle in Col11a1a Knockdown Models. 

Col11a1a knockdown models were generated to observe the effect on the 

embryonic otic vesicle. Antisense morpholino generated Col11a1a knockdown 

morphants (AMO morphants) displayed curved notochord unlike the straight wildtype 

notochord (Figure 7A and 7D). AMO morphant’s otic vesicles were abnormally shaped 

with otolith malformations (Figure 7E). Normal wild type zebrafish otic vesicles contain 

two otoliths: the larger saccule and the smaller utricle. Three small otoliths or one large 

otolith were observed in AMO morphant embryos with three otoliths being the 

predominate phenotype (Figure 7B and 7E).  

Figure 4.8. Col11a1a in the kinocilia of the inner ear of a 60 hpf zebrafish embryo 
histological section.  

Col11a1a expression (red), anti-acetylated alpha tubulin (green), and DAPI (blue). A) Full 
view of the inner ear. Minimum Col11a1a (red) expression is seen along the vesicle itself 
and more contained to the hair cells (green) themselves. B) Close up of patch of hair cells. 
Kinocilia (green) have Col11a1a (red) expression along them. C) Individual kinocilium. 
Punctate Col11a1a (red) expression along the kinocilium (green). Scale bars = 10 µm A and 
B, 5 µm C. n = 10. 
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CRISPR/Cas9 generated Col11a1a knockdown mutants (Figure 8B-C) shared 

curved notochords preliminarily consistent with AMO morphants (Figure 7C and 7F). 

Figure 4.9. Abnormal otic vesicle of Col11a1 AMO morphant model.  
Light microscopy of antisense morpholino oligonucleotide mediated knockdown of 
Col11a1a embryos at 48 hours post fertilized. Insets show general phenotype of 
whole embryos as severity in phenotype is observed. Images displayed by increase 
in severity. A) Wild-type embryo treated with standard AMO injection control. 
Normal otic vesicle with two otoliths one larger in size. B-F) Increased severity of 
Col11a1a AMO knockdown embryos. B) Otic vesicle largely unchanged as a 
whole, but abnormal otolith formation with one large otolith and several smaller 
fragments. C) Otic vesicle normally shaped with two abnormal otoliths of the same 
size. D) Abnormal oblong shape of otic vesicle with two abnormal otoliths of the 
same size. E) Otic vesicle shape is typical with a smaller opening with no otoliths 
observed. F) Otic vesicle shape is slightly oblong with no otoliths observed. Long 
arrows indicate location of otic vesicle. Arrowheads indicate otolith location. Scale 
bars = 50 µm. Each treatment group n = 15.  
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CRISPR/Cas9 homozygous mutants were nonviable so a heterozygous model was 

created. Homozygous mutants had a disorganized body structure with more severe otic 

vesicle and otolith malformation (Figure 8C). Heterozygous mutants had a less severe 

overall phenotype with otolith malformations including two similar sized otoliths, one or 

absent otoliths, or three or more otoliths (Figure 8B). Phenotypic observation of AMO 

and CRISPR/Cas9 models compared to wild type suggest that otic vesicle development 

was influenced by Col11a1a (Figure 7 and Figure 8). 

 

3.8. Col11a1a Knockdown Stunts Growth of Cilia in Hair Cells of the Otic Vesicle and 

Neuromasts. 

Scanning electron microscopy (SEM) of 72 hpf wild-type embryos was 

performed. This timepoint allowed for successful SEM preparation while conserving the 

structure of the otic vesicle. Imaging revealed normal structure and anatomy (Figure 9). 

Figure 4.10. Abnormal otic vesicle of CRISPR/Cas9 mutant models.  
Light microscopy of CRISPR/Cas9 Col11a1a knockdown mutant embryos at 48 hours 
post fertilized. Insets show general phenotype of whole embryos as severity in 
phenotype is observed. A) Wild-type embryo otic vesicle. Normal otic vesicle with two 
otoliths one larger in size. B) CRISPR/Cas9 Col11a1a heterozygote knockdout 
(Col11a1a+/-) embryo otic vesicle. Otic vesicle largely unchanged as a whole, but 
abnormal otolith formation with two abnormal otoliths of approximately the same size. 
C) CRISPR/Cas9 Col11a1a homozygote knockout (Col11a1a-/-) embryo. Otic vesicle 
slightly smaller with minor shape malformation. Abnormal otolith formation with three 
otoliths all of differing sizes. Long arrows indicate location of otic vesicle. Arrowheads 
indicate otolith location. Scale bars = 50 µm. Each treatment group n = 20. 
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In col11a1a knockdown CRISPR/Cas9 mutants, severe phenotypes were observed 

(Figure 9E).  
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Figure 4.11. Morphological abnormalities in otic vesicle hair cells and 
neuromasts in Col11a1+/- embryos.  

Scanning electron microscopy of 72 hours post fertilized (hpf) wild-type and 
heterozygous Col11a1a CRISPR/Cas9, Col11a1a+/- embryos. A) Diagram of 72 hpf 
embryo indicating important landmarks for referring purposes. B) Close-up of wild-
type embryo otic vesicle. Inset shows the upper region of embryo with the otic vesicle 
location marked by a red circle. Arrow indicating neuromast. C) Close-up of 
Col11a1a+/- embryo otic vesicle. Inset shows the upper region of embryo with the otic 
vesicle location marked by a red circle.  Arrow indicating neuromast. D) Close-up of 
wild-type embryo neuromast. Arrow indicating kinocilia. E) Close-up of Col11a1a+/- 
embryo neuromast. Arrow indicating kinocilia. Scale bars = 200 µm (insets), 10 µm 
(B-C), 2 µm (D-E). Each treatment group n=10. 
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Visual differences in the structure, organization, and pattern of the otic vesicle 

was observed (Figure 9). Compared to the wildtype, otic vesicles in the knockdown 

mutants were irregularly shaped with abnormal patterning along the epithelial lining of 

the otic vesicle (Figure 9C). The mutant vesicle had a smaller opening barely revealing 

the cilia within (Figure 9C and 9E). The cilia were more truncated and clustered 

together than the wildtype samples (Figure 9B and 9D). Among other defects, the 

Col11a1a mutant suggested Col11a1a expression is involved in the proper structural 

development of sensory neuromasts and the otic vesicle. 

4. Discussion 

In this study, we observed the expression of the zebrafish orthologue of 

COL11A1 during zebrafish otic development. Otic expression of Col11a1a indicates a 

role for this protein in the inner ear, specifically in the sensory hair cells. The absence of 

Col11a1a in zebrafish embryos shows abnormal otic structure specifically in respect to 

the stereocilia and kinocilia of the hair cells. These findings suggest that Col11a1a is 

involved in proper otic vesicle formation, sensory hair cell development, and stereocilia 

and kinocilia development 

Otic vesicle research is critical balance and hearing research to understand 

dysfunction in disorders and diseases including but not limited to Stickler and Marshall 

syndrome. Many molecules are essential to the structure and function of the inner ear and 

otic vesicle, but the current list does not include COL11A1. Expression of collagen type 

XI alpha one chain in the otic vesicle was first shown in a report of Col11a1 in mouse 

tectorial membrane in 2004 [34]. We therefore explored the expression of COL11A1 in 

the inner ear and the relationship between expression and proper development. 
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Expression of Col11a1a in zebrafish was observed by in situ hybridization (ISH) 

and immunofluorescence experiments. ISH data indicated general expression in and 

around the otic vesicle. The first characterization of expression as observed in the 

epithelial lining of the otic vesicle in zebrafish embryos during early development. 

Further analysis by immunofluorescence revealed a punctate-pattern along kinocilia of 

the sensory hair cells. Knockdown of Col11a1a in zebrafish embryos by both antisense 

morpholino (AMO) and CRISPR/Cas9 was performed to observe structural defects. 

AMO morphant knockdowns had abnormal otic vesicle shape and size along with 

abnormal epithelial lining. Otolith formation was observed to be affected and was 

indicated by abnormal number of otoliths including no otolith, one large otolith, or three 

or more otoliths. CRISPR/Cas9 Col11a1a knockout mutants resulted in similar 

observable structural defects. SEM imaging of mutants allowed higher resolution 

revealing that the otic opening lacked structure and organization resulting in a smaller 

opening with shorter, malformed kinocilia. Both these models were global mutations and 

thus showed global effects that could be causing inner ear defect.  

Inner ear dysfunction has been shown in diseases caused by a mutation in 

COL11A1 which could be due to global effects as well. Therefore, we suggest that these 

models accurately reflect collagen XI related changes in human ear development. 

Overall, these experiments demonstrate that Col11a1a is essential in the development of 

the anatomy of the structures within the inner ear including the otic vesicle and the 

kinocilia.  
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5. Conclusions 

In summary, we found COL11A1 expression in the developing otic vesicles and 

sensory hair cells. Knockdown of Col11a1a indicated a correlation between the protein 

location and otic vesicle formation. Sensory hair cell development was dependent on 

Col11a1a protein expression. Importantly, we demonstrated that the absence of Col11a1a 

causes structural dysfunction in kinocilia of the sensory hair cells. These novel findings 

provide the basis for future studies on direct and indirect influences on otic development 

and the effects of specific mutations within the COL11A1 gene that are known to cause 

human diseases. Col11a1a is essential to the proper structure and function of the inner ear 

and may be key to rescuing the sense of hearing and balance in those individuals who 

have lost their hearing due to mutations in COL11A1.  
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