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ABSTRACT 

 

How changes in cell shape are driven by events at the molecular and cellular 

levels is an ongoing area of investigation for developmental biologists.  Lens epithelial 

cells differentiate into lens fiber cells and undergo a significant cell shape change 

during this process. Understanding how these cell shape changes occur could allow for 

a deeper understanding of similar processes in other tissues.  Further, disorders of eye 

and lens development such as congenital cataracts and microphthalmia, which are the 

major causes of visual disability in children, can in some cases be caused by 

misregulation of cell shape. The cell fate decision between lens epithelial and fiber 

cell requires the transcription factor, Prox1, a global regulator of lens fiber preferred 

gene expression. RNAseq identified numerous cytoskeletal associated proteins 

mediating fiber cell elongation. Kinesin 1a (Kif1a), microtubule associated end 

binding protein RP/EB (Mapre3) and tubulin-ɓ6 (Tubb6) are three genes differentially 

expressed in Prox1 null lenses that were prioritized for further study as possible 

regulators of lens fiber cell elongation based on their evolutionary conservation, lens 

preferred expression, and the availability of antibodies.  While the expression of 

Kif1a, Mapre3, and Tubb6 have been characterized in mice, this thesis sought to use 

an alternative model to study their function due to the high cost of using mice.  

Xenopus tropicalis is a low-cost amphibian system for genetic and developmental 
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biology research. Immunofluorescence for the established lens fiber marker, 

aquaporin0 (Aqp0) and histological staining methods confirmed lens fiber elongation 

occurs between stages 32/34 and 35/36.  Therefore, the function of these three 

cytoskeletal associated genes were characterized using X. tropicalis. Morpholino-

driven knockdowns of these genes offers insight into these genesô role in the 

elongation process. Preliminarily, Kif1a knockdown produced an embryonic lethal 

phenotype before lens development occurred. Mapre3 knockdown resulted in an 

ocular pigmentation defect. Lastly, Tubb6 knockdown resulted in microphthalmia and 

reduced expression of the fiber cell marker, Aquaporin 0.  Therefore, Tubb6 and 

Mapre3 may be essential for lens and/or eye morphogenesis. The future of this project 

will expand the preliminary data provided at the conclusion of this study to elucidate 

the function of these cytoskeletal associated genes in the regulation of lens fiber 

elongation.          
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Chapter 1 

INTRODUCTION  

1.1 Structure and Function of the Vertebrate Lens 

The eye is a sensory organ composed of many tissues that differ in their 

functional biology (Cvekl and Ashery-Padan, 2014). Light enters the eye through a 

transparent tissue, the cornea.  The cornea refracts approximately 2/3 of incoming 

light (Hung, 2001). Light then enters through an opening in the iris, the pupil, and is 

then further refracted by a transparent tissue called the lens (Figure 1.2 A) which 

refracts the remaining third of total light (Bassnett et al., 2011; Hung, 2001). The 

retina then takes the focused light and convert it into neuronal signals which travel to 

the brainôs visual cortex via the optic nerve for visual processing (Grossniklaus et al., 

2015; Selhorst and Chen, 2009).   

 

 

 

 

 

 

 

 

 

Figure 1.1 Anatomy of the eye. Image adapted from anatomybodysystem.com   
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The ocular lens is an avascular and transparent tissue that focuses light on 

retina (Figure 1.2A) (Bassnett et al., 2011; Bazan, 1989). The ocular lens structure 

includes two types of cells, epithelial and elongated fiber cells. The epithelial cells 

(LECs) are on the anterior surface of the lens close to the cornea and the elongated 

lens fiber cells  are found at the center of the lens and comprise most of the lens 

volume (Figure 1.2B)(Zampighi et al., 2000). To focus light on the retina, the lens 

must maintain a high refractive index. Structural proteins called crystallins are 

responsible for sustaining the refractive properties of the lens by being produced at 

high concentrations (de Jong et al., 1994; Duncan et al., 2004; Harding, 1997).   

 

 

 

 

  

 

Figure 1.2 (A) A cow lens situated on the National Eye Institute Logo demonstrated 

the refractive and transparent properties of the ocular lens. (B) Structure 

of the lens tissue. Light yellow ï light; dark gray ï lens capsule; yellow ï 

central epithelium; orange ï germinative zone; red ï transition zone; 

purple ï meridional row region/bow region; light blue ï outer cortical 

fiber cells; light green ï inner cortical fiber cells; dark green ï beginning 

nuclear fiber cells; light gray ï nuclear fiber cells. Imaged adapted from 

(Audette et al., 2016) 
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1.2 Development of the Vertebrate Lens  

Lens development is an important event during eye organogenesis (Cvekl and 

Ashery-Padan, 2014).  Vertebrate eye development begins with the closure of the 

neural tube as the peri-ocular head ectoderm is specified to become corneal epithelium 

and lens (Chow and Lang, 2001; Donner et al., 2006). The optic vesicle forms from 

the developing forebrain (Figure 1.3 A) and extends towards and contacts the 

overlying lens ectoderm which then thickens to form the lens placode, a cuboidal layer 

of epithelial cells (Figure 1.3 B) (Chauhan et al., 2011; Fuhrmann, 2010; Gunhaga, 

2011; Lovicu and McAvoy, 2005; McAvoy et al., 1999). The lens placode invaginates 

with the optic vesicle forming the lens pit and optic cup (Figure 1.3 C). The optic cup 

eventually develops into the retina and retinal pigmented epithelium (RPE) in the 

mature vertebrate eye (Pansky, 1982).    
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Figure 1.3 Vertebrate lens development. ov ï optic vesicle; se ï surface ectoderm; 

lpl ï lens placode; lp ï lens pit; lv ï lens vesicle; ep ï epithelium; pf ï 

primary lens fiber cells. Image adapted and modified from (Lovicu and 

McAvoy, 2005) 

The lens pit pinches off from the head ectoderm to form a hollow lens vesicle (Figure 

1.3 D) (Robinson, 2006).  Posterior lens vesicle cells exit the cell cycle and undergo a 

significant cell shape change and differentiate and elongate to form primary lens fiber 

cells (Figure 1.3 E). Anterior lens vesicle cells do not elongate and remain in a 

monolayer forming the lens epithelium (Ogino and Yasuda, 2000; Robinson, 2006).  

Primary lens fibers elongate until their apical tip contacts the apical surface of the 

anterior lens epithelium (Fig 1.3 F), this arrangement results in a distinct polarity 
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which remains throughout life (Lovicu et al., 2011; Lovicu and Robinson, 2004).  The 

process of lens fiber elongation is regulated by many molecules, but the specific 

mechanism of cell shape change is not well understood (Audette et al., 2016; Boswell 

and Musil, 2015; Duncan et al., 2000; Faber et al., 2002; Jia et al., 2007; Yoshida et 

al., 2001). 

The lens is surrounded by fluid abundant in growth and regulatory factors. The 

aqueous humor is located on the anterior and the vitreous humor on the posterior 

(Seltner et al., 1989). The aqueous humor is responsible for epithelial cell maintenance 

and growth. On the other hand, the vitreous humor is essential for fiber cell 

differentiation (Bassnett et al., 2009; Lovicu and McAvoy, 2005; Yamamoto, 1976). 

Fibroblast growth factor (FGF) and bone morphogenetic protein (BMP) signaling 

derived from the neuroretina drives lens fiber differentiation through activation of the 

key transcription factors cMAF, Sox1 and Prox1 (Griep, 2006; Kim et al., 1999; 

Lovicu and McAvoy, 2005; Nishiguchi et al., 1998; Robinson, 2006; Wigle and 

Oliver, 1999).  cMAF and paired box protein Pax-6 (Pax6) function together in a 

positive feedback loop to upregulate crystallin genes during initiation of lens fiber cell 

differentiation (Shaham et al., 2009; Xie and Cvekl, 2011).  SRY (Sex Determining 

Region Y) ï Box 1 (Sox1) is another transcription factor required for differentiation 

and morphogenesis of lens fibers (Nishiguchi et al., 1998). Like cMAF and Sox1, a 

third transcription factor, prospero homeobox 1 (Prox1) can regulate the expression of 

crystallin genes and is required for lens fiber differentiation and morphogenesis 

(Audette et al., 2016; Chen et al., 2008; Lengler et al., 2001; Wigle and Oliver, 1999). 
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Although none of these transcription factors have a direct function in the significant 

cell shape change that occurs during elongation, they likely regulate the expression of 

genes responsible for cytoskeletal dynamics.      

1.3 Cataracts 

 

 Cataract is defined as a lens abnormality which causes opacification, 

obstructing vision (Lam et al., 2015; Truscott and Friedrich, 2016).  Cataracts account 

for more than half of blindness and for 33% of visual impairments worldwide (WHO, 

2012; WHO, 2017).  In 2010, 24.41 million Americans were afflicted with cataracts 

and this number is expected to increase to 39 million by 2030 and 50 million by 2050 

(NEI). Factors such as smoking, alcoholism (Harding and van Heyningen, 1989; 

Lindblad et al., 2014) and UV radiation exposure can influence development of 

cataracts (Hejtmancik and Kantorow, 2004; McCarty and Taylor, 2002; West et al., 

1998).  Studies have also indicated genetic mutations (Hejtmancik, 2008; Wang et al., 

2011), diabetes (Brian and Taylor, 2001; Delcourt et al., 2000; Iroku-Malize and 

Kirsch, 2016), oxidative stress (Thiagarajan and Manikandan, 2013), loss of ion and 

water balance (Donaldson et al., 2009), and aging (Hejtmancik and Kantorow, 2004) 

participate in cataract pathogenesis.  
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Figure 1.4 Cataracts. (A) a hypermature age related cortico-nuclear cataract with a 

brunescent nucleus (B) An acute sudden onset cortical cataract in a 

person with juvenile diabetes. Image adapted from National Eye Institute: 

http://www.nei.nih.gov/photo/cataract  

The main types of cataracts include age-related, congenital, juvenile and secondary 

cataracts (Lam et al., 2015).  Cataracts are characterized based on when formation of 

the opacity occurs although the boundaries for distinguishing different types are 

approximate.  Congenital is present at birth or is present within the first year of life, 

juvenile cataracts arise in older babies and children (Lam et al., 2015; NHS, 2016). 

Presenile cataracts are characterized in adults younger than 50 years old (Skalka and 

Prchal, 1984) whereas senile or age-related cataracts happen in adults over 50 years 

old (Gupta et al., 2014).   
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1.4 Congenital/Juvenile Cataracts 

 

 Congenital cataracts are present at birth or occur early in childhood.  This lens 

abnormality disrupts normal eye development (Churchill and Graw, 2011; 

Hejtmancik, 2008). Compared to age-related cataracts, congenital and juvenile 

cataracts are rarer, although they account for approximately 10-30% of childhood 

blindness (Foster et al., 1997; Gilbert and Foster, 2001; Lam et al., 2015; Muhit and 

Gilbert, 2003).  About a quarter of congenital cataracts result from autosomal 

dominant genetic defects. However, 50-60% are idiopathic, although some autosomal 

recessive or X-linked cataract genes are known, suggesting that many ñidiopathicò 

cataracts could be genetic (Francois, 1982; Haargaard et al., 2004; Hejtmancik, 2008; 

Hejtmancik et al., 2001; Ma et al., 2016; Merin, 1991; Messina-Baas and Cuevas-

Covarrubias, 2017; Rahi and Dezateux, 2000; Ruttum et al., 2006; Shiels and 

Hejtmancik, 2013) and more than 50 genes responsible for cataract have been 

identified (Shiels and Hejtmancik, 2013).   
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Figure 1.5 Common types of congenital cataracts (A) Slit lamp view of a dense 

anterior polar cataract (B) Reflex view of posterior subcapsular cataract 

(C) Dense nuclear cataract (D) Punctate nuclear cataract (E) Reflex view 

of a lamellar pulverulent cataract with a cortical rider in the upper right 

(F) Sutural cataract with a pulverulent nuclear lamellar component. 

Imaged and figure caption adapted from (Hejtmancik, 2008) 

Congenital cataracts have been classified as nuclear, lamellar, sutural, cortical, 

cortical, membranous, and complete cataracts based on their location, size, density, 

and opacity progression (Figure 1.5) (Deng and Yuan, 2014; Hejtmancik, 2008; 

Huang and He, 2010). Polar opacities involve either the anterior or posterior poles of 

the lens having small opacities (Kalantan, 2012).  While different types of cataract are 

morphologically distinct, most involve defects in lens fiber cell homeostasis or 

structure (Hejtmancik, 2008).   
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1.5 Lens Fiber Cell Structure  

 

During lens development, cuboidal epithelial cells situated in the posterior lens 

vesicle undergo a massive cell shape change, elongating towards the anterior lens 

vesicle to become primary lens fibers (Bhat, 2001).  During differentiation, lens fibers 

undergo a significant cell shape change, elongating en masse up to 50 to 100-fold to 

fill the lens vesicle although they have highly variable morphology and ultrastructure 

(Quinlan et al., 1999; Shestopalov and Bassnett, 2000). Between different species, the 

length of lens fibers varies, for instance, chicken lens fibers are 200 ï 400 µm 

(Shestopalov and Bassnett, 2003) and adult bovine lens fibers can be up to 20 mm 

long (Kuszak et al., 2004).  

The elongation process continues even after initial lens morphogenesis, where 

epithelial cells continue to differentiate at the lens equator into secondary lens fibers, 

resulting in the lens enlarging throughout life (Bhat, 2001). As lens fibers are not 

removed, the oldest primary lens fibers are found at the center of the lens and new lens 

fibers are towards the exterior (Augusteyn, 2010; Bassnett and Winzenburger, 2003). 

During lens fiber cell terminal differentiation, the organelles, including nuclei and 

mitochondria, are degraded to form an organelle free zone (OFZ) in the center of the 

lens helping to maintain lens transparency (Bassnett, 2002; Bassnett and Mataic, 1997; 

Bassnett et al., 2011; Piatigorsky, 1981).  To produce these significant morphological 

changes, primary and secondary lens fibers most likely need a molecular mechanism 

for rapid elongation (Audette et al., 2017).   
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1.6 Cytoskeletal Components of Lens Fibers 

 

The three main structural components of the cytoskeleton are actin, microtubules 

and intermediate filaments. Differentiating lens fibers express the intermediate 

filament genes, CP49, vimentin, and filensin (FitzGerald, 1988; Ireland and Maisel, 

1984; Ireland and Maisel, 1989).  These intermediate filament proteins are anchored to 

the lens fiber cell membrane and are essential for the long term maintenance of optical 

clarity with defects causing cataracts (Alizadeh et al., 2003; Kumari et al., 2015)  

Although these proteins are important cytoskeletal elements of mature lens, mice 

lacking lens specific intermediate filament genes do not exhibit defects in lens fiber 

elongation but degrade lens optical properties as they age (Sandilands et al., 2003; 

Yoon et al., 2008).  However, previous studies have suggested that actin and 

microtubules could potentially control lens fiber cell morphogenesis (Akhshi et al., 

2014; Audette et al., 2017; Pollard and Cooper, 2009; Quinlan et al., 1999).   

Actin is a category of the cytoskeleton composed of actin microfilaments 

providing structural support and the force transmission necessary to impart cell shape 

and cell motility (Blanchoin et al., 2014; Pollard and Cooper, 2009).  Actin networks 

are present in two states, monomeric (G-actin) and polymeric (F-actin) (Hendzel, 

2014).  Actin can bind nucleotides, therefore they can be characterized as active polar 

filaments.  This property allows for treadmilling, allowing growing and shrinking of 

the filamentous network (Erlenkamper and Kruse, 2013; Wanger et al., 1985; Wegner, 

1976).  Actin is essential for lens cell survival and plays a role in induction of lens 
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differentiation (Weber and Menko, 2006).  It has been demonstrated in multiple 

species that disruption of the actin cytoskeleton effects elongation and differentiation 

of lens fibers (Beebe and Cerrelli, 1989; Mousa and Trevithick, 1977). 

Microtubules are another of the three classes of cytoskeletal filaments in 

eukaryotic cells and are comprised of heterodimers of Ŭ- and ɓ-tubulin subunits 

(Pollard and Goldman, 2017).  Microtubules are polar, the plus end consists of 

exposed ɓ-tubulin with the minus end composed of Ŭ-tubulin (Cote and Borisy, 1981; 

Horio and Murata, 2014; Mitchison, 1993).  Microtubules are dynamic structures that 

can undergo a process called dynamic instability through rapid polymerization and 

depolymerization (Figure 1.6) (Gurel et al., 2014; Tran et al., 1997).  The dynamic 

nature of microtubules allows for cells to adapt to changes in cell shape and could 

provide a mechanism for cell shape change in response to signals (Kirschner and 

Mitchison, 1986; Pollard and Goldman, 2017).  Microtubules can create a motile force 

along the axis of elongation that allows for membrane elongation (Conde and Caceres, 

2009; Gurel et al., 2014). This force could be derived from a treadmilling process, in 

which the minus end shrinks, and the plus end elongates (Erlenkamper and Kruse, 

2013).  Microtubules can also induce a force on the membrane by alternating between 

periods of growth and collapse (Conde and Caceres, 2009). Both these methods allow 

microtubules to promote cellular elongation.  Another function of microtubules is to 

act as tracks for intracellular cargo via vesicles. Intracellular transport of vesicle 

allows for essential proteins and organelles to be delivered to vital regions of 

elongating, polarized cells (Lo et al., 2003).   
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Figure 1.6 The cycle of tubulin assembly through polymerization (growth) and 

depolymerization (shrinking). Microtubules move between the two states. 

Image adapted from (Akhmanova and Steinmetz, 2015). 

Microtubules assemble in lens fibers during elongation and are oriented 

longitudinally along the same axis as the elongating lens fibers. It has been 

demonstrated that the apical tip of the elongating lens fibers have a high density of 

polymerizing microtubules and vesicles suggesting vesicular transport on 

microtubules could occur during elongation (Byers and Porter, 1964; Piatigorsky, 

1975). Recent studies have suggested that vesicles using microtubules are transporting 
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lens structural components to the tips of elongating lens fibers (Lo et al., 2003).  

Inhibition of microtubule dynamics in developing lenses exhibited a failure of fiber 

cell elongation, suggesting the dynamic nature of microtubules could be essential for 

elongation (Piatigorsky, 1975; Piatigorsky et al., 1973; Piatigorsky et al., 1972).  An 

ongoing argument suggests that the inhibitors used in this study were not entirely 

specific and that microtubules may not in fact be essential for elongation (Audette et 

al., 2016).  In addition, there could potentially be an interplay between microtubules 

and actin suggesting the actin cytoskeleton could play a role in fiber cell elongation as 

well (Audette et al., 2016).   

1.7   Identifying Genes Associated with Lens Fiber Cell Elongation 

Genes that are associated with lens fiber differentiation and elongation are likely 

to be preferentially expressed in the lens and be evolutionarily conserved in 

vertebrates.  To identify potential gene candidates, a previous lab member, Dylan 

Audette, created a Prox1 conditional knockout mouse which lacks both primary and 

secondary lens fibers (Figure 1.7). The phenotype indicates an arrest in lens 

development following the closure of the hollow lens vesicle. Dylan performed RNA 

sequencing to identify differentially expressed genes in Prox1 conditional knockout 

mice (Audette et al., 2016).  
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Figure 1.7 Prox1 deletion during early lens development causes an arrest following 

the closure of the lens vesicle. (A-F) Mouse eye sections at E12.5 (A,D), 

E13.5 (B,E), and E15.5 (C,F) stained with Hematoxylin and Eosin. In 

wildtype, primary lens fibers (LFs; pink) were evident by E12.5 (A), with 

secondary fibers produced at E13.5 (B) and E15.5 (C). In Prox1 cKO 

lenses, the posterior most cells never elongate into eosinophilic primary 

(D) or secondary (E,F) lens fibers. (A-F) Blue ï hematoxylin; pink ï 

eosin; a ï anterior; p ï posterior; r ï retina; e ï lens epithelium; f ï lens 

fibers. Scale bars ï 200 µm. Image adapted from (Audette et al., 2016) 

 RNA-sequencing was done using E13.5 lenses to determine the changes in the 

lens transcriptome of the lens due to Prox1 deletion.  RNA-sequencing data was then 

filtered to narrow down the gene list. 7,569 genes were significantly different (p < 

0.05) between Prox1 cKO and wildtype (C57).  Of those genes, 5,621 genes exhibited 

significant levels of expression as reads per kilobase per million mapped reads 

(RPKM) greater than 2.  Approximately, 871 genes were differentially expressed more 

than 2 fold.  Bioinformatic analysis found that many of these genes had known roles in 

cytoskeletal structure or dynamics (Audette et al., 2016). As cytoskeleton is critical for 
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cell shape regulation, the 56 differentially expressed cytoskeletal genes were 

investigated further.   

Four of these genes were associated with intermediate filaments but in all cases 

the phenotype resulting from mutation or deletion of these genes are known to not be 

associated with lens fiber elongation (Alizadeh et al., 2003; Garcia-Pelagio et al., 

2015; Sandilands et al., 2004; Simirskii et al., 2006). Thus, no intermediate filament 

genes were studied further. To prioritize the remaining 52 cytoskeleton associated 

genes iSyTE, a bioinformatic tool, was used to determine which genes exhibit lens 

preferred expression (Figure 1.8).   

 

 
 

Figure 1.8 Normal expression of Kif1a, Mapre3 and Tubb6 during lens development 

predicted using the iSyTE data base (Kakrana et al., 2017; Lachke et al., 

2012). Values indicates the t-statistic for the lens enrichment score and 

the intensity of the pink staining highlights the extent of this lens 

enrichment. 

In addition, genes that were evolutionarily conserved were prioritized because 

genes having important functions during vertebrate lens development theoretically 

should be highly conserved (Table 1.1).  
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Table 1.1 Percent identity among three candidate genes across vertebrate species H. 

sapiens (human), M. musculus (house mouse), G. gallus (chicken), and X. 

tropicalis (frog).   

 % Identity 

Species Tubb6 Kif1a Mapre3 

Homo sapiens 100% 100% 100% 

Mus musculus 98% 97% 99% 

Gallus gallus 98% 96% 85% 

Xenopus tropicalis 97% 88% 80% 

 

Lastly, the ease of studying each gene was determined based on the availability 

of commercial antibodies to narrow our candidate gene list to Tubb6, Mapre3 and 

Kif1a (Table 1.2).    

Table 1.2 Candidate cytoskeletal associated genes identified using RNA seq of 

E13.5 mouse lenses. Values obtained from Dr. Dylan Audette.   

 

Gene Prox1 mRPKM C57 mRPKM Fold Change 

Tubb6 16.58 42.40 -2.46 

Mapre3 4.17 9.81 -2.44 

Kif1a 7.70 32.26 -3.57 

  

 Characterization of the spatiotemporal expression for each candidate gene 

during lens development was done by a previous lab member, Troy Rubenstein in our 

mouse model.  
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1.8 Tubb6 (ɓ-tubulin 6) 

Vertebrates use tubulin from multiple gene isotypes to construct microtubules 

and these genes often have tissue specific expression (Bhattacharya et al., 2008; 

Tischfield and Engle, 2010). Vertebrates produce seven distinct ɓ-tubulin isotypes, but 

not all ɓ-tubulins are functionally equivalent. However, evidence suggests that 

different isoforms co-assemble into cellular microtubules (Bhattacharya and Cabral, 

2009). The C-terminal tail protrudes from the microtubule polymer and has the most 

variation among beta tubulins (Sirajuddin et al., 2014).  The beta-tubulin gene family 

has a diverse set of homologous proteins, differing in their C-terminal primary amino 

acid sequence (Bhattacharya et al., 2008).  Some studies suggest that all beta-tubulin 

isotypes can be incorporated into microtubules (Bond et al., 1986; Lewis et al., 1987; 

May, 1989; Takahashi et al., 2003). On the other hand, genetic experiments in 

Drosophila and C. elegans suggested specific tubulin isotypes are essential to produce 

specialized functional structures (Hoyle and Raff, 1990; Savage et al., 1989).  

Tubb6 is a class V ɓ-tubulin isoform which creates non-covalent polymers with 

Ŭ-tubulin subunits although its expression appears to destabilize microtubules and 

could function in the treadmilling process (Figure 1.6) (Akhmanova and Steinmetz, 

2015; Salinas et al., 2014; Subramanian and Kapoor, 2012; Yu et al., 2015). In a 

recent case study, a patient presenting with a congenital cranial dysinnervation 

disorder (CCDD) has a heterozygous mutation in Tubb6.  These disorders are 

characterized by congenital non-progressive impairment of eye, eyelid, and facial 

movements (Fazeli et al., 2017).  Mutations in additional genes involved with 

microtubule function such as TUBB3 and KIF21A have also been identified as 

causing neurodevelopmental disorders in the brain and cranial nerve (Cheng et al., 

2014; Fazeli et al., 2017).      
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While Tubb6 is produced by most vertebrate tissues, it usually comprises only 

about 5% of the total ɓ-tubulin.  Tubb6 exhibits lens preferred expression beginning at 

E12.5 implying a potential to play a role in lens fiber cell elongation (Figure 1.8).  In 

cell culture models, it has been proposed to be important for progression of the cell 

cycle and cell proliferation  (Bhattacharya et al., 2008; Sullivan et al., 1986).  Tubb6 

belongs to a more divergent group of tubulin isotypes similar to Tubb3 with both 

being expressed in specific tissues. Therefore, this could indicate these proteins have 

unique characteristics and are involved in specialized processes (Bhattacharya and 

Cabral, 2004).   
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Figure 1.9 Tubb6 expression required Prox1 and is localized to the tips of 

elongating lens fibers (A) At E12.5, Tubb6 expression is seen throughout 

the tissue, but is more heavily concentrated in the posterior cells actively 

differentiating into primary lens fiber cells.  (B) There is no pronounced 

expression seen in the Prox1 cKO lens.  (C) At E13.5, Tubb6 is present 

heavily towards lens equator on either side, located where secondary lens 

fiber cells are actively differentiating.  (D) The Prox1 cKO do not show 

any apparent expression present.  (E) At E15.5 the lens has grown 

significantly, and the Tubb6 expression becomes more specific on either 

side of the apical hemisphere.  (F) Similarly to the E13.5 wild type, this 

is where the transition zone lies and secondary fiber cells are elongating.  

The Prox1 cKO do not show any expression of Tubb6.  (G) Finally, at 

birth, Tubb6 expression is observed exclusively in the transition zone at 

either side of the lens, where the secondary fiber cells are beginning to 

elongate.  (H) Compares the morphology seen in the new born mouse 

lens (G) to the normal morphology of the lens transition zone.  a: 

anterior, c: cornea, p: posterior, r: retina. Image and figure caption 

adapted from (Rubenstein, 2016). 

A previous member of the Duncan lab, Troy Rubenstein, characterized the 

spatiotemporal expression of Tubb6 protein in wildtype and Prox1 cKO mouse lenses 

(Figure 1.9).  Tubb6 expression is present in the posterior of the lens vesicle where 

primary lens fibers begin differentiating at E12.5. At later developmental time points, 

Tubb6 is expressed in the cortical regions of the lens, where secondary lens fibers are 

actively differentiating (Figure 1.9A, C, E).    

 

1.9  Microtubule Associated Protein RP/EB3 (Mapre3) 

 

Typically, the minus end of the microtubule is situated towards the 

microtubule organizing center, and is therefore more stable than the plus end.  As the 

plus end is more unstable, and undergoes growth and shrinkage phases, the process 
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needs to be regulated by plus end binding proteins (EBs) (Desai and Mitchison, 1997; 

Howard and Hyman, 2003). End binding proteins bind to microtubules through 

recognition of ɓ-tubulin bound to GTP (Maurer et al., 2012). The end binding protein 

family has three members (EB1, 2, and 3) and are core elements of the microtubule 

plus end protein complexes recruiting microtubule plus end tracking proteins (+TIPs) 

to elongating microtubules (Akmanova and Steinmetz, 2010; Leterrier et al., 2011; 

Sen et al., 2013; Yang et al., 2017).  +TIPs are essential for many microtubule 

processes such as cell division, intracellular trafficking and cell differentiation and 

migration (Galjart, 2010).  It has been suggested that EB3 or Mapre3 could determine 

cell shape and morphogenesis through knockdown studies in growing axons (Geraldo 

et al., 2008) and columnar human epithelial cells (Bazellieres et al., 2012).  
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Figure 1.10 Mapre3 expression in E13.5 Prox1 cKO and wild type lens.  (A, C) The 

staining revealed that Mapre3 is more prevalent towards the posterior end 

of the wild type lens.  (B, D) Comparatively, there was little to no 

expression seen in the Prox1 cKO.  a: anterior, c: cornea, e: epithelium, f 

lens fibers, p: posterior, r: retina. Image and figure caption adapted from 

(Rubenstein, 2016). 

A previous student, Troy Rubenstein, was able to determine that Mapre3/EB3 

tends to be more prevalent posterior aspect of lens fiber cells (Figure 1.10). Evidence 

from the literature suggests microtubules are oriented longitudinally and along the axis 

of fiber cell elongation (Piatigorsky, 1975).  In rat lenses, the microtubule minus end is 
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towards the anterior lens pole and the plus end toward the posterior lens pole (Lo et 

al., 2003). Mapre3 localization to the basal tips of lens fibers may correlate to its role 

as a plus end binding protein of growing microtubules through stabilization of the 

microtubule, while minimizing catastrophic disassembly (Sayas et al., 2015). This 

expression suggests that Mapre3 could be functioning as a microtubule stabilizing 

protein following the initial elongation of fibers (Rubenstein, 2016).  

1.10 Kif1Ŭ (Kinesin Family Member 1A) 

Kinesins are characterized as mechanochemical proteins that utilize energy 

derived from ATP hydrolysis, to transport cellular cargo along microtubules (Vale, 

2003).  Kinesins also have the ability to control microtubule tracks by regulating 

polymerization and depolymerization of microtubule polymers (Bachmann and 

Straube, 2015). Kif1a has been identified as a vital molecular motor within neurons 

and increases its motility in the distal portions of cells (Lee et al., 2003; Maeder et al., 

2014).  Kinesin-1 is the conventional kinesin that is able to move cargo and typically 

moves most of its cargo with microtubules (Figure 1.11) (Jolly and Gelfand, 2010).  
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Figure 1.11 Kinesins move toward the plus end of the microtubule. Kinesins consists 

of two heavy chains and two light chains. The heavy chains have 

globular head domains which bind to microtubules and function as motor 

domains.  Image and caption modified from (Cooper, 2000) 

 

In addition, knockouts of kinesin-1 exhibit reduced microtubule-microtubule sliding 

which is required to form cellular protrusions (Jolly et al., 2010; Urrutia et al., 1991). 

  

 

 

Figure 1.12 Kif1a expressed throughput the elongated fiber cells of E16.5 mouse 

lens. a: anterior, e: epithelium, f: lens fibers, p: posterior. Image and 

figure caption adapted from (Rubenstein, 2016)  
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Kif1a has been shown to be expressed throughout primary lens fiber cells 

(Figure 1.12).  Kinesins such as Kif1a are important for the lengthening of fiber cells 

and could be playing a role in the cellular maintenance of the lens fibers at E16.5 

(Rubenstein, 2016).      

 

1.11 Evaluating Vertebrate Models for High Throughput Characterization of 

Cytoskeletal Genes Important for Lens Fiber Elongation  

Previous students, Dr. Dylan Audette and Troy Rubenstein, have utilized a 

mouse model for the identification of genes related to lens fiber elongation and 

identified many potential candidate genes that could be essential during this process.  

Having such an extensive list makes it difficult to characterize the function of each of 

these genes during elongation. The creation of multiple conditional or null mouse 

models for each of the genes identified by RNAseq poses a significant expense. Due to 

the expensive and time-consuming nature of mouse models, we wanted to identify 

potential vertebrate models which could be used in a high throughput manner. 

Potential alternatives include Gallus gallus (chicken) and Xenopus tropicalis (frog) 

which each have advantages and disadvantages compared to Mus musculus (house 

mouse) (Table 1.3). 

Table 1.3 Advantages and disadvantages for common vertebrate animal models. Table 

adapted from (Wheeler and Brandli, 2009) 
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Mouse litters are typically 4 to 9 pups making lens development studies difficult 

(Sage, 1981; Pocock et al., 2004; Latham & Mason, 2004; Singleton & Krebs, 2007).  

In terms of high throughput screening, mice do not produce large litters, typically 6 to 

12 embryos, and manipulation experiments are difficult to perform. Because of these 

disadvantages, our lab wanted to identify another vertebrate model that could be used 

in a high throughput manner.   

Xenopus tropicalis is an amphibian system for genetic and developmental 

biology research.  Xenopus and mammals are both tetrapods, therefore they share 

many similarities in organogenesis, anatomy, and physiology (Christensen et al., 

2008).  Embryos undergo external autonomous development allowing for easy 

manipulation studies making them a valuable tool for early embryonic development 

(Grainger, 2012).  X. tropicalis has a much larger brood size compared to mice, 

ranging from 500 to more than 3,000 embryos (Wheeler and Brandli, 2009).  Early 

development occurs rapidly, and differentiation of the lens begins approximately 32 

hours after fertilization (stage 28) at the tailbud stage (Jin et al., 2012; Tadjuidje and 

Heasman, 2010). Therefore, I anticipate that we could use X. tropicalis as a potential 

high throughput model for fiber cell elongation.  Identification of essential genes 

involved in fiber cell elongation will lead to a greater understanding of normal lens 

development and potentially provide further insight into cataract formation. 

This thesis has shown proof of principle that X. tropicalis can be utilized as an 

alternative lens fiber cell elongation model. In addition, several key findings about the 

expression and function of Tubb6, Mapre3 and Kif1a in the developing lens will be 

discussed in the results chapter.       
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Chapter 2  

MATERIALS AND METHODS  

2.1 Mice  

All animal experiments conducted in this study conform to the ARVO 

Statement on the Use of Animals in Ophthalmic and Vision Research, and also are 

approved by the University of Delaware Institutional Animal Care and Use Committee 

(Approval number: 1039). All mice were bred and maintained in a pathogen free 

environment under a 14/10-hour light/dark cycle at the animal facility of the 

University of Delaware. Following mating, plugs were checked and marked as 0.5 

days of gestation to determine the prenatal age of unborn mice. Pregnant mice were 

euthanized for specific embryonic time points in accordance with IACUC standards. 

The mouse is placed in a chamber and charged with carbon dioxide at a rate of 2-3 

L/min. Once the animal is unconscious, the flow rate was increased. Animals were 

exposed to carbon dioxide for an additional minute past the cessation of breathing. 

Double killing was performed by cervical dislocation following carbon dioxide 

administration. Heads were removed and embedded in OCT or paraffin for sectioning 

using a Leica CM3050 cryostat and Leica RM2125 microtome respectively. 

 

2.2 Frogs 

All frogs used in these experiments were bred and housed at the University of 

Delaware in the Wei Lab.  All X. tropicalis experiments in this study are approved by 



 28 

the University of Delaware Institutional Care and Use Committee (Approval number: 

1307). Frog embryos were anesthetized using 5% benzocaine (Spectrum Chemical 

catalogue #BE130-125GM, Gardena, CA) in 100% ethanol diluted in 0.1X Modified 

Barthôs Saline (MBS; 1:1000).  Live embryos were imaged using a Zeiss Axio 

ZoomV16 Stereo Zoom Microscope (Carl Zeiss Inc, Gottingen, Germany). Tadpoles 

were sacrificed using benzocaine diluted in 0.1X MBS (1:100). Embryos were 

anesthetized and euthanized in accordance with IACUC standards. 

 

2.2.1 Husbandry 

Both female and male wildtype X. tropicalis were primed by injection of 20 

units of hormone human chorionic gonadotropin, hCG, into the dorsal lymph sac. 

Frogs remained separated overnight and were then boosted with an increased 

concentration (200 units) of hCG before mating. Embryos were collected and 

dejellyed using 2% L-cysteine (EMD Millipore, San Diego, CA). Embryos are washed 

three times with 0.1X MBS and then coinjected with morpholino and Dextran Alexa 

Fluor 568 (Invitrogen catalogue # D22912) as a lineage tracer. After injections, 

embryos are incubated in 6% FICOLL (GE Healthcare Bio-Sciences AB, Uppsala, 

Sweden) for at least one hour and then cultured overnight in 1% agarose coated plates 

containing 0.1X MBS. After gastrulation embryos were cultured in plates containing 

only 0.1X MBS (Sive et al., 2000). Embryos were staged according to Nieuwkoop and 

Faber (Nieuwkoop and Faber, 1975).   
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2.2.2 Morpholinos 

 Morpholinos (MOs) were designed using Gene Tools, LLC, OR. The Tubb6-1 

MO is a 25-mer with the sequence 5ô CTT GGA TAT GCA CAA TTT CCC TCA T 

3ô targeting the start codon. The Tubb6-2 MO was a 25-mer with the sequence 5ô CCT 

CCT ACC TCA GTT ACA ATT TAT A 3ô targeting immediately upstream of the 

start codon. Each Tubb6 MO was designed without overlapping target sequences to 

confirm specificity of Tubb6 knockdown. The Kif1a-1 MO is a 23-mer with the 

sequence 5ô CTC GTA GCG GTT TGG TCC TGT AC 3ô. The Mapre3-1 MO is a 25-

mer with the sequence 5ô CTA CCG CCA GTT ACA GAT AAG GTG C 3ô.  The 

control MO is the standard control MO of Gene Tools with the sequence 5ô CCT CTT 

ACC TCA GTT ACA ATT TAT A 3ô.  Morpholinos were resuspended in sterile water 

and injected into a single dorsal-animal blastomere at the 8-cell stage to target the lens 

and avoid off-target effects (Gessert et al., 2007).   

  

2.3 Embedding for Immunofluorescence 

2.3.1 Embedding of Mouse Samples for Immunofluorescence 

 Pregnant mice were euthanized for specific embryonic time points in 

accordance with IACUC standards. The mouse is placed in a chamber and charged 

with carbon dioxide at a rate of 2-3 L/min. Once animal is unconscious, the flow rate 

was increased. Animals were exposed to carbon dioxide for an additional minute past 

the cessation of breathing. Double killing was performed by cervical dislocation 

following carbon dioxide administration. Then, mouse embryos were isolated, the 

head of the embryos were embedded in a Tissue-Tek® Cryomold® filled with Tissue-

Tek® O.C.T. Compount (Optimum Cutting Temperature) (Sakura® Finetek, 
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Torrance, California), and immediately placed at -80ęC to freeze samples (Reed et al., 

2001). 

2.3.2 Embedding of X. tropicalis Samples  

Euthanized embryos were embedded using an 3% agarose/1.67% gelatin solution 

and fixed in 4% paraformaldehyde prior to paraffin embedding according to a protocol 

established by McClelland et al. 2016. Embryos were embedded in paraffin using 

standard methods at the University of Delaware Animal Pathology core facility then 

sectioned on a Leica RM2125 microtome. Fresh tissue from embryos were embedded 

in a Tissue-Tek® Cryomold® filled with Tissue-Tek® O.C.T. Compound (Optimum 

Cutting Temperature) (Sakura® Finetek, Torrance, California), and immediately 

placed at -80ęC to freeze samples. Frozen samples were sectioned using Leica 

CM3050 cryostat.  

2.4 Immunofluorescence 

Embedded samples were sectioned using a Leica CM3050 S Cryostat. 16 µm 

sections were collected on Fisher Colorfrost/Plus (Colorfrost Plus, Fisher Scientific 

Hampton, NH) slides at -17ęC to -19ęC for embryos. For immunostaining, frozen 

sections were prepared by first being fixed in 1:1 acetone:methanol for 20 minutes. 

Blocking was done using 2% bovine serum albumin (BSA) for 1 hour at room 

temperature, and primary antibody was applied to each slide and incubated overnight 

at 4ęC. Following this, the slides were washed twice using 1X phosphate buffered 

saline (PBS) and a 1:200 of AlexaFluor® 568 goat anti-rabbit IgG (H+L) (catalogue # 

A11077, Life Technologies, Eugene, Oregon) and DRAQ5TM (Biostatus, 

Leicestershire, United Kingdom) was applied 1:2000 and incubated at room 
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temperature for 1 hour in dark humid chamber. Slides were washed twice using 1X 

PBS in a dark environment.  Excess solution was wicked away using Clark® Kimwipe 

(Item # UX-25000-35, Vernon Hills, IL) and mounting media (10 mL PBS containing 

100 mg of p-phenylenediamine to 90 mL of glycerol, pH 8.0) was placed on tissue and 

cover slip (Item # 12-544-C, FisherbrandTM, Fisher Scientific, Pittsburg, PA) then 

added and sealed with nail polish. Slides were stored at -20ęC and analyzed within two 

weeks.  The same immunostaining protocol was used for both mouse and frog lens 

(Reed et al., 2001). 

The primary antibody used for Tubb6 was Abcam-Rb pAb to Tubb6 

ab110592, the antibody used for Kif1a was Abcam-Rb pAb to KIF1A ab 91029, the 

antibody for Mapre3 was Novus Biologicals pAb to EB3, the antibody for Aquaporin-

0 was EMD Millipore pAb to Aqp0 ab3071, the antibody for Pax6 was Covance pAb 

to Pax6 PRB-278P, the antibody for Cryaa was Stressgen pAb to ŬA Crystallin SPA-

221 and the antibody for Prox1 was from (Duncan et al., 2002).   

2.5 Confocal Microscopy 

Slides were imaged using a Zeiss LSM 780 Confocal Microscope (Carl Zeiss 

Inc, Gottingen, Germany; acquired by shared instrumentation grant S10 RR027273 

and access supported by NIH-NIGMS P20 GM103446, the NSF IIA-1301765, and the 

State of Delaware) with a 405 nm diode laser, an Argon laser with 458/488/514 nm 

lines, DPSS 561 nm and HeNe 633 nm laser. Imaging was done using the same laser 

power and software settings to ensure valid comparisons.  All images were oriented 

with the anterior lens facing up and posterior facing down.  
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2.6 Horseradish Peroxidase (HRP) Staining  

Slides were dewaxed using two washes of Orange Oil for 10 minutes, three 

washes 100% ethanol for 3 minutes, three washes 95% ethanol for 2 minutes, one 

wash of 70% ethanol for 2 minutes and then one 1X PBS rinse for 2 minutes. 

Antigen retrieval was conducted by double boiling the slides in 0.1 M sodium 

citrate, pH 6.0, for 30 minutes. HRP staining was conducted using the following 

protocol and reagents provided by Vector Laboratories (Catalog #MP-7601, Vector, 

Burlingame, CA). Quenching of endogenous peroxidase activity was conducted using 

BLOXALL Blocking Solution (Catalog #MP-7602, ImmPress Excel Staining Kit, 

Vector Labs, Burligame, CA) for 10 minutes. Slides were then washed once in PBS 

for 5 minutes then incubated with 2.5% normal horse serum for 20 minutes. 

Primary antibody 1:50 was incubated overnight at 4ęC and then rinsed with 

PBS for 5 minutes. Amplifier antibody was incubated for 15 minutes at room 

temperature and then washed once with PBS for 5 minutes. Slides were incubated with 

ImmPRESS Excel Reagent for 30 minutes and then washed twice with PBS. DAB 

solution was made by combining ImmPACT DAB EqV Reagent 1 and 2 and added to 

slide until desired stain intensity appeared. Slides were then washed twice with PBS 

and then rinsed with water. Finally, Permount (Fisher Scientific, Pittsburgh, PA) was 

used to seal slides and coverslips. 

The primary antibody for Tubb6 was Abcam-Rb pAb to Tubb6 ab110592 

2.7 Hematoxylin and Eosin Staining  

Slides were dewaxed using two washes of Orange Oil for 10 minutes, three 

washes with 100% ethanol for 3 minutes, three washes with 95% ethanol for 2 

minutes, one wash with 70% ethanol for 2 minutes and then rinsed with distilled 
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water. Slides were stained with Harrisô hematoxylin (Fisher Scientific, Pittsburgh, PA) 

for 10 minutes and then rinsed with water until clear. Slides were dipped in acid 

alcohol (70% ethanol, 1% HCl by volume) three times, then rinsed with running water 

for 10 seconds, dipped in ammonia water (0.003% ammonium) twice, and then 

washed with running water for 10 minutes. Slides were then incubated with 80% 

ethanol for 5 minutes and stained with 0.25% eosin Y (Fisher Scientific, Pittsburgh, 

PA) for 4 minutes. Slides were then dipped in 95% ethanol ten times, in 100% ethanol 

ten times, and finally in Orange Oil thirty times. Permount (Fisher Scientific, 

Pittsburgh, PA) was used to seal slides and coverslips.  Slides were kept at room 

temperature until visualized.  

2.8 Plasmids  

2.8.1 X. tropicalis cDNA Plasmids 

Plasmids of X. tropicalis cDNA cloned into a pCMV-SPORT6 vector 

harboring ampicillin resistance were ordered from Dharmacon. Glycerol stocks of 

Tubb6 (Catalog #MXT1765-202789931; CloneID: 6980006), Kif1a (Catalog 

#MXT1765-202714703; CloneID: 7670177), and Mapre3 (Catalog #MXT1765-

202714468; CloneID: 7658259) cDNA plasmids were streaked on Luria Broth (LB) 

agar plates and incubated overnight at 37ęC.  Individual colonies were picked and then 

incubated in LB+carbenicillin broth overnight at 37ęC in a shaker incubator at 225 

rpm.    

2.8.2 Plasmid DNA Purification 

Bacterial culture was harvested by centrifugation @ 3,760 rpm for 20 minutes 

at room temperature. Cells were resuspended in Resuspension Solution (Catalog 
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#K0502, GeneJet Plasmid Miniprep kit, Thermo Scientific, Vilnius, Lithuania) and 

Lysis Solution was then added. Cells were then treated with Neutralization Solution 

and then centrifuged at maximum speed for 5 minutes. Supernatant was then filtered 

using a GeneJet spin column by centrifugation. Wash solution was added twice and 

filtered through spin column. DNA was eluted using Elution Buffer by incubated for 2 

minutes and then centrifuging for 2 minutes. Purified plasmid DNA was stored at -

20ęC. 

2.8.3 cDNA Validation through Sanger Sequencing 

Tubb6 purified plasmids were sequenced using Sanger sequencing by the 

University of Delaware Sequencing and Genotyping Center using universal primers, 

M13f and M13r.  Primers were designed using Integrated DNA Technologies to 

determine full length cDNA sequences of Kif1a and Mapre3 (Table 2.1).  

 

Table 2.1  Primers designed to confirm X. tropicalis cDNA sequences using Sanger 

sequencing. Included below are the primer sequences. IP ï internal 

primer  

      
Gene Primer Sequence (5ô ï 3ô) Tm 

(ęC) 

Tubb6 IP  ATA TGG TCC CAT TTC CAC GCC 57.5  

Kif1a   AAG AGC TGA CTC TAC AGT GC 54.1  

Kif1a IP  TTC ACG ATC TCA TGG ACT CTG G  56.2  

Mapre3  AGA CCA GAT GAT ACT ACG AGC 53.3  

Mapre 3 IP - 1 CCT CTC CAG ATC ATA GAC ATC C  53.8  

Mapre3 IP - 2 CTC CTC TAG CTC CAA GAT GC 54.6  
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2.8.4 mRNA Rescue Plasmid Design 

 Primers were designed using Integrated DNA Technologies to introduce 

restriction sites immediately upstream of the Tubb6 start codon and after the 

termination sequence.  The sequence of the forward primer was 5ô CCG CCG GTC 

TAG AAT GAG GGA AAT TGT GCA TAT C 3ô.  The forward primer introduced an 

Xbal1 restriction site. The sequence of the revere primer was 5ô TCC GGC GTC GAC 

TTT TGC TAC TCA TT 3ô.  The reverse primer introduced a Sal1 restriction site.  

Polymerase chain reaction (PCR) was done to amplify the target DNA. This reaction 

used the following protocol: 25 µL Taq PCR mix (Qiagen, Valencia, CA), 2.5 µL 

Xba1 5ô primer (2 ÕM), 2.5 ÕL Sal1 3ô primer (2 ÕM), 15 ÕL nuclease free water, and 

5 µL (total 500 ng) of pCMV-Tubb6 DNA. PCR was performed with the following 

program: initial denaturation at 94ęC for 3 minutes, then 30 denaturation cycles of 

94ęC for 30 seconds, 63ęC annealing for 30 seconds, and 72ęC extension for 60 

seconds, with a final extension at 72ęC for 10 minutes. Following PCR, gel 

electrophoresis was used to separate DNA on a 1% agarose ethidium bromide gel and 

the gel was visualized using a Carestream Gel Logic 212 Pro. Bands were excised and 

extracted using PureLink Quick Gel Extraction Kit (Catalog #K210012, Invitrogen 

Thermo Fisher Scientific, Vilnius, Lithuania). Purified Tubb6 PCR DNA was treated 

with restriction enzymes Xba1 and Sal1 and incubated at 37ęC for three hours.        

pCS2-FLAG (Addgene Plasmid #16331, gift from Peter Klein) was treated 

with restriction enzymes, Xba1 and Xho1, to introduce sticky end restriction sites and 

incubated at 37ęC for three hours. Truncated cDNA was then ligated with plasmid 

using Rapid DNA Ligation Kit (Catalog #K1422, Thermo Scientific), transformed into 

One Shot TOP10 chemically competent E. coli cells (Catalog #C404006, 

ThermoFisher Scientific) then incubated overnight at 37ęC.  Individual colonies were 
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selected and placed into LB+carbicillen broth and incubated overnight at 37ęC.  

Plasmids were purified using GeneJet Plasmid Miniprep kit (described previously in 

section 2.8.2).  Purified FLAG+cDNA was sequenced to confirm successful removal 

of 5ô UTR and introduction of a N-terminal FLAG tag.  
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Chapter 3 

RESULTS 

3.1 Validation for Using Xenopus tropicalis as an Alternative Model for Lens 

Fiber Cell Elongation  

3.1.1 Traditional histological sectioning and staining indicates lens fibers have 

elongated by stage 35/36 in X. tropicalis  

Establishing the methodology necessary to use X. tropicalis as a model for lens 

fiber elongation is essential. Due to the small size of frog embryos, an agarose/gelatin 

immobilization technique was required prior to embedding to ensure proper 

orientation for sectioning and traditional histological analysis (McClelland et al., 

2016).    

 

 

 

 

 

 

Figure 3.1 Traditional histological staining technique, hematoxylin and eosin 

staining of wildtype X. tropicalis lens sections (A-C) at stage 32/34 (A), 

35/36 (B), and 42 (C). In wildtype embryos, primary lens fibers, stained 

by eosin, were evident in wildtype lenses by stage 35/36 (B) with 

secondary lens fiber differentiation continuing at stage 42 (C).  Lens 

fibers: pink, r: retina, e: lens epithelium, f: lens fibers, lv: lens vesicle. 

Scale bar ï 50 µm. 
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According to the data, a lens vesicle appears to have formed by stage 32/34. 

Compared to the murine hollow lens vesicle morphology, X. tropicalis appears to have 

a more compressed morphology (Figure 1.3D; Figure 3.1A).  As the embryo aged 

primary lens fibers appear to have elongated by stage 35/36 (Figure 3.1B).  At stage 

42, the lens fibers are present, and the overall size of the lens is increased (Figure 

3.1C).      

3.1.2 Aquaporin 0 staining validates that lens fibers first differentiate  between 

stages 32/34 and 35/36 in X. tropicalis 

Aquaporin0 (Aqp0) constitutes 50% to 60% of total lens fiber cell membrane 

protein, functioning as a water channel and participating in lens transparency 

(Benedetti et al., 1976; Chandy et al., 1997; Francis et al., 2000; Kushmerick et al., 

1995). Aqp0 is a good marker for lens fibers and can be used to identify when 

differentiation of lens fibers occurs in X. tropicalis.  

To determine the expression pattern of Aqp0 at various embryonic timepoints, 

immunostaining was performed in lenses of wildtype animals. Previously in our lab, 

immunofluorescence staining has been established to identify the spatiotemporal 

expression of proteins has been optimized in a mouse model, but not in the X. 

tropicalis model (Audette et al., 2016; Balasubramanian, 2016; Duncan et al., 2002).  
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Figure 3.2 Immunofluorescence staining for Aquaporin 0 in wildtype frog lenses. 

Aqp0 expression in wildtype X. tropicalis sections at stage 32/34 (A), 

35/36 (B), and 42 (C). Aqp0 is expressed throughout elongated primary 

lens fibers at stage 35/36 (B) and 42 (C).  Anterior ï top, posterior ï 

bottom. e: lens epithelium, r, retina; c: cornea; f, lens fibers; tz: transition 

zone. Scale bar ï 50 µm. 

 

Aqp0 is not expressed in the lens vesicle at stage 32/34, but at later developmental 

time points, stage 35/36 and 42, Aqp0 is expressed throughout the lens fibers (Figure 

3.2 B,C).  This suggests that differentiation of lens fibers occurs between stage 32/34 

and 35/36 which correlates with the lens morphology determined using H&E staining 

(Figure 3.1 B,C).  

 

3.1.3 Wheat Germ Agglutinin (WGA) can stain X. tropicalis lenses and can be 

used to visualize cell membrane structure 

WGA is an effective counterstain that is often used in immunofluorescent studies 

of the lens (Dash et al., 2015; Kistler et al., 1986; Scheiblin et al., 2014).  WGA is a 

lectin that can attach to sialic acid and N-acetyl-D-glucosaminyl residues on the cell 

membranes (Gallagher et al., 1985; Kistler et al., 1986).  WGA marks the lens cortex 

region with a higher intensity compared to the lens nucleus region (Dash et al., 2015). 
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Previously, both M. musculus and X. laevis frozen sections have been counterstained 

with WGA indicating that it is able to bind to both retina and lens cells 

(Balasubramanian, 2016; Lee et al., 2013), but this has never been reported for X. 

tropicalis.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Wheat germ agglutinin (WGA) counterstain in wildtype X. tropicalis 

frozen embryos at (A) stage 32/34, (B) stage 35/36, and (C) stage 42.   

Anterior ï top, posterior ï bottom e: lens epithelium, lv: lens vesicle, f: 

lens fibers, c: cornea, r: retina. Scale bar ï 50 µm   

WGA is able to stain X. tropicalis embryos suggesting that the carbohydrates on 

the cell membrane may be similar to M. musculus.  WGA can stain at stage 32/34, 

35/36 and 42 (Figure 3.3).  Lens fibers are stained at stage 42 and could potentially be 

A 
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used to characterize the effects of knockdown experiments on overall lens fiber 

structure (Figure 3.3 E,F).   

 

3.1.4 The lens fiber cell marker alpha-crystallin (Cryaa) is expressed 

throughout X. tropicalis lens 

 

Alpha-crystallin (Cryaa) is a major protein expressed in the mammalian lens 

giving the lens its transparency and refractive index (Bassnett et al., 2011). The short 

range interactions due to high concentration between crystallins and other proteins 

eliminate light scatter by destructive interference (Bassnett et al., 2011). The lens has a 

high refractive index because crystallins are expressed at an extremely high 

concentration (~450 mg/mL in the center of the lens) (Duncan et al., 2004) in lens 

fiber cells.  Most proteins at this concentration would form aggregates and prevent 

light transmission, but crystallins do not aggregate (Benedek et al., 1999; Duncan et 

al., 2004).   
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Figure 3.4 Immunofluorescence of ŬA-crystallin. Lens fiber marker differentiation, 

Cryaa, is expressed throughout lens fibers in stage 42 wildtype X. 

tropicalis lenses (A,B). Red ï Cryaa; Blue ï Draq5 (DNA). Anterior ï 

top, posterior ï bottom e: lens epithelium, f: lens fibers, c: cornea; tz: 

transition zone, r: retina. Scale bar ï 50 µm.   

Cryaa expression is a characteristic of lens fiber cell differentiation and could be used 

to further validate the elongation process in X. tropicalis. To determine the expression 

pattern of Cryaa immunostaining was performed on stage 42 embryos. Cryaa is 

located in elongated lens fibers throughout the center of the stage 42 wildtype lens 

(Figure 3.4A,B).  

 

3.2 Kinesin 1A (Kif1Ŭ) 

3.2.1 Kif1a is expressed throughout lens fibers in E14.5 lenses  

In order to determine the distribution of Kif1a, immunostaining was performed 

in lenses of wildtype mice. The expression of Kif1a was observed at E14.5 and was 
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prevalent throughout the elongated lens fibers with a higher density near the equatorial 

regions of the lens (Figure 3.5).   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Kif1a expressed throughout the elongated fiber cells of E14.5 mouse 

lens. Red ï Kif1a; Blue ï Draq5 (DNA). Anterior ï top, posterior ï 

bottom e: lens epithelium, f: lens fibers, r: retina, c: cornea, tz: transition 

zone. Scale bar ï 100 µm  

Kif1a appears to be localized to the anterior tips of differentiating secondary lens 

fibers.  Expression of Kif1a seems to be higher in the transition zone of the lens where 

secondary lens fibers are actively differentiating.   

 

3.2.2 Spatiotemporal expression of Kif1a during X. tropicalis lens development 

In order to determine the expression pattern of Kif1a at various embryonic 

timepoints, immunostaining was performed in lenses of wildtype X. tropicalis. At 
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stage 35/36 Kif1a is distributed more towards the anterior portion of the lens fibers 

and equatorial region of the lens (Figure 3.6 A). Kif1a expression was observed in the 

elongated lens fibers at stage 42 (Figure 3.6 D).     

 

  

 

Figure 3.6 (A-C) Kif1a expressed was restricted to the apical tip of elongating lens 

fibers of WT stage 35/36 lenses. (D-F) Kif1a expression was present 

throughout the elongated fiber cells of stage 42 wildtype frog lens. 

Anterior ï top, posterior ï bottom. e: lens epithelium, r: retina, f: lens 

fibers, c: cornea. Scale bar ï 50 µm      
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3.2.3 Morpholino -driven knockdown of Kif1a produces an embryonic lethal 

phenotype   

In order to determine the function of Kif1a during fiber cell elongation, a 

morpholino was designed targeting the start codon of Kif1a using GeneTools, LLC 

(Figure 3.7). Morpholinos (MO) have become an effective tool for studying gene 

knockdowns in vertebrate models (Knudsen and Nielsen, 1996; Summerton, 2007).  

MO design is essential for effective knockdown.  By binding to these locations, the 

MO can prevent ribosomal machinery from attaching and inhibit translation of the 

protein of interest (Heasman et al., 2000).  Embryos were injected with Kif1a-1 

morpholino into a single dorsal-animal blastomere at the 8-cell stage but were unable 

to survive gastrulation (stage 12) therefore no observations of eye phenotypes could be 

made.  

 

 

Figure 3.7 Kif1a-1 morpholino (MO) sequence specifically block Kif1a translation. 

Part of the Kif1a mRNA is shown illustrating the binding site of Kif1a-1 

MO spanning the 5ô UTR to ATG. Kif1a MO has a perfectly 

complementary sequence to the target site. Green ï morpholino 

sequence; Red ï start codon.  

3.3 Microtubule associated end binding protein RP/EB (Mapre3) 

3.3.1 Spatiotemporal expression of Mapre3 during X. tropicalis lens 

development 

In order to determine the expression pattern of Mapre3 at various embryonic 

timepoints, immunostaining was performed in lenses of wildtype X. tropicalis. The 

expression of Mapre3 was observed at stage 35/36 and 42. Mapre3 was found at 
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higher levels at the basal tips of lens fibers at stage 42 but expressed at lower levels in 

the anterior lens fibers (Figure 3.8 A).   

 

 

Figure 3.8 Mapre3 expressed throughout the elongated fiber cells of stage 42 frog 

lens. Anterior ï top, posterior ï bottom. e: lens epithelium, f: lens fibers, 

tz: transition zone, c: cornea, r: retina.  Scale bar ï 50 µm.     

3.3.2 Morpholino -driven knockdown of Mapre produces an eye pigmentation 

loss phenotype   

In order to determine the function of Mapre3 during lens fiber elongation a 

knockdown was performed using MO was designed targeting the translational starting 

site of Mapre3 (Figure 3.9).  

    

 

Figure 3.9 Mapre3 morpholino specifically blocks Mapre3 translation. Part of the 

Mapre3 mRNA is shown illustrating the binding sites of Mapre3-1 MO 

spanning the start codon Green ï morpholino sequence; Red ï start 

codon.  
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To characterize the phenotype, the injected and uninjected sides of the embryo 

were imaged and compared after lens fiber cell elongation has occurred. Preliminarily, 

most embryos injected were unable to survive gastrulation, but a few embryos 

survived to the scoring stage (stage 42). The surviving embryos showed an eye 

pigmentation defect (Figure 3.10).   

  

 

Figure 3.10 Representative phenotypes of stage 42 embryos injected with Mapre3-1 

morpholino. Lateral views of an embryo injected with morpholino 

targeting start codon of Mapre3. Red arrow indicates an abnormal eye. 

The eye is morphologically normal but less pigmented.  

 The uninjected control side exhibited normal eye development, while the 

injected side exhibited a possible cataract and reduction in overall eye size (Figure 

3.10).   

3.4 Tubulin -ɓ6 (Tubb6) 

3.4.1 Spatiotemporal expression of Tubb6 during X. tropicalis lens development 

Previously Tubb6 expression was determined using horseradish peroxidase 

staining (HRP). Staining was performed on stage 42 embryos, but Tubb6 primary 

antibody cross reacted with agarose/gelatin droplet used for immobilization of the 

embryo (Figure 3.11). Therefore, to determine the expression pattern of Tubulin-ɓ6 at 
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various embryonic timepoints, immunostaining was performed in lenses of wildtype 

X. tropicalis. Co-staining was performed with WGA lectin to verify morphology.   

 

Figure 3.11 Tubb6 antibody cross reacts with agarose/gelatin. Tubb6 expression in a 

stage 42 peripheral retina section in wildtype X. tropicalis. a ï anterior; p 

ï posterior; r ï retina.     
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Figure 3.12 Tubb6 expression in stage 42 X. tropicalis. Tubb6 does not appear to be 

expressed at stage 32/34 (A-C). At stage 35/36 Tubb6 is expressed in the 

anterior tips of the lens fibers (D-F). By stage 42 Tuub6 is expressed 

throughout the lens fibers (G-I). Anterior ï top, posterior ï bottom. lv: 

lens vesicle, r: retina, f: lens fibers, c: cornea, e: lens epithelium. Scale 

bar ï 50 µm.     

The data suggests at the lens vesicle stage (stage 32/34) Tubb6 is not expressed 

(Figure 3.12 A). At stage 35/36, Tubb6 is localized to the anterior apical tips where 
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primary lens fibers are actively differentiating (Figure 3.12 D). As the embryo ages to 

stage 42, Tubb6 localizes to the center of the lens (Figure 3.12 G).  

   

3.4.2 Morpholino -driven knockdown of Tubb6 produces an eye pigmentation 

loss phenotype with high penetrance 

Reducing the expression of a gene of interest can offer insight into the geneôs 

role biological processes.  To determine the function of Tubb6 during lens fiber 

elongation, morpholinos were used to knockdown Tubb6 expression. MOs were 

designed either targeting the 5ôUTR of the translational start codon (Figure 3.13).  

 

 

 

 

Figure 3.13 Morpholinos Tubb6-1 and Tubb6-2 specifically block Tubb6 translation. 

(A,B) Part of the 5ô UTR of Tubb6 is shown illustrating the binding sites 

of the two morpholinos, (A) Tubb6-1 binding the start codon and (B) 

Tubb6-2 binding the 5ô UTR immediately upstream of the start codon.  

MOs were designed using Gene Tools, LLC specifically targeting two 

non-overlapping sequences.  Green ï morpholino sequence; Red ï start 

codon.  

Two morpholinos were designed (25 base pairs) for non-overlapping regions 

surrounding the translational start site for tubulin-ɓ6.  Using two independent MOs is 

essential to demonstrate that the phenotype observed is due to the depletion of tubulin-

ɓ6, because these will be unlikely to share similar off-target effects (Tandon et al., 

2012).  The use of control morpholinos also can validate the observations made in 

5ô UTR 

A 

B 
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knockdown studies. To determine the effects of Tubb6 knockdown, both injected and 

uninjected sides were imaged at various embryonic timepoints.  Gross examination 

indicated pigmentation defects beginning to be observed at stage 35/36 and into stage 

42 (Figure 3.14 G,H,K,L).  Two major phenotypes were observed, mild and severe.  A 

mild phenotype was characterized as a defect of eye pigmentation compared to the 

opposite eye which functioned as an internal control (Figure 3.14 L).  A severe 

phenotype was characterized as a large reduction in eye size or microphthalmia 

(Figure 3.14 H). 
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Figure 3.14 Representative phenotypes of embryos injected with Tubb6-1. Tubb6-2, 

and control morpholinos (A-L). Lateral views of embryos injected with 

morpholinos targeting non-overlapping regions of Tubb6 translational 

start site and a control morpholino. (A-D) Control MO injections 

indicated a normal phenotype throughout eye development. (E,F) At 

stages 30 and 32/34 Tubb6-1 and Tubb6-2 MOs indicated normal 

development compared to internal control (Eô,Fô,Iô,Jô). Beginning at 

stage 35/36 phenotypic differences were observed between the control 

(Gô,Kô) and injected (G,K) sides. A pigmentation defect was apparent (L) 

in addition to reduction in eye size or microphthalmia (H, L).  The most 

frequently seen eye phenotypes are indicated with a red arrow. Scale bar 

ï 0.5 mm.  

Reliability of any morpholino is a substantial issue when performing 

morpholino-driven knockdown studies. Therefore, it is important to determine how 

reproducible or penetrant the effects of the morpholino are (Heasman, 2002).  In 
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addition, recognition of any off-target side effects should be identified and not be 

confused with phenotypes caused by Tubb6 knockdown. 

 

Figure 3.15 Quantitation of the eye phenotype of stage 42 embryos unilaterally 

injected at the eight-cell stage with Tubb6-1, Tubb6-2, or the standard 

control morpholino. Data was plotted as a percentage of total embryos 

scored analyzed using Fisherôs exact test of independence. n: number of 

embryos scored in total. ****P < 0.00001. Tubb6-1 MO; P = 5.86E-13 

and Tubb6-2 MO: P = 2.65E-11; ns P > 0.05.   

Scoring of stage 42 injected embryos suggests that both Tubb6-1 and Tubb6-2 

morpholinos have a relatively high penetrance (71% and 75%, respectively; Figure 

3.15).  Compared to the randomized control MO sequence both Tubb6-1 and Tubb6-2 
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MOsô penetrance were statistically significant (p < 0.00001) using Fisherôs exact test 

of independence.  

 

 

 

 

Figure 3.16 Quantitation of stage 42 embryos exhibiting either wildtype, mild, or 

severe phenotypes following unilaterally injection of Tubb6-1, Tubb6-2, 

and standard control morpholinos in eight-cell embryo. n: number of 

embryos scored. 

Phenotypes expressed in injected embryos were categorized into three 

categories, no phenotype, mild and severe phenotypes.  Mild phenotypes were 

characterized as a pigmentation defect of the eye as compared to the internal control 
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eye (Figure 3.14 L). Severe phenotypes were characterized as a significant loss of the 

eye, microphthalmia. (Figure 3.14 H).  

Another specificity control commonly performed in morpholino-driven 

knockdown studies is an mRNA rescue.  An mRNA sequence which cannot be 

targeted by the morpholino either through introduction of sense mutations or 5ô UTR 

truncation.  Subcloning of truncated Tubb6 cDNA and an N-terminal FLAG vector 

were performed to verify specificity of Tubb6 morpholinos, but issues arose during the 

ligation and transformation of clones.   

3.4.3 Morpholino -driven knockdown of Tubb6 was validated using 

immunofluorescence analysis  

In order to determine effective knockdown of Tubb6, embryos exhibiting mild 

phenotypes were selected and immunostained for Tubb6. Both the internal control lens 

and injected lens were imaged. Both MOs appear to knockdown Tubb6.  Tubb6-1 MO 

injected embryos did not completely remove Tubb6 expression, but it appears to have 

a reduced signal compared to the internal control (Figure 3.17 A,B). On the other 

hand, Tubb6-2 MO appears to have a complete knockdown of Tubb6 expression 

compared to the internal control (Figure 3.17 C,D).   
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Figure 3.17 Tubb6 expression in stage 42 embryos injected with Tubb6-1 and Tubb6-

2 morpholinos that exhibited a mild eye phenotype under gross 

examination. (A,C) In the internal control side Tubb6 expression 

appeared similar to wildtype Tubb6 expression within the lens. (B) 

Tubb6 expression was reduced, but present in the anterior lens fibers (D) 

Tubb6 expression was absent in the injected. Anterior ï top, posterior ï 

bottom. f: lens fibers, e: lens epithelium, r: retina, c: cornea. Scale bar ï 

50 µm.  

This data suggests that both MOs successfully can knockdown Tubb6 expression.  

Although there appears to be a difference in the effectiveness of each knockdown.  

Tubb6-1 MO could be not as efficient at knocking down expression because it targets 

the start codon, but not the 5ô UTR.  Translational machinery could be binding and 

translating some protein, but less compared to the internal control.  Tubulin genes are 

well conserved, and the isoforms share a majority of their protein sequence making 

specific targeting with an antibody difficult.   
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3.4.4 Aquaporin 0 and overall lens morphology is changed in Tubb6 

morpholino injected lenses 

Scored embryos from all three morpholinos were selected for downstream 

immunofluorescent analysis. Embryos for both Tubb6 MOs presented with a mild 

phenotype. Aqp0 expression was observed in all knockdown conditions. Aqp0 

expression appears to be reduced in the injected sides for both Tubb6-1 and Tubb6-2 

MOs (Figure 3.18 A,D) compared to their internal controls as well as the control 

morpholino (Figure 3.18 Aô,Dô,G,Gô). In addition, it appears that the overall size of 

the lens and retinal tissue appears to be reduced in the injected embryos.  

  

 

 

Figure 3.18 Aqp0 expression in stage 42 embryo injected with Tubb6-1 MO (A-C), 

Tubb6-2 MO (D-F), and control MO (G-I) that exhibited a mild eye 

phenotype under gross examination (A,D) Aqp0 expression was reduced 

in embryos injected with Tubb6-1 and Tubb6-2 MO. (Aô,Dô,G,Gô) 

Uninjected embryos showed Aqp0 expression similar to wildtype and 

control MO frog lenses. Anterior ï top, posterior ï bottom. f: lens fibers, 

r: retina, c: cornea, e: lens epithelium. Scale bar ï 100 µm.   
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Chapter 4 

DISCUSSION 

The study of developmental biology is often focused on the cellular and 

molecular mechanisms for how tissues are shaped during embryogenesis (Paluch and 

Heisenberg, 2009).  Lens fiber cell must undergo significant cell shape changes 

followed by structural remodeling during their differentiation in order to create a 

transparent lens. Disorders of eye and lens development such as congenital cataracts 

and microphthalmia are the major causes of visual disability in children (Schilter et al., 

2013; Shiels and Hejtmancik, 2015), and can result from defects in lens fiber cell 

structure (Francis et al., 2000; Hejtmancik, 2008; Jakobs et al., 2000; Lyu et al., 2016; 

Pal et al., 1999).  

Approximately a quarter of congenital cataracts result from autosomal dominant 

genetic defects.  However, 50-60% are idiopathic, although some autosomal recessive 

or X-linked cataract genes are known, suggesting that many ñidiopathicò cataracts 

could be genetic (Francois, 1982; Haargaard et al., 2004; Hejtmancik, 2008; 

Hejtmancik et al., 2001; Ma et al., 2016; Merin, 1991; Messina-Baas and Cuevas-

Covarrubias, 2017; Rahi and Dezateux, 2000; Ruttum et al., 2006; Shiels and 

Hejtmancik, 2013). However, identifying novel genes associated with congenital eye 

disorders remains difficult and the utility of whole genome sequencing in these 

patients is limited by the existence of many variants of unknown significance (Ionides 

et al., 1999; Kakrana et al., 2017; Lachke et al., 2012).  Thus, understanding how lens 
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fiber cell shape changes are regulated could allow for a deeper understanding of 

congenital cataract and/or microphthalmia.  

The transcription factor regulatory network for this process is well established 

with many labs identifying key transcription factors that down regulate lens epithelial 

genes and upregulate genes necessary for transparency and refractive index gradient 

(Duncan et al., 2004; Hawse et al., 2005; Hoang et al., 2014; Manthey et al., 2014; 

Pierscionek and Regini, 2012; Pontoriero et al., 2009; West-Mays et al., 1999).  

However, genes involved in facilitating the remodeling of fiber cell structure during 

lens development remains largely unknown.  Using a conditional knockout of Prox1, a 

key transcription factor involved in induction of lens fiber cell elongation, our lab 

identified 56 cytoskeletal genes which were differentially expressed (Audette, 2015).  

Identification and characterization of these genesô function during lens fiber cell 

elongation could elucidate their involvement in the molecular mechanisms underlying 

this process. Our understanding of the molecular mechanisms driving fiber cell 

elongation has failed to keep pace with other areas of lens biology, mostly because of 

a lack of appropriate models to study the process. Current in vitro cell culture models 

do not provide a complete representation of the elongation process occurring in vivo. 

Early chick and frog embryos have been suggested as potential alternative in vivo 

models which could help elucidate the mechanisms driving lens fiber cell elongation 

(Audette et al., 2017; Nakayama et al., 2015; Reza et al., 2007; Shestopalov and 

Bassnett, 2000).  Although several vertebrate models have been proposed, each have 

limitations. For instance, the high cost per embryo of higher vertebrates such as mouse 

and rats make high throughput analysis difficult. Chickens provide a lower cost per 

embryo but have a small brood size and lack genetics. These three models also are not 
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effective when performing morpholino driven knockdown studies (Wheeler and 

Brandli, 2009). Therefore, due to the advantage of large brood sizes and accessibility 

to embryos for morpholino-driven knockdowns which could be performed in a high 

throughput manner, X. tropicalis was a practical model. This thesis seeks to provide a 

proof of principle for the use of X. tropicalis as an alternative vertebrate model for 

studying lens fiber cell elongation and the identification of essential cytoskeletal 

associated genes involved in cell shape.       Xenopus tropicalis as a potential high 

throughput model for identification of essential cytoskeletal associated 

genes involved in lens fiber cell elongation. 

 

Identifying a high throughput alternative vertebrate model for lens fiber 

elongation will allow for the prioritization of essential cytoskeletal associated genes 

involved in this large cell shape change.  Creation of conditional knockout mouse 

models for each gene of interest is time consuming and costly. On the other hand, X. 

tropicalis have a larger brood size, lower cost per embryo, and easier access to 

embryos for knockdown studies, allowing for a quicker and cheaper characterization 

of genes involved in lens fiber cell morphogenesis compared to either mouse or 

chicken models (Table 1.1).     

Lens fiber elongation has not completely been characterized in X. tropicalis 

although during X. laevis eye development it has been shown that detachment and 

invagination of the lens placode occurs around stage 30 and lens fibers are fully 

elongated by stage 37-39 (Hu et al., 2013).  Comparatively, during X. tropicalis lens 

development, elongated lens fibers appear at stage 35/36 (Figure 3.1 B; Figure 3.2 B). 

An apparent lens vesicle is present at stage 32/34 although its morphology is flatter 

compared to the mouseôs round lens vesicle.  The data suggests that elongation of lens 

fibers occurs sometime between stage 32/34 and 35/36. Induction of lens fiber cell 
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differentiation is comparable to a murine model with the elongation occurring at E12.5 

similar to stage 35/36 in frogs. By stage 42, the nuclei of central lens fibers have 

degraded which is necessary for lens transparency (Wormstone and Wride, 2011).  

Transcriptional control of lens fiber elongation is well described in the literature. 

The regulatory transcription factor, Prox1, localizes  to the nucleus of lens fibers 

actively differentiating at the transition zone (Duncan et al., 2002).  This expression 

pattern is activated by FGF signaling derived from the retina which activates the 

MAPK signaling that is essential for elongation (Iyengar et al., 2006; Le and Musil, 

2001; Lovicu and McAvoy, 2001; Wang et al., 2009) while Prox1 upregulates FGF 

receptor expression leading to a reinforcement of the fiber cell differentiation cascade 

(Audette et al., 2016). Unfortunately, immunostaining of Prox1 in X. tropicalis lens 

was inconclusive because of the non-nuclear staining observed (data not shown). 

Prox1 expression has been reported in the fiber cell nuclei of human, rat, chicken and 

lizard lenses. Weak nuclear Prox1 immunofluorescence was also described in Rana 

pipens (grass frog) lenses (Chen et al., 2006). The nonspecific staining of Prox1 in X. 

Tropicalis using this antibody raised against the homeo/Prospero domain of Prox1 

could be attributed to the one non conservative and seven conservative amino acid 

differences between amphibian and human Prox1 (Chen et al., 2006; Schaefer et al., 

1999). Another transcription factor, Pax6 dramatically upregulates lens fiber specific 

genes such as crystallins which mark fiber cell induction (Shaham et al., 2009; Xie 

and Cvekl, 2011).  Pax6 knockouts have been created in both X. laeivs and X. 

tropicalis and both exhibited eye abnormalities in the iris, lens (cataract), and cornea 

suggesting Pax6 is also a key regulator of eye formation in amphibian species 

(Nakayama et al., 2015; Suzuki et al., 2013).In wildtype stage 38 X. laevis Pax6 is 
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highly expressed in the lens epithelium and ganglion cells (Cizelsky et al., 2013; 

Pfirrmann et al., 2016; Seigfried et al., 2017). Pax6 expression in X. tropicalis at stage 

42 is expressed higher in the anterior lens epithelium and equator of the lens similar to 

Pax6 expression in mice, but there was a significant amount of nonspecific signal 

(data not shown) (Shaham et al., 2009).  Crystallin expression is a hallmark of lens 

fiber cell differentiation.  Functionally, crystallins give the lens the proper refractive 

index to focus light on the retina through their extremely high expression with 

concentrations around 500mg/mL (Duncan et al., 2004; Horwitz et al., 1999). 

Wildtype mice express alphaA-crystallin throughout the lens fibers similar to the 

localization pattern seen in stage 42 wildtype X. tropicalis (Figure 3.4) (Shaham et al., 

2009).  Another marker of lens fiber cells is Aqp0 which constitutes a majority of the 

total membrane proteins. Aqp0 is expressed throughout the lens fibers beginning at 

stage 35/36 in X. tropicalis which is consistent with expression throughout murine 

lens fibers beginning E11.25 and remaining throughout life (Varadaraj et al., 2007).   

Utilizing established immunohistochemical techniques for markers involved in 

lens fiber cell induction and morphology suggests that X. tropicalis can be used as an 

alternative vertebrate model when characterizing potential candidate cytoskeletal 

genes.  In the future, a comprehensive characterization of these markers for each 

individual stage of X. tropicalis development could provide useful insight into when 

lens fibers begin to elongate. In addition, as nuclear staining is absent within the lens 

fibers at stage 42 (Figure 3.2C, 3.3F), a more robust characterization of other 

cytoplasmic organelles (Golgi apparatus, endoplasmic reticulum, mitochondria, etc) 

would determine the when the organelle-free zone (OFZ) is created.  X. tropicalis 

appears to be a practical alternative vertebrate model of lens fiber cell elongation, 
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therefore the remaining 53 cytoskeletal associated genes identified in Prox1 cKO 

RNAseq should be prioritized and characterized using this model.      

 

4.2 Possible role for  Kif1a in elongating fiber cells 

Microtubules function as a structural network that can provide the mechanical 

force necessary for elongation processes, but also can provide a track for vesicular 

trafficking of cargo (Gurel et al., 2014).  Transport of membrane bound vesicles and 

organelles are important especially in elongated neurons where cargo must be 

transported from the cell body to the elongating growth cone of the axon.  Kif1a 

functions as an anterograde motor protein in neurons that utilizes microtubules to 

transport vesicular cargo towards the plus end of microtubules and is essential for 

survival of motor neurons (Yonekawa et al., 1998). 

Immunofluorescence analysis identifies that Kif1a is expressed in the anterior 

apical tips of lens fibers at stage 35/36. As the embryo ages to stage 42, Kif1a is 

stained vibrantly throughout the lens fibers.  Kif1a localization at stage 42 appears 

similar to expression in E14.5 and E16.5 mice (Rubenstein, 2016). A notable 

difference is its increased expression at the transition zone in E14.5 which is absent in 

stage 42 frog lenses.  The expression pattern suggests that Kif1a could play an 

essential role in the lengthening of lens fibers and cellular maintenance. The 

microtubule minus ends are situated towards the lens fiber cellôs anterior and their plus 

end directed toward the cell body in the posterior (Lo et al., 2003). Because of the 

polarity of lens fibers is the reverse of neuronal cells, this could suggest its role in lens 

fiber differentiation differs from that of neurons.   
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Earlier in frog lens development, Kif1a was localized to the anterior tips of 

differentiating lens fibers, and it is possible there could be a retrograde directionality 

for transport of growth factors and plasma membrane materials towards the actively 

elongating tip of primary lens fibers.  A similar explanation has been proposed for 

Kif1a localization at the apical tips of differentiating secondary lens fibers at the 

transition zone in mice (Audette, 2015).  However, morpholino-driven knockdown of 

Kif1a in frog embryos was embryonic lethal with no embryos surviving past 

gastrulation.       

In the future, a more robust characterization of Kif1a expression during frog 

eye development could provide valuable insight into potential functions. Preliminary 

Kif1a morpholino injections were unsuccessful due to lethality, but optimization of 

lower concentrations of MO for injections could produce eye phenotypes in Kif1a KD 

frogs will provide more insight into its role in lens fiber cell elongation. If preliminary 

KD studies produce interesting eye phenotypes, a second morpholino should be used 

to determine specificity, and a rescue experiment performed to verify effective 

knockdown.  Therefore, it could be evaluated by a more traditional targeted Cre-Lox 

recombination approach in a mouse model to determine its importance to lens fiber 

differentiation.   

  

4.3  Possible role of Mapre3 in elongating fiber cells 

Another differentially expressed cytoskeletal associated gene identified from 

RNAseq analysis and characterized in a mouse model was microtubule end-binding 

protein 3 (Mapre3) which functions as a multi-faceted binding protein (Su and Qi, 

2001). Mapre3 typically functions by binding to the plus end of microtubules at the 
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apical tips of growing neurons (Geraldo et al., 2008; Sayas et al., 2015). However, 

some evidence suggests Mapre3 can also interact with the minus end of microtubules 

and could help anchor and regulate tubulin polymerization (Bazellieres et al., 2012).  

Mapre3 expression was assayed in frog lens using immunofluorescence and was found 

to be expressed throughout the lens fibers at stage 42 (Figure 3.10).  Mapre3 appears 

to be expressed at a higher density towards the basal tips of lens fibers consistent with 

its known primary role as a plus end binding protein.  Interestingly, Mapre3 is also 

expressed at the anterior tips of the lens fibers which contradicts the expression pattern 

in murine lens where expression is localized to the posterior and equatorial zones and 

was absent in the anterior portion of the lens (Rubenstein, 2016).  The localization of 

Mapre3 throughout the lens fiber may correlate with its function in neuronal cells.  

Mapre3 binds to the growing plus end to reduce catastrophic microtubule disassembly 

and promotes elongation (Sayas et al., 2015).  Mapre3 forms the center of a complex 

binding to the plus end of microtubules by binding with drebrin E (an actin binding 

protein), CLIP170 and APCL (a central nervous system specific homolog of 

adenomatous polyposis coli (APC)) which facilitates microtubule-actin filament 

interactions (Galjart, 2010; Geraldo et al., 2008; Jaworski et al., 2009; Nakagawa et 

al., 2000; Stepanova et al., 2010). 

In the future, a more robust characterization of earlier developmental time points 

is needed to distinguish Mapre3ôs role in actively differentiating lens fibers. In 

addition, determining the effects of Mapre3 KD on frog development will provide a 

deeper insight into its role in lens fiber cell elongation.  Preliminary data suggests that 

knockdown of Mapre3 produces an ocular pigmentation defect phenotype.  However, 

since a majority of embryos did not survive to stage 42, optimizing morpholino 
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concentration could help improve the penetrance of this phenotype.  Since preliminary 

KD studies have resulted in an interesting ocular pigmentation defect, a second 

morpholino should be used to determine specificity and a rescue experiment 

performed to verify effective knockdown.  Additionally, it could be evaluated by a 

more traditional targeted Cre-Lox recombination approach in a mouse model to 

determine its importance to lens fiber differentiation.  

 

4.4 Possible role of Tubulin-ɓ6 in elongating fiber cells 

Tubulin-ɓ6 is one of the seven ɓ-tubulin isoforms incorporated in vertebrate 

microtubules.  Microtubule dynamic instability is important for cell elongation and 

Tubb6 could function by promoting destabilization and helping turnover and growth 

of microtubules (Akhmanova and Steinmetz, 2015; Salinas et al., 2014; Yu et al., 

2015).  Tubb6 was highly expressed in the anterior portion of newly elongated X. 

tropicalis lens fibers at stage 35/36 (Figure 3.13D). At stage 42, Tubb6 is expressed 

throughout the lens fibers.  Previously, Tubb6 expression has been reported to be 

localized at the actively differentiating primary and secondary lens fibers in mice 

(Rubenstein, 2016). The expression of Tubb6 at stage 35/36 correlates to the mouse 

model, but at later stages the expression appears to be throughout the entire lens fibers.  

Tubb6 localization at the anterior portion of the newly formed lens fibers could be 

facilitating the rapid elongation through reduction of overall microtubule stability.  By 

promoting this destabilization, microtubules can then rearrange in order to encourage 

growth.    

Since frog lenses appear smaller following morpholino-driven knockdown of 

Tubb6, it is likely that the lens fibers are not differentiating correctly. Additionally, the 
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morphology of the lens fibers in these knockdowns was observed using Aqp0.  The 

data suggests that injected lenses for both morpholinos exhibit a smaller lens overall.  

Since the lens makes up a large volume of the eye it ultimately is able to control the 

overall size of the eye (Coulombre and Coulombre, 1969; Gupta et al., 2014; White et 

al., 1998; Yanoff and Sassani, 2015).  Without Tubb6 expression, microtubules in the 

lens fibers could be more stabilized therefore reducing the amount of growth.  This 

could mean that the lens fibers have not reached full maturation length and could 

progressively degenerate as the embryo ages (Oda et al., 1980).  Having a smaller lens   

In the more severe phenotypes, the lens may have been structurally compromised so 

that the entire lens structure collapsed in on itself. The expression of Aqp0 appears to 

be reduced in the injected embryos suggesting Tubb6 could be affecting overall 

structural integrity of the lens.  Disruption of the cell to cell adhesion functionality of 

Aqp0 could lead to defects in lens transparency and homeostasis (Kumari et al., 2013). 

It has been reported that defects in cell adhesion molecules display structural 

deficiencies such as microphthalmia (Pontoriero et al., 2009).  Tubb6 knockdown 

produced embryos presenting with microphthalmia.  Tubb6 knockdown in the lens 

fibers could be producing the microphthalmia phenotype, but there are other potential 

explanations that should be explored.  The Tubb6 morpholino could potentially be 

having secondary effects earlier in eye development including during determination of 

the eye field or proliferation of retinal progenitors. Additionally, the reduced 

expression of Aqp0 could affect the interactions with other proteins such as IF 

proteins, filensin and CP49 (Alizadeh et al., 2003; Lindsey Rose et al., 2006; Oka et 

al., 2008), connexin (Beyer et al., 2013) and ɔ-crystallin (Fan et al., 2004; Fan et al., 

2005) genes which could potentially causing defects in long term maintenance of 
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optical clarity.  A comprehensive characterization of these interactions in our Tubb6 

knockdown frogs could elucidate Tubb6 as an important regulator of lens fiber cell 

elongation.          

To validate the eye phenotype observed following morpholino-driven Tubb6 

KD, a rescue experiment should be done using a Tubb6 mRNA that cannot be targeted 

by Tubb6 MO.  Tubulin-ɓ6 has presented as a promising molecule involved in 

regulation of lens fiber cell elongation. Therefore, it should be evaluated by a more 

traditional targeted Cre-Lox recombination approach in a mouse model to determine 

its importance to lens fiber differentiation. 

 

4.5 Summary 

  This is the first report describing fiber cell elongation in X. tropicalis and the 

potential role of cytoskeleton associated genes, Kif1a, Mapre3 and Tubb6 in the 

process. Immunofluorescent analysis of key markers denoting fiber cell elongation 

revealed that elongation occurs between stage 32/34 and 35/36 in X. tropicalis. I have 

shown Kif1a expression in lens fibers suggesting a role in providing essential 

materials to actively lens fibers. Further, the expression of Mapre3 appears to be 

throughout the lens fibers at stage 42 suggesting it could bind to plus and minus end of 

lens fibers. Lastly, I have shown Tubb6 expression in actively differentiating primary 

lens fibers at stage 35/36 and then throughout the lens fibers at stage 42. I also found 

that Mapre3 and Tubb6 knockdowns generated ocular pigmentation defects. Notably, 

Tubb6 knockdown produced a microphthalmia phenotype.       

In the future, studies on these three cytoskeleton associated genes will be crucial to 

determine their molecular function during fiber cell elongation. Additionally, X. 
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tropicalis appears to be a practical alternative vertebrate model of lens fiber cell 

elongation. Therefore, the remaining 53 cytoskeletal associated genes identified in 

Prox1 cKO RNAseq (Audette et al., 2016) should be prioritized and characterized 

using this model before determining if the creation of a Cre-Lox mouse model would 

provide further insight into the molecular mechanisms of fiber cell elongation.    
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