
  



  

TOWARDS RETINA REGENERATION: THE EPIGENETIC BASIS OF 
NEURONAL AND AXON GUIDANCE GENE REGULATION 

By 
 

Tihomira Detcheva Petkova 
 
 

DISSERTATION 
 
 

In partial satisfaction of the requirements for the degree of 
 

Ph.D. 
 

in 
 

PHYSIOLOGICAL OPTICS AND VISION SCIENCE 
 

Presented to the 
 

Graduate Faculty 
 

of the 
 

College of Optometry 
University of Houston 

 
May, 2012 

 
Approved: 
 

         
 Dr. Deborah C. Otteson, PhD (Chair) 
 
 
         
 Dr. Alison McDermott, PhD 
 
 
         
 Dr. Preethi H. Gunaratne, PhD 
 
 
         
 Dr. Donald A. Fox, PhD 
 
 
         
 Dr. Steven W. Wang, PhD 

   
Committee in Charge 

 



 ii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

© Copyright by Tihomira D. Petkova, OD, PhD May 2012 
All Rights Reserved 



 

 iii 

 

DEDICATION 
 

 
To Mr. and Mrs. Oliver Goldsmith Brown and their son Joseph, without whose 

immense love and support this work would not have been possible. You will always have 

my deepest appreciation and thank you for believing in me more than myself. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



 

 iv  

ACKNOWLEDGMENTS 
 
Foremost my thank you goes to Dr. Deborah Otteson for her infectious love and 

enthusiasm for science, which won my interest and left me hungry for the understanding 

and study of gene regulation in the mammalian retina. My deepest appreciation is also for 

her patience and support while going through a difficult and intense program. I am 

indebted to Dr. Laura Frishman, who cares deeply for all the students in the program and 

wants to see each and everyone of us reach our full potential. I am even more grateful for 

her ferocious integrity and always giving me the opportunity to have my say. An 

expression of gratitude goes to my dissertation committee members, for challenging me 

and showing me an aspect and level of science to strive for in my scientific career. 

Foremost amongst them Dr. Alison McDermott, for taking me into her lab as an 

optometry student, teaching me cell culture and mouse handling techniques and helping 

me find the way to my research interests. My appreciation also goes to Drs. Donald Fox 

and Steven Wang for their most insightful thinking and comments and for showing me 

how science should be talked about, with passion, in which we can uncover truths, 

mistakes, and new avenues to explore. I am grateful to Dr. Fox, as he has been not just a 

mentor, a committee member but also a treasured friend. My admiration goes to Dr. 

Preethi Gunaratne for her talent and passion for science; I am honored to have had you as 

a member of my committee. Also sincere thanks are due to many of my friends in the 

program for the encouragement and support in every sense through the journey we 

shared. And last a special mention must be made for Petros Vamvakas, although his 

involvement was relatively brief, without his love and care I would have never stretched 

myself. Without him, I'd be poorer in far more than a PhD degree. 



 

 v  

PUBLICATIONS 
 

Peer Reviewed Publications 
1. Huang LC, Petkova TD, Reins RY, Proske RJ, McDermott AM. (2006) 

Multifunctional  roles of human cathelicidin (LL-37) at the ocular surface. Invest. 
Ophthalmol. Vis. Sci. 47: 2369-2380 

2. Petkova TD, Seigel GM, Otteson DC (2011) A role for DNA methylation in 
regulation of EphA5 receptor expression in the mouse retina. Vis. Res. 52 (2): 260-
268.  

 
Published Abstracts   
1. Petkova, TD, LC Huang, RC Reins, AM McDermott (2006) Effect of LL-37 on 

human corneal epithelial cell migration and cytokine secretion. Invest. Ophthalmol. 
Vis. Sci. 47: ARVO E-Abstract 5019 

2. Petkova, TD, LC Huang, RC Reins, AM McDermott (2007) Antimicrobial peptide 
expression in experimentally induced Pseudomonas aeruginosa keratitis in mice. 
Invest. Ophthalmol. Vis. Sci. 48: ARVO E-Abstract 2656 

3. Petkova, TD, L Pillai, GM Seigel, DC Otteson (2009) Regulation of retinal EphA5 
receptor expression by CpG methylation. Invest. Ophthalmol. Vis. Sci. 50: ARVO E-
Abstract 743 

4. Petkova, TD, G Seigel, DC Otteson (2010) Transcriptional regulation of Eph 
receptor expression by DNA methylation in embryonic retinal cells and Müller-
derived retinal stem cells. Invest. Ophthalmol. Vis. Sci. 51: ARVO E-Abstract 4305. 

5. Petkova, TD, DC Otteson (2010) Regulation of Eph receptor and Math5 gene 
expression by DNA methylation in embryonic retinal cells and Müller derived retinal 
stem cells. AAO E-Abstract 100433 

6. Petkova, TD, DC Otteson (2011) DNA Demethylation Increases Expression of 
Pluripotent and Retinal Ganglion Cell-Specific Genes in ImM10 Müller Glia-Derived 
Sphere Cultures. Invest. Ophthalmol. Vis. Sci. 521: ARVO E-Abstract 5986. 

7. Otteson, DC, JM Philips, TD Petkova (2012) BDNF and DNA Demethylation 
Increase Expression of Pluripotent and Retinal Neuronal Genes in ImM10 Müller 
Glia-Derived Retinal Stem Cells. Invest. Ophthalmol. Vis. Sci. 522: ARVO E-
Abstract 5911. 



 1 

DISSERTATION ABSTRACT 

 
 Degenerative disorders, such as glaucoma are among the leading causes of 

irreversible blindness worldwide. With these disorders affecting a larger fraction of the 

population yearly, the need for regenerative retina and optic nerve therapy is self-evident. 

Increasing evidence suggests that Müller glia are potential stem cells in the adult 

mammalian retina but have a limited potential to differentiate into retinal ganglion cell 

(RGC). Understanding the mechanisms regulating expression of RGC specific and axon-

guidance genes during development and in retinal stem cells is key for successful optic 

nerve regeneration. I proposed that dedifferentation of Müller glia to RGCs is restricted 

by silencing of RGC specific and axon guidance genes by chromatin remodeling 

mechanisms such as DNA methylation. The DNA methylation pattern of RGC 

determining gene Atoh7 and axon guidance genes EphA5 and EphB1 in Müller glia 

derived spheres were investigated prior to and following demethylation. Bisulfite 

sequencing (BS) showed that in ImM10 spheres, the promoters of these genes exhibited a 

high frequency of methylation and quantitative RT-PCR showed that the genes are not 

transcribed. Demethylation with 5-azadeoxycytidine (AzadC) resulted in a significant 

decrease of methylation at the gene promoters and expression of their mRNA. Priming 

ImM10 derived spheres in the presence of EGF and differentiating the cells in the 

presence of BDNF resulted in increased expression of pluripotent, RGC developmental 

and retinal pigment epithelium specific genes. These gene expression changes were 

associated with cell morphology changes consistent with that of cells of epithelial 

identity. Furthermore, I showed that DNA methylation is required for this BDNF driven 
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morphological change. Additional evidence for the role of DNA methylation in the 

regulation of the retinal temporal-nasal gradient of EphA5 was found in BS analysis of 

the P0 mouse retina. In the nasal retina a modest, but statistically significant increase in 

methylation was correlated with lower levels of receptor mRNA expression compared to 

the temporal retina. The inverse relationship between EphA5 promoter methylation and 

mRNA expression is consistent with a role for DNA methylation in modulating the 

spatial patterns of EphA5 gene expression in the retina and in silencing EphA5 expression 

in ImM10 cells. In addition to regulation by DNA methylation, the EphA5 proximal 

promoter contains four predicted TCF/LEF binding sites, suggesting a potential role for 

WNT signaling in the transcriptional regulation of EphA5. In luciferase assays, activation 

of the canonical WNT signaling pathway increased the activity of mouse EphA5 

promoter constructs in HEK293. WNT signaling activation increased expression of the 

endogenous EphA5 gene in retinal progenitor cells in vitro but failed to upregulate 

expression of the gene in retinal explants ex vivo, possibly due to the lack of one or 

several WNT signaling components in the P7 retina. Taken together these data provide 

the first evidence for a direct role of DNA methylation in the regulation of RGC specific 

genes. The combinated effects of BDNF treatment and DNA demethylation are consistent 

with epigenetic limitations on the proliferative and neurogenic potential of Müller glia in 

vitro. Reversing epigenetic silencing of neuronal genes combined with growth factor 

treatments to enhance neuronal survival offer a novel strategy for increasing neurogenesis 

from Müller-derived stem cells.  
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SPECIFIC AIMS 
 

Glaucoma is a neurodegenerative disease characterized by progressive retinal 

ganglion cell (RGC) loss leading to permanent vision loss. Currently there is no cure for 

glaucoma and treatments to lower intraocular pressure only slow down RGC loss. Unlike 

fish and amphibians, mammals lack the ability of spontaneous retinal or optic nerve 

regeneration (Hitchcock et al. 2004). Recent developments in retinal stem cell biology 

and promoting axon growth offer new hope for developing regenerative therapies to 

restore the optic nerve. There is increasing evidence that Müller glial cells in the 

mammalian retina have stem cell-like characteristics both in vivo and in vitro. However, 

their ability to up-regulate neuronal genes and generate differentiated neurons is limited 

(Karl et al. 2008; Phillips et al. 2008; Jadhav et al. 2009). Understanding how neuronal 

genes are silenced in Müller glia and how to reverse gene silencing will be a key step in 

enhancing their regenerative properties in the mammalian retina.  

To restore vision lost to glaucoma through RGC regeneration, two major tasks 

will have to be accomplished. First, lost RGCs will have to be replaced. Second, the 

axons of newly regenerated RGCs will have to be guided so that they can correctly 

reconnect with the visual centers in the brain. Multiple transcription factors have been 

implicated in RGC and Müller glia differentiation. However, the combination of 

transcription factors identified cannot fully explain the specification and differentiation of 

these two retinal cell types. This suggests an additional regulatory mechanism possibly at 

the epigenetic level of transcriptional regulation. 

The goals of the proposed research are to determine the role of epigenetic 

mechanisms in the regulation of neuronal genes in Müller glial-derived retinal stem cells 
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and to characterize transcriptional mechanisms regulating Eph receptor expression in the 

retina. 

 

SA1: Test the hypothesis that reversing epigenetic silencing of neuronal genes 

will enhance the potential of Müller glia to up-regulate genes that regulate retinal 

ganglion cell differentiation. Epigenetic mechanisms, such as DNA methylation and 

histone tail acetylation play a role in transcriptional regulation of neuronal genes and are 

of particular importance in regulating genes signaling for the switch between 

neurogenesis and gliogenesis (Hirabayashi et al. 2009). My preliminary studies showed 

that in ImM10 and ImM10-derived spheres, the promoters of key RGC genes (e.g. Atoh7, 

EphA5 and EphB1) are heavily methylated and their expression repressed. To test my 

hypothesis, I used 5-aza-deoxycytidine (AzadC) to demethylate the genomes in Müller 

glial derived spheres (ImM-10 cell line) and analyzed changes in gene and protein by 

qRT-PCR and immunohistochemistry. 

 

SA2: Test the hypothesis that DNA methylation regulates expression of 

EphA5 receptor in the developing retina and in vitro. Cytosine methylation is an 

epigenetic regulator of chromatin structure and function during development and in the 

pathology of certain diseases, such as cancer (Fu et al. 2010). The promoter of the EphA5 

gene contains cytosine-phospho-guanine rich regions known as CpG islands. Increased 

methylation of CpG islands silences expression of neuronal genes during gliogenesis and 

may function in the relative regulation of neuronal genes in the developed retina. To test 

the hypothesis that DNA methylation regulates EphA5 expression, genomic DNA and 
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total RNA from whole retinas and from nasal/temporal retinas was analyzed by bisulfite 

sequencing to determine methylation patterns and by qRT-PCR to determine gene 

expression. The effect of DNA methylation on the activity of EphA5 promoter was 

analyzed in Müller glial derived spheres (ImM-10 cell line) with and without 

demethylation using AzadC. (Note: The results of this study have been published: 

Petkova TD, Seigel GM, Otteson DC. 2011. A role for DNA methylation in regulation of 

EphA5 receptor expression in the mouse retina. Vision Res 51:260-8) 

 

SA3: Test the hypothesis that canonical WNT signaling regulates EphA5 

expression in retinal cells in vitro and ex vivo. The WNT signaling pathway regulates 

activation of gene expression through Lef/TCF transcription factors. Bioinformatics 

analysis identified multiple binding sites for Lef/TCF transcription factors in the EphA5 

promoter, suggesting a role for Lef/TCF transcription factors in regulating EphA5 mRNA 

expression. Consistent with this proposal, both EphA5 and Lef/TCF are expressed in a 

nasal low/temporal high gradient across the developing and adult mouse retina(Liu et al. 

2006). To test my hypothesis, the activity of pGL2-EphA5 promoter deletion constructs 

containing different number of Lef/TCF binding sites were tested using luciferase assays 

with or without addition of WNT signaling modulators. Changes in endogenous EphA5 

expression following WNT signaling activation were analyzed by qRT-PCR in vitro and 

in mouse retinal explants.  

 The purpose of these studies was to investigate the role of epigenetic mechanisms 

in the regulation of retinal neuronal genes in Müller glia. Understanding the epigenetic 

mechanisms involved in the regulation of the genes that control cell fate commitment and 
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differentiation may hold the key for developing successful strategies for retina and optic 

nerve regeneration through cell reprogramming. 
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ABBREVIATIONS 
 
AC   Amacrine Cells  

BC  Bipolar Cells 

BS  Bisulfite Sequencing 

bHLH  basic Helix-Loop-Helix 
 
ChIP  Chromatin Immunoprecipitation 
 
DNMT  DNA Methyltransferase 
 
EGF  Epidermal Growth Factor 

ESCs  Embryonic Stem Cells 
 
FGF  Fibroblast Growth Factor 
 
GCL  Ganglion Cell Layer 
 
GDF11 Growth Differentiation Factor-11 
 
GFAP  Fibrillary Acidic Protein 
 
H  Histone 
 
HAT  Histone Acetyl Transferase  
 
HC  Horizontal Cells 
 
HDAC  Histone Deacetylase  
 
INL  Inner Nuclear Layer 
 
iPSCs  induced Pluripotent Stem Cells  
 
K  lysine 
 
LGN  Lateral Geniculate Nucleus 
 
MBD  Methyl Binding Protein 
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MeCP2 Methyl-CpG binding protein-2 
 
miRNA micro RNA  
 
NFL  Nerve Fiber Layer 
 
NRSF/REST Neuron Restricted Silencing Factor/Repressor Element-1 Silencing 

Transcription factor  
 
ONL  Outer Nuclear Layer  
 
PcG  Polycomb Group 
 
RGC  Retinal Ganglion Cells 
 
piRNA  piwi-interacting RNA 
 
shRNA short hairpin RNA 
 
siRNA  short interfering RNA 
 
SHH  Sonic Hedgehog 
 
TGF-α  Transforming Growth Factor alpha 
 
 TrXG  Trithorax 
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GENE NOMENCLATURE 
 
For human, nonhuman primates, mouse, rat, chicken: 
  

For protein: gene symbols in all capital letters, non italics: e.g., EPHA5 
 
 For mRNA and cDNA: gene symbols in italics : e.g., EphA5 
 
For fish: 
 
 For protein: gene symbols in all capital letters, non italics: e.g., EPHA5 
 
 For mRNA and cDNA: gene symbols in all small letters, in italics : e.g., epha5 
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CHAPTER 1 

Neuronal diversity of the mammalian retina: cell fate choices 
during development and implications for regeneration through 

Müller glia reprogramming 
 

Retinal cell fate choices and differentiation: establishing one’s identity 
 

Due to advancements in technology and medicine, the human life span is 

increasing, resulting in neurodegenerative diseases affecting an increasingly larger 

fraction of the world’s population. Degenerative conditions of the retina, such as 

glaucoma (Quigley 2011; Thylefors et al. 1995) and age related macular degeneration 

(Congdon et al. 2004; Thylefors et al. 1995) are currently ranked by the World Health 

Organization as the two leading causes of irreversible blindness worldwide 

(www.who.int). Although treatments that slow the progression of these conditions are in 

use, such as medications lowering intraocular pressure, currently there are no cures for 

these life-altering diseases. Due to this grim statistic, the need to develop regenerative 

therapies for restoring vision in the mammalian retina is self-evident. Understanding 

mammalian retinal development and the regulation of the genes that control cell fate 

commitment and differentiation may hold the key for developing successful strategies for 

retina and optic nerve regeneration through cell reprogramming. 

Mammalian retinal development: from progenitors to differentiation 
 

The cells that will give rise to the eye are located within an area of the anterior 

neural plate (neuroectoderm) called the eye field. The expression of a group of 

transcription factors (e.g. ET/Tbx3, Pax6, Rax1/Rx1, Six3, Six6, Tll/Tlx and Lhx) is 
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necessary to specify the eye field and their mis-expression outside of the nervous system 

can induce ectopic eye formation in Xenopus (Zuber et al. 2003). In the mouse Rax1, 

Pax6, Six3 and Lhx are required for eye field specification and thus for eye formation 

(Grindley et al. 1995; Mathers et al. 1997; Porter et al. 1997; Tucker et al. 2001). As the 

neural tube forms, the neuroepithelial layer evaginates bilaterally to form the optic 

vesicles (Fig.1.1 A). This process is regulated by the retinal and anterior-fold homeobox 

(Rax1/Rx1) transcription factor and in Rax1 null mice, the optic vesicle fails to evaginate 

(Eiraku et al. 2011; Furukawa et al. 1997; Furukawa et al. 2000; Mathers et al. 1997). 

Within each optic vesicle, the most distal portion, relative to the diencephalon, will give 

rise to the neural retina. The more medial portion of the optic vesicle will differentiate 

into the retinal pigment epithelium and the entire optic vesicle remains attached to the 

diencephalon by the optic stalk (Fig.1.1 A, B).  

The retinal domain within the optic vesicle and the retinal progenitors within are 

specified by the Rax1/Rx1 transcription factor (Bailey et al. 2004) and a network of 

transcription factors that include many of the eye field specification genes [e.g. Sox2, 

Six3/6, Hes1, Vsx2 (formerly Chx10) and Pax6 ] (Zuber et al. 2003). Genetic ablation 

experiments have shown that intrinsic and extrinsic signals from the surface ectoderm 

and the forming lens placode are needed for optic cup formation in the mouse. Examples 

of these signaling factors are the paired domain transcription factor Pax6 and secreted 

fibroblast growth factor (FGF), (Hill et al. 1991; Hogan et al. 1988; Hogan et al. 1986; 

Nguyen & Arnheiter 2000) (Fig.1.1 B). However, new data suggests that the 

neuroepithelium may also carry an internal self-directing program for optic cup 

formation. In three-dimensional cultures, retinal epithelial cells derived from embryonic 
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stem cells are capable of forming a bilayered optic cup independently and in the absence 

of extraocular tissues (Eiraku et al. 2011).  

 After optic cup formation and specification of the retinal layer, cellular 

differentiation initiates in the center of the retinal neuroepithelium and proceeds 

concentrically in a wave–like fashion towards the periphery in zebrafish (Hu & Easter 

1999), chick (McCabe et al. 1999), mouse (Carter-Dawson & Burroughs 1989; Carter-

Dawson & LaVail 1979a; b; Sidman 1957; Young 1985a; b) and humans (Provis et al. 

1985). Cell lineage tracing in mammals and amphibians revealed that retinal progenitor 

cells are multipotent and give rise to all retinal cell types in a fixed chronological 

sequence (Turner & Cepko 1987; Turner et al. 1990). Retinal ganglion cells (RGC) and 

horizontal cells (HC) differentiate first, followed by overlapping waves of cone-

photoreceptors, amacrine cells (AC), rod-photoreceptors, bipolar cells (BC) and finally 

Müller glia (Cepko et al. 1996; Young 1985b). 

Although the precise molecular mechanisms leading to cell fate commitment 

remain unclear, the currently accepted model for retinal neurogenesis is the “competence 

model” (Cepko et al. 1996). According to this model, retinal progenitors respond to 

extrinsic cues based on their intrinsically-mediated responsiveness to generate sub-

populations of cells destined for different neuronal fates. The complexity of the retinal 

progenitor cell pool is evident by heterogeneity in gene expression among individual 

retinal progenitors both within and between different developmental stages (Trimarchi et 

al. 2008). The basis of retinal progenitor cell heterogeneity is unclear, but likely reflects 

the changes in progenitor competence across successive waves of differentiation and/or 

the presence of distinct subpopulations of progenitors with unique differentiation 
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capacities. As development proceeds, retinal progenitor cells go through stages of 

competence and are progressively restricted in their ability to generate specific neuronal 

types. This results in the temporal patterns of differentiation of the multiple specialized 

retinal cell types that form the mature retina.  

One process that plays a role in varying the cellular environment, and thereby 

contributes to cell competence and cell fate choices during central nervous system and 

retinal development, is interkinetic nuclear migration of neural progenitors (Frade 2002; 

Latasa et al. 2009; Miyata 2008). Within the retinal neuroepithelium, progenitor cells 

maintain contact with both the apical (near the retinal pigmented epithelium) and basal 

surfaces, while the nuclei of the cells migrate between the apical and basal domains 

(Baye & Link 2008; Murciano et al. 2002). These movements are closely coordinated 

with progression through the mitotic cycle and the actual timing of cell cycle exit is a 

major regulator of neuronal fate commitment and histogenesis. Neuroepithelial cell 

division (M-phase) is restricted to the apical surface where Notch activity is high, and 

DNA synthesis (S-phase) occurs at the center of the neuroepithelium (Del Bene et al. 

2008; Leung et al. 2011; Murciano et al. 2002). Cells in G1- and G2-phase are found 

mostly towards the basal surface, where Notch activity is reduced. Once a cell enters G2-

phase it receives instructions for a rapid apical migration. A recent study in zebrafish has 

shown the G2-entrance is a requirement for interkinetic apical migration, but not for 

basal-central movement (Leung et al. 2011). As the cell nuclei migrate, they are exposed 

to localized microenvironments and can be influenced by different extrinsic factors. The 

speed of nuclear migration and the time spent in either the apical or basal surface is 

directly linked to progenitor decision to either differentiate or remain in progenitor state 
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(Del Bene et al. 2008). For example, at the apical surface where the levels of Notch 

signaling are high, upregulation of transcription repressors Hes1 and Hes5 in the nucleus 

result in the inhibition of proneural genes (Ahmad et al. 1995; Wall et al. 2009) and 

activation of cyclin regulating genes (Ronchini & Capobianco 2001). This functions to 

keep progenitors uncommitted and in the cell cycle (Bao & Cepko 1997). At the basal 

surface, where levels of Notch are low, the cell nucleus could be instructed toward 

neuronal fate through the down regulation of Hes1/5 and upregulation of neurogenic 

bHLH transcription factors (Baye & Link 2008; Del Bene et al. 2008; Murciano et al. 

2002).   

Additional mechanisms regulating cellular environment and fate choices in retinal 

development function through cell signaling cascades downstream of mitogenic peptides, 

These include Hedgehog (HH) (Sakagami et al. 2009), epidermal growth factor (EGF) 

(Anchan et al. 1991), fibroblast growth factor (FGF), transforming growth factor alpha 

(TGF-α) (Lillien & Cepko 1992), and WNT signaling (Fuhrmann et al. 2009; Liu et al. 

2003; Ronchini & Capobianco 2001; Sato et al. 2004). Several of the peptide growth 

factors implicated in retinal development function as mitogens and promote entry into S-

phase of the cell cycle through transcriptional regulation of cell cycle genes (Dyer & 

Cepko 2001).  Consequently, a major function of secreted factors in the early stages of 

the developing retina is to maintain progenitor cells in proliferative state. In contrast, at 

other developmental stages, the same factors may provide signals that promote cell 

differentiation. For example, genetic ablation of Sonic hedgehog (SHH) results in 

cyclopia, indicating that SHH is required for the separation of the eye fields (Chiang et al. 

1996). Following optic vesicle specification, SHH from the ventral midline of the 
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developing CNS functions in specifying the ventral-dorsal axis of the optic vesicles 

through the regulation of patterning genes (Vax2, BMP4/Tbx5) (Amato et al. 2004; Kim 

& Lemke 2006; Ohkubo et al. 2002; Sasagawa et al. 2002) and signals for retina 

progenitor cell proliferation (Jensen & Wallace 1997; Wall et al. 2009; Wallace 2008). 

As shown by in vivo studies and ChIP assays, progenitor proliferation is dependent on 

SHH driven Hes1 regulation of Gli2 (intracellular component of SHH signaling) (Wall et 

al. 2009). In the mouse retina, Hedgehog (HH) signaling has been shown to play a role in 

RGC fate choice (Jensen & Wallace 1997; Wang et al. 2005; Wang et al. 2002). 

Furthermore, conditional deletion of Smoothed (Smo), an intracellular component of 

Hedgehog signaling, results in a strong reduction of progenitors in G1 and G2/M- phase 

through the reduced expression of Cyclin-D1/E and CyclinA2/B1, respectively 

(Sakagami et al. 2009). This result confirms the role of HH signaling in maintaining the 

retina progenitor population. In addition, in the retinae of Smo-/- mice there is a drastic 

increase in RGCs, showing that HH signaling can affect both progenitor and neuronal 

fates. Through a series of experiments using transgenic mice (Smo-/- or +/-/Atoh7 -/- or +/-, 

double mutants) it was proposed that HH may promote progression of the cell cycle in 

the transition from G1 to S-phase, whereas during G2/M-phase it may function in the 

regulation of proneural genes such as Atoh7 (Sakagami et al. 2009). In contrast, SHH 

secreted by differentiated retinal ganglion cells, amacrine and cone cells (Jadhav et al. 

2006) suppresses further retinal ganglion cell differentiation while stimulating progenitor 

proliferation (Moshiri & Reh 2004; Wang et al. 2005). Furthermore, SHH may also 

influence their differentiation into other retinal cell types, such as bipolar cells and Müller 

glia (Takatsuka et al. 2004; Wall et al. 2009).  
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Determining the exact mechanisms regulating the fate choices of retinal 

progenitors and their subsequent differentiation is an area of active research in multiple 

laboratories. However, it is clear that the interplay between the multiple extrinsic factors 

and intrinsic programs is critical to the establishment of progenitor competence states and 

patterns of differentiation in the retina. In the next sections of this chapter, I will discuss 

the current understanding of the mechanisms that regulate differentiation of two cell 

types in the retina, RGCs and Müller glia. RGCs and Müller glia are respectively the first 

and last cell types to differentiate, a theme that is common throughout CNS development, 

where neurogenesis is completed first followed by gliogenesis. It would appear that 

neurogenesis is the default program for cell differentiation in neuronal tissue 

development, whereas the cellular program for gliogenesis has to be established in the 

remaining pool of progenitors after neurogenesis is completed.  

A growing body of evidence shows that glial cells, including Müller glia, can 

serve as progenitor cells in the CNS and have limited potential for neurogenesis making 

the cells a potential source for regenerative therapy. A better understanding between 

neuronal and glial cell specification is needed to enhance their neurogenic potential. The 

understanding of these intricate mechanisms will open new avenues for regenerative 

therapies through cell reprogramming. The subsequent section will describe what is 

known about RGC and Müller glia fate specification and differentiation in the retina, 

describe some of the differences in the two cellular fate determining programs and the 

remaining questions to be answered.  
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Retinal neurogenesis: retinal ganglion cell differentiation 
 

Retinal ganglion cells receive visual information that is captured by 

photoreceptors and integrated by the inner retinal neurons and transmit that information 

to the visual centers of the brain. While most RGCs have visual related function, a small 

fraction of RGCs express the photosensitive pigment melanopsin and have a non-visual 

function, contributing instead to the pupillary light reflex and regulation of circadian 

rhythms. 

The RGCs are the first retinal neurons to differentiate and have been the focus of 

considerable research to understand the mechanisms regulating their differentiation. 

Retina neurogenesis in the mouse begins on embryonic day 11 (E11) with the 

differentiation of the first RGCs and is completed by postnatal day 8-10 (P8-10) with the 

cessation of mitosis and the maturation of Müller glia (Ambrus 1961; Bhattacharjee 

1977; Carter-Dawson & Burroughs 1989; Sidman 1957; Young 1985b). At the apical 

surface of the retinal neuroepithelium, retinal progenitors in late G2-phase become 

permissive to the RGC lineage through the combinatorial expression of the paired domain 

transcription factor Pax6 and the basic helix-loop-helix (bHLH) TF Atoh7 (Mu et al. 

2005a; Mu & Klein 2004). Consistent with the temporal and spatial pattern of RGC 

differentiation, Atoh7 expression is initiated at E11 in the central retina, peaks at E13.3 

and then rapidly declines so that by E15.5, Atoh7 expression is limited to the peripheral 

retina (Brown et al. 1998; Wang et al. 2001). It has been shown that combined expression 

of Atoh7 and Pax6, together with downregulation of Notch1, signal for cell cycle exit 

rather than specifying differentiation into ganglion cells (Le et al. 2006; Nelson et al. 

2006). Whether Atoh7 is expressed in progenitor or postmitotic cells is still one of the 
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most debated questions in the field, and it has been difficult to study due to the lack of a 

working antibody for Atoh7. With the use of transgenic animals, it has been shown that 

Atoh7 is expressed in retinal progenitor cells at late cell cycle stage G2 to the end of M 

phase, and was thought to be absent in differentiating, post-mitotic RGCs that have 

entered into G0 (Le, Wroblewski et al. 2006). In contrast, new evidence using the Atoh7-

HA mouse, show that Atoh7 is expressed in Pou4f2 positive cells migrating towards the 

ganglion cell layer (GCL) but not in cells in the GCL (Feng et al. 2010). These data 

suggest that Atoh7 is expressed in newly postmitotic migrating cells destined for RGC 

fate. Interestingly, not all Atoh7 expressing cells become RGCs (Riesenberg et al. 2009); 

the Atoh7 lineage also gives rise to cones, rods, horizontal and amacrine cell (Feng et al. 

2010). This shows that Atoh7 expression alone is not sufficient to specify RGC 

differentiation and that additional factors must contribute to the commitment of Atoh7 

expressing cells to a RGC fate.  

In the mouse retina, Atoh7 is essential for retinal progenitors to acquire the 

competence to become RGCs and targeted deletion of Atoh7 leads to the loss of 95% of 

RGC and absence of optic nerve (Wang et al. 2001; Yang et al. 2003). In addition to the 

loss of RGCs, absence of Atoh7 increases the numbers of amacrine cells and cone 

photoreceptors (Le et al. 2006). These results signify that lack of Atoh7 does not hinder 

neurogenesis of the rest of the retinal cell types generated during the early cohort but 

causes them to begin to differentiate prematurely. 

Consistent with its role as a RGC competence factor, Atoh7 regulates, directly or 

indirectly, a complex network of genes needed for RGC differentiation (Mao et al. 2011; 

Mu et al. 2005a). One of the direct regulatory targets of Atoh7 is Pou4f2, a Pou-domain 
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transcription factor that is essential for subsequent RGC differentiation (Martin et al. 

2005). Whereas Pou4F2-/- knockout mice have a 70% loss of RGCs, the retinae from 

Atoh7/Pou4f2 double knockout mice exhibit a near complete loss of RGCs (>99%) as 

well as a 50-60% loss of cells in the outer nuclear layer (ONL) and inner nuclear layer 

(INL) due to decreased retinal progenitor cell proliferation and increased apoptosis 

(Moshiri et al. 2008). Furthermore, Cre-diphtheria toxin A (dta) driven ablation of RGCs 

at P16, showed that while all retinal cell types are generated and the layers of the retina 

are assembled properly, the retinae are over all thinner in the absence of RGCs (Mu et al. 

2005b). Ablation of RGC, at E14.5 revealed that the retinas lacking RGCs exhibited 

decreased proliferation in retinal progenitors, indicating that growth factors produced by 

RGC are needed for the proliferation of retina progenitors (Mu et al. 2005b).  

It is interesting to note that, 5% of RGCs are generated even in the absence of the 

Atoh7 (Brown et al. 2001; Wang et al. 2001). Whereas the cells appear normal, the nerve 

fiber layer is absent and the animals lack optic nerve indicating that the cells may have 

limited ability for axon growth. In addition, the fact that a small fraction of RGCs are 

generated suggests that a mechanism specifying RGC independently of Atoh7 must exist. 

Support for this statement comes from a report showing that retinal-specific ablation of 

Rest partially rescues the Atoh7 null phenotype (Mao et al. 2011). An additional study 

also showed that fewer RGCs are generated in the Atoh7-Neurod1 double knockout, 

compared to the single Atoh7 or NeuroD1 knockout retinae, leading to the proposal that a 

subset of RGCs are specified by expression of NeuroD1, either alone or in combination 

with Atoh7 (Kiyama et al. 2011; Mao et al. 2008). These results offer support for the 
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existence of parallel regulatory networks contributing to RGC specification and for a 

network that specifies at least a subset of RGC independently of Atoh7.  

Analysis of the regulatory mechanisms that control the temporal and spatial 

patterns of Atoh7 has focused primarily on the orthologs (Ath5) in chick and Xenopus. In 

the chick retina Ath5-promoter-LacZ transactivation assay also showed that the promoter 

activity is increased in the presence of Ngn2 and NeuroD transcription factors (Matter-

Sadzinski et al. 2001). The direct regulation of Ath5 expression by Ngn2 was confirmed 

by ChIP assays (Hernandez et al. 2007; Matter-Sadzinski et al. 2001; Skowronska-

Krawczyk et al. 2004; Souren et al. 2009). Experiments in medaka fish have revealed 

groups of gene involved in the dynamic regulation of Ath5 (Souren et al. 2009). These 

studies showed that Ath5 is differentially regulated by certain transcription factors at the 

various stages of retinal development. Ath5 is repressed in progenitors by Hes1 and 

KPN4, activated at cell cycle exit by sFRP1 and Rb, maintained high at initial state of 

differentiation by Islet2 and Ndrg3 and repressed in mature RGC by Zfp-161 (Souren et 

al. 2009).  

In contrast, little is known about transcriptional regulation of Atoh7 in the mouse 

retina. Growth differentiation factor-11 (GDF11) (Gokoffski et al. 2011; Kim et al. 2005) 

has been shown to regulate Atoh7 expression. Genetic ablation of GDF11 results in 

prolonged expression of Atoh7, past E18, and increased number of Pou4f2 positive cells 

in the ganglion cell layer. These results establish a role of GDF11 in negative regulation 

of Atoh7 expression in the mouse retina. Pax6 was identified as a direct regulator of 

Atoh7 through the binding of Pax6 to a distal evolutionary conserved region using ChIP 

and gel shift assays (Riesenberg et al. 2009). In vivo studies showed that in the Atoh7-
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GFP retina, Atoh7 mRNA expression completely colocalizes with PAX6 protein 

expression (Riesenberg et al. 2009). It has been demonstrated that in the retina of E13.5 

Atoh7-LacZ;α-Cre;Pax6CKO/CKO mice, the few cells positive for Pax6 were also positive 

for Atoh7, whereas cells with deleted Pax6 were also free of Atoh7 expression 

(Riesenberg et al. 2009). However, regardless of this strong evidence indicating a 

possible Pax6 regulated expression of Atoh7, evidence of direct binding of Pax6 to the 

Atoh7 promoter in the mouse retina in vivo is necessary to confirm this regulatory 

mechanism. 

One of the unsolved questions regarding transcriptional regulation of RGC 

development is how Pax6, which is expressed in all retinal progenitor cells, is able to turn 

on Atoh7 only in a small subpopulation of retinal progenitor cells at the cell cycle exit (Le 

et al. 2006; Masai et al. 2005; Poggi et al. 2005). Furthermore, mature RGCs continue to 

express Pax6, but they no longer express Atoh7. One possible mechanism contributing to 

the transient upregulation of Atoh7 and its subsequent silencing could be epigenetic 

chromatin modifications. Epigenetic marks, such as DNA methylation, may silence 

Atoh7 in differentiated cells by rendering PAX6 and/or other transcription factors unable 

to access their consensus binding sites. The role of epigenetic modifications in regulating 

Atoh7 during retinal development and RGC specification have not been studied yet. 

Chapter 2 will describe the results of experiments that address a role of DNA methylation 

in the transcriptional regulation of Atoh7. A review of epigenetic mechanisms regulating 

gene expression is presented at the end of this chapter. 

RGC differentiation is characterized by the onset of expression of Pou domain 

TFs Pou4f2, Pou4f1 and Pou4f2 and Lim domain TF Isl1 at ~E11.5 (Mu et al. 2005a; 
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Pan et al. 2008) and differentiation is completed by ~ P2 (Young 1985b). Pou4f1 and 

Pou4f3 are expressed in overlapping subsets of RGCs with Pou4f2 and also function in 

RGC differentiation. (Gan et al. 1996; Pan et al. 2005). In the retinae of Pou4f2 null 

mice, development of RGCs is normal, but subsequent apoptosis results in loss of 70% of 

RGCs by E18.5 (Gan et al. 1996). Pou4f1 and Pou4f3 can partially compensate for the 

absence of Pou4f2 (Pan et al. 2005), which may account, at least in part, for the survival 

of some RGCs following knockout of Pou4f2. Retina specific ablation of Isl1 results in 

33% loss of RGC (Pan et al. 2005). In the retinae of Pou4f2/Isl1 double knock-out mice, 

95% of RGCs are lost (Riesenberg et al. 2009), confirming that these two transcription 

factors are essential for RGC differentiation. The larger extent of RGC loss in double 

knockout retinae indicates a joint function between multiple genes regulates RGC 

differentiation. In the case of Pou4f2/Isl1, in vivo ChIP analysis has shown that their 

synergistic binding to promoters is required for the activation of RGC specific genes 

(Isl2, Shh, Brn3a) (Pan et al. 2005).  

In addition to initiating RGC differentiation and regulation of RGC specific gene 

expression, Pou4f2 also functions in the regulation of genes needed for axon guidance 

(Pan et al. 2008). Microarray analysis has shown that several genes involved in axon 

growth and pathfinding are downstream targets of Pou4f2 including Tau and neuropilin 1 

(Ooto et al. 2004). Consistent with this, RGCs in Pou4F2 null mice show defects in 

neurite extension and errors in axon pathfinding within the retina, the optic nerve and 

optic chiasm (Erkman et al. 2000; Wang et al. 2000). The mechanisms and genes 

controlling retinal ganglion cell axon guidance are described in more detail in the next 

section of this introduction chapter. Chapters 3 and Chapter 4 address the role of 
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epigenetic mechanisms and transcription factors in the regulating expression of axon 

guidance genes.  

Understanding expression regulation of axon guidance molecules for optic 
nerve regeneration  

Finding the way to the optic disc 
 

Following differentiation, RGCs extend axons and project beneath the pial surface 

of the retina towards the optic stalk forming the nerve fiber layer (NFL) (Hinds & Hinds 

1974; Zolessi et al. 2006). In the mouse, the period of axon growth begins at E12 and 

continues to P0. RGC differentiation begins in the dorsal central retina, where axonal 

guidance is initiated by integrins and cadherins (Lilienbaum et al. 1995; Riehl et al. 

1996). As the axons project toward the optic disc, they are restricted to the NFL by 

NrCAM, L1 (Brittis et al. 1995), and SLIT-ROBO signaling (Nicol et al. 2007; Ringstedt 

et al. 2000). Sonic hedgehog is expressed in high central low-peripheral gradient pattern 

and signals for optic disc–directed axonal growth (Fuccillo et al. 2006; Kolpak et al. 

2005). Chondroitin sulfate proteoglycans in the peripheral retina repels axons, driving 

them towards the center of the retina (Brittis et al. 1995; Chung et al. 2000). Netrin-1 is 

expressed by glial cells around the optic disc and in mice lacking Netrin-1, RGC axons 

navigate to the disc but fail to exit the retina (Deiner et al. 1997; Wang et al. 2000).  

Axon guidance at the optic chiasm 
 

In predatory species with frontally placed eyes, binocular vision is a necessity for 

survival. For binocular vision and depth perception, visual information from each retina 

is transmitted to both sides of the brain. This pattern is established by divergence of 

retinal axons at the chiasm such that the axons from both nasal hemi-retinas project 
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contralaterally, and those from the temporal hemi-retinas project ipsilaterally. The degree 

of ipsilateral (uncrossed) projections determines the level of binocularity. In highly 

binocular species such as humans, approximately 40% of axons project ipsilaterally 

(Meissirel et al. 1997; Seigel 1996). In contrast, the mouse has laterally positioned eyes 

and poor binocularity with only 3-5% uncrossed RGC axons (Nakagawa et al. 2000) 

(Fig.1.2).  

After leaving the eye, axons are restricted to the optic nerve by inhibitory SEMA5 

(Castellani et al. 2002; Falk et al. 2005) and N-cadherin and β-integrin mediated 

signaling between the axon growth cone and the optic nerve (Stone & Sakaguchi 1996). 

When axons reach the prospective optic chiasm, axon decussation is regulated, in part, by 

the adhesion molecule NrCam and secreted factor Semaphorin (Williams et al. 2006). 

However a major factor in the decision to cross or not to cross is signaling through EPH 

receptor–ephrin ligand interactions between the growth cones of the RGC axons and the 

cells in the ventral hypothalamus (Cheng et al. 1995; Drescher et al. 1995; Petros et al. 

2008).  

 A total of 14 EPH receptors and 8 ephrin ligands have been described in 

mammals. EPH receptor tyrosine kinases and their ligands (Ephrins) function in axon 

guidance and patterning RGC termination in the brain. Bi-directional signaling between 

EPH receptors and Ephrin ligands signals for modifications of the growth cone 

cytoskeleton that in turn results in growth cone extension or collapse (Egea & Klein 

2007; Scicolone et al. 2009; Triplett & Feldheim 2011). The ipsilateral retinal projections 

are established by repulsive signaling mediated by the binding of EPHB1, on the ventro-

temporal axons, and ephrin-B2 on cells within the nascent optic chiasm (Williams et al. 
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2003). In the mouse retina, EphB1 mRNA expression is dynamic and is initially 

expressed in RGCs in the dorso-central retina (E12), although subsequently, expression is 

restricted to RGCs in a small section of the ventro-temporal retina (E13.5-17.5) (Herrera 

et al. 2003) (Fig.1.2 A). This expression pattern differs in the human, where EphB1 is 

highly expressed in the temporal half of the retina and is abruptly decreased at the center 

of the retina (Lambot et al. 2005) (Fig. 3 B). In both cases, EphB1 expression in the 

temporal retina is limited to the RGCs that project ipsilaterally and the differences in the 

size of the expression domains correlate directly with the percentage of ipsilaterally 

projecting axons and the degree of binocularity. 

 In mice, genetic ablation of EphB1 or blocking of ephrin-B2 (Williams et al. 

2003) (Garcia-Frigola et al. 2008; Petros et al. 2009) decreases the number of ipsilaterally 

projecting axons. In the mouse, the transcription factor Zic2 is an identified regulator of 

EphB1 and is expressed in the ventral-temporal retina from E13.5-17.5. In Zic2 knockout 

mice the expression of EphB1 is reduced and the number of ipsilaterally projecting axons 

decreases, consistent with a role of Zic2 in the regulation of EphB1 (Herrera et al. 2003). 

From E18 to P0, all retinal axons that have reached the chiasm, even those from ventral-

temporal retina, cross and project into the contralateral visual pathway.  

Pou4f2 and Isl1 regulate expression of RGC specific genes and also function in 

axon guidance through the regulation of genes controlling axon guidance and 

fasciculation (Pan et al. 2008). In mice lacking Pou4f2 or Isl1, there is a substantial 

decrease (95%) in numbers of RGC generated and the RGCs that do survive have defects 

in axon outgrowth. In these mice, most axons fail to reach the optic chiasm, the optic 

nerves are smaller and there is obvious de-fasciculation of the optic nerve fibers (Pan et 
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al. 2008). In contrast to ipsilateral axons, axons that cross at the chiasm maintain high 

expression of the Lim homeodomain TF Isl2 (Pak et al. 2004). Isl2 is also expressed in 

axons originating from the ventro-temporal region, where it negatively regulates 

expression of EphB1 and Zic2, resulting in increased ipsilateral projections in retinae 

deficient of Isl2 (Pak et al. 2004). In the late phase of RGC axon growth (E17-P0) EphB1 

and Isl2 are express in the entire retina and all axons, even those originating from the 

ventro-temporal region, cross at the chiasm (Garcia-Frigola et al. 2008; Pak et al. 2004; 

Petros et al. 2008). 

Ephrin (tyrosine kinase) receptors signaling in retinal topographic mapping 
and regulation of Eph expression patterns 
 

A second important function of EPH receptor signaling in visual system 

development is to regulate the patterns of retino-tectal connections of RGC axons. The 

visual system is organized topographically, so that spatial relationships between 

neighboring RGCs in the retina are preserved among their synaptic terminals in the areas 

of the brain that process visual information. Over 40 years ago, Sperry proposed the 

chemoaffinity theory of axon guidance based on a series of experiments where he 

observed that in a newt eye rotated 180 degrees, the mis-located axons project to their 

correct terminal ends in the tectum. From this finding he determined that axons from a 

particular region in the retina will always connect at the same spot in the tectum. His 

explanation was that overlapping gradients of signaling molecules within the retina and 

tectum must act as coordinate labels to guide axon connectivity (Sperry 1963). These 

signaling molecules were subsequently identified as EPH receptor tyrosine kinases and 

their ephrin ligands (Orioli et al. 1996).  
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Fitting with the chemoaffinity model, Eph receptor mRNAs are expressed in 

gradients across the nasal/temporal (EphA) and dorsal/ventral (EphB) axes of the retina 

during visual system development. Their cognate ephrinA and ephrinB ligands are 

expressed in reciprocal gradients across the anterior/posterior and medial/lateral axes of 

lateral geniculate nucleus (LGN) respectively (Feldheim et al. 1998). Relative levels of 

Eph receptors in RGCs and ephrin ligands create the positional information that regulates 

specification of the retinotopic maps, thus controlling the location of the RGC synaptic 

termination. In the mouse the visual system, EPHA4-6 (Bevins et al. 2011; Brown et al. 

2000; Feldheim et al. 2004), EPHB1-3 (Birgbauer et al. 2000; Hindges et al. 2002), 

ephrins-A2, ephrin-A5 (Feldheim et al. 2000; Frisen et al. 1998; Pfeiffenberger et al. 

2006), and ephrin-B1(McLaughlin et al. 2003) have been implicated in retinotectal 

topographic mapping (McLaughlin & O'Leary 2005; Scicolone et al. 2009). 

Because part of the focus of this dissertation was on understanding the regulation 

of the expression pattern of EphA5, in the following paragraph and subsequent section, 

the expression pattern of EphA receptors involved in retinal axon mapping and what is 

known about how their expressions is regulated will be described. In the mouse retina, 

EphA5 and EphA6 are expressed in RGCs in a nasal-low/temporal-high gradient, with 

EphA5 also expressed in cells in the inner nuclear layer (Brown et al. 2000; Feldheim et 

al. 2004; Reber et al. 2004). In knockout mice, loss of EphA5 results in defects in axon 

guidance and abnormal patterns of termination of both temporal and nasal RGC axons in 

the superior colliculus (Feldheim et al. 2004). The graded pattern of expression is 

maintained throughout subsequent development, but becomes progressively less well 

defined starting at E17 (Cooper et al. 2009). In the adult retina, the overall expression 
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level declines and the gradient of EphA5 becomes more flattened through a further 

decrease in expression in the temporal retina (Rodger et al. 2001). In the human retina, 

although EphA5 and EphA6 mRNA expression is higher in the temporal retina, the 

gradient differs from that in the mouse and within both hemiretinas, expression is highest 

near the central meridian, and lower in the periphery (Lambot et al. 2005) (Fig. 1.2 B). 

Regulation of Eph receptor expression  
 

Although the creation of retinotopic maps via Eph/ephrin signaling is well 

established, the molecular mechanisms that control formation of the gradients of Eph 

expression are poorly understood and the majority of research has focused on regulation 

by transcription factors. There is evidence that EphA expression could be regulated at the 

level of transcription. Several transcription factors [e.g. Foxd1 and Foxg1 (Hatini et al. 

1994; Herrera et al. 2004); Hmx4/SOHO1 and Hmx1/GH6 (Schulte & Cepko 2000) have 

been shown to play a role in regulating EphA3 expression in early retinal development in 

chick. EphA5 expression is first detected in the optic vesicle at E9 and by E11, the 

nasallow-temporalhigh gradient is apparent in the inner nuclear and RGC layers. In the 

mouse retina, Foxd1 is expressed in progenitors in the temporal retina from E10-12, with 

expression increasing in ventro-temporal retina at E14-16 and quickly diminishing after 

E17 (Carreres et al. 2011). This study used in situ hybridization to show that expression 

of both EphA5 and EphA6 is reduced in the temporal retinae of Foxd1 null mice (Carreres 

et al. 2011). In addition, temporal axons lose their topographic specificity and by-pass the 

rostral tectum to terminate in the caudal portion of the tectum, resulting in a mis-wired 

pattern of connectivity (Carreres et al. 2011). Currently, apart from the evidence for 

regulation by Foxd1, there have been no additional reports indicating direct regulation of 
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EphA5 expression by specific transcription factors in the mouse retina. Furthermore, 

since nasal temporal differences in EphA5 expression persist well beyond the time when 

Foxd1 expression ceases, other mechanisms must play an important role in maintaining 

EphA5 expression in the retina. 

For expression regulation of Eph receptors, the TCF/Lef transcription factors are 

of particular interest. These constitute a class of transcription factors that function 

downstream of the canonical WNT signaling pathway. WNT signaling is known to 

regulate axis formation during embryonic development and has recently been proposed to 

function directly in axon guidance (Schmitt et al. 2006). Bioinformatics analysis predicts 

multiple TCF/Lef binding sites on the EphA5 promoter, pointing to a potential role for 

the canonical WNT signaling in the transcriptional regulation of EphA5 receptor (Katoh 

2006). Chapter 4 will address the role of WNT signaling in regulation of EphA5 promoter 

activity.  

Epigenetic modification of genomic DNA through CpG methylation and histone 

tail modifications represent additional mechanisms of gene regulation that are involved in 

the dynamic regulation of cell specific genes during neuronal development (Meissner et 

al. 2008). Many of the key developmental genes that specify cell fate contain high CpG 

density promoters and are regulated by CpG methylation (Bird 2002). The Eph receptor 

genes all contain extended CpG islands and are candidates for regulation by DNA 

methylation. Hyper-methylation of EphA5 and EphB1 correlates with decreased receptor 

expression in primary cancer (Fu et al. 2010; Wang et al. 2007). A description of DNA 

methylation and other epigenetic mechanism in the regulate gene expression will be 
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provided in a subsequent section of this chapter. Chapters 2 and 3 will address the role of 

DNA methylation in regulating Eph receptors gene expression in the mouse retina.  

Retinal gliogenesis: Müller glia differentiation 
 

The functions of Müller glia in the mature retina include structural and metabolic 

support to retinal neurons, and osmotic homeostasis. Because Müller glia span the entire 

thickness of the retina, they also serve as a structural platform to organize and support the 

retinal tissue. The adult retinae of NSE-Hu-Bcl2 mice, where over expression of human 

pro-apoptotic factor Bcl2 results in targeted ablation of Müller glia, exhibit retinal 

disorganization and degeneration (Dubois-Dauphin et al. 2000). Müller glia provide 

neuronal homeostasis by removing extracellular K+ and waste such as CO2 and ammonia. 

The cells also function in recycling glutamate and photon capturing pigments (Das et al. 

1992). In addition, Müller glia may also function in nourishing the retina through 

glycogen breakdown and lactate production (Poitry-Yamate et al. 1995).  

In response to injury, the primary response of Müller glia is activation, a process 

characterized by up-regulation of expression of intermediate filaments including vimentin 

and glial fibrillary acidic protein (GFAP) and re-entry into the cell cycle. Activated 

Müller glia are responsible for reactive gliosis observed in injured retinae and contribute 

to the formation of fibrotic scars (Bringmann et al. 2006; Bringmann & Reichenbach 

2001; Dyer & Cepko 2001). Recent studies have revealed that Müller glia in the adult 

mouse (Karl et al. 2008; Ooto et al. 2004) and human retinae (Bhatia et al. 2009; 

Lawrence et al. 2007) are also a potential source of progenitor cells and can 

dedifferentiate into retinal progenitors capable of generating small numbers of neurons. 

This section of this chapter will focus on the mechanisms regulating Müller glial 
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differentiation during development. The following section will discuss the progenitor and 

neurogenic potential of Müller glia in the adult mammalian retina, along with their 

limitations for retinal regeneration. 

Retinal neurogenesis and gliogenesis are opposing processes regulated by Notch 

signaling in concert with members of the bHLH family of TFs. Activation of Notch 

signaling has different effects on differentiation depending on the stage of retinal 

development. In early retinal progenitor cells, active Notch signaling decreases 

differentiation along both neuronal and glial lineages by promoting continued 

proliferation of progenitors. In contrast, in late stage progenitors, Notch activation signals 

for gliogenesis (Gaiano & Fishell 2002). In contrast to the early developmental function 

of Notch/Hes1, Hes5 signaling functions in promotion of progenitor proliferation and 

prevention of neurogenesis in early development, whereas in the later stages of retinal 

development the pathway functions to promote gliogenesis (Furukawa et al. 2000). 

 Müller glial differentiation is initiated at ~E16 by the combined expression of the 

transcription factor Rax1 and a group of Notch target genes, the ‘pro-glial’ bHLH 

transcription factors, Hes1, Hes5 and Hesr2 (Furukawa et al. 2000; Satow et al. 2001). In 

Hes1 and Hes5 null mice, there are significant reductions in the number of Müller glia, 

but normal development of all six retinal neuronal cell types (Hojo et al. 2000; Takatsuka 

et al. 2004; Tomita et al. 1996). Notch activation is needed for inhibition of proneuronal 

bHLH factors, such as NeuroD1. Overexpression of NeuroD1 in the developing zebrafish 

retina results in a decreased generation of Müller glia, while photoreceptors are 

overproduced (Ochocinska & Hitchcock 2009). In contrast, the NeuroD1-null mouse 

retinae exhibit a nearly 4-fold increase of generated Müller glia. Similar findings have 
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been shown in mouse retinae where the following bHLH transcription factors have been 

ablated: Ash1/Mash1, Ngn2, Math3, or Atoh7 (Akagi et al. 2004; Hatakeyama et al. 2001; 

Inoue et al. 2002; Le et al. 2006; Mao et al. 2009; Tomita et al. 1996; Wang et al. 2001). 

More recent studies have shown that Müller glia development also depends on 

Sry-related high-mobility group (HMG) group TFs, including Sox9 (Poche et al. 2008) 

and Sox2 (Lin et al. 2009). Immunohistochemistry has shown that SOX2 and SOX9 are 

expressed in retinal progenitor cells and mature Müller glia, although both TFs are 

downregulated in differentiating neurons (Poche et al. 2008). Consistent with this finding, 

retinal neurons develop normally in the retinae of Sox9 null mice, however fewer Müller 

glia are generated (Poche et al. 2008).  

Mammalian retina regeneration: current investigations 

Retina regeneration in fish, amphibians and birds - stem cell source and 
regenerative potential 
 

 In mammals, the retina and optic nerve do not spontaneously regenerate. 

This capability has apparently been lost through evolution, as teleost fish, amphibians and 

to a lesser extent birds are all capable of spontaneous retina regeneration and only fish 

and amphibians are capable of optic nerve regeneration (Hitchcock et al. 2004; Reh & 

Fischer 2006). Progenitor cells have been found at the most peripheral region of retina in 

a ring of cells that encircles the retina known as the circumferential germinal zone (CGZ) 

in fish or the ciliary marginal zone (CMZ) in amphibians and birds. These sources are 

important for persistent retinal histogenesis occurring simultaneously with ocular growth, 

but only add cells near the retinal margin following injury. In amphibians, the source of 

retinal regeneration is the pigmented retinal epithelium (Mitashov 1996). In contrast, 
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Müller glia have been identified as the source of the retinal stem cells in fish (Bernardos 

et al. 2007; Otteson et al. 2001) and birds (Reh & Fischer 2006) and there is increasingly 

strong evidence that Müller glia in the adult mammalian retina also possess retinal 

progenitor properties (Fischer & Reh 2001; Ooto et al. 2004; Osakada et al. 2007). In 

addition to ocular stem cells, research on extraocular sources of stem cells, including 

neural, embryonic and induced pluripotent stem cells has shown promise in generating 

retinal progenitors for transplantation. In this section, I will discuss the evidence for 

extra-retinal and extraocular stem cells in retinal regeneration and transplantation. The 

following section will address Müller glia and the evidence for their stem cell and 

regenerative properties. 

Retina regeneration in mammals – intrinsic vs. extrinsic sources, potential 
and limitations 
 

Similar to the findings in lower vertebrates, several regions containing putative 

progenitor cells have been identified in the postnatal mammalian eye. These regions 

include the epithelium of the ciliary body (Ahmad et al. 2000; Tropepe et al. 2000), the 

pigmented epithelium of the iris (Haruta et al. 2001; Sun et al. 2006) and the peripheral 

retinal margin (Moshiri & Reh 2004; Zhao et al. 2005). When treated in vitro and in vivo 

with mitogens (e.g. FGF-2, WNT3a) cells from both the ciliary body epithelium (Inoue et 

al. 2006; Tropepe et al. 2000) and pigmented iris epithelium (Haruta et al. 2001; Sun et 

al. 2006) can proliferate and generate spheres containing cells that express retinal 

progenitor cell markers (Pax6, Six3 and Vimentin). In vivo studies in rats and primates 

have shown that following injury and in the presence of growth factors, small numbers of 

the proliferating cells in ciliary body epithelium (Ahmad et al. 2004) and pigmented iris 
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epithelium (Akagi et al. 2005; Haruta et al. 2001) begin to express neuronal markers 

(Vsx2, β-tubulin, Rho1D4, Crx, PKC). Furthermore, some of the injury-stimulated cells 

migrate out of their respective region of residence, although there is no unequivocal 

evidence that they reach more central retinal domains or integrate within the existing 

retina (Ahmad et al. 2004; Akagi et al. 2005; Sun et al. 2006). The neurogenic abilities of 

non-pigmented ciliary epithelium cells have recently brought into question. Several 

studies have shown that while the cells do display certain progenitor characteristics such 

as sphere formation and expression of progenitor markers such as NESTIN, SOX2, 

NOTCH and PAX6, they are limited in their neurogenic potential as compared to Müller 

glia. The cells maintain their epithelial morphology and under differentiating conditions 

express pigmented epithelial markers and fail to show expression of retinal neuronal 

markers (Bhatia et al. 2011; Cicero et al. 2009; Gualdoni et al. 2010). These findings 

bring into question the therapeutic potential of these cells for retinal degenerative 

disorders. 

In addition to the ocular-derived retinal progenitors, non-ocular sources have been 

studied as potential cellular sources for transplantation into the retina. These include 

neural stem cells (Guo et al. 2003; Nishida et al. 2000), bone marrow stem cells (Chiou et 

al. 2005; Tomita et al. 2006), embryonic stem cells (ESCs) (Lamba et al. 2006; Meyer et 

al. 2009; Osakada et al. 2009) and induced pluripotent stem cells (iPSCs) (Hirami et al. 

2009; Lamba et al. 2010; Meyer et al. 2009; Osakada et al. 2009), with the majority of 

attention directed toward the use of the latter two. Retinal cells have been derived from 

both human ESCs (Lamba et al. 2006; Meyer et al. 2009) and iPSC (Hirami et al. 2009; 

Lamba et al. 2010; Meyer et al. 2009; Osakada et al. 2009) and both types of cells are 
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capable of limited migration and synaptic integration within a diseased retina (Lamba et 

al. 2009; Lamba et al. 2010; Osakada et al. 2009). Treating hESCs with the so-called 

“retinal determination factors“ (e.g. Noggin, Dkk-1 and IGF-1) results in a retinal cell 

population with an expression profile closely comparable to that of fetal retinal cells 

(Lamba & Reh 2011). A small fraction of the cells expressed rod photoreceptor marker 

Crx and, when transplanted into a mouse model of Leber’s congenital amaurosis, were 

capable of conducting neural signal. Electroretinographic response (b-wave) was 

recorded from the treated eye and was lacking in the untreated eye (Lamba et al. 2009).  

Adult mouse and human fibroblasts can be successfully reprogrammed to iPSCs 

via retroviral transfection of four TFs (since termed the Yamanaka factors): Pou5f1, 

Sox2, c-Myc and Klf4 (Takahashi et al. 2007a; Takahashi et al. 2007b). The iPSCs 

generated in this manner cells share the morphology and gene expression profile of ESCs, 

and iPSCs can generate all three germ layers in vitro. Remarkable advances have been 

made in reprogramming adult fibroblasts to iPSCs and guiding them toward generation of 

all types of retinal neurons and retinal pigmented epithelial cells, although the efficiency 

has not yet achieved a level necessary for therapeutic utility (Hirami et al. 2009; Lamba 

et al. 2010; Meyer et al. 2009; Osakada et al. 2009). For instance, Lamba and colleagues 

(2010) showed that iPSCs could be generated through viral transfer of TFs Pou5f1, Sox2, 

Nanog and Lin28. Culturing iPSCs in the presence of retinal determination factors (e.g. 

Noggin, Dkk-1 and IGF-1) resulted in a cell switch to retinal progenitor cells at a rate of 

~ 70% (Lamba et al. 2010). Selection of iPSC-derived photoreceptors (~10%) through an 

infection with a viral construct (GFP-IRBP) followed by FACS sorting improved 
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migration of iPSC-derived photoreceptors (1%) into the outer nuclear layer (Lamba et al. 

2010).  

While these results are remarkable, the efficiency of cell conversion, 

differentiation and tissue integration remains extremely limited for both ESC and iPSC 

derived retinal neurons (Das et al. 2006; Lamba et al. 2009; Meyer et al. 2009; Osakada 

et al. 2008). In addition to the ethical conflicts surrounding the use of hESC, both ESC 

and iPSC derived cells have a propensity to form teratomas (Blum & Benvenisty 2009), 

tumor like structures that divide uncontrollably, leading to pathological growths. FACS 

sorting of in vitro differentiated iPS cells, as in the Lamba (2010) study where iPSC-

derived photoreceptors were sorted following viral infection with GFP-IRBP, can 

eliminate teratoma formation following implantation (Lamba & Reh 2011). Because of 

the problems faced with transplantation, migration and integration of differentiated cells, 

an alternative and potentially more appealing strategy for regenerative therapy would be 

to harness the potential of an endogenous retinal progenitor cell, such as Müller glia.  

Müller glia: retinal progenitor cell source in the adult mammalian retina 
 

 The remarkable capability of Müller glia to completely regenerate the retina and 

optic nerve in the fish has inspired the in vivo and in vitro investigation of the neurogenic 

potential of Müller glia in the adult vertebrate retina (Bhatia et al. 2009; Dyer & Cepko 

2000; Karl et al. 2008; Ooto et al. 2004; Phillips and Otteson, 2011; Wohl et al. 2009). 

Several groups have studied the effects of injury in the mature retina in mammals and its 

ability to regenerate (Ooto et al. 2004; Dyer and Cepko, 2000; Karl et al., 2008; Wohl et 

al., 2009). N-methyl-D-aspartic acid (NMDA) activates ionotropic glutamate receptors in 

the retina causing retinal ganglion cell and amacrine cell death. Ooto et al. (2004) 
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reported that in the adult rat retina following NMDA-induced toxicity, Müller glia 

proliferate and produce neurons, mainly bipolar cells and rod photoreceptors. Moreover, 

mis-expression of the bHLH genes NeuroD1 or Math3 in Müller glia-derived, Pax6 

expressing cells induced horizontal and amacrine cell-specific phenotypes, respectively 

(Ooto et al. 2004). This was the first in vivo demonstration that mammalian Müller glia 

have the potential to differentiate into multiple lineages of retinal cells. However, the 

extent of Müller glia proliferation and differentiation, less than 4%, is not sufficient for 

retinal regeneration.  

In a rat retinal explant injury model, Osakada and colleagues (2007) reported that 

WNT3a treatment increased both proliferation and the number of Müller glial-derived 

progenitors, as assessed by BrdU and Pax6/Chx10 labeling respectively (Osakada et al. 

2007). Further, following retinoic acid treatment, a small number of BrdU/rhodopsin 

positive cells were found in the outer nuclear layer, indicating that Müller-derived 

progenitors can migrate and differentiate into rod photoreceptors (Osakada et al. 2007). 

To further investigate the proliferative response of Müller glia, Karl et al. (2008) treated 

NMDA injured mouse retinas with growth factors and demonstrated that intraocular 

injections of EGF and/or FGF1 greatly increased Müller glia proliferation and 

upregulated expression of the progenitor markers Notch1, Delta1, Pax6 and FoxN4. 

Additionally, some progeny of the Müller-derived progenitors expressed Calretinin, 

NeuN, Prox1 and Pax6, suggesting a differentiation toward amacrine cell lineage (Karl et 

al. 2008).  

To date, in vivo studies of Müller glia-driven retinal regeneration indicate that the 

Müller-derived progenitors preferentially differentiate into rod photoreceptors, bipolar 
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cells and, to a smaller extent, amacrine cells (Karl & Reh 2010; Ooto et al. 2004; 

Osakada et al. 2007). By contrast, none of the in vivo studies have shown that Müller-

derived progenitors can generate RGC or horizontal cells. Determining the mechanisms 

that limit the proliferative and de-differentiating potential of Müller glia is still under 

investigation. Recent transcriptome analysis has revealed that Müller glia express many 

of the classic retinal progenitor cell genes that function in patterning the embryonic retina 

(e.g. Pax6, Vsx2, Sox2, and Notch1) (Roesch et al., 2008). Interestingly, Pax6 and Vsx2 

are co-expressed only in a subset of Müller glia (Rowan & Cepko 2004), demonstrating 

heterogeneity of gene expression by individual Müller glia. This diversity of Müller glia 

may reflect the existence of subpopulations of Müller glia with different regenerative 

potential and could explain why only a small number of the cells have the ability to 

dedifferentiate to generate neurons. 

Cultured Müller glia seem to have a greater capacity to generate diverse neuronal 

types compared to their counterparts in vivo. In vitro, Müller glia from human (Lawrence 

et al., 2007), rat (Kubota et al., 2006) and mouse (Das et al., 2006; Otteson and Phillips, 

2010; Phillips and Otteson, 2011) show stem cell characteristics, including formation of 

proliferating neurospheres in response to EGF and FGF2, expression of retinal stem cell 

genes including Pax6, Sox2 and Nestin. When cultured in the presence of various 

morphogens and growth factors they express an array of neuronal genes associated with 

multiple retina neuronal cell types including S-opsin, rhodopsin, Crx, calbindin, βIII-

tubulin, PKCα, Map2 and Pou4f2 (Das et al. 2006; Lawrence et al. 2007; Otteson & 

Phillips 2010; Phillips and Otteson, 2011).  
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Despite neurogenic treatments in vitro, Müller-derived progenitor cells remain 

limited in their potential to generate neurons and only a fraction acquire neuronal 

characteristics. It is well established that overexpression of the Notch signaling 

intracellular domain (NIC) inhibits neurogenesis (Jadhav et al. 2006; Rowan & Cepko 

2004). Recent studies of adult human Müller stem cells showed that silencing SOX2, 

which functions upstream of Notch, resulted in increased expression of photoreceptor 

(rhodopsin, 0.5 fold) and ganglion cell (Isl1, 4 fold) markers, while down-regulating 

retinal stem cell (Pax6) and Müller cell (vimentin) markers (Bhatia et al. 2011). For de-

differentiation of Müller glia and subsequent neurogenesis, it may be necessary to 

recapitulate the stepwise events of neurogenesis as during retinal development, where 

progenitor cells attenuate expression of proliferative genes for the sake of neuronal ones. 

In the case of RGC differentiation, retinal progenitor cells committed to RGC fate are 

characterized by downregulation of Notch1, a transient up-regulation of Atoh7 and the 

subsequent activation of RGC-specific genes. Hence, down-regulation of genes signaling 

for cell renewal may be the critical step to enhancing Müller glial-derived neurogenesis 

in the mammalian retina.  

Neurogenesis in the adult brain 
 

A fundamental question is whether there is a progenitor cell population hidden 

within the differentiated Müller glia population. This could explain why only a small 

percentage of Müller glia are able de-differentiate and regenerate neurons. In the adult 

mammalian brain, it is well established that there are two regions with persistent 

neurogenic abilities: the subventricular zone (SVZ) in the lateral ventricle and the 

subgranular zone (SGZ) in the dentate gyrus of the hippocampus. The presence of adult 



 

   51 

neurogenesis in these two regions has been demonstrated in multiple species including 

non-human primates (Kornack & Rakic 2001; Pencea et al. 2001) and humans (Curtis et 

al. 2007; Eriksson et al. 1998). Intriguingly, embryonic development of the retina and the 

telencephalon share many similarities. In the developing telencephalon, neural progenitor 

cells (NPCs) are radial glial cells with processes that attach to the pial surface at one end 

and the ventricular surface at the other (Campbell & Gotz 2002; Malatesta et al. 2003; 

Noctor et al. 2004). Radial glia play a critical role in integrating signals for the regulation 

of the cell cycle, symmetric versus asymmetric cell division and cell fate choices (Gotz & 

Huttner 2005). All neurons in the telencephalon are derived from the radial glia and at the 

end of neurogenesis, the remaining radial glia detach their ventricular processes (Noctor 

et al. 2004) and migrate towards the cortical plate where they transform into astrocytes 

(Noctor et al. 2008).  

Similar to cultured Müller cells, astroglia isolated from the early postnatal 

cerebral cortex can give rise to self-renewing and multipotent neurospheres when 

cultured in the presence of EGF and FGF2 growth factors (Laywell et al. 2000). A small 

fraction of the cells co-express Pax6, and proneural genes Neurogenin2 (Neurog2) and 

mouse achaete-scute homologue 1 (Ascl1). Remarkably, single cell recordings have 

shown that the generated cells are capable of firing action potentials (Berninger et al. 

2007), consistent with a neuronal identity. In cultured astrocytes, EGF/FGF2 induced 

proliferation is accompanied by removal of epigenetic marks that would normally silence 

neurogenic and pluripotency genes (Hirabayashi et al. 2009). Notably, the potential of 

adult astroglia to give rise to neurons is limited (Laywell et al. 2000), just as that of 

postnatal Müller glia in the retina. One potential mechanism that could restrict the 
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neurogenic potential of both Müller glia and astrocytes is DNA methylation. The 

mechanisms of DNA methylation and its role in regulating neurogenesis will be 

discussed in more detail in the final sections of this chapter. 

Epigenetic regulation of gene expression 
 

Embryonic development and cell differentiation are regulated by both genetic and 

epigenetic mechanisms. Although different populations of differentiated cells have 

radically different morphologies and functions, all cells within a multicellular organism 

are derived from a single celled zygote, and all carry the same genetic information. 

Further, after fertilization, the zygote undergoes a massive wave of genome 

demethylation to establish totipotency. This is followed by two waves of de novo 

methylation: one during implantation and the second during the establishment of the 

germ cell lines. In differentiating somatic cells, epigenetic modification of the chromatin, 

consisting of the DNA and associated histones and other proteins, determines the cellular 

identity through regulating the subsets of genes that are expressed in each population of 

specialized cells. Epigenetic modifications of chromatin are heritable during cell division 

and occur without an actual change in the genomic sequence itself.  

The current model of retinal cell differentiation is that retinal progenitors go 

through stages of competence wherein they are temporally restricted to differentiate into 

a subset of retinal neurons (Cepko et al. 1996). One of the fundamental findings that 

underlies the competence model for retinal cell fate determination is that there are distinct 

differences between early and late stage retinal progenitors and late progenitors are 

unable to generate the early types of retinal neurons (Belliveau & Cepko 1999). Why 

retinal progenitor cells can differentiate into RGCs only at early stages of development 
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and into Müller glia later in development is unknown. This question is particularly 

intriguing in relationship to Müller glia, as the genes known to be necessary to signal for 

glial specification are expressed within the progenitor cell population throughout retina 

development (Trimarchi et al. 2008). Recent data show that the progressive restriction of 

cell-fate choice is dependent on environment as well as intrinsic cell programs. Extrinsic 

signaling functions to modulate the proportions of neuronal subtypes generated, but it is 

unable to signal for precocious or delayed neuronal differentiation. The insufficiency of 

extrinsic signals alone to guide neuronal differentiation strengthens the notion that cell 

competence and cell fate choices are ultimately regulated through an intrinsic cellular 

program. One potential mechanism would be through the alteration of the chromatin 

structure through epigenetic mechanisms that can regulate the accessibility of 

transcriptional regulators to the promoters of genes regulating Müller glial differentiation. 

The epigenetic modifications that result in permissive or non-permissive transcription 

offer an attractive explanation for how cell specification can be signaled by combinations 

of TFs that are not cell type specific. 

The intricate interplay between the different epigenetic modifications controls the 

structure of the chromatin to ultimately make DNA permissive or non-permissive for 

gene expression (Fig.1.3). DNA methylation is the only epigenetic mechanism described 

that regulates gene expression through direct chemical change of the DNA (Bird 1986). 

Other chromatin modifying mechanisms include histone methylation through the 

Polycomb (PcG), Trithorax (TrXG) and NRSF/REST complexes, histone acetylation and 

deacetylation, ATP-dependent remodeling and short non-coding RNAs. Relaxing the 

chromatin, through modifications such as histone tail acetylation or DNA demethylation, 
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makes the DNA more accessible for TF binding enabling recruitment of RNA 

polymerase machinery and transcription (Hodges et al. 2009a). Compacting the 

chromatin by DNA methylation or histone tail deacetylation leads to transcriptionally 

silent DNA thorough several mechanisms (Fig. 1.3 A, B), including blocking access of 

transcription factors to their cognate binding sites and direct recruitment of other 

repressive elements such as NRSF/REST (Fig. 1.3 C).  

The subsequent sections of this chapter will include a review of the epigenetic 

mechanisms regulating gene expression and what is currently known about the role of 

epigenetics in retinal development. This will be followed by a discussion of the role of 

epigenetic mechanisms regulating neurogenesis in the adult brain and how this relates to 

the stem-cell properties and potential of Müller glia and regulation of neuronal genes that 

will be necessary for successful retinal regeneration.  

DNA methylation: basic mechanisms and functions in the retina 

The methylation process: cytosine-guanine dinucleotide 

 
DNA methylation in mammals is primarily restricted to CpG-dinucleotides where 

methylation occurs on the fifth carbon of cytosine residues that are linked to an adjacent 

guanine residue by a phosphodiester bond (CpG dinucleotides) (Antequera & Bird 1999; 

Tweedie et al. 1997). Non-CpG methylation has also been reported, mostly involving 

CpA and CpT dinucleotides. Until recently, non-CpG methylation has been described in 

embryonic stem cells (ESCs) but not in somatic cells (Inoue & Oishi 2005; Woodcock et 

al. 1987). This view is changing in light of a recent study of global non-CpG methylation 

using bisulfite sequencing that found up to 7.5 % of all non-CpG cytosines are 
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methylated in somatic tissues from rodents and humans (Yan et al. 2011). However, care 

must be taken in interpretation of bisulfite sequencing results for non-CpG sites, as 

incomplete bisulfite conversion will result in an over-estimation of the frequency of non-

CpG.  

An additional modification of the CpG sites is the addition of a hydroxyl group to  

a 5-methylcytosine (5-mC) resulting in 5-hydroxymethylcytosine (5-hmC) a conversion 

carried out by TET oxygenases (Iyer et al. 2009; Kriaucionis & Heintz 2009; Loenarz & 

Schofield 2009; Tahiliani et al. 2009). The precise function of 5-hmC has not been shown 

yet, but evidence suggests it may represent a new way to demethylate DNA, through 

NDA repair mechanisms (Ito et al. 2010). With the discovery of 5-

hydroxymethylcytosine some concerns have been raised regarding DNA methylation 

studies using the bisulfite sequencing technique. It has been shown that when treated with 

sodium bisulfite, 5-hmC reacts in a similar fashion as its precursor, 5-mC (Huang et al. 

2010). Therefore, bisulfite sequencing data may need to be further verified to confirm 

whether the detected modified base is 5-mC or 5-hmC. 

Within the human genome, CpG dinucleotides have been depleted through 

spontaneous deamination of methylcytosine to thymine. In vertebrates, most CpG (60-

80%) sites within the genome are methylated, except for those found within CpG islands. 

CpG islands are defined as regions rich in CpG sites (> 65%) within a 500 bp sequence. 

They are typically located in promoter regions and usually span the transcription start site 

(TSS) (Takai & Jones 2002). About 70% of mammalian genes contain a CpG islands 

within their promoter regions and most CpG islands are unmethylated. However, there 

are exceptions to this and CpG island hypermethylation is associated with X chromosome 



 

   56 

inactivation, the silencing of imprinted genes and with some cell type specific genes 

during cellular differentiation.  

Genes with unmethylated CpG islands can either be actively transcribed or 

silenced by the presence of other chromatin modifications (Weber et al. 2007). 

Hypomethylated CpG islands that have an increased frequency of methylation near the 

TSS can be silenced due to interference of the binding of the RNA polymerase machinery 

(Appanah et al. 2007). In addition, methylated CpG islands located within introns of a 

gene have shown strong correlation with transcriptionaly active genes (Hodges et al. 

2009b; Laurent et al. 2010). Intragenic CpG methylation when located at the exon-intron 

boundaries, could shift exon splice sites, thereby modulating alternative mRNA splicing 

(Hodges et al. 2009b; Laurent et al. 2010).  

The catalysts of DNA methylation: DNA methyltransferases  
 

DNA methylation is catalyzed by DNA methyltransferases (DNMT); DNMT1 is 

the enzyme responsible for copying CG methylation during DNA replication, whereas de 

novo methylation is carried out by DNMT3a, DNMT3b and DNMT3L (Jurkowska et al. 

2011; Kumar et al. 1994). During replication, DNMT1 recognizes hemimethylated DNA 

and copies the methylation pattern of the original strand onto the newly synthesized, 

unmethylated strand (Bestor 1992; Fatemi et al. 2001; Leonhardt et al. 1992). Genetic 

ablation of DNMT1 results in embryonic lethality (Li et al. 1992), loss of imprinting 

(Hirasawa et al. 2008; Li et al. 1993) and genomic instability (Chen et al. 1998; Kim et 

al. 2004) showing the importance of DNA methylation in embryonic development. 

Through binding to its zinc domain, DNMT1 can also recruit chromatin modifying 

proteins including MeCP1/2 (Cross et al. 1997; Kimura & Shiota 2003) histone 
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demethylases (Clements et al. 2012; Tsukada et al. 2006) histone deacetylases (Fuks et al. 

2000) and histone lysine methyltransferases (G9a and EZH2) (Esteve et al. 2006; Vire et 

al. 2006) (Fig. 2 C). The ability of DNMT1 to recruit chromatin-modifying proteins 

suggests a role for DNMT1 in transcriptional regulation in cells that are not undergoing 

DNA replication. How the recruitment of MBPs and other chromatin modifying elements 

result in regulation of transcription will be described in the subsequent sections of this 

chapter. 

Dnmt1 is important for the inheritance of already existing DNA methylation 

pattern during mitosis. In contrast, de novo Dnmts are needed to establish new 

methylation patterns during embryogenesis and development. Conventional Dnmt3a-/- 

mice appear normal at birth and survive for approximately 4 weeks, whereas Dnmt3b-/- 

mice die in utero and display abnormal neural tube development and growth defects 

(Okano et al. 1999). Regardless of the similar pattern of expression of the two de novo 

Dnmts, Dnmt3b seems to play a more important function in development. Several 

mechanisms have been implicated in guiding DNMT3 to genes for de novo methylation. 

During differentiation of ESCs, de novo DNMTs are recruited by histone 

methyltransferase G9a to tissue specific gene promoters (Feldman et al. 2006). De novo 

DNMTs may also be recruited to active genes by H3K4me3 (Otani et al. 2009) and 

H3K36me3 (Dhayalan et al. 2010) that are present in the nucleosomes associated with 

transcriptionally active genes. DNMT3s use their ATRX-DNMT3-DNMT3L (ADD) 

domain to read histone modifications, and once associated with the genes, they can guide 

histone and DNA methylation (Otani et al. 2009; Zhang et al. 2010). De novo DNA 
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methylation together with DNA demethylation (Bhutani et al. 2010) are two mechanisms 

that could play a role in cell fate decisions and differentiation during development. 

Amongst the three de novo DNMTs, DNMT3L is the only one lacking catalytic 

activity. However, with DNMT3a, DNMT3L is important for the silencing of imprinted 

genes (Hata et al. 2002). Dnmt3L mutants are viable, but male mice are sterile. Although 

female mice lacking DNMT3L are fertile, their offsprings are not viable due to neural 

tube defects resulting from the biallelic expression of imprinted genes (Hata et al. 2002). 

In addition, DNMTL may be required for the recruitment of DNMT3a and DNMT3b to 

unmethylated genes thus play a role in establishing de novo methylation patterns (Otani 

et al. 2009; Zhang et al. 2010).   

Transcription regulation by DNA methylation 
 

 Two main mechanisms for transcriptional regulation by DNA methylation have 

been suggested. In the first, DNA methylation directly blocks the binding of TFs to their 

target sites; in the other, methylation leads to changes in the chromatin structure through 

histone and nucleosomal modifications (Fig. 1.3). There is experimental evidence 

supporting both these proposals (Weber et al. 2007). The overall consequence of genomic 

CpG methylation is that the chromatin becomes more compact and inaccessible to TFs. 

The binding of a few TFs can be impeded by direct methylation of their consensus 

binding sites. For example, electrophoretic mobility shift assays showed that c-Myc, a TF 

needed for cell proliferation, cannot bind to its recognition site when the site is 

methylated (Prendergast et al. 1991; Prendergast & Ziff 1991).  

Methylated DNA can also interfere with TF binding through the recruitment of 

methyl-binding proteins (MBPs) including MBD1, MBD2, MBD3, MeCP2 and KaisoI 
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(Cross et al. 1997; Joulie et al. 2010; Miranda & Jones 2007). MBPs have an apparent 

preference for binding to methylated sites within the proximal promoter regions, or the 

borders of CpG islands termed “CpG shores”, where their binding results in 

transcriptional repression (Irizarry et al. 2009). The repressive action of MBPs has been 

implicated in silencing of tumor suppressor genes (Lopes et al. 2008). MBPs can also 

attract histone deacetylases (HDAC) (Bird 2002; Nan et al. 1998), the chromatin 

modifying complex SWI/SNF (Harikrishnan et al. 2005) and PcG methyltrasferase EZH2 

(Vire et al. 2006) (Fig. 1.3 C). These chromatin modifying proteins further increase the 

chromatin density of transcriptionally inactive genes. Subsequent sections of this chapter 

will expand on the cross talk between DNA methylation and other chromatin modifying 

mechanisms, as well as the roles of the various epigenetic mechanisms in the regulation 

of retinal gene expression.  

The roles of DNA methylation 
 

 To establish totipotency, the zygote undergoes a massive wave of genome 

demethylation. This is followed by two waves of de novo methylation one during 

implantation and the second during the establishing of the germ cell lines. In somatic 

cells, DNA methylation functions in X chromosome inactivation (Heard 2004), 

imprinting of paternal genes (Delaval & Feil 2004) and over all genome integrity through 

methylation of transposable elements (Yoder et al. 1997). Another role of DNA 

methylation is to restrict differentiated cells to a specific fate and prevent them from de-

differentiating into other cell types (Hochedlinger & Plath 2009; Yeo et al. 2007). In 

other words, DNA methylation aids in determining cellular identity and memory.  
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The role of DNA methylation in retinal development and retinal cell fate choices 

is just beginning to be unraveled. A recent analysis of DNMT expression offers some 

insight into the cells that may require DNA methylation in the developing and mature 

mouse retina (Nasonkin et al. 2011). All three DNMTs (1, 3a and 3b) are highly 

expressed in retinal progenitor cells starting at E10.5, but showed different time courses 

of down-regulation after E15.5. DNMT1 is strongly expressed in proliferating cells, as 

shown by DNMT1/Ki67 colabeling. DNMT3a and 3b proteins are present in progenitors 

early (E10.5) but are down-regulated at the late stages of development (E17.5-P0.5). Both 

DNMT3a and 3b are re-expressed in postnatal retina in photoreceptors, RGCs and cells in 

the inner nuclear layer. Curiously, in the postnatal retina, DNMT1 is expressed in RGCs 

and cells in the inner nuclear layer, but not in photoreceptors. Exceptions were Müller 

glia, which exhibited low DNMT1 labeling in the central retina with robust labeling at 

the ciliary margin. Expression of DNMT3a in mature RGCs is consistent with previously 

reported data (Watanabe et al. 2006). Interestingly, expression of DNMT3a and 3b is 

strong in cone photoreceptors, but not in rods at P6.5-10.5. In contrast, expression of 

DNMT1 is present in rods but lacking in cone photoreceptors at P15.5. The functional 

significance of DNMT1 expression in postmitotic cells is unclear. However, the de novo 

methylases DNMT3a and 3b have the potential to regulate the expression of genes 

needed for cell maturation and patterning genes such as axon guidance genes in RGCs. 

Together, these data suggest a role for methylation in regulating the differentiation of 

specific subtypes of retinal neurons in the mouse. 

Morpholino-driven silencing of dnmt1and dnmt3 in the zebrafish does not disrupt 

overall development of the eye, however the morphants show disorganization of the 
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retina and the retinal pigmented epithelium fails to develop (Rai et al. 2010; Rai et al. 

2006). Several differences were noted between the dnmt1 and dnmt3 knockdown 

phenotypes. Both morphants displayed disruption in the development of the retinal 

pigment epithelium. In the dnmt1 morphant retinal pigment epithelium development 

failed in the dorsal portion, whereas in the dnmt3 morphant, failure of pigmented 

epithelium differentiation was observed in the ventral portion (Rai et al. 2010; Rai et al. 

2006). In addition, the retinae of both morphants failed to upregulate expression of irbp 

and opsin suggesting that retinal pigment epithelium and photoreceptors fail to undergo 

terminal differentiation (Rai et al. 2010; Rai et al. 2006). Furthermore, the retinae of 

dnmt1 appear more differentiated exhibiting multiple cell types, whereas the dnmt3 

retinae cells shared similar morphology but exhibited higher expression of progenitor 

markers pax6.2 and pcna and the RGC permissive factor atoh7, but lacked expression of 

differentiation markers crx, neurod and asc1 (Rai et al. 2010). In zebrafish DNMT3, 

together with H3K29 methyltransferase G9a, functions to silence the Lef gene, thus 

allowing retinal progenitor cells to exit the cell cycle and differentiate into retinal neurons 

(Rai et al. 2010). Taken together, these findings indicate that in the dnmt3 is one of the 

elements required for retinal cell type differentiation.  

Histone tail modifications: function in the retina 

Histone tail acetylation 
 

The basic unit of chromatin is the nucleosome, which consists of a 146 bp strand 

of DNA wrapped around an octamer of histone (H) proteins containing two of each H2A, 

H2B, H3 and H4. The amino-terminal tails of histone proteins extend out from the 

nucleosome and are readily accessible for modification by enzymes that chemically 
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modify the histones by acetylation, methylation, phosphorylation and ubiquitination. 

Different modifications result in changes in the functional properties of the histone 

octamers, and can alter the organization of the associated chromatin (Cedar & Bergman 

2009; Kouzarides 2007). Histone acetyl transferases (HATs) acetylate the histone tails 

resulting in transcriptional activation. Conversely, decreasing acetylation by histone 

deacetylases (HDACs) results in transcriptional silencing (Hsieh et al. 2004). In the 

retina, differential acetylation of H3 tails of histones associated with photoreceptor genes 

alters binding of Crx and Nr2e3 resulting in differential activation or repression of rod 

and cone-specific genes in the two types of photoreceptors (Peng & Chen 2007). 

Pharmacological inhibition of HDACs with trichostatin A (TSA) in postnatal day 2 

mouse retinal explants results in reduction of mRNA levels of multiple developmental 

genes, including NeuroD1, Math3, Crx, Nrl and Otx (Chen & Cepko 2007). 

In addition to a role in transcriptional regulation, histone acetylation/deacetylation 

has been implicated in regulation of proliferation and survival in the retina. In the retinas 

of zebrafish, HDAC1 functions as a switch between proliferation and neurogenesis, 

through suppression of the cell cycle by antagonizing WNT and Notch signaling 

pathways (Yamaguchi et al. 2005). In the developing (P0) mouse retina, targeted 

reduction of HDAC4 using short hairpin RNA (shRNA) increases rod and bipolar cell 

apoptosis, whereas overexpression of HDAC4 in the rd1 mouse model of retinal 

degeneration prolongs photoreceptor survival (Chen & Cepko 2009). In the retinal 

explants of postnatal day 2 mice, TSA inhibition of HDAC also results in increased PRCs 

apoptosis and reduced of proliferation. This in turn leads to a complete failure of Müller 

glia and rod photoreceptor differentiation with a concomitant increase in bipolar cell 
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population (Chen & Cepko 2007). Following optic nerve crush in the mouse, histone 

deacetylation has been proposed to underlie the observed down-regulation of RGC 

specific genes Thy1, Pou4f2, Nrn1 and Ferm1c and inhibition of HDAC activity 

attenuates RGC loss (Pelzel et al. 2010). Together these findings support a role for 

histone acetylation in neuronal survival and neuroprotection in the retina.  

Histone tail methylation 
 

Another mechanism by which chromatin modifications regulate gene expression 

is through methylation/demethylation of lysine (K) residues on histone tails by lysine 

methyltransferases and lysine demethylases respectively (Cheung & Lau 2005; 

Dambacher et al. 2010; Verrier et al. 2011; Yoo et al. 2007). Activation or repression of 

gene expression by histone methylation is dependent on which K residue is methylated: 

active genes are marked by H3K4me3 and H3K36me3, and silenced genes are marked by 

H3K9me2 and H3K27me3 methylation (Rice et al. 2003; Santos-Rosa et al. 2002; 

Tachibana et al. 2002). Genes having methylation at both H3K27me3 and H3K4me3 are 

said to be “bivalent” and appear to be held in a permissive state, ready to be activated 

upon cell differentiation (Bernstein et al. 2006).  

Histone methylation is mediated by histone lysine methyltransferase enzymes. A 

study of the role of lysine methyltransferases during retinogenesis showed that EzH2 and 

G9a methyltransferases are enriched in the inner embryonic retina during active 

retinogenesis and persist at lower levels in the adult retina (Rao et al. 2010). Blocking 

activity of the two methyltransferases in cultured RGCs isolated from P0 mouse retinae 

increased apoptosis, indicating a role of histone methylation in retinal ganglion cell 

survival (Rao et al. 2010). Immunochistochemical analysis of histone methylation in the 
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retina, showed that the “bivalent” H3K4me3/ H3k27me3 marker is largely found in 

postmitotic cells through development and in the adult. In contrast, the repressive 

H3K9me2 mark is present in nascent RGCs but is lacking in the adult retina (Rao et al. 

2010). In RGCs, H3K9Me2 rapidly decreases after E18, a period when the robust axon 

extending cues in RGC are subsiding (Rao et al. 2010). It is not surprising that both 

active and repressive histone methylation marks are found in differentiated retinal 

neurons, as these marks are likely to modify different sets of genes in the different retinal 

cell types, thereby defining cellular identity. It is unlikely that the repressed and active 

genes in RGCs are the same as in Müller glia. Although not a part of the present studies, 

it will be important in the future to undertake a more extensive analysis to identify the 

fingerprint of epigenetic marks for cell specific genes in retinal progenitors and in 

multiple differentiated cell types.  

Integrating histone and DNA modifications: NRSF/REST and Polycomb 
(PcG) complex 
 

Neuron restricted silencing factor/repressor element-1 silencing transcription 

factor (NRSF/REST) is a well-described transcriptional repressor of neuronal genes in 

non-neuronal tissue (Ballas & Mandel 2005; Rice & Allis 2001). REST is a Krüppel-type 

zinc transcription factor that binds to a DNA response element (RE-1), a 21 base pair 

consensus DNA sequence that is present in the promoter region of many genes required 

for neurogenesis. After binding to the RE-1, REST recruits histone deacetylases (HDAC1 

and HDAC2) Sin3A, histone H3-K9 methyltransferase G9a, the chromatin modifying 

complex SWI/SNF, DNA-methyl-CpG binding protein-2 (MeCP2) and CoRest, leading 

to the formation of a repressor complex (Majumder 2006; Ooi & Wood 2007) (Fig.1.3 
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C). This repressor complex suppresses neurogenesis by silencing neuronal genes in non-

neuronal cells (Lunyak et al. 2002).  

Multiple Atoh7-dependent genes contain the RE-1 binding sites within their 

promoter sequence, suggesting that removal of REST-mediated repression might play a 

role in RGC genesis (Mu et al. 2005a). The Atoh7 gene does not contain RE-1 sites, and 

is most likely not directly regulated by the REST complex. However, RGC specific genes 

such as Pou4f1, Pou4f2 and Irx2 contain RE-1 binding sites and are upregulated when 

REST repression is released (Mu et al. 2005a). Following retina-specific knockout of 

Atoh7 and Rest, RGC specific genes are prematurely expressed in retinal progenitor cells 

(Mao et al. 2011). Retina specific ablation of Rest activity rescues, to a certain extent, the 

Atoh7 null retinal phenotype, pointing to the existence of a second, Atoh7-independent 

pathway signaling for RGC differentiation (Mao et al. 2011). Interestingly, apart from its 

function in forming repressive complexes with HDACs, REST also cooperates with 

Polycomb proteins such as PRC2 to recruit histone methyltransferases (G9a) (Fig. 1.3 C).  

ATP-dependent chromatin remodeling: functions in the retina 
 

ATP-dependent chromatin remodeling has been implicated in retina development, 

but to a lesser extent than other epigenetic mechanisms. ATP dependent chromatin 

remodeling is accomplished by DNA-binding TFs in concert with a protein complex 

containing both non-catalytic subunits (SWI/SNF, ISWI, SWRI, NuRD) and catalytic 

subunits (SMARCA4/RRG1, SMARCA/BRM, SMARCA5/SNF2H) (Saha et al. 2006; 

Saladi & de la Serna 2010; Zhang et al. 2006). Together, they function to remodel 

chromatin by modulating histone exchange, eviction and enabling/restricting histone 

octomer sliding (Zhang et al. 2006). The ATPases Baf60c and Brg1 are expressed in 
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mouse retinal progenitor cells (Lamba et al. 2008) and a nonsense mutation of the Brg1 

gene results in abnormal retinal differentiation in zebrafish (Gregg et al. 2003). Baf60c is 

re-expressed in proliferating adult mouse Müller glia following neurotoxic retinal injury 

(Lamba et al. 2008). In the rat retina, SMARCA2/BRM promotes RGC differentiation by 

facilitating Pou4f2 expression and inhibiting Notch signaling (Das et al. 2007). Tissue-

specific and possibly even cell-specific ATP-dependent chromatin remodeling 

complexes, in combination with cell-specific transcription factor binding, have the 

potential to serve important functions in gene regulation. 

Non-coding RNAs: functions in the retina 
 

Non-coding RNAs, including short interfering RNA (siRNA), microRNA 

(miRNA) and piwi-interacting RNA (piRNA), also function to regulate gene expression 

either at the level of transcription or post transcriptionally (Bartel 2004; Cai et al. 2009; 

Guil & Esteller 2009; Sato et al. 2011). MicroRNAs and siRNA are two classes of short 

non-coding RNAs (18-25 nucleotides) that both function in the post-transcriptional 

regulation of gene expression (Lagos-Quintana et al. 2001). Mature miRNA and siRNA 

are generated through cleavage by the RNaseIII enzyme DICER (Giraldez et al. 2006; 

Grishok et al. 2001). The largest class of small non-coding RNAs is the piRNA group. 

They are larger in size (24-30 nt) and are the only form of non-coding RNA that has not 

been found in plants (Aravin et al. 2006; He et al. 2011). Biogenesis of piRNAs is not 

fully understood, however the mechanism is Dicer independent but dependent on Piwi-

class Argonate proteins (Houwing et al. 2007; Klattenhoff & Theurkauf 2008). Genetic 

studies in mice show that piRNA are essential for germline development, sex 
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determination (Aravin et al. 2006; Klattenhoff & Theurkauf 2008) and may function in de 

novo methylation and transposon silencing (Aravin et al. 2008; Watanabe et al. 2011).  

Gene expression regulation through miRNA contributes to regulation of 

development and tissue pattern formation (Davis et al. 2011), restriction of cell 

differentiation potential (Li & Jin 2010; Mallanna & Rizzino 2010; Nakahara & Carthew 

2004), cell signaling (Ichimura et al. 2011) and carcinogenesis (Lu et al. 2005). A recent 

study has revealed a function of Dicer for the developmental change in competence of 

retinal progenitor cells in the mammalian retina. In the retinae lacking Dicer 

(Dicerflox/flox/Dkk3+/cre) there was a massive loss of retinal progenitors due to increased 

apoptosis (Davis et al. 2011; Iida et al. 2011). Conditional knockout of Dicer in the 

mouse retina using α-Pax6cre resulted in increased differentiation of early generated 

neurons (ganglion and horizontal cells) without changing proliferation of retinal 

progenitor cells (Georgi & Reh 2010). In addition, late-born neurons, rod photoreceptors 

and Müller glia failed to differentiate, a finding that could be only partially explained by 

the increase in apoptosis. Together, these data point to the importance of Dicer and 

miRNAs in modulating the differentiation of early versus late-born retinal cells as well as 

in retinal progenitor and neuronal cell survival.  

A connection between DNA methylation and miRNA has been proposed, where 

miRNAs target DNMT 3a and 3b mRNA (Rajewsky 2006). In addition, miRNA have 

been proposed to be the triggers for de novo methylation by attracting DNMT3a (Novina 

& Sharp 2004). In the mouse primordial germ line, miR29b inhibits DNMT3a and 

DNMT3b, thus interferes with de novo methylation required for female gonad formation 

(Takada et al. 2009). A study of Dicer null mice has shown that lack of miR29, repressed 
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Dnmt3a and Dnmt3b, through its regulation of Rbl2 (Benetti et al. 2008). In lung cancer, 

exogenous miRNA-29 targeting DNMTs reverses methylation thus enabling re-

expression of tumor suppressor genes (Fabbri et al. 2007). In addition to miRNA 

regulating DNA methylation, multiple studies have shown that miRNA biogenesis can be 

regulated by DNA methylation as well (Sato et al. 2011). Post-transcriptional regulation 

of DNMTs by miRNAs and the direct recruitment of DNMTs to the genome by piRNAs 

and miRNAs demonstrate a strong link between non-coding RNAs and DNA methylation 

initiation.  

Conclusions: epigenetic regulation of neurogenesis, gliogenesis and 
retinal gene expression 
 

DNA methylation plays an important role in defining the timing of neural 

progenitor cell (NPC) fate specification switch from neurogenesis to astrogenesis. 

Contrary to the prevailing idea that DNA methylation is a permanent mark of cellular 

memory that locks a cell to a particular phenotype, recent studies have shown a quite 

dynamic nature of DNA methylation (Kangaspeska et al. 2008; Metivier et al. 2008; 

Miller & Sweatt 2007). In NPCs, the promoter of the astrocyte-specific gene, glial 

fibrillary acidic protein (GFAP), is hypermethylated (Hatada et al. 2008) preventing the 

gp1300-STAT3-Smad complex from binding to its target sequence in the promoter and 

thus prevents NPCs from differentiation into astrocytes (Takizawa et al. 2001). After 

neurogenesis is complete, the GFAP promoter becomes demethylated allowing 

upregulation of GFAP expression and driving astrocyte differentiation. To date, the role 

of DNA methylation in regulation of Müller glia differentiation has not been addressed. 
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Chapters 2 and 3 will present and discuss some evidence for DNA methylation regulated 

gene expression in Müller glia. 

Unlike Müller glia in the retina and astrocytes in the adult brain, neural stem cells 

(NSCs) in the adult dentate gyrus of the hippocampus are capable of continuous 

generation of new functional neurons throughout adult life (Lledo et al. 2006; Ming & 

Song 2005). This process of adult hippocampal neurogenesis is essential for learning, 

memory formation and mood regulation (Drapeau et al. 2003; Zhao et al. 2008). A study 

of fear-induced changes in memory formation was the first to provide evidence that DNA 

methylation is dynamically regulated in adult NSC and a crucial regulatory mechanism 

for adult neurogenesis (Miller & Sweatt 2007). Additional studies have supported the 

essential role of DNA methylation in adult neurogenesis. Mice lacking methyl-CpG 

binding protein 1 (Mbd1) exhibit decreased hippocampal neurogenesis and impaired 

spatial learning (Zhao et al. 2003). In the hippocampus of adult Mbd1-/- mice, NSCs 

exhibit reduced neuronal differentiation, suggesting that DNA methylation is essential for 

adult neurogenesis (Zhao et al. 2003). Furthermore in the brains of Mbd1 null mice, 

hypomethylation of the Fgf2 promoter is linked to over-expression of FGF2 that in turn 

inhibits NSC neuronal differentiation (Li et al. 2008). This result is consistent with the 

well-established role of FGF2 in regulating proliferation and inhibiting differentiation of 

NSCs. It has also been suggested that the co-binding of DNA-methyl binding protein, 

MeCP2 and SOX2 can mediate epigenetic regulation of miR-137, which in turn regulates 

a switch between NSC proliferation and differentiation (Szulwach et al. 2010).  

Although there has been significant progress in understanding the role of DNA 

methylation in maintaining progenitors during development, much less is known about 
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the role of DNA methylation in adult neurogenesis. Pluripotency markers such as Sox2 

and Klf4 are expressed in adult neuronal progenitors and their promoters are free of 

methylation (Eminli et al. 2008). The similarity of neural stem cells to pluripotent cells 

was confirmed by the finding that expression of Pou5f1, induced by the DNA 

methylation inhibitor 5-azacytidine (AzadC), was sufficient to reprogram adult NSCs into 

pluripotent cells (Kim et al. 2009a; Kim et al. 2009b) 

Discussion 
 

Despite the growing evidence of a role for epigenetic regulation of gene 

expression in retinal development, our knowledge is still quite limited. It is evident that 

gene expression regulation goes far beyond the interactions between classical 

transcription factors and the DNA sequence itself. The functional interaction between 

extracellular signaling and the intrinsic lineage-specific TFs elaborates the idea of 

insufficiency of a single activator to specify cellular identity and reveals a cooperative 

interaction between multiple, cell specific DNA-binding TFs and chromatin remodeling 

mechanisms to specify retinal cell fate. Genome-wide analysis is beginning to reveal the 

vast complexity of the epigenome and how epigenetic mechanisms, including DNA 

methylation, histone modifications and non-coding RNAs form a feedback network 

allowing for the organization of a cell specific gene expression profile.  

The main focus of the work presented in this dissertation is to understand and test 

strategies to overcome the neurogenic limitation of Müller glia and enhance their 

potential to serve as a source for retina regeneration. The following chapters will present 

the experiments and data in support for a role of DNA methylation in the transcriptional 

regulation of pluripotency and RGC specific genes. In restoring vision using stem cell-
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based approaches, one important step will be to re-establish the topographic mapping of 

the retina in the visual centers of the brain. For this, understanding the transcriptional 

regulation of axon guidance genes is essential. In chapters 3 and 4 the regulation of genes 

involved in retinal ganglion cell axons by DNA methylation and WNT signaling, 

respectively will be described.  
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Figure 1.1. Mammalian eye morphogenesis. 
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Figure 1.1. Mammalian eye morphogenesis (legend). 
 Schematic diagram of a coronal section through the right half of the rostral portion of a mouse 

embryo showing the morphological changes and the origins of the functional/structural domains 

of the (A) optic vesicle (embryonic day 9-10) and (B) optic cup (embryonic day 11-12). 

A. The optic vesicle forms from bilateral evagination of the neuroepithelial layer of the 

diencephalon, a process that requires the retinal and anterior-fold homeobox (Rax/Rx) 

transcription factor. Co-expression of the transcription factors Vsx2 (Chx10) and Rax defines 

the area of the optic vesicle that will give rise to the neural retina (pink), whereas the retinal 

pigmented epithelium (RPE) (green) is marked by Mitf and the optic stalk (orange) by SHH 

and Pax2 expression. Contact between the optic vesicle and the overlying head ectoderm 

induces the lens placode, characterized by the thickening in the ectodermal layer (dark gray). 

The lens placode secretes growth factors in a Pax6-dependent manner to induce the 

prospective retina in the apposed region of the optic vesicle.  

B. The lens placode invaginates to form the lens pit, which subsequently buds off to form the 

lens. The retina evaginates to form the bilayerd optic cup. New data suggests that the 

neuroepithelium may carry an internal self-directing program for optic cup formation. Figure 

adapted from Fuhrmann 2010. Note Pax6 is not shown in the diagram. 
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Figure 1.2. Ipsilateral and contralateral axon guidance patterns in the mouse and human 
visual system 
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Figure 1.2. Ipsilateral and contralateral axon guidance patterns in the mouse and human 
visual system (legend) 

  
A. In the mouse retina EphB1 expression is the highest in the temporal-ventral region (dark blue), 

whereas in the rest of the retina its expression is lower (light blue). Axons expressing high 

levels of EphB1are repelled at the optic chiasm, a signal mediated through EphB1-ephrin-B2 

(dark blue triangle) binding, so that they project ipsilaterally (solid red line). EphA5 is 

expressed in an increasing nasal-temporal retinal gradient (red to pink) and its ligand ephrin-

A5 is expressed in an increasing anterior-posterior gradient in the superior colliculus (red 

gradient). High levels of EphA5 / low EphB1 in the temporal axons signal for their termination 

at the anterior superior colliculus (low ephrin-A5) (red line with blue outline). Low levels of 

EphA5 / low EphB1 in the nasal axons signal for their termination at the posterior superior 

colliculus (SC) (high ephrin-A5) (light red lines with blue outline). 

B. In the human retina EphB1 expression is the highest in the temporal retina (dark blue) and 

lowest in the nasal retina (light blue). EphA5 is expressed in an increasing nasal-temporal 

retinal gradient (red to pink), with the expression being highest in the central retina and its 

ligand ephrin-A5 is expressed in an increasing anterior-posterior gradient in the SC (red 

gradient). Axons from the central retina, expressing high levels of both EphB1/EphA5 are 

repelled at the optic chiasm, a signal mediated through EphB1-ephrin-B2 (dark blue triangle) 

binding, so that they project ipsilaterally (solid red line) to the anterior SC. Where central 

retina axons with high EphB1 / low EphA5 will cross and terminated at the anterior SC (red 

line with blue outline). High levels of EphA5 / low EphB1 in the temporal axons signal for 

their termination at the anterior superior colliculus (low ephrin-A5) (red line with blue 

outline). Low levels of EphA5 / low EphB1 in the nasal axons signal for their termination at 

the posterior superior colliculus (high ephrin-A5) (light red lines with blue outline). 
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Figure 1.3. Epigenetic mechanisms for gene regulation. 

 
A. Methylated CpG sites within TF binding sites may interfere with TF binding. 

B. Methylated CpGs result in more compact chromatin structure that may interfere with the 

accessibility of TF to their binding sites. 

C. Methyl binding proteins (MBP), such as MeCP2, MBD1-7, may block the access of TF to 

their binding sites. Additionally, MBP recruit additional chromatin modifiers such as histone 

deacetylases (HDAC), Sin3/REST repressor complex that also associates with Polycomb 

proteins (PCG), histone methyltransferases (HMT) and ATP-ase chromatin modifiers such as 

SWI/SNF/Brg1. This complex machinery together with DNMTs function to epigenetically 

silence genes. Figure adapted from Vaissiere et al. 2008. 
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CHAPTER 2 

DNA methylation and BDNF are needed for reprogramming 
and dedifferentiation of Müller glia derived stem cells 

Abstract 
Increasing evidence suggests that Müller glia can function as stem cells in the adult 

mammalian retina. However, their ability to proliferate, dedifferentiate and generate 

retinal neurons is limited. The mechanisms imposing these limitations are poorly 

understood. This study tested the roles of DNA methylation and brain derived 

neurotrophic factor (BDNF) in regulating gene expression and differentiation potential of 

Müller-derived retinal stem cells. Conditionally immortalized mouse Müller glia 

(ImM10) were cultured as spheres in serum-free medium with 20 ng/ml EGF and FGF2 

for 5 days, with 0 or 10 µM 5-Aza-deoxycytidine (Aza) for the last 48 hours. Following 

priming with 20 ng/ml EGF, cells were cultured for 5 or 25 days in differentiating 

medium containing 0 or 20 ng/ml BDNF, without Aza (n=3 for each condition). 

Following differentiation, mRNA and protein expression were analyzed by quantitative 

RT-PCR and immunohistochemistry. In differentiation cultures without Aza 

pretreatment, BDNF (5 days) significantly increased expression of 14 of 16 genes tested 

vs. no BDNF controls (p=0.001). Increased genes included pluripotency [Pou5f1 (3.8 

fold), Nanog2 (only detected in BDNF treated cells), Sox2 (2.6-fold)], retinal ganglion 

cell-specific [Atoh7 (93-fold), Pou4f2 (>10,000 fold), Pou4f3 (152-fold), Isl1 (only 

detected in BDNF treated cells)] and retinal pigment epithelium genes [Rpe65 (only 

detected in BDNF-treated cells), Bestrophin1 (143-fold)]. Cralbp increased (21-fold), but 

expression of Vimentin was unchanged. Prior Aza treatment increased expression of the 
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same gene-set, but yielded larger increases for Pou4f2 (1.15-fold), EphB2 (1.25-fold) and 

Mitf (2-fold) (p=0.001 vs. BDNF without Aza). In long-term cultures (25 days) in BDNF, 

with or without prior demethylation, mRNA expression of all genes up-regulated at 5 

days declined significantly (p=0.009), except for Mitf (4.15-fold) and EphB1 (6.55-fold), 

which were induced in demethylated samples (p=0.001 vs. 5 day BDNF controls without 

Aza). For both AzdC treated and untreated groups, immunostaining revealed increased 

expression of PAX6 (day 5 and 25) and ZO1 (day 25) with BDNF differentiation. This 

data suggests a role of BDNF in regulation of pluripotent, RGC developmental and 

retinal pigment epithelium specific genes. The additive effect of BDNF treatment and 

DNA demethylation resulted in the upregulation of RGC specific genes. This finding is 

consistent with epigenetic mechanisms posing limitations on the neurogenic potential of 

Müller glia in vitro. Reversing epigenetic silencing of neuronal genes together with 

enhancing neuronal survival offers a potential strategy for increasing neurogenesis from 

Müller-derived stem cells and possible transdifferentiation to neuroepithelial cells. 
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Introduction: Remembering glial fate, neurogenesis and 
transdifferentiation 
 
 
 Degenerative retinal diseases such as glaucoma affect large numbers of the 

world’s aging population and glaucoma is currently one of the leading causes of 

irreversible blindness worldwide. While treatments are successful at decelerating the 

progression of the disease, there is no cure for this disorder. There is an increasing need 

for successful retina and optic nerve regeneration, which will allow for vision restoration.  

 Unlike fish and amphibians, mammals lack the ability of spontaneous retinal and 

optic nerve regeneration. A growing body of evidence collected from both in vivo and in 

vitro experiments show that in the adult mammalian retina Müller glia have certain stem 

cell-like characteristics (Bhatia et al. 2009; Dyer & Cepko 2000; Karl et al. 2008; Ooto et 

al. 2004; Otteson & Phillips 2010c; Wohl et al. 2009). Following injuries in vivo Müller 

glia become reactivated, begin to proliferate and can either generate glial scars or 

manifest characteristics of retinal stem cells (Dyer & Cepko 2000; Karl et al. 2008; 

Otteson & Phillips 2010; Wohl et al. 2009; Phillips & Otteson 2011).  In addition, 

following growth factor treatment [e.g. epidermal derived growth factor (EGF), fibroblast 

growth factor 2 (FGF2), a small subset of the proliferating Müller glia give rise to retinal 

neurons (Karl et al. 2008; Wan et al. 2008). Studies in our lab of immortalized Müller 

glia isolated from postnatal 10 (P10) mouse retina (ImM10) have shown that the cells 

share similarities in their expression profile with retinal progenitor cells as they express 

Pax6, Dkk3, Hes1 and Sox2 (Otteson & Phillips 2010). Similarly, immunohistochemistry 

of the uninjured adult mammalian retina showed that Müller glia express SOX2, PAX6 
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and NOTCH1 (Bhatia et al. 2009; Fischer et al. 2010; Lin et al. 2009). When cultured in 

the presence of EGF/FGF, the cells proliferate and form spheres typical of neural stem 

cells (Bazan et al. 2004; Deleyrolle & Reynolds 2009). Under sphere-forming conditions 

ImM10 cells express additional retinal progenitor markers Msi1, Nestin, Ccnd1 and Six3, 

further increasing their “stemness” (Phillips & Otteson 2011). Furthermore, under 

differentiating conditions, supplemented with FGF, the cells begin to express retinal 

neuronal markers typical of photoreceptors (e.g. Crx, Opn1, Rcvrn), and pigmented 

RGCs (Opn4) (Phillips & Otteson 2011). Nonetheless, Müller glia’s ability to proliferate 

and generate neurons, particularly those in the early cohort of retinal neurons, such as 

RGCs, is currently insufficient for developing clinically useful regeneration therapies.  

The first requirement for Müller glia driven regeneration in the adult mammalian 

retina would be to increase the cells’ proliferative potential. Müller glia proliferate 

robustly in vitro when provided growth factors (e.g. serum, EGF/FGF2), but this ability 

declines with age (Phillips & Otteson 2011). An ex vivo approach would require 

generation of multiple cell lines from post-mortem eyes to generate tissue-type matching 

for transplantation. This would further reduce the clinical feasibility of this approach. In 

vivo, injury stimulates proliferation of Müller glia that is limited to one or at most two 

cell divisions (Karl & Reh 2010; Ooto et al. 2004). Mitogen (FGF, EGF) treatments can 

slightly enhance proliferation of Müller glia in vivo and result in limited photoreceptor 

and amacrine cell genesis (Karl et al. 2008). However, since Müller glia make up 

approximately 5% of all retinal cells (Jeon et al. 1998; Young 1985), larger cell numbers 

will be needed for success in in vivo regeneration.   
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The second requirement, which may prove even more challenging, is to enhance 

the pluripotency of Müller glial-derived progenitors. Recently it has been demonstrated 

that mammalian fibroblasts can be reprogrammed to induced pluripotent stem (iPS) cells 

and when transplanted can incorporate into the adult mouse retina giving rise to rod 

photoreceptors. Müller glia express some of the transcription factors (Sox2) needed to 

generate iPS cells (Ahmad et al. 2004; Jadhav et al. 2009; Roesch et al. 2008), but no one 

has tested whether adult mammalian Müller glia can be reprogrammed to iPS cells. A 

study conducted on forebrain-derived neurospheres showed that blocking both DNA 

methyltransferases and histone deacetylases reactivated expression of pluripotency genes 

(e.g. Oct4, Nanog, Klf4) and neuronal genes (e.g. Nestin) (Ruau et al. 2008). 

Interestingly, unlike iPS and ES cells, forebrain-derived neurosphere cells induced to 

express pluripotent factors through blocking DNA methyltransferases did not form 

teratomas (Ruau et al. 2008). This indicates that demethylation may be a strategy to 

reprogram differentiated cells (e.g. Müller glia) and enhance their stem cell 

characteristics without incurring the risks associated with full pluripotency.  

If we can generate sufficient numbers of progenitor-like cells from Müller glia, 

the next steps for RGC genesis will be to guide the cells towards choosing RGC fate and 

increase neuronal survival. In the retina, the six neuronal cell types and the Müller glia 

are derived from a common progenitor cell population (Cepko et al. 1996; Turner & 

Cepko 1987; Turner et al. 1990). The competence of progenitors to differentiate into 

particular types of neurons are signaled partially by transcription factors and extrinsic 

signals in a timely and chronological pattern. In the mouse retina, transcription factor 

Atoh7/Math5 is required for differentiation of the majority of retinal ganglion cells. 
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Targeted deletion of Atoh7 in mice leads to 80% loss of RGCs and optic nerve aplasia, as 

well as increases in the numbers of amacrine cells (Wang et al. 2001). Although Atoh7 

directly regulates expression of a network of genes (e.g. Pou4f2/Brn3b) that specify the 

RGC fate, it is expressed only transiently in retinal progenitor cells (RPCs) as they 

withdraw from the cell cycle and is down-regulated as they differentiate into RGCs (Le et 

al. 2006). To generate RGCs from Müller glia or another cellular source will require that 

Atoh7 and the components of the downstream regulatory network are up-regulated in a 

timely manner. Therefore, it is important to understand the mechanisms regulating Atoh7 

expression and what silences this gene in Müller glia. 

The final step for RGC regeneration will be to provide the intrinsic and extrinsic 

axon guidance cues necessary to promote RGC axon outgrowth and connectivity.  

Analysis of gene expression in Müller glia has shown that the cells endogenously express 

several axon guidance genes (e.g. Ephrin-A3, Wnt4, Ryk, Slit, Robo, and Neuropilin2) 

(Roesch et al. 2008). In ImM10 cells cultured under differentiation conditions, mRNA 

expression of axon guidance genes Sema4d, NrCam, Slit2 and Robo1 is up-regulated 

(Phillips & Otteson 2011). However, the expression of additional retinal patterning genes 

will likely be needed to reestablish the visual map in the visual centers of the brain. One 

such family of genes is Eph receptors. EphB1 is one of the earliest expressed by the 

pioneering retinal axons and functions to guide the pathfinding of ipsilateral axons at the 

chiasm (Petros et al. 2008; Petros et al. 2009). For a detailed description, refer to the 

section on axon guidance in Chapter One.  

There is growing evidence that epigenetic mechanisms, such as DNA methylation 

and histone tail acetylation, play a role in the transcriptional regulation of neuronal genes 
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(Feng et al. 2007; Meissner et al. 2008) and in regulating the switch between 

neurogenesis and gliogenesis (Hirabayashi et al. 2009). DNA methylation and histone 

acetylation are epigenetic mechanisms regulating gene transcription in progenitor cells 

during differentiation and development (Yeo et al. 2007). An increase in both DNA 

methylation and histone deacetylation is associated with gene silencing. Recent studies 

have shown that both epigenetic mechanisms are involved in the dynamic regulation of 

cell specific genes during neuronal development (Meissner et al. 2008). These results 

suggest that gene-specific DNA methylation could be one mechanism preventing the 

activation of neuronal genes in Müller glia. Many key cell-fate specification genes 

contain regions of high CpG density, known as CpG islands, in their promoters and can 

be regulated by differential CpG methylation (Bird 2002). Atoh7 and the Eph receptor 

genes all contain extended CpG islands and are candidates for regulation by DNA 

methylation.  

Brain-derived neurotrophic factor (BDNF) signaling components are essential for 

neuronal survival and differentiation, axon guidance and synaptic formations (Huang & 

Reichardt 2001; 2003). In the mammalian retina, BDNF is produced by cells in the INL 

and RGCs (Bennett et al. 1999; Perez & Caminos 1995). In addition, BDNF is delivered 

to the retina via retrograde transport through RGC axons from postsynaptic cells in the 

superior colliculus (Lom et al. 2002; Ma et al. 1998). BDNF signaling is mediated 

thorough binding to two receptors, the high affinity Trkβ (tropomyosin-related kinase β) 

(Ip et al. 1993; Teng & Hempstead 2004) and low affinity p75 neurotrophin receptor 

(p75NTR), a tumor necrosis factor family member (Rodriguez et al. 1999; Roux & Barker 

2002). BDNF binding to the Trkβ receptor activates the Ras-mitogen-activated protein 
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kinase (Ras-MAPK-ERK1/2) and phosphatidy-inositol 3-kinase–protein kinase B/AKT 

(PI3K-AKT) intracellular signaling pathways, which regulate cell proliferation, survival 

and neurogenesis (Chao 2003; Huang & Reichardt 2003; Islam et al. 2009; Lim et al. 

2007). Binding of neurotrophins to p75NTR can activate either apoptotic pathways (Song 

et al. 2005) or the RhoA/Cdc42 pathway that is linked to cell survival and neurogenesis 

(Teng & Hempstead 2004).  

BDNF receptors Trkβ and p75NTR are expressed in RGC, dopaminergic amacrine 

cells (AC), Müller glia and retinal pigment epithelium (RPE), but not in rod 

photoreceptors and bipolar cells (BC) (Grishanin et al. 2008; Harada et al. 2011; Pinzon-

Duarte et al. 2004; Rohrer et al. 1999; Ugolini et al. 1995; Wahlin et al. 2000). Targeted 

deletion of Trkβ in the developing retina using Six3Cre diminishes differentiation of 

dopaminergic amacrine cells while the rest of retinal development proceeds in an 

apparently normal fashion (Grishanin et al. 2008). Although signaling through the TrkB 

receptor does not seem to be essential for the bulk of retinal development, it does play a 

significant role in RPE differentiation. BDNF/ Trkβ signaling is required for 

differentiation of pigmented cells in substantia nigra (Hyman et al. 1994) and RPE (Liu et 

al. 1997). In the developing Xenopus eye, both the retinal neuroepithelium and the 

differentiating RPE show colocalized expression of BDNF and Trkβ (Liu et al. 1997). 

Blocking BDNF signaling in vitro in the developing RPE inhibits its differentiation, and 

expression of a dominant negative Trkβ caused severe loss of RPE and pigmentation, 

together with decreased or absent CRALBP labeling (Liu et al. 1997).  

 BDNF signaling also plays a key role in RGC survival during visual system 

development and following injury. In vitro studies have shown that treating retinal 
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explants with BDNF increases RGC survival by 64% (Pinzon-Duarte et al. 2004). 

Survival of other retinal neurons was also enhanced: horizontal cells (HC) (20%) and AC 

(19%) and in Müller glia there was a down-regulation of GFAP and no change in 

vimentin (Pinzon-Duarte et al. 2004). In vivo intravitreal injection of BDNF, following 

optic nerve injury, increases survival of RGC by 42% as compared to the untreated 

injured retina (Mansour-Robaey et al. 1994).  

Consistent with previous reports, findings in our lab show a role for DNA 

methylation in the transcriptional regulation of neuronal genes, and more specifically of 

RGC genes. My hypothesis for the studies in this chapter was that DNA demethylation 

could enhance ImM10 cell de-differentiation and promote re-differentiation toward RGC 

fate. The objective was to establish the expression and methylation patterns of RGC 

determining and RGC-specific genes in ImM10 cells and to test whether that status could 

be modulated through the reversal of DNA methylation. To investigate the role of DNA 

methylation in regulation of RGC specific genes in ImM10 cells, the methylation and 

expression levels of Atoh7 and EphB1were determined first in ImM10 cells, second, in 

spheres derived from them and third, in spheres subjected to demethylation. It was shown 

that DNA demethylation up-regulates expression of pluripotency related genes and RGC 

related genes (Atoh7, EphB1, EphA5, Isl1 and Pou4f3). To enhance their differential 

potential and neuronal survival ImM10 derived cells were cultured in the presence of 

BDNF alone, where pluripotency and RGC specific genes were further up-regulated. 

Surprisingly DNA demethylation did not aid in additional gene expression up-regulation. 

Interestingly, DNA methylation is required for the BDNF induced retina progenitor cell 

fate switch, proliferation and epithelial morphology. 
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Materials and methods 

Cell culture 
 

The experiments in this study used the ImM10 conditionally immortalized, mouse 

Müller glia cell line (Otteson & Phillips 2010b). ImM10 cells were maintained in 

immortalizing conditions in Neurobasal growth medium containing 2% FBS, B27 

supplement, 20 mM L-glutamine, 50U/ml IFNγ and Pen/strep antibiotics at 33oC as 

described previously (Otteson & Phillips 2010c; Petkova et al. 2011). For all 

experiments, cells were cultured in non-immortalizing conditions: 39oC without IFNγ, 

thereby eliminating expression of the immortalizing, temperature-sensitive SV40 large T-

antigen. For sphere generation, cells were grown for 5 days in serum-free Neurobasal 

medium, supplemented with B27; biotin, 100 mg/L; human transferrin, 5000 mg/L; 

insulin, 500 mg/L; hydrocortisone, 0.36 mg/L; L-glutamine, 20 mM; EGF and FGF2, 20 

ng/ml each, and penicillin/streptomycin). Unless otherwise specified, cell culture reagents 

and supplements were from Gibco/Invitrogen (Carlesbad, CA) and growth 

factors/cytokines (BDNF, EGF, FGF2 and IFNγ) were from PeproTech (Rock Hill, NJ).  

Demethylation and differentiation assay of ImM10 cells 
 

ImM10 cells were grown to confluence in growth medium in 100 mm culture 

plates, harvested by trypsinization and split 1:3 into 100 mm dishes and cultured for 5 

days in sphere-forming media under non-immortalizing conditions (Fig. 2.1). For 

demethylation, 5-aza-2’-deoxycytidine (Aza, Sigma; St. Louis, MO) at 1 or 10 µM final 

concentration or vehicle (PBS) was added for the final 48 hours of sphere cultures, with 

100% media changes at 24 hour intervals to insure continued activity of the Aza. At day 



 

   110 

5, spheres were harvested for combined genomic DNA and RNA extraction or re-plated 

for differentiation assays.  

For all differentiation assays, sphere cultures were generated as described above 

(with or without Aza) and transferred to a new 100mm culture dish into priming media 

consisting of Neurobasal medium with M5 supplement (biotin, 100 mg/L; human 

transferrin, 5000 mg/L; insulin, 500 mg/L; hydrocortisone, 0.36 mg/L), 20 mM L-

glutamine, penicillin/streptomycin and 20 ng/mL EGF and cultured in the absence of Aza 

for 3 days at 39o C. The priming step was adapted from previously published methods 

(Phillips & Otteson 2011, Angenieux et al. 2006). Following 5 day of priming, cells were 

trypsinized, counted, and plated onto culture plates or glass cover slips coated with poly 

d-lysine/laminin for differentiation cultures. Cell density was 1000 cell/well on 96-well, 

cell culture plates used for immunohistochemistry and confocal microscopy imaging. For 

mRNA extraction, cells were plated at a density of 120,000 cells/well in 6-well cell 

culture plates. Differentiation cultures were maintained in Neurobasal medium containing 

B27 supplement without retinoic acid, 20 mM L-glutamine, pen/strep and 20 ng/mL brain 

derived neurotropic factor (BDNF, PeproTech; Rock Hill, NJ) for at 39º C, with 100% 

media changes every 2-3 days. Cells were harvested after 5 or 25 days in culture for 

mRNA extraction or fixed with 4% paraformaldehyde for immunohistochemistry. 

Animals and retinal dissection 
 
 All animals were handled in accordance with the Animal Care Policies of the 

University of Houston and the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research. Mice were maintained in a 12-hour dark / 12-hour light cycle with 

food and water ad libitum. Adult animals were euthanized by halothane inhalation, 
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followed by cervical dislocation; postnatal day 0 (P0) animals were euthanized by 

hypothermia followed by decapitation. For collection of embryonic day 17.5 (E17.5) 

retinas, mice were mated overnight; the presence of vaginal plug was marked as E0.5. 

For P0 eyes used for isolating nasal/temporal and dorsal/ventral retinal samples, the 

ocular orientation was marked with ink prior to enucleation. Following enucleation, eyes 

were rinsed twice in 70% ethanol, followed by two rinses in sterile PBS prior to removal 

of the anterior segment. The eyecup was placed in pre-warmed CO2 independent medium 

and the anterior chamber was removed. For isolation of whole retina (E17.5, P0 and 8 

months), the retina was dissected free of the pigmented epithelium. For analysis of spatial 

expression and DNA methylation, the eyecup was cut into thirds on either side of the 

optic nerve head and retina dissected free of the pigmented epithelium. To obtain the 

nasal and temporal retinal samples, the cuts were along the dorsal/ventral axis. To obtain 

the dorsal and ventral retinal samples, the cuts were along the nasal/temporal axis. 

Genomic DNA and RNA isolation 
 

Total RNA and genomic DNA (gDNA) from ImM10 cells and isolated retinas 

were isolated using AllPrep DNA/RNA columns (Qiagen; Valencia, CA) according to the 

manufacturer’s instructions. Briefly, cells, whole retina or retinal nasal, temporal, dorsal 

or ventral thirds were lysed in a guanidine hydrochloride buffer. Homogenized through a 

20-gauge needle and loaded onto affinity columns that retain gDNA, but not RNA. The 

flow-through from the first column containing total RNA was purified using RNeasy 

mini spin columns (Qiagen; Valencia, CA), eluted in RNAse free buffer and stored at -

80°C. Genomic DNA retained in the first column was washed and eluted in Tris buffer 

and stored at -20°C. Nucleic acids were quantified by spectrophotometry (Nanodrop; 
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ThermoScientific, Wilmington, DE) and RNA quality was assessed using an RNA 6000 

NanoChip on a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). The range of 

RNA integrity numbers (RIN) for samples used for analysis of gene expression was 7-10, 

with 10 being the highest possible score. 

Quantitative RT-PCR 
 

For each sample, RNA was assayed by quantitative RT-PCR (qRT-PCR) to 

determine expression levels of genes of interest using gene specific primers (Table 2.1). 

For cDNA synthesis, total RNA (500 ng) was reverse transcribed using Affinity Script 

Reverse Transcription kit (Stratagene; La Jolla, CA) using oligo-dT primers. cDNA was 

diluted 1:20 and analyzed in triplicate reactions by quantitative RT-PCR using SYBR 

Green chemistry (Brilliant II Sybr; Stratagene; La Jolla, CA) on a Stratagene MX3500 

real-time PCR instrument. To compare mRNA expression between the experimental 

groups, relative quantities were calculated using the ∆∆Ct-method using Relative 

Expression Software Tool (REST) [http://www.gene-quantification.de] (Pfaffl et al. 

2002) and normalized to housekeeping gene (Rplp0, acidic ribosomal phosphoprotein P0) 

(Simpson et al. 2000). Three biological replicates were analyzed in triplicate for each 

RNA sample. 

Bisulfite sequencing 
 

Mouse genomic DNA (gDNA) was bisulfite converted using DNA 

EZmethylation Gold kit (Zymo Research; Orange, CA) according to the manufacturer’s 

recommendations. Briefly, 500 ng of gDNA were treated with CT conversion reagent at 

98° C for 10 min and 64° C for 2.5 hrs, followed by purification and desulphonation. 
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gDNA was eluted with 10 µl of M-elution buffer, quantified by spectrophotometry 

(NanoDrop, ThermoScientific, Wilmington, DE) and stored at -80° C. PCR primers were 

designed for bisulfite converted DNA using Methprimer 

[http://www.urogene.org/methprimer/index1.html] (Li & Dahiya 2002) (Table 2.1). 

Primer specificity for bisulfite converted DNA was verified by PCR amplification of SssI 

methylated and unmethylated, bisulfite converted plasmid DNA. Target sequences were 

amplified with two rounds of hot start PCR reaction using nested primers with Red Taq 

Genomic DNA Polymerase (Sigma; St. Louis, MO). The following cycling conditions 

were used: 2 min at 94°C, 35 cycles (30 sec at 94° C, 30 sec at 52°C, 2 min at 68° C), 5 

min at 68° C. Amplicons were purified using PCR affinity columns (QIAquick PCR 

purification kit; Qiagen; Valencia, CA), subcloned into pCR2.1 (Invitrogen; Carlsbad, 

CA), transformed into E. coli (DH5-alpha) and grown on LB agar plates containing 

kanamycin with X-gal/IPTG blue/white selection. For each condition, at least ten isolated 

colonies were picked and sequenced (Macrogen USA, MD). Sequences were compiled 

and compared using Quantification tool for Methylation Analysis (QUMA) 

[http://quma.cdb.riken.jp/] (Kumaki et al. 2008). Clones with less than 95% C to T 

conversion of non-CpG cytosine residues were excluded from analysis on the basis of 

incomplete bisulfite conversion. For methylation analysis of retinal samples, two 

biological replicates were analyzed. For methylation analysis of ImM10 cells, one 

biological sample was analyzed for each condition. A detailed bisulfite sequencing 

protocol is provided in Appendix 1. 
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Cloning EphB1 promoter 
 

Genomic DNA was isolated from C57Bl/6 mouse brains. Tissue was manually 

homogenized in isotonic sucrose buffer (0.1 M NaCl, 0.2 M Sucrose; 10 mM EDTA, 30 

mM Tris-HCl, pH 8.0), nuclei were pelleted, resuspended in lysis buffer [100 mM NaCl, 

100 mM EDTA, 50 mM Tris-HCl, pH8.0; 1% SDS; 1 mg/ml Proteinase K (Sigma)], 

incubated at 55oC overnight, phenol/chloroform extracted, ethanol precipitated and 

resuspended in TE. The 5’ flanking region of the EphB1 gene, amplified from genomic 

DNA using Pfu-Ultra High-Fidelity Taq polymerase (Stratagene) (primers: F: 5’-

AAGATTAGCTTA GGAAAGATTACGCTG-3’, R: 5’-

GAGCAGCAAGCAATCCAGGGCCATC-3’), was subcloned into pSC-B (Stratagene) 

and sequence verified (Macrogen). Deletion constructs, generated from the original 

genomic clones by PCR amplification using High-Fidelity Taq polymerase, were 

directionally subcloned into the Acc65I and XhoI sites of the CpG-free, pCpGL-basic 

luciferase vector (Klug & Rehli 2006).  

Immunohistochemistry 
 

For immunohistochemistry, cells were fixed with 4% paraformaldehyde (0.1M 

cacodylate buffer, pH 7.4) for 30 minutes, washed in PBS three times and blocked for 2 

hours (PBS containing 10% normal goat serum, 0.5% Triton-X100, 1% fish gelatin, 5% 

bovine serum albumin) prior to application of primary antibodies overnight at 4º C. See 

Table 2.2 for a list of primary antibodies, sources and dilutions used. Secondary 

antibodies conjugated to AlexaFluor488 or AlexaFluor568 (Molecular Probes, Eugene, 

OR) were diluted in blocking solution (1:200) and applied for 1 hour at room 

temperature. Cell nuclei were counterstained with Hoechst 33342 and cells imaged using 
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an Olympus IX71 inverted microscope and photographed with a monochrome, cooled 

CCD digital camera (Rolera-XR; Q-Imaging) or were imaged on a Nikon 80i laser 

scanning confocal microscope (Nikon Corp., Tokyo, Japan). Images were subsequently 

pseudo colored and assembled into montages using Adobe Photoshop software. For 

images taken with standard epifluorescence microscopy, all conditions were 

photographed using the same exposure times and identical adjustments to intensity and 

contrast were applied to all images within a single montage. Immunostaining and 

confocal imaging for RPE-specific proteins was performed by Dr. M. J. Phillips at the 

University of Wisconsin.  

Live/dead staining 
 

To assess cell viability cells were stained with calcein acetoxymethyl ester 

(calcein AM, 10 µM), ethidium bromide homodimer-1 (10 µM; Live/Dead, Invitrogen, 

Carlsbad, CA) together with a nuclear stain (Hoechst 33342; 1:2000; Invitrogen, 

Carlsbad, CA) for 20 minutes. Cells were viewed to confirm sufficient calcein AM 

staining, washed once with phosphate buffered saline (PBS, 10x) and imaged using 

epiflourescence microscopy. Sections were imaged with an Olympus IX71 inverted 

microscope and photographed with a monochrome, cooled CCD digital camera (Rolera-

XR; Q-Imaging). Images were subsequently pseudo colored and adjusted for contrast 

using Adobe Photoshop software. For each condition, three fields of view captured at 20x 

and the numbers of live (calcein AM, green), dead (EtBr, red) and total number of cells 

(Hoechst nuclear stain, blue) were counted and averaged. Viability percentage was 

calculated as the ratio of number of live cells to the total number of cells. Two biological 

replicates were analyzed.  
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Results 

Effect of Aza treatment on mRNA expression and promoter methylation of 
pluripotency and RGC related genes in ImM10 derived sphere cultures 
 

To understand what mechanisms are limiting Müller glia driven neurogenesis and 

in particular their inability to give rise to RGCs, first I asked whether ImM10 cells 

express pluripotency and RGC related genes. It has previously been shown that primary 

Müller glia and ImM10 cells express pluripotency associated transcription factor Sox2 

(Bhatia et al. 2011; Lin et al. 2009; Otteson & Phillips 2010a). Because demethylation of 

the Nanog2 and Pou5f1 promoters increases mRNA expression in neurospheres (Kim et 

al. 2009; Ruau et al. 2008), I tested whether 5-aza-2’-deoxycytidine (Aza) treatment had 

an effect on the expression of these genes in ImM10 cells. The cytosine analog Aza is a 

well known demethylating agent that functions by sequestering DNMT1 activity thus 

resulting in passive demethylation (Patra & Bettuzzi 2009) and is used pharmacologically 

in the treatment of cancer (Fu et al. 2010; Irizarry et al. 2009). 

First, multiple concentrations of cytosine analog Aza were tested for cytotoxicity 

in ImM10 cells using a colorometric assay that measures the converson of a soluble 

tretrazolium salt [3–(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) 

by the mitochondria of viable cells into an insoluble formazan precipitate (4,5-

dimethylthiazol-2-yl) 2,5-diphenyl-tetrazolium bromide). In MTT assays, I found 

minimal effects up to 100 µM (see Chapter 3, Fig. 3.7). To test the efficacy of Aza 

demethylation, methylation frequencies of H19, a paternally imprinted gene that is 

known to be demethylated by Aza treatment (El Kharroubi et al. 2001), were analyzed in 

ImM10 cells following 2 days treatment with Aza (0, 1, and 10 µM). Bisulfite sequencing 
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showed that Aza treatments of 1 or 10 µM resulted in a systematic and statistically 

significant demethylation of H19 (Fig. 2.2). 

I next asked whether Aza treatment had an effect on the expression of 

pluripotency genes in ImM10 cells. Aza treatment (1 and 10 µM) led to upregulation 

Nanog2 (2.79 and 4.01 fold, p<0.001 vs. no Aza 2.3A) and Pou5f1 (from no Ct to 36.32 

± 0.96 and 36.02 ± 0.36, Fig. 2.3 B). There was no statistically significant change in the 

expression of Sox2 in the samples treated with 1 µM Aza, but there was a 1.72 fold 

increase in samples treated with 10 µM (p=0.007 vs 0 Aza; Fig. 2.3 A).  

I next analyzed expression of genes regulating RGC differentiation in ImM10 

Müller glial cells with and without Aza demethylation. Quantitative RT-PCR analysis 

showed that ImM10 cells in growth medium and in sphere cultures did not express Atoh7 

(Fig. 2.4 A, B) or several other genes expressed in developing and mature RGCs (Pou4f2, 

Pou4f3, Isl1and EphB1) (Figs. 2.4 A, B; Fig. 2.5). Both Atoh7 and EphB1 mRNAs were 

up-regulated to detectible levels following demethylation (Fig. 2.4 A, B). Compared to 

untreated spheres, Aza treated spheres also up-regulated mRNA expression of two other 

genes expressed in mature RGCs: Isl1 (49.7-26.8 fold) and Pou4f3 (160.1-109.9 fold) 

(Fig. 2.5 A, B). Interestingly, Pou4f2 expression was unaffected by Aza treatment and no 

transcripts were detected in sphere cultures either with or without demethylation (Fig. 2.5 

A, C).  

 To test whether promoter DNA methylation was directly silencing RGC specific 

genes in ImM10 Müller glia, methylation status of genomic DNA isolated from sphere 

cultures with and without Aza demethylation was analyzed by bisulfite sequencing. 

These experiments focused on two genes: Atoh7, which regulates early RGC 
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differentiation and EphB1 which functions in axon pathfinding and connectivity of 

mature RGCs. The promoters of both Atoh7 and EphB1 were highly methylated in 

ImM10 cells. CpG dinucleotides in the Atoh7 promoter were 51% and 66% methylated in 

growth and sphere cultures respectively (Fig. 2.4 C). In the EphB1 promoter, methylation 

was 65% and 67% in growth and sphere cultures respectively (Fig. 2.4 D). For both 

promoters, Aza treatment reduced methylation. In sphere cultures, under non-

immortalizing conditions, a 2 day treatment with Aza (1 or 10µM) decreased methylation 

of both gene promoters (Figs. 2.4 C, D). Methylation of Atoh7 decreased from 65.7% to 

26.3-28.2% (p<0.001 vs. sphere cultures without Aza) and EphB1 decreased from 67.6% 

to 44.5-48.5% (p<0.001 vs. sphere cultures without Aza).  

Effects of Aza on ImM10 differentiation 
  

The re-expression of some pluripotency genes and of RGC-related genes 

following demethylation suggested that the differential potential of ImM10 derived cells 

may have been altered by demethylation. Before testing the effects of demethylation on 

the differential potential of ImM10 cells, I tested new culture conditions designed to 

enhance the generation of RGCs. An EGF priming step was added, based on a previous 

study that showed transient EGF priming of EGF/FGF2 generated spheres (from 

postnatal day 0-2 mouse retinal progenitors) promoted differentiation of neurons with 

RGC characteristics (Angenieux et al. 2006). In addition, I tested the effect of addition of 

BDNF to the differentiation cultures, based on its ability to promote RGC survival (Mo et 

al. 2002).  

Following EGF priming (no Aza/no BDNF cultures), the overall morphology of 

the cells was similar to ImM10 in growth conditions (Fig. 2.6 A) and the cells showed a 
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predominantly bipolar or multi-polar spreading morphology with large cell bodies and 

nuclei. Surprisingly, demethylation (Aza/no BDNF) did not result in an obvious change 

in morphology, although there was a general decrease in the overall size of most cells 

(Fig. 2.6 D). In contrast, when EGF primed cells were differentiated in the presence of 

BDNF (no Aza), there were dramatic morphological changes (Fig. 2.6 G, M, Fig. 2.7 A). 

At 5 days of culture there were clearly two morphologically different cell types: a 

population of cells resembling the morphology in the no Aza/no BDNF control (Fig. 

2.6A) and a second population of spindle shaped cells with smaller cell bodies and nuclei. 

The small spindle shaped cells also congregated in close proximity to each other, forming 

patches that were spread throughout the culture dish. The BDNF effect on cell 

morphology was dependent on the original methylation status of the ImM10 cells as 

demethylation with Aza blocked the BDNF effect on morphology (Fig. 2.6 J, P; Fig. 2.7 

D).  

There were also obvious differences in cell density between untreated and Aza 

treated samples differentiated in the presence of BDNF. Although all cells were plated at 

the same initial density, at both 5 and 25 days of BDNF differentiation, there were more 

cells in the cultures without Aza treatment (Fig. 2.7). To determine whether changes in 

confluency could be explained by increased cell death in the Aza treated samples cell 

viability was assessed using calcein AM (labeling live cells) / ethidium bromide (labels 

dying cells) staining (Fig. 2.6). After 5 days of differentiation, the viability of cells in all 

four culture conditions was similar. Cell counts showed that in the absence of BDNF, cell 

viability was 81.5% ± 1.02 (Fig. 2.6 A-C) in cultures without Aza, and 84.46% ± 0.8 

(p=0.46, Fig. 2.6 D-F) in the Aza-treated samples. In samples cultured for 5 days in the 
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presence of BDNF, demethylation resulted in a slight decrease in cell viability of 83.54% 

± 3.6 (Fig. 2.8 J-L, P-R) as compared to 89.47% ± 2.8s in the non-Aza treated samples, 

but this difference was not statistically significant (p=0.25, Fig. 2.6 G-I, M-O). Cell 

viability at 25 days in culture was not assessed. 

Gene expression in differentiation cultures 
 

To further analyze the effects of BDNF and Aza, I used quantitative RT-PCR and 

immunostaining to analyze expression of glial and neuronal genes. Despite clear 

morphological differences between cells treated with and without Aza, qRT-PCR 

analysis showed no changes in mRNA expression for the glial gene Vimentin (Vim) at 5 

days of in vitro differentiation (Fig. 2.8 A, Table 2.3) compared to no BDNF/no Aza. 

However, after 25 days in differentiation cultures (no Aza), BDNF treated cells showed a 

significant decline in Vim expression compared to 5 days in the same conditions. In cells 

treated with Aza, BDNF did not induce any significant changes in Vimentin mRNA 

expression at any time point, compared to no BDNF/no Aza. In contrast, BNDF treatment 

increased Pax6 mRNA expression at 5 days in cultures both with and without 

demethylation with Aza (Fig. 2.8 B, Table 2.3). Pax6 expression subsequently declined 

in cells with BDNF (without prior Aza treatment) (p=0.007 for 25 vs. 5 days with 

BDNF). In Aza treated cultures, Pax6 expression was increased more than 10-fold at 5 

days and remained elevated at 25 days. Immunohistochemistry confirmed the initial 

observation that in short term differentiation cultures (5 days), BDNF induced formation 

of two distinct cell populations. The larger cells showed low levels of both vimentin and 

PAX6 expression, with PAX6 primarily localized in the cytoplasm. The second 

population of small, spindle shaped cells had strong cytoplasmic staining for vimentin 
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and strong nuclear staining for PAX6 (arrowhead, Fig. 2.8 a-e). BDNF/no Aza cultures 

at 5 days differentiation had generally low neurofilament staining in both the PAX6 

positive and PAX6 negative cells (Fig. 2.9 A-E). 

Treatment with Aza prior to BDNF differentiation prevented the generation of the 

population of small cells with high PAX6 and high vimentin expression. In these 

samples, only large cells with low PAX6/low vimentin immunoreactivity were observed 

after 5 days of in vitro differentiation with BDNF (Fig. 2.7 f-j). In the Aza treated 

cultures, there was also a subpopulation of cells with low nuclear PAX6 expression that 

appeared to have somewhat higher NF expression (Fig. 2.9 F-J, large arrows).  

 In long-term differentiation cultures (25 days), the majority of cells showed 

stronger immunostaining for PAX6 and vimentin in BDNF- treated cultures, both without 

(Fig. 2.8 k) and with Aza (Fig. 2.8 p). Similarly, prolonged culturing increased the 

intensity of immunolabeling for neurofilament (NF) (Fig. 2.9 K, P). In the BDNF/no Aza 

cultures, there were occasional small, PAX6-negative cells expressing vimentin (Fig. 

2.8k-o, inserts) and NF (Fig. 2.9 K-O, inserts) that were surrounded by cells expressing 

high levels of nuclear PAX6. These rosette-like formations were absent in the Aza treated 

samples (Fig. 2.4 p-t and 2.5 P-T). However, there were still several distinct populations 

detected in the Aza/BDNF cultures, based on nuclear morphology, cell size and 

immunoreactivity. The most obvious cells were large flat and multipolar with 

morphology similar to Müller glia. These large cells were immunostained with antibodies 

against neurofilament and vimentin and showed both cytoplasmic and nuclear PAX6 

staining (Figs. 2.9 P-T). There were also more rare, but smaller cells with distinct nuclear 

PAX6 immunostaining, but with low neurofilament staining.  
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 Neuron specific β-tubulin, TUJ-1 immunolabeling was present in all cells in 

cultures without BDNF at 5 days, but was slightly more intense in Aza treated (Fig. 2.10 

D-F). In BDNF-treated cultures (without Aza), TUJ-1 immunoreactivity was present in 

all cells and showed a relatively diffuse pattern. Demethylation prior to BDNF 

differentiation resulted in more intense immunoreactivity to TUJ-1 (Fig. 2.10 M, P-R) as 

compared to samples that were not subjected to demethylation (Fig. 2.10 G, J-L). 

However, the presence of TUJ-1 immunoreactivity in the nuclei indicates nonspecific 

staining with this antibody, making interpretation of the staining patterns difficult. 

Antibodies against MAP2, a protein expressed in mature retinal neurons (Tropepe et al. 

2000), showed slightly more intense immunostaining in Aza treated cells cultured 

without BDNF (Fig. 8D-F) as compared to the no Aza/no BDNF controls (Fig. 2.11 A-

C). In cells cultured in the presence of BDNF, there were no clear differences in the 

staining intensity of the Aza vs. no Aza treated samples and all cells were positive for 

MAP2 (Fig. 2.11G-O, P-X). Under both conditions, rare cells with strong MAP2 

immunoreactivity were found (Fig. 2.11 M, O; S, U, V, X, arrows). However, the 

strongly stained cells did not show a consistent morphology.  

Changes in pluripotency related genes in ImM10 derived cells cultured under 
differentiating conditions 
 

Because I observed expression of pluripotency genes in sphere cultures following 

demethylation it was interesting to determine whether the genes were still expressed in 

the cells under differentiation conditions. Expression of all pluripotency genes tested was 

significantly increased with 5 days of BDNF treatment (p=0.001 vs. no BDNF) in 

cultures without Aza demethylation. With BDNF (no Aza), Sox2 increased 2.59-fold 
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(Fig. 2.12 A), Pou5f1 increased 3.82-fold (Fig. 2.12 B) and Nanog2 increased from no Ct 

to 27.4 Ct ± 0.12 (Table 2.2). Interestingly, demethylation with BDNF had no effect on 

expression of pluripotency genes after 5 days of differentiation (Table 2.3) compared to 

BDNF alone.   

There were differences in cells maintained in differentiation cultures for 25 days. 

In the presence of BDNF without demethylation, Sox2 expression decreased 0.84-fold, 

(p=0.001, Fig. 2.12 A), Nanog2 expression decreased (Ct value from 27.4 ± 0.15to 32.1 ± 

0.49, Table 2.2) and expression of Pou5f1 increased 9.48-fold (p=0.004, Fig. 2.12B), as 

compared to the no Aza/no BDNF controls. In the absence of BDNF, long-term 

differentiation cultures of Aza demethylated spheres showed increased expression of 

Nanog2 (Ct value from 32.1 ± 0.49 to 30.9 ± 0.25, Table 2.2) and a decrease in Pou5f1 

expression (1.3, p<0.018, Fig. 2.12 B) vs. the 25 day no Aza/BDNF samples. Addition of 

BDNF to the differentiation cultures of Aza demethylated cells resulted in significant 

changes increase in mRNA expression of Pou5f1 and Nanog2 (Table 2.3). However, no 

immunoreactivity for either of the two proteins was detected at 5 or 25 days in BDNF 

cultures with or without demethylation (data not shown).Effects of Aza demethylation 

and BNDF differentiation on RGC related gene expression in ImM10 derived cells 

 To determine if RGCs were being generated in BDNF differentiating conditions, 

expression of RGC related genes (Atoh7, Pou4F2, Pou4F3, Isl1, EphA5, EphB1, EphB2) 

was analyzed in Aza treated and untreated cells. For cells cultured with BNDF (no Aza), 

all genes tested, showed significant up-regulation of mRNA expression compared to 

control cells (no Aza/no BDNF). The one exception was EphB1, which remained 

unchanged (Tables 2.3, 2.5). These increases were all relatively large: Atoh7 92.9 fold, 
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p=0.001 (Fig. 2.13 A); Pou4f2 1847 fold, p=0.001 (Fig. 2.13 B); Pou4f3 151 fold, 

p=0.017 (Fig. 2.13 C); EphA5 3439 fold, p=0.001 (Fig. 2.14 A); EphB2 45 fold, p=0.001, 

(Fig. 2.14 B, Table 2.2, 2.3). In short term cultures, demethylation alone had no effect on 

gene expression but, when combined with BDNF, resulted in down-regulation of Pou4f2 

(0.776, p=0.023 vs. 5 day no Aza/BDNF, Fig. 2.13 B, Table 2.4) and up-regulation of 

Pou4f3 (1.159, p=0.001, Fig. 2.13 C, Table 2.3), EphB2 (1.376, p=0.001, Fig. 2.14 B, 

Table 2.3) and EphB1 (no Ct to 39.7 ± 0.17, Table 2.2), compared to short term no-

Aza/BDNF cultures. Without and with demethylation in the long term BDNF cultures, 

expression of all RGC genes was still significantly higher than the control (no Aza/no 

BDNF) (Fig. 2.13, 2.14). However, overall expression was significantly reduced 

compared to the short term culture conditions grown under the same conditions (Table 

2.2, 2.4). The only exception was EphB1, which increased mRNA expression at 25 days 

compared to the short term BDNF culture (6.553 fold, p=0.001, Table 2.2, 2.3). Although 

the Ct value was still very low (mean 37.6 ± 0.67), it was very consistent in all replicates.  

Effects of BDNF and demethylation on RPE related genes in ImM10 derived 
cells  
 

At 25 days in culture, the morphology of the small cell population in BDNF 

treated cells was reminiscent of cultured RPE cells. Therefore, expression of RPE genes 

was analyzed. Of the genes tested, Cralbp, which is expressed in both mature RPE and 

Müller glia, was the only gene affected by demethylation in cultures differentiated 

without BDNF (up-regulated by 2.6-fold, p=0.011, vs. no BDNF/no Aza; Fig. 2.15 A, 

Table 2.2, 2.4). In BDNF differentiated cultures at 5 days, both with or without 

demethylation, Cralbp expression increased 20.8-fold and 24.9-fold, respectively 
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(p=0.001, vs. no BDNF/no Aza controls; Fig. 2.15 A, Table 2.2, 2.4). When BDNF 

cultures were analyzed at 25 days, Cralbp expression decreased when compared to 5 day 

BDNF, with or without demethylation. However, comparison of expression at 25 days of 

differentiation in the presence of BDNF revealed that demethylation resulted in 4.4-fold 

increase of Cralbp mRNA expression (p=0.034, Fig.2.14A).   

Differentiation for 5 days in the presence of BDNF caused a significant increase 

(p=0.001) of RPE specific genes Bestrophin1 (143-fold, Fig. 2.15 B) and RPE65 (no Ct 

to 31.2 ± 0.09Ct, Table 2.2, 2.4). Surprisingly, prior demethylation of BDNF cultures had 

no effect on Bestrophin1 or RPE65 gene expression compared to no BDNF/no Aza 

samples. Mitf expression was unchanged in all short term culture conditions, as compared 

to the no BDNF/no Aza (Fig. 2.15 C). For long term BDNF cultures without 

demethylation, expression was lower for all three RPE genes as compared to the levels in 

short term cultures and returned to the levels of expression present in no Aza/no BDNF 

controls. In demethylated long term cultures with BNDF, Bestrophin1 increased by 12.6-

fold (p=0.002), Mitf by 5.96-fold (p=0.007) and RPE65 (from not detected to 35.98 ± 

1.01 Ct) as compared to the no BDNF/no Aza. Despite the changes in mRNA expression, 

no immunoreactivity for bestrophin1, MITF or RPE65 was detected in any of the 

conditions in either short or long term cultures (data not shown, immunostaining and 

imaging of RPE-specific proteins was done by Dr. M. J. Phillips, University of 

Wisconsin).  

Increasing differentiation culture time to 33 days resulted in expression of 

epithelial protein markers (EZRIN and ZO-1, Fig. 2.16), which were not detected in 

cultures at 25 days either without or with demethylation (data not shown). In no 
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Aza/BDNF cultures, immunolabeling for ZO1 appeared to be more intense (Fig. 2.16 A, 

D) than in the demethylated cells (Fig. 2.16 E, H). EZRIN immunoreactivity was present 

and similar under both conditions (Fig. 2.16 B, D, G, H). However, even at this longer 

time point of culturing, there was still no immunostaining for the RPE specific markers, 

bestrophin1, MITF or RPE65 (data not shown). 

Methylation and Expression of RGC genes in the mouse retina in vivo  
 

Because cells in culture are known to acquire aberrant methylation patterns, 

methylation patterns observed in ImM10 may not reflect what occurs in vivo. To address 

this question, expression and methylation of Atoh7 and EphB1 was analyzed in RNA and 

genomic DNA isolated from whole retina. In the developing retina, where Atoh7 is 

expressed, the promoter region is largely unmethylated (Fig. 2.17). In the adult retina, 

where Atoh7 is no longer expressed and the promoter remained unmethylated, suggesting 

a role for regulation of the gene by genetic mechanisms. EphB1 has a different pattern of 

mRNA expression and is present in embryonic, neonatal and adult retina (Fig. 2.18). 

Analysis of spatial differences in expression and methylation confirmed previous reports 

that in the neonatal retina, EphB1 no longer shows spatial differences in mRNA 

expression present at earlier developmental stages (Fig. 2.19 A & B). Consistent with this 

pattern of expression, no statistically significant differences in EphB1 promoter 

methylation were detected (Fig. 2.19 C).  

To test whether the EphB1 promoter was subject to regulation by methylation, the 

EphB1 proximal promoter was cloned into a luciferase reporter plasmid and the effects of 

SssI methyl transferase methylation of all CpG dinucleotides in the EphB1-luc promoter 

were tested in transiently transfected R28 retinal progenitor cells. Methylation resulted in 
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complete silencing of promoter activity to a level comparable to that of the promoterless 

pCpGL-basic luciferase construct (Fig. 2.20) 

Discussion 
The data presented here demonstrate a distinct effect of BDNF on the morphology 

of ImM10 derived cells in differentiation conditions. This change was abolished by 

demethylation of the EGF/FGF2 sphere cultures prior to in vitro differentiation, showing 

a requirement for the existing patterns of methylation in this cell line for the observed 

transformation. Although there was no clear evidence for cells differentiating into mature 

RGCs, BDNF induced changes in expression of some RGC related genes, especially at 

the early time point. With prolonged culture time under differentiating conditions, there 

appeared to be a switch to more epithelial cell morphology, reminiscent of the retinal 

pigmented epithelium. Although mRNA expression of Mitf and bestrophin1 increased 

and there was clear expression of ZO1 and EZRIN at the cell-cell contacts at 33 days in 

culture, no melanin pigment was observed.  

A major goal of this study was to test the hypothesis that DNA demethylation 

would enhance the retinal progenitor characteristics of ImM10 cells and their ability for 

neuronal, and in particular RGC genesis. This hypothesis predicted that demethylation 

should result in increased expression of pluripotency related genes, thus making the cells 

more flexible for reprogramming. Analysis of gene expression in ImM10 derived sphere 

cultures showed that immediately following demethylation, the pluripotency related 

genes Nanog2 and Pou5f1 were up-regulated (Fig. 2.2). Together with the continued 

expression of Sox2, which is already expressed in Müller glia and ImM10-derived 

spheres (Otteson & Phillips 2010), these data suggest that demethylation could promote 
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reprogramming of ImM10-derived cells to a more stem-like state. Nanog2 and Pou5f1 

were chosen for analysis because they have been shown to be silenced by DNA 

methylation. However, expression of the other pluripotency genes were not tested and 

additional culture conditions would need to be tested before drawing any conclusions 

regarding possible pluripotency of the demethylated ImM10 spheres. Interestingly, 5 days 

of EGF priming followed by 5 days under BDNF differentiation conditions resulted in a 

greater up-regulation of Nanog2 and Pou5f1 compared to no BDNF control, in both Aza 

and non-Aza treated cultures. This suggests that prolonged BDNF treatment itself could 

promote de-differentiation independent of demethylation. It has been shown that in E14 

neuronal precursor derived neurospheres, BDNF up-regulates stem cell markers Nestin 

and Pou5f1 and increases proliferation (Islam et al. 2009). This points to a role for BDNF 

signaling in enhancing the “stemness” of neurospheres.  

The most intriguing finding from these experiments was the differential response 

of ImM10 derived cells to BDNF. Immunohistochemistry clearly showed BDNF induced 

two distinct cell populations in BDNF cultures but only in cells without prior 

demethylation. This effect was not observed in EGF primed cells without BDNF or in 

previous in vitro differentiation studies using this cell line and FGF2 priming (without 

BDNF) (Phillips and Otteson, 2011). Likewise culturing ImM10 cells in differentiation 

medium containing BDNF, but without prior sphere culture or EGF priming, did not alter 

cellular morphology (D.C. Otteson, personal communication). Importantly, parallel 

BDNF differentiation cultures generated from demethylated spheres lacked the small, 

Pax6+/Vimenin+ cell population. This shows that this effect is dependent on (1) changes 

in the Müller glia induced by the progression through the specific culture conditions and 
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(2) the existing methylation status of the ImM10 cells in culture. Previous 

characterization of the ImM10 cell line showed that in growth cultures, 100% of the 

ImM10 cells were immunopositive for all glial markers tested, including CRALBP, 

CyclinD3, vimentin, SOX2, GLAST and glutamine synthetase (Otteson & Phillips 2010). 

This raises the question of how a homogeneous cell population can generate two such 

distinct populations in response to BDNF Their differential response to BDNF could be 

due to an intrinsic, and previously unappreciated heterogeneity amongst the Müller glia 

themselves. Transcriptome analysis has revealed that Müller glia express many of the 

classic RPCs genes as in the embryonic retina, such as Pax6, Vsx2, Sox2, and Notch1 

(Roesch et al., 2008). Interestingly, Pax6 and Vsx2 are co-expressed only in a subset of 

Müller glia in vivo (Rowan & Cepko 2004). Importantly, in the retina only about 10% of 

Müller glia express Trkβ receptor and BDNF can activate signaling in Müller glia, as 

show by colocalization of pERK and CRALBP labeling (Harada et al. 2011; Wahlin et al. 

2000). In addition, the balance between the expression levels of Trkβ and p75NTR 

receptors and the summation of the signaling mediated by these two receptors can alter 

the cellular response to growth factors. As an extracellular signaling peptide, BDNF 

exerts its cellular function through the activation of these cell surface receptors. 

Therefore, differential receptor expression, availability or localization at the cell surface 

in subsets of cells could offer an explanation for the observed differential cellular 

response. Cultured Pax6 mutant ESCs lack expression of Trkβ receptor and instead 

express the p75NTR receptor. This pattern of BDNF receptor expression has been 

associated with cells with larger cell bodies and lower degree of processes extension, 

morphology more typical of glial cells (Nikoletopoulou et al. 2007). This cell 
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morphology resembles the large subtype of cells present in the BDNF treated cultures 

that also showed lower immunoreactivity for PAX6. This suggests a potential link 

between the levels of the two BDNF receptors expressed and the cell responsiveness to 

the neurotrophic factor. Immunolabeling studies for Trkβ and p75NTR are needed to 

provide additional information and help establish if in fact there is a connection between 

the response of the two observed cell subtypes to BDNF and the levels, and types of 

BDNF receptors they express.   

The identity of the population of small, PAX6 expressing cells in the BDNF/no 

Aza is of particular interest. One possibility is that they are acquiring a retinal progenitor 

fate. Pax6, Rax1 and Six3/6 are three transcription factors that are expressed in retinal 

progenitor cells across phylogenies (Halder et al. 1995; Marquardt et al. 2001). Genetic 

ablation of Pax6 results in a hypocellular retina, showing that the transcription factor is 

needed for the maintenance of progenitor cells. In the developing chick retina as early as 

E4, Pax6 expression is present in retinal progenitors, which also have high expression of 

Vimentin (Doh et al. 2010). In the present study, immunohistochemistry showed co-

labeling for vimentin in the subpopulation exhibiting high nuclear PAX6 expression. 

These data are consistent with a BDNF mediated switch in ImM10 derived cells from a 

glial to a retinal progenitor fate.  

Consistent with the characteristics of a more progenitor like state, the PAX6/ 

vimentin positive cells in BDNF cultures appeared to be highly proliferative, as 

evidenced by their higher degree of confluency at early time points compared to the 

demethylated cultures with BDNF. Whereas proliferation studies are still needed, 

live/dead staining did not show any increases in cell death in the BDNF/Aza cultures that 
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would account for the lower cell numbers following demethylation (Fig. 2.6). This 

suggests that cells cultured with BDNF/no Aza are likely to have increased proliferation. 

Growth factors such as BDNF and EGF directly regulate the cell cycle in retinal 

progenitors (Levine & Green 2004). BDNF signaling regulates cell proliferation through 

Trkβ receptor signaling. In the mouse retina, intravitreal injection of BDNF increases 

levels of phospho-ERK in CRALBP positive Müller glia, thus signaling their 

proliferation (Wahlin et al. 2000). In another study, intraocular injection of BDNF 

increased BrdU-labeling in GLAST-positive Müller glia in the retinas of wild-type mice, 

but not in the retinas of mice lacking Trkβ receptors (TrkβGFAP KO) (Harada et al. 2011). 

From theses studies it is apparent that BDNF signaling through its high affinity Trkβ 

receptor is able to increase proliferation in retinal Müller glia. Taken together, the BDNF 

dependent changes in morphology and gene expression and the increased proliferation 

suggest that BNDF signaling through TrkB could mediate a fate switch of Müller glia 

into retinal progenitors. As mentioned earlier receptor blocking experiments could 

determine if the BDNF effects on proliferation and morphology are mediated through 

Trkβ activation.  

Alternatively, given the evidence for the intrinsic, retinal stem-cell characteristics 

of Müller glia, BDNF may be promoting direct transdifferentiation of the ImM10 cells. 

There is experimental evidence supporting a role for BDNF and TrkB signaling in retinal 

differentiation. Over-expression of BDNF in the retinas of embryonic chicks increases 

photoreceptor differentiation at the expense of bipolar and amacrine cells (Turner et al. 

2006). Blocking BDNF promotes integration of retinal progenitor grafts and restoration 

of some visual function in the S334ter rhodopsin mutant rat (Seiler et al. 2008). 
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Similarly, prolonged release of BDNF promoted integration and differentiation of 

hippocampal neural stem cells when transplanted into the retina (Suzuki, 2003 BBRC). 

Additional gene expression and protein analysis will be useful to confirm whether the 

cells are acquiring characteristics consistent with progenitor cell fate. Analysis of the 

expression patterns of Rax1, Six3/6 and Nestin in the two cell subpopulations is also 

needed to confirm the identity of the small/spindle shaped PAX6 expressing cells.  

Curiously, the morphological and gene expression changes and increased 

proliferation triggered by BDNF were blocked by demethylation (Fig. 2.7, 2.8, 2.9), 

clearly demonstrating that DNA methylation is needed for this particular BDNF mediated 

effect on the cells. An important, and as yet unanswered question is how removing the 

cells’ endogenous DNA methylation pattern prevents BDNF from inducing these changes 

in gene expression profile and cellular morphology. CTCF (CCCTC –binding zinc-finger 

protein) binding to Pax6 P0 promoter region prevents the interaction between the P0 

promoter and ectoderm enhancer region (EE, -3.5 kb upstream) thus down-regulating 

Pax6 expression in differentiating retinal cells (Canto-Soler et al. 2008; Li et al. 2004; 

Wu et al. 2006; Xu et al. 1999). In ESC, in vivo and in vitro studies have shown that 

increases in DNA methylation of CpG sites within the Pax6 P0 promoter prevents CTCF 

binding and results in increased expression of Pax6 (Gao et al. 2011). Demethylation 

allows CTCF to bind thereby down-regulating Pax6 expression. While CTCF expression 

has not been identified in Müller glia, in situ hybridization in the developing chick retina 

(E4-18) show some overlap of CTCF and Pax6 expression in the INL (Canto-Soler et al. 

2008). Microarray analysis of individual Müller glia cells has shown variable expression 

levels of CTCF, from low to robust (Roesch et al. 2008). Passive demethylation prior to 
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BDNF differentiation could be allowing the binding of CTCF to the Pax6 promoter in 

ImM10 derived cells. This would prevent the BDNF-signaled up-regulation of PAX6 that 

was observed in the no-Aza cultures. Bisulfite sequencing could be used to determine the 

methylation pattern of Pax6 in ImM10 derived cells cultured in BDNF with or without 

prior demethylation to confirm if this is a mechanism for Pax6 regulation.  

The fact that demethylation prior to culture with BDNF did not result in further 

up-regulation of pluripotency genes compared to BDNF without demethylation was 

unexpected. One possible explanation is that genes initially demethylated by Aza were 

remethylated as a result of time spent in culture (Saferali et al. 2010; Wright et al. 2011). 

At the first time point of mRNA analysis in differentiation cultures, the cells have been 

cultured without Aza for 10 days. After 25 days in BDNF culture (30 days after removal 

of Aza from the culture medium), the mRNA levels for pluripotency genes in both, in 

Aza and non-Aza treated cultures, were further deceased. Further, in the long term (33 

day) differentiation cultures, the morphology of the demethylated (BDNF/Aza) cells 

began to resemble that of the BDNF/no Aza cultures at 5 days in culture (Fig. 2.7 A, F). 

The first patches of hexagonal cells with “cobblestone” appearance were noted at 5-days 

in BDNF/ no Aza cultures. With prolonged culture time in the presence of BDNF cells 

without demethylation were nearly 100% confluent and the cells were small hexagonal 

cells resembling the cobblestone monolayer formed by RPE cells. After extending culture 

time to 33 days, both demethylated and non-demethylated cells began to express 

epithelial markers zona occludens 1 (ZO1, tight junction protein) and membrane linker 

protein EZRIN. These findings could be explained by progressive re-methylation and a 

return to BDNF responsiveness. Bisulfite sequencing could be used to confirm that 
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changes in gene expression are in fact due to re-establishment of the original gene 

methylation pattern. Ultimately, it will be important undertake genome-wide methylome 

and transcriptome analysis of Aza and non-Aza treated cells to identify the genes that are 

differentially regulated by methylation and the temporal patterns of changes that underlie 

the changes observed. 

The morphology of the small PAX6+ cells in the BDNF/no Aza cultures was 

reminiscent of RPE in culture. There is evidence for a role for both BDNF and 

methylation in RPE differentiation. BDNF/Trkβ directs non-committed neuroepithelial 

progenitors to the RPE fate and ablation of Trkβ results in failure of RPE to differentiate 

and acquire pigmentation (Liu et al. 1997). Additionally, knockout of dnmt1, the major 

maintenance DNA methyltransferase, in zebrafish results in failure of the dorsal RPE to 

develop, thus showing that maintaining methylation is needed for RPE differentiation 

(Rai et al. 2010; Rai et al. 2006). This is in agreement with my findings that the non-

demethylated samples in the presence of BDNF showed increased ZO1 staining after 

prolonged cultures. ZO1 expression at cell-cell contacts is a marker of tight junctions that 

are characteristically expressed in RPE cells in the retina. However, it is not a conclusive 

marker for RPE identity and is expressed in all epithelial cells that are connected with 

tight junctions.  

Analysis of mRNA expression showed that some RPE-specific genes were 

upregulated in differentiation cultures. Mitf functions to specify the developing RPE 

domain of the optic cup and regulates many RPE-specific genes (Bharti et al. 2008; 

Nguyen & Arnheiter 2000). In BDNF differentiation cultures, Mitf was progressively up-

regulated with increasing time in culture in both Aza and no-Aza cultures. This finding is 
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consistent with previous studies showing that the Mitf promoter is consistently 

unmethylated in RPE, ESCs and iPSCs derived from RPE (Hu et al. 2010).  

However, other RPE specific genes (RPE65, TYR, TYRP1) acquire methylation 

patterns in iPS cells similar to that of human ESCs, rather than the parent RPE cells (Hu 

et al. 2010). In contrast to the progressive increase in Mitf mRNA expression in 

differentiation cultures, RPE65 and Best were robustly upregulated in both Aza and no-

Aza cultures at 5 days and down regulated with increased time in culture. In the long 

culture demethylated samples RPE65 and Best were also higher as compared to 25 days 

BDNF/ without demethylation, but still lower than the levels measured at 5 days BDNF 

with or without demethylation (Table 2.3). Despite these dynamic and robust changes in 

RPE specific genes mRNA expression, protein expression was not detected for the RPE 

genes in any condition, at any time points. Likewise, cells cultured for up to 33 days did 

not show the pigmentation characteristic of RPE. This suggests that either the 

morphological changes and the increased mRNA expression for RPE-specific genes was 

not indicative of a shift to an RPE fate, or that conditions tested were not appropriate to 

promote definitive RPE differentiation. For iPS cells generated from fibroblasts to 

differentiate into pigmented RPE, they must be physically separated from other cells in 

the cultures and cultured for up to 60 days (Osakada et al. 2008). This is one experiment 

that would provide valuable information to determine if the Müller cells have the 

capacity to differentiate into definitive RPE.  

A major goal of this study was to investigate whether DNA methylation could 

enhance the ability of ImM10 cells for RGC genesis. My results show that RGC related 

genes, Atoh7 and EphB1, are not expressed in ImM10 derived spheres and their 
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promoters are highly methylated (Fig. 2.4 C, D). In contrast, in the embryonic retina the 

genes are expressed and the promoters exhibit minimal methylation (Fig. 2.17, 2.18). 

Demethylation did result in increased mRNA expression of Atoh7 and EphB1 that 

correlated with decreased promoter methylation (Fig. 2.4 C, D). These data indicate that 

DNA methylation may be silencing these RGC related genes in Müller glia.  

However, analysis of promoter methylation in the P0 retinas showed no 

significant DNA methylation of either Atoh7 or EphB1 (Fig. 2.17, 2.18). For BS analysis, 

genomic DNA was isolated from total retina, and methylation patterns observed would 

reflect the relative proportions of different cell types present. For analysis at P0, 

CRALBP and GLAST staining has confirmed the presence of definitive Müller glial cells 

(De Leeuw et al. 1990; Linser et al. 1984; Milam et al. 1990; Pow & Barnett 1999). In the 

P0 mouse retina, the majority of differentiated cells are cells from the early cohort 

(RGCs, amacrine, cone photoreceptor and horizontal cells). Although the late cohort of 

retinal cells has begun to differentiate, the P0 retina still contains a large population of 

late progenitors. Further, the peak of Müller glia differentiation does not occur until ~P3. 

Clearly, the gene methylation pattern obtained from the P0 retina does not solely 

represent that in Müller glia but is derived from a mixed population of cells, many of 

which are highly proliferative late stage progenitors.  

The presence of significant numbers of retinal progenitors could explain the lack 

of methylation at P0. However, both promoters were also unmethylated in gDNA isolated 

from adult retinas. In the adult mouse retina, rod photoreceptors constitute the largest 

single population. Thus, I can conclude that the Atoh7 and EphB1 promoters are clearly 

not methylated in rods, even though neither gene is expressed in this cell population. 
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Although it is possible that bisulfite sequencing analysis could have missed the presence 

of a small, subpopulation of cells in which Atoh7 or EphB1 promoters were 

hypermethylated, it seems unlikely given the total number of clones analyzed for each 

gene. Because the bisulfite sequencing analysis focused on a very small number of genes, 

these data cannot be used to make inferences about the methylation status of other cell-

type specific or developmental genes that could be affected by Aza demethylation. 

Understanding how changes in DNA methylation regulate gene expression in the 

developing and mature retina will require genome-wide studies of methylation in 

genomic DNA isolated from specific cell-types.  

In contrast to the findings in whole retina, ImM10 cells in culture clearly have 

increased methylation of Atoh7, EphB1 and EphA5 (see Chapter 3). Although this may 

not reflect the methylation status of these genes in Müller glia in the intact retina, any 

strategies for stem-cell transplantation will need to expand cells in culture. Therefore 

understanding the functional significance of hypermethylation and consequences of 

demethylation will be important for developing novel therapies. The in vitro 

demethylation of ImM10-derived spheres with Aza resulted in a 50-65% decrease in 

Atoh7 and EphB1 promoter methylation and re-expression of the genes (Fig. 2.4 C, D). 

Demethylation also resulted in expression of several RGC specific genes regulated by 

Atoh7 including Pou4f3/Brn3c and Isl1 (Fig. 2.4 B), suggesting that demethylation could 

make the cells more likely to be reprogrammed toward RGC fate. Compared to the Aza 

treated sphere cultures, there was no additional up-regulation of RGC related genes in the 

demethylated, short term differentiation cultures. In addition, with prolonged time in 

culture, expression of RGC related genes decreased in BDNF cultures with or without 
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demethylation. Regardless of the robust up-regulation of RGC related genes, none of the 

cells were immuno-positive for RGC specific markers (ISl1, POU4F3, EPHA5) (data not 

shown). One possible explanation is that the genes are becoming remethylated due to 

culture conditions, blocking their ability to differentiate into RGCs. Alternatively, we 

have not identified the optimal conditions to promote RGC differentiation.  

It is interesting that BDNF, either with and without demethylation, up-regulated 

genes characteristic of multiple differentiated cell-types including RGCs and RPE, and 

that pluripotency related genes were also up-regulated. This indicates that together with 

BDNF, EGF priming of Müller-glial derived progenitors may be sufficient to change the 

cellular program of ImM10 cells. The results of the differentiation studies support the 

idea that the combination of EGF priming and BDNF differentiation alters the 

competence and cell fate of ImM10 mouse Müller glia.  

My findings differed from those of Angenieux et al. (2006), who reported that 

retinal progenitors harvested from the P0-2 retina, when expanded in EGF/FGF2 cultures 

responded to EGF differentiation cultures by generating small numbers of RGCs cells 

(15%), based on expression of the neuronal marker β-tubulin-III and RGC-related genes 

(Atoh7, Pou4f3 and Melanopsin). In my study, cells were treated with EGF for 5 days, 

but then the EGF was removed and cells were cultured an additional 5-25 days before 

analysis. In my differentiation cultures (without BDNF), most cells retained a glial 

morphology and significant numbers of cells with neuronal morphology were not 

apparent. Further, when differentiated in the presence of BDNF, ImM10 Müller glia 

generated large numbers of small Pax6 expressing cells that formed the dense 

monolayers. One possible difference is the time for the EGF treatment: Angenieux and 
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colleagues cultured their cells in EGF containing medium for 7 days, although they 

showed that 2 days was sufficient for the observed effect. Apart from the difference in 

culture conditions, the two cell types used are different; in my study the cells are pure 

Müller glia population from P10 retinae, whereas in the Angeniaux study, a mixed cell 

population from P0-2 retinae was used. At this earlier time point, the cells that 

proliferated in their EGF/FGF2 cultures may have been retinal progenitors, rather than 

Müller glia. While Müller glia share many characteristics with late retinal progenitors, 

these findings suggest that there are also differences between the two cell types. 

However, the finding that late-stage retinal progenitors were capable of generating early 

born retinal neurons, gives strength to the proposal that Müller glial-derived retinal 

progenitors may also be capable of generating early born retinal cell types. Further 

studies are clearly needed to fine tune cell culture conditions to promote RGC generation.  

Further investigation is warranted to discern the differences between the two cell 

populations formed from ImM10 derived cells in response to BDNF. However, the 

“willingness” of the cells to change their fate is evident by the expression changes in 

multiple genes including stem-pluripotency, RGC and RPE related, whereas a change in 

expression of glial genes is lacking. It is clear that DNA methylation is required for the 

morphological change signaled by BDNF, and that demethylation blocks the epithelial 

cell fate switch of ImM10 derived cells. The data gathered here offer support for BDNF 

in increasing the proliferative potential of Müller glia and for an enhancement of the 

reprogrammability, possibly potentiating them for transdifferentiation into RPE cells. 
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Studies needed and future direction 
 
Short term studies needed: 
 
All qRT-PCR analysis reported is the mean of three independent experiments. IHC 

analysis was carried out two times (n=2). Immunoreactivity for MAP2 and TUJ-1 was 

not conducted for cultures at 25 days of differentiation. Live/Dead staining was 

conducted twice (n=2), no live/dead staining was conducted for cultures at 25 days of 

differentiation. 

1) Assess expression of additional pluripotency markers: KLF4 and c-Myc were the 

two out of the four Yamanaka factors that were not assessed by qPCR. 

Assessment is needed for these two transcription factors for all conditions and 

time points tested. 

2) IHC analysis for MAP2 at 25 days of culture for all conditions and a better 

working Ab for TUJ-1 should be tried for all conditions, as the one used in this 

study lacked specificity and exhibited nuclear staining.  

3) Assess expression of retinal progenitor markers: Rax1, Vsx2, Six3/6, Hes1, both 

mRNA and protein, in all conditions and time points to determine if any cell 

populations can be identified as retinal progenitors. 

4) Immunohistochemistry for Trkβ receptor, to determine if all or only a fraction of 

ImM10 derived cells express the receptor, will aid in explanation of the 

differential response of ImM10 cells to BDNF. Perform double immunolabeling 

for Trkβ and PAX6 to determine if there is a correlation between nuclear PAX6 

expression and Trkβ receptor expression in the two cell types observed and the 

PAX6 is up-regulated as result of BDNF/Trkβ signaling.  
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5) Trkβ receptor blocking experiment: K252a, pharmacological antagonist of Trkβ 

receptor, can be applied to cells in culture to determine whether BDNF effect on 

the ImM10 cells can be prevented thus confirming that it is mediated through 

BDNF/ Trkβ signaling. 

6) The decreased expression of all genes in long-term culture, as compared to short-

term cultures, suggests that the cells are reversing to their original cellular 

program. This proposal is strengthen by the evident cell morphological changes in 

the demethylated cultures at 33 days in culture, where small cuboidal cells, 

similar to those with high PAX6 expression at 5 days differentiation cultures 

without demethylation, are present in isolated patches. Bisulfite sequencing could 

be used to determine if additional time in culture results in remethylation of genes 

that were demethylated immediately following Aza treatment (e.g. EphA5, EphB1 

and Atoh7). Although these are not likely to be the genes responsible for the 

morphological differences, they are demethylated and up-regulated following Aza 

treatment and would allow assessment of the subsequent changes in methylation 

in differentiation cultures. 

 

Long term studies: 

 
1) To determine whether DNA methylation is necessary for Pax6 expression in 

ImM10 derived cells, additional experiments should be undertaken to determine if 

the Pax6 P0 shows differential methylation between the demethylated and non- 

demethylated cells following 5 day incubation in BDNF differentiating media. 

Because in the non-demethylated culture there was a mixed population of high 
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and low Pax6 expression, it will be interesting to determine the differences in 

gene expression profile and methylation profile of the two cell types. Laser 

microdissection can be used to capture PAX6 positive and PAX6 negative cells 

and analyze differences in the methylation of Pax6 promoter. Because the two 

subtypes were observed to grow in patches in isolation for each other, it may be 

possible to physically mark the culture plates and scrape cell groups for genomic 

DNA isolation.  

2) Chromatin immunoprecipitation (ChIP) to show the physical binding of CTCF to 

the Pax6 promoter will strengthen the validity of this mechanism of Pax6 

transcriptional regulation.  

3) As one of the explanations for the higher degree of confluency in the non-

demethylated cells as compared to the demethylated cells is a difference in 

proliferative potential, a proliferation assay is needed. A pulse BrdU or EdU-

click-It assay can be used to assess cell proliferation. Such a study will confirm 

that ImM10 derived cells cultured in BDNF differentiating media become more 

confluent at 5 and 25 days culture because of higher rate of proliferation rather 

than increased cell death in the demethylated cells, which is suggested by my 

live/dead staining findings.  

4) RPE differentiation: For iPS cells generated from fibroblasts to differentiate into 

pigmented RPE, they must be physically separated from other cells in the cultures 

and cultured for up to 60 days (Osakada et al. 2008). Physical isolation and 

culturing of the two cell populations separately and for a prolonged culture time 

to 60 days would allow time for RPE differentiation and possible pigment 
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accumulation. This experiment would provide valuable information to determine 

if the Müller cells have the capacity to differentiate into definitive RPE.  

5) In vivo study to determine if Müller glia proliferation and reprograming to a more 

progenitor like state can be mediated by BDNF. Previous studies have shown that 

in response to N-methyl-N-nitrosourea (MNU) induced injury in the mouse retina, 

BDNF intravitreal injection stimulates Müller glia proliferation, and 

colocalization of BrdU with rhodopsin, POU4F2 and Calretinin after 5 days. 

While these changes suggest that Müller glia can generate retinal neurons, a long 

term study is needed. Published studies have shown that 6 hours after BNDF 

injection, the BDNF-induced increase in pERK in Müller glia is extinguished. 

Suggesting that the effect of BDNF is short lived and a steady treatment may be 

required. A more continuous levels of BDNF, together with or without Aza could 

be administered intravenously, for a longer period of time, without risking 

introducing additional damage to the eye by the repeated administration of 

treatments intravitrealy.  



 

   144 

Figures 

 

!"#$

!"#$

 

 

Figure 2.1. Demethylation and differentiation experimental design. 

Left to right, ImM10 cells cultured in immortalizing conditions (growth medium, with 50 U/ml 

interferon gamma at 33° C) are adherent with a typical glial morphology. ImM10 cells cultured 

for 5 days in non-immortalizing conditions in sphere medium containing 20 ng/ml EGF and 

FGF2 form non-adherent spheres, followed by 2 days of 5-Aza-dioxycytidine (Aza) treatment (0, 

1 or 10 µM). Priming step: 5 days of culture in medium containing 20 ng/ml EGF. Differentiation 

step: 5 or 25 days of culture in medium containing 20 ng/ml BDNF. 
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Figure 2.2. Effects of Aza-deoxycytidine on H19 methylation.  

Results of bisulfite sequencing of the paternally imprinted H19 gene in ImM10 Müller glia in 

sphere cultures showing effects of 5-azadeoxycytidine (Aza). Methylation frequency is illustrated 

in bubble diagrams, with each line representing an independent clone. Circles show CpG 

dinucleotides. Open circles=unmethylated, black circles=methylated. Methylation was 73.1+8.7% 

in untreated control spheres, 57.7+17.5 with 1 µM Aza (p=0.05 vs. control), and 33.1+11.3 

(p=0.01 vs. control) with 10 µM Aza. 
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Figure 2.3. Effects of Aza-deoxycytidine on pluripotency related gene expression in ImM10 
derived spheres.  

 

(A) Graphs showing quantitative analysis of qRT-PCR results for Nanog and Sox2 mRNA 

analysis for ImM10 derived sphere cultures with (gray bars) and without (white bars) 1 or 10 µM 

Aza-deoxycytidine (Aza) treatment (n=3, error bars=standard error of the mean).  

(B) Pou5f1 was not expressed in ImM10 cells, therefore no expression ratio was calculated, 

shown are mean Ct values of mRNA analysis of three independent experiments. Rplp0 was used 

as the normalizing gene for genes where expression ratios were calculated, shown here as a 

reference expression level. 
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Figure 2.4. Effects of Aza-deoxycytidine on EphB1 and Atoh7 expression and promoter 
methylation in ImM10 cells (legend). 

(A) Representative ethidium bromide stained gel of amplicons from qRT-PCR analysis of Atoh7 

and EphB1 expression in ImM10 cell under growth conditions (Müller), non-immortalizing 

sphere conditions (Sphere) and in embryonic day 17.5 mouse retina (Retina). Right panel shows 

amplicons from sphere cultures following 48 h of deoxycytidine (Aza) treatment at 1 or 10 µM.  

(B) Table showing mean Ct values ±SEM of three independent experiments of quantitative RT-

PCR analysis of mRNA expression for Atoh7 and EphB1 in sphere cultures with and without Aza 

treatment. Rplp0 was used as a normalizing gene and is shown here as a reference expression 

level.  

(C, D) Methylation frequency of Atoh7 (494 bp) and EphB1 (533 bp) CpG islands shown in 

bubble diagrams. Methylation levels shown for ImM10 cells in growth/immortalizing conditions 

(Müller glia), ImM10 cells in non- immortalizing sphere cultures (Spheres) and sphere cultures 

treated with 1or 10 µM Aza (p<0.001 vs. 0 µM Spheres). Arrow indicates the position of the 

transcription start sites (TSS). 
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Figure 2.5. Effects of Aza-deoxycytidine on RGC specific gene expression in ImM10 derived 
spheres.  

 

(A) Representative ethidium bromide stained gel of amplicons from qRT-PCR analysis of mRNA 

expression of Isl1, Pou4f2, Pou4f3 and in E17.5 embryonic retina (Retina), ImM10 derived non-

immortalizing sphere conditions (Spheres). Right panel shows amplicons from sphere cultures 

following 72 h of aza-deoxycytidine (Aza) treatment at 1 and 10 µM. Rplp0 was used as a 

normalizing gene.  

(B) Graphs showing quantitative analysis of qRT-PCR results for Isl1 and Pou4f3 in sphere 

cultures with (gray bars) and without (white bars) Aza treatment.  

(C) Pou4f2 was not expressed in ImM10 cells so no expression ratio could be calculated. Table 

shows mean Ct values ±SEM of mRNA analysis of three independent experiments. Rplp0 was 

used as the normalizing gene and is shown here as a reference expression level. 
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Figure 2.6. Live/dead staining of ImM10 derived cells cultured for 5 days in differentiating 
conditions. 
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Figure 2.6. Live/dead staining of ImM10 derived cells cultured for 5 days in differentiating 
conditions (legend). 

 

Photomicrographs of ImM10 cells after 5 days of in vitro differentiation. Cells were grown from 

sphere cultures cultured with and without demethylation using Aza (10 µM) for 2 days. All 

sphere cultures were then primed with epidermal growth factor (EGF) for 5 days prior to transfer 

to differentiation media with or without brain derived neurotrophic factor (BDNF). See Fig. 2.1 

for the experimental overview. In all rows, the left panel shows calcein AM (green) stained live 

cells; center panel shows dead cells labeled by ethidium bromide homodimer-1 (red) stained dead 

cells, and the right panel shows a merged image including Hoechst nuclear staining (blue).  

(A-C) No Aza, No BDNF (D-F) Aza, no BDNF. Under both conditions the cells are multipolar 

with large nuclei extending multiple processes. 

(G-I) No Aza, with BDNF from an area with relatively low cell density. Majority of the cells are 

with same morphology as in no BDNF condition. In addition a population of smaller spindle 

shaped cells was noted. 

(J-L) Aza with BDNF from an area with relatively low cell density. Primarily large cells with 

large nuclei and multiple processes. 

(M-O) No Aza, with BDNF from an area with relatively high cell density. Two cell populations, 

large cells with large nuclei and multiple processes and smaller cells forming patches of densely 

packed hexagonal cells 

(P-R) Aza, with BDNF from an area with relatively high cell density. Primarily large cells with 

large nuclei and multiple processes. 
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Figure 2.7. Cell morphology of ImM10 derived cells cultured for 5 or 25 days in 
differentiating conditions.  

 

DIC images of BDNF differentiation cultures generated from ImM10 derived spheres (A-C) 

without Aza-deoxyctidine (Aza) and (D-E) with Aza (10 µM) demethylation.  

(A) Cells at 5 days of BDNF differentiation (no Aza); multipolar cells with large nuclei extending 

multiple processes (thick arrow); patches of smaller hexagonally shaped cells (thin arrow). 

(B) Cells at 25 days of BDNF differentiation (no Aza); single layer of small hexagonally shaped 

cells with “cobblestone” appearance. 

(C) Cells at 33 days of BDNF differentiation (no Aza). Densely packed layer of small 

hexagonally shaped cells. 

(D) Cells at 5 days of BDNF differentiation (with Aza); Multipolar large cells with large nuclei 

extending multiple processes (thick arrow). 

(E) Cells at 25 days of BDNF differentiation (with Aza); Note the cells in this micrograph have 

not been fixed. The cells are large with large nuclei. 

(F) Cells at 33 days of BDNF differentiation (with Aza). Multipolar cells with large nuclei 

extending multiple processes (thick arrow); patches of smaller hexagonally shaped cells (thin 

arrow).  
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Figure 2.8. Vimentin and PAX6 mRNA and protein expression in ImM10 derived cells 
cultured for 5 or 25 days in differentiating conditions.  
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Figure 2.8. Vimentin and PAX6 mRNA and protein expression in ImM10 derived cells 
cultured for 5 or 25 days in differentiating conditions (legend).  

(A) Graph showing quantitative RT-PCR results for Vimentin in cultures under differentiating 

conditions without (white bars) and with (gray bars) aza-deoxycytidine (Aza) treatment (n=3, 

error bars=SEM). 

(B) Graph showing quantitative RT-PCR results for Pax6 in cultures under differentiating 

conditions without (white bars) and with (gray bars) Aza treatment (n=3, error bars=SEM). 

(C) Immunostaining for vimentin (red) and PAX6 (green) in ImM10 differentiation cultures (0 

µM (untreated) or 10 µM Aza) in differentiation cultures at 5 or 25 days. In each row, the first 

column shows vimetin, second column shows PAX6, third column shows Hoechst staining of all 

nuclei. The fourth and fifth columns respectively show overlays of Vimentin and Pax6 and PAX6 

and Hoechst. Note that all images were photographed at a 10x magnification with the exception 

of 0 µM Aza treated cells differentiated for 25 days which were photographed at 20x. Insets show 

high magnification images photographed at 40x.  

(a-e) Images of no Aza cultures after 5 days in BDNF differentiation media showing two distinct 

cell populations: cells with small nuclei (thin arrows) that show high immunolabeling for 

vimentin (a) and PAX6 (b) and cell with large nuclei (thick arrows) that show very low levels of 

vimentin and PAX6. 

(f-j) Images of 10µM Aza treated cultures after 5 days in BDNF differentiation media showing 

cells (thick arrows) with low immunolabeling for vimentin (f) and PAX6 (g) (i) overlay of PAX6 

and Hoechst nuclear staining adjusted for contrast shows cytoplasmic localization of PAX6.  

(k-o) Images of no Aza cultures after 25 days in BDNF differentiation media formed confluent 

monolayers with the majority of cells strongly immunolabeled for vimentin (k) and PAX6 (l) 

Inserts show high magnification of ‘rosettes’ of PAX6 positive nuclei surrounding small clusters 

of PAX6-negative cells that are immunopositive for vimentin.  

(p-t) Images of 10µM Aza treated cultures after 25 days in BNDF differentiation media showing 

a lower cell density than (k-o) and increased immunolabeling for vimentin (p) and PAX6 (q) 

compared to 5 days (f-j). (s) overlay of PAX6 and Hoechst shows that most cells have distinct 

cytoplasmic PAX6. 
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Figure 2.9. Neurofilament and PAX6 immunohistochemistry of ImM10 derived cells cultured 
for 5 or 25 days in differentiating conditions.  
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Figure 2.9. Neurofilament and PAX6 immunohistochemistry of ImM10 derived cells cultured 
for 5 or 25 days in BDNF differentiating conditions. (legend) 

Immunostaining for neurofilament (NF, red) and PAX6 (green) in ImM10 differentiation cultures 

[0 µM (untreated) or 10 µM Aza] with BDNF at 5 or 25 days. In each row, the first column shows 

NF, second column shows PAX6, third column shows Hoechst staining of all nuclei. The fourth 

and fifth columns show overlays of PAX6 + Hoechst and PAX6 + NF respectively. Note that all 

images were photographed at 10x magnification, with the exception of 0 µM Aza treated cells 

differentiated for 25 days which were photographed at 20x. Insets show high magnification 

images photographed at 40x.  

(A-E) Images of untreated (no Aza) cultures for 5 days in differentiation media showing two cell 

populations. One with small nuclei and high immunolabeling for NF (A) and PAX6 (B) (arrow 

heads) and one large nuclei and low PAX6/NF (arrows).  

(F-J) Images of 10µM Aza treated cultures for 5 days in BDNF differentiation media showing 

low (large arrow) or absent (small arrow) NF staining (F) and low PAX6 staining (G) in cells. 

Overlays (I, J) reveal presence of both nuclear and cytoplasmic staining for PAX6.  

(K-O) Images of untreated (no Aza) cultures for 25 days in BNDF differentiation media showing 

confluent cultures with strong immunolabeling for NF (K) and nuclear PAX6 “Rosettes” of 

PAX6 positive cells (arrows, magnified in insets) contain PAX6-negative nuclei and NF staining 

(M, N, O) 

(P-T) Images of 10µM Aza treated cultures for 25 days in BDNF differentiation media showing 

little change in cell density compared to 5 days (F-J). Several distinct cell types are visible. Large 

cells with a glial morphology (large arrow) are positive for NF (P) and PAX6 (Q) which is 

primarily cytoplasmic. Smaller cells with robust NF and strong nuclear PAX6 staining (small 

arrow) and NF negative cells with nuclear PAX6 (arrowhead).  
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Figure 2.10. TUJ-1 immunohistochemistry of ImM10 derived cells cultured for 5 days in 
BDNF differentiating conditions. 
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Figure 2.10. TUJ-1 immunohistochemistry of ImM10 derived cells cultured for 5 days in 
BDNF differentiating conditions (legend).  

In each row, the left hand panel shows TUJ-1 staining (green), the middle panel shows Hoechst 

nuclear staining (blue) and the right hand side panel shows the overlay. 

(A-C) Untreated sphere derived cells cultured for 5 days without BDNF. 

(D-F) Aza treated sphere derived cells cultured for 5 days without BDNF  

(G-I) Untreated sphere derived cells cultured for 5 days with BDNF  
(J-L) Aza treated sphere derived cells cultured for 5 days with BDNF  

Aza treated cells in the absence of BDNF (D, F) have slightly higher immunolabeling for 

neuronal marker TUJ-1 as compared to untreated cells (A, C). Untreated cells cultured in the 

presence of BDNF exhibit change in morphology, with two distinct cell types (G-I) and low TUJ-

1 immunoreactivity (G, I). Aza treated cells in cultured in BDNF are a single cell population (J) 

and have higher TUJ-1 immunoreactivity (J, L). 
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Figure 2.11. MAP2 immunohistochemistry of ImM10 derived cells cultured for 5 days in 
BDNF differentiating conditions. 
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Figure 2.11. MAP2 immunohistochemistry of ImM10 derived cells cultured 5 days in BDNF 
differentiating conditions (legend). 

 
Left hand panel shows MAP2 staining (green), the middle panel shows Hoechst nuclear staining 

(blue) and the right hand panel shows the overlay.  

(A-C) ImM10 sphere derived cells without Aza-deoxycytidine (Aza) cultured for 5 days without 

BDNF. 

(D-F) Aza treated sphere derived cells cultured for 5 days without BDNF  

(G-O) Untreated sphere derived cells cultured for 5 days with BDNF  
(P-X) Aza treated sphere derived cells cultured for 5 days with BDNF  

Aza treated cells in the absence of BDNF (D, F) have slightly higher immunolabeling for 

neuronal marker MAP2 as compared to untreated cells (A, C). Staining patterns for 

differentiation cultures not treated with Aza (G-L) and for cells treated with Aza (P-X) show  no 

overall differences in MAP2 immunoreactivity with the exception of rare MAP2 positive cells. 

Rare cells (arrow) with typical MAP2 immunolabeling were noted under both conditions cultured 

in the presence of BDNF exhibit overall. (V-X) Rare cell with neuronal morphology (arrow). 

Note that image magnification levels differ as indicated by the appropriate scale bars. 
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Figure 2.12. mRNA expression analysis of pluripotency related genes in ImM10 derived cells 
cultured for 5 or 25 days in differentiating conditions. 

 

Graphs showing quantitative RT-PCR results for cultures under BDNF differentiating conditions 

without (white bars) and with (gray bars) prior Aza treatment (n=3, error bars=SEM). 

(A) Sox2 showing fold changes relative to 5 days no BDNF/no Aza 

(B) Pou5f1 showing fold changes relative to 5 days no BDNF/no Aza 

Asterisks indicate statistical significance vs. no BDNF conditions for each group; bars show 

additional statistically significant comparisons. Note that the Y-axis is plotted on a log scale. Bars 

show means +/- SEM of triplicate samples from 3 independent experiments. 
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Figure 2.13. mRNA expression analysis of RGC related genes in ImM10 derived cells cultured 
for 5 or 25 days in differentiating conditions. 

 
Graphs showing quantitative RT-PCR results for cultures under BDNF differentiating conditions 

without (white bars) and with (gray bars) prior Aza treatment (n=3, error bars=SEM). 

(A) Atoh7 showing fold changes relative to 5 days no BDNF/no Aza. 

(B) Pou4f2 showing fold changes relative to 5 days no BDNF/no Aza. 

(C) Pou4f3 showing fold changes relative to 5 days no BDNF/no Aza. 

Asterisks indicate statistical significance vs. no BDNF conditions for each group; bars show 

additional statistically significant comparisons. Note that the Y-axis is plotted on a log scale. Bars 

show means +/- SEM of triplicate samples from 3 independent experiments. 
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Figure 2.14. mRNA expression analysis of RGC axon guidance genes related genes in ImM10 
derived cells cultured for 5 or 25 days in differentiating conditions. 

 
Graphs showing quantitative RT-PCR results for cultures under BDNF differentiating conditions 

without (white bars) and with (gray bars) prior Aza treatment (n=3, error bars=SEM). 

(A) EphA5 showing fold changes relative to 5 days no BDNF/no Aza. 

(B) EphB1 showing fold changes relative to 5 days no BDNF/no Aza. 

Asterisks indicate statistical significance vs. no BDNF conditions for each group; bars show 

additional statistically significant comparisons. Note that the Y-axis is plotted on a log scale. Bars 

show means +/- SEM of triplicate samples from 3 independent experiments. 
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Figure 2.15. mRNA expression analysis of RPE related genes in ImM10 derived cells cultured 
for 5 or 25 days in differentiating conditions. 

 

Graphs showing quantitative RT-PCR results for cultures under BDNF differentiating conditions 

without (white bars) and with (gray bars) prior Aza treatment (n=3, error bars=SEM). 

(A) CRALBP showing  

(B) Bestrophin showing fold changes relative to 5 days no BDNF/no Aza. 

(C) Mitf showing fold changes relative to 5 days no BDNF/no Aza. 

Asterisks indicate statistical significance vs. no BDNF conditions for each group; bars show 

additional statistically significant comparisons. Note that the Y-axis is plotted on a log scale. Bars 

show means +/- SEM of triplicate samples from 3 independent experiments. 

. 
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Figure 2.16. ZO1 and Ezrin immunohistochemistry of ImM10 derived cells cultured for 33 
days in differentiating conditions.  

(A-D) Immunohistochemistry for epithelial markers (A) ZO1 (red) and (B) EZRIN in untreated 

(no Aza-deoxyctidine) ImM10-derived cells cultured in the presence of brain derived 

neurotrophic factor (BDNF) for 33 days, (C) Hoechst nuclear stain (blue), (D) merged images of 

(A, B and C). (E-H) Immunohistochemistry for epithelial markers (E) ZO1 (red) and (F) EZRIN 

in 10 µM Aza treated ImM10- derived cells cultured in the presence of BDNF for 33 days, (C) 

Hoechst nuclear stain (blue), (D) merged images of (A, B and C). Immunostaining and imaging 

of ZO1 and EZRIN by Dr. M.J. Phillips, University of Wisconsin. 
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Figure 2.17. Atoh7 methylation levels and mRNA expression in E17.5, P0 and adult mouse 
retina. 

(A) Graph showing mean relative Atoh7 mRNA expression from qRT- PCR analysis normalized 

to E17.5. Relative expression was decreased at P0 (0.233±0.034, p<0.001) and was nearly 

undetected at 8 months (0.013±0.001, p<0.001). (n=3, error bars=standard error of the mean). 

Three biological replicates were analyzed, with each sample analyzed in triplicate. Error 

bars=standard error of the mean.  

(B) Methylation frequency of Atoh71 CpG island (494bp) shown in bubble diagrams for E17.5, 

P0 and adult (8 months) mouse retinas. Each line represent a clone, circles show CpG 

dinucleotides. Open circles=unmethylated, black circles=methylated. Differences in methylation 

frequency between the three age groups were not statistically significant. Numbers at the bottom 

show the position of the CpG island in base pairs relative to the transcription start site (TSS).
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Figure 2.18. EphB1 methylation levels and mRNA expression in E17.5, P0 and adult mouse 
retina. 
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Figure 2.18. EphB1 methylation levels and mRNA expression in E17.5, P0 and adult mouse 
retina (legend). 

 
 (A) Graphs showing mean relative EphB1 mRNA expression from qRT- PCR analysis 

normalized to E17.5. Relative expression showed progressive decrease from P0 (0.481±0.065) to 

8 months (0.297±0.043) although changes only reached statistical significance at the later 

timepoint (p=0.05, 8 months vs. E17.5). (n=3, error bars=standard error of the mean). (B) 

Methylation frequency of EphB1 CpG island (533bp) shown in bubble diagrams for E17.5, P0 

and adult (8 months) mouse retinas. Primers were designed to amplify equally well both 

methylated and unmethylated DNA. Retinal CpG methylation in the EphB1 CpG island was 

2.2±0.66% (PNM8), 1.2±0.54% (PND0) and 1.1±0.36% (E17). Differences in methylation 

frequency between the three age groups were not statistically significant (Adult vs. E17 

p=0.2189, Adult vs. P0 p=0.266, P0 vs. E17 p=0.6372). Each line represent a clone, circles show 

CpG dinucleotides. Open circles=unmethylated, black circles=methylated. Differences in 

methylation frequency between the three age groups were not statistically significant. Numbers at 

the bottom show the position of the CpG island in base pairs relative to the transcription start site 

(TSS, arrow). 
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A. B. 

C. Nasal   0.8±0.33% 

Temporal   1.4±0.62% 

Dorsal   0.8±0.33% 

Ventral   0.6±0.31% 

-362       TSS   +20    
 

Figure 2.19. EphB1 mRNA expression and CpG methylation in nasal/temporal and dorsal 
ventral mouse retina.  
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Figure 2.19. EphB1 mRNA expression and CpG methylation in nasal/temporal and dorsal 
ventral mouse retina (legend). 

 
(A) Graphs showing mean relative EphB1 mRNA expression in nasal and temporal thirds of the 

mouse retina at P0 determined using qRT-PCR and normalized to nasal retina. EphB1 mRNA 

expression increased by 1.218±0.39 fold in temporal vs. nasal, but this difference was not 

statistically significant (p=0.72).  

(B) Graphs showing mean relative EphB1 mRNA expression in dorsal and ventral thirds of the 

mouse retina at P0 determined using qRT-PCR and normalized to dorsal retina. EphB1 mRNA 

expression decreased by 0.83±0.10 fold in the ventral vs. dorsal retina, but this difference was not 

statistically significant (p=0.32). For both A and B, three biological replicates were analyzed, 

with each sample analyzed in triplicate. Error bars=standard error of the mean.  

(C) Methylation frequency of EphB1 CpG island (533bp) shown in bubble diagrams for nasal, 

temporal, dorsal and ventral thirds of mouse retina at P0. Each line represent a clone, circles show 

CpG dinucleotides. Open circles=unmethylated, black circles=methylated. The EphB1 CpG 

island spanning the transcription start site (533bp) was amplified from bisulfite converted gDNA 

in a nested PCR. EphB1 CpG methylation at P0 varied topographically: nasal 0.8±0.33% and 

temporal 1.4±0.62% (p=0.7199), dorsal 0.8±0.33% and ventral 0.6±0.31% (p=1.0). Numbers at 

the bottom show the position of the CpG island in base pairs relative to the transcription start site 

(TSS, arrow). 
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Figure 2.20. SssI methylation abolishes EphB1 promoter activity in vitro. 

 

Graph showing the fold-change in relative luciferase activity of R28 cells transiently transfected with SssI 

methylated or unmethylated plasmids containing 2.4 kb of the mouse reporter. Values from three 

independent experiments normalized to co-transfected renilla-luciferase (0.02 µg/well) and expressed as 

mean fold-change from pCpGL-basic promoterless controls. Relative luciferase activity of mock-

methylated EphB1-luc reporter was 5 (0.1µg/well) to 12-fold (0.25 and 0.5µg/well) higher than 

promoterless pGL-2 controls at the same concentrations. SssI methylation reduced EphB1-luc activity to 

levels comparable to pCpGL-basic alone at all concentrations. (*p<0.0001)(n=3, error bars=SEM). 
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Table 2.1. Primers used in cloning, bisulfite sequencing and qRT-PCR analysis 

Gene name 
 

Forward Primer (5’ to 3’) 
 

Reverse Primer (5’ to 3’) 
 

Annealing 
Temp. 

oC 

Product Size 
(base pairs) 

 
Accession 
 Number 

 
 
EphB1 promoter cloning primers 
EphB1 
promoter 

AAGATTAGCTTAGGAAAGAT
TACGCTG 

GAGCAGCAAGCAATCCAGG
GCCATC 

60 2340 NM_173447.
3 

 
Bisulfite converted gDNA primers 

EphB1 
GGTGTTTGTAAGTATAAGGG
ATTT 

ACCACTACAAATACCAAAA
AAAA 52 716 

NM_173447.
3 

EphB1 
nested 

AATAATGTTAGTGTAAGGAG
GTGTT 

ACCACTACAAATACCAAAA
AAAA 52 533 

NM_173447.
3 

Atoh7 
ATATAGTGTTTTTTGGTTATT
GATT 

ACAAAAAAAATAATTAAAT
TTTCTC 52 593 NM_016864 

Atoh7 nested 
ATATAGTGTTTTTTGGTTATT
GATT 

ACTCAAAATCTACCTAAAAC
CTAAC 52 494 NM_016864 

H19 
GGTTATGGGGTGGATATAAT
ATATA 

TAAACCCAACCTCTACTTTT
ATAAC 52 394 U19619.1 

H19 nested 
GGGGTGGATATAATATATAT
TTTTT 

CCCTTTATTAAACCTAAAAT
ACTCA 52 213 U19619.1 

 
RT-PCR primers 

EphB1 
AGTACAGGGACAGCTTCCTC
AC 

CTATGAACACCGAGTTCTCA
CG 60 193 

NM_173447.
3 

EphB2 
CAATGCTGAAGAAGTGGATG
TG 

CTTGAAGGTTCCTGATGGAC
A 60 151 

NM_010142.
2 

EphA5 AAGCGAGATTCCCATCATTG ATCCTGCTTTGGTTTGCTGT 60 143 
NM_007937.
3 

Atoh7 
GAAGCTGTCCAAGTACGAGA
CAC 

GGTCTACCTGGAGCCTAGCA
C 60 164 NM_016864 

Pou5f1 
AGAAAGCGAACTAGCATTG
AGAAC 

AATACTTGATCTTTTGCCCTT
CTG 60 177 NM_013633 

Nanog2 
ACAGGTTTCAGAAGCAGAA
GTACC 

GAATCAGACCATTGCTAGTC
TTCA 60 165 NM_028016 

Pax6 CACATCAGGTTCCATGTTGG 
ACTTGGACGGGAACTGACA
C 60 294 NM_013627 

Sox2 
TACAAAAGGAAAACATGAG
AGCAA 

ATGAAAGGGTAGGATTGAA
CAAAA 60 178 NM_011443 

Isl1 
CAGACCACGATGTGGTGGAG
A TGCCTAGCCGAGATGGGTTC 60 109 NM_021459 

Pou4f2 
CGATGCGGAGAGCTTGTCTT
C 

GATGGTGGTGGTGGCTCTTA
CTCT 60 132 NM_138945 

Pou4f3 TGCAAGAACCCAAATTCTCC TGGGCGAGGTAGAAGTGC 60 234 NM_138944 

Vimentin 
ACGGTTGAGACCAGAGATG
G TGCTGGTACTGCACTGTTGC 60 104 NM_011701 

Cralbp 
TGCTGGAAAATGAGGAAAC
C 

CAAGAAGGGCTTGACCACA
T 60 214 NM_011254 

Mitf 
ACCTTGAAAACCGACAGAA
GAA 

CGTGAGATCCAGAGTTGTCG
T 60 236 

NM_001113
198 

RPE65 CACACTGCCCCATACAACTG CTCTTGCCACATCCAGATT 60 236 NM_029987 

Bestophin1 
TCTGGAAATTTAAGGGTCTG
GA 

GGCTCTCTGGAATGTTCAAG
TT 60 213 

NM_011913.
2 

Rplp0 CGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTG 60 109 NM_022402 
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Table 2.2. qRT-PCR mean Ct values for triplicate reactions from 3 biological replicates.  

 

 
ImM10 ImM10 

Spheres 
ImM10 

Spheres+ 
AzadC 

5 Day No 
BDNF 

5 Day No 
BDNF+ 
AzadC 

5 Day 
BDNF 

5 Day 
BDNF+ 
AzadC 

25 Day 
BDNF 

25 Day 
BDNF+ 
AzadC 

RGC specific genes 

EphA5 No Ct No Ct 30.3±0.42 37.0±0.29 36.3±0.44 25.8±0.11 25.8±0.11 32.0±0.75 30.4±0.50 
EphB1 No Ct No Ct 37.0±0.35 No Ct No Ct No Ct 39.7±0.17 38.6±0.58 37.6±0.67 
EphB2 29.5±0.19 32.3±0.05 32.5±0.50 34.3±0.38 33.8±0.29 29.5±0.07 29.2±0.05 31.3±0.49 31.9±0.25 
Atoh7 No Ct 35.2±0.21 31.9±0.44 33.5±0.37 32.8±0.34 27.4±0.26 27.2±0.22 29.5±0.56 30.8±0.93 

Pou4f2 NA No Ct No Ct 38.2±0.41 37.3±0.77 24.8±0.03 25.2±0.07 29.4±0.66 31.7±2.1 
Pou4f3 NA 38.0±1.28 30.1±0.93 29.8±0.88 29.9±1.1 23.3±0.02 23.2±0.02 29.2±0.93 28.7±1.47 

Isl1 NA 36.0±0.81 31.2±0.37 No Ct No Ct 34.3±0.10 34.6±0.16 37.6±0.37 38.4±0.41 
Pax6 NA NA NA 20.1±0.16 20.1±0.72 16.7±0.05 16.9±0.44 19.3±0.87 17.0±0.37 

Pluripotency genes 

Pou5f1 NA No Ct 36.0±0.96 36.1±0.36 37.3±0.42 34.9±0.05 34.7±0.19 33.6±0.73 35.9±0.29 
Nanong2 NA 34.5±0.21 32.0±0.57 No Ct No Ct 27.4±0.12 27.5±0.15 32.1±0.49 30.9±0.25 

Sox2 NA 23.0±0.21 22.5±0.05 23.2±0.14 23.1±0.10 22.6±0.02 22.6±0.03 24.2±0.23 23.6±0.29 

Muller glia specific genes 

Vimentin NA NA NA 13.2±0.10 13.1±0.10 13.7±0.02 13.7±0.02 16.1±0.69 13.8±0.05 
Cralbp NA NA NA 31.7±0.40 30.2±0.06 28.1±0.09 28.4±0.09 31.1±0.43 30.7±0.39 

RPE specific genes 

Mitf NA NA NA 26.5±0.09 26.3±0.6 26.7±0.04 26.4±0.03 27.3±0.35 25.1±0.51 
RPE65 NA NA NA No Ct No Ct 31.2±0.09 31.0±0.14 37.5±0.92 35.9±1.01 

Bestophin1 NA NA NA 30.5±0.21 29.8±0.18 24.0±0.06 24.2±0.07 30.5±1.09 27.9±0.61 

Normalizing gene 

Rplp0 15.0±0.10 15.6±0.11 15.4±0.19 15.0±0.02 15.5±0.07 15.4±0.01 15.4±0.02 15.3±0.08 15.4±0.20  
 
NA gene expression was not analyzed; No Ct gene expression was not detected at 40 cycles.
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Table 2.3. Genes up-regulated in differentiation cultures relative to no-BDNF/no Aza controls 
showing fold change from quantitative RT-PCR analysis.  

5 day BDNF 
vs. No BDNF 

5 day No BDNF + 
AZA 
vs. No BDNF 

5 day BDNF+AZA 
vs. 5 day BDNF 

25 day BDNF 
vs. 5 day BDNF 

25 day BDNF + 
AZA 
vs. 5 day BDNF 

UP Expression 
ratio 
P value 

UP Expression 
ratio 
P value 

UP Expression 
ratio 
P value 

UP Expression 
ratio  
P value 

UP Expression 
ratio 
P value 

EphA5 3439.750 
0.001 

CRALBP 2.589 
0.011 

EphB1 + 
NSS 

EphB1 + 
NSS 

EphB1 + 
NSS 

EphB2 45.946 
0.001 

  EphB2 1.376 
0.001 

  Mitf 4.147 
0.004 

Atoh7 92.940 
0.001 

  Pou4f3 1.159 
0.001 

    

Pou4f2 18747.940 
0.001 

 
 

 Mitf 1.889 
0.001 

    

Pou4f3 151.867 
0.001 

        

Isl1 + 
NSS 

        

Pou5f1 3.822 
0.001 

        

Nanog2 + 
NSS 

        

Sox2 2.593 
0.001 

        

CRALBP 20.838 
0.001 

        

Pax6 16.938 
0.001 

        

RPE65 + 
NSS 

        

Bestrophin 143.808 
0.001 

        

Gene names in Red had no detectable expression and No Ct value at 5 day of differentiation 
without BDNF (control); +, expressed; NSS, no statistical significance calculated for genes not 
expressed in the control samples;  
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Table 2.4. Genes down-regulated in differentiation cultures relative to no-BDNF/no Aza 
controls showing fold change from quantitative RT-PCR analysis.  

5 day BDNF vs. no 
Aza/ no BDNF 
 

5 day No BDNF + 
AZA vs. no Aza/ 
no BDNF 

5 day BDNF+AZA 
vs. 5 day BDNF 

25 day BDNF 
vs. 5 day BDNF 

25 day BDNF + AZA 
vs. 5 day BDNF 

DOWN 
 

Expression 
ratio 
P value 

DOWN Expression 
ratio 
P value 

DOWN Expression 
ratio 
P value 

DOWN Expression 
ratio 
P value  

DOWN Expression 
ratio 
P value 

no genes were down-
regulated 

no genes were down-
regulated 

Pou4f2 0.776 
0.023 

EphA5 
 

0.015 
0.001 

EphA5 0.590 
0.014 

      EphB2 0.308 
0.001 

EphB2 0.257 
0.005 

      Atoh7 0.258 
0.006 

Atoh7 0.145 
0.022 

      Pou4f2 0.041 
0.001 

Pou4f2 0.011 
0.004 

      Pou4f3 0.017 
0.001 

Pou4f3 0.033 
0.005 

      Isl1 0.100 
0.001 

Isl1 0.077 
0.001 

      Nanog2 0.038 
0.001 

Nanog2 0.113 
0.001 

      Sox2 0.338 
0.001 

CRALBP 0.215 
0.005 

      Vimentin 0.194 
0.001 

RPE65 0.049 
0.001 

      CRALBP 0.129 
0.001 

Bestrophin 0.089 
0.001 

      Pax6 0.168 
0.007 

  

      RPE65 0.013 
0.001 

  

      Besrtophi
n 

0.012 
0.001 

  

 
 
Gene names in Red had no detectable expression and No Ct value at 5 day of differentiation 
without BDNF (control); +, expressed; NSS, no statistical significance calculated for genes not 
expressed in the control samples 
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Table 2.5. Genes with no change in expression in differentiation cultures relative to no-
BDNF/no Aza controls showing fold change from quantitative RT-PCR analysis. 

5 day no 
Aza/BDNF vs. no 
Aza/no BDNF  

5 day Aza/no 
BDNF vs. no 
Aza/no BDNF 

5 day 
Aza/BDNF+AZA 
vs. 5 day BDNF 

25 day BDNF 
vs. 5 day BDNF 

25 day BDNF + 
AZA 
vs.5 day BDNF 

No Change No Change No Change No Change No Change 
EphB1  EphA5  EphA5  Pou5f1  Pou5f1  
Vimentin  EphB1  Atoh7  Mitf  Sox2  
Mitf  EphB2  Isl1    Vimentin  
  Atoh7  Nanog2    Pax6  
  Pou4f2  Pou5f1      
  Pou4f3  Sox2      
  Isl1  Vimentin      
  Nanog2  CRALBP      
  Pou5f1  Pax6      
  Sox2  RPE65      
  Vimentin  Bestrophin      
  Pax6        
  Mitf        
  RPE65        
  Besrtophin        

 
Gene names in Red had no detectable expression and No Ct value at 5 day of differentiation 
without BDNF (control). 
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Table 2.6. Antibodies used for immunostaining.  

Antibody target Type Source Dilution 

BESTROPHIN Mouse monoclonal Chemicon 1:100 

BRN3 Goat polyclonal Santa Cruz 1:50 

CHX10 Goat polyclonal Santa Cruz 1:200 

EZRIN Rabbit polyclonal 

Cell Signaling 

Technology 1:100 

MAP2 Mouse monoclonal Chemicon 1:100 

MITF Mouse monoclonal Neomarkers 1:50 

NANOG Goat polyclonal R&D Systems 1:100 

OCT4 Goat polyclonal Santa Cruz 1:1000 

PAX6 Mouse monoclonal 

AbCam Hybridoma 

Bank 1:800 

TUJ1 Mouse monoclonal Sigma-Aldrich 1:100 

vimentin Rabbit polyclonal Sigma-Aldrich 1:200 

neurofilament Mouse monoclonal Sigma-Aldrich 1:100 

ZO-1 Rabbit polyclonal Zymed 1:100 
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CHAPTER 3 
 

A role for DNA methylation in regulation of EphA5 receptor 
expression in the mouse retina 

 

*** Manuscript previously published as 

“Petkova TD, Seigel GM, Otteson DC. 2011. A role for DNA methylation in regulation 

of EphA5 receptor expression in the mouse retina. Vision Res 51:260-8” 

 

Abstract 
 

 Understanding the mechanisms regulating expression of retinal ganglion cell 

(RGC) specific and axon-guidance genes during development and in retinal stem cells 

will be critical for successful optic nerve regeneration. Müller glia have some retinal stem 

cell properties, but in mammals have demonstrated limited potential to differentiate into 

RGCs. Chromatin remodeling through histone deacetylation and DNA methylation are a 

potential mechanism for silencing genes necessary for neuronal differentiation of glial 

cells. We investigated DNA methylation as a mechanism for regulating expression of 

mouse EphA5, one member of a large family of ephrin receptor genes that regulate 

patterning of the topographic connections of RGCs during visual system development. 

We analyzed spatial and age-related patterns of EphA5 promoter methylation by bisulfite 

sequencing and mRNA expression by quantitative RT-PCR in the mouse retina. The CpG 

island in the EphA5 promoter was hypomethylated in the retina and showed no change in 

overall methylation with age, despite a decline in EphA5 mRNA expression levels in the 

adult retina. In the nasal retina of post-natal day 0 mice, there was a modest, but 



  

  185 

statistically significant increase in methylation. Increased methylation corresponded with 

lower levels of receptor mRNA expression in the nasal retina. We cloned the EphA5 

promoter and found that site-specific differences in methylation could preferentially 

activate or repress promoter activity in transient transfections of rat retinal progenitor 

cells (R28) using luciferase assays. In sphere cultures generated by EGF/FGF2 

stimulation of conditionally immortalized mouse Müller glia (ImM10), EphA5 promoter 

was hypermethylated and EphA5 mRNA was not detected. Demethylation using 5-

azadeoxycytidine (AzadC) resulted in a significant decrease of methylation of the EphA5 

promoter and re-expression of the EphA5 mRNA. The inverse relationship between 

EphA5 promoter methylation and mRNA expression is consistent with a role for DNA 

methylation in modulating the spatial patterns of EphA5 gene expression in the retina and 

in silencing EphA5 expression in ImM10 cells. The robust up regulation of EphA5 in 

ImM10 cells following demethylation suggests that modulation of chromatin structure 

may be a useful approach for promoting expression of silenced developmental genes and 

increasing the neurogenic potential of Müller glia.  
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Introduction  

 Currently there are no cures for neurodegenerative diseases that affect the optic 

nerve. Even if progression can be stopped, there is a need to develop regenerative 

therapies to restore lost vision. In mammals, the retina and optic nerve do not regenerate. 

However, in teleost fish, Müller glia are the source of the retinal stem cells in the inner 

retina that generate rod photoreceptors during normal growth and can regenerate all 

classes of retinal neurons including RGCs following injury (Bernardos, et al., 2007, 

Otteson, et al., 2001). The robust neurogenic capacity of Müller glia in fish and, to a 

more limited extent, in birds (Fischer and Reh, 2003) has stimulated research to 

understand the stem cell properties and neurogenic potential of Müller glia in the 

mammalian retina both in vivo and in vitro (Bhatia, et al., 2009, Dyer and Cepko, 2000, 

Karl, et al., 2008, Ooto, et al., 2004, Wohl, et al., 2009). The challenges for developing 

cell-replacement strategies to treat optic neuropathies will require not only identifying 

how to regenerate RGCs, but also how to promote axon growth and connectivity. For 

functional vision, the spatial relationship between neighboring RGC in the retina must be 

preserved in the topographic organization of their synaptic connections in the visual 

centers of the brain. In the visual system, forward and reverse signaling through Ephrin 

receptors (Eph) and ephrin ligands functions as chemoaffinity signals that regulate 

retinotopic mapping.  

Eph receptors constitute a family of tyrosine kinase receptors that regulate 

multiple aspects of development and disease including vascular development (Zhang and 

Hughes, 2006) and synaptogenesis (Murai and Pasquale, 2004, Otal, et al., 2006). More 

recently, disregulation of EPH/ephrin signaling has also been implicated in oncogenesis 
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and tumor progression (Merlos-Suarez and Batlle, 2008). However, one of their most 

well known functions is in patterning the formation of sensory maps in the central 

nervous system during development (Scicolone, et al., 2009). In the visual system, 

gradients of Eph receptors along the nasal/temporal and dorsal/ventral axes of the retina 

respond to corresponding gradients of ephrin ligands in target regions within the brain to 

create the positional information that guides the initial spatial organization of RGC 

connectivity (Feldheim, et al., 2004, Flanagan, 2006, Scicolone et al., 2009). In the 

mouse retina, EphA5 is expressed in an increasing nasal to temporal gradient and 

functions in patterning the location of retinal axon termination along the anterior-

posterior axis in the visual centers in the brain. In the mouse retina, EphA5 expression is 

initiated during the optic vesicle stage. By E11, when the first retinal ganglion cells begin 

to differentiate, EphA5 expression in the neuroblastic layer and nascent RGCs extends in 

a temporal (high) to nasal (low) gradient across the optic cup (Cooper, et al., 2009). Axon 

outgrowth begins at E12 and by E17, RGCs have projected through the optic tract and 

have begun to reach targets and arborize in the ventral lateral geniculate nucleus and 

superior colliculus (Bovolenta and Mason, 1987, Godement, et al., 1984). Graded EphA5 

expression is prominent in the inner retina and RGC layer beginning at E12, and by 

E17.5, when all RGCs have been generated, the gradient of EphA5 is robust in the RGC 

layer (Cooper et al., 2009). By P0, the retinal ganglion cells fibers have established their 

terminal connections, but have not yet entered the subsequent period of connection 

refinement. Although the gradient of EphA5 expression persists in the ganglion cell layer 

in the adult retina, there is a gradual decline in overall expression and a flattening of the 

gradient with age (Rodger, et al., 2001). Loss of EphA5 receptor leads to mapping 
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abnormalities along the anterior/posterior axis of the mouse superior colliculus (Feldheim 

et al., 2004) confirming the importance of the receptor in the positional termination of 

retinal axon. 

While there is extensive literature showing direct regulation of EphB receptors by 

transcription factors (reviewed by Petros, et al., 2008), little is known about 

transcriptional mechanisms regulating EphA5 expression in the retina. Hmx family 

transcription factors, SOHO and GH6, have been implicated in regulation of EphA3 

expression in chick (Schulte and Cepko, 2000) and, in the developing mouse retina, 

Hmx1 is expressed in a nasal high/temporal low gradient (Wang, et al., 2000). However, 

the role of Hmx1 in regulating EphA5 expression in the mouse retina has not been 

determined. FoxD1 and FoxG1 are expressed in reciprocal gradients in the developing 

mouse retina (Hatini, et al., 1994) and regulate formation of the contralateral and 

ipsilateral pathways and optic chiasm in the mouse (Herrera, et al., 2004, Pratt, et al., 

2004, Tian, et al., 2008). However, only EphB1 has been proposed as a downstream 

target of FOX transcription factors in the mouse retina and the specific transcription 

factors that regulate EphA5 expression in the retina have not been determined. 

DNA methylation is an epigenetic mechanism for regulating gene transcription in 

embryonic stem cells during differentiation and development (Yeo, et al., 2007) and 

increased DNA methylation of CpG islands is associated with gene silencing (Bird, 

2002). Except in oocytes and cancer, hypermethylation has typically been thought of as 

an irreversible chromatin modification. However, several studies have shown that 

demethylation of cell-type specific genes is dynamic (Frank, et al., 1990, Meissner, et al., 

2008, Song, et al., 2009). During development, 2% of the CpG islands that are 
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methylated in embryonic stem cells become demethylated in neural progenitors 

(Meissner et al., 2008). All of the Eph receptor genes contain CpG islands within their 

proximal promoters and hypo- and hyper-methylation can alter Eph receptor expression 

in cancer. Hypermethylation down-regulates EphA3 in hematopoietic tumors (Dottori, et 

al., 1999) and EphA7 in colon cancer (Wang, et al., 2005) and increased methylation of 

EphA5 is correlated with decreased expression in primary breast cancer (Fu, et al. 2010). 

Conditional knockout of Dnmt1, the maintenance DNA methyltransferase, in mouse 

neural progenitors resulted in increased differentiation of astroglia in the mouse brain, 

indicating a role for DNA methylation in the switch from neurogenesis to gliogenesis.  

 Recent transcriptome analysis has revealed that Müller glia express many, but not 

all of the same genes expressed by undifferentiated retinal progenitor cells in the 

embryonic retina (Roesch, et al., 2008). In the mature retina in mammals, some Müller 

glia proliferate in the context of retinal injury or disease in vivo and a fraction up-regulate 

genes characteristic of differentiated retinal neurons (Dyer and Cepko, 2000, Karl et al., 

2008, Wohl et al., 2009). Cultured Müller glia from human (Lawrence, et al., 2007), rat 

(Kubota, et al., 2006) and mouse (Das, et al., 2006, Otteson and Phillips, 2010, Phillips, 

et al., 2008) show stem cell characteristics, including expression of multiple retinal stem 

cell genes and formation of proliferating neurospheres in response to epidermal growth 

factor (EGF) and fibroblast growth factor 2 (FGF2). However, Müller-derived cells are 

quite limited in their neurogenic potential both in vivo and in vitro, and only a fraction 

acquire neuronal characteristics or up-regulate genes characteristic of differentiated 

retinal neurons. Single cell microarray analysis of gene expression showed that many key 

genes that regulate retinal ganglion cell development and differentiation, including Atoh7, 
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Pou4F2, Isl2 and EphA5, were either not expressed or expressed at low levels only in a 

subset of Müller glia cells examined (Roesch et al., 2008). 

 Understanding the mechanisms that regulate expression of key genes involved in 

RGC developmental and axon guidance in the retina and in Müller -glia will contribute to 

the development of regenerative therapies to restore the optic nerve and vision in patients 

with glaucoma. We describe here the cloning of the mouse EphA5 promoter and address 

the potential role of DNA methylation in regulating EphA5 expression in the mouse 

retina in vivo and in conditionally immortalized Müller glia (ImM10 cell line) in vitro.  

Materials and methods 

 Cell culture 
 

The following cell lines were used: the R28 rat retinal progenitor cell line (Seigel, 

1996) and the ImM10 conditionally immortalized Müller glia cell line (Otteson and 

Phillips, 2010). R28 cells were cultured in DMEM (Sigma; St. Louis, MO) supplemented 

with 1.125 % sodium bicarbonate, 10% calf serum, 1% each MEM non-essential amino 

acids and MEM vitamins, 2mM L-glutamine and 0.1 mg/ml Gentamicin. ImM10 cells 

were cultured in growth medium (Neurobasal, 2% FBS, B27 supplement, 20 mM L-

glutamine, 50U/ml IFNγ, Pen/strep antibiotics) at 33oC. To generate spheres, cells were 

cultured under non-immortalizing conditions to eliminate expression of the temperature-

sensitive inducible SV40 large T-antigen in serum free Neurobasal medium, 

supplemented with B27, G5 and 20mM L glutamine with final concentrations of EGF 

and FGF2 at 20 ng/ml and cultured at 39oC for 5 days. Unless otherwise specified, cell 

culture reagents and supplements were from Gibco/Invitrogen (Carlesbad, CA) and 

growth factors/cytokines (EGF, FGF2 and IFNγ) were from PeproTech (Rock Hill, NJ).  
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 Animals and retinal dissection 
 
 All animals were handled in accordance with the Animal Care Policies of the 

University of Houston and the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research. Mice were maintained in a 12-hour dark/12-hour light cycle with 

food and water ad libitum. Adult animals were euthanized by halothane inhalation, 

followed by cervical dislocation; P0 animals were euthanized by hypothermia followed 

by decapitation. For collection of embryonic day 17.5 (E17.5) retinas, mice were mated 

overnight; the presence of a vaginal plug was marked as E0.5. For P0 eyes used for 

isolating nasal/temporal and dorsal/ventral retinal samples, the ocular orientation was 

marked with ink prior to enucleation. Following enucleation, eyes were rinsed twice in 

70% ethanol, followed by two rinses in sterile PBS prior to removal of the anterior 

segment. The eyecup was placed in pre-warmed CO2 independent medium and the 

anterior chamber was removed. For isolation of whole retina (E17.5, P0 and 8 months), 

the retina was dissected free of the pigmented epithelium. For analysis of spatial 

expression and DNA methylation, the eyecup was cut into thirds on either side of the 

optic nerve head and retina was dissected free of the pigmented epithelium. To obtain the 

nasal and temporal retinal samples, the cuts were along the dorsal/ventral axis. To obtain 

the dorsal and ventral retinal samples, the cuts were along the nasal/temporal axis. 

Genomic DNA and RNA isolation 
 

Total RNA and gDNA from retinal tissues and ImM10 cells were isolated using 

AllPrep DNA/RNA columns (Qiagen; Valencia, CA). Cells were lysed in a guanidine 

hydrochloride buffer, homogenized through a 20-gauge needle and loaded onto affinity 

columns that retain genomic DNA, but not RNA. The flow through from the first column 
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containing total RNA was purified using RNeasy mini spin columns (Qiagen; Valencia, 

CA), eluted in RNAse free buffer and stored at -80°C. Genomic DNA retained in the first 

column was washed and eluted in Tris buffer and stored at -20°C. Nucleic acids were 

quantified by spectrophotometry (Nanodrop; ThermoScientific, Wilmington, DE) and 

RNA quality was assessed using an RNA 6000 NanoChip on a Bioanalyzer 2100 

(Agilent Technologies, Santa Clara, CA). 

Cloning and in vitro methylation of EphA5 promoter  
 
 The EphA5 promoter region from -1552 to +997 bp relative to the transcription 

start site was PCR amplified from mouse genomic DNA using Pfx Taq polymerase 

(Invitrogen, Carlsbad, CA). Primers used are listed in Table 3.1. The amplicon was 

subcloned into pCR2.1-topo (Invitrogen) and sequence verified. For subcloning into 

pGL2 basic, the insert was isolated by digestion with NotI, overhangs were filled in using 

DNA polymerase, Klenow fragment and redigested with Acc65I. Following gel 

purification, the insert was directionally cloned into pGL2-basic that had been linearized 

with BglII, filled in with Klenow and re-digested with Acc65I. For subcloning into the 

CpG-free, pCpGL-basic luciferase vector (Klug and Rehli, 2006), the insert was excised 

from the pGL2 plasmid using Acc65I/BamHI and directionally cloned into 

Acc65I/BamHI digested pCpGL-basic.  

 For methylation analysis, plasmid DNA (4µg) was methylated with SssI, HhaI, 

and/or HpaII methyltransferase enzymes (3U/µg DNA, Promega; San Luis Obispo, CA) 

in the presence of 160µM S-adenosylmethionine (SAM) for 4 hrs at 37°C. Mock 

methylated DNA was treated as above, without addition of the methyltransferase enzyme. 

DNA was ethanol precipitated and completeness of methylation was verified by 
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restriction enzyme digestion using methylation sensitive HhaI, HpaII and BstUI and 

methylation insensitive MspI.  

Luciferase assays  
 
 For luciferase assays experiments, R28 cells were seeded at 160,000 cells/well in 

a 24-well plate and incubated for 24 hrs. Cells were then transfected with 0.1, 0.25 or 0.5 

µg luciferase reporter vector and 20 ng Renilla-luciferase control vector using 

Lipofectamine LTX reagent (Invitrogen; Carlsbad, CA). After 48 hrs incubation, cells 

were lysed in passive lysis buffer and lysates were assayed for firefly and pRL-Renilla 

luciferase activity using a Dual-Luciferase Reporter System (Promega; San Luis Obispo, 

CA) on a 20/20n Luminometer (Promega Corp, Sunnyvale CA). Firefly luciferase 

activity of individual samples was normalized to Renilla luciferase activity to correct for 

variation in transfection efficiency between samples. Each condition was tested in 

triplicate and the entire experiment was repeated three times. 

Quantitative RT-PCR 
 

For each sample, RNA was assayed by quantitative RT-PCR (qRT-PCR) to 

determine expression levels of EphA5 mRNA using gene specific primers (Table 3.1). 

For mRNA analysis, 500ng of total RNA were reverse transcribed using Affinity Script 

Reverse Transcription kit (Stratagene; La Jolla, CA). cDNA was diluted 1:20 and 

processed in triplicate reactions for qRT-PCR using SYBR Green QRT-PCR 2 step kit 

(Stratagene; La Jolla, CA) on a Stratagene MX3500 real-time PCR instrument. Ct values 

were normalized to a housekeeping gene (Rplp0, acidic ribosomal phosphoprotein P0) 

(Simpson, et al., 2000). To compare mRNA expression between the experimental groups, 
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relative quantities were calculated using the ∆∆Ct-method using Relative Expression 

Software Tool (REST, http://www.gene-quantification.de) (Pfaffl, et al., 2002). For qRT-

PCR analysis, 3 biological replicates were analyzed for each sample. 

Bisulfite sequencing 
 

Mouse genomic DNA (gDNA) was bisulfite converted using a DNA 

EZmethylation Gold kit (Zymo Research; Orange, CA) according to the manufacturer’s 

recommendations. Briefly, 500ng of gDNA were treated with CT conversion reagent at 

98°C for 10 min and 64°C for 2.5 hrs, followed by purification and desulphonation. 

gDNA was eluted with 10µl of M-elution buffer, quantified by spectrophotometry 

(NanoDrop, ThermoScientific, Wilmington, DE) and stored at -80°C. PCR primers were 

designed for bisulfite converted DNA using Methprimer 

(http://www.urogene.org/methprimer/index1.html) (Li and Dahiya, 2002) for EphA5, 

EphB2 and H19 ( Table 3.1). Primer specificity for bisulfite converted DNA was verified 

by PCR amplification of methylated and unmethylated, bisulfite converted plasmid DNA. 

Target sequences were amplified with two rounds of hot start PCR reaction using nested 

primers with Red Taq Genomic DNA Polymerase (Sigma; St. Louis, MO). The following 

cycling conditions were used: 2 min at 94°C, 35 cycles (30sec at 94°C, 30sec at 52°C, 

2min at 68°C), 5 min at 68°C. Amplicons were purified using PCR affinity columns 

(QIAquick PCR purification kit; Qiagen; Valencia, CA), subcloned into pCR2.1 

(Invitrogen; Carlsbad, CA), transformed into E. coli (DH5-alpha) and grown on LB agar 

plates containing kanamycin with X-gal / IPTG blue/white selection. For each condition, 

at least ten isolated colonies were picked and sequenced (Macrogen USA, MD). 

Sequences were compiled and compared using Quantification tool for Methylation 
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Analysis QUMA (http://quma.cdb.riken.jp/) (Kumaki, et al., 2008). Clones with less than 

95% C to T conversion of non-CpG cytosine residues were excluded from analysis based 

on incomplete bisulfite conversion. For methylation analysis of retinal samples, two 

biological replicates were analyzed. For methylation analysis of ImM10 cells, one 

biological sample was analyzed for each condition.  

 MMT assays for AzadC cytotoxicity 
 

A cytotoxicity assay was performed to determine the concentration of AzadC that 

leads to demethylation with minimum cell death. ImM10 cells were seeded at 7500 

cells/well onto 96 well plates in sphere forming medium and incubated overnight at 39ºC. 

Quadruplicate wells were treated with 0, 1, 2, 5, 10, 20, 50, 100, or 500 µM final 

concentration of 5-aza-2-dioxicytidine (AzadC, Sigma, St. Louis, MO), with daily 100% 

media changes to insure the presence of active AzadC. After a total incubation time of 72 

hours, Methylthiazolyldiphenyl-tetrazolium bromide (MTT) reagent was added (20 µl at 

5mg/ml) and incubated for 3.5 hrs at 39ºC. The media was removed and reactions were 

terminated by addition of 150 µl of stopping solution (4mM HCl in isopropanol) and 

formazan crystals were dissolved by pipetting. Absorbance was measured at 590nm with 

a reference filter of 635nm using (FLUOstar Omega, BMG Labtech) and the adjusted 

optical density value (OD at 590 nm minus OD at 635 nm) was plotted vs. concentration 

of AzadC.  

AzadC assays of ImM10 cells 
 

ImM10 cells were grown to confluence in growth medium in 100 mm culture 

plates, harvested by trypsinization and split 1:3 into 100mm culture plates in sphere 
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forming media (as described above in cell culture section) under non-immortalizing 

conditions and incubated overnight at 39oC. Cells were treated with AzadC (1 or 10 µM 

final concentration) or vehicle (PBS) for 72hrs, with daily 100% media changes to insure 

the activity of the AzadC. At 72 hours, cells were harvested for combined genomic DNA 

and RNA extraction and analysis.  

Results 

Cloning and sequence analysis of EphA5 promoter 
 
 The mouse EphA5 gene is located on chromosome 5qE1 in a region of synteny 

with human chromosome 4 and, like the human gene, contains 2 CpG islands (Fig. 3.1). 

The first spans the transcription start site [- 327 to + 387 relative to the transcription start 

site (TSS)] and contains 65.1% GC with an observed to expected CpG ratio of 0.839. The 

second is in the coding region of EphA5 exon 1 and extends into intron 1 (+557 to +1348 

relative to the TSS) with a CG content >58.5% and an observed to expected ratio of CpG 

dinucleotides of 0.622. We have cloned the mouse EphA5 promoter from -1556 to +997 

base pairs relative to the transcription start site, from mouse genomic DNA. This region 

includes a proximal conserved region surrounding the transcription start site and a distal 

conserved region located between -1200 and -1500 bp. We tested the EphA5 promoter 

activity in mouse R28 rat retinal progenitor cells using luciferase assays. The mouse 

EphA5 promoter was active in R28 cells (Fig. 3.2), consistent with RT-PCR analysis that 

showed that R28 cells expressed EphA5 (data not shown).  

 

EphA5 Expression and Promoter Methylation in the Retina 
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 To determine whether there are developmental (age-related) or spatial (nasal vs. 

temporal; dorsal vs. ventral) differences in CpG methylation of EphA5, we analyzed CpG 

island (-243 to +242 bp relative to TSS) by bisulfite sequencing of genomic DNA from 

the mouse retina and compared this to differences in mRNA expression. By quantitative 

RT-PCR, there was a small, but progressive decline in EphA5 mRNA expression with 

age (Fig. 3.3 A). Relative to E17.5, EphA5 expression was unchanged at postnatal day 0 

(P0) and decreased by 26% at 8 months (p=0.05). Despite the decrease in EphA5 mRNA 

expression, CpG methylation of EphA5 was unchanged. Overall methylation was 

1.2±0.3% at E17.5, 1.6±0.5% at P0, 1.2±0.3% for PM8 (Fig. 3.3 B) with no statistically 

significant differences.  

 Dissection of retina into thirds at P0 revealed that the distribution of cells showing 

methylation of the EphA5 promoter in the retina was highly unequal. For dorso-ventrally 

dissected retina, of which only the dorsal and the ventral thirds were analyzed, the total 

methylation level detected was below 1% in both the dorsal and ventral retina (Fig. 3.4 

C). There were no differences in methylation levels between the two domains (p=0.32 

dorsal vs. ventral). In contrast, for nasal-temporally dissected retina, of which only the 

nasal and the temporal thirds were analyzed, the overall methylation level was higher 

(Fig. 3.4 C). This indicates that methylated cells were preferentially localized to the 

median third of the retina, as opposed to the dorsal/ventral domains and, within this third, 

methylation frequency was highest in the nasal portion (p=0.01 vs. temporal). Significant 

up-regulation of EphA5 mRNA expression was observed only in the temporal third of 

nasal-temporally dissected retina (Fig. 3.4 A), while there were no significant difference 

in EphA5 mRNA expression between the dorsal or ventral thirds (Fig. 3.4 B).  
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Effects of methylation of EphA5 promoter  
 
 To assess the effects of methylation on promoter activity, the EphA5 promoter (-

1552 to +997 bp) was subcloned into a CpG free luciferase vector, pCpGL and 

methylated by SssI methyltransferase. SssI methylates 98 CpG sites within the EphA5 

promoter and reduced activity of the pCpGL-EphA5 construct by 92% (p<0.0001) (Fig. 

3.5). Because total methylation is well known to silence gene expression and we had only 

observed low levels of EphA5 promoter methylation in the retina, we tested whether 

lower levels of CpG methylation could also silence the EphA5 promoter. The pCpGL-

EphA5 construct was methylated with HhaI methyltransferase, which methylates 10 CpG 

sites (CGCG) and/or HpaII methyltransferase, which methylates 6 CpG sites (CCGG) 

within the EphA5 promoter (Fig. 3.5). When compared to mock methylated construct, 

HhaI decreased promoter activity by 20% (p=0.032). Surprisingly, HpaII methylation 

resulted in a 35% increase (p=0.008) of EphA5 promoter activity and constructs 

methylated with both HhaI and HpaII methyltransferases continued to show increased 

activity (38%, p=0.002 vs. mock-methylated control). Thus, whereas the EphA5 promoter 

was completely silenced by total methylation of all CpG dinucleotides, introducing low 

levels of site-specific CpG methylation in the EphA5 construct could elicit either 

increased or decreased promoter activity, depending on the methylated sites.  

 

mRNA expression and methylation of EphA5 and EphB2 in ImM10 Müller 
glia 
 
  Our lab has been investigating the neurogenic potential of Müller glia and have 

generated a conditionally immortalized mouse Müller glia cell line (ImM10) (Otteson 
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and Phillips, 2010) that can generate spheres similar to neurospheres following 

EGF/FGF2 stimulation (Fig. 3.6 A). For ImM10 cells and other Müller glia to be useful 

as potential sources of retinal stem cells for regeneration, they need to retain the ability to 

up-regulate and express genes necessary for neuronal differentiation. First, we asked if 

ImM10 cells expressed Eph receptors. By qRT-PCR, EphA5 receptor is weakly expressed 

(average Ct value, 38 cycles) in ImM10 cells, but was undetectable in sphere cultures 

(Fig. 3.6 B). Bisulfite sequencing showed hypermethylation of the EphA5 promoter 

methylation in ImM10 under immortalizing conditions (49.6%) and sphere cultures under 

non-immortalizing conditions (47.8%) (Fig. 3.6 E). The difference in methylation 

between the two culture conditions was not statistically significant (p=0.5805). To 

determine whether increased DNA methylation and transcriptional silencing were general 

characteristics of all Eph receptor genes in ImM10 cells, we also analyzed expression and 

methylation of EphB2. EphB2 was expressed in ImM10 cells in both growth and sphere 

cultures and was unmethylated (Fig. 3.6 F).  

Effects of demethylation of ImM10 cells using AzadC  
 
 If DNA methylation is repressing EphA5 in ImM10 cells, then demethylation 

should permit up-regulation of expression. We tested multiple concentrations of AzadC 

for cytoxicity in ImM10 cells using MTT assays and found minimal effects up to 100 

mM (Fig. 3.7). We then tested the efficacy of AzadC demethylation of H19, a paternally 

imprinted gene that is known to be demethylated by AzadC treatment (El Kharroubi, et 

al., 2001). By bisulfite sequencing, 1 or 10 µM AzadC treatment resulted in a systematic 

and statistically significant demethylation of H19 (Fig. 3.8), therefore, we used these 

concentrations for our analysis. Sphere cultures of ImM10 cells treated with AzadC 
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showed a significant decrease in DNA methylation of 25.4±2.9 % (1µM, p=0.01) or 

24.5±6.1% (10µM, p=0.001) (Fig. 3.6 E) and an up-regulation of EphA5 mRNA 

expression by 99.2±6.1 or 94.6±11.2 fold, respectively compared to untreated controls 

(Fig. 3.6 B, C). Following AzadC treatment, no obvious changes in cell morphology or in 

the size of the spheres were observed. Spheres remained non-adherent with no migration 

of cells out of the spheres during the 72 hour treatment period. To look for possible non-

specific effects of AzadC treatment on gene expression, we also analyzed methylation 

and expression of EphB2 and found that AzadC treatment had no effect on methylation 

levels or expression of EphB2 (Fig. 3.6 B, D, F). 

Discussion 
We report here the cloning of the mouse EphA5 promoter and provide evidence 

for a potential role for DNA methylation in modulating EphA5 gene expression in the 

retina in vivo and a clear role for DNA methylation in silencing EphA5 expression in 

ImM10 Müller glia in vitro. Global genome-wide DNA methylation changes with age 

with a tendency towards hypermethylation in many genes (Gravina and Vijg, 2010). 

However, we did not detect any changes in overall DNA methylation in genomic DNA 

from whole retinas even at 8 months of age. In contrast, there were topographic 

differences at P0, prior to refinement and pruning of axon terminals and the wave of 

programmed cell death of RGCs (Farah and Easter, 2005, O'Leary and McLaughlin, 

2005). However, there was a modest increase in methylation in the nasal retina in CpG 

sites immediately downstream of the transcription start site. The increased methylation 

corresponded to decreased mRNA expression in the nasal retina suggesting a potential 

regulatory role for methylation in modulating EphA5 expression. Total DNA methylation 
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results in chromatin compaction, blocking transcription factor binding and recruitment of 

methyl binding proteins which assist in the deacetylation of histones, although reports 

regarding the precise hierarchy of events during chromatin remodeling are contradictory 

(Vaissiere, et al., 2008). In contrast, site specific methylation can alter binding affinities 

of specific transcription factors which can differentially activate or repress transcription 

(Cao, et al., 2000). Consistent with this, we showed that although methylation of all CpG 

sites resulted in silencing of EphA5 promoter activity, lower levels of methylation 

resulted in differential activation or repression of EphA5 promoter activity, depending on 

the sites methylated. The observation that promoter repression by HpaII methylation 

could not overcome promoter activation by HhaI methylation suggests that inactivation 

of potential repressor elements in the promoter through DNA methylation is likely to 

exert stronger control on transcription than loss of positive regulatory elements.  

  Most of the proposed transcriptional regulators of EphA5, including HMX1, 

FOXD1 and FOXG1, bind to AT rich sites that lack CpG dinucleotides (Amendt, et al., 

1999, Obendorf, et al., 2007, Zhang, et al., 2003) and are therefore unlikely to be directly 

affected by methylation of their consensus binding sites. Zic2 binds to a GC rich 

consensus site and has been implicated as a regulator of EphB1 (Herrera, et al., 2003). 

Although the identity of other regulatory targets for ZIC2 in the retina remains 

undetermined, we have identified several potential ZIC2 binding sites in the EphA5 

promoter. Interestingly, ZIC2 can displace SP1 and SP3 at consensus binding sites in 

D(1A) dopamine receptor promoter to block Sp1-mediated transactivation (Yang, et al., 

2000). Sp1 and Sp3 are members of the larger Sp/Klf family of transcription factors that 

can recognize similar CG rich consensus sites and either activate or repress transcription, 
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depending on the promoter context (Kaczynski, et al., 2003). There are multiple predicted 

binding sites for Sp/Klf factors in the EphA5 promoter and SP1/SP3 sites coincide with 

seven of the HhaI sites and four of the HpaII methylation sites (Table 3.2). DNA 

methylation has variable effects on SP1 binding and in some genes, methylation in 

flanking sequences can decrease SP1/SP3 binding (Zhu, et al., 2003). Interestingly, T1α, 

a gene expressed in lung but not in brain, can be silenced in the brain by methylation of a 

single SP1/3 binding site (Cao et al., 2000). Fourteen of the seventeen Klf transcription 

factors are expressed in RGCs at E18 and P0 and over-expression of specific Klf cDNAs 

in RGCs differentially promotes axon outgrowth or retraction (Moore, et al., 2009). Thus, 

methylation of GC-rich consensus binding sites, potentially for ZIC2 or SP/KLF 

transcription factors, could alter binding affinity of transcription factors for specific sites, 

resulting in modulation of EphA5 promoter activation or repression.  

 We used genomic DNA and RNA isolated from whole retinas for our analyses. 

Therefore, although we saw subsets of clones with potentially interesting patterns of 

methylation, attributing a particular methylation pattern to a specific cell type within the 

retina is not possible. However, we can draw some inferences based on the populations 

present at the time points analyzed. Since progenitor cells constitute a large fraction of all 

cells present in the E17.5 and P0 retinas, we infer that EphA5 is largely unmethylated in 

both early and late-stage retinal progenitors. At 8 months, rod photoreceptors are the 

single most abundant cell types in the retina, thus, we infer that EphA5 remains 

unmethylated in rod photoreceptors. However, in the mature mouse retina, Müller glia 

and RGC respectively constitute ~3% and <1.3% of all retinal cells (Jeon, et al., 1998). 

Thus, even with a sampling depth of 20 clones, we would expect, on average, that less 
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than one clone would represent genomic DNA from Müller glia or retinal ganglion cells. 

Therefore, the patterns of DNA methylation and the potential role for methylation in 

regulating EphA5 expression specifically in RGCs or Müller cells in vivo will require 

analysis of pure cell populations.  

  There is evidence supporting a role for DNA methylation in disregulation of 

EphA5 and expression of other Eph receptor in cancer (Dottori et al., 1999, Fu et al., 

2010, Kalinski, et al., 2009, Kuang, et al., 2010, Merlos-Suarez and Batlle, 2008, Wang 

et al., 2005). Decreased EPHA5 mRNA expression is associated with increased promoter 

methylation in human primary breast cancer (Fu et al., 2010). In cancer cells, AzadC can 

reverse DNA hypermethylation and re-establish patterns of gene expression typical of 

non-cancerous cells (Bird, 2002). Our results showing decreased methylation and up-

regulation of EphA5 in ImM10-derived sphere cultures following AzadC treatment are 

consistent with the up-regulation of EphA5 following AzadC demethylation in mammary 

tumor cell lines (Fu et al., 2010). Our results support a role for DNA methylation in 

silencing EphA5 and suggest a potential mechanism for silencing other developmentally 

important genes in Müller glia-derived spheres.  

 Methylation analysis of freshly isolated and cultured cells has shown that global 

methylation patterns are maintained in long-term cultures, although there are changes in 

specific CpG sites, particularly in genes involved in differentiation (Bork, et al., 2010). 

SV40 transformed cell lines are known to have increased levels of DNA methylation 

(Liu, et al., 2005). The conditional immortalization of Müller glia with the tsA58-SV40 

transgene (Jat, et al., 1991) could contribute to the increased methylation of EphA5 in 

ImM10 cells. However, increased methylation in this cell line is clearly gene-specific, as 



  

  204 

EphB2 was found to be essentially unmethylated in ImM10 cells under both 

immortalizing and non-immortalizing (sphere forming) conditions. It will be important to 

determine whether silencing of EphA5 by methylation is a general characteristic of 

Müller glia, both in vitro and in vivo, and whether other developmentally critical genes 

are also silenced by DNA methylation in Müller glia.  

 Müller glia have been proposed as a possible source of stem-like cells that could 

be used for regenerative strategies in the retina (Jadhav, et al., 2009, Karl et al., 2008). 

During retinal development, Müller glia are generated from late-stage progenitors and 

both cell types express many of the same genes (Blackshaw, et al., 2004, Otteson and 

Phillips, 2010, Roesch et al., 2008), yet their ability to de-differentiate and generate 

retinal neurons remains limited at best, both in vivo and in vitro (Karl et al., 2008, 

Lawrence et al., 2007). Removal of epigenetic marks, including DNA and histone 

methylation, induces re-expression of pluripotency-associated genes in somatic cells 

(Bian, et al., 2009, Miyamoto, et al., 2009) and in brain-derived neurospheres (Ruau, et 

al., 2008). Our results point to a possible role for chromatin remodeling in silencing of 

developmentally important genes in Müller glia. Although we did not observe any 

morphological changes in the EGF/FGF2 induced sphere cultures following 

demethylation, this is not entirely unexpected given the short time-course of the treatment 

and the fact that we did not switch the cells to differentiation media that can induce up-

regulation of some neuronal genes in vitro. It will be interesting to determine which other 

neuronal genes are silenced by methylation in Müller glia and whether hypermethylation 

is a general characteristic of all Müller glial cell lines and of primary Müller glia. The 

finding that demethylation promotes re-expression of EphA5 in ImM10 cells suggests 
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that AzadC treatment may be a useful approach for increasing the neurogenic potential of 

Müller glia in vitro and in vivo.  

 

 

 

 



  

  206 

Figures 

 
 

 
 
 

Figure 3.1. Organization of mouse EphA5 promoter and exon 1.  

The thick gray bar shows the region of EphA5 (1556 to +997) cloned and analyzed in luciferase 

assays. CpG islands spanning the transcription start site (CpG:49, containing 49 CpG 

dinucleotides) and the Exon1/intron 1 boundary (CpG:29, containing 29 CpG dinucleotides are 

stippled. The CpG:49 island was analyzed by bisulfite sequencing. Histograms show the % GC 

from 40% to 100% calculated in 5 bp windows and mammalian conservation. The upper line 

shows position on mouse Chromosome 5. Note that the orientation is reversed relative to the 

genome sequence to show the gene in the standard 5’ to 3’ orientation. Adapted from UCSC 

Genome Browser, publicly available at [http://genome.ucsc.edu/]. 
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Figure 3.2. Activity of EphA5 promoter in R28 cells.  

R28 rat retinal progenitor cells were transiently co-transfected with EphA5-luciferase constructs 

or pGL2 basic (0.1, 0.25 or 0.5 µg per well) and Renilla luciferase control plasmids (0.01µg per 

well) and assayed after 48 hours. For each, relative luciferase was calculated as the ratio of 

luciferase to co-transfected renilla luciferase for each well and expressed as fold-change from 

promoterless pGL2 basic at 0.1 µg/well. Bars show mean relative luciferase of three replicate 

experiments, with each condition tested in duplicate at each concentration of plasmid. Error bars 

show the standard error of the mean. 
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Figure 3.3. EphA5 methylation levels and mRNA expression in E17.5, P0 and adult mouse 
retina.  

(A) Graphs showing mean relative EphA5 mRNA expression from qRT-PCR analysis normalized 

to E17.5. Relative expression was unchanged at P0 (0.95 ± 0.18) and but decreased by 0.735 ± 

0.1 (* p=0.05) at 8 months. (n=3, error bars = standard error of the mean, statistical analysis was 

done using REST, pair wise fixed reallocation randomization test). (B) Methylation frequency of 

EphA5 CpG island shown in bubble diagrams for E17.5, P0 and adult (8 months) mouse retinas. 

Each line represent a clone, circles show CpG dinucleotides. Open circles = unmethylated, black 

circles = methylated. Retinal CpG methylation in the EphA5 CpG island was 1.2±0.28% for both 

E17.5 and 8 months, 1.6±0.46% for P0. Differences in methylation frequency between the three 

age groups were not statistically significant as analyzed by the Mann - Whitney U-test. Numbers 

at the bottom show the position of the CpG island in base pairs relative to the transcription start 

site (TSS, arrow).
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Figure 3.4. EphA5 mRNA expression and CpG methylation in nasal/temporal and dorsal 
ventral mouse retina.  
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Figure 3.4. EphA5 mRNA expression and CpG methylation in nasal/temporal and dorsal 
ventral mouse retina (legend).  

 (A) Graphs showing mean relative EphA5 mRNA expression in nasal and temporal thirds of the 

mouse retina at P0 determined using qRT-PCR and normalized to nasal retina. EphA5 mRNA 

expression was 1.47±0.29 fold higher in temporal vs. nasal (* p=0.02). (B) Graphs showing mean 

relative EphA5 mRNA expression in dorsal and ventral thirds of the mouse retina at P0 

determined using qRT-PCR and normalized to dorsal retina. EphA5 mRNA expression was 1.15± 

0.0 fold higher in the ventral vs. dorsal retina (p=0.32). For both A and B, three biological 

replicates were analyzed, with each sample analyzed in triplicate. Error bars = standard error of 

the mean. Statistical analysis was done using REST, pair wise fixed reallocation randomization 

test (C) Methylation frequency of EphA5 CpG island shown in bubble diagrams for nasal, 

temporal, dorsal and ventral thirds of mouse retina at P0. Each line represent a clone, circles show 

CpG dinucleotides. Open circles = unmethylated, black circles = methylated, statistical analysis 

was done using the Mann - Whitney U-test. The EphA5 CpG island spanning the transcription 

start site (485bp) was amplified from bisulfite converted gDNA in a nested PCR. EphA5 CpG 

methylation at P0 varied topographically. The highest CpG methylation was in the nasal retina 

(3.29±0.84%), compared to temporal (1.5±0.46%; p=0.01 vs. nasal). Dorsal retina (0.63±0.21%) 

and ventral retina (0.28±0.7%) had minimal methylation and differences between dorsal and 

ventral were not statistically significant (p=0.32). Numbers at the bottom show the position of the 

CpG island in base pairs relative to the transcription start site (TSS, arrow). 
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Figure 3.5. Effects of differential methylation on EphA5 promoter activity in vitro.  

The EphA5 promoter, subcloned in CpG-free CpGL luciferase reporter (gray bars), was 

methylated in vitro prior to transient transfection of R28 rat retinal cells. Expression levels are 

expressed relative to the empty CpGL vector (black bar) and variation in transfection efficiency 

was normalized by expression of co-transfected Renilla luciferase control plasmids (0.01mg per 

well). Bars show mean relative luciferase of three replicate experiments, with each condition 

tested in duplicate at each concentration of plasmid. Error bars show the standard error of the 

mean, statistical analysis was done using the student t-test. Unmethylated EphA5-CpGl plasmid 

(Mock) was incubated in parallel with methylation reactions but without methyltransferase 

enzymes. SssI, methylates 98 CpGs and reduced EphA5 promoter activity by 92% (p<0.0001) to 

a level comparable to pCpGL-basic. HhaI methylates 10 CpGs and decreased activity by 20% 

(p=0.03). HpaII methylates 6 CpGs and increased promoter activity by 35% (p=0.01 vs. Mock). 

The combination of HhaI and HpaII methylates 16 CpGs and increased activity by 38% (p=0.002 

vs. Mock). 
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Figure 3.6. Effects of AzadC on EphA5 and EphB2 expression and promoter methylation in 
ImM10 cells.  
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Figure 3.6. Effects of AzadC on EphA5 and EphB2 expression and promoter methylation in 
ImM10 cells (legend). 

 
(A) In the left panel, ImM10 cells cultured in immortalizing conditions (growth medium, with 

50U/ml interferon gamma at 33°C) are adherent with a typical glial morphology, In the right 

panel, ImM10 cells cultured for 7 days in non-immortalizing conditions in sphere medium 

containing 20 ng/ml EGF, FGF2 form non-adherent spheres. Scale bar = 100 µm in both panels. 

(B) Ethidium bromide stained gel of amplicons from qRT-PCR analysis EphA5 and EphB1 

expression in ImM10 cell under growth conditions (Müller), non-immortalizing sphere conditions 

(Sphere) and in adult mouse retina (Retina). Right panel shows amplicons from sphere cultures 

following 72 hours of AzadC treatment at 1 and 10 µM. Rplp0 was used as a normalizing gene, 

three biological samples were analyzed, error bars = standard error of the mean and statistical 

analysis was done using REST, pair wise fixed reallocation randomization test. (C) Graphs 

showing quantitative analysis of qRT-PCR results for EphA5 in sphere cultures with (gray bars) 

and without (black bars) AzadC treatment. (D) Graphs showing quantitative analysis of qRT-PCR 

results for EphB2 in sphere cultures with (gray bars) and without (black bars) AzadC treatment. 

Note that the scale of the Y-axis differs in C and D. (E) Methylation frequency of EphA5 CpG 

island shown in bubble diagrams. ImM10 cells in growth/immortalizing conditions (Müller glia) 

were 49.6 ±7.64% methylated. ImM10 cells in non-immortalizing sphere cultures (Spheres) were 

47.8±7.6% methylated. Methylation frequency was 25.4±2.9% following 1 µM AzadC (p= 0.01 

vs. control) and 24.5±6.1% following 10 µM AzadC (p=0.01 vs. control). (F) EphB2 was 

essentially unmethylated in all conditions tested. Note that analysis of gene expression and 

methylation of EphA5 and EphB2 was performed on the same DNA and RNA samples. Statistical 

analysis was done using the Mann-Whitney U-test. Arrows indicate position of transcription start 

sites (TSS). 
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Figure 3.7. MTT assay of ImM10 cells following AzadC tretement. 

Graph showing results of MTT assays of ImM10 cells following 5-azadeoxycytidine (AzadC) 

treatment. Bars show mean absorbance (590nm - 635 nm) of reduced MTT. (+ standard error of 

the mean). Higher absorbance reflects increased metabolic activity that can indicate either 

increased activity or numbers of cells. Concentrations of AzadC (µM) are indicated on the X axis. 

The overall toxicity of AzadC in this cell line was minimal, even at high concentrations. Data 

shown is the mean of three independent experiments, error bars = standard error of the mean, 

statistical analysis was done using the student t-test. 
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(B)  
 

Figure 3.8. Results of bisulfite sequencing of the paternally imprinted H19 gene in ImM10 
Müller glia in sphere cultures showing effects of 5-azadeoxycytidine (AzadC).   

Methylation frequency is illustrated in bubble diagrams, with each line representing an 

independent clone. Circles show CpG dinucleotides. Open circles = unmethylated, black circles = 

methylated, statistical analysis was done using the Mann - Whitney U-test. Methylation was 73.1 

+ 8.7% in untreated control spheres, 57.7 + 17.5 with 1 µM AzadC (p=0.05 vs control), and 33.1 

+ 11.3 (p= 0.01 vs control) with 10 µM AzadC. 
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Table 3.1. Primers used in cloning, bisulfite sequencing and qRT-PCR analysis 

 
Gene name Forward Primer Reverse Primer 

Annealing 
Temp. oC  

Product Size 
(base pairs) 

Based on  
Accession. No 

 
Promoter cloning primers 
 EphA5  5’-TACTCAGAGGCCACCGAACT-3’ 5’-AATAGCAGCCTGCCAGAGAG-3’ 60 2532 NM_007937 
 
Bisulfite converted gDNA primers 
EphA5 5’-GTTATATGTTTGTAAAGGGTAGTAGG-3’ 5’-AATAAAATAAAACCCAAACAAC-3’ 52 649 NM_007937.3 
EphA5 nested 5’-GAGGATTTTTTATTTTAATTATTT-3’ 5’-AAACTAAAAAAACTAACAAAAAAA-3’ 52 485 NM_007937.3 
EphB2 5’-TGGTAGGGTTTAGGTAAGGG-3’ 5’-AACCAACAAAATAAACCATCC-3’ 52 503 NM_010142.2 
EphB2 nested 5’-GTTTTGTAGTATTTAATAAAAATTGAGAAA-3’ 5’-AACCAACAAAATAAACCATCC-3’ 52 357 NM_010142.2 
H19 5’-GGTTATGGGGTGGATATAATATATA-3’ 5’-TAAACCCAACCTCTACTTTTATAAC-3’ 52 394 U19619.1 
H19 nested 5’-GGGGTGGATATAATATATATTTTTT-3’ 5’-CCCTTTATTAAACCTAAAATACTCA-3’ 52 213 U19619.1 
 
qRT-PCR primers  
EphA5 5’-AAGCGAGATTCCCATCATTG-3’ 5’-ATCCTGCTTTGGTTTGCTGT -3’ 60 143 NM_007937.3 
EphB2 5’-CAATGCTGAAGAAGTGGATGTG-3’ 5’-CTTGAAGGTTCCTGATGGACA-3’ 60 15 NM_010142.2 
Rplp0 5’-CGACCTGGAAGTCCAACTAC-3’ 5’-ATCTGCTGCATCTGCTTG-3’ 60 109 NM_022402 
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Table 3.2. Prediction of Sp1/3 binding sites in EphA5 CpG island 

EphA5 CpG island (-243 to +242 relative to transcription start site) was analyzed using 

AliBaba2.1 (http://www.gene-regulation.com/pub/programs/alibaba2/index.html). The table 

shows the position of predicted Sp1/3 binding sites and consensus sites for HpaII and HhaI 

methylation in base-pairs relative to the transcription start site The following criterion was set: 

Pair similarity to known sites: 50; Matrix Width in bp: 10; Minimum number of sites: 4; 

Minimum matrix conservation: 80%; Similarity of sequence to matrix:100%; Factor class level: 

4; Search only one factor: 2.3.1.0 

 
Sp1/3 
binding site 
Start 

Sp1/3 
binding site 
Stop 

HpaII 
methylation 
site position 

HhaI 
methylation 
site position 

   -204 
-219 -210 -219  
-160 -146   
-146 -137   
-94 -65   
-79 -65  -60 
-73 -62   
-62 -51   
-53 -42   
-43 -29   
-33 -24  -33 
-25 -19   
+42 +51  +42 
   +47 
  +60  
+65 +74   
+81 +92  +81 
+87 +96  +90 
+124 +138 +129  
+144 +157  +143, +157 
+159 +172   
+165 +174 +173  
+178 +190 +188  
+194 +205   
+218 +227   
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CHAPTER 4 
 
 

Transcriptional regulation of the mouse EphA5 receptor by 
Wnt signaling 

 
 

Abstract 
 

In the visual system, the spatial relationships between neighboring retinal 

ganglion cells (RGC) are preserved in the visual processing centers of the brain. Proper 

formation of these topographic maps is essential for coherent vision and is regulated by 

signaling between complementary gradients of EPH tyrosine kinase receptors on RGC 

axons and ephrin ligands on post-synaptic cells in the brain. However, the molecular 

mechanisms regulating formation of EPH gradients along the dorsal/ventral and 

nasal/temporal axes of the retina are unknown. The WNT signaling pathway regulates 

cellular proliferation, differentiation and axis formation during embryonic development 

by controlling gene expression through TCF/LEF transcription factors. The EphA5 

proximal promoter contains 4 predicted TCF/LEF binding sites, thus identifying a role 

for WNT signaling in the transcriptional regulation of the promoter. In luciferase assays, 

activation of the canonical WNT signaling pathway increased the activity of mouse 

EphA5 promoter  constructs in HEK293 cells.  Deletion analysis showed that EphA5 

promoter activation was dependent on the presence of a 34 bp region containing two 

TCF/LEF binding sites, whereas the presence of an additional number of TCF/LEF 

binding sites in longer constructs did further increase promoter activity. In R28 rat retinal 

progenitor cells, activation of canonical WNT signaling with WNT3a ligands did not 
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activate transfected EphA5 promoter constructs, but did upregulate endogenous EphA5 

mRNA expression. Thus, in R28 cells, the presence of TCF/LEF sites in the cloned 

EphA5 promoter constructs was not sufficient for WNT responsiveness, although WNT 

signaling is active in this cell line. In retinal explants from postnatal day 7 mice, WNT 

signaling did not alter EphA5 mRNA expression or upregulate known WNT target genes. 

This indicates that in the postnatal retina the canonical WNT signaling may not be active 

or that the presence of antagonists may prevent detectable activation of the pathway. 

Based on these results, canonical WNT signaling is a potential regulator of EphA5 

promoter and may contribute to regulation of EphA5 expression during the period of axon 

pathfinding. However, canonical WNT signaling does not appear to be a promising 

candidate for the regulation and maintenance of the receptor gradient in the adult retina. 
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Introduction 
 
 The visual system is organized topographically, so that spatial relationships 

between neighboring retinal ganglion cells (RGC) in the retina are preserved among their 

synaptic terminals in the areas of the brain that process visual information. Over 40 years 

ago, Sperry (Sperry 1963) proposed the chemoaffinity model for retinotopic mapping of 

RGC axon connectivity. The idea of the model was that there must be gradient expression 

of guidance molecules within the retina and the visual centers of the brain that creates a 

Cartesian coordinate system for patterning of RGC connectivity. These signaling 

molecules were subsequently identified as EPH receptor tyrosine kinases and their ephrin 

ligands (Cheng et al. 1995; Drescher et al. 1995; Orioli et al. 1996).  

In mammals, 14 EPH receptors and 8 ephrin ligands have been described. During 

development, Eph receptors are expressed in gradients across the nasal/temporal (EphA) 

and dorsal/ventral (EphB) axes of the retina and their cognate Ephrin-A and Ephrin-B 

ligands are respectively expressed in reciprocal gradients across the anterior/posterior and 

medial/lateral axes of the optic tectum (Inatani 2005). Relative levels of EPH receptor 

expression in RGCs and ephrin ligands in the visual centers of the brain create the 

positional information that regulates formation of the retinotopic maps by controlling the 

relative locations of RGC synaptic terminals (Reviewed by Flanagan 2006; McLaughlin 

& O'Leary 2005; Murai & Pasquale 2004; Scicolone et al. 2009). For a more detailed 

discussion of the role of EPH signaling in retinotopic map formation, see Chapter 1, 

Section 5. 

 Although the patterning of retinotopic map formation via EPH/ephrin signaling is 
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well established, the molecular mechanisms that control the gradients of Eph mRNA 

expression are not well understood. There is evidence that EphA expression is regulated 

at the level of transcription. Several transcription factors such as Foxd1 and Foxg1 

(Hatini et al. 1994; Herrera et al. 2004), Hmx4/SOHO1 and Hmx1/GH6 (Schulte & Cepko 

2000) have been shown to play a role in regulating EphA3 expression in early retinal 

development in chick. In the mouse retina, Foxd1 is expressed in an increasing nasal to 

temporal pattern and expression of EphA5 and EphA6 is reduced in the temporal retinae 

of Foxd1 null mice (Carreres et al. 2011). Foxd1 ablation resulted in a stronger reduction 

of EphA6 mRNA expression as compared to EphA5. Although reduced, both EphA5 and 

EphA6 were still expressed pointing to a role for additional transcriptional regulators that 

can activate these genes even in the absence of Foxd1. The homeo domain protein Vax2 

is another potential regulator of EphA5 expression. Vax2 mutant mice have altered EphA5 

expression, such that the gradient is abolished due to upregulated EphA5 expression in 

the nasal retina (Mui et al. 2002). 

 My research points to differential methylation as an additional regulatory 

mechanism of EphA5 expression. Work presented in the previous chapter showed that 

differential promoter methylation could contribute to the reduced EphA5 expression 

levels in the nasal P0 retina (Petkova 2011, Chapter 3). Although the mechanisms by 

which site-specific, low level DNA methylation modulates EphA5 expression have not 

been determined, the CpG rich promoter region of EphA5 contains consensus binding 

sites for Sp1/Sp3 transcription factors that are known to be sensitive to methylation status 

of binding sites (Zhu, et al., 2003; Cao et al., 2000). Precisely how the EphA5 gradient is 

maintained remains to be determined but evidence suggests that methylation in the nasal 
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retina together with Foxd1 and Vax2 TFs may play a role. Thus, Sp1 and Sp-family 

transcription factors, as well as Vax and Fox transcription factors, constitute promising 

candidates for further studies to determine their role in regulating the EphA5 promoter.  

 One approach for understanding transcriptional regulation is to identify potential 

transcription factor binding sites within the promoter and test the role of the cognate 

transcription factors on promoter activation. Phylogenetic and bioinformatic analyses 

have described the conservation of EPHA proteins and the presence of conserved 

TCF/LEF binding sites in the promoters of several Eph genes between multiple species 

(human, chimp, cow and rat) (Katoh 2006). This finding suggested a general role for 

TCF/LEF transcription factors in transcriptional regulation of Eph receptor expression.  

 WNT (wingless-type MMTV integration site family) signaling has been implicated 

in the regulation of multiple biological events such as embryogenesis, tissue patterning, 

cell proliferation and differentiation and specification of the anterior/posterior axis 

(Huelsken & Birchmeier 2001; Moon et al. 1997; Nusse & Varmus 1992; Wodarz & 

Nusse 1998). Deregulation of WNT signaling has been implicated in the pathogenesis of 

several retinal diseases, such as Norrie and familiar exudative vitreoretinopathy (FEVR) 

(Robitaille et al. 2002; Toomes et al. 2004; Xu et al. 2004; Ye et al. 2009), photoreceptor 

degeneration (Yi et al. 2007), glaucoma (Wang et al. 2008) and age-related macular 

degeneration (Zhou et al. 2010).  

 WNTs are a class of secreted lipid rich glycoproteins and currently, 19 WNT genes 

have been identified in the mouse and human genomes (Nusse & Varmus 1992). These 

ligands activate two signaling pathways, including the canonical pathway, which 

functions through β-catenin, and noncanonical pathway, which is independent of β-
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catenin. The best-characterized of the two is the canonical WNT pathway, which 

regulates gene expression via the β-catenin/TCF/LEF complex (Tolwinski & Wieschaus 

2004).  

 In the canonical WNT signaling pathway, in the absence of WNT ligands, a 

cytoplasmic destruction complex consisting of adenomatous polyposis coli (APC) - 

AXIN1 recruits glycogen synthase kinase 3β (GSK3β), which phosphorylates β-catenin, 

and marks it for proteosomal degradation via ubiquitination (Fig. 4.1A). When present, 

WNT ligands bind to the cysteine rich domain (CRD) of the seven-span transmembrane 

receptor Frizzled (FZD) and co-receptors low-density lipoprotein (LDL) receptor-related 

proteins (LRP5/6). This results in phosphorylation and activation of the cytoplasmic 

protein Dishevelled (DVL) (Wodarz & Nusse 1998) (Fig. 4.1B). Phosphorylated DVL 

signals for the binding of AXIN1 to LRP5/6 receptor, resulting in disintegration of the β-

catenin degradation complex (APC-AXIN1/ GSK3) (He et al. 2004; Hoang et al. 2004; 

Moon et al. 2002). As a result, β-catenin cannot be phosphorylated and is not degraded in 

the proteasome, ultimately leading to β-catenin accumulation in the cytoplasm and its 

subsequent translocation into the nucleus. In the nucleus, β-catenin regulates gene 

expression through interaction with T-cell Factor/Lymphocyte enhancer factors 

(TCF/LEF) transcription factors (Moon et al. 2004; Tolwinski & Wieschaus 2004) (Fig. 

4.1 B). In the absence of β-catenin, TCF/LEF transcription factors form a complex with 

groucho and act as transcriptional repressors (Cavallo et al. 1998). The binding of β-

catenin to TCF/LEF transcription factors converts them from repressors to activators that 

can up-regulate genes important for regulation of cell proliferation and differentiation 

(Moon et al. 1997).  
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 To activate the non-canonical pathway, WNT proteins WNT5a and WNT11 

(Marlow et al. 2002; Slusarski et al. 1997) bind a variety of membrane receptors 

including Derailed/RYK (Tyrosine Related Receptor), the orphan tyrosine kinase 

receptor ROR2, FZD, LRP5/6 and Epidermal growth factor-Cripto FRL1. This activates 

intracellular signaling though the small GTPase RhoA, protein kinase C (PKC) or c-Jun 

terminal kinases (JNK) (Heisenberg et al. 2000; Jones & Jomary 2002; Kuhl et al. 2000; 

Leyns et al. 1997; Weber et al. 2000) (Fig. 4.2). Through these signaling mechanisms, the 

noncanonical WNT pathway plays a role in the regulation of cell polarity (Strutt 2001), 

cell growth (Weber et al. 2000), cell migration (Heisenberg et al. 2000), axon pathfinding 

and angiogenesis (Li et al. 2009; Liu et al. 2007; Van Raay et al. 2005) 

 WNT signaling can be modulated through the binding of Dickkopf (DKK) proteins 

to LRP5/6 receptors and the transmembrane proteins KREMEN1 or KREMEN2 (Mao & 

Niehrs 2003; Mao et al. 2002). In the mouse, 3 DKK proteins have been identified, 

although their functions in the eye are still under investigation. Binding of DKK1 or 

DKK2 to LRP5/6 and KREMEN1/2 results in cytoplasmic internalization of the LRP 

receptor, which inhibits the canonical WNT signaling pathway by preventing FZD/LRP 

interactions (Mao & Niehrs 2003; Mao et al. 2002; Semenov et al. 2001) (Fig. 4.1A). 

Unlike DKK1 and DKK2, DKK3 can either inhibit or activate the canonical WNT 

signaling pathway (Caricasole et al. 2003; Mao et al. 2002; Yue et al. 2008). In the retina, 

DKK3 mediates activity is through Kremen 1 and 2 receptors (Nakamura et al. 2010). 

 WNT signaling plays a role in the specification of the eye field and in early 

patterning and development of the eye. The current data suggest a more important role 

for the non-canonical WNT signaling than the WNT/β-catenin in the early stages of eye 
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specification. Support for this statement comes from experiments showing that repression 

of WNT/β-catenin signaling is needed for proper eye field formation. One such repressor 

is the eye field transcription factor Six3. In the mouse, loss of Six3 leads to 

overexpression of WNT1 that results in abnormal forebrain development and a smaller 

eye field (Lagutin et al. 2003). While the WNT/β-catenin pathway is not essential for eye 

field specification, the non-canonical branch proves to be quite important. In the 

zebrafish and Xenopus, loss of function studies showed that WNT4, FZD5 and DKK1 

(Kazanskaya et al. 2000) are essential for specification of the eye field. Ectopic 

expression of FZD5 zebrafish and Xenopus is sufficient to specify eye field formation 

(Cavodeassi et al. 2005). In Xenopus development, dominant-negative and co-expression 

rescue studies have shown that FZD3 is necessary for eye formation (Wolda et al. 1993).  

 In the chick, FZD4 and FZD5 specify the area of the optic vesicle that will 

differentiate into neural retina (Fuhrmann et al. 2003). In Xenopus, WNT/β-catenin 

signaling activation via FZD5 regulates retinal progenitor cell proliferation through 

activation of Sox2 expression (Van Raay et al. 2005). Inhibition of FZD5 mediated 

signaling is subsequently needed for Müller glia differentiation during retinal 

development (Agathocleous et al. 2009). During optic cup formation, WNT proteins 

secreted by the RPE have been implicated in specification of the dorsal retina (Veien et 

al. 2008) and are also needed for RPE specification. A recent study describing the 

function of DKK1 in mouse eye development showed that DKK1 is needed for the 

formation of the optic cup and specification of retinal spatial identity (Lieven & Ruther 

2011). The authors showed that in hemizygous Dkk1+/- mice, although there were no 

abnormalities of retinal development and lamination, the dorsal retina extends towards 



   

 232 

the lens resulting in asymmetry between the dorsal and ventral retina. To date, no specific 

function for DKK2 has been described in the retina. However DKK2-driven suppression 

of the WNT/β-catenin signaling has been shown to play a role in cornea and eyelid 

development and may also be an important signaling mechanism for specification of the 

retinal pigmented epithelium (RPE) (Gage et al. 2008). In the mouse, in situ hybridization 

has shown that in the developing and mature RPE (E12.5 - adult), several WNT signaling 

components are expressed including: Wnt5a, Wnt2b, Fzd4, Fzd6 and Sfrp1 (Liu et al. 

2003). 

 WNT signaling has been implicated in the maintenance of progenitor cells in the 

developing mammalian retina. In the ciliary margin, WNT2b increases β-catenin nuclear 

translocation and functions to maintain undifferentiated neuroepithelial cells, a notion 

strengthened by the finding that WNT2b overexpression inhibits retinal cell 

differentiation (Inoue et al. 2006; Kubo et al. 2003; Liu et al. 2007). In the differentiating 

retina, Dkk3 mRNA expression is first detected at P8 in the ganglion cell layer (GCL) 

and, starting at P20 and continuing in the adult retina, Dkk3 expression is maintained in 

both RGCs and Müller glia (Nakamura et al. 2007). However, Dkk3 null mice lack a 

specific eye phenotype and the retina appears to develop normally (Barrantes Idel et al. 

2006).  

 The expression patterns of WNT signaling pathway components in the developing 

and mature mouse retina have been described by qRT-PCR and in situ hybridization (Liu 

et al. 2003). Starting from E12.5 to E18.5, at P7 and in the adult mouse retina ligands 

Wnt-3, 5a, 5b, 7b and Wnt2b and Fzd receptors 3, 4, 6 and 7 are expressed in the neural 

retina (in precursors and INL) but not in the RPE. The following Wnt mRNA were not 
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detected in the neural retina at any of the tested developmental stages: Wnt-2, 3a, 4, 6, 7a, 

8b, 10b and 11. Out of the components tested, Wnt-3, 5a, 5b, 7b, Fzd-3 and 6, and Sfrp-1 

and 3 are expressed in RGCs. Transgenic mice carrying the TCF/LEF-LacZ reporter 

transgene have been used to study WNT/β-catenin signaling activation. In this system β-

galactosidase staining will indicate TCF/LEF transcription factor activation, but is not 

necessarily indicative of WNT/β-catenin signaling activation. In the developing retina, 

TCF/LEF-LacZ reporter and in situ hybridization showed high TCF/LEF activity from 

E14.5 to E17.5, decreasing at the P7 with only a few positive cells in the adult retina.  

 Activation of the WNT/β-catenin pathway is essential for Müller glia proliferation 

during retinal regeneration in zebrafish (Ramachandran et al. 2011). In response to injury, 

dkk1 is repressed and WNT4 and WNT8b are upregulated resulting in activation of 

WNT/β-catenin signaling in the proliferating Müller glia (Ramachandran et al. 2011). 

Interestingly, simply inhibiting the GSK3β driven β-catenin degradation increases injury-

induced proliferation and de-differentiation of Müller glia, implicating WNT signaling 

directly in the regenerative process in the zebrafish retina (Ramachandran et al. 2011). In 

the mammalian retina, WNT/β-catenin induced proliferation of Müller glia is not as 

robust as in the zebrafish but it is evident. In a rat injury model, WNT3a treatment 

increases the numbers of Müller glia re-entering the cell cycle, thus enhancing their de-

differentiation to a progenitor like state and their proliferative potential (Osakada et al. 

2007). Further more WNT/β-catenin signaling has been implicated in increasing neuronal 

survival in several animal and culture models of retina degeneration. In the degenerating 

retinas of rd1 mice, DKK3 secretion by Müller glia is upregulated (Yi et al. 2007). In the 

degenerating retinas of rd1-TCF-LacZ mice there is increased activation of TCF/LEF in 
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Müller and microglia as compared to the wild type (Yi et al. 2007). In retinal (rd1-TCF-

LacZ) and primary Müller glia cultures under oxidative stress (H2O2), WNT/β-catenin 

activation by DKK3 results in reduced caspase-3 activity. These findings suggest a 

neuroprotective effect for DKK3, mediated via WNT/β-catenin/TCF/LEF signaling 

(Nakamura et al. 2007).  

 Recently evidence has been provided for an additional function of WNT signaling 

in the retina, that of patterning retinal axon termination in the superior colliculus. The 

study showed that there is a direct role for the non-canonical WNT signaling pathway in 

the mapping of the dorsal retinal axons along the medio-lateral axis in the mouse superior 

colliculus (Hall et al. 2000; Schmitt et al. 2006). The Derailed/RYK (Tyrosine Related 

Receptor) is expressed in an increasing dorsal-ventral gradient in the retina and binding 

of WNT ligands to RYK signals for axon repulsion within the superior colliculus. 

Misexpression of dominant negative-RYK in the dorsal mouse retina results in shifting of 

the dorsal axons terminal zones towards the medial surface of the superior colliculus 

(Schmitt et al. 2006).  

 In addition to WNT/RYK, expression of opposing gradients of EPH receptors and 

ephrin ligands specify a two dimensional map for axon termination along the anterior-

posterior and medial-lateral axis of the superior colliculus. New evidence points to a 

connection between ephrin-B and WNT signaling in the retinotectal mapping of axons in 

Xenopus. Ectopic ephrin-B mRNA expression in the central retina results in a dorsal 

ventral shift of axon terminals, this shift was reduced in the presence of SFRP2, 

suggesting a link between the ephrin and WNT signaling pathways (Lim et al. 2010). 

Additional evidence for the interaction between the two signaling pathways comes from 
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the intestinal epithelium. In the crypts of the small intestine a gradient of EphB 

expression signals for the migration of differentiating epithelial cells along the intestinal 

crypt and is regulated by a gradient expression of β-catenin/TCF (Batlle et al. 2002).  

  For the EPHA receptors, evidence for regulation by WNTs has been more indirect. 

In situ hybridization showed that in the developing mouse retina (E14.5 – 18.5), Lef1 is 

expressed in the RGC layer in a gradient that follows the same orientation as EphA5 and 

EphA6 (temporal>nasal) (Liu et al. 2006). Further, as noted above, multiple EphA 

promoters contain predicted LEF/TCF binding sites (Katoh 2006). Taken together this led 

to the hypothesis that the canonical WNT signaling is a potential mechanism regulating 

EphA5 receptor expression in the mouse retina. To test this hypothesis, the mouse EphA5 

promoter was cloned and tested for WNT signaled activation in vitro. Mouse retinal 

explants were treated with WNT ligands to assess the effects of activating WNT 

signaling on EphA5 expression ex vivo. 

 

Materials and Methods 
 

Cloning EphA5 promoter and deletion constructs 
 

The mouse EphA5 promoter region from -1552 to +997 bp relative to the 

transcription start site was PCR amplified from mouse genomic DNA using Pfx Taq 

polymerase (Invitrogen, Carlsbad, CA) (Table 4.1). The amplicon was subcloned into 

pCR2.1-topo (Invitrogen) and sequence verified, (Macrogen, USA). For subcloning into 

pGL2 basic (Promega; San Luis Obispo, CA), the insert was isolated by digestion with 

NotI, overhangs were filled in using DNA polymerase, Klenow fragment and redigested 

with Acc65I. Following gel purification, the insert was directionally cloned into pGL2-
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basic that had been linearized with BglII, filled in with Klenow and re-digested with 

Acc65I to generate pGL2-EphA5-2.3bp construct (mEphA5-2.3-luc). MatInspector 

[www.genomatix.de/matinspector.html], (Cartharius et al. 2005) was used to identify 

position of predicted TCF/LEF binding sites within EphA5 promoter region from -1552 

to +997 bp. A total of four TCF/LEF binding sites were predicted with the following 

positions: -1230 to -1222, -1059 to -1043, -582 to -565 and -564 to – 548; core similarity 

value was 1.00, matrix similarity varied from 0.945-0.964 with optimization of 0.94.  

The mEphA5-2.3-luc (containing 4 TCF/LEF binding sites) construct was used to 

generate 5’ deletion constructs of the EphA5 promoter containing 3, 2 or 0 TCF/LEF 

binding sites. Following linearization, 60 ng of template mEphA5-2.5-luc DNA was 

amplified with Pfx Taq polymerase (Invitrogen, Carlsbad, CA) to generate 3 PCR 

products (for primer combinations, see Table 4.1). PCR products were gel purified and 

cloned into TOPO Blunt and transformed into DH5α competent cells (Invitrogen, 

Carlsbad, CA). After plating on selective media (50 µg/mL kanamycin) and overnight 

incubation, colonies were picked, expanded in liquid culture and DNA was purified using 

affinity columns (Qiagen; Valencia, CA). The following restriction enzymes were used to 

excise the promoter fragments containing the desired TCF/LEF binding sites: 3 TCF/LEF 

sites - mEphA5-1.9-luc (Acc65I/NotI), 2 TCF/LEF sites- mEphA5-1.8-luc (SacI/EcoRV 

followed by HindIII/Acc65I) and 0 TCF/LEF sites- mEphA5-1.2-luc (Acc65I/SmaI). Gel 

purified inserts were subcloned into pGL2-Basic at HindIII/Acc65I or SmaI/HindIII (for 

the 1.2kbp construct) sites. Following transformation and DNA purification the insert 

orientation was checked by digestion with SmaI/XbaI restriction endonucleases and for 

each deletion construct, positive clones with the correct orientation were sequenced 
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(Macrogen, Bethesda, MD). DNA for transfection experiments was purified using 

endotoxin-free DNA affinity columns (Qiagen; Valencia, CA). All DNA modifying 

enzymes were obtained from Promega (Madison, WI) or New England Biolabs (Ipswich, 

MA) unless otherwise specified. 

Generating WNT conditioned medium 
 

WNT5a and WNT3a producing and non-WNT expressing human L- cells 

(ATCC, Manassas, VA.) (Willert K, et al., 2003) were cultured in high glucose-DMEM 

supplemented with 10% fetal bovine serum, 4 mM L-glutamine and 0.4 mg/ml G-418. 

Cells were incubated at 37oC with 5% CO2 and the culture medium was renewed every 2-

3 days. WNT3a- or WNT5a-enriched and control conditioned media (CM) were 

generated following previously published method (Nakamura et al. 2007). Briefly, cells 

were split 1:10 in culture medium and grown in 10 cm petri dishes for 4 days until they 

reached approximately 70% confluence. Medium was removed and sterile filtered and 

stored at 4o C. An additional 10 ml fresh culture medium was added and cells cultured for 

additional 3 days. The second batch of conditioned medium was removed and sterile 

filtered and the two batches of medium were mixed at a 1:1 ratio to generate the WNT5a, 

WNT3a or control conditioned medium (CM). CM was subsequently mixed 1:1 with 

normal growth medium for treatment of retinal explants. CM was frozen at -20 o C in 

aliquots for long-term storage (Nakamura et al. 2007). 

Transient transfection and luciferase assay 
 

For luciferase assays experiments, rat retinal progenitor cells (R28) (Seigel 1996) 

or human embryonic kidney 293 cells (HEK293) were seeded at 170,000 cells/well in 
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0.250 mL growth media in 24-well plates and incubated for 24 hrs prior to transfection. 

The R28 rat retinal progenitor cell line (Seigel 1996) was cultured in DMEM (Sigma; St. 

Louis, MO) supplemented with 1.125 % sodium bicarbonate, 10% calf serum, 1% each 

MEM non-essential amino acids and MEM vitamins, 2mM L-glutamine and 0.1 mg/ml 

Gentamycin. HEK293 cells were cultured in DMEM + L-glutamine + low glucose 

(Sigma; St. Louis, MO) supplemented with 10% fetal bovine serum and Pen/Strep 

antibiotics. Both cell lines were maintained at 37 o C in 5.5% CO2 environment. Unless 

indicated, culture media and supplements were obtained from Gibco/Life Technologies 

(Carlsbad, CA). 

For luciferase assays, cells were co-transfected with 0.5 µg of each luciferase 

reporter plasmid (mEphA5-2.5-luc, mEphA5-1.9-luc, mEphA5-1.8-luc, mEphA5-1.2-luc 

or the promoterless pGL2 basic) and 0.002 µg pRL-Renilla-luciferase control vector 

using Lipofectamine LTX reagent (Life Technologies; Carlsbad, CA). Following 

overnight incubation the following treatments were applied (1) in HEK293 cells 

transfected mEphA5-2.5-luc, NaCl and LiCl at 0, 10 and 50 mM; (2) in HEK293 and R28 

cells, WNT3a, WNT5a conditioned medium, 100 ng/mL Dkk-1 (R&D Systems; 

Minneapolis, MN) (Osakada et al., 2007), 0 or 40 mM LiCl in DMEM, 10% FBS. All 

cells were incubated at 37°C with 5% CO2. After 48 hr incubation, cells were lysed in 

passive lysis buffer and lysates (20 µl) were assayed for firefly and pRL-Renilla-

luciferase activity using Dual-Luciferase Reporter System (Promega; San Luis Obispo, 

CA) on a 20/20n Luminometer (Promega Corp, Sunnyvale CA). To verify that treatments 

were sufficient to activate WNT signaling, additional wells were transfected with 

TopFlash plasmid (kindly provided by R. Moon, PhD University of Washington School 
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of Medicine) as positive control (DasGupta & Fuchs 1999; Veeman et al. 2003). Firefly 

luciferase activity of individual samples was normalized to Renilla luciferase activity to 

correct for variation in transfection efficiency between samples. Each condition was 

tested in triplicate during an experiment and each experiment was repeated three times. 

Retina dissection and explant treatments 
 

All animals were handled in accordance with the Animal Care Policies of the 

University of Houston and the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research. Mice were maintained in a 12-hour dark / 12-hour light cycle with 

food and water ad libitum. C57Bl/6 mice at postnatal day 7 (P7) were euthanized by 

halothane inhalation, followed by cervical dislocation. For isolating nasal-temporal 

retinal samples, the ocular orientation was marked prior to enucleation. Following 

enucleation, eyes were rinsed twice in 70% ethanol, followed by two rinses in sterile 

PBS. The eye was placed in pre-warmed CO2 independent medium and the anterior 

chamber was removed. To obtain the nasal and temporal retinal samples, the eyecups 

were cut along the dorsal/ventral axis on either side of the optic nerve. Individual hemi-

retinas were removed and transferred to separate wells of a 24-well plate containing 500 

µL Dulbecco's modified Eagle's medium (DMEM)/F12 (Sigma; St. Louis, MO), 

supplemented with 10% Fetal Bovine Serum (FBS), 20mM L-glutamine and Pen/Strep 

antibiotics and incubated at 37oC with 5% CO2. For each experiment, two nasal and two 

temporal explants were treated with one of the following: WNT3a, WNT5a conditioned 

medium, 100 ng/mL Dkk-1 (R&D Systems; Minneapolis, MN) (Osakada et al., 2007) or 

40mM LiCl in DMEM, 10% FBS; incubated at 37°C, 5% CO2 for 24 hours. The two 
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hemiretinas for each condition were pooled and total RNA was isolated for quantitative 

RT-PCR analysis of gene expression.  

Total RNA extraction 
 
 RNA from retinal explants was isolated using affinity columns (Qiagen RNeasy 

Mini Kit; Valencia, CA) following the manufacturer’s protocol. Briefly, explants were 

transferred to Eppendorf tubes containing a guanidine thiocyanate buffer (Buffer RLT) 

and β-Mercaptoethanol. Tissue was homogenized by passing 10 times through a 19-

gauge needle and centrifuged to remove insoluble cellular debris. One volume of 70% 

ethanol was added and samples were loaded into spin column. After a 15 second spin at 

maximum speed, the flow-through was discarded and 700 µL of Buffer RW1 was added 

to wash the column. Following a 5-minute incubation the column was spun again and 

flow-through discarded. Following two consecutive washes with Buffer RPE, total RNA 

was eluted with 30 µl of DEPC water. Total RNA concentration was quantified by 

Nanodrop ND-1000 Spectrophotometer and quality of RNA assessed by Agilent 

RNAnano chip, RNA with quality score above 8 was stored at -80°C and subsequently 

used for qRT-PCR analysis of gene expression.  

qRT-PCR 
 Primers used for qRT-PCR analysis are listed in Table 4.1. Primer pairs were all 

designed to span an intron and were analyzed against the corresponding genome 

databases by virtual PCR. To confirm primer specificity, each primer pair was tested 

using cDNA from total retinal RNA and resulting PCR products were analyzed by 

melting curve analysis to verify amplification of a single produce and by gel 

electrophoresis to verify production of a product of the predicted size. Primer efficiency 
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was determined by generating a standard curve with a dilution series of retinal cDNA. 

For quantitative real time PCR analysis, 0.5 µg of total RNA was reverse transcribed 

(RT) to generate cDNA (Affinity Script Reverse Transcription kit, Stratagene; La Jolla, 

CA) with oligo-dT primers according to the manufacturer’s protocol. The cDNA was 

diluted 1:10 with purified water and used as template for quantitative PCR. PCR 

amplification used SYBR Green detection (Brilliant SYBR Green QRT-PCR master mix, 

2 step; Stratagene, La Jolla, CA), according to the manufacturer’s protocol. Briefly, each 

QPCR reaction contained 10 µL SYBR Green master-mix that contained a hot-start Taq 

DNA polymerase, SYBR Green I, dNTPs, and PCR buffer with 5 mM MgCl2, Tris-Cl, 

KCl, (NH4)2SO4 pH 8.7), forward and reverse primers (0.5 µM final concentration), and 

5 µL of diluted cDNA in a 25 µl final volume. Reaction conditions were as follows: 

initial denaturation (95°C, 10 minutes) followed by 40 cycles of denaturation (94°C, 30 

seconds), annealing (60°C, 1 minute), extension (72°C, 1 minute), and a final extension 

(72°C, 4 minutes), followed by a melting curve analysis. Each cDNA sample was 

analyzed in triplicate in each PCR run, together with a single RT-minus negative control 

prepared without the reverse transcriptase enzyme for each sample and two water (no-

template) negative controls. Real-time RT-PCR products were separated using 

electrophoresis on agarose gels to verify the product size of the amplicon matched the 

predicted size. Each RNA sample was tested in triplicate, and a total of three RNA 

preparations were analyzed per condition. For data analysis, the fluorescence signals was 

normalized to housekeeping gene (Rplp0, acidic ribosomal phosphoprotein P0) (Simpson 

et al. 2000). To compare mRNA expression between the experimental groups, relative 

quantities were calculated using the ∆∆Ct-method using Relative Expression Software 
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Tool (REST, http://www.gene-quantification.de) (Pfaffl et al. 2002). Relative values were 

analyzed across conditions using randomized statistical analysis by REST, where p- 

values < 0.05 were considered statistically significant. 

Results 

Effects of LiCl activation of WNT signaling on mEphA5-luc promoter activity 
in vitro 
 

Bioinformatic sequence analysis of the mEphA5-2.5 promoter (-1559 to +997, 

2.5bp) (see Petkova 2010) identified 4 potential TCF/LEF binding sites (Fig. 4.3). To test 

whether the mEphA5-2.5-luc construct responded to activation of WNT signaling, 

HEK293 cells transfected with mEphA5-2.5-luc were treated with increasing 

concentrations of LiCl. The components of the WNT signaling pathway are known to be 

present and active in HEK293 cells, making this cell line a good system for studying the 

activation the WNT signaling pathway. LiCl is a well-described activator of the canonical 

WNT signaling pathway (Hedgepeth et al. 1997), that inhibits GSK3β leading to 

accumulation and nuclear translocation of β-catenin, where it activates TCF/LEF 

transcription factors (Nusse & Varmus 1992). The mEphA5-2.5-luc construct responded 

to an increasing concentration of LiCl (0, 10, 50 mM) with an increase of activity 1.79 

(p=0.04), 2.23-fold (p=0.02) and 2.49 (p>0.001), 357-fold (p>0.001) (Fig. 4.4A) 

respectively, when compared to the 0 mM treated samples (Fig. 4.4). As a positive 

control, additional wells of HEK293 cells were transfect with the TopFlash plasmid, a 

luciferase reporter containing 8TCF/LEF sites as the promoter (DasGupta et al. 2005). As 

expected, LiCl robustly activated the TopFlash reporter (Fig. 4.4B), confirming that 

TCF/LEF transcription factors are activated by LiCl in this cell line. To test whether 
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activation of the EphA2.5-luc reporter plasmid was a generalized response to the change 

in osmolality, transfected HEK293 cells were also treated with an increasing 

concentration of NaCl. There were no significant changes in EphA5-2.50 luc or TopFlash 

activity in the NaCl treated or in pGL2-basic (promoterless reporter) activity treated with 

either NaCl or LiCl (Fig. 4.4A).  

To test whether the presence and number of TCF/LEF binding sites correlated 

with EphA5 promoter activity, EphA5 promoter deletion constructs were generated that 

contained either 3 (mEphA5-1.9-luc), 2 (mEphA5-1.8-luc) or 0 (mEphA5-1.2-luc) 

TCF/LEF binding sites (Fig. 4.3). Analysis of mEphA5-luc deletion constructs showed 

that all constructs had intrinsic promoter activity in HEK293 cells, as compared to the 

promoterless pGL2-basic plasmid (Fig. 4.5). The mEphA5-1.8-luc construct showed the 

highest activity (60-fold increase vs. pGL2-basic, Fig. 4.5) and the mEphA5-1.2-luc sites 

construct was the least active but was still 10-fold higher than pGL2-basic vector. 

Treatment of transfected HEK293 cells with LiCl increased activity of all mEphA5-luc 

promoter constructs containing predicted TCF/LEF sites by 1.18 to 1.24 fold (p<0.001 

vs. vehicle treated control condition, Fig. 4.5A). Activity of mEphA5-1.2-luc (0 TCF/LEF 

binding sites) was not increased by LiCl treatment, but showed a small decrease in 

activity that was not statistically significant.  

 Rat retinal progenitor cells (R28) express genes characteristic of both retinal 

neurons and glial cells (Siegel, 1996) and the WNT/β-catenin pathway has been shown to 

be active in R28 cells (Mizukami et al., 2009; Nakamura et al., 2007). Theses 

characteristics make the cell line a good tool for the study of retinal gene regulation via 

WNT signaling activation. In R28 cells, the overall pattern of activity of the EphA5 
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promoter constructs was similar, but only reached about 1/3 of the levels observed in 

HEK293 cells. LiCl treatment of transfected R28 cells also upregulated EphA5 promoter 

activity, although the extent of activation of each promoter construct was greater than 

observed in HEK293 cells and ranged from 2.18-2.81 fold (p<0.001, Fig. 4.3B). 

Surprisingly, the largest increase in promoter activity following LiCl treatment was 

observed for the shortest construct, mEphA5-1.2-luc (3.48-fold p<0.001, Fig. 4.5B) that 

contained no identified TCF/LEF binding sites. This finding suggested that activation of 

the EphA5 promoter construct by LiCl in R28 cells may have an indirect component. In 

both cell lines, increasing the number of TCF/LEF sites did not increase the extent of 

promoter activation by LiCl. Because varying the number of TCF/LEF sites had no effect 

on promoter activity, the most active construct (mEphA5-1.8-luc) containing 2 TCF/LEF 

sites, was used to further investigate the role of WNT signaling in transcriptional 

regulation of EphA5.  

Effects of WNT3a or WNT5a conditioned medium (CM) and DKK1 on 
mEphA5-luc promoter activation in vitro 
 

Because LiCl is a non-specific activator of WNT signaling and functions down-

stream of the WNT receptors, soluble WNT proteins were used to activate the signaling 

pathway at the receptor level in both HEK293 and R28 cell lines. WNT3a protein is not 

expressed in the mouse retina at any time during development or in the adult (Liu et al. 

2003; Liu et al. 2006), However, WNT3a CM treatments have been shown to be capable 

of activating the canonical WNT signaling in rat retinal explants and promotes 

proliferation of Müller glia in injured/degenerating mouse retinas in vivo (Osakada et al. 

2007).  
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In HEK293 cells transfected with mEphA5-1.8-luc, WNT3a CM treatment 

upregulated EphA5 promoter activity by 33% (p=0.012 vs. control conditioned medium; 

Fig. 4.6A). Treatments with WNT5a CM, a soluble protein that activates the non-

canonical branches of WNT signaling, had no effect on mEphA5-1.8-luc promoter 

activity (Fig. 4.6A). When combined, WNT5a CM blocked promoter activation by 

WNT3a CM (p=0.012, Fig. 4.6A), consistent with previous findings that WNT5a CM 

acts as an antagonist to the canonical WNT pathway (Mikels & Nusse 2006). To confirm 

that EphA5-1.8-luc promoter activation resulted from WNT receptor activation, the WNT 

inhibitor Dickkopf-1 (DKK-1) was tested. DKK1 binds to LRP5/6 and KREMEN, 

resulting in internalization of LRP5/6 receptor thereby preventing activation of the FZD 

receptor by WNT (Davidson et al. 2002; Mao et al. 2002; Semenov et al. 2001). DKK-1 

treatment inhibited the WNT3a driven increase in mEphA5-1.8-luc promoter activity, 

confirming that promoter activation was due to WNT activation at the receptor level. 

Taken together, these results are consistent with canonical WNT signaling regulating 

EphA5 promoter activation in HEK293 cells.  

Because the goal of this study was to determine the role of WNT signaling in 

regulation of EphA5 expression in the retina, the effects of WNT3a CM and WNT5a CM 

on mEphA5-1.8-luc promoter activity was also tested in the R28 retinal cell line. 

Unexpectedly, neither WNT3a CM nor WNT5a CM elicited a significant change in 

promoter activity of the mEphA5-1.8-luc construct in this cell line (Fig. 4.6A). However, 

the canonical WNT signaling pathway is active in the R28 cells as cells transfected with 

the TopFlash, positive control plasmid, showed increased luciferase activity following 
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WNT3a CM treatment and this activation could be blocked by addition of DKK1 or 

WNT5a CM (Fig. 4.6B).  

Effects of WNT3a CM on endogenous EphA5 promoter activity in R28 cells 
 

Because of the relatively lower activity of the mEphA5-luc promoter constructs in 

R28 cells, I hypothesized that there may be elements missing from the cloned promoter 

regions that were necessary for full EphA5 promoter activation and/or WNT 

responsiveness in this cell line. To address this, I first used quantitative RT-PCR to verify 

that the endogenous EphA5 gene was expressed in R28 cells (Fig. 4.7). Expression of 

EphA5 in R28 cells shows that transcriptional regulatory genes necessary for promoter 

activation are present in this cell line. Next, I tested whether activation of WNT signaling 

could alter mRNA levels of the endogenous EphA5 gene. Activation of the canonical 

WNT pathway in R28 cells using either WNT3a CM or LiCl up-regulated EphA5 mRNA 

expression by 1.71±0.87 and 1.74±1.34 fold respectively (p<0.05, Fig. 4.7). In addition, 

Axin2 expression, a well known WNT target gene (Jho et al. 2002) was also up-regulated 

(3.14 to 4.04 fold, p<0.001, Fig. 4.7). This finding, together with the activation of the 

transfected TOPFLASH reporter plasmid by WNT3a and LiCL, confirmed that the 

canonical WNT signaling pathway is active in R28 cells. Treatment of R28 cells with 

WNT5a, led to a small increase in endogenous EphA5 mRNA levels that was not 

statistically significant and no change in of Axin2 mRNA expression. Addition of 

WNT5a had no effect on WNT3a upregulation of EphA5 and Axin2 mRNA expression, 

these findings are consistent with the results showing a minimal role of the non-canonical 

WNT signaling in regulating EphA5 in R28 retinal progenitor cells in vitro (Fig. 4.5).  
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Effects of WNT3a CM on endogenous EphA5 promoter activity in postnatal 
retina 
 
 Analysis of gene expression in nasal vs. temporal mouse retina at P7 has shown 

that EphA5 mRNA expression is ~ 1.5 fold higher in the temporal retina consistent with a 

potential role in maintenance of the EphA5 gradient present in the embryonic and 

perinatal retina (Petkova et al. 2011). At P7, retinal axons have established their terminal 

connections and are undergoing connection refinement (P3-8). This is followed by a 

period of RGC layer remodeling associated with significant RGC apoptosis (P6-8). As a 

result there is flattening of the EphA5 gradient and overall expression declines (Rodger et 

al. 2001). WNT signaling components, including several WNT proteins and FZD 

receptors, are actively expressed in the P7 retina and have been localized to the RGC 

layer (Liu et al. 2006). These findings make the P7 retina a suitable time point for an ex 

vivo study of WNT signaled regulation of EphA5 transcription.  

In contrast to the results from the R28 cell line, WNT3a CM had no significant 

effect on endogenous EphA5 mRNA expression in temporal (0.95±0.175 fold) or nasal 

(1.077±0.110 fold) retinal explants, compared to control CM treated temporal or nasal 

retinal explants, respectively (Fig. 4.8). In addition, no significant changes in expression 

of Axin2 was found in the nasal retina (1.027±0.139 fold) or temporal retinal explants 

(0.65±0.14 fold, p=0.08). WNT3a CM treatment also did not up-regulate the expression 

of two additional transcription targets of WNT signaling, EphB2 (Batlle et al. 2002) and 

CyclinD1 (Tetsu & McCormick 1999) (Fig. 4.8)  
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Discussion 
 

The present study shows that activating the canonical WNT signaling increases 

activity of mEphA5-luc promoter constructs and expression of endogenous EphA5 gene 

expression in vitro. The extent of EphA5 promoter activation following activation of 

WNT signaling was independent of the increase in the number of TCF/LEF binding sites 

present in different promoter constructs. The most active promoter was the one with two 

TCF/LEF binding sites in close proximity to each other. As expected, the activity of the 

smallest construct lacking all TCF/LEF sites was unaffected by the activation of WNT 

signaling in HEK293 cells. However, this same promoter was upregulated by LiCl in R28 

cells. This finding points to a possible TCF/LEF independent mechanism for EphA5 

regulation. The extent of activation of EphA5 promoter constructs differed in the two cell 

lines tested, indicating that promoter activation may be cell type dependent in terms of 

the WNT signaling components or cell type specific transcription factors are present. 

Surprisingly in the postnatal mouse retinal explants, WNT signaling failed to alter EphA5 

expression, and failed to upregulate WNT target genes, suggesting that canonical WNT 

signaling may not regulate EphA5 expression in the postnatal retina.  

HEK293 cells are a good model for testing the role of both canonical and non-

canonical WNT signaling in regulating promoter activity because they are easily 

transfected and respond to WNT ligands (Mikels & Nusse 2006). In HEK293 cells 

transiently transfected with EphA5-luc promoter constructs, both direct (WNT3a CM) 

and indirect (LiCl) activation of the WNT signaling increased EphA5-luc promoter 

activity. This activation required the presence of TCF/LEF sites as shown by the absence 

of effect on the activity the EphA5 promoter construct lacking TCF/LEF binding sites 
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(Fig. 4.5A). Following activation with LiCl there were comparable increases in the 

activity of the three constructs containing predicted TCF/LEF sites. This points to a lack 

of relation between an increasing number of TCF/LEF sites and promoter activity, which 

in turn suggests that WNT signaled promoter activity, does not depend on the number of 

TCF/LEF sites activated or that the longer constructs also contained additional repressive 

elements (Fig. 4.5A). Whereas the number of TCF/LEF sites may not be an important 

factor in indicating the level of WNT signaled activation, the spatial pattern of the 

binding sites might play a role. The promoter with highest activity contained only two 

TCF/LEF binding sites but they were in close proximity (within 34 bp), an organizational 

pattern structurally similar to the multimerized TCF binding site pattern in the TopFlash 

reporter construct (Korinek et al. 1997).  

Among the promoters containing TCF/LEF sites, the longest promoter mEphA5-

2.5-luc containing 4 TCF/LEF sites was the least active (Fig. 4.5A), either with or 

without LiCl treatment. This could reflect the presence of repressive promoter elements 

in the 408 and 559 bp region that was deleted to generate the 1.9 and 1.8 kb promoter 

constructs (Fig. 4.3). To identify possible repressor elements the sequence of the deleted 

regions could be analyzed for predicted consensus binding sites. Following identification 

of suitable candidates for repressors, co-transfection studies of predicted repressor cDNA 

together with EphA5-luc constructs could be conducted to test for in vivo repression.  

In HEK293 cells, activating the canonical WNT pathway at the receptor level, 

with WNT3a CM upregulated mEphA5-1.8-luc promoter activity, whereas activating the 

non-canonical pathway with WNT5a had no effect (Fig. 4.6A). The inability of WNT5a 

CM to alter the mEphA5-1.8-luc promoter activity in HEK293 cells suggests that non-
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canonical WNT pathways do not regulate EphA5 transcription in this cell line. WNT5a 

CM also acts as an inhibitor of the canonical WNT pathway in HEK293 cells, through its 

interaction with ROR2 receptor and the resulting inhibition of TCF/LEF binding to target 

gene promoters (Mikels & Nusse 2006). As a canonical WNT inhibitor, WNT5a CM was 

able to reduce the WNT3a signaled activation of the mEphA5-1.8-luc promoter back to 

base level. A similar outcome was observed following Dkk1 treatment, which together 

with the WNT5a CM result, confirms that the promoter activation was due to the 

activation of the WNT/β-catenin signaling (Fig. 4.6A). Taken together these results offer 

support for the transcriptional regulation of EphA5 by the WNT/β-catenin pathway in 

HEK293 cells. 

In transfected rat retinal progenitor cells (R28), LiCl increased mEphA5-luc 

promoter activity (Fig. 4.5B), but activation of either the canonical or noncanonical WNT 

pathways with WNT3a or WNT5a CM had no effect on the activity of the EphA5 

promoter construct in luciferase assays (Fig. 4.6A). Although there is the potential that 

species differences reduce the activity of the mouse promoter in a rat retinal cell line, 

analysis of the EphA5 promoter shows 91% sequence identity between mouse and rat in 

this region. In addition, the mouse promoter constructs were active in the human 

HEK293 cell line, minimizing the possibility that species-specific differences are 

responsible for the lack of WNT activation of EphA5 in R28 cells.  

The WNT/β-catenin pathway has been shown to be active in R28 cells (Mizukami 

et al. 2009; Nakamura et al. 2007). My data shows that activation of WNT signaling in 

R28 cells using WNT3a CM and LiCl significantly increased TopFlash reporter (Fig. 

4.5B, Fig. 4.6B) activity. In addition, EphA5 and Axin2 mRNA (Fig. 4.7) were both 
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upregulated confirming that the canonical WNT signaling is active in R28 cells and its 

activation regulates the transcription of the EphA5 gene. Given the findings in the 

HEK293 cells, it was unexpected that WNT signaling activation failed to alter mEphA5-

1.8-luc construct activity in the R28 cell line. Because the mouse EphA5 promoter tested 

was less than 2000 base pairs long, one possibility is that the construct tested lacks 

additional upstream or downstream regulatory elements necessary for full activation in 

retinal cells. Consistent with this, activation of WNT signaling activated expression of the 

endogenous EphA5 gene in R28 cells.  

It is also possible that in the absence of retina-specific positive regulatory 

elements in the mEphA5-1.8-luc construct, the presence of repressive elements could 

prevent activation of the construct in the R28 cell line. One such repressor candidate 

expressed in R28 cells is the homeobox containing transcription factor Msx1. Msx1 is 

expressed in R28 cells and in a luciferase assay Msx1 represses EphA5 promoter activity 

by directly binding to the EphA5 promoter, as shown by electrophoretic mobility shift 

assay (EMSA) (D.C. Otteson, personal communication). In addition, in embryonic stem 

cells, WNT/β-catenin activation induces Msx2 expression via TCF/LEF binding (Hussein 

et al. 2003). Taken together, these data support the idea that Msx1/Msx2 could function as 

repressors of EphA5 in R28 cells. Chromatin immunoprecipitation analysis also showed 

that the transcriptional activation of Msx2 via TCF/LEF binding is dependent on the 

presence of Smad4 (Hussein et al. 2003), suggesting that active BMP signaling can 

modulate WNT activity. The possible presence of repressor elements such as Msx1 and 

the interplay between BMP and WNT signaling pathways in the retinal cells offers a 

possible explanation of why the overall activity of EphA5-luc promoters was lower in 
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R28 as compared to HEK293 cells and why EphA5 promoter activation by WNT was 

lacking in R28 cells.  

An unexpected upregulation of the mEphA5-1.2-luc promoter, lacking TCF/LEF 

sites was observed in R28 cells following LiCl treatment (Fig. 4.5B). This finding 

suggests that LiCl-signaled regulation of EphA5 promoter in R28 is at least in part, 

independent of TCF/LEF transcription factors. Due to its main function in the regulation 

of glycogen synthase activity, GSK3β is constitutively active in mammalian cells. As a 

result GSK3β activity is mostly regulated through inhibition signaled by extra cellular 

pathways, this inhibition leads to a change in intracellular signaling events. Although 

inhibition of GSK3β mediates the effect of the active WNT/β-catenin pathway (Fig. 4.1), 

there are multiple direct substrates of GSK3β in addition to β-catenin signaling. 

Therefore, GSK3β activity regulates multiple signaling pathways, including: the 

MAPK/ERK, BMP/Smad, mTOR, Notch and insulin pathways (Fukuda et al. 2010; 

Hussein et al. 2003; Inoki et al. 2006; Valvezan et al. 2011). Thus, inhibition of GSK3β 

by LiCl may activate any of the above listed pathways and result in the regulation of gene 

expression independently of β-catenin/TCF/LEF. This is a regulatory mechanism that 

could offer an explanation for the LiCl signaled induction of mEphA5-1.2-luc, which 

lacks TCF/LEF binding sites and thus cannot be regulated in a TCF/LEF dependent 

manner. 

Although WNT3a CM activated endogenous EphA5 expression in R28 retinal 

cells, in retinal explants, WNT3a CM did not alter mRNA levels of EphA5 or several 

known target genes of the canonical WNT signaling pathway [e.g. Axin2, EphB2 (Batlle 

et al. 2002) and Cyclin D1 (Tetsu & McCormick 1999)]. There are several possible 
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interpretations. First, these genes may not be targets of WNT signaling in the retina. 

Currently, there is no evidence for EphB2 regulation by WNT signaling in the retina. 

However, evidence that EphB2 is a WNT target comes from intestinal progenitors (Batlle 

et al. 2002). However, Cyclin D1 has been shown to be upregulated following WNT3a 

CM treatment in the adult rat retina (Osakada et al. 2007). While Axin2 is a well 

described downstream target of the canonical WNT signaling, recent data suggest that in 

the developing retina it may not be a good indicator of active WNT signaling. In the 

E14.5 mouse retina, when where TCF/LEF expression was the highest, Fuhrmann et al. 

(2009) showed by in situ hybridization that the expression pattern of TCF/LEF did not 

correspond with that of Axin2. In areas where the expression overlapped, not all Axin2 

positive cells were positive for TCF/LEF activation. These findings have led to the 

proposal that Axin2 may not be a target gene for WNT/TCF/LEF signaling in the retina.  

The second possible explanation for the lack of WNT activation of gene 

expression is that the canonical WNT signaling pathway may not be active in P7 retina. 

Since none of the tested proposed target genes showed upregulation, we were unable to 

confirm that there was sufficient activation of the WNT/β-catenin pathway. A hallmark 

of an active canonical WNT signaling is the translocation of β-catenin into the nucleus. 

Additional studies analyzing the effects of WNT3a on the cytoplasmic or nuclear 

localization of β-catenin could be analyzed in retinal explants via immunohistochemistry 

and would not only answer the question whether the pathway was activated, but would 

allow for the identification of retinal cell types that are capable of activating WNT 

signaling.  
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The third possible reason for the absence of WNT activation in retinal explants is 

the absence of critical components of the signaling pathway. Currently, a controversy 

exists as to whether TCF/LEF transcription factors are expressed in the postnatal retina. 

A recent study has proposed that TCF/LEF transcription factors are not active in the 

mouse retina after embryonic day 18 (E18), due to the lack of TCF/LEF activity in the 

TOPgal E18 mouse retina (Fuhrmann et al. 2009). This strain of mice has a transgene 

consisting of the β -galactosidase (β-gal) gene under the control of a promoter consisting 

of multiple TCF/LEF binding sites. In these mice, activation of WNT signaling results in 

TCF/LEF transcription factors binding to the promoter and activating β-gal expression. In 

agreement with the TOPgal reporter, in situ hybridization has shown expression of Lef1 

in the retina up to E17.5 (Liu 2006). In contrast, activation of the TCF/LEF has been 

observed in the retinas of a different reporter strain, TCF/LEF-LacZ mice at P7 (Liu 

2006) and P19 (Yi et al. 2007), with expression at P7 observed in RGCs and in inner 

nuclear cells. Although TCF/LEF transcription factors may not be constitutively 

expressed in the P7 and adult retina, in response to degeneration these transcription 

factors are upregulated in the postnatal mouse retina. In the degenerating retina of 

rd1/TCF-LacZ mice the WNT signaling pathway is activated in Müller glia, as shown by 

the Lac-Z reporter (Yi et al. 2007). Furthermore, Osakada et al. (2007) showed that in a 

rat retinal injury explant model, WNT3a treatment resulted in β-catenin accumulation in 

Müller glia nuclei. These data support the proposal that even if the WNT signaling 

pathway is not active in the retina under normal physiological conditions, in the response 

to injury, WNT signaling becomes activated in Müller glia. It is unclear from the 

literature whether under pathological conditions RGCs share a similar response to WNT 
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signaling activation as that of Müller glia. However, in the P7 mouse retina, RGCs 

express multiple WNT ligands (WNT-3, 5a, 5b and 7b) and Frizzled receptors (FZD-3 

and 6) (Liu et al. 2003; Osakada et al. 2007), suggesting that in RGCs within the 

postnatal retina  the WNT signaling pathway is likely to be active or at least it can be 

activated in response to injury. An additional study to determine if β-catenin is 

translocated to the nucleus following WNT3a treatment of the postnatal retinal would 

identify β-catenin positive retinal cell types and answer the question of whether the WNT 

signaling could be activated in postnatal RGCs. 

Finally, WNT3a signaled activation of the canonical WNT signaling pathway 

could have been prevented by competitive antagonistic mechanisms or WNT inhibitors 

present in the postnatal retina. The secreted frizzled related proteins (SFRP), share 

structural homology with FZD and bind to WNT proteins thereby preventing their 

binding to FZD and blocking activation of the canonical cascade (Baffico, 1999, Leyns 

1997). Sfrp-1 and -2 are expressed in the embryonic (E12.5-18.5), postnatal (P7) and 

adult retina, while Sfrp-3 was not detected until P7. SFRP1, 2 and 3 are expressed in the 

developing and adult mouse retina (Liu et al. 2003) and have been implicated in retinal 

cell differentiation in chick (Esteve et al. 2000) and RGC axon cone growth (Rodriguez 

2005; (Sanchez-Camacho et al. 2005). Interestingly, a decreasing nasal to temporal 

expression was observed for Sfrp-2 in the INL and ONL, whereas in RGCs, Sfrp-2 

expression was completely absent (Liu et al. 2003). Thus, the expression of WNT 

inhibitors, such as Sfrp, could interfere with activation of the canonical pathway in P7 

retinal explants. In the rd1/TCF-LacZ mice, in response to photoreceptor degeneration, 

Müller glia generated higher levels of DKK3 and SFRP proteins (Yi et al. 2007). As 
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shown by Osakada et al. (2007), culturing retinae as explants causes loss of 

photoreceptors and RGC within 24 hours of culturing and thus provides a good model for 

studying retinal degeneration (Osakada et al. 2007). Whereas in this study, time in culture 

was substantially shorter (3hrs), dissecting retinas for explant results in transaction of the 

optic nerve and separation of the retina from the RPE and potential loss of trophic factors 

must result in at least some degree of immediate injury. The injury sustained from retina 

dissection and culture technique could result in the subsequent neuronal degeneration 

leading to up regulation of WNT inhibitors such as SFRP, similar to that observed in the 

rd1 degenerating retinae (Yi et al. 2007). Any upregulation of the SFRP and DKK3 

proteins could sequester the WNT3a protein, thereby preventing activation of the 

canonical cascade and blocking upregulation of EphA5 or the known WNT signaling 

target genes tested in retinal explants. A study of nuclear β-catenin translocation 

following WNT3a treatment will provide insight into the level of WNT signaling 

activation achieved by the treatment. However, such study will not help establish if there 

is a link between antagonistic and agonistic mechanisms leading to the level of WNT 

activation. An expression study of WNT antagonists SFRP and DKK3 in cultured retinal 

explants would be needed to further investigate the interactions between WNT activators 

and inhibitors.  

To confirm the TCF/LEF transcription factors are present or absent in the adult 

retina would require analysis of mRNA expression and protein using in situ hybridization 

and immunohistochemical analyses of the expression pattern of these transcription 

factors. If TCF/LEF transcription factors are absent in the adult retina, then signaling 

through WNT receptors is more likely to activate β-catenin/TCF/LEF independent 
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signaling pathways. Canonical WNT signaling may function to regulate EphA5 

transcription indirectly via the activation of additional signaling pathways targeted by the 

inhibition of GSK3β activity. Further investigation of the interplay between the canonical 

WNT signaling and intracellular signaling pathways as well as studies of β-

catenin/TCF/LEF independent function of the canonical WNT signaling in the adult 

retina are warranted.  

Overall my findings offer support for the canonical WNT signaling in the 

regulation of EphA5-luc promoter in vitro but show that is likely to be fine tuned by cell 

specific factors. Contrary to my in vitro findings, the ex vivo study did not confirm the 

canonical WNT signaling as a likely regulator of the retinal EphA5 expression gradient. 

Genetic ablation of retinal β-catenin does not impede retinal progenitor proliferation or 

neuronal differentiation; the only phenotype observed was that disorganization of the 

retinal layers (Fu et al. 2006). It is becoming evident that the canonical WNT signaling is 

dispensable during retinal development but functions of β-catenin as part of the cell 

adhesion complex are needed for proper cell orientation and migration within the tissue.  

Future and needed study 
 

The most important question that still needs to be addressed is whether the 

canonical WNT signaling pathway can be activated in the postnatal retina. Activating the 

canonical WNT signaling ex vivo did not result in change of expression levels of either 

EphA5 or Axin2 mRNA (Fig. 4.5). Because I did not observe upregulation of Axin2 

(target gene of canonical WNT signaling), it is unclear (1) whether the canonical WNT 

signaling is inactive at this stage in the retina or (2) that the level of activation with the 

WNT conditioned medium was not sufficient. Data by Fuhrmann et al. (2009) suggests 



   

 258 

that the canonical WNT signaling may not be active in the retina after E17.5 due to the 

lack of Lef/TCF transcription factors. To address this, I would activate the canonical 

WNT signaling in E14 and P7 retinal explants by treating with WNT3a conditioned 

media. If the canonical WNT function is totally dependent on the presence of TCF/LEF 

transcription factors then WNT activation should result in target gene upregulation 

(Axin2, Cyclin-D1) at E14  but not at P7. To confirm sufficient WNT signaling 

activation, β-catenin translocation into the nucleus, (hallmark of active canonical WNT 

signaling) should be analyzed in the E14 and P7 retinal explants. In addition, double 

immunolabeling experiments for β-catenin and RGC related markers (POU4F2, EPHA5) 

would show whether RGCs are capable of activating the WNT signaling pathway and if 

EPHA5 expression is modulated following activation. Analyzing the differences in 

response to WNT signaling activation in E14 and P7 retinal explant will provide insight 

into whether there are developmental differences in WNT signaling in the retina.  

Also, in my studies, WNT3a CM treatment was applied for 3 hours. Although a 

treatment of LiCl shows WNT activation at 3 hours, a time course study is still needed to 

determine the optimum time period for treatment. However, my preliminary studies 

showed that culturing retinal explants for 24 leads to a larger degree of mRNA 

degradation, resulting in low quality mRNA that could interfere with gene expression 

analysis. A good time line for such study would be to test the effects of treatment after 1, 

3, 6 or 12 hours prior to RNA isolation followed by qRT-PCR analysis and 

immunostaining. However, an extended time-course study may be unnecessary if 

sufficient WNT signaling activation is confirmed by an increase in β-catenin nuclear 

translocation in retinal explant treated with WNT3a CM for 3 hours. 
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Figures 

 

Figure 4.1. The canonical WNT signaling pathway.  

 

 (A) In the absence of WNT proteins, the β-catenin degradation complex [AXIN1/ Adenomatous 

Polyposis Coli (APC) / Glycogen Synthase Kinase 3β (GSK3β)] phosphorylates β-catenin (β-

cat), leading to ubiquitination and degradation of β-catenin in the proteasome (He et al. 2004; 

Hoang et al. 2004; Moon et al. 2002). Binding of Dickkopf (DKK) proteins to low-density 

lipoprotein (LDL) receptor-related proteins (LRP5/6) receptors and co-receptor Kremen results in 

the cytoplasmic internalization of the LRP receptor. This inhibits canonical WNT signaling by 

preventing Frizzled/LRP interaction and promoting the phosphorylation and ultimate degradation 

of β-catenin (Mao & Niehrs 2003; Mao et al. 2002; Semenov et al. 2001). (B) To activate the 

canonical WNT pathway, WNT ligands bind to the extracellular, cysteine rich domain (CRD) of 

Frizzled (FZD), a seven-span transmembrane protein and LRP receptors. This binding results in 

activation of the Dishevelled (DVL) protein which signals for disintegration of the β-catenin 

degradation complex [AXIN1/ Adenomatous Polyposis Coli (APC) / Glycogen Synthase Kinase 

3β (GSK3β)] (He et al. 2004; Hoang et al. 2004; Moon et al. 2002). As a result, β-catenin 

accumulates in the cytoplasm and can translocate into the nucleus. Once in the nucleus, β-catenin 

regulates gene expression through interaction with T-cell Factor/Lymphocyte Enhancer Factor 

(TCF/Lef) transcription factor binding (Moon et al. 2004; Tolwinski & Wieschaus 2004). (Figure 

adapted from Lad et al. 2009; WNT-signaling in retinal development and disease) 
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Figure 4.2. The noncanonical WNT signaling pathway.  

 

The noncanonical WNT signaling pathway is activated by the binding of WNT proteins to a 

variety of membrane receptors, including Derailed/RYK (Tyrosine Related Receptor), orphan 

tyrosine kinase receptor Ror2, FZD/LRP5/6 and FRL1, which in turn can activate multiple 

intracellular signaling pathways including small GTPase RhoA, protein kinase C (PKC) or c-Jun 

terminal kinases (JNK) to ultimately modulate transcriptional. (Heisenberg et al. 2000; Jones & 

Jomary 2002; Kuhl et al. 2000; Leyns et al. 1997; Weber et al. 2000).  
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Figure 4.3. Relative size and location of predicted TCF/Lef binding sites in mouse mEphA5 
promoter constructs analyzed. 

 

Exon 1 of the mouse EphA5 gene (mEphA5) is shown at the upper right (blue), with the 

transcription start site designated as +1. The thin line to the right of +1 is the 5’ untranslated 

region and the box is the coding region within exon 1. The arrow indicates intron 1 and the rest of 

the gene is not illustrated. The black line represents the position of the 485bp CpG island 

spanning the transcription start site. The four light blue lines represent the cloned promoter 

constructs analyzed in luciferase assays and the dark purple circles mark the positions of the 

TCF/Lef binding sites: mEphA5-2.5-luc (-1553 to +997) with 4 TCF/Lef binding sites, mEphA5-

1.9-luc (-1145 to +997) with 3 TCF/Lef binding sites, mEphA5-1.8-luc (-944 to +997) with 2 

TCF/Lef binding sites, mEphA5-1.2-luc (-368 to +997) with 0 TCF/Lef binding sites. 
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Figure 4.4. Effects of LiCl and NaCl on activity of mEphA5-luc promoter in HEK293 cell line. 



   

 263 

Figure 4.4. Effects of LiCl and NaCl on activity of mEphA5-luc promoter in HEK293 cell line 
(legend). 

Cells were transfected with (A) mEphA5-2.5-luc promoter construct, promoterless pGL2-basic 

(negative control) or (B) TOPFlash (positive control plasmid, containing 8 TCF/LEF binding 

sites upstream of luciferase reporter). Cells were treated with 0, 10, or 50 mM LiCl and/or NaCl. 

Bars show mean relative luciferase activity for triplicate samples, normalized to pGL2-basic at 0 

mM LiCl. Data shown are representative of three independent experiments, error bars = SEM, 

statistical significance was calculated by student t-test. (A) NaCl had no effect on mEphA5-2.5-

luc, pGL2-basic and TopFlash activity (B). Where 10 and 50 mM LiCl increased mEphA5-2.5-luc 

by 1.79 (p=0.04) and 2.23-fold (p=0.02), respectively; and an increase for TopFlash 2.49 and 

357-fold (p<0.001, B) as compared to 0 mM LiCl. Note: in the graph in panel A, the Y-axis is 

plotted on a linear scale; in panel B, the Y-axis is plotted on a log scale. 
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Figure 4.5. Effects of LiCl on activity of EphA5 promoter deletion constructs in HEK293 and 
R28 cell lines.
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Figure 4.5. Effects of LiCl on activity of EphA5 promoter deletion constructs in HEK293 and 
R28 cell lines (legend). 

 

HEK293 cells (A) and R28 cells (B) were transfected with mEphA5-luc promoter constructs 

(mEphA5-2.5-luc, mEphA5-1.9-luc, mEphA5-1.8-luc and mEphA5-1.2-luc), promoterless i 

(negative control) or TOPFlash (positive control plasmid, containing 8 TCF/LEF binding sites 

upstream of luciferase reporter). WNT signaling was induced by 40 mM LiCl. Bars show mean 

relative luciferase activity for triplicate samples, normalized to pGL2-basic at 0 mM LiCl. Data 

shown are representative of three independent experiments, error bars = SEM, statistical 

significance was calculated by student t-test. (A) In HEK293 cells, treatment with 40 mM LiCl 

increased relative luciferase activity of the mEphA5-2.5, -1.9, -1.8-luc constructs by 1.18, 1.18, 

1.24-fold respectively (p<0.001). For the mEphA5-1.2-luc promoter construct, containing 0 

Lef/TCF sites, there was a 1.5 fold decrease, but this was not statistically significant (p=0.068 vs. 

0 mM LiCl). As expected, LiCl increased activity of the positive control TopFlash plasmid by 23-

fold compared to 0 mM. Note TopFlash results are graphed on a log10 scale. (B) In R28 cells, 

activity of the mEphA5-luc promoter constructs was lower than in HEK293 cells. Treatment with 

40 mM LiCl increased luciferase activity of mEphA5-2.5, -1.9, -1.8-luc by 2.42, 2.15, 2.81-fold 

respectively (p<0.001 vs. 0 mM LiCl). For mEphA5-1.2-luc there was a 3.48-fold increase 

compared to control (0 mM LiCl). LiCl increased activity of the positive control TopFlash 

plasmid by 194-fold compared to 0 mM LiCl. Note: TopFlash results are graphed on a log10 scale. 
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Figure 4.6. Effects of WNT3a, WNT5a enriched media and DKK1 on activity of EphA5-1.8-luc 
promoter construct in HEK293 and R28 cell lines.  
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Figure 4.6. Effects of WNT3a, WNT5a enriched media and DKK1 on activity of EphA5-1.8-luc 
promoter construct in HEK293 and R28 cell lines (legend). 

 

Cells were transiently transfected with (A) EphA5-1.8luc or (B) TopFlash plasmids and cultured 

in control (CM) or WNT3a conditioned medium either alone or in combination with WNT5a 

conditioned medium or DKK1 (100 ng/mL). Bars show mean relative luciferase activity for two 

independent experiments, normalized to pGL2-basic, error bars = SEM, statistical significance 

was calculated by student T-test. (A) In HEK293 cells (black bars), WNT3a increased promoter 

activity by 33% (p=0.012) and addition of WNT5a or DKK1 blocked the WNT3a promoter 

activation. In R28 cells, none of the treatments resulted in a significant increase in promoter 

activity (p=0.68 vs. control CM). (B) WNT3a resulted in a large and statistically significant 

upregulation of the positive control TopFlash promoter in both HEK293 and R28 cells (p<0.001 

vs CM), which was blocked by WNT5a or DKK1. Note: TopFlash results are graphed on a log10 

scale. 
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Figure 4.7. Effects of activation of WNT signaling pathway on endogenous EphA5 mRNA 
expression in R28 cells.  

WNT signaling was activated using WNT3a and/or WNT5a CM or with 40 mM LiCl and relative 

mRNA expression determined by quantitative RT-PCR. Bars show mean relative mRNA 

expression for EphA5 as compared to control (parent cell line CM treated cells). Rplp0 was used 

as the normalizing gene (Simpson et al. 2000). Data shown are from three independent 

experiments, error bars = SEM. EphA5 expression was increased by both WNT3a and LiCl 

treatments by 1.7±0.87 and 1.74±0.98, respectively (p<0.001). WNT5a alone had no significant 

effect on EphA5 expression and WNT5a reduced upregulation of EphA5 mRNA expression by 

WNT3a when tested in combination. Axin2 was upregulated by both WNT3a and LiCl treatments 

(3.14-4.04 fold, p<0.001), showing that the canonical WNT pathway was activated. 
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Figure 4.8. Effects of WNT conditioned medium on gene expression in P7 mouse retinal 
explants.  

 

Retinal explants were treated with WNT3a, WNT5a or control (CM) conditioned medium for 3 

hours prior to RNA extraction and quantitative RT-PCR analysis. Bars show mean relative 

mRNA expression for EphA5 as compared to control (parent cell line CM treated retinas), Rplp0 

was used as the normalizing gene. No statistically significant differences were found for any of 

the genes tested. For WNT3a, EphA5 expression changed by 1.14±0.04 fold in the temporal and 

1.07±0.11 fold in the nasal retinal explants. Axin2 expression remained unchanged in the 

temporal (0.817 ± 0.29 fold) and in the nasal (1.027 ± 0.34 fold) retinal explants. With WNT3a 

treatment, EphB2 expression was 1.075±0.625 fold in the temporal and 0.787±0.446 fold in the 

nasal retinal explants. CyclinD1 expression increased to 1.146±0.50 in the temporal retina and to 

1.46±1.178 fold in the nasal retinal explants. Data shown are from three independent 

experiments, error bars = SEM 
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Table 4.1. Primers used in cloning and qRT-PCR analysis 

 

Gene name 
Forward Primer  

(5’ to 3’) 

Reverse Primer 

(5’ to 3’) 

Annealing 
temperature 

(oC) 

Product Size 

(bp) 

 

Accession 

 Number 

 

R2 
 

Tm  
oC 

EphA5 promoter cloning primers   

mmEphA5-2500 TACTCAGAGGCCACCGAACT AATAGCAGCCTGCCAGAGAG 60 2532 NM_007937   

EphA5 deletion constructs PCR primers   

mmEphA5-1900 TAGGGTACCGTCTAACCATTGT TCACCTCGATATGTGCATCTGTAA 62 2096 NM_007937   

mmEphA5-1800 TGAGAGCTCGCCTTCTAAAATTC TCACCTCGATATGTGCATCTGTAA 62 1894 NM_007937   

mmEphA5-1200 GTTGGTACCACAGTCTGCAAA TCACCTCGATATGTGCATCTGTAA 62 1394 NM_007937   

qRT-PCR primers   

 rrEphA5 AAGCTGAATACGGAGGTCAGAG AGGGAAACAGCCAAATGTCTA 60 153 NM_024367.1 0.93 79.3 

mmEphA5 GCTGGCAGAAAGATCGAAAC CCGTTTACCATCTGCACCTT 60 143 NM_007937.3 0.99 78.4 

mmCyclinD1 AACTTCCTCTCCTGCTACCG GAAGGGCTTCAATCTGTTCC 60 205 NM_001244048 0.99 86.8 

mmAxin2 GAAATTCCATACAGGAGGATG CATCCCAGATCTCCTCAAAGAC 60 237 NM_024355 0.95 83.3 

rrAxin2 CTGGGGAGCCTAAAGGTCTTAT CAAAGACATAGCCGGAACCTAC 60 167 NM_015732.4 0.99 84.0 

mmEphB2 CAATGCTGAAGAAGTGGATGTG CTTGAAGGTTCCTGATGGACA 60 152 NM_010142.2 0.99 86.7 

mmRplp0 CGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTG 60 109 NM_022402 0.99 78.7 

  
mm, Mus musculus; rr, Rattus rattus
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Table 4.2. Mean Ct values and fold changes for R28 cells with WNT conditioned medium 
(CM) or LiCl treatments. 

 

 CM WNT3a 
CM 

Fold change 
(P) 

WNT5a 
CM 

Fold change 
(P) 

WNT3a+5a 
CM 

Fold change 
(P) 40mM LiCl Fold change 

(P) 
Wnt target genes 

EphA5 24.85 24.24 1.71 (0.001) 24.42 1.32 (0.054) 24.56 1.49 (0.057) 24.81 1.74 (0.001) 
Axin2 25.25 23.79 3.14 (0.001) 25.18 1.03 (0.807) 24.01 2.94 (0.001) 24.01 4.04 (0.001) 

Normalizing gene  

Rplp0 17.80 17.97  17.87  18.1  18.56  
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Table 4.3. Mean Ct values and fold changes for conditioned medium (CM) vs. WNT3a CM 
treated Nasal and Temporal P0 retinal explants.  

 

 
 
(P values for fold changes are not reported because no statistical significance was found). 
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CHAPTER 5 
 
 

Conclusions 
 
 

The regenerative potential in adult mammalian tissues and in particular in the 

CNS is very limited. In tissues, where regeneration is possible, it is rarely through 

cellular dedifferentiation but more commonly through the activation of undifferentiated 

population of multipotent progenitors within the tissue. In the adult mammalian brain, it 

is well established that there are two regions with persistent neurogenic abilities: the 

subventricular zone (SVZ) in the lateral ventricle and the subgranular zone (SGZ) in the 

dentate gyrus of the hippocampus. Unlike Müller glia cells in the retina and astrocytes in 

the adult brain, neural stem cells (NSCs) in the adult dentate gyrus of the hippocampus 

are capable of continuous generation of new functional neurons throughout adult life 

(Ming and Song 2005; Lledo, Alonso et al. 2006). This process of adult hippocampal 

neurogenesis is essential for learning, memory formation and mood regulation (Drapeau, 

Mayo et al. 2003; Zhao, Deng et al. 2008). In the adult mammalian retina limited degree 

of neurogenesis has been shown in response to injury but not in the uninjured retina, and 

even with injury the stem-like potential of Müller glia cells and their neurogenic abilities 

are extremely limited. One fundamental question still needing an answer is whether there 

is a progenitor cell population hidden within the differentiated Müller glia. This could 

explain why only a small percentage of Müller glia cells are able to differentiate and give 

rise to neurons. Because the cells limited neurogenic abilities are evident, in order to use 
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them as a regenerative therapy their neurogenic abilities will have to be enhanced through 

reprograming.  

In vitro cellular reprograming and transdifferentiation is one approach of 

regenerative therapy. DNA methylation plays an important role in defining the timing of 

NPC fate specification switch from neurogenesis to astrogenesis. Although there has been 

significant progress in understanding the role of DNA methylation in maintaining 

progenitors during development, much less is known about the role of DNA methylation 

in adult neurogenesis. It is clear however, by studies aimed at reprograming adult 

fibroblast to iPSCs, that DNA demethylation of pluripotency related genes is essential for 

successful reprograming. The expression of multiple transcription factors (Pou5f1, Sox2, 

c-Myc, Nanog2) is required for the reprograming of adult mammalian fibroblasts to iPSC. 

Curiously, pluripotency markers such as Sox2 and Klf4 are expressed in adult neuronal 

progenitors and their promoters are free of methylation (Eminli, Utikal et al. 2008). The 

similarity of neural stem cells to pluripotent cells was confirmed by the finding that 

expression of Pou5f1, induced by the DNA methylation inhibitor 5-azacytidine (Aza-dC), 

was sufficient to reprogram adult NSCs into pluripotent cells (Kim, Greber et al. 2009; 

Kim, Sebastiano et al. 2009). Similar to adult neuronal progenitors in the hippocampus 

Müller glia maintain high expression of Sox2 and they may be relatively easier to 

reprogram to pluripotency by expressing additional pluripotency factors. Thus, the first 

step to enhancing Müller glia derived neurogenesis may be by inducing pluripotency, 

thereby increasing their self-renewal properties and responsiveness to specific fate 

determining transcription factors. However, to date no studies have been undertaken to 
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induce true pluripotency in Müller glia by overexpression of the Yamanaka factors 

(Takahashi, Okita et al. 2007; Takahashi, Tanabe et al. 2007) used to generate iPSCs.  

My results show that DNA demethylase inhibitors can be used for Müller glia 

demethylation in vitro. Where such passive demethylation results in upregulation of a 

large spectrum of genes including pluripotency, neuronal and epithelial related genes 

without a significant effect on glial genes. This shows the potential of Müller glia for 

reprograming, but this process is inefficient and results in partially reprogrammed cells 

that still retain memory of their cellular origin, shown by the reversal to their original 

cellular identity. For full and specific reprograming a sequential approach may be needed. 

From data obtained from studies of iPSCs, it appears that for the reprograming of somatic 

cells and to enhance their differentiation to diverse cell types the cells need to first 

become pluripotent. This may also be the first step needed in Müller glia reprograming as 

well. It is becoming clear that the low-efficiency of somatic cell reprograming by 

transcription factors is due to the presence of epigenetic barriers, which function in 

establishing cellular identity. A more efficient way for reprograming would be the 

combined use of transcription factors together with chromatin modifying agents. 

Following pluripotency induction, the cellular memory of the somatic cell will have to be 

erased, and establishing the bivalent epigenome of developmental genes will put the cells 

in a state permissive for transdifferentiation. Once the cells are in the permissive for 

reprograming state a precise combination and sequential order of genes silenced or 

activated will result in the desired neuronal type. Before that can be accomplished a 

better understanding of the combination of genes needed to specify a RGC for example 

and how they differ from the genes needed for Müller glia specification will be crucial.  
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In vitro reprograming offer advantages such as being able to work with a 

homogeneous population of cells, obtaining a large number of cells and easier genetic 

manipulation. However, in vitro manipulation leads to aberrant genetic changes and there 

are difficulties with delivery and integration within the recipient tissue. A more practical 

approach would be the direct targeted reprograming of Müller glia in vivo. Technological 

advances are still needed to make both in vitro and in vivo Müller glia reprograming 

possible. For in vivo reprograming of Müller glia high degree of specificity will be 

needed in order to deliver reprogrammable agents to Müller glia alone and not to the rest 

of the retinal cells. Adenoviruses have shown a small degree of selectivity for Müller 

glia, and can be used to deliver reprogrammable factors. Using passive demethylation 

agents such as AzadC, which employs a demethylation mechanism dependent on 

proliferation will also offer selectivity for Müller glia demethylation as they are the only 

cells proliferating in the injured retina. The true challenge however will be to target 

demethylation or other chromatin modifying mechanisms to specific genes of interest to 

establish an epigenome specifying a particular cellular fate. The use of fusion 

transcription factors with transactivation domains has been investigated for gene targeted 

recruitment of chromatin modifying mechanisms, however this method is limited by the 

presence of binding sites for these types of transcription factors on the genes of interest.  

The plasticity of Müller glia for reprograming is evident, however the incomplete 

reprograming results in deregulation of proliferation or differentiation to immature non-

functional neurons. Understanding how to enhance plasticity in a controllable manner and 

reprogram Müller glia to retinal neurons in a sequential manner will require a clear 

understanding of the differences in the epigenome between Müller glia and retinal 
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neurons, such as RGC. For that a sequencing of the epigenome of retinal cell types as 

they undergo the various stages of specification and differentiation will be needed in 

addition to technological advances allowing for gene targeted changes of the epigenome 

in somatic cells.
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APPENDIX 

Genomic DNA Methylation Analysis by Bisulfite Sequencing 
Protocol 

 

A.1. Introduction  
Genomic DNA methylation is one of the most important epigenetic modifications 

in eukaryotes. It is essential for life and its alteration is often associated with diseases 

such as cancer (Bird 2002). In animals, most of the methylation occurs at the 5´ position 

of the pyrimidine ring of the cytosine. The resulting methylcytosine (mC) is mainly found 

in cytosine-guanine (CpG) dinucleotides. Methylation of cytosine residues in genomic 

DNA (gDNA) plays a key role in the regulation of gene expression. The presence of 5-

mC in the promoter of specific genes can alter the binding of transcriptional factors and 

other proteins to DNA (Costello and Plass 2001). Methylated cytosines also recruit 

methyl-DNA-binding proteins and histone deacetylases that compact the chromatin 

around the gene-transcription start site. Both mechanisms block transcription and cause 

gene silencing. There is an extensive range of methods based on the sodium bisulfite 

treatment for quantifying the methylation status of cytosines located in specific DNA 

regions. However the most direct method for DNA methylation analysis is the Bisulfite 

Conversion method, where individual CpG sites can be identified as methylated or 

unmethylated in the gene of interest and the region of it amplified (Fazzari and Greally 

2010). Bisulfite modification of genomic DNA converts unmethylated cytosine to uracil 

and following PCR amplification is replaced by a thymine. Methylated cytosine does not 

react, thus it remains unchanged after PCR amplification. Following sequencing and 
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alignment of bisulfite converted DNA with the unconverted genomic DNA enables the 

identification of methylated cytosines and calculation of percent methylation of the 

sequence analyzed. In this protocol, I will refer to, materials and commercially available 

kits that have worked for me and give comments and suggestion for protocols.  

A.2. DNA isolation 
  Extract genomic DNA using a well-established method for your lab. For my 

purposes it was important to compare gene expression and DNA methylation in the same 

tissue/cell sample, to enable direct correlation between gene expression and DNA 

methylation levels of genes of interest. For dissociated cells RNA/gDNA were extracted 

with TOTALLY RNA kit (Applied Biosystems/Ambion; Austin TX; product number 

AM1910) and for the rest of the samples (tissue and cells) RNA/gDNA were extracted 

with ALL Prep RNA/DNA (#80204, Qiagen; Valencia, CA). In general, any method for 

DNA isolation that results in quality of DNA sufficient for restriction digest will be of 

sufficient quality for Bisulfite conversion. DNA was quantified using a NANOdrop 

spectrophotometer (Thermo Scientific; Wilmington, DE) and stored at -20° C with 200 

ng of genomic DNA sufficient for each Bisulfite conversion reaction. Each Bisulfite 

conversion reaction yields 10 µL of converted DNA, enough for 5 PCR reactions.  

 



 

 
 

288 

Table A.1. Genomic DNA and total RNA yields obtained from various tissues and cells. 

Age/cell type # retinas RNA 260/280 gDNA 260/280 
E17  
(whole retina) 6 11.5 µg 2.14 16.9 µg 1.84 
P0  
(whole retina) 3 7.5 µg 2.07 6 µg 1.89 

P0  
(1/3 retina) 12 9.7-21 

µg 2.1 6-9.7 
µg 1.89 

8 months  
(whole retina) 6 9.1 µg 2.03 3.9 µg 1.92 
Retinal cells 
(except microglia and 
RGCs) 

10 adult  

(2.3 x 106 cells) 
1.8 µg 1.9 1.45 µg 1.76 

Ganglion cells 
(Thy1 immuno-selected) 

10 adult 

(2.35 x 105 

cells) 
0.87 µg 1.84 1.78 µg 1.81 
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A.3. Genomic DNA Bisulfite Conversion  
 

Whereas there are many commercially available DNA bisulfite conversion kits, I 

have had experience only with the EZ DNA Methylation–Gold Kit (D5005s, Zymo 

Research; Irvine, CA) a kit that has worked very well in my hands. The advantage of this 

kit is that it integrates the DNA denaturation and bisulfite conversion processes into one 

step. This is accomplished using temperature denaturation to replace chemical 

denaturation with sodium hydroxide used in previous protocols. Sodium hydroxide 

treatment will result in DNA degradation, even during short incubation periods. 

Therefore, using heat denaturation has the advantage of maintaining the integrity of the 

gDNA and allowing successful analysis of smaller amounts of input gDNA template. The 

kit is based on a three step reaction process between cytosine and sodium bisulfite, 

resulting in cytosine being converted into uracil. The EZ DNA Methylation-Gold uses in-

column desulphonation technology that eliminates cumbersome DNA precipitation steps 

while providing consistent results and higher DNA yield. Recovered DNA is of a quality 

appropriate for PCR amplification used in a variety of downstream analyses, including 

restriction endonuclease digestion, sequencing, microarrays, etc. For troubleshooting 

help, the Zymo research technical support has been very helpful in providing advice. 

Worksheet #1 (Table A2) provides information for reagent preparation; worksheet #2 

(Table A3) shows the workflow for bisulfite conversion using the EZ DNA Methylation-

Gold kit. 
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Table A.2. Worksheet #1: Reagent preparation 

1. Preparation of CT conversion reagent – must be prepared prior to use it comes as a 
solid compound. At room temperature, to one tube of CT Conversion Reagent add: 

900 µL water 

300 µL of M-Dilution Buffer 

50 µL of M-Dissolving Buffer 

mix for 10 min. in a shaker or by brief, 10 sec, vortexing for 10 min at max 
strength.  

NOTES:  

• It is normal to see trace amounts of un-dissolved compound, as it is a saturated 

solution. 

• For best results the reagent should be used immediately following preparation, 

however, it can be stored up for one week at – 20 degrees. Stored solution must be 

brought to room temp and vortexed for 2 min prior use.  

• CT Converting reagent is light sensitive, PROTECT FROM LIGHT. 



 

 
 

291 

Table A.3. Worksheet #2: Bisulfite Conversion Protocol  

Optimal concentration of DNA between 200 – 500 ng (all of my conversion reactions 
used 200ng of DNA). 
1. Add 130 µ l of CT Conversion Reagent to 20 µ l of DNA (make up the difference in 
DNA volume with water) into a PCR tube. Mix by flicking or pipetting up and down.  

DNA concentration: ____________________________   

Concentration per reaction:_______________________ 

DNA volume per reaction:________________________ 

Water to bring volume up to 20 µl :________________ 

2. Place tube in thermal cycler and perform the following step: 

 98 degrees for 10 min 

 64 degrees for 2.5 hours 

 4 degrees holding (for up to 20 hours) 

3. Add 600 µ l of M-Binding buffer to Zymo-Spin IC column and place the column into 
a provided Collection Tube. 

4. Load the sample from step two into the Zymo-Spin IC column containing the M-
Binding buffer. Close the cap and invert several times. 

5. Centrifuge at 14,000rpm for 30 sec at room temperature and discard the follow-
through. 

6. Add 200 µ l of M-Wash Buffer to the column. Spin at full speed for 30 sec. 

7. Add 200 µ l of M-Desulphonation Buffer to the column, let stand for 15-20 min @ 
room temp. Spin at full speed for 30 sec. 

8. Add 200 µ l of M-Wash Buffer to the column. Spin at full speed for 30 sec. Repeat 
with a second 200 µl of M-Wash Buffer. 

9. Add 10 µ l of M-Elution Buffer directly into the column. Place the column into a 1.5 
ml tube. Spin briefly at full speed to elute the DNA. 

DNA is ready for immediate use or can be stored at or below -20 degrees Celsius (treat 
the Bisulfite Converted DNA as a RNA sample and store at -80 degrees Celsius). 

NOTE: The volume of DNA recommended for PCR use is 2 – 4 µl per PCR reaction; I 
use 2 µl of BS converted gDNA for each PCR reaction. 
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A.4. Promoter, CpG Island identification and Primer Design.  

A.4.1. How to find and retrieve promoter sequences from genome database. 

Promoter sequences are usually the sequence immediately upstream the 

transcription start site (TSS) or first exon. If we know the TSS of a gene, we will know 

with confidence where the proximal or basal promoter is even without experimental 

characterization. For many organisms, such as human, mouse, the genome is well 

annotated and TSS well defined. Thus promoter sequence retrieval is an easy task. There 

are three major genome browsers: NCBI, Ensembl and UCSC. For our purpose, Ensembl 

provides a convenient interface. Worksheet #3 (Table A4) shows the approach for 

retrieving sequence data for the proximal promoter region.  

 

A.4.2. How to predict CpG Island and design primers for Bisulfite 
Sequencing. 

MethPrimer (Li and Dahiya 2002), is an online software package that I use for 

primer design (Fig. A1). This site also has links for protocols as well as a methylation 

method forum with useful information and advice from experts in the areas of bisulfite 

conversion, DNA methylation analysis and epigenetics. Worksheet #4 (Table A5) shows 

the workflow for using MethPrimer. 

 After pasting in the sequence for bisulfite sequence analysis (Fig. A2A), I will 

change the “Product size” parameters in such a way as to have the Min. set to the CpG 

Island size, Opt. set to a bit larger than the CpG and Max.100 bp to 150 bp larger than 

Opt. setting (Fig. A2B). Then click on “Submit” to select new primers. Usually the primer 

pair combinations returned are sufficient to allow me to choose two sets of primers, one 

of which is nested within the first set of primers. It is usually possible to use the same 
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reverse primer for the nested PCR, so that two forward and one reverse primer are 

selected.  

 There are several things to keep in mind when designing primers for amplification 

of Bisulfite (BS) converted DNA:  

1. Because of the modification of DNA by bisulfite treatment, the two strands of 

any given gene are no longer complementary after treatment. Either strand can 

serve as a template for subsequent PCR amplification. The methylation pattern of 

each strand can then be determined independently, depending on the primers 

used. In practice, it is often easiest to deal with one strand, most commonly the 

sense strand. However, in the case of hemi-methylated genes, the methylation 

pattern of the two DNA strands will differ significantly, and this may prove 

important when interpreting BS results. 

The forward primer should not contain any Cs and the reverse should not contain any Gs. 

If you must include Gs in the primer, allow for no more than 1 or 2 and they must be 

located in the 3’ end. This allows for better specificity and minimizes false positives due 

to mispriming. Also, CpGs should be avoided in the primer pairs. This avoids preferential 

amplification of either methylated or unmethylated DNA, enhancing more equal 

amplification. However, if CpG must be included, keep them to a minimum of only 1 or 

2. They should be located as far as possible from the 5’ end of the primers. If they are 

located at the 3’ end, the primers will be entirely selective for methylated templates. 

2. Longer primers allow for higher specificity; I use at least 25 bp primers. 

3. In practice, true methylation level independent PCR is often unachievable due to 

PCR bias, which favors the amplification of unmethylated templates. Lowering 
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annealing temperature favors amplification of the methylated template. From the 

calculated melting temperature (Tm) of the primers subtract 5 degrees and use 

that as your annealing temperature. (For example my primers Tm was around 57 

degrees, thus PCR was run at 52 degrees). 

4. I will also recommend using the following link 

[http://medgen.ugent.be/methBLAST/ ] to check your primers for specificity. 

MethBlast is a similarity search program designed to explore in silico bisulfite 

modified DNA (either or not methylated at its CpG dinucleotides). The tool was 

mainly developed to find primer binding sites and therefore addresses specificity 

for PCR based assays that use bisulfite converted DNA as input material. This 

includes bisulfite sequencing, methylation-specific PCR (MSP), combined 

bisulfite restriction analysis (COBRA), bisulfite-PCR-SCCP (BiPS), 

methylation-sensitive single-nucleotide primer extension (Ms-SNuPE), and PCR 

melting curve analysis. For a review of these methods, see Liu and Maekawa, 

Analytical Biochemistry, 2003, 317:259-265. 
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Table A.4. Worksheet #3: Obtaining Proximal Promoter Sequence Data from Ensemble 
Database  

1. Go to Ensembl website: http://www.ensembl.org/index.html 

2. Choose an organism such as human http://www.ensembl.o...iens/Info/Index 

3. Search your gene such as EPHA5 

http://www.ensembl.org/Homo_sapiens/Search...ns;idx=;q=epha5  

4. Click the right hit on the search result page and it will bring you to the gene 

summary page. For example the link to EPHA5 gene is 

http://www.ensembl.org/Homo_sapiens/Search...ns;idx=;q=epha5 

5. On the left, under "Gene Summary", click "Sequence", the sequence of the gene 

including 5' flanking, exons, introns and flanking region will be displayed. 

6. The exons are high lighted in pink background and red text, the sequence in front 

of the first exon is the promoter sequence.  

7. By default, 600 bp 5'-flanking sequence (promoter) is displayed. If you want to 

get more, click "Configure this page" in the lower left column, a popup window 

opens allowing to input the size of 5' Flanking sequence (upstream). You can put 

for example "1000" and then save the configuration.  

8. Sometimes there are discrepancies between Ensembl and UCSC annotation 

regarding TSS. To make sure the first exon given by ensembl is right, copy the 

promoter sequence 
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9. Go to UCSC BLAT search at http://genome.ucsc.e...t?command=start and choose 

the right genome (eg, human), paste the sequence there. On the result page, click 

browse of the first hit, this will bring you to the genome browser page the query 

sequence is now aligned with UCSC genome sequence. Zoom out a bit, you will 

be able to determine whether the promoter sequence matches UCSC annotation. 

If it matches, the sequence is very likely the right one.  

10. In UCSC genome browser, you can turn on CpG island feature, if there is CpG 

island in the promoter sequence, the sequence is highly likely a true promoter. In 

the above example (EPHA5), a CpG island is displayed in the proximal 

promoter. 

11. Be aware that some genes have multiple, alternative promoters. To find those 

sequences, it requires extensive bioinformatics and experimental analysis. 
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Table A.5. Worksheet #4: Identification of CpG Islands and Primer Design using MethPrimer 

1. To access MethPrimer, go to http://www.urogene.org/methprimer/index.html 

and click “Go to MethPrimer” bar (Fig. A.1).This will take you to the “Design 

primers for Methylation PCR” window (Fig. A.2A). Use copy paste to insert the 

sequence you want to analyze.  

2. Select “Pick primers for bisulfite sequencing PCR or restriction PCR” also 

select “Use CpG island prediction for primer selection?” 

3. Enter the name of the gene under “Sequence name” (Fig. A.2B).For the first run, 

I leave all the settings as default and click “Submit” to see where, how many and 

how large are the CpG Islands.  

4. MethPrimer will return results for identified CpG islands, it will give the 

sequence length as well as the size of all CpG islands that were identified (Fig. 

A.3A). 

5. Scroll down the results page to obtain the sequence of identified PCR primers 

(Fig. A.3A). 

At the bottom of the page, it provides the alignment of the unconverted and 
converted sequences, with CG dinucleotides marked with “++” and C marked 
with “:” (Fig. A.4). In addition, the location of the first primer pair is shown, 
“>>>>>” (forward primer) and “<<<<” (reverse primer). 
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Figure A.1. Screen shot of MethPrimer web site.  

 

 

 

 
Click on the “Go to MethPrimer” bar this will take you to the “Design primer for 

Methylation PCR” window. 
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Figure A.2. Screen shot of MethPrimer Sequence page  

A.  

 

B. 
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Figure A.2. Screen shot of MethPrimer Sequence page (legend). 

 

A. Paste in genomic DNA sequence in upper box and check the boxes for “Pick primers 

for bisulfite sequencing PCR or restriction PCR” and “Use CpG island predication for 

primer selection?”. 

 

B. Select parameters for primer design. Enter the name of the gene under “Sequence 

name”, leave all other parameters at their default setting and click “Select”. 
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Figure A.3. Screen shot of MethPrimer Result page for mouse EphA5. 

 

A.  

 

B.
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Figure A.3. Screen shot of MethPrimer Result page for mouse EphA5 (legend). 

 

A. CpG island identification shown in blue with position of primers relative to input 

sequence. MethPrimer returns the size of the sequence and the CpG islands identified 

with their location within the sequence of interest. 

 

B. Scroll down to obtain the sequence of the identified primer pairs. 
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Figure A.4. Screen shot of results page  

 

 

Figure A.4. Screen shot of results page (legend). 

 

Output of MethPrimer, showing the alignment of unconverted and bisulfite converted 

sequence CG dinucleotides are marked with “++” and C is marked with “:”. The location 

of the first pair of primers is shown, “>>>>>” (forward) and “<<<<” (reverse). 
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A.5. PCR Protocol 
Nested PCR is required for amplification of CpG Islands from bisulfite converted 

DNA, especially when larger than 200bp PCR products are desired. Bands will rarely be 

seen on a gel after the first round of amplification; however, still proceed to round 2 of 

the amplification.  

Typical Round 1 PCR reaction with RedTaq  

 5.0 µL  10x Buffers 

 1.0 µL  10mM dNTPs 

 1.5 µL  10µM forward primer (final concentration 0.3µM) 

 1.5 µL  10µM reverse primer (final concentration 0.3µM) 

 2.5 µL  RedTaq (0.05U/µL) (Sigma D8312) 

 2.0 µL  Bisulfite converted genomic DNA 

36.4 µL  Water 

Total volume 50 µL 

 

Set up PCR reactions on ice, and use a hot-start PCR. Use of Hot Start and Hot Start 

polymerase is important to prevent misspriming and elongation of non-target sequences, 

which is otherwise likely to occur due to the single strand nature of the BS converted 

template. Set the thermocycler for hot start at 94° C. Hot start gives good bands and 

prevents smears. Longer denaturation step is recommended (1 min) to eliminate 

formation of secondary structures, which often form in bisulfite converted amplicons. 

Cycling conditions: 

35 cycles of:  30 sec. @ 94° C (denature) 
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30 sec. @ 52° C (annealing) (This temperature may differ  

depending on the Tm of your primers) 

 30 sec. @ 68° C (elongation) 

1 cycle of:  5 min. @ 68° C (elongation) 

1 cycle of: infinity @ 4° C 

 

Use 2 µL of the first PCR reaction as template for the nested PCR reaction, following the 

same protocol as for the first PCR reaction. PCR products generated form the nested PCR 

are run on a 1% agarose gel. Typically, I load the entire 50 µL reaction. Because the 

RedTaq contains a loading dye, the amount of dye added to the sample prior to loading 

can be reduced to half the usual volume (the dye content in RedTaq will allow you to 

safely load 15µl of sample, for larger volumes additional loading dye will be required). 

Bands are excised and column purified using Quiagen Gel Extraction kit (Table A.6). 

DNA is quantified by spectrophotometry and subcloned into plasmids for sequencing.  

 

A.6. Subcloning 
 For my experiments, I use Original TA cloning kit with the pCR 2.1 vector (Cat. 

No 45-0046; Invitrogen, Carlsbad, CA), with overnight ligation at 14° C (See worksheet, 

Table A3). The use of fresh PCR product (no older than one day) is key for ligation, a 

ratio of 1:1 (vector to insert) was used. For transformation, I use 3 µl of ligation reaction 

and DH5α or TOP10 chemically competent subcloning efficiency cells (See worksheet, 

Table A4).  



 

 
 

306 

 

Table A.6. Worksheet for DNA purification from gel bands 

(QIAGEN Cat. No. 28704) 

1. Record the weight of each gel piece to be purified:_____________________ 

2. Add 3 volumes of Buffer QG to each gel piece (weight in mg * 3= volume of 

Buffer QG required) _____________________________________________ 

3. Incubate 10 min at 50° C or until the gel is dissolved, vortexing every 2-3 min. 

4. Check that the color of the mix is yellow if orange or purple add 10uL 3M 

Sodium Acetate pH5 

5. Add 1 gel volume of Isopropanol to the samples.______________________ 

6. Apply sample to Qiagen column and centrifuge for 1min at 12,000 rpm 

7. Discard flow-through and use the same collection tube. 

8. Add 500ul Buffer QG and spin again for 1 min at 12,000 rpm 

9. Wash with 750ul of Buffer PE spin 1 min at 12,000 rpm  

Note: If used for blunt end ligation allow Buffer PE to incubate 2-5min prior to 
spin 

10. Discard flow-through and spin again 1min at full speed to remove excess alcohol 

11. To elute add 35ul Buffer EB and incubate for 5 min, spin for 1 min at 12,000 rpm 

12. Use Nanodrop to measure DNA concentration. 
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Table A.7. Worksheet for Ligation Reaction 

(Invitrogen Cat. No. 45-0046) 

 

! 

50ng pCR2.1Vector* insert size kb( )
3900pCR2.1vector size(kb)

* 1(insert)
1(vector)

=ngof insert needed
 

1. Use the formula above to calculate the amount of insert needed per 50ng Vector 

in an insert to vector ratio of 1:1. 

2. Set up the following ligation reaction: 

pCR2.1 Vector 50 ng   2 µl 

Insert as calculated above _______ 

T4 DNA Ligase  1 µl      

10x Ligation Buffer  1 µl 

Water to 10 µl   _______ 

 

 Incubate at 14° C for minimum of 4 hours, preferably overnight. 

 

Note: If T4 Ligase Buffer is not available, it can be replaced by T4 Kinase Buffer. 
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Table A.8. Worksheet for Transforming Competent cells  

Need: pCR2.1 cloning reaction 

 SOC medium @ 37° C 

 Pre-warmed to 37° C LB plates containing 50 mg/ml Kanamycin (Kanamycin 
offers better selectivity and larger number and size of colonies in my experience than 
ampicillin. Possibly due to the fact that kanamycin coding sequence follows immediate 
the promoter sequence, whereas ampicillin coding sequence is placed after that of 
kanamycin in the vector, thus kanamycin will be transcribed prior to ampicilin 
transcription) 

 40 mg/ml X-gal in dimethylformamide  

 42 ° C water bath 

 37° C shaker and incubator 

 Top10 competent cells 

1. Treat plates with 40 µl of 40 mg/ml X-gal (pipette 40µl of 40mg/ml X-gal on to a 
plate, and use 3-4 autoclaved glass beads to spread around until all X-gal has been 
absorbed into the agar. Keep plates for a few minutes on the bench facing up, before 
placing in 37° C incubator to pre-warm). 

2. Thaw on ice one vial of comp cells/reaction.  

3. Add 2 µl of cloning reaction to comp cells. Do NOT pipette up and down. Do 
NOT vortex. 

4. Incubate for 5 to 30 min. On ice. (Length of incubation does not seem to have an 
effect on transformation efficiency; however I always incubate for 30 min.) 

5. Heat shock cells for 30 seconds @ 42° C degrees. 

6. Immediately place on ice for 30 sec. 

7. Add 250 µl of room temp SOC 

8. Cap tubes and shake horizontally @ 37° C / 200rpm for 1 hour. 

9. Spread 50 µl - 150 µl of each transformation on plates. Incubate overnight, no 
longer than 16 hours. 

10. Choose ~ 10 white/light blue colonies for DNA mini-preps and sequence analysis. 
(In my experience light blue colonies have never contained a plasmid positive for the 
insert of interest) 
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Table A.9. Worksheet for DNA Minipreps using QIAprep kit 

1. Prepare LB broth containing appropriate concentration of antibiotic (same 

antibiotic and concentration as the one used for plate preparation. For 500ml 12.5 

g of LB, or as described above for low sodium LB.  

2. Pick a single isolated white colony with a sterile 200ml pipette tip and place in 

5mL LB broth in a round bottom culture tube. 

3. Place in shaker at 37° C and shake at 250rpm for 16 hrs. max. Note: If growth is 

allowed to continue for over 16 hrs it will decrease the over all yield due to lysis. 

4. Harvest bacteria in 1.5 mL Epindorff tube 1.5 mL of culture and spin at 8,000 rpm 

for 5 min. Pour out the medium and shake the tube to remove any excess medium.  

5. Repeat step 5, drain. 

6. Prepare lysis buffer (10mL Buffer P1 + 10ul Lyse Blue). 

7. Resuspend pelleted bacterial cells into 250 µl Buffer P1, no cell clumps should be 

visible. 

8. Add 250 µl of Buffer P2 mix with a snap by inverting the tube until viscous and 

slightly clear. Do not allow lysis reaction to proceed for more than 5 min. If 

Buffer P1 contains Lyse Blue the cell suspension will turn blue upon addition of 

Buffer P2. Mixing should result in homogenously colored suspension. 

9. Add 350 µl of Buffer N3 and mix immediately if Lyse Blue is used mix until 

mixture is colorless. 
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10. Spin for 10 min @ 13,000rpm, should result in compact white pellet. Instead of 

centrifuge, vacuum manifold could be used for step 11-13. 

11. Apply supernatant from step 10 to QIA prep spin column 

12. Spin 30-60 sec. Discard the flow-through. 

13. Wash with 750 µl Buffer PE for 30-60sec. 

14. Spin for 1 min @ 13,000rpm to remove excess alcohol. 

15. Place column in clean 1.5 ml epindorff tube add 40 µl of Buffer EB let incubate at 

room temp for 5 min, then spin 1 min at 13,000rpm. 

16. Use Nanodrop to determine concentration. 
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A.7. Sequencing 
 There are several companies that provide sequencing services. I have used 

MacroGen USA http://www.macrogenusa.net/. For Macrogen, dilute samples to 120 

ng/µL and send a total of 25 µL for sequencing. Usually 5µL of sample is sufficient, but I 

send more in case a reaction needs to be repeated or if additional sequencing is desired 

after the first set of data is analyzed. It may be necessary to sequence from the opposite 

end of the insert or from an internal primer to obtain the full-length sequence.  

  

A.8. Analysis of sequencing results 
 Results are usually available from the MacroGen website within 48 hours of 

shipping. Typically, I will create a single text file containing the sequencing data of all 10 

clones for each gene or region that was sequenced. The file is in FASTA format, a single 

paragraph beginning with series of numbers and the sample name. Copy the entire 

content of each individual text file and paste into the new file. A text file containing the 

genomic sequence of the gene of interest between primers will be needed. This sequence 

must be unconverted for analysis by Quantitation Tool for Methylation Analysis 

(QUMA) (Kumaki, Oda et al. 2008) (Table A9). QUMA uses the original sequence to 

calculate the percent methylation of the experimental sequences relative to the original 

sequence as well as the overall bisulfite conversion efficiency for each sequence. To 

calculate the bisulfite conversion efficiency, cytosines (C) that are not located next to 

guanine (G) are analyzed, because Cs that are not in CpG dinucleotides should not be 

methylated. Therefore if for 100% conversion efficiency, all should be converted to T 

after bisulfite conversion and PCR amplification.  



 

 
 

312 

 There are other on-line tools for Bisulfite data analysis (ex. BISMA 

http://biochem.jacobs-university.de/BDPC/BISMA/ ) besides QUMA. However, I find 

that they have more unresolved problems and more often return error messages. As a 

result, the analysis must be resubmitted several times before a result can be obtained, 

constituting a less efficient and user friendly program than QUMA. I strongly 

recommend reading the paper referenced above; it is very helpful introduction to the use 

and understanding the logic and statistical analysis behind QUMA bisulfite data analysis.  
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Table A.10. Worksheet for Analysis by QUMA 

1. Go to QUMA site (http://quma.cdb.riken.jp/) (Fig. A.5A), click on “Choose 

file” to select genomic sequence first and then “Choose file” to select bisulfite 

converted sequences.  

2. To compare methylation levels between treatment groups or different age groups 

for example, click on “Show options” (Fig. A.5B, Fig.A.8). First, select the 

genomic unconverted sequence for the gene of interest, then the one after the 

other, the two groups of bisulfite converted data you wish to compare. The two 

groups can be named to help in analysis.  

3. By clicking on “Show options” the settings for analysis can be changed. I 

usually use QUMA’s default options for analysis, which are quite strict (Fig. 

A.5B).  

4. Click “Submit” to run the program. 

5. “Summary of results” (Fig. A.6) gives number of CpG sites, length of the 

sequence and excluded sequences. “Methylation status of each CpG” gives ratio 

of methylation for each CpG site and total percentage as well statistics.  

6. I also save the analysis file “Save analysis to restore file”, the file can then be 

restored to QUMA if you wish to change parameters. To do this, go to “Upload 

QUMA restore file (.qma) to restore the analysis” click “Choose file” select the 

file you wish to modify or reanalyze and click “Restore file”.  
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7. Click on “Show figure” to download bubble diagram (Fig. A.7), by clicking on 

“Change figure” you can select the type of figure you like best. I select the third 

option, and save the PNG file by clicking on the “Download figure” bar. 

Under “Statistical data” you can find the methylation percentages for the two groups 
and the statistical analysis of comparison. The statistical data file can be downloaded by 
clicking on “Statistical data” button. 
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Figure A.5 Screen shot of QUMA website.   

A. Data input page. 

 
 

B. Options page. 
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Figure A.5. Screen shot of QUMA website (legend).  

 
A. Data input page: click on “Choose file” to select genomic sequence first and then 

“Choose file” to select bisulfite converted sequences.  

B. Options page for multiple comparisons and analysis parameters. To compare 

methylation levels between treatment groups or different age groups for example, click 

on “Show options”. First, select the genomic unconverted sequence for the gene of 

interest, then the one after the other, the two groups of bisulfite converted data you wish 

to compare. The two groups can be named to help in analysis.  
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Figure A.6.Screen shot of QUMA Results for EphA5A.  

 
A. Summary information.  

 

B. Bisulfite sequence information.  
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Figure A.6. Screen shot of QUMA Results for EphA5A (legend).  

 

A. Summary information of methylation analysis. “Summary of results” gives number of 

CpG sites, length of the sequence and excluded sequences. “Methylation status of each 

CpG” gives ratio of methylation for each CpG site and total percentage as well statistics. 

 

B. Bisulfite sequence information. Here you can also see which sequences were excluded 

and why (mismatch, unconverted%, etc.), as well as bubble diagrams of methylation. 
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Option.1 

Option. 2 

Option. 3 

 

Figure A.7. Screen shot of “Show figure” link for QUMA methylation analysis  

By clicking on “Change figure” you can select the format of the figure. Save the PNG 

file by clicking on the “Download figure” bar.  
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Figure A.8. Screen shot showing results of QUMA methylation analysis of samples from 
multiple conditions.  

Summary information of methylation analysis between different groups. “Summary of 

results” gives number of CpG sites, length of the sequence and excluded sequences. 

“Methylation status of each CpG” gives ratio of methylation for each CpG site and total 

percentage as well statistics. Scrolling down will show which sequences were excluded 

and why (mismatch, unconverted%, etc.), as well as bubble diagrams of methylation. 
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