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Preface

The exact events that instilled within me the desire to pursue a PhD, even to me, are
unclear. In fact, growing up in a small town in Idaho, I cannot recall having an acquaintance
that held a PhD until enrolling in my first year of college. If such an acquaintance existed, I
was unaware of it. What is clear to me is that even at an early age I had an intrinsic drive to
explore, observe, and learn. I spent a considerable amount of time collecting insects and
exploring nature with my father and family. Through these experiences, I acquired a deep
appreciation for life in its many forms. These intrinsic desires and my appreciation for nature
are likely the most contributing factors that led me to pursue a PhD in a life science. These,
in combination with my upbringing focused on personal character and hard work, have been
great assets during my graduate education.

Connecting the dots between my deciding to pursue a PhD and my performing
research on zebrafish retina regeneration is no less enigmatic, though a report I prepared as
an undergraduate at Brigham Young University-Idaho likely initiated the process. At this
time the technology of induced pluripotent stem cells was just surfacing, and my report
covered some of the early findings showing that by introducing certain combinations of
pluripotency factors into cells, they could acquire stem cell characteristics. This is similar to
the events occurring as cells reprogram during regeneration. In fact, the first time I spoke
with Professor Daniel Goldman I was interested to find that some of the key factors found to
be involved in zebrafish retina regeneration are shared with those involved in the generation
of induced pluripotent stem cells.

At the completion of my first year of graduate school I joined Dan’s lab at which time
we discussed possible projects that I could develop. Dan mentioned the topic of DNA
methylation, which plays a critical role in cellular identity. This field was interesting to me,
particularly the topic of DNA demethylation, which was at the time, and continues to be, a

topic of high interest to the scientific community. With this in mind, I searched the scientific
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literature to identify any gene that was in any way correlated with DNA demethylation, and I
performed preliminary survey experiments to determine if their mRNA levels were regulated
during zebrafish retina regeneration. The first evidence that apobec2b mRNA was regulated
during regeneration was found in a gel I ran on June 30, 2009. I still remember going into
Dan’s office to show him an image of that gel. Soon after that we found the regulation of
apobec2b mRNA during optic nerve regeneration.

This thesis reports my work focused on determining the role that these Apobec2
proteins play during zebrafish retina and optic nerve regeneration and is composed of six
chapters. Chapter 1 provides an introduction to the fields of retina regeneration, DNA
methylation, and Apobec proteins. Chapter 2 describes the initial characterization of
Apobec2 proteins in retina and optic nerve regeneration, demonstrating their necessity for
these events and placing them within the context of a previously characterized signaling
cascade. Chapters 3 and 4 describe experiments designed with the goal of determining the
biochemical function of Apobec2 proteins, including the regulation of DNA methylation, the
editing of mRNA, and the identification and characterization of interacting proteins. Chapter
5 is divided into two parts and describes my research that remains incomplete. Chapter 6
includes the conclusion of this work and potential directions for future work.

This thesis is submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Biological Chemistry in the University of Michigan. It contains
research carried out from April 2009 to March 2014. All of the work presented henceforth
was conducted at the University of Michigan under the supervision of Professor Daniel
Goldman. This work is to the best of my knowledge original, except where references are
made to previous work. The material in this thesis has not been submitted for a degree,
diploma, or any other qualification at any other university.

Chapters 2 and 3 of this work have been presented in the following publications:

Powell C, Elsaeidi F, & Goldman D (2012) Injury-dependent Miiller glia and
ganglion cell reprogramming during tissue regeneration requires Apobec2a and Apobec2b. J
Neurosci 32(3):1096-1109. 1 was the lead investigator, responsible for all major areas of
concept formation, experimental design, data collection, and data analysis, as well as the

majority of the manuscript composition. Goldman D contributed to concept formation,
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experimental design, data analysis, and manuscript preparation. Elsaeidi F contributed to
data collection.

Powell C, Grant AR, Cornblath E, & Goldman D (2013) Analysis of DNA
methylation reveals a partial reprogramming of the Miiller glia genome during retina
regeneration. Proc Natl Acad Sci U S A 110(49):19814-19819. 1 was the lead investigator,
responsible for all major areas of concept formation, experimental design, data collection,
and data analysis, as well as the majority of the manuscript composition. Goldman D
contributed to concept formation, experimental design, data analysis, and manuscript
preparation. Grant AR contributed to data analysis. Cornblath E contributed to data
collection and analysis.

Chapter 4 is a manuscript in preparation of which I was the lead investigator,
responsible for all major areas of concept formation, experimental design, data collection,
and data analysis, as well as the majority of the manuscript composition. Daniel Goldman
contributed to concept formation, experimental design, data analysis, and manuscript
preparation. Ana Grant contributed to data analysis. Eli Cornblath contributed to
experimental design, data collection, and analysis.

Chapter 5 and Appendix A describe work in progress of which I was the lead
investigator, responsible for all major areas of concept formation, experimental design, data
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experimental design, and data analysis. Xiaofeng Zhao, Peter Macpherson, Tom Jirkew, and
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Abstract

Despite a high degree of similarity in retinal structure and function, zebrafish respond
to retina and optic nerve damage with a regenerative response, while mammals do not.
Moreover, the cell types responsible for these regenerative events, Miiller glia (MG) and
retinal ganglion cells (RGCs), are present in both zebrafish and mammalian retinas. The key
to stimulating endogenous regeneration in mammals following retina or optic nerve damage
likely resides in the ability to coax mammalian MG or RGCs into responding similarly to
their zebrafish counterparts. To this end, zebrafish have been used as a model system in an
attempt to understand the causative events and the cellular changes occurring in MG and
RGCs during regeneration.

This work describes the identification and characterization of Apolipoprotein B
mRNA Editing Complex 2a and 2b (Apobec2a,2b) as components of these regenerative
events in zebrafish. Although Apobec2 proteins were first identified over 13 years ago, their
function has remained unresolved. Other members of the Apobec protein family participate
in cytosine deaminase-dependent DNA/RNA mutagenesis and DNA demethylation. The
experiments described in this work were designed with the goal of learning about the events
accompanying retina and optic nerve regeneration and about the biochemical function of
Apobec2 proteins, simultaneously. Herewith, the following is characterized during
regeneration: gene expression programs, the regulation of DNA methylation, the poised
programming state of quiescent MG, changes in mRNA editing, and the activation of the
immune response in the progression of regeneration. Furthermore, we demonstrate that
Apobec2a,2b are necessary for zebrafish retina and optic nerve regeneration and that they
function independent of DNA demethylation, RNA editing, and likely cytosine deamination.
We show that their biochemical function is conserved and dependent on the proper binding
of zinc, and we identify Apobec2 interacting proteins and characterize potential roles for

these interactions. Finally, a working model is proposed in which Apobec2a,2b function

xxiii



independent of cytosine deamination during retina and optic nerve regeneration.
Cumulatively, this work serves as a valuable resource to the current understanding of
zebrafish retina and optic nerve regeneration and the biochemical function of Apobec2

proteins, and opens multiple avenues for future research.
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Chapter 1:

Introduction

The work described in this dissertation is focused on characterizing the role of
Apobec?2 proteins during zebrafish retina and optic nerve regeneration. In order to place this
work within the context of the scientific literature, here I include background and a historical
overview covering the topics of zebrafish retina and optic nerve regeneration, DNA

methylation, and the Apobec protein family.

1.1 Zebrafish Retina and Optic Nerve Regeneration

According to a recent survey by the NIH’s National Eye Institute (NEI), most
Americans report that, of all debilitating diseases, the loss of eyesight would have the
greatest impact on their daily lives, ranking ahead of the loss of memory, speech, limb, and
hearing. The NEI also reports that one in 28 people in the United States suffer from low
vision or blindness (http://www.nei.nih.gov/kap/). This represents a major public health
problem, decreasing the productivity and quality of life of those affected and extracting a
large national economic toll. Three of the leading causes of vision loss (glaucoma, macular
degeneration, and diabetic retinopathy) are neural degenerations, characterized by
irreversible damage of the retina due to the death of neurons residing there. Many
approaches are being developed to treat vision loss resulting from retinal diseases and
degenerations, including prosthetic devices, cell transplantation, and gene therapies. While
these techniques have shown some success, one can imagine how advantageous it would be
to treat these retinopathies by awakening the intrinsic regenerative capabilities of endogenous

retinal cells, which have demonstrated this regenerative potential in other vertebrates.

1.1.1 Retina Structure and Biology

The retina is an extension of the central nervous system (CNS) that lines the inner

surface of the eye. This tissue is responsible for the detection of light. Other tissues, such as



the cornea and lens, are responsible for focusing light prior to its reaching the retina (Figure
1.1A). Once detected, light stimulates a cascade of events and cellular communications
between the neurons that reside in the retina, which ultimately transmit this information to
the brain.

The structure of the retina is divided up into three cellular layers: the outer nuclear
layer (ONL), the inner nuclear layer (INL), and the retinal ganglion cell layer (GCL). Rod
and cone photoreceptors residing in the ONL sense light entering the eye and relay this
information on to the retinal ganglion cells (RGCs) residing in the GCL via connections with
INL interneurons (bipolar cells, amacrine cells and horizontal cells). The axons of RGCs
converge and form the optic nerve, which extends to the brain and facilitates the transmission
of the visual information detected by the eye to the brain (Figure 1.1A).

Miiller glia (MG) and microglia are two non-neural, glia cell types residing in the
retina, with MG playing the more significant role in retinal homeostasis. While the nuclei
and cell bodies of MG reside in the INL, their processes are unique in that they extend into
all retinal layers and span the entire width of retina, allowing them to form contacts with
neighboring retinal neurons and blood vessels and to contribute to the outer and inner
limiting membranes (Magalhaes and Coimbra, 1972; Reichenbach and Reichelt, 1986)
(Figure 1.1A). This unique structure allows MG to perform their many functions such as 1)
to maintain retinal homeostasis by recycling neurotransmitters and controlling the
extracellular ionic balance (Pow and Crook, 1996; Schutte and Werner, 1998; Bringmann et
al., 2009); 2) to support neurons by releasing trophic factors (Seki et al., 2003) and by
participating in the cone-specific visual cycle (Long et al., 1986; Wang et al., 2005; Wang
and Kefalov, 2011); 3) to serve as barriers and conduits for the transfer of molecules between
cells (Tout et al., 1993; Nagelhus et al., 1999; Shen et al., 2012); and 4) to act as optical
fibers, guiding light to photoreceptors (Franze et al., 2007).

1.1.2 Mammalian Retina Injury Response (Protective and Regenerative Responses)

Damage to the retina can come from a variety of sources: trauma, cancer, ischemia,
hematoma, retinal disease, etc. After insult, the primary objective of the retina is to prevent
further damage, and because of this, a neuroprotective program is initiated. This

neuroprotective function is largely carried out by MG through gliosis (Bringmann and



Reichenbach, 2001; Bringmann et al., 2006). During gliosis, MG undergo morphological,
biochemical, and physiological changes that vary with the type and severity of insult.
Neuroprotection can involve: 1) the production of neurotrophic factors, growth factors,
cytokines, and erythropoietin that protect neurons from death (Wen et al., 1995; Cao et al.,
1997; Harada et al., 2000; Yasuhara et al., 2004a; Yasuhara et al., 2004b; Fu et al., 2008); 2)
the reestablishment of extracellular ion levels (Bringmann et al., 2006); 3) the uptake of
excess glutamate which is neurotoxic (Bringmann et al., 2009); and 4) the phagocytosis of
exogenous substances and cell debris (Faude et al., 2001; Chang et al., 2006; Kaur et al.,
2007). However, gliosis can also have detrimental effects including 1) the impairment of the
normal supportive functions of MG; 2) the release of proinflammatory cytokines resulting in
cytotoxic effects (Tezel and Wax, 2000; Yuan and Neufeld, 2000); and 3) the formation of
inhibitory glial scars (Lewis and Fisher, 2000; Fisher and Lewis, 2003; Francke et al., 2005;
Sethi et al., 2005).

Because retinal damage can result in neuronal cell death, a regenerative response is
needed in addition to a neuroprotective response to generate new neurons, and ultimately to
restore proper vision. But, the mammalian retina lacks an active retinal progenitor
population, limiting its ability to produce new neurons. In addition, injuries or diseases that
result in damage to the optic nerve require a regenerative response to stimulate the axonal
outgrowth of RGCs to regain proper communication between the retina and the brain. Yet,
mammalian RGCs’ intrinsic capacity for axon growth declines shortly after birth (Goldberg
et al., 2002). Furthermore, injured or diseased axons that fail to regenerate successfully often
succumb to neuronal death or atrophy (Goldberg and Barres, 2000). Other factors impacting
mammalian retina and optic nerve regeneration include the formation of glial scars (as
mentioned above) and inhibitory signals (Schwab, 2004; Silver and Miller, 2004; Yiu and
He, 2006). Current work using model systems is being directed towards stimulating a

mammalian regenerative response.

1.1.3 Model Systems for Studying Retina and Optic Nerve Regeneration

In order to restore vision following retinal neuron cell death or optic nerve damage, a

series of events needs to occur, but key to the success of these regenerative events is the



generation of a retinal progenitor population and the establishment of an axonal growth-
permissive state, respectively.

Although MG do not function as neural progenitors during development (Weissman
et al., 2003), recent work using model systems has shown that under special conditions, these
MG can become activated and undergo a reprogramming event that allows them to
proliferate and generate a population of proliferating progenitors (MGPCs) to regenerate lost
neurons and glia (Fausett and Goldman, 2006; Raymond et al., 2006; Bernardos et al., 2007;
Fausett et al., 2008; Ramachandran et al., 2010a). While mammalian MG do not
demonstrate this ability in vivo, increasing evidence hints that they have an intrinsic
regenerative potential and suggests that they could be coaxed to adopt these retinal
progenitor characteristics (Das et al., 2006; Lawrence et al., 2007; Roesch et al., 2008;
Jadhav et al., 2009). For example, while not acquiring a progenitor state, mammalian MG
can respond to injury, proliferate, and express some retinal stem cell associated markers
(Roesch et al., 2008; Jadhav et al., 2009). Furthermore, primary cultures of mammalian MG
can be stimulated to generate retinal neurons and glia (Das et al., 2006; Lawrence et al.,
2007).

For optic nerve regeneration, RGCs must enter into an axonal growth-permissive
state. While mammalian RGCs seem to lose their intrinsic capacity for axon growth after
birth (Goldberg et al., 2002), an abundance of evidence gathered using model systems
suggests that this potential for axonal regrowth can be stimulated (Fischer, 2012; Fischer and
Leibinger, 2012).

Model systems are essential for our ability to learn how to increase the human visual
regenerative potential. For choice of a model organism, one can choose a system that
regenerates endogenously and study how this occurs (newts, frogs, goldfish, zebrafish,
postnatal chicks, etc), or one can choose a system that lacks a regenerative response and
attempt to stimulate one (mice, rats, cats, etc). Both approaches have led to great discoveries
in the field of regeneration.

The work described in this dissertation employs the use of zebrafish, which have
emerged as a powerful model system for studying regeneration. Zebrafish research has
dominated the field of retina regeneration and has made key contributions to the field of optic

nerve regeneration. Teleosts, including zebrafish, respond to retinal damage with a robust



regenerative response (Mensinger and Powers, 1999; Senut et al., 2004; Fausett and
Goldman, 2006; Bernardos et al., 2007; Sherpa et al., 2008). This, in combination with the
ease with which they are bred, maintained, and genetically manipulated, provides definite
advantages over other model systems. Importantly, because of the high degree of structural
and functional similarity between the zebrafish and the mammalian retina, it is likely that
discoveries made in zebrafish will be applicable to mammals.

In contrast to the mammalian retina (which does not contain a source of retinal
progenitors and grow very little after birth), the teleost retinal environment is highly
amenable to progenitor cell formation/maintenance and boasts three sources of progenitor
cells, which are necessary for the continued grow of their retinas throughout life: 1) a
circumferential ring known as the ciliary marginal zone (CMZ) houses progenitors that
provide neurons and glia to the extreme periphery of the retina as it grows (Johns, 1977); 2)
rod precursors in the ONL produce rod photoreceptors during retinal growth (Johns and
Fernald, 1981); and 3) MG replenish the rod precursor populations and can be stimulated to
generate retinal progenitors (MGPCs) following injury (Fausett and Goldman, 2006;
Bernardos et al., 2007; Fimbel et al., 2007; Thummel et al., 2008a) (Figure 1.1A).

1.1.4 MG and Retina Regeneration

While the regenerative capacity of the teleost fish retina has been long recognized
(Braisted and Raymond, 1992; Hitchcock et al., 1992; Otteson et al., 2001), it was not until
recently that the source of progenitors acting during retina regeneration was identified.
Through the use of zebrafish transgenics, MG were identified as this source of progenitors
(Fausett and Goldman, 2006; Bernardos et al., 2007; Fimbel et al., 2007). Importantly, BrdU
and CreER/LoxP lineage tracing experiments demonstrated that these MGPCs regenerate all
of the major retinal cell types and that these cells remain stably integrated in the retina for
extended periods of time (Fausett and Goldman, 2006; Ramachandran et al., 2010b).

Much has been learned about the regenerative response of MG in the relatively short
period of time since then. This regenerative response can be roughly divided into three
phases: 1) the activation and reprogramming of MG to acquire stem cell-like properties; 2)
the generation of MGPCs; and 3) the differentiation of these progenitors (Figure 1.1B).

While some information has been gathered for the final phase of this process (Qin et al.,



2009; Craig et al.; Ramachandran et al., 2012; Wan et al., 2012; Nagashima et al., 2013), the
majority of the research effort has been dedicated to how MG become activated and generate
MGPCs (Kassen et al., 2007; Fausett et al., 2008; Qin et al., 2009; Ramachandran et al.,
2010a; Thummel et al., 2010; Ramachandran et al., 2011; Nelson et al., 2012; Powell et al.,
2012; Wan et al., 2012; Lenkowski et al., 2013; Nagashima et al., 2013; Nelson et al., 2013;
Powell et al., 2013). These events have been described in recent reviews (Nelson and Hyde,
2012; Lenkowski and Raymond, 2014).

While much can be said about how these early phases occur, I will limit this
discussion to a few factors that were among the first identified and that were more relevant to
the design of my project. One of the first factors identified as being necessary for MG
activation and progenitor formation was the basic helix-loop-helix transcription factor Asclla
(Fausett et al., 2008), which has since been identified as a central hub in the regenerative
response and was recently shown to reprogram mouse MG into progenitors in cell culture
(Pollak et al., 2013). Soon after the initial characterization of Asclla during zebrafish retina
regeneration, it was determined that one of its functions is the activation of a Lin28/let-7
miRNA signaling pathway which impacts the activation of other pluripotency factors
(Ramachandran et al., 2010a). This work was in development when I joined the Goldman
lab. The fact that many of these pluripotency factors were transcriptionally regulated during
MG activation played a large role in my thought process as I developed my project and is

further discussed below (Section: DNA Methylation).

1.1.5 Retinal ganglion cells and Optic Nerve Regeneration

While the majority of my work focused on the processes of MG activation and
MGPC formation during retina regeneration, some of my data was gathered studying optic
nerve regeneration. Because of this, I include a short overview of optic nerve regeneration.

Like the MG response during retina regeneration, optic nerve regeneration can be
divided into three phases: 1) the generation of a growth-permissive state; 2) axonal regrowth
and path finding; and 3) the reestablishment of synaptic connections with the optic tectum
(superior colliculus) of the brain (Figure 1.1C). Contrary to retina regeneration, no
proliferative event is needed during optic nerve regeneration (provided that no neurons are

lost).



Understanding and stimulating the first phase of this process has been the focus of
much of the research in this field. Many molecules have been shown to stimulate and/or be
necessary for a regenerative response following optic nerve damage and are discussed in a
number of recent reviews (de Lima et al., 2012; Fischer, 2012; Fischer and Leibinger, 2012;
Zhu et al., 2013). Two key events occur during the generation of a growth-permissive state:
1) the activation of an intrinsic developmental axonal growth program and 2) the overcoming
of growth-inhibitory signals.

The study of regeneration in zebrafish has led to useful insights into ways to augment
the regenerative capacity of mammals. It is anticipated that unraveling the mechanisms
underlying retina and optic nerve regeneration in zebrafish will suggest novel strategies for
stimulating these processes in an injured or diseased mammalian retina. Revealing the
mechanisms by which MG and RGCs change their cellular identities as they reprogram to a
multipotent progenitor or axonal growth-permissive state is one of the keys to the success of

this strategy.

1.2 DNA Methylation

Although each cell type of an organism contains essentially the same genetic
information, each is unique and has an identifiable appearance and biochemical signature. A
number of variables contribute to cellular identity, but differential gene expression is the
cornerstone of this identity. Epigenetic information, including modified DNA nucleotides,
histone modifications, and non-coding RNAs, determines which genes are “on” and “off” in
any particular cell.

One epigenetic modification, 5-methylcytosine (5-meC), occurs when a methyl group
is appended to the C5 position of cytosine bases in DNA (Figure 1.2A). This modification is
a well-studied form of DNA methylation and is a stable epigenetic mark that can be inherited
mitotically and meiotically. It is present in diverse forms of life from prokaryotes to
eukaryotes and was discovered in mammals as early as DNA was identified as genetic
material (Avery et al., 1944; McCarty and Avery, 1946). It performs a variety of functions,
the first of which was characterized in bacteria where it was found to control restriction-
modification systems (Boyer, 1964; Uetake et al., 1964; Lederberg, 1965; Casadesus and

Low, 2006), which are thought to have evolved as a form of cellular defense, targeting



foreign DNA for degradation. Since then, a number of important processes have been
attributed to DNA methylation in mammals: genomic imprinting (Hata et al., 2002; Kaneda
et al., 2004; Kato et al., 2007), X-chromosomal inactivation (Barakat and Gribnau, 2012),
inhibition of retrotransposition (Walsh et al., 1998; Bourc'his and Bestor, 2004), and
regulation of gene expression (Weber et al., 2007; Farthing et al., 2008; Mohn et al., 2008).
Mechanistically, DNA methylation is thought to regulate gene expression by recruiting
proteins involved in gene repression or by inhibiting the binding of transcriptional activators
to DNA. DNA methylation in mammals has been shown to be essential as its loss leads to
cellular growth arrest or apoptosis in normal cells and cancer cells (Jackson-Grusby et al.,
2001; Chen et al., 2007). Because of this, multiple drugs have been developed to perturb
DNA methylation as a way to treat cancer.

In mammals, 5-meC most commonly occurs within the context of a CpG
dinucleotide. Non-CpG methylation has recently been identified, but its function is still
unclear (Lister et al., 2009). The specific role that CpG methylation plays appears to be
dependent on its position in the DNA sequence relative to gene coding regions (Jones, 2012).
More than half of the genes in vertebrate genomes contain short CpG rich regions known as
CpG islands, while the rest of the genome is relatively depleted for CpGs. The function of
DNA methylation in proximity to gene coding regions has been characterized most carefully,
and there is a growing consensus for its role. In mammals, most CpG islands are not
methylated when located near the transcriptional start site of a gene, but when these regions
are methylated, it is associated with long-term gene silencing through the inhibition of
transcription initiation. This type of regulation occurs in the control of some pluripotency
and tissue specific genes. In addition, CpG islands in gene bodies are sometimes methylated
in a tissue-specific manner. Non-CpG island methylation is more dynamic and tissue-
specific than CpG island methylation (Han et al., 2011; Jones, 2012). Because of the role
that DNA methylation plays in the regulation of gene expression, enzymes that modulate

DNA methylation have a large impact on cellular identity.

1.2.1 Establishment of DNA Methylation

Although the earliest events of development are marked with the global erasure of

DNA methylation (with the exception of certain imprinted regions), resulting in an overall



hypomethylated state (Monk et al., 1987; Santos et al., 2002; Jones, 2012; Saitou et al.,
2012), the establishment of DNA methylation at later events is needed to induce and/or
maintain the silencing of pluripotency and germ line-specific genes (Shen et al., 2007; Weber
et al., 2007; Farthing et al., 2008; Mohn et al., 2008) and to regulate and/or stabilize lineage-
specific gene expression during differentiation (Hemberger et al., 2009).

With the exception of the targeting of DNA methylation (which in plants is aided by
small RNAs), the mechanistic establishment of DNA methylation has been well-
characterized biochemically and genetically. DNA methylation is catalyzed by a family of
DNA methyltransferases (Dnmts) that transfer a methyl group from S-adenosylmethionine
(AdoMet or SAM) to the CS5 position of cytosine forming 5-meC. In mammals there are
three such enzymes: Dnmtl, Dnmt3a, and Dnmt3b. A structurally related protein, Dnmt3l, is
catalytically inactive and serves as a cofactor for Dnmt3a and Dnmt3b and stimulates their
activity (Chedin et al., 2002; Gowher et al., 2005; Jia et al., 2007). Another enzyme
recognized by sequence homology, Dnmt2, was later found to methylate RNA instead of
DNA (Goll et al., 2006).

Dnmt3 enzymes can establish new methylation patterns to unmodified DNA and are
thus known as de novo methyltransferases (Figure 1.2C). They are responsible for creating
the DNA methylation landscape during development (Okano et al., 1999) . Dnmtl functions
during DNA replication to propagate the methylation landscape from parent to daughter
strand by acting on hemimethylated DNA (Jones and Liang, 2009). The recruitment of
Dnmtl to hemimethylated DNA is aided by Uhrfl (Achour et al., 2008; Arita et al., 2008;
Avvakumov et al., 2008) (Figure 1.2B). Dnmt3 proteins cooperate with Dnmt1 to efficiently
maintain DNA methylation during replication at sites that were missed by Dnmtl (Arand et

al., 2012).

1.2.2 DNA Demethylation

The knowledge of how 5-meC is removed from DNA has lagged behind the
knowledge of its establishment, and much has yet to be learned about the process of DNA
demethylation. In the simplest sense, DNA demethylation can occur in a replication-
dependent fashion, independent from any enzymatic activity. Thus by undergoing a series of

rapid proliferative events, it would be possible to demethylate the genome (Figure 1.2D).



While this may be the case in some instances, there is mounting evidence for a replication-
independent or an active mechanism of DNA demethylation. For example, within the first
hours after fertilization, the paternal DNA undergoes a rapid loss of 5-meC in the zygote
before the first cell division (Mayer et al., 2000; Oswald et al., 2000; Saitou et al., 2012).
Evidence for active DNA demethylation is also found in studies of primordial germ cells
(PGCs) (Hajkova et al., 2002; Popp et al., 2010), where global DNA demethylation is
important for setting up pluripotent states in the early embryo and for erasing parental-origin-
specific imprints (Feng et al., 2010).

Although the exact mechanism of DNA demethylation remains unclear, it is evident
that it is more complicated than the process of DNA methylation, in that it likely requires
multiple intermediate steps and enzymes. Many proteins have been associated with decreases
in DNA methylation including Gadd45 (Barreto et al., 2007; Rai et al., 2008; Ma et al.,
2009a; Schmitz et al., 2009), Apobec/AID (Morgan et al., 2004; Rai et al., 2008; Bhutani et
al., 2009; Popp et al., 2010; Santos et al., 2013), Tet (Ito et al., 2010; Guo et al., 2011; He et
al., 2011; Mohr et al., 2011), and DNA glycosylase proteins (Rai et al., 2008; Ma et al.,
2009a; Zhu, 2009; Cortellino et al., 2011; Santos et al., 2013). Models of DNA
demethylation include processes of deamination, oxidation, or both (Figure 1.2E). While
mechanisms involving Tet enzymes appear to be used most frequently (Wu and Zhang,
2014), it is likely that these different mechanisms function either jointly or at different times
(Santos et al., 2013).

In addition to development, active DNA demethylation has been associated with other
reprogramming events including nuclear transfer (Simonsson and Gurdon, 2004; Jullien et
al., 2011), heterokaryon formation (Bhutani et al., 2009), induced pluripotency stem cell
(iPSC) generation (Meissner et al., 2008; Mikkelsen et al., 2008; Polo et al., 2012; Hackett et
al., 2013; Kumar et al., 2013b), and cancer (Ehrlich, 2009; Ehrlich and Lacey, 2013;
Kristensen et al., 2013). This is particularly true for promoter regions of pluripotency genes
(Mikkelsen et al., 2008; Bhutani et al., 2009; Polo et al., 2012).

Because MG reprogram and activate the expression of pluripotency genes during
retina regeneration and because RGCs reawaken a developmental growth potential following
optic nerve injury, I hypothesized that DNA demethylation was an important event regulating

these transitions. This led me to perform a preliminary survey where I measured mRNA
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levels of genes correlated with DNA demethylation (listed above) at multiple times following
injury to the retina. These preliminary data indicated that Apobec2 proteins might be

important for zebrafish retina regeneration.

1.3 Apobec Protein Family

The underlying genetic mechanism of evolution is the generation of random
mutations and the selection of those that provide a benefit to life. In some instances,
nonspecific mutations in DNA are unfavorable and can arise due to replication errors,
incidental DNA damage, or the movement of viruses or transposable elements. These
mutations can have devastating effects on cellular function, manifest in developmental
defects, disease, and cancer. But, there are a limited number of cases where controlled,

targeted mutations are beneficial to life.

1.3.1 Apobec Proteins, Cytosine Deaminases

Apobec proteins are a vertebrate-specific group of zinc-dependent enzymes capable
of introducing mutations in DNA and RNA through cytosine deamination. This catalytic
activity only occurs within the context of polynucleotides and results in the conversion of
cytosine or 5-meC to uracil or thymine, respectively (Figure 1.2E and 1.3A). The family is
named after Apolipoprotein B Editing Complex 1 (Apobecl), the first Apobec protein
identified (Teng et al., 1993). Apobecl is a mammalian enzyme that was first shown to
deaminate C6666 in Apolipoprotein B (ApoB) mRNA, a major component in lipid transport,
changing a glutamine codon into a stop codon resulting in a truncated form of ApoB that is
involved in the assembly of chylomicrons (Navaratnam et al., 1993; Teng et al., 1993). Its
ability to edit other RNAs has been demonstrated (Skuse et al., 1996; Mukhopadhyay et al.,
2002), as well as its ability to act on DNA substrates (Skuse et al., 1996; Harris et al., 2002a;
Petersen-Mahrt and Neuberger, 2003; Gee et al., 2011). After the discovery of Apobecl a
number of other Apobecs were identified with varying functions.

Activation Induced Cytidine Deaminase (AID), an Apobec found in jawed
vertebrates, was found to be essential for antigen-driven diversification of immunoglobulin
genes in the adaptive immune system (Muramatsu et al., 1999). Subsequent genetic

experiments revealed its central role in class-switch recombination, somatic hypermutation,
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and gene conversion (Muramatsu et al., 2000; Arakawa et al., 2002; Harris et al., 2002b). As
mentioned previously, AID has also been shown to function during multiple reprogramming
events, by participating in a multistep process of DNA demethylation (Morgan et al., 2004;
Bhutani et al., 2009; Popp et al., 2010; Santos et al., 2013).

APOBEC3 proteins where first identified as paralogs to Apobecl and are found in
placental mammals (Jarmuz et al., 2002). Humans encode seven APOBEC3s: 3A, 3B, 3C,
3D/E, 3F, 3G, and 3H. These proteins are highly divergent. APOBEC3B, D/E, F and G
differ from APOBEC3A, C, H, and all other Apobecs in that they contain two deaminase
domains instead of one within a single polypeptide (Jarmuz et al., 2002). One of these
domains is generally acidic while the other is basic. Although the acid domain of these bi-
domain APOBEC3s is catalytic, the basic domain is not; nonetheless, this basic domain
contributes to cytosine deamination by stimulating the binding of APOBEC3s to
polynucleotides (Figure 1.3A) (Hakata and Landau, 2006; Bogerd et al., 2007). APOBEC3G
was identified as the factor involved in HIV restriction (Sheehy et al., 2002) and has since
become the most studied Apobec protein. After infection, APOBEC3G is packaged into the
HIV virion and mutates the nascent first DNA strand produced by reverse transcription,
inhibiting its integration into the host genome or mutating it to the point of no functionality
(Harris et al., 2003; Lecossier et al., 2003; Mangeat et al., 2003; Mariani et al., 2003; Zhang
et al.,, 2003). Because of their ability to mutate mobile elements, including endogenous
retroelements and exogenous viruses, it has become clear that a major function of APOBEC3
proteins lies in the innate immunity (Conticello, 2008; Koito and Ikeda, 2012; Smith et al.,
2012).

Other Apobec proteins (Apobec2, Apobec4, and ApobecS) have received
considerably less attention. Apobec5s, the most recently identified Apobec proteins, have
yet to be analyzed (Severi et al., 2011). They are present in non-placental vertebrates and are
speculated to be functional homologues of the APOBEC3s (Severi et al.,, 2011).
Interestingly, in biochemical analyses used to demonstrate deamination by other Apobec
proteins, Apobec2 and Apobec4 (both found in jawed vertebrates) appear unable to
deaminate cytosine (Harris et al., 2002a; Mikl et al., 2005; Lada et al., 2011). While this may
be due to the context of the experimental design, it raises the possibility that Apobec proteins

perform functions independent of deamination.
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1.3.2 Cytosine Deaminase-Independent Function of Apobecs

Although the majority of the research on Apobec proteins has focused on
characterizing their cytosine deaminase-dependent functions, evidence for deaminase-
independent functions has been reported. Apobecl has been shown to bind the 3’
untranslated region (UTR) of Cox-2 and c-myc mRNA, stabilizing their turnover (Anant and
Davidson, 2000; Blanc et al., 2007), and APOBEC3 proteins have been found to block viral
replication, specifically during elongation (Iwatani et al., 2007; Aguiar and Peterlin, 2008;
Narvaiza et al., 2009).

Evolutionary analyses of Apobec proteins suggest that AID, Apobec2, and Apobec4
are the ancestral members of the Apobec family, with all other members likely stemming
from AID (Conticello et al., 2005; Conticello, 2008; Severi et al., 2011). Although no
function has been identified for Apobec2 or Apobec4 proteins, their sequences are conserved,
particularly in mammals. While Apobec2 is evolutionarily much older than Apobecl,
substitution rates indicate that it is much more highly conserved (Liao et al., 1999). This is
similar to comparisons to the Apobec3 proteins, which demonstrate a high degree of
sequence diversity (Sawyer et al., 2004; Zhang and Webb, 2004). This suggests that
Apobec2 and Apobec4 proteins may possess an ancestral function that is independent of

cytosine deamination.

1.3.3 Apobec2 Proteins

Apobec2 was the second Apobec protein identified, through its sequence homology to
Apobecl (Liao et al.,, 1999; Anant et al., 2001a), and was the first Apobec for which
structural data was obtained (Prochnow et al., 2007). Other Apobec crystal structures
currently available include those of the C-terminal catalytic domain of APOBEC3G (Chen et
al., 2008; Holden et al., 2008; Shandilya et al., 2010), the C-terminal catalytic domain of
APOBEC3F (Bohn et al., 2013), and APOBEC3C (Kitamura et al., 2012). These structures
reveal a five-stranded B-sheet core surrounded by six a-helices. This is very similar to the
structures of free nucleotide cytidine deaminases (CDAs), which also possess a five-stranded
B-sheet core but differ in the number of flanking o-helices. These Apobec structures also
provide glimpses of their cytosine deaminase active sites, which contain a zinc ion

coordinated by two cysteines and a histidine and a catalytic glutamate residue (Figure 1.3B).
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Interestingly, the APOBEC2 crystal structure provides evidence for Apobec
oligomerization, and it is anticipated that this oligomerization aids in its ability to engage
long polynucleotides (Prochnow et al., 2007; Shandilya et al., 2010). Similarly, dimerization
and tetramerization of CDAs has been reported and is required for their function (Johansson
et al., 2002; Costanzi et al., 2006). Other groups have reported evidence for oligomerization
of Apobecl (Teng et al., 1999), Apobec2 (Sato et al., 2009; Etard et al., 2010), APOBEC3
(Burnett and Spearman, 2007), and AID (Wang et al., 2006). While it is evident that Apobec
proteins have the potential to oligomerize, it is unclear how physiological this
oligomerization is, as other groups report their lack of oligomerization (Brar et al., 2008;
Chen et al., 2008; Holden et al., 2008; Krzysiak et al., 2012).

It is possible that the differences seen in Apobec oligomerization are dependent on
the portion of the protein studied, the protein and salt concentrations, and substrate
availability (Bransteitter et al., 2009; Chaurasiya et al., 2014). This may be particularly true
for APOBEC2, whose crystal structure lacked 41 amino acids of its N-terminus (Prochnow et
al., 2007). This N-terminus is very unique and is a distinguishing factor of all Apobec2
proteins (Figure 1.3A). Notably, another Apobec2 structural study, which used the full-
length protein instead of the N-terminally truncated protein, suggested that Apobec2 is a
monomer in solution and demonstrated that a flexible N-terminal region (removed with the
N-terminal truncation for the crystal structure) precludes its ability to oligomerize (Krzysiak
et al., 2012).

Unlike other characterized Apobecs, biochemical studies of purified Apobec2 suggest
that its ability to bind polynucleotides is limited (Anant et al., 2001a; Sato et al., 2009).
Interestingly, in comparison to most other Apobec proteins, Apobec2 proteins are highly
acidic which may hinder their binding to highly negatively charged DNA or RNA. This
alone could explain their lack of deaminase activity in previous biochemical assays (Harris et
al., 2002a; Mikl et al., 2005; Lada et al., 2011). While this data would suggest that Apobec2
does not regulate polynucleotides, it is possible that these results are dependent on the
context of the experiments, which may lack a key component necessary for these events to
occur. This would not be entirely unexpected, as one would assume that a potential DNA or

RNA mutator would be highly regulated. Such is the case for Apobecl, whose function is
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highly modulated by Apobecl complementation factor (ACF) (Mehta et al., 1996; Lau et al.,
1997; Teng et al., 1999).

While biochemical data for Apobec2 is lacking, a considerable amount of molecular
data has been gathered. Apobec2 expression is highest in cardiac and skeletal muscle, but it
is also seen in many other cell types (Lau et al.,, 1997, Anant et al., 2001a). Pro-
inflammatory cytokines (Matsumoto et al., 2006) and the tumor suppressor p53 (Kostic and
Shaw, 2000) have been shown to induce Apobec2 expression, and Apobec2 appears to
inhibit TGFB signaling, though the mechanism of this inhibition is unknown (Vonica et al.,
2011). Increased Apobec2 expression, whether endogenous or exogenous, is correlated with
a number of processes including 1) cellular differentiation (Sato et al., 2009; Pennings et al.,
2011; Vonica et al., 2011), 2) inflammation (lio et al., 2010), 3) liver and lung tumorigenesis
(Okuyama et al., 2011), and 4) skeletal muscle aging (Piec et al., 2005). Forced reduction of
Apobec2, through knockdown or knockout technologies, has been shown to: 1) cause a
dystrophic muscle phenotype in zebrafish (Etard et al., 2010); 2) decrease body mass, alter
muscle fiber type ratios, and cause myopathies in mice (Sato et al., 2009); and 3) perturb
developmental left-right axis specification in frogs and zebrafish (Vonica et al., 2011).
Although no direct biochemical data exists that shows Apobec2 possesses cytosine
deaminase activity, these studies all hypothesize that Apobec?2 is acting in these processes by
catalytically editing RNA.

At the onset of my dissertation research, the most compelling evidence of a
biochemical function for Apobec2 proteins suggested that they participate in a multiprotein
complex to engage DNA and carry out DNA demethylation during zebrafish development
(Rai et al., 2008). This paper demonstrated that the expression of Apobec2 proteins was
regulated by the presence of exogenously introduced methylated DNA, and that Apobec2
proteins, directly or indirectly, impacted its demethylation. Furthermore, overexpression of
Apobec2 proteins in conjunction with MBD4 increased global genomic DNA methylation
levels as measure by mass spectrometry. Because this paper provided the most thorough
analysis of Apobec2 function, it guided a lot of my early thought processes as I designed my

project.
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14 Central Goal and Specific Aims of Dissertation

With this background in mind, I hypothesized that Apobec2 proteins were necessary
for zebrafish retina and optic nerve regeneration and that they functioned to regulate cellular
identity through the process of DNA demethylation. To test this hypothesis, I formulated a

number of specific aims:

SPECIFIC AIM 1: Characterize the expression of Apobec2 genes during retina and
optic nerve regeneration and determine their necessity for these events.

SPECIFIC AIM 2: Characterize changes in genomic DNA methylation as MG
reprogram for retina regeneration and determine if Apobec2 proteins impact DNA
demethylation.

SPECIFIC AIM 3: Perform mRNA comparisons of MGPCs with and without
knockdown of Apobec2 and identify any mRNA that is edited in an Apobec2-dependent
fashion.

SPECIFIC AIM 4: Determine if the catalytic activity of Apobec2 is necessary for
regeneration and if the regenerative function of zebrafish Apobec2 proteins is conserved in
human APOBEC2.

SPECIFIC AIM 5: Identify and characterize Apobec?2 interacting proteins during the

regenerative response, including the possibility of Apobec2 protein oligomerization.

Experiments designed to test these specific aims are described in Chapters 2 through
5. At the completion of these research chapters, a conclusion chapter is included to
summarize what has been learned through this work and to describe future directions that

could build upon these results.
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1.5 Figures
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Figure 1.1 Zebrafish retina and optic nerve regeneration

(A) Structure of the zebrafish eye and retina. Also listed and located are the zebrafish
endogenous sources of retinal progenitors (CMZ, RPC, MQG). (B) Diagram showing the
phases of MG-dependent, zebrafish retina regeneration following mechanical lesion with a
30-gauge needle. (C) Diagram showing the phases of RGC-dependent, zebrafish optic nerve
regeneration following optic nerve cut. ON, optic nerve; ONH, optic nerve head; CMZ,
ciliary marginal zone; RPC, rod precursor cells; MG, Miiller glia; RPE, retina pigment
epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; R,
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rod photoreceptor; C, cone photoreceptor; H, horizontal cell; B, bipolar cell; A, amacrine
cell; RGC, retinal ganglion cell.
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Figure 1.2 Mechanisms of DNA methylation and demethylation

(A) SmC is formed through the transfer of a methyl group from SAM, resulting in its
conversion to SAH, to the C5 position of cytosine by Dnmts. (B and C) Mechanisms of
DNA methylation. (B) Dnmtl-mediated maintenance of DNA methylation during
replication. (C) Dnmt3-mediated mechanism of de novo DNA methylation. (D and E)
Mechanisms of DNA demethylation. (D) A rapid series of DNA replications in the absence
of maintenance methylation results in passive genome-wide DNA demethylation. (E)
Models of active DNA demethylation include: 1. Apobec/AID-dependent deamination of
5SmC generates a thymine, resulting in a base-pair mismatch. This mismatch is sensed and
excised by a DNA glycosylase (TDG or MBD4) and repaired through BER. Gadd45
proteins function to recruit and coordinate the activity of these enzymes. 2. Tet-dependent
oxidation of SmC converts it to ShmC, 5fC, or 5caC, which can be sensed and excised by the
DNA glycosylase TDG and repaired through BER. An unknown deformylase or
decarboxylase may act on 5fC or 5caC, respectively, converting them to C. 3. Tet-dependent
oxidation of 5SmC converts it to ShmC, which is then deaminated by Apobec/AID proteins to
form ShmU. 5hmC is a better substrate for Apobec-dependent deamination than SmC. TDG
functions to excise ShmU followed by repair through BER. C, cytosine; G, guanosine; SmC,
5-methylcytosine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; T, thymine;
ShmU, 5-hydroxymethyluracil; Shmc, 5-hydroxymethylcytosine; 5fc, 5-formylcytosine;
5caC, 5-carboxycytosine; BER, base excision repair.
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Figure 1.3 Comparisons of Apobecs

(A) Comparisons of the human and zebrafish Apobec genes and proteins. Exon
boundaries are demonstrated in the gene structure comparisons. Translated and untranslated
portions of the transcripts are indicated with filled or empty boxes, respectively. Portions of
the zebrafish apobec2a,2b untranslated regions are uncharacterized and are denoted with
dotted lines. The locations of the sequences coding for zinc-coordinating domains are shown
in blue. Sequences coding for unique Apobec protein regions are shown in green; Apobec2
proteins have unique N-termini, and Apobecl proteins have unique C-termini. The ZDD
motif is a distinguishing factor of zinc-dependent deaminases. The core residues of this
motif are highlighted. In all Apobecs with demonstrated catalytic activity, there is a W at the
second position (underlined). (B) ClustalW sequence alignments comparing human and
zebrafish Apobec2 proteins. Secondary structures as identified by the APOBEC2 crystal
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structure are diagrammed (Prochnow et al., 2007). Conservation and key residues are
identified. Dr, Danio rerio; Hs, Homo sapiens.
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Chapter 2:
Injury-dependent Miiller glia and ganglion cell reprogramming during

tissue regeneration requires Apobec2a and Apobec2b.'

2.1 Abstract

Unlike mammals, adult zebrafish are able to regenerate multiple tissues including
those of the CNS. In the zebrafish retina, injury stimulates Miller glia (MGQG)
reprogramming/activation and the generation of multipotent Miiller glia derived progenitors
(MGPCs) that are capable of regenerating all lost cell types. This reprogramming is driven
by the reactivation of gene expression programs that share many characteristics with those
that operate during early development. Although the mechanisms underlying the reactivation
of these programs remain unknown, it is likely that changes in DNA methylation play a
significant role. To begin investigating whether DNA demethylation may contribute to retina
regeneration, we characterized the expression of genes associated with DNA demethylation
in the uninjured and injured retina. We found that two cytidine deaminases (apobec2a and
apobec2b) were expressed basally in the uninjured retina and that they were induced in
MGPCs. The maximal induction of apobec2b required Asclla, but was independent of
Lin28, and therefore defines an independent signaling pathway stemming from Asclla.
Strikingly, when Apobec2a or Apobec2b was knocked down by antisense morpholino
oligonucleotides, the proliferative response of MG following injury was significantly reduced
and injury-dependent induction of asc//a and its target genes were inhibited, suggesting the
presence of a regulatory feedback loop between Apobec proteins and ascl/la. Finally,
Asclla, Apobec2a, and Apobec2b were found to be essential for optic nerve regeneration.

These data identify an essential role for Apobec proteins during retina and optic nerve

! This chapter was published as Powell C, Elsaeidi F, Goldman D (2012) Injury-dependent Muller glia

and ganglion cell reprogramming during tissue regeneration requires Apobec2a and Apobec2b. J Neurosci
32:1096-1109.
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regeneration and suggest DNA demethylation may underlie the reprogramming of cells to

mount a regenerative response.

2.2 Introduction

While all the cells of an organism are genetically equivalent, each has its own unique
identity. Part of this identity is established by epigenetic marks such as 5-methylcytosine (5-
meC). DNA methylation predominantly occurs at CpG dinucleotides, and its presence in
promoter regions is highly correlated with the repression of gene transcription (Herman and
Baylin, 2003; Deaton and Bird, 2011). DNA demethylation is an early event in
reprogramming somatic cells to a pluripotent state as seen in nuclear transfer studies
(Simonsson and Gurdon, 2004; Jullien et al., 2011), heterokaryon formation (Bhutani et al.,
2009) and induced pluripotent stem cell generation (Mikkelsen et al., 2008).

During zebrafish retina regeneration, MG undergo multiple shifts in identity as they
reprogram, generate a population of MGPCs, and finally differentiate to regenerate new
neurons and glia (Fausett and Goldman, 2006; Raymond et al., 2006; Bernardos et al., 2007;
Fimbel et al., 2007; Fausett et al., 2008; Ramachandran et al., 2010a; Ramachandran et al.,
2010b). These cell transitions are associated with the activation and inhibition of specific
gene regulatory programs. Although the mechanisms underlying these programming
changes are largely unknown, we hypothesize that one such mechanism is the active
modification of the DNA methylation landscape.

While the events of DNA methylation are well characterized, those of DNA
demethylation remain unresolved. Developmental DNA demethylation in zebrafish is
thought to occur through the coupling of an Apobec cytidine deaminase, a glycosylase, and a
Gadd45 protein (Rai et al., 2008). In this mechanism 5-meC is converted to a thymidine
through deamination by an Apobec protein. More recently, it was proposed that 5-meC is
first converted to 5-hydroxymethylcytosine (ShmC) by TET proteins (Ito et al., 2010; Mohr
et al., 2011), which can then be deaminated by Apobec proteins (Guo et al., 2011; He et al.,
2011). Next, MBD4 and TDG DNA glycosylases remove the modified base (Zhu et al.,
2000; Zhu, 2009; He et al., 2011), and base excision repair processes replace the abasic site
with an unmethylated cytosine. Although a number of studies have suggested roles for these

proteins in DNA demethylation (Morgan et al., 2004; Bhutani et al., 2009; Ma et al., 2009a;
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Ma et al., 2009b; Popp et al., 2010; Wu and Zhang, 2010; Cortellino et al., 2011; Guo et al.,
2011), none have investigated if these proteins contribute to gene expression changes during
Miiller glia dedifferentiation and zebrafish retina regeneration.

In this study, we begin to characterize the potential role of DNA demethylation
during zebrafish retina regeneration by analyzing injury-dependent transcriptional regulation
of genes correlated with DNA demethylation. We show that during retina regeneration the
expression of apobec2a and apobec2b (apobec2a,2b) is induced in MGPCs and that during
optic nerve regeneration apobec2b is induced in retinal ganglion cells (RGCs). Importantly,
we found that retina and optic nerve regeneration were significantly attenuated following
knockdown of Apobec2a and/or Apobec2b. Finally, we provide evidence for signaling

components upstream and downstream of these Apobec proteins during regeneration.
2.3 Results

2.3.1 Genes correlated with DNA demethylation are regulated during retina regeneration

To begin to characterize the potential role of DNA demethylation during retina
regeneration, we determined the transcriptional regulation of the zebrafish Apobec family
members (aid, apobec2a, apobec2b), Gadd45 family members (gadd45c, al, B, Bl v, vI),
DNA glycosylases (mbd4, tdg), DNA methyltransferases (dnmt3, dnmt4), and DNA
hydroxylases (tet2l, tet3) during retina regeneration (Figure 2.1A). With the exception of
aid, all of the transcripts were expressed in the uninjured and injured adult retina. However,
only a subset of these genes exhibited injury-dependent regulation (Figure 2.1A and B). The
expression of gadd45p, gadd45pl, and gadd45y was induced by 6 hours post injury (hpi),
while the expression of gadd45yl was highly induced beginning around 2 days post injury
(dpi). tdg, dnmt3, dnmtd, and apobec2a mRNA levels were moderately increased following
retinal injury. Interestingly, apobec2b was highly induced around 6-15hpi and peaked
around 2-4dpi. Because of the high induction of apobec2b and because zebrafish Apobecs
contribute to DNA demethylation during zebrafish development (Rai et al., 2008; Rai et al.,
2010), we centered the remainder of our experiments on the regulation and signaling of

apobec2a and apobec2b during zebrafish regeneration.
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2.3.2 The increased expression of apobec2a and apobec?2b after retinal injury is localized to

activated MG

Because previous findings largely localized vertebrate Apobec2 to muscle tissue
(Etard et al.; Liao et al., 1999; Anant et al., 2001), we sought to confirm our RT-PCR results
by examining the spatial pattern of apobec2a,2b expression in the retina at 4dpi using in situ
hybridization. Analysis of apobec2b expression showed injury-dependent transcriptional
induction in cells localized to the injury site within the inner nuclear layer (INL) (Figure
2.2A, arrows) and also ganglion cells residing in the ganglion cell layer (GCL) at the injury
site and flanking it on the side distal to the optic nerve head (ONH) (Figure 2.2A, black
arrowheads). On the side of the ONH that did not receive a needle poke injury, we found
low levels of apobec2b expression in cells residing in the GCL and INL (Figure 2.2A, white
arrowheads in upper right corner) similar to what we saw when using in sifu hybridization to
assay apobec2b expression in the uninjured retina. Therefore, it appeared that apobec2b was
induced in RGCs when their axons were severed by the needle poke.

The injury-dependent induction of apobec2b in the INL at the injury site is
characteristic of genes expressed in MGPCs. To test this idea, fish were injected with
bromodeoxyuridine (BrdU) 3.5hrs before harvesting at 4dpi. [In situ hybridization assays
combined with immunofluorescence against the MG-specific marker glutamine synthetase
(GS) or the cell proliferation markers BrdU and PCNA showed that these apobec2b
expressing cells were proliferating MGPCs (Figure 2.2B and C). Quantification revealed that
approximately 79% of the proliferating cells at the injury site expressed apobec2b. apobec2b
expression was largely absent from the proliferating cells of the ciliary marginal zone
(CMZ), suggesting that Apobec2b is not needed for stem cell maintenance in the retina (data
not shown).

Like apobec2b, analysis of apobec2a expression 4dpi showed injury-dependent
transcriptional induction in cells localized to the injury site within the INL (Figure 2.2D,
arrows). Low basal levels of apobec2a expression was seen in all three retinal nuclear layers
flanking the injury site (Figure 2.2D, white arrowheads). [In sifu hybridization assays
combined with GS, BrdU, and PCNA immunofluorescence identified the cells with increased
apobec2a expression levels as MGPCs (Figure 2.2E and F). Quantification revealed that

approximately 76% of the proliferating cells at the injury site expressed apobec?a.

25



2.3.3 The promoter of apobec?2b is regulated during retinal regeneration

To determine if the injury-dependent induction of apobec2b seen by RT-PCR (Figure
2.1) results from increased apobec2b promoter activity, we generated apobec2bP+I;gfp
transgenic fish that harbor 1.85 kb of 5° flanking apobec2b DNA, exon 1, intron 1, and 63 bp
of exon 2 in frame with the gfp sequence (Figure 2.3A). Developmentally, the
apobec2bP+1:gfp transgenic fish showed a gfp expression pattern that was largely localized
to the muscle tissue (Figure 2.3B) very similar to previously published apobec2b expression
analyses in zebrafish (Etard et al., 2010; Rai et al., 2010). Adult transgenic fish retained high
levels of expression in most muscle tissues including those of the jaw, mouth, eyes, and
body. In contrast the fins, operculum, eye, and cranial region of the fish showed little GFP
labeling (Figure 2.3C). Sections through the adult uninjured retina revealed that basal
apobec2b expression localized to a small population of amacrine cells dispersed throughout
the INL as assessed by co-staining with the amacrine and ganglion cell specific HuC/D
antibody (Figure 2.3D). Expression was absent from the CMZ where adult stem cells reside
(Figure 2.3E). After injury, the apobec2bP+I:gfp transgenic fish showed a pattern of
expression very similar to that of the endogenous apobec2b gene (compare Figure 2.3F and
2.2A) with transgene induction in pillar-like columns of cells at the site of injury in the INL
(white arrows, Figure 2.3F) and in injured ganglion cells (white arrowheads, Figure 2.3F).
GS and BrdU immunofluorescence showed that GFP+ cells in the INL were MGPCs (Figure
2.3G). Five independent lines showed equivalent staining before and after injury (data not
shown), further supporting the evidence of apobec2b induction and localization during retina

regeneration.

2.34 apobec2a and apobec2b regulate MG reprogramming

The above data shows that the expression of apobec2a and apobec2b is induced early
during the process of retina regeneration and is localized to proliferating MGPCs at 4dpi.
Here we tested if this increase of Apobec2a and/or Apobec2b is necessary for the conversion
of the fully differentiated MG to a progenitor state. To this end, we designed lissamine-
tagged antisense morpholinos targeting apobec2a and apobec2b to knockdown translation of
their transcripts during retina regeneration using previously validated morpholino sequences

(Rai et al., 2008). To further validate the functionality of the apobec2a morpholino, a
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construct was created that harbored the apobec2a morpholino (MO) binding sequence
followed by the gfp sequence (pCS2p+ apobec2a MO bs-gfp). The pTal apobec2bP+I1:gfp
construct (used for the creation of the transgenic fish) was used to validate apobec2b
morpholino functionality. ~ Microinjection of these constructs with their respective
morpholinos demonstrated a complete GFP knockdown while microinjection with control
MO had no effect (Figure 2.4A and B). To determine the efficiency of morpholino
knockdown in an injured retina, Apobec2a and Apobec2b protein levels were measured 4
days after administration and electroporation of 0.25 mM morpholino. Treatment with
apobec2a or apobec2b morpholino resulted in an approximate 35% and 70% knockdown in
their protein levels relative to a control, respectively (Figure 2.4C and D). Both Apobec2a
and Apobec2b protein is found basally in the retina, and their levels increase according to
their mRNA induction following injury (data not shown). The apparent low efficiency of
Apobec2a knockdown compared to Apobec2b is likely due to the lower level of apobec2a
induction at the site of injury where the morpholino is present. Thus, the basal Apobec2a
levels present in the uninjured, morpholino deficient portion of the retina likely partially
mask the effect of the morpholino. Finally, treatment of the apobec2bP+I:gpf with
apobec2b morpholino largely blocked the induction of the transgene at the site of injury
(Figure 2.4E).

To determine the impact of Apobec2a and Apobec2b knockdown on retina
regeneration, we first analyzed the impact of morpholino incorporation on GFP transgene
expression in /016 tubala:gfp transgenic fish, which was previously shown to label MGPCs
in the injured retina (Fausett and Goldman, 2006; Fausett et al., 2008; Ramachandran et al.,
2010a). Fish eyes were injected at the time of injury with 0.25 mM lissamine-tagged control
or 0.25 mM lissamine-tagged apobec2a,2b-targeting morpholinos (0.125 mM of apobec2a
and apobec2b morpholino). As shown previously, administration of the control morpholino
(MO) had no noticeable effect on transgene induction following injury (Figure 2.5A top
panels). Strikingly, when Apobec2a,2b were knocked down, transgene expression was
dramatically reduced in the lissamine+ INL cells when compared to the control (Figure 2.5A
bottom panel and Figure 2.5C). When we analyzed the effect of each morpholino
individually (injections of 0.25 mM apobec2a or 0.25 mM apobec2b MO) on the process of

regeneration, we were surprised to see that /016 tubala:gfp transgene expression was
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suppressed in both cases (Figure 2.5C) suggesting that these proteins may not act
redundantly.

To confirm these results, we repeated these morpholino knockdown experiments
using wild type zebrafish to determine if the knockdown of Apobec2a, Apobec2b, or
Apobec2a and Apobec2b would inhibit the proliferation of MGPCs using PCNA
immunofluorescence as a marker of dividing cells. As seen with tubala:gfp transgene
expression, PCNA labeling was greatly reduced upon injection of any of the experimental
morpholinos (Figure 2.5B and D). These results indicate that both Apobec2a and Apobec2b
regulate MG reprogramming and proliferation of MGPCs following injury.

We were curious to know if this reduced regenerative response seen after knockdown
of Apobec proteins could be attributed to increased cell death at the site of injury. Tunel
assays were performed to measure cell death by apoptosis following morpholino treatment
and knockdown. No difference was seen between control and experimental knockdown at 2
or 4 days following injury (Figure 2.5E and F). Similar results were seen after staining for

activated caspase-3 (data not shown).

2.3.5 Asclla activates apobec2b expression during retina regeneration

We next investigated potential mechanisms underlying the injury-dependent
activation of apobec2a and apobec2b. Previous studies suggested that in zebrafish, cebpf3
overexpression increased the expression of multiple genes correlated with DNA
demethylation developmentally, including apobec2a and apobec2b (Rai et al., 2010).
Therefore, we assayed the transcriptional regulation of cebpf following retina injury and
compared it with other regeneration-associated genes. Interestingly, cebpfs was induced very
early after injury, peaking around 15hpi and then declining (Figure 2.6A). Most importantly,
cebpp induction appeared to coincide with the induction of apobec2b and other regeneration-
associated genes like tubala, asclla, and lin28 (Fausett et al., 2008; Ramachandran et al.,
2010a). To test if this induction was necessary for injury-dependent apobec2a and apobec2b
expression, Cebpf was knocked down by administration of a previously validated cebpf
specific antisense morpholino oligonucleotide (Rai et al., 2010). The functionality of the
cebp3 MO was validated through the creation of a construct harboring the binding sequence

followed by the mCherry sequence (pCS2p+ cebpf MO bs-mCherry, Figure 2.6B).
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Following knockdown of Cebpf3 during retina regeneration, gene expression was assayed
2dpi when MG are reprogrammed and just beginning to enter the cell cycle (Fausett and
Goldman, 2006). Surprisingly, Cepbf3 knockdown had no discernable effect on apobec2a or
apobec2b expression in the injured retina (Figure 2.6C and F).

Besides Cebpf, others have reported that human APOBEC2 expression is enhanced
by NF-kB signaling (Matsumoto et al., 2006). To test if NF-kB signaling operates in the
zebrafish retina to regulate injury-dependent apobec2b expression, zebrafish eyes were
injected intravitreously with chemical inhibitors of NF-kB signaling, wedelolactone or ethyl
pyruvate (Daroczi et al., 2009), at the time of injury, and the expression of apobec2a and
apobec2b was assessed 2 days later. No difference between drug and vehicle injected
samples was observed (data not shown).

Next, we looked for the regulation of apobec2a and apobec2b expression by genes
that are induced in reprogramming MG very early following retinal injury and that are
required for regeneration. One such gene is asc/la whose expression is induced within 4hpi
and 1s represented in approximately 80% of the MGPCs (Fausett et al., 2008; Ramachandran
et al., 2010a). The injury-dependent increase of apobec2b largely parallels the induction of
asclla and its downstream targets tubala (Fausett et al., 2008) and /in28 (Ramachandran et
al., 2010a) (Figure 2.6A). To determine if Asclla regulates apobec2a and/or apobec2b
expression in the injured retina, we knocked down its expression with previously validated
asclla MOs (Fausett et al., 2008; Ramachandran et al., 2010a). Interestingly, the induction
of apobec2b, but not apobec2a, was significantly attenuated following Asclla knockdown
(Figure 2.6D and F). However, knockdown of Lin28 had no noticeable impact on apobec2b
expression (Figure 2.6E and F), suggesting that Asclla/Apobec2b signaling is a novel,
previously uncharacterized, signaling pathway stemming from Asclla.

Knockdown of Asclla in the apobec2bP+I:gfp transgenic fish largely blocked the
induction of the transgene in the INL (Figure 2.6G) but had no noticeable impact on the
transgene levels in RGCs whose axons were injured with a poke (Figure 2.6H) suggesting
that Asclla signaling doesn’t activate apobec2b expression in injured RGCs. Overexpression
of asclla during zebrafish development did not lead to a significant increase in apobec2b

mRNA 2 days post fertilization or a noticeable increase of GFP in the apobec2bP+I:gfp
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transgenic fish suggesting that the Asclla/Apobec2b signaling cascade may be specifically

operative in the regenerating retina (data not shown).

2.3.6 Apobec2a and Apobec?2b participate in a feedback loop to regulate asclla during

retina regeneration

We next sought to identify genes whose expression is regulated by Apobec2a and/or
Apobec2b signaling. These efforts were complicated due to the lack of a clear molecular
function of Apobec2 proteins and no known targets of their signaling. We began by
analyzing the impact of Apobec2a and Apobec2b knockdown on the expression of genes
transcriptionally induced at or before 2dpi. Those assayed included: asclla, lin28, kif4, oct4,
olig2, atoh, tubala, tubalb, nanog, dnmt4, pax6a, and pax6b. Interestingly, when Apobec2a
and Apobec2b were knocked down, the transcriptional induction of asc//a was reduced in a
concentration-dependent manner (Figure 2.7A). In addition, the induction of the Asclla
target genes /in28, tubala, and apobec2b were attenuated while injury-dependent induction
of pax6a and pax6b remained unaffected (Figure 2.7B). Apobec2a and Apobec2b
knockdown had no detectable effect on atoh, oct4, olig2, kif4, tubalb, dnmt4, and nanog
expression (data not shown). Similar results were seen when Apobec2a or Apobec2b was
knocked down individually at concentrations of 0.25 mM (Figure 2.7C), but lower
concentrations showed no effect (Figure 2.7D). These results indicate that a feedback
mechanism exists between Asclla and Apobec2b/Apobec2a (Figure 2.7E).

Knockdown or overexpression of Apobec2a and Apobec2b did not have a significant
impact on the levels of asc//a mRNA in developing zebrafish 2 days post fertilization (data
not shown), indicating that the feedback regulation observed in the adult retina is specific to

retina regeneration.

2.3.7 asclla and apobec2b mRNAs are regulated during optic nerve regeneration

Curiously, apobec2b appeared to be induced in RGCs when optic axons were injured
with a needle poke (Figure 2.2A and 2.3F). Indeed, we found that optic nerve lesion induced
apobec2b expression in RGCs (Figure 2.8). The expression of apobec2b increased during
the first 24hrs following optic nerve lesion and reached its peak around 2dpi (Figure 2.8A
and B). Optic nerve lesion in apobec2bP+I:gfp transgenic fish showed that apobec2b
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promoter activity was increased in RGCs that were regenerating their optic axons (Figure
2.8C). apobec2a expression was largely uninduced during optic nerve regeneration (Figure
2.8A and B).

During retina regeneration, apobec2b induction was dependent on Asclla expression
(Figure 2.6C and E). Surprisingly, we found that the expression of ascll/a was slightly
induced following optic nerve cut (Figure 2.8A and B). To determine if Asclla signaling
was necessary for the induction of apobec2b during optic nerve regeneration, Asclla was
knocked down with asclla MOs applied to the lesioned optic nerve stump as previously
described (Veldman et al., 2007; Veldman et al., 2010). Two days post optic nerve lesion,
injury-dependent induction of apobec2b was quantified. Asclla knockdown had no apparent
effect on injury-dependent apobec2b induction following optic nerve lesion (Figure 2.9A).
This is similar to what we saw in the ganglion cells that were injured after injection of
apobec2bP+I:gfp transgenic fish with the asclla MO (Figure 2.6H). Likewise, Cebpf
knockdown had no impact on apobec2b induction (Figure 2.6H). Interestingly, when we
knocked down Apobec2a and Apobec2b together, but not each individually, we observed a
significant decrease (40%) in the injury-dependent induction of ascl//a (Figure 2.9B). These
results suggested that Apobec2a and Apobec2b contribute to ascl/la expression during optic

nerve regeneration.

2.3.8 Asclla, Apobec2a, and Apobec2b regulate axonal growth during optic nerve

regeneration

To investigate if Asclla, Apobec2a, and Apobec2b are necessary for optic nerve
regeneration, we combined in vivo morpholino-mediated RGC protein knockdown with
retinal explants to assay ganglion cell axon regeneration (Veldman et al., 2010). For these
experiments, Gelfoam impregnated with apobec2a, apobec2b, asclla, or control MO was
applied to the lesioned optic nerve stump overnight. 4 days later the retinas were harvested,
diced and cultured as explants for 4 days, after which retinal ganglion cell axonal growth was
quantified as previously described (Veldman et al., 2010). Retinal explants prepared from
control MO treated retinas displayed robust axonal outgrowth, while knockdown of Asclla,

Apobec2a or Apobec2b caused a significant suppression of optic axon regrowth (Figure 2.9C
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and D). Therefore, similar to retina regeneration, Asclla, Apobec2a and Apobec2b also

regulate optic axon regeneration.

2.4 Discussion

DNA demethylation is a key event in the reprogramming of fully differentiated
somatic cells to acquire pluripotency (Simonsson and Gurdon, 2004; Mikkelsen et al., 2008;
Bhutani et al., 2009; Jullien et al.). Similarly, we hypothesize that following retina injury
DNA demethylation underlies the reprogramming of Miiller glia to acquire characteristics of
a multipotent retinal progenitor. Many proteins have been implicated in the process of DNA
demethylation including Apobec proteins, Gadd45 proteins, MBD4, TDG, and Tet proteins
(see introduction). Recent work suggests that these factors participate in a multistep process
to carry out DNA demethylation (Guo et al., 2011; He et al., 2011). Importantly, Apobec
proteins, Gadd45 proteins and DNA glycosylases have been implicated in DNA
demethylation during zebrafish development (Rai et al., 2008).

To begin investigating if these components participate in retina regeneration we
measured their expression levels in uninjured and injured retinas. Although many of these
genes showed constitutive expression, some demonstrated injury-dependent induction. Of
particular note, we report that apobec2a and apobec2b are induced in reprogramming MG
during retina regeneration and that apobec2b is induced in damaged RGCs after injury. In
MG, the increased expression of apobec2b is dependent on an early increase of Asclla
(Fausett et al., 2008), but is independent of Lin28 (Ramachandran et al., 2010a). Knockdown
of Apobec2b, like knockdown of Asclla and Lin28, significantly reduces the ability of
Miiller glia to respond to injury by reprogramming and generating MGPCs. Thus, apobec2b
represents an independent signaling pathway stemming from Asclla that is important for
zebrafish retina regeneration. When the levels of Apobec2a were perturbed by morpholino
knockdown, retina regeneration was also reduced. This suggests that Apobec2a and
Apobec2b may act in a non-redundant fashion. The crystal structure of human APOBEC2
indicates that it functions as a dimer or tetramer (Prochnow et al., 2007), so it is possible that
zebrafish Miiller glia reprogramming requires the oligomerization of Apobec2a and
Apobec2b. When the levels of Apobec2a and/or Apobec2b were knocked down by antisense

morpholino, the levels of asc/la also decreased. This could explain why a similar
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knockdown of asclla and its target genes was seen after knockdown of Apobec2a and
Apobec2b individually or in combination. We hypothesize that an early increase of Asclla is
required for the induced expression of apobec2b and that Apobec2a and Apobec2b then
function through oligomerization to actively demethylate gene promoters through a multistep
reaction. One such promoter could be that of asc//a. But, it is equally likely that Apobec2a
and Apobec2b are acting on ascl/la indirectly, acting to demethylate the promoters of other
unknown genes that then feedback and activate asclla.

The expression of apobec2b and asclla (to a small extent) is also regulated during
optic nerve regeneration, but unlike retina regeneration, knockdown of Asclla during optic
nerve regeneration had no impact on the expression of apobec2b. The induction of apobec2b
in injured RGCs likely explains why knockdown of Asclla during retina regeneration only
results in a ~77% reduction in the levels of apobec2b at 2dpi, the residual increase of
apobec2b being attributed to the injured ganglion cells. Although the mechanisms mediating
injury-dependent apobec2b induction differ during retina and optic nerve regeneration, both
involve Asclla, Apobec2a and Apobec2b expression and show regulation of ascl/la

expression by Apobec2a and Apobec2b.

24.1 The role of zebrafish Apobec2a and Apobec2b during regeneration

That apobec2a and apobec2b were regulated during regeneration was somewhat
surprising because previous work had largely localized Apobec2 to muscle tissue (Liao et al.,
1999; Etard et al., 2010). The exact role that these proteins may play during retina
regeneration remains unknown. Apobec proteins have traditionally been associated with
cytidine deamination and editing of DNA and/or RNA (Conticello, 2008; Prochnow et al.,
2009; Blanc and Davidson, 2010). However, unlike many mammalian APOBEC proteins
with an assigned function, APOBEC2 remains an enigma with no clear mechanism of action
and relatively few functions assigned. Human APOBEC?2 appears to play a role in muscle
development and may contribute to its adaptability (Sato et al., 2009; Etard et al., 2010). In
Xenopus, Apobec2 has been reported to regulate left-right axis specification (Vonica et al.,
2011), and in developing zebrafish Apobec2b stimulates DNA demethylation (Rai et al.,
2008).
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Early in vitro studies suggested that APOBEC2 had cytosine deaminase activity (Liao
et al., 1999; Anant et al., 2001a), but later studies refuted those findings (Mikl et al., 2005).
APOBEC?2 structural data demonstrate its potential to bind polynucleotides (Prochnow et al.,
2007; Bransteitter et al., 2009), but no studies have confirmed this binding. When
considering the highly conserved amino acids in the Apobec family, Apobec2 would appear
to be a fully functional deaminase. Importantly, transfection of cultured HEK293 cells with
human APOBEC2 and TET1 stimulated DNA demethylation while overexpression of each
individually did not (Guo et al., 2011). Likewise, overexpression of Apobec2b and hMBD4
during zebrafish development stimulated global DNA demethylation, but overexpression of
each individually had no effect (Rai et al., 2008). Whether a similar scenario acts during
retina regeneration or if Apobec2a and Apobec2b function to modify RNA is unknown;
nonetheless our data indicates that many of the components controlling DNA demethylation

are induced following retina injury.

242 Cellular reprogramming during regeneration

The cellular reprogramming events of MG during retina regeneration and RGCs
during optic nerve regeneration likely have similarities and differences. Retina regeneration
requires extensive MG reprogramming, resulting in their generation of MGPCs capable of
regenerating all major retinal cell types (Fausett and Goldman, 2006; Raymond et al., 2006;
Fimbel et al., 2007; Ramachandran et al., 2010b). Optic nerve regeneration differs from
retina regeneration in that only one cell type is involved, and it occurs in the absence of
proliferation. Yet, during optic nerve regeneration RGCs likely require a high degree of
reprogramming to reach an early developmental state allowing for correct axonal growth,
path finding and synapse formation. These differences may contribute to the variation in
amount of Apobec2a and Apobec2b present and their regulation.

This study establishes Apobec2a and Apobec2b as important components for retina
and optic nerve regeneration. Whether Apobec2a and Apobec2b participate in active DNA
demethylation during retina and optic nerve regeneration remains to be determined. To make
this connection, two routes are possible. First, one could identify targets of Apobec2a or
Apobec2b and characterize their methylation levels. This approach is limited because of the

difficulty distinguishing between a direct and an indirect target. Alternatively, one could
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identify the regions of DNA undergoing DNA demethylation during retina regeneration, and
determine if Apobec proteins are required for their demethylation. Until one of these
approaches is taken, the void existing between these proteins and DNA demethylation will
remain. Further studies will attempt to close this gap using zebrafish retina regeneration as a

model system.
2.5 Methods

2.5.1 Animals

Zebrafish were kept at 26-28 °C on a 14/10 hr light/dark cycle. Fish of either sex
were used in all experiments. Transgenic /016 tubalal0l6:gfp fish were previously
described (Fausett and Goldman, 2006). The apobec2bP+I:gfp expression vector contains
1.85 kb of 5° flanking apobec2b DNA, exon 1, intron 1, and 63 bp of exon 2 (8.934 kb total,
Figure 2.3A) that was amplified from zebrafish DNA with Phusion DNA Polymerase (New
England Biolabs) using apobec2bP+I-F and apobec2bP+I-R primers that harbor a Sall and a
BamH]1 site at their 5° ends, respectively (Table 2.1). This PCR fragment was cloned within
the pT2AL200R150G Tol2 vector (Urasaki et al., 2006) in frame to the gfp sequence followed
by an SV40 polyA signal sequence. The construct was injected into single-cell zebrafish
embryos, which were raised to adulthood and screened for transgenic progeny. Five

independent lines were selected and grown to adulthood, each exhibiting a similar phenotype.

2.5.2 RNA isolation and PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) and treated with DNase
(Invitrogen). cDNA synthesis was performed using 1 ug of purified RNA, 500 ng of random
hexamer primers (Invitrogen) and M-MuLV Reverse Transcriptase (New England Biolabs).
PCR reactions were done using Tag DNA polymerase and gene specific primers (Table 2.1).
The gadd45p, gadd45y, mbd4, and tdg real-time specific primers were designed using
previously validated sequences (Rai et al., 2008) and the asclla, lin28, pax6a, pax6b, gapdh,
[24 (ribosomal protein L24), and pS-actin primers have been described previously
(Ramachandran et al., 2010a; Veldman et al., 2010). Real-time PCR reactions were carried

out in triplicate with SYBR green fluorescein on an iCycler real-time PCR detection system

(BioRad).
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2.5.3 Retina injury, optic nerve lesions, and morpholino-mediated gene knockdown

Fish were anesthetized in 0.02% tricaine methane sulfonate before retina and optic
nerve surgeries. Eye lesions were performed as described previously (Ramachandran et al.,
2010a). Briefly, while anesthetized, fish were placed under a dissecting microscope for
visualization and the right eye was gently rotated in its socket and stabbed through the sclera
with a 30-gauge needle eight times (twice in each quadrant) when total RNA was isolated for
RT-PCR, six times when RNA was isolated after morpholino injection and electroporation
(three times in each hemisphere), and four times (1 time in each quadrant) for
immunohistochemistry and in situ hybridization.

To deliver morpholinos to the injured retina, a 30-gauge needle was attached to a
Hamilton syringe and approximately 0.7 ul was injected into the vitreous at the time of
injury. The untagged control, 3’-lissamine-tagged control, asc//a and lin28 MOs have been
described previously (Fausett et al., 2008; Ramachandran et al., 2010a). The 3’-lissamine-
tagged apobec2a and apobec2b and the 3’-carboxyfluorescein cebpfi MOs (Gene Tools,
LLC) were designed using previously validated target sequences (Rai et al., 2008; Rai et al.,
2010). Morpholino delivery to cells was facilitated by electroporation as previously described
(Ramachandran et al., 2010a). For immunohistochemical studies on morpholino injected
samples, eyes were harvested 4 days post injury (dpi) to analyze the effect of the morpholino
on MG proliferation. When RNA was collected for expression studies of morpholino
injected samples, retinas were isolated 2dpi to negate any transcriptional difference occurring
solely due to potential differences in Miiller glia proliferation. We previously showed that
MG proliferation begins at around 2dpi and is at its maxima at 4dpi (Fausett et al., 2008).

Optic nerve lesion and retinal explants were performed as described previously
(Veldman et al., 2010). Briefly, explants were carried out four days following optic nerve
transection and morpholino treatment, retinas were isolated and cut into 0.5 mm squares with
a razor blade and digested with hyaluronidase (1 mg/ml) for 15 min at room temperature.
Explants were rinsed 3x with L15 culture media and plated, one retina per plate that was
precoated with poly-L-lysine and laminin. Explants were cultured in 0.5 ml L15 media
containing 8% fetal calf serum, 3% zebrafish embryo extract and 1x antibiotic/antimycotic at
28 °C for 4 days in a humidified ambient air incubator. Adherent explants were quantified for

neurite length and density as previously described (Veldman et al., 2010). Morpholino
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mediated knockdown in adult retinal ganglion cells following optic nerve transection was
accomplished by placing a small piece of Gelfoam, soaked in morpholino (1 ul of a I mM

morpholino) onto the lesioned optic nerve stump for one day and subsequently removed.

2.5.4 Morpholino validation constructs and western blots

To validate the functionality of the antisense morpholinos introduced in our study,
constructs were created that included the binding sequence of each morpholino preceding the
sequence of mCherry or gfp. The apobec2a morpholino binding site was cloned into the
pes2p+ vector preceding the sequence of gfp using the gfp sequence as template and the
apobec2aMobsgfp-F and the mcherry/gfp-R primers (Table 2.1) and the restriction enzymes
EcoR1 and Xbal (pcs2p+ apobec2a MO bs-gfp). The cebpf morpholino binding site was
cloned into the pcs2p+ vector preceding the sequence of mCherry using the mCherry
sequence as template and the cebpfMobsmcherry-F and the mcherry/gfp-R primers (Table
2.1) and the restriction enzymes EcoR1 and Xbal (pcs2p+ cebpfS MO bs-mCherry). The ptal
apobec2bP+I:gfp vector that includes the binding site for the apobec2b morpholino was used
for the validation of the apobec2b MO. Purified constructs were microinjected into single
cell embryos at a concentration of 2 ng/ml in conjunction with 0.125 mM lissamine-tagged
(apobec2a and apobec2b) or fluorescein-tagged (cebpf) experimental morpholino or 0.125
mM lissamine-tagged or untagged control morpholino. Microinjections were analyzed for
mCherry and GFP expression 1 day post fertilization. Experimental morpholino injections
demonstrated a complete block of GFP (apobec2a and apobec2b MOs) or mCherry (cebpf3
MO) while control MO showed no effect.

To determine the efficiency of morpholino knockdown in the injured retina, western
blots were performed on protein isolated from retinas harvested 4 days post intraocular
injection and electroporation of 0.25 mM morpholino. Six injections were performed to each
eye. Retinas were harvested into nuclei lysis buffer (50 mM Tris-HCI pH 7.5, 10 mM
EDTA, 1% SDS) including a protease inhibitor cocktail (Thermo) and sonicated on ice.
Protein concentrations were measured using the BCA assay (Peirce), and 40 mg of protein
was run for each sample on a 10% polyacrylamide gel. Rabbit anti-Apobec2a and anti-
Apobec2b antibodies were provided by David Cairns (Rai et al., 2008) and were used at a
dilution of 1:2000. After probing for the deaminases, the blots were stripped for 30 minutes
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at 70 °C (50 mM Tris-HCI pH7.5, 2% SDS, 50 mM DTT) and reprobed for glutamine
synthetase (GS) as a loading control (1:2000, Chemicon/Millipore). Anti-rabbit and anti-
mouse HRP secondary antibodies were used and chemiluminescence (Roche) for protein
detection. Western blots were quantified by densitometry using Image J software. Protein

levels were normalization to GS expression.

2.5.5 Bromodeoxyuridine (BrdU), wedelolactone, and ethyl pyruvate injections

To identify dividing cells, fish were injected intraperitoneally with 15 ul of 20 mM
BrdU stock 3.5 hours before harvesting at 4dpi. Eyes were sectioned and assayed for BrdU
immunofluorescence.

Wedelolactone (Calbiochem) and ethyl pyruvate (Sigma Aldrich), inhibitors of NF-
kB signaling (Daroczi et al., 2009), were injected intravitreously into the eye at the time of
injury at concentrations of 2 uM and 25 mM stock respectively using a 30-gauge needle
attached to a Hamilton syringe. Six injections of 1 ul drug were performed for each eye
analyzed, followed by retina harvest at 2dpi. Gene expression analysis was then carried out

on retina RNA and compared to control vehicle injections (20% DMSO).

2.5.6 Tissue preparation

Fish were given an overdose of tricaine methane sulfonate, and the eyes from adult
fish were enucleated, followed by the removal of the lens and immersion into fresh 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 4hrs at room temperature or
overnight at 4 °C. After fixation, tissues were cryoprotected in phosphate-buffered 20%
sucrose for 6-12hrs before embedding with Tissue-Tek O.C.T. compound (Sakura, Finetek).
Embedded samples were kept frozen at -80 °C until sectioned to 10 microns on a CM3050S
cryostat (Leica). Sections were collected on Superfrost/Plus slides (Fisher Scientific), dried

and stored at -80 °C.

2.5.7 Immunofluorescence

Immunofluorescence was performed as described previously (Ramachandran et al.,
2010a) using the following primary antibodies: rat anti-BrdU (dividing cell marker, 1:400,
Abcam), mouse anti-PCNA (dividing cell marker, 1:500, Sigma), rabbit anti-GFP (1:1000,
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Invitrogen), rabbit anti-cleaved caspase-3 (cell death marker, 1:50, Cell Signaling) and
mouse anti-GS (Miiller glia marker, 1:500, Chemicon/Millipore). Secondary anti-mouse,
anti-rabbit, or anti-rat antibodies were conjugated to Alexa 488 (1:1000, Invitrogen) or
cyanine 3 (1:250, Jackson ImmunoResearch). Antigen retrieval for BrdU and PCNA staining
was performed by either boiling the sections in 10 mM sodium citrate and 0.05% Tween 20
for 20 min and cooling for another 20 min or by pretreating the sections with 2 N HCI for 22
min at 37 °C followed by two 5 min washes with 100 mM sodium borate. Blocking was
performed for 1 h with 3% donkey serum (Invitrogen) in PBS-0.1% Tween. Following
immunofluorescent staining, slides were rinsed with water and allowed to dry in the dark
prior to cover-slipping with 2.5% PVA (PVA-polyvinyl alcohol/DABCO (1,4 diazabicyclo
[2.2.2]octane).

2.5.8 In situ hybridization

In situ hybridizations were performed with antisense digoxigenin (DIG)-labeled RNA
probes as described previously (Ramachandran et al., 2010a). Sense control probes were
generated and showed no signal above background (data not shown). Clones of apobec2a
and apobec2b were kindly provided by Dr. David Jones (Rai et al., 2008). Full length
antisense DIG labeled probes were created using restriction endonuclease linearized plasmid,
SP6 RNA polymerase (Promega), and DIG rNTPs (Roche) as described previously (Fausett
and Goldman, 2006).

2.5.9 Tunel assay

Tunel was performed on 10 micron retina sections harvested 2 and 4 day post
intraocular injection and electroporation of 0.25 mM morpholino. After digestion for 20 min
with Proteinase K (Roche) at 37 °C (10 ug/ml Proteinase K, 10 mM Tris-HCI pH 7.5), slides
were analyze for Tunel staining using the In situ Cell Death Detection Kit, Fluorescein
(Roche). The number of Tunel+ cells on each retinal section containing an injury site was
quantified, and the total number of Tunel+ cells for each eye was then divided by the number
of sections analyzed to give an average number of Tunel+ cells per section containing an

injury site.
2.5.10 Imaging and statistics
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Slides were examined using a Zeiss Axiophot, Axio Observer Z.1, or Olympus
Fluoview FV1000 laser scanning confocal microscope. Images were captured using a digital
camera adapted onto the microscopes. Images were processed and annotated with Adobe

Photoshop CS. P-values were calculated using the student T-test.
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2.7 Figures
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Figure 2.71 Injury-dependent regulation of genes correlated with DNA demethylation

(A) RT-PCR analysis of indicated mRNAs isolated from retina at various times post
injury (hours post injury, hpi; days post injury, dpi) by poke with a 30-gauge needle. The
expression of B-actin and gapdh served as the internal controls. One representative of three
independent time courses is shown. (B) Real-time PCR quantification of indicated mRNAs
isolated from retina at various times post injury (labeled on the bottom X-axis). Y-axis is fold
induction in log scale and is normalized to 0 hours (0Oh), i.e. the uninjured retina, which was
assigned a value of 1. The expression of gapdh served as the internal control. Data
represents means = s.d. (n=3 individual cDNA sets; compared with control, time points
marked with an asterisk have a P < 0.05).
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Figure 2.72 apobec2a and apobec2b are induced in MGPCs following retinal lesion

(A) In situ hybridization at 4dpi shows injury-dependent induction of apobec2b
mRNA in the INL and GCL. Shown is a representative image of an injury site (*) and
surrounding retina tissue. Cells within the INL that show induced apobec2b expression at
the injury site are marked with white arrows. Injured RGCs at and flanking the injury site on
the side distal to the optic nerve head (ONH) are distinguished with black arrowheads. Cells
in the INL and GCL expressing basal levels of apobec2b are marked with white arrowheads.
(B) Combined apobec2b in situ hybridization and GS immunofluorescence shows injury-
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dependent induction of apobec2b in MG. White arrowheads indicate co-localization of
apobec2b mRNA and GS+ cells. (C) Combined apobec2b in situ hybridization and BrdU
and PCNA immunofluorescence shows injury-dependent induction of apobec2b in
proliferating cells. White arrowheads indicate co-localization of apobec2b mRNA in BrdU+
and PCNA+ cells. The scale bar is equal to 50 um. (D) In situ hybridization at 4dpi shows
injury-dependent induction of apobec2a mRNA in the INL. Shown is a representative image
of an injury site (*) and surrounding retina tissue. INL cells that show induced apobec2a
expression at the injury site are marked with white arrows. Cells expressing basal levels of
apobec2a are marked with white arrowheads. (E) Combined apobec2a in situ hybridization
and GS immunofluorescence shows injury-dependent induction of apobec2a in MG. White
arrowheads indicate co-localization of apobec2a mRNA and GS+ cells. (F) Combined
apobec2a in situ hybridization and BrdU and PCNA immunofluorescence shows injury-
dependent induction of apobec2a in proliferating cells. White arrowheads indicate co-
localization of apobec2a mRNA in BrdU+ and PCNA+ cells. The scale bar is equal to 50
um. Abbreviations: ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell
layer; GS, glutamine synthetase.
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Figure 2.73 apobec2bP+1:gfp transgenic fish label MGPCs following injury

(A) Map of the apobec2bP+I1:gfp transgene. (B) Representative images of 48 and 96
hours post fertilization (hpf) apobec2bP+1:gfp transgenic embryos showing GFP expression
in the a) telencephalon, b) pharyngeal arches, c) somites, and d) muscles of the jaw and eyes.
Scale bar is equal to 400 um. (C) GFP expression in 3-month-old adult apobec2bP+1:gfp
transgenic fish. a) Ventral view showing expression in the muscles of the jaw and mouth. b)
Dorsal view showing expression in the muscles of the eye. c) Posterior view showing the
lack of expression in the caudal fin. d) High expression seen in pectoral fin musculature.
Scale bar is equal to 1 mm. (D) Transgene expression in the uninjured retina of adult
apobec2bP+I:gfp fish is confined to a subset of HuC/D+ cells in the INL. Retinal sections
were co-labeled with antibodies specific for GFP and the amacrine and ganglion cell specific
HuC/D protein. White arrowheads indicate co-localization of GFP+ and HuC/D+ cells. The
scale bar is equal to 50 um. (E) Lack of transgene expression in the retina’s circumferential
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germinal zone (CMZ) of adult apobec2bP+I1:gfp fish. Retinal sections were examined for
GFP and BrdU immunofluorescence. The fish was given an intraperitoneal injection of
BrdU 3.5hrs before harvest, and BrdU incorporation identified the CMZ (dotted area). The
scale bar is equal to 50 wm. (F) Retinal injury in apobec2bP+I:gfp fish results in increased
transgene expression in the INL and GCL (4dpi). Shown is an immunofluorescence image
using antibodies specific to GFP. Cells within the INL that show induced apobec2b
expression at the injury site (*) are marked with white arrows. Injured RGCs are
distinguished with white arrowheads. Cells in the INL and GCL expressing basal levels of
apobec2b are marked with black arrowheads. The scale bar is equal to 100 um. (G) Triple
immunofluorescence using antibodies specific to GFP, GS and BrdU shows injury-dependent
transgene induction in MGPCs. Fish were given an intraperitoneal injection of BrdU 3.5hrs
before harvest. White arrowheads indicate co-localization GFP, GS and BrdU. The scale bar
is equal to 50 um. Abbreviations are as in Figure 2.2.
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Figure 2.74 Validation of apobec2a and apobec2b MOs

(A) 24 hours post fertilization embryos microinjected at the single cell stage with
pCS2p+ apobec2a MO bs-gfp (expression vector with apobec2a MO target sequence
appended to the amino terminus of GFP) in combination with lissamine-tagged control or
apobec2a MO showing knockdown of GFP with the apobec2a MO but not the control MO.
An asterisk marks autofluorescence in the zebrafish yolk sac. (B) 24 hours post fertilization
embryos microinjected at the single cell stage with ptal apobec2bP+I:gfp in combination
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with lissamine-tagged control or apobec2b MO showing knockdown of GFP with the
apobec2b MO but not the control. An asterisk marks autofluorescence in the zebrafish yolk
sac. (C) Western blot of protein isolated from a 4 days post injury retina showing
knockdown of Apobec2a and Apobec2b by their respective morpholinos. GS served as a
loading control. (D) Quantification of Apobec2a and Apobec2b knockdown after
morpholino treatment. Densitometry was calculated from Western blots using Image J. Y-
axis is relative protein amount and is normalized to the control, which was assigned a value
of 1. GS served as the internal control (control and Apobec2a, n=3 individual retinas;
Apobec2b, n=2 individual retinas). (E) GFP immunofluorescence shows apobec2b MO
treatment suppresses injury-dependent GFP expression in apobec2bP+I:gfp transgenic fish.
Eyes were isolated 4dpi. The injury site is marked with an asterisk. Arrowheads indicate
GFP+ cells within INL harboring lissamine-tagged morpholino. The scale bar is equal to 50
um. Abbreviations: MO, morpholino; ONL, outer nuclear layer; INL, inner nuclear layer;
GCL, ganglion cell layer; GS, glutamine synthetase.
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Figure 2.75 Knockdown of Apobec2a or Apobec2b blocks 1016 tubala:gfp transgene

expression and MGPC proliferation

(A) GFP immunofluorescence shows Apobec2a,2b knockdown suppresses injury-
dependent GFP expression in /016 tubala:gfp fish. Arrowheads indicate GFP+ cells within
INL harboring lissamine-tagged morpholino. Eyes were isolated 4dpi. The scale bar is equal
to 50 um. (B) PCNA immunofluorescence shows Apobec2a,2b knockdown suppresses cell
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proliferation in the injured retina. Arrowheads indicate PCNA+ cells within the INL
harboring lissamine-tagged morpholino. Eyes were isolated 4 days post injury. The scale bar
is equal to 50 um. (C and D) Quantification of the percentage of the total number of
morpholino+ cells within the INL that are GFP+ (/016 tubala:gfp) (C) or are proliferating
(wt) as indicated by PCNA staining (D) following Apobec2a, Apobec2b, or Apobec2a,2b
knockdown. The data was normalized to the value of the control MO, which was given a
value of 1. Data represents means + s.d. (n=3 individual fish; compared with control MO,
apobec2a, apobec2b, and apobec2a,2b MO oligonucleotides *P < 0.0012 for GFP and *P <
0.0002 for PCNA quantifications). (E) Tunel staining identifies cells undergoing apoptosis
at the site of injury (*) following treatment with control or apobec2a and apobec2b MO.
Eyes were isolated 2 days post injury. Arrowheads indicate Tunel+ cells. (F) Quantification
of the Tunel+ cells at the site of injury. Samples were isolated 2 and 4 days post injection
and electroporation of the indicated morpholino. The data was normalized to the value of the
control MO at 2dpi, which was given a value of 1. Data represents means + s.d. (n=3
individual fish). Abbreviations are as in Figure 2.4.
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Figure 2.76 Injury-dependent Asclla signaling results in the increased expression of
apobec2b

(A) Real-time PCR quantification of indicated mRNAs isolated from retina at various
times post injury (X-axis). Y-axis is fold induction in log scale and is normalized to 0 hours
(Oh, i.e. uninjured control) which was assigned a value of 1. The expression of gapdh served
as the internal control. Data represents means + s.d. (n=3 individual cDNA sets; compared
with control, time points marked with an asterisk have a P < 0.037). (B) 24 hours post
fertilization embryos microinjected at the single cell stage with cebpff MO bs-mCherry
(expression vector harboring MO target sequence appended to the amino terminus of
mCherry) in combination with untagged control or fluoroscein tagged cebpf MO showing
knockdown of mCherry with the cebpff MO but not the control. An asterisk marks
autofluorescence in the zebrafish yolk sac. (C) RT-PCR indicates Cebpf3 knockdown has no
effect on injury-dependent apobec2a or apobec2b expression at 2dpi. (D) RT-PCR indicates
Asclla knockdown blocks injury-dependent induction of /in28 and apobec2b mRNAs at
2dpi. (E) Lin28 knockdown shows no effect on injury-dependent induction of apobec2a and
apobec2b mRNAs at 2dpi. (C and E) Each agarose gel lane represents a sample prepared
from an independent fish. The expression of gapdh served as the internal control. (F) Real-
time PCR quantification of apobec2a and apobec2b mRNA levels after injury and treatment
with the indicated morpholinos. asc/la MO 1 is specific to its ATG translational start region
and asclla MO 2 is specific to its S’UTR. The mRNA fold induction was normalized to the
value of the control MO, which was given a value of 1. gapdh served as the internal control.
Data represents means + s.d. (n=3 individual fish; compared with control MO, ascl/la MO 1
and 2 *P < 0.01). (G) GFP immunofluorescence shows asc/la MO treatment suppresses
injury-dependent GFP expression in cells of the INL of apobec2bP+1:gfp transgenic fish.
Eyes were isolated 3dpi. The injury site is marked with an asterisk. Arrowheads indicate
GFP+ cells within INL harboring lissamine-tagged morpholino. The scale bar is equal to 50
um. (H) GFP immunofluorescence shows asc/la MO treatment has no impact on injury-
dependent GFP expression in injured ganglion cells of apobec2bP+I:gfp transgenic fish.
Shown is a region flanking an injury site. Eyes were isolated 3dpi. Arrowheads indicate
GFP+ cells within GCL harboring lissamine-tagged morpholino. The scale bar is equal to 50
um. Abbreviations are as in Figure 2.4.
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Figure 2.77 Apobec2a and Apobec2b regulate injury-dependent asclla, lin28 and
tubala expression

(A and C) Real-time PCR quantification of the effects of Apobec2a and Apobec2b
knockdown either together (A and B) or individually (C and D) on the indicated mRNAs.

mRNA levels were normalized to the control MO, which was given a value of 1. The
expression of gapdh served as the internal control. Data represents means = s.d. (A)
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Knockdown of Apobec2a and Apobec2b blocks injury-dependent asc//a induction (n=3
individual fish; compared with control MO, apobec2a,2b MO *P < (0.011). (B) Knockdown
of Apobec2a and Apobec2b blocks injury-dependent induction of [lin28, tubala and
apobec2b (n=3 individual fish; compared with control MO, apobec2a,2b MO knockdown of
lin28 *P < 0.018, knockdown of tubala *P < 0.004, knockdown of apobec2b *P < 0.027).
(C) Knockdown of Apobec2a and Apobec2b independently shows similar effects on gene
expression as knocking them both down together (n=3 individual fish; compared with control
MO, apobec2a and apobec2b MO individually block the induction of /in28, tubala, and
apobec2b *P < 0.04). (D) The decreased expression of asclla after the independent
knockdown of Apobec2a and Apobec2b is concentration-dependent, as lower concentrations
of morpholino do not significantly alter ascl/la levels. (E) Summary of knockdown data
placed in context of known signaling during retina regeneration.
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Figure 2.78 apobec2b and asclla mRNA levels are induced during optic nerve

regeneration

(A) RT-PCR analysis of indicated mRNAs isolated from the retina at various times
post optic nerve lesion (hours post injury: hpi, days post injury: dpi). The expression of
gapdh served as the internal control. One representative of three independent time courses is
shown. (B) Real-time PCR quantification of indicated mRNAs levels isolated from retina at
the indicated times post injury (X-axis). Y-axis is normalized to 0 hours (Oh), i.e. the
uninjured retina, which was assigned a value of 1. The expression of gapdh served as the
internal control. Data represents means + s.d. (n=3 individual cDNA sets; compared with
control, time points marked with an asterisk have a P < 0.0053). (C) GFP
immunofluorescence shows injury-dependent transgene induction in retinal ganglion cells of
apobec2bP+I:gfp transgenic fish at 3dpi. GFP expression in an ocular muscle exterior to the
eye is marked with an “m” in the control (top) panel. The scale bar is equal to 50 um.
Abbreviations are as in Figure 2.4.
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Figure 2.79 Asclla, Apobec2a, and Apobec2b regulate axonal growth during optic

nerve regeneration

1 mM of the indicated morpholinos were delivered to retinal ganglion cells in vivo by
placing morpholino-soaked Gelfoam on the optic nerve stump following lesion. (A and B)
Retinas were isolated 2 days post optic nerve lesion and morpholino treatment for expression
analysis. The expression of gapdh served as the internal control. The data was normalized to
the value of the control MO, which was given a value of 1. (A) Knockdown of Cebpf} or
Asclla did not significantly affect apobec2a or apobec2b expression. Data represents means
+ s.d. (n=3 individual fish). (B) Knockdown of Apobec2a and Apobec2b, but not each
individually, reduced the levels of asc/la. Data represents means =+ s.d. (n=3 individual fish
for the apobec2a and apobec2b MO samples, n=4 individual fish for control and
apobec2a,2b MO samples; compared with control MO, apobec2a,2b MO knockdown of
asclla *P <0.024). (C) Representative images of axonal outgrowth following treatment with
the indicated morpholinos. Retinas were isolated 4 days after morpholino treatment, diced,
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and cultured for 4 days prior to analysis of neurite outgrowth. (D) Quantification of Nerve
Growth Index (see Material and Methods) values following morpholino treatment and
explant. Values were normalized to control MO treated samples, which were given a value
of 1. Data represents means =+ s.d. (n=3 individual fish for control, asclla, and apobec2a,2b
MO samples; n=4 individual fish for apobec2a and apobec2b MO samples; compared with
control MO, samples marked with an asterisk have a P < 0.01).
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2.8 Tables

Primer Name Application Sequence

F, GTGTGGAGATAACGCAACGGAAAGAATGG
gadd45a SQ RT-PCR

R, GGATGAACGCGACAATATAAATACAGTGAA

F, GCCAGAGAAAGAACACCAACGAGAACT
gadd45al SQ RT-PCR

R, ACGTCCTCAGAAAGTCCCACAAACAAA

F, TCAGGCACAGAGAAGCGAGTAAAGGAA
gadd45p SQ RT-PCR

R, AATAGTTCAGCGTTCTTGCAGGGACAG

F, TCCACTGACAATAACGCCAATGAACC
gadd45pI SQ RT-PCR

R, TGCATCCTTTCAGAGCTACGACACAGT

F, GATCCACTTCACGCTCATCCA
gadd45pI-RT Real-Time PCR

R, GGCAATAGAAGGCACCCACTG

F, GCGAAACGCGACCTAAAGTGGAT
gadd45y SQ RT-PCR

R, AGAACTTCTTCACCTCCGACAATCTCTC

F, GTTCTGCTCTCTGCAACCTGTGGAAT
gadd45yl SQ RT-PCR

R, CTCTCGTGGCATACCTGACCTCGTT

F, TTTCTGCCAAAGCAAACGACT
gadd45yl-RT Real-Time PCR

R, CAGTGAGCATCTTCAAAATCTTCAG

F, GGACAGTGTGCTCATGACCCAGAAGAAAT
aid SQ RT-PCR

R, GATGTTCACAATGATCACGTTAATGC

F, GACCCGGCCTGCAAATACACC
apobec2a SQ RT-PCR and Real-Time PCR

R, AGCGCAATTGTTTTCGATGTGATGTA

F, GGCAGACAAAAAGGACAGCAAGAC
apobec2b SQ RT-PCR

R, CACAGGCCTCATCATGCGTAGTTT

F, ATGAGGAGTTTGAGCTAGAGCCGATG
apobec2b-RT Real-Time PCR

R, ATCCTCCAGGTAACCACGAACGC

F, GTTAGCAAGTTTCGACTTTCGGAATGAT
aid SQ RT-PCR

R, GATGTTCACAATGATCACGTTAATGCTACAG

F, CTTCAACATGAACATTATCTGCAAATCCTG
mbd4 SQ RT-PCR

R, GAGACGCTCTTCCATGACCCCTG

F, GCAGACGCTTCAGGCTCAGTATCC
tdg SQ RT-PCR

R, CCAGGCCGAGGTCAAAGGTGTAG

F, GCTTGTTGATGCCGTGAAAGTGAGTC
dnmt3 SQ RT-PCR and Real-Time PCR

R, ATCAACCTTCCCACGATTATTCCAAACT
dnmt3-RT Real-Time PCR R, TCATGGTGACGGGGAAATGTGC

F, CAGAGCAGAGACGGCCAATCAGAG
dnmt4 SQ RT-PCR and Real-Time PCR

R, TGGCCACCACATTCTCAAACATCC
dnmt4-RT Real-Time PCR R, CATTACAGGGACTTCCACCAATCACC

F, CACACCCAACTCTAAAACGGACAACAC
tet2l-RT SQ RT-PCR and Real-Time PCR

R, ATGGTGGGGAAGCGTAAGAAGGA

F, GGACTGTCGTCTGGGCTGTAGGG
tet3-RT SQ RT-PCR and Real-Time PCR

R, GCCAGCAGCCGCACTTCTCTT

57




F, CCTCAAGCGGGCGGTAAAATG
cebpp-RT Real-Time PCR
R, CTGCTCCACGCGCTTCTGTAACC
F, GGCTGCCCTGGAGAAAGATTATGA
tuba1a-RT Real-Time PCR
R, AGGATTGACCTTTTAGCCAGTTGACA
F, ACAACCACTGCTTCCACCACAACTCA
mmp9 SQ RT-PCR
R, AAGCTGCATCAGTGAATCGAGGGTATC
F, CGAGGTCGACGTGAAGCGGGGACAACAAG
apobec2bP+| Cloning
R, CGGTGGATCCCGCCCGGACGAGTACTCCACAT
F,
apobec2aMobsgfp Cloning TTCGAATTCGATGGCCGATAGAAAGGGAGCAGCAT
GGTGAGCAAGGGCGAGGA
F,
cebppMobsmcherry | Cloning TTCGAATTCATGCGCAATCCGGCGGGTGTTAAGATC
ATGGTGAGCAAGGGCGAGGA
R,
mcherry/gfp Cloning CTTTCTAGATTACTATTACTTGTACAGCTCGTCCATG
C

Table 2.81 List of primers used in this study and their applications
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Chapter 3:
Analysis of DNA methylation reveals a partial reprogramming of the

Miiller glia genome during retina regeneration’

3.1 Abstract

Upon retinal injury, zebrafish Miiller glia (MQ) transition from a quiescent supportive
cell to a progenitor cell (MGPC). This event is accompanied by the induction of key
transcription and pluripotency factors. Because somatic cell reprogramming during iPSC
generation is accompanied by changes in DNA methylation, especially in pluripotency factor
gene promoters, we were interested in determining if DNA methylation changes also underlie
MG reprogramming following retinal injury. Consistent with this idea, we found that genes
encoding components of the DNA methylation/demethylation machinery were induced in
MGPCs and that manipulating MGPC DNA methylation with 5-aza-2’-deoxycytidine altered
their properties. A comprehensive analysis of the DNA methylation landscape as MG
reprogram to MGPCs revealed that demethylation predominates at early times, while levels
of de novo methylation increase at later times. We found that these changes in DNA
methylation were largely independent of Apobec2 protein expression. A correlation between
promoter DNA demethylation and injury-dependent gene induction was noted. In contrast to
iPSC formation, we found that pluripotency factor gene promoters were already
hypomethylated in quiescent MG and remained unchanged in MGPCs. Interestingly, these
pluripotency factor promoters were also found to be hypomethylated in mouse MG. Our data
identify a dynamic DNA methylation landscape as zebrafish MG transition to a MGPC and
suggest that DNA methylation changes will complement other regulatory mechanisms to
ensure gene expression programs controlling MG reprogramming are appropriately activated

during retina regeneration.

* This chapter was published as Powell C, Grant AR, Cornblath E, Goldman D (2013) Analysis of DNA
methylation reveals a partial reprogramming of the Muller glia genome during retina regeneration. Proc Natl
Acad Sci U S A 110:19814-19819.
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3.2 Introduction

Induced pluripotent stem cells (iPSCs) can be generated through the forced
expression of pluripotency factor genes, like Oct4, Kif4, Sox2, c-Myc, Lin28, and Nanog,
which are normally expressed in embryonic stem cells (ESCs) (Takahashi and Yamanaka,
2006; Stadtfeld and Hochedlinger). Pluripotency factor gene expression in ESCs and iPSCs
is associated with chromatin that is in an “open” accessible state, while their repression in
somatic cells is associated with less accessible, condensed chromatin (Gaspar-Maia et al.).
DNA methylation has a significant impact on chromatin structure (Gaspar-Maia et al., 2011).
DNA demethylation of pluripotency factor promoter regions is correlated with increased
expression during iPSC formation (Mikkelsen et al., 2008; Polo et al.). Similar epigenetic
changes are seen in other cellular reprogramming events such as nuclear transfer (Simonsson
and Gurdon, 2004), heterokaryon formation (Bhutani et al., 2009), and carcinogenesis (Suva
et al.).

Tissue regeneration provides another avenue to study cellular reprogramming.
Unlike mammals, zebrafish can regenerate multiple tissues including the retina. During
zebrafish retina regeneration, Miiller glia (MG) reprogram to generate progenitor cells
(MGPCs) capable of replacing all lost neural cell types (Fausett and Goldman, 2006;
Raymond et al., 2006; Bernardos et al., 2007; Fimbel et al., 2007). The role that MG play
during this regenerative event can be roughly divided into three phases: the replication-
independent transition of MG to MGPCs occurring by 2 days post injury (dpi), the
proliferative amplification of MGPCs between 2 and 7dpi, and the differentiation of these
progenitors following 7dpi. MGPC formation is accompanied by the increased expression of
pluripotency factors (Ramachandran et al., 2010a) and other key signaling molecules (Fausett
et al., 2008; Thummel et al.; Ramachandran et al.; Meyers et al.; Nelson et al;
Ramachandran et al.; Wan et al.). The induction of pluripotency genes, along with the
finding that the putative cytidine deaminases Apobec2a and Apobec2b (Apobec2a,2b) are
necessary for MGPC formation (Powell et al., 2012), is consistent with the idea that active
modification of the DNA methylation landscape may underlie the reprogramming of MG to
MGPCs.

To test this idea, we compared the methylation profiles of MG with MGPCs using

reduced representation bisulfite sequencing (RRBS). This comprehensive analysis identified
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a changing DNA methylation landscape underlying MG reprogramming and progenitor
formation. Surprisingly, unlike the reprogramming of fibroblasts to iPSCs, promoters of
genes encoding pluripotency factors were hypomethylated in MG and remained so in
MGPCs. Furthermore, we were surprised to find that Apobec2a,2b had little impact on site-
specific DNA demethylation. These studies provide an unprecedented view of the DNA
methylation landscape as MG reprogram to a MGPC and will serve as an important resource
for understanding the function of DNA methylation during cellular reprogramming and tissue

regeneration.
3.3 Results

3.3.1 Modulators of DNA methylation are transcriptionally regulated during MG

reprogramming

Previous studies suggested that many of the genes encoding regulators of DNA
methylation were induced in the injured retina (Powell et al., 2012). To assess whether these
genes were specifically induced in MGPCs, we used FACS to isolate MG from uninjured
gfap:gfp transgenic fish retinas and MGPCs from injured /016 tubala:gfp transgenic fish
retinas at 4 days post injury (dpi) (Figure 3.6A and B) (Ramachandran et al., 2011). We have
shown previously that mechanical lesion with a 30-gauge needle results in the activation of
MG only at the site of injury and that /016 tubala:gfp transgenic fish specifically label
MGPCs at 4dpi (Ramachandran et al., 2011). Quantitative real-time PCR showed increased
expression of genes associated with DNA demethylation, like gadd45 8, gadd45pl, gadd45y,
gadd45yl, apobec2a, apobec2b, tdg, and tet3 in MGPCs (Figure 3.1A-C). Of those
associated with DNA methylation, we found increases of dnmtl, dnmt4, dnmt5, and dnmt7
(Figure 3.1A and D). Expression analyses using mRNA prepared from whole retina likewise
showed injury-dependent induction of these dnmt mRNAs (Figure 3.6C and D). Basal
expression levels of these and other DNA methylation-associated genes were observed in
quiescent MG (Figure 3.1A). These results suggest that the regulation of DNA methylation
may be important for MGPC formation.

3.3.2 Dnmt inhibition perturbs MG reprogramming and MGPC proliferation, migration, and

differentiation
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Treatment of zebrafish embryos with 5-aza-2’-deoxycytidine (5-dAza) has been
shown to induce global DNA hypomethylation (Martin et al., 1999) and alter gene expression
(Potok et al.). To investigate if DNA methylation regulates MGPC formation and properties,
we treated injured /016 tubala:gfp transgenic fish daily with 5-dAza. Because the inhibition
of Dnmts by 5-dAza requires its incorporation into DNA, de novo DNA methylation events
occurring prior to the beginning of the first DNA replication will not be perturbed.

GFP expression in these fish report MG reprogramming to a MGPC (Fausett and
Goldman, 2006). Interestingly, 5-dAza treatment caused a dramatic increase in GFP
expression in MGPCs, whose identity was confirmed by co-labeling with PCNA (Figure
3.2A, 3.7A and B). However, treatment with 5-dAza also reduced MGPC proliferation
(Figure 3.2B and C) and perturbed the localization of PCNA+ cells in the outer nuclear and
ganglion cell layers (Figure 3.2B and D). While the majority of PCNA+ cells at the site of
injury likely derive from MGPCs, as indicated by their co-localization with GFP (Figure
3.7A and B), we cannot rule out the possibility that some of the reduced proliferation in the
outer nuclear layer is due to a decrease in rod progenitor proliferation at the injury site.
Treatment with 5-dAza did not seem to impact the number of MG responding to injury as it
did not alter the number of MGPC columns at 2dpi when MG are just beginning to
proliferate (Figure 3.7C). In addition, 5-dAza perturbed the migration and differentiation of
MGPC derived progeny (Figure 3.8A-D). 5-dAza treatment without injury did not impact
GFP expression or proliferation in /016 tubala:gfp transgenic fish (Figure 3.81).

To determine if the effects of 5-dAza were due to a cytotoxic effect on MG, Tunel
assays were performed. 5-dAza treatment did not increase the absolute number of Tunel+
nuclei at the injury site at any time point analyzed (Figure 3.8E). However, on rare occasions
we did note a 1016 tubala:gfp, GFP+/Tunel+ cell in the 5-dAza sample, but never in
controls (Figure 3.8F). This data, along with the fact that many MGPCs survive to 10dpi
(Figure 3.8C), indicates that 5-dAza is only weakly cytotoxic to MGPCs. We then confirmed
that 5-dAza actually caused hypomethylation of the MGPC genome by performing restriction
PCR with McrBC, a methylation-sensitive endonuclease (Figure 3.8G and H). Together
these results suggest that DNA demethylation may activate genes, like fubala, that are
associated with MG reprogramming, and may also impact genes contributing to MGPC

proliferation, migration, and differentiation.
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3.3.3 Comparison of MG and MGPC DNA methylation landscapes at 4dpi

To determine if DNA methylation changes underlie the conversion of a MG to
MGPCs, we used RRBS to identify site-specific DNA methylation changes in these two cell
types. For this analysis, MG were FACS purified from uninjured gfap:gfp fish retinas and
MGPCs were FACS purified from injured /016 tubala:gfp fish retinas at 4dpi. These fish
have been bred to the same wild-type background for many generations, and we confirmed
that they have highly homologous backgrounds using in depth SNP analyses (see Materials
and Methods).

Genomic DNA was isolated from MG and MGPCs and their methylation profiles
were compared by RRBS (Figure 3.9 and 3.10 and Table 3.1). The methylation level of
611,434 individual cytosines within the CpG context were quantitatively compared between
the two cell populations, and of those, 9,554 were differentially methylated bases (DMBs)
(Figure 3.3A). This represents a difference of 1.56% between the methylation profiles.
54.0% and 46.0% of these DMBs were increasing and decreasing methylation, respectively
(Figure 3.3B). Validation of a subset of these DMBs was performed by restriction PCR after
digesting MG and 4dpi MGPC gDNA with the methylation-sensitive restriction enzyme
Hpall (Figure 3.11A-D). Consensus sequences for methylated and demethylated sites were
analyzed using 10 bp flanking the DMB, and no clear consensus was found outside of the
centrally located CpG.

Interestingly, DMBs were not congregated within the genome, but were thinly
dispersed along all chromosomes (Figure 3.10D). Most DMBs, regardless of the direction of
change in methylation, were localized to intergenic and intronic regions, while relatively few
were localized to exonic and promoter regions (Figure 3.3C). There was a dearth of DMBs
localized to CpG islands and shores, suggesting that the bulk of the methylation changes are
occurring in CpG-poor regions (Figure 3.3C). Surprisingly, no DMBs were localized to the
promoters of pluripotency factors and previously characterized retina regeneration-associated
genes suggesting that promoter methylation/demethylation was not involved in their
regulation. This differs from previously studied reprogramming events that correlated
pluripotency factor promoter region demethylation with increased gene expression

(Simonsson and Gurdon, 2004; Bhutani et al., 2009; Polo et al., 2012).
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While DNA methylation predominantly occurs within the CpG context, non-CpG
methylation can occur in the contexts of CHG and CHH (H represents A, C, or T). The
methylation level of 775,005 CHG and 1,554,382 CHH cytosines were quantitatively
compared by RRBS and of those, 440 and 635 were differentially methylated, respectively
(Figure 3.12). This represents changes of only 0.057% and 0.041% in their levels,
respectively. Like DMBs in the CpG context, CHG and CHH DMBs were also

predominantly localized to CpG poor intergenic and intronic regions (Figure 3.12C and F).

3.3.4 Promoter DMBs that are decreasing methylation are correlated with increases in gene

expression

Because DNA methylation is thought to regulate gene transcription (Reddington et
al., 2013), we decided to further analyze the DMBs that are localized to promoter regions.
Specifically, we sought to determine if promoters with DMBs that are decreasing
methylation show increased expression levels and vice versa. 6,210 promoters were
analyzed by RRBS, and of those, 292 contained at least one DMB (4.7%) (Figure 3.11E).
Previous microarray expression data comparing MG and 4dpi MGPC cell populations
quantitatively compared the expression of 8,339 genes, of which 1,361 were increasing
expression and 262 were decreasing expression in MGPCs (Figure 3.11F) (Ramachandran et
al., 2012). Comparison of these data sets revealed little correlation between promoter DMBs
with increasing methylation and gene expression. However, we did find a correlation
between promoter DMBs with decreasing methylation and increased gene expression (Figure
3.3D and 3.11G). To confirm these trends, the expression levels of a random subset of genes
(whose promoters contained at least one DMB) were analyzed using cDNA prepared from
FACS purified MG and 4dpi MGPCs (Figure 3.11H and I). These results support the

correlations found in the RRBS/microarray comparison.

3.3.5 Apobec2-independent DNA demethylation predominates as MG transition to MGPCs

We previously showed that Apobec2a,2b are required for MGPC formation and
hypothesized that they participate in active DNA demethylation of the MG genome following
injury (Powell et al., 2012). We sought to use RRBS to directly test if they regulate DNA
demethylation. Our RRBS dataset comparing MG and 4dpi MGPCs cannot differentiate
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between DMBs arising passively (replication-dependent) and actively (replication-
independent). The knockdown of Apobec2 proteins blocks MGPC proliferation, so analyzing
their effects at 4dpi may bias our results due to a block of passive DNA demethylation.
Furthermore, because the knockdown of Apobec2a,2b blocks 71016 tubala:gfp transgene
induction, an alternate method was needed to purify MGPCs following knockdown.

To overcome these obstacles, we injected and electroporated control or apobec2a,2b
lissamine-tagged antisense morpholino-modified oligonucleotides (MOs) into gfap:gfp
transgenic fish and performed 6 additional lesions post electroporation resulting in the
activation of MG across the entire retina. GFP+, lissamine+ cells were then isolated by
FACS at 2dpi (Figure 3.13A and B). This protocol resulted in the isolation of all MG that
have MO, not only those responding to injury (MG and MGPC). To estimate this
enrichment, GFP+/lissamine+ MGPCs were isolated from control MO-treated 1016
tubala:gfp or gfap:gfp fish at 4dpi and asclla mRNA levels (a transcript restricted to
MGPCs) compared (Figure 3.14D). This analysis indicates that ~60% of the
GFP+/lissamine+ sorted cells from gfap.gfp fish are MGPCs.

At 2dpi, MGPCs are just beginning their proliferative response (Fausett and
Goldman, 2006), so the majority of DMBs identified by RRBS should result from active
demethylation. RRBS libraries were prepared using 2dpi MGPC populations treated with
control or apobec2a,2b MO (Figure 3.13 and 3.14 and Table 3.1). We first compared the
methylation profiles of FACS-purified MG (uninjured) with 2dpi MGPCs electroporated
with control MO (Figure 3.4A-C and 3.13A-D). We analyzed a total of 360,448 CpGs and
found 7,535 DMBs (Figure 3.4A). Unlike 4dpi, the majority of DMBs at 2dpi were
decreasing methylation (73.6%) (Figure 3.4B), but similar to 4dpi, the DMBs were
predominantly localized to CpG poor promoter and intronic regions (Figure 3.4C). In
addition to changes in CpG methylation, 317 and 613 DMBs were found in the context of
CHG and CHH, respectively (Figure 3.15C and D). These results suggest that DNA
methylation is actively regulated during MGPC formation.

When we compared the methylation profiles of 2dpi MGPCs from control and
apobec2a,2b MO-treated retinas (Figure 3.4D and 3.16), a total of 283,572 CpGs were
analyzed and only 66 DMBs were found, a difference of only 0.023% (Figure 3.4D). In
addition, 63.6% of the DMBs identified were more demethylated following knockdown of
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Apobec2a,2b; opposite from what one would expect if they were participating in DNA
demethylation (Figure 3.16E). Non-CpG methylation was largely unaffected, with no CHG
DMBs and only 1 CHH DMB (Figure 3.16C and D). Methylation comparisons of MG and
2dpi apobec2a,2b MO-treated MGPC were very similar to those between MG and 2dpi
control MO-treated MGPCs (Figure 3.15G-K). These results strongly suggest that Apobec2
proteins do not participate in site-specific active DNA demethylation during MG
reprogramming. When we compared the overall genomic methylation of these cell
populations, we did see that the 2dpi MGPC, apobec2a,2b MO-treated cell population was
slightly more methylated than the 2dpi MGPC, control MO-treated population, suggesting
that Apobec2a,2b may directly or indirectly regulate global DNA methylation levels (Figure
3.16G).

3.3.6 Pluripotency factor and regeneration-associated gene promoters are hypomethylated in

quiescent MG

As mentioned previously, the promoter methylation levels of genes encoding
pluripotency factors and select regeneration-associated genes remained unchanged upon
MGPC formation. Surprisingly, when we looked at the basal (quiescent MG) promoter
methylation of these genes (including asclla, insmla, hbegfa, lin28, sox2, oct4, nanog, c-
mych, and klf4), we found that they were hypomethylated (Figure 3.5B). When we compared
RRBS basal promoter methylation levels with our microarray expression data, we found that
genes highly induced in 4dpi MGPCs tended to have lower than average promoter (Figure
3.5C) and intragenic (Figure 3.5D) methylation levels. @ We confirmed the basal
hypomethylation of a number of these promoters by bisulfite (Figure 3.5E and F) and
restriction (Figure 3.5H, 3.17) PCR. Slight discrepancies seen between RRBS, bisulfite PCR,
and restriction PCR may be attributed to the regions targeted for analysis (outlined in Figure
3.5A). Surprisingly, both MG and non-MG had similar restriction PCR profiles (Figure 3.5H
and 3.17). These results suggest that pluripotency factor and many regeneration-associated
genes may be poised for activation in quiescent MG, though further work is needed to
analyze other epigenetic marks.  Thus, zebrafish MG may require only limited

reprogramming, and may be more stem cell in nature than previously thought.
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The regenerative capability of mammalian MG is very limited compared to zebrafish
MG and is lost with age (Lamba et al., 2008). We wondered if this may be due to differences
in methylation of regeneration-associated gene promoters. To assess whether the basal
promoter methylation levels differ between zebrafish and mouse MG, we isolated mouse MG
from uninjured retina by staining with an anti-GLAST-PE antibody followed by FACS. MG
enrichment was confirmed by PCR (Figure 3.5G). When we analyzed the methylation levels
of a limited number of mouse promoters by restriction PCR, we found that like zebrafish
MG, mouse promoter methylation levels of pluripotency factors and genes associated with
regeneration in zebrafish, had low methylation levels (Figure 3.51, 3.17). This suggests that
like zebrafish MG, mouse MG may be somewhat poised for a regenerative response if

provided the proper stimulation.

3.4 Discussion

During zebrafish retina regeneration, MG transition from a quiescent supportive cell
to a MGPC. This transition is accompanied by the increased expression of pluripotency and
other regeneration-associated genes (Fausett et al., 2008; Ramachandran et al., 2010a;
Thummel et al., 2010; Ramachandran et al., 2011; Nelson et al., 2012; Powell et al., 2012;
Ramachandran et al.,, 2012; Wan et al., 2012). Previously studied somatic cell
reprogramming events found strong correlations between the increased expression of
pluripotency factors and decreases in their promoter methylation levels (Meissner et al.,
2008; Rai et al., 2008; Bhutani et al., 2009). Likewise, we hypothesized that the regulation
of DNA methylation would accompany the reprogramming of MG to MGPCs in the injured
retina. Indeed, we found that as MG transition to a MGPC, their genome undergoes dynamic
changes in DNA methylation. This unprecedented analysis of the MG DNA methylation
landscape as it transitions from a differentiated support cell to a MGPC provides unique
insight into the reprogramming process as it takes place in an intact animal.

When we began these studies, we suspected that MG reprogramming may share
characteristics with somatic cell reprogramming based on the common need to reawaken
gene expression programs silenced during development. Quite surprisingly, and unlike
somatic cell reprogramming, we found pluripotency factor gene promoter methylation levels

do not change during MG reprogramming, but rather are already locked into a
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hypomethylated state. Similarly, we found that genes that are highly induced and necessary
for MG reprogramming harbor hypomethylated promoters that remain unchanged throughout
the reprogramming event. These observations suggest that MG are (to an extent)
preprogrammed for a regenerative response and may be more stem cell-like than previously
thought (Jadhav et al., 2009). This type of cellular preprogramming has also been noted
during zebrafish development (Potok et al.). The basal hypomethylation of MG may aid the
regenerative process by increasing the speed and efficiency of MGPC formation, both of
which are higher than those seen during iPSC generation. Interestingly, blocking DNA
methylation improves the efficiency of iPSC generation (Mikkelsen et al., 2008).

With these thoughts in mind, we investigated the methylation status of a subset of
these promoters in mice to ascertain whether DNA methylation at these locations could
account (at least partially) for the limited regenerative potential of mouse MG. Surprisingly,
these mouse promoters also exhibited low methylation levels similar to their zebrafish
counterparts. Thus, understanding why they remain repressed and devising ways to
neutralize this repressive environment may facilitate mammalian MG reprogramming. One
candidate for this repression, /et-7, appears to inhibit regeneration in both zebrafish and C.
elegans (Ramachandran et al., 2010a; Zou et al., 2013). Interestingly, asclla inhibits let-7
expression during zebrafish MG reprogramming (Ramachandran et al., 2010a) and its
overexpression in postnatal mouse MG enhanced their reprogramming (Pollak et al., 2013).
We suspect that this latter effect is mediated by inhibition of /e#-7 and hypothesize that let-7
is a key factor contributing to the limited regenerative potential of mammalian MG.

While we did not find methylation changes occurring in the promoters of
pluripotency factor and early-induced regeneration associated genes, we did identify a
changing DNA methylation landscape as MG reprogram to MGPCs. During MGPC
formation (0-2dpi), DNA demethylation predominates and may underlie some of the gene
expression changes noted during this time. Indeed many promoter demethylation events are
associated with increased gene expression. However, other mechanisms must also be at play
since some of the best-studied regeneration-associated genes do not undergo changes in DNA
methylation. These genes may be directly regulated by other events like histone
modifications and availability of transcription factors. Thus, changes in DNA methylation

may be necessary for MG reprogramming but may not be sufficient.
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The predominance of DNA demethylation as MG transition to a MGPC is intriguing,
and we suspected that Apobec2 proteins were involved in this process based on previous
studies showing their knockdown inhibits retina regeneration (Powell et al., 2012) and that
they contribute to DNA demethylation in zebrafish embryos and adult mouse brains (Rai et
al., 2008; Guo et al., 2011). Surprisingly, our studies suggest they do not have a significant
impact on site-specific active DNA demethylation during MG reprogramming. Thus, other
genes potentially involved in DNA demethylation, like Gadd45 (Barreto et al., 2007; Rai et
al., 2008; Ma et al., 2009b) and Tet proteins (Pastor et al., 2013), may be better targets for
investigating the impact of DNA demethylation during MG reprogramming. The role that
Apobec?2 proteins play during MG reprogramming remains to be determined. It is possible
that these proteins, as other Apobecs, catalytically edit RNAs, but it is also possible that they
perform some function that is independent of a deaminase activity. Indeed, some have
questioned if Apobec2 proteins are catalytically active and if they bind polynucleotides
(Anant et al., 2001a; Mikl et al., 2005; Conticello, 2008; Sato et al., 2009). Further work is
needed to shed light on the mechanism of these proteins.

From 2-4dpi, when MGPCs are expanding, the DNA methylation landscape shifts
from one that is predominately driven by demethylation (2dpi), to one with increasing levels
of de novo methylation (4dpi). We note that at this time, MGPCs are at the peak of their
proliferative phase and may be preparing for differentiation. Perhaps the increased
methylation noted at 4dpi contributes to the differentiation of MGPCs as they begin to repair
a damaged retina. Consistent with this idea, pharmacological inhibition of this methylation
was detrimental to proper lamination and differentiation of these MGPC:s.

In summary, our comprehensive analysis of the DNA methylation landscape as MG
transition to a MGPC and generate progenitors for retinal repair provides a novel view of the
reprogramming process and provides an important resource for understanding the function of

DNA methylation in cellular reprogramming and retina regeneration.
3.5 Materials and Methods

3.5.1 Animals

Zebrafish were kept at 26-28 °C on a 14/10 hr light/dark cycle. Transgenic gfap.gfp
(Kassen et al., 2007) and 1016 tubala:gfp (Fausett and Goldman, 2006; Powell et al., 2012)

69



fish have been described previously. Fish were harvested by treatment with a lethal dose of
tricaine methane sulfonate (Sigma). Only adult fish (>2.5 months of age) were used in this
study. To estimate the background variation between the gfap:gfp and 1016 tubal:gfp lines
(while they have been maintained for multiple generations by breeding with the same wt fish,
they may have been generated in different zebrafish backgrounds) we used the RRBS
sequencing data (see below) to call SNPs relative to the reference genome and quantify the
percentage of positions at which the strains share SNPs versus where they are polymorphic.
To call SNPs we mapped pooled reads from MG and 4dpi samples to the Zv9 reference
genome using the Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009), deduplicated
using Picard’s MarkDuplicates function (Li et al., 2009) and called variants with SAMtools
mpileup function (Li et al., 2009). We filtered indels, low-coverage calls, and variants that
might be the result of bisulfite treatment (C-to-T, T-to-C, and their complements). Using this
methodology we identified 5,982 SNPs relative to the reference genome. 347 (5.8%) of
which were also polymorphic between the two lines. By contrast, different zebrafish strains
have been reported to have between 29.9% and 64.2% polymorphic SNPs (Stickney et al.,
2002). This confirmed that the background of the gfap:gfp and the 1016 tubal:gfp lines is
highly homologous.

Mice were harvested by treatment with a lethal dose of isoflurane (VetOne). 7 week
old, C57BL/6 female mice were used in this study. Fish and Mice were handled in

accordance with the University of Michigan Committee on Use and Care of Animals.

3.5.2 Retina Injury, Morpholino-Mediated Gene Knockdown, and Drug Delivery

Retina lesions have been described previously (Fausett and Goldman, 2006; Powell et
al., 2012). Briefly, fish were anesthetized in 0.02% tricaine methane sulfonate (Sigma) and
under microscopic visualization eyes were gently rotated in their sockets and stabbed through
the sclera with a 30-gauge needle to the depth of the bevel. Lissamine-tagged morpholino
antisense oligonucleotides (MOs) (Gene Tools) were delivered at the time of injury by using
a Hamilton syringe. MO delivery to cells was facilitated by electroporation as described
(Powell et al., 2012). The control, apobec2a, and apobec2b targeting MOs were described
previously (Rai et al., 2008; Powell et al.,, 2012). The apobec2a and apobec2b

(apobec2a,2b) MOs were injected in combination at a working concentration of 0.25 mM
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(0.125 mM of each) (Powell et al., 2012) and compared to injections of 0.25 mM control
MO. 5-Aza-2’-deoxycytidine (Sigma) was resuspended in sterile water to a concentration of
20 mM and aliquoted to avoid multiple freeze thaws. Aliquots were stored at -80° C. Fish

were injected intraperitoneally with 20 ul of 20 mM stock daily (0-7dpi).

3.5.3 Fluorescence Activated Cell Sorting

GFP+ MG were purified from uninjured gfap:gfp and injured (4dpi), 1016 tubala:gfp
(12 lesions per eye) transgenic fish as described previously (Ramachandran et al., 2012).
Negative populations were also obtained. GFP+, lissamine+ MG were purified by FACS of
dissociated gfap:gfp transgenic fish retinas 2 days following administration of 0.25 mM
lissamine-tagged control or apobec2a,2b-targeting MO (6 x 0.7 ml MO injections per eye,
followed by 6 lesions post electroporation). Zebrafish retinas were collected in 0.8 mL
Leibovitz’s L15 medium, treated for 15 min with 1 mg/mL hyaluronidase (Sigma) at room
temperature, and then dissociated in 0.01% (vol/vol) trypsin with frequent trituration. A
single-cell suspension was confirmed by microscopy and cells were washed in Leibovitz’s
L15 medium before sorting.

Mouse retinas were collected in 0.8 mL Leibovitz’s L15 medium and dissociated
using the Neural Tissue Dissociation Kit (Miltenyi Biotec) according to the manufacturer’s
manual dissociation protocol. The cells were then stained with an anti-GLAST PE (ACSA-
1) antibody (Miltenyl Biotec) as directed by the manufacturer (Jungblut et al., 2012). A
single-cell suspension was confirmed by microscopy and cells were washed in Leibovitz’s
L15 medium before sorting. MG (PE+) and non-MG (PE-) cell populations were obtained.
Cell sorting was performed by the University of Michigan Flow Cytometry Core on a BC
Biosciences FACSAria 3 laser high-speed cell sorter.

3.54 RNA Isolation, RT-PCR, and Real-Time PCR

Total RNA was isolated using TRIzol (Invitrogen) and was DNase treated
(Invitrogen). cDNA synthesis was performed by using random hexamers and SuperScript-II
reverse transcriptase (Invitrogen). PCR reactions used Taq and gene-specific primers (Table
3.2). Real-time PCR reactions were carried out in triplicate with ABsolute SYBR Green

Fluorescein Master Mix (Thermo Scientific) on an iCycler real-time PCR detection system
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(Bio-Rad). The AACt method was used to determine relative expression of mRNAs in
control and injured retinas and normalized to gapdh mRNA expression levels. Student T

tests were performed to determine statistical differences between samples.

3.5.5 Tissue Preparation, Immunofluorescence, Tunel assay and Imaging

The eyes from adult zebrafish were enucleated, followed by the removal of the lens
and immersion into fresh 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 3 h at
room temperature. After fixation, tissues were cryoprotected in phosphate-buffered 20%
sucrose for 6-12 h before embedding with Tissue-Tek O.C.T. compound (Sakura, Finetek).
Embedded samples were kept frozen at -20 °C until they were sectioned to 12 microns on a
CM3050S cryostat (Leica). Sections were collected on Superfrost/Plus slides (Fisher
Scientific), dried and stored at -20 °C.

Immunofluorescence was performed as described previously (Ramachandran et al.,
2010a) using the following primary antibodies: mouse anti-PCNA (dividing cell marker,
1:500, Sigma), rat anti-BrdU (dividing cell marker, 1:500, Abcam), rabbit anti-GFP (1:1000,
Invitrogen), mouse anti-Zprl (red/green cones, 1:250, Invitrogen), mouse anti-GS (Miiller
glia, 1:500, Millipore), and mouse anti-HuC/D (1:300, amacrine and ganglion cells,
Invitrogen). The following secondary antibodies were used: Alexa Flour 555 donkey anti-
mouse IgG (1:1000, Invitrogen), Alexa Four 488 goat anti-rabbit IgG (1:1000, Invitrogen),
Cy5 donkey anti-mouse (1:1000, Invitrogen), and Cy3 donkey anti-rat (1:1000, Jackson
Immunoresearch). Antigen retrieval for PCNA and BrdU staining was performed by either
boiling the sections in 10 mM sodium citrate for 20 min and cooling for another 20 min or
treating the sections with 2 N HCl at 37°C for 25 min, followed by a rinse with 0.1 M sodium
borate solution (pH 8.5) for 10 min.

Tunel assays were performed on slides treated for 20 min with Proteinase K (Roche)
at 37 °C (10 ug/ml Proteinase K, 10 mM Tris-HCI pH 7.5). Slides were then analyzed for
Tunel staining using the /n situ Cell Death Detection Kit, Fluorescein (Roche).

Images were examined using a Zeiss Axiophot, Axio Observer Z.1. Images were
captured using a digital camera adapted onto the microscope and were processed/annotated
with Adobe Photoshop CS4. Student T tests were performed to determine statistical

differences between samples.
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3.5.6 DNA Isolation and Quantification

Genomic DNA was isolated using the Purelink Genomic DNA Mini Kit (Invitrogen)
according to the manufacturer’s recommendations. The time between the harvest and DNA
isolation of any sample did not exceed 3 hrs. The quantity of dsSDNA from each sample was
measured using a Qubit 2.0 Fluorometer at the University of Michigan DNA Sequencing
Core (UMDSC).

3.5.7 RRBS Library Preparation and Sequencing

RRBS library preparation was carried out with minor modifications to previously
published methods (Gu et al.,, 2011). Briefly, genomic DNA samples (isolated from
independent cell sorts) were digested for 4 hrs with Mspl, purified, and end-repaired and A-
tailed with Klenow fragment 3’->5" exo- (NEB). The samples were then purified and
resuspended in TruSeq DNA Sample Preparation (Illumina) Resuspension Buffer and
submitted to a second round of adenylation followed immediately by ligation to bar-coded
[llumina adapters using the reagents and instructions of the Illumina TruSeq DNA Sample
Preparation kit. The samples were then size selected on a 3% Nusieve 3:1 TBE gel and run at
5V/em. Fragment sizes ranging from 160-340 bp (corresponding to 40-220 bp without
adapter sequence) were excised from the gel and purified. Samples were then bisulfite
converted using the EZ DNA Methylation-Direct Kit (Zymo), followed by amplification
using PfuTurbo Cx Hotstart DNA Polymerase (Agilent) using the primers provided in the
[llumina TruSeq DNA Sample Preparation kit. The libraries were then submitted to a second
step of size selection on a 3% Nusieve 3:1 TBE gel, quality checked on an Agilent 2100
Bioanalyzer, DNA 1000 Tapestation and dsDNA quantified with a Qubit 2.0 Fluorometer. 50
ng of the final libraries were submitted for sequencing at the UMDSC. Two independent
libraries were prepared for each time point, and 4 libraries were multiplexed in one lane for
each sequencing reaction. Sequencing was performed on an Illumina HiSeq 2000 by the
UMDSC. The starting template amount, multiplexing barcode, sequencing method, and the
number of sequence reads for each sample are listed in Table 3.1. Detailed sequencing data

is available on the GEO database (GSE50717).

3.5.8 RRBS Data Analysis
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FASTQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to

determine initial quality metrics, and sequence trimming was performed to remove PCR
primers, adapter sequences, and low-quality base calls using TRIM GALORE

(www.bioinformatics.babraham.ac.uk/projects/trim_galore/). The number of reads retained

after trimming for each sample is listed in Table 3.1. FASTQC analysis post trimming
showed elimination of low-quality positions, less enrichment of adapters, and a striking bias
for C/TGG (or CAA for paired end) at the 5’ end (over 80% of reads, as expected for RRBS)
(Gu et al., 2011). Estimates of bisulfite conversion rates for each sample were determined
using a modified TRIM_GALORE protocol based on a previously described approach
(Krueger et al., 2012). All samples showed high bisulfite conversion rates (Figure 3.10E and
3.14C). In preparation for mapping, a zebrafish chromosomal genome (UCSC ZV9) index
for BISMARK (Krueger and Andrews, 2011) was prepared. Experimental sample reads
were then aligned to the genome index using BISMARK. Mapping efficiencies for each
sample are listed in Table 3.1. The BISMARK script METHYLATION EXTRACTOR was
used to extract methylation calls for every C. CpG context files were processed using the
MethylKit R package (Akalin et al., 2012) to compute statistics about individual samples
(Figure 3.9, 3.10A-D, 3.13C-F, and 3.14A and B). Samples were filtered based on coverage
so that positions with coverage below 5 and positions with coverage higher than the 99.9
percentile of coverage for that sample were discarded. Samples were then combined to
perform analyses only at locations common between them. MethylKit was then used to
identify locations of differential methylation using logistic regression to estimate p-values.
The p-values were adjusted to g-values using the SLIM method. The differentially
methylated positions reported in this study have a maximum g-value cutoff of 0.01 and a

minimum methylation difference of 1 percent.

3.5.9 Basal Promoter Methylation Levels and Global Methylation Analysis

To calculate the basal promoter methylation levels, the methylation of all CpGs
quantified by RRBS was averaged across defined promoter regions, 5 Kb upstream and 1.0
Kb downstream of the transcription start site (TSS). To compare the global methylation
levels of the 2dpi gfap:gfp control MO and the 2dpi gfap:gfp apobec2a,2b MO samples, two

analyses were performed. First, the overall methylation for each sample was determined
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using every position call (CpG) to calculate the total number of Cs (not converted by bisulfite

treatment, and thus methylated) compared to total calls (Figure 3.16G, columns T). Second,
the overall methylation for each sample was determined using only positions covered in all
samples to calculate the total number of Cs compared to total calls (Figure 3.16G, columns
S). To test the hypothesis that there was no difference between the samples, the replicates

were pooled to perform a Chi-square test.

3.5.10 Microarray Data Analysis

Statistics were performed using data from a previously published microarray dataset
(Ramachandran et al., 2012) with the limma package in BioConductor (computes an
empirical Bayes adjustment for the t-test) (Smyth, 2004). To correct for multiple testing,
Benjamini and Hochber’s method to control for false discovery rate (FDR) was used
(Benjamini and Hochberg, 1995). Genes identified as differentially expressed had an FDR of
5% and change in expression larger than or equal to 2-fold (Figure 3.11F and G).

3.5.11 Bisulfite and Restriction PCR

Bisulfite PCR primer sets were designed using the BiSearch primer design tool and
are listed in Table 3.2. gDNA was bisulfite treated using the EZ DNA Methylation-Direct Kit
(Zymo), and target regions were amplified with bisulfite specific primers using PfuTurbo Cx
Hotstart DNA Polymerase (Agilent). The amplicons were gel excised and cloned into
pGEMT-Easy (Promega) and transformed into E. coli. 10 independent clones were selected
for sequencing following miniprep using M13FOR and SP6 sequencing primers at the
UMDSC. Restriction PCRs were performed following gDNA digestion (or mocks without
digestions) with Hpall at 37 °C for 4 hrs (Figure 3.11 C and D), with McrBC at 37 °C for
2hrs (Figure 3.8H), or with an enzyme cocktail including Hpall, HpyCH4IV, and Bstul at 37
°C for 2 hrs and 60 °C for 30 min (Figure 3.5H and I; Figure 3.17A and B). Following
digestion, gDNA was purified by phenol:chloroform, ethanol precipitated, and resuspended
in ddH20. Target regions were then amplified with site-specific primers (Table 3.2) using
Phusion DNA Polymerase (NEB).
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3.7 Figures
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Figure 3.1 The transcript levels of potential regulators of DNA methylation are induced

during MGPC formation

(A) RT-PCR gene expression comparisons of quiescent MG (gfap.gfp) and 4dpi
MGPC (1016 tubala:gfp) cell populations targeting genes correlated with the regulation of
DNA methylation. (B and C) Quantification of potential DNA demethylase mRNAs in (A)
by qPCR. *P < 0.02403. (D) Quantification of DNA methyltransferase mRNAs in (A) by
gPCR. *P < 0.04117.
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Figure 3.2 Inhibition of Dnmts suggests that the regulation of DNA methylation is

important for MG reprogramming

(A) 4dpi 1016 tubala:gfp transgenic fish treated with 5-dAza show increased levels
of endogenous (unstained) GFP. (B) 5-dAza inhibits the generation of and localization of
PCNA+ MGPCs. (C) Quantification of PCNA+ nuclei per injury site. The value is
normalized to the value of 2dpi control. *P < 0.02873. (D) Graphic depicting the localization
of PCNA+ nuclei within the retina at the indicated time points. 5-dAza perturbs the
localization of PCNA+ nuclei at 4 and 7dpi. Lines extending from the box represent error.
*P < 0.04128. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear
layer; INL, inner plexiform layer; GCL, ganglion cell layer. Scale bars, 50 um.
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Figure 3.3 Site-specific regulation of DNA methylation accompanies MG

reprogramming

(A, B, and C) RRBS comparison of quiescent MG (gfap:gfp) and 4dpi MGPCs (1016
tubala:gfp). Quantification (A) and classification (B) of DMBs. (C) Localization of DMBs
by type: M, methylated; D, demethylated (some DMBs fall into multiple classes so the total
exceeds 100%). Most DMBs are localized to intergenic, CpG-poor regions. (D) Correlation
of RRBS promoter DMBs with previously obtained microarray gene expression data
(Ramachandran et al., 2012). Classification of DMBs by their localization to gene promoters
increasing (FC>1) or decreasing (FC<1) expression during MG reprogramming. No
correlation is seen between gene expression and DMBs that are increasing methylation (M),
while a correlation is seen between increased gene expression and DMBs that are decreasing
methylation (D). DMB, differentially methylated base; FC, fold change. Promoters were
defined as 5 Kb upstream and 1.0 Kb downstream of TSS.
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Figure 3.4 Site-specific, active DNA demethylation predominates at 2dpi and is
independent of Apobec2a,2b

(A, B, and C) RRBS comparison of quiescent MG (gfap.:gfp) and 2dpi MGPCs
treated with control MO. Quantification (A), classification (B), and (C) localization of DMBs
as performed in Figure 3.2. DNA methylation is regulated by 2dpi (incipience of MG
proliferative response) suggesting that these changes are actively made (Fausett and
Goldman, 2006). Most DMBs are localized to intergenic, CpG-poor regions. (D) RRBS
comparison of 2dpi MGPCs treated with control or apobec2a,2b MO indicates that the
knockdown of Apobec2a,2b does not impact site-specific DNA demethylation.
Abbreviations are as in Figure 3.3.
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Figure 3.5 MG basal DNA methylation profile suggests that they are to an extent poised

for a rapid regenerative response
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(A) Graphic depicting target regions analyzed by RRBS, bisulfite PCR, and
restriction PCR. (B) Average promoter methylation levels calculated using quiescent MG
RRBS data indicate that many pluripotency factor (PF) and regeneration-associated (RA)
genes have low basal methylation levels. (C and D) Correlation of basal promoter
methylation levels with microarray gene expression data indicates that highly induced genes
have lower than average promoter (C) and intragenic (D) methylation levels. (E and F)
Bisulfite PCR analysis of promoters regions characterized as having low (E) or high (F) basal
methylation levels by RRBS. Each horizontal line of circles represents an independent clone.
Filled and unfilled circles represent methylated and unmethylated cytosines, respectively. (G)
Validation of MG enrichment following FACS of zebrafish gfap:gfp transgenic fish retinas
(GFP- and GFP+ populations) and mouse retinas (anti-GLAST PE- and anti-GLAST PE+
populations) using RT-PCR. (H) Zebrafish promoter restriction PCR following genomic
digest with Hpall, HpyCH4IV, and Bstul (D) or mock/control, undigested (C) using MG
(gfap.gfp, GFP+) gDNA. The number of potential restriction cut sites is indicated next to
each target name. (I) Restriction PCR was carried out as in H using mouse MG (anti-GLAST
PE+) gDNA. PF and RA gene promoters of both zebrafish and mouse MG appear to be lowly
methylated. TSS, transcription start site.
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Figure 3.6 Poke model, FACS, and gene expression comparisons

Time Post Retinal Injury

(A) Graphic depicting the method of targeted cell population isolation. (B)
Representative scatter plots used to FACS-purify GFP-expressing cells. Wild-type (wt)
retinal cells do not fall into the PS5 window, whereas GFP+ retinal cells from gfap:gfp and
1016 tubala:gfp transgenic fish retinas readily sort into this window. P4 and PS5 are arbitrary
names assigned to the cell sorting windows. (C) RT-PCR using cDNA prepared from whole
retinas harvested at the indicated time points shows the injury-dependent regulation of DNA

84




methyltransferases. (D) Quantification of select time points from C by quantitative PCR. *P
< 0.04092. Error bars represent standard deviation. hpi, hours post injury; MGPC, Miiller
glia progenitor cell.
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Figure 3.7 Inhibition of Dnmts results in genomic hypomethylation and impacts MGPC

migration and differentiation

(A) Both control and 5-dAza-treated (daily intraperitoneal injection with 20 ul of 20
mM 5-dAza) 1016 tubala:gfp transgenic fish have a high correlation between PCNA+ and
GFP+ cells at 4 and 7dpi. (B) Quantifications of 4. (C) Quantification of the number of
MGPC columns that form per injury site 2dpi as an indication of the number of MG that are
responding with a proliferative response. ONL, outer nuclear layer; INL, inner nuclear layer;
GCL, ganglion cell layer; dpi, days post injury; Scale bars, 50 um.
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Figure 3.8 Inhibition of Dnmts results in genomic hypomethylation and impacts MGPC

migration and differentiation

(A, B, C, and D) Fish treated with control or 20 mM 5-dAza were given a pulse of
BrdU (20 ul IP injection of 20 mM BrdU) at 2dpi. The BrdU+ cells were then traced. (A) 5-
dAza treatment blocks the migration of BrdU+ cells. (B) Quantifications of (A). Lines
extending from the box represent error. *P < 0.03600. (C) Treatment with 5-dAza blocks
MGPC differentiation as determined by co-labeling with cell specific markers. (D)
Quantifications of (C). *P < 0.02730. (E) 5-dAza treatment did not significantly increase the
number of Tunel+ cells at the injury site at 4 or 7dpi. (F) While the total number of Tunel+
cells did not change, on rare occasions, a 1016 tubala:gfp, GFP+ cell would stain for Tunel
following 5-dAza treatment. This was not noted in the control and indicates that 5-dAza is
weakly cytotoxic to MG. (G) Design of restriction PCR following genomic digestion with
McrBC which selectively cleaves methylated DNA. (H) gDNA was isolated from FACS
purified GFP+ retinal cells isolated from 4dpi /016 tubala:gfp transgenic fish treated with
either control vehicle or 20 mM 5-dAza. Restriction PCR was then carried out following
genomic digest with McrBC. Locations were chosen based on high genomic methylation
levels as determined by RRBS (Figure 3.9 and 3.10). The number of potential McrBC cut
sites for each amplicon is indicated in parentheses. These results confirm that treatment with
5-dAza induces hypomethylation of MGPCs. (I) Uninjured fish injected for five consecutive
days with either vehicle or 5-dAza showed no increase in GFP or PCNA staining. ONL,
outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; dpi, days post injury;
MG, Miiller glia; MGPC, Miiller glia progenitor cell. Scale bars, 50 pm.
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Figure 3.9 MethylKit analysis of gfap:gfp (MG) and 4dpi 1016 tubala:gfp (4dpi MGPC)

RRBS libraries

(A, B, C, and D) Experimental coverage of the indicated libraries.
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Figure 3.10 MethylKit analysis of gfap:gfp (MG) and 4dpi 1016 tubala:gfp (4dpi
MGPC) RRBS libraries, continued

(A) Histograms of percent CpG methylation for each library. These histograms
should (and do) have two peaks on both ends; any given CpG will or will not be methylated
in a cell. (B) Histograms of CpG coverage for each sample. PCR duplication problems
occurring during final library amplification will be manifest by secondary peaks towards the
right side of the histogram. The samples did not show noticeable duplication problems. (C)
Dendogram of samples clustered according to their methylation profiles. Replicates cluster
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together. (D) Chromosomal distribution of DMBs, showing percentages of
hypo/hypermethylated bases over all covered positions of a given chromosome. (E)
Estimation of bisulfite conversion rates for each library (Gu et al., 2011).
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Figure 3.11 Validation of the DMBs identified by RRBS and correlation of RRBS

promoter DMBs with microarray gene expression data

(A) Graphic classifying three possible Mspl cut sites. Red lines depict fragment sizes
selected by RRBS. Because of this selection, regions with few Mspl restriction sites (CpG
poor regions, large fragments) are not included in the RRBS library (c). Some sites will
contain a read from one of the two possible methylated cytosines (a) and others will be read
at both cytosine positions (b). Cytosines analyzed by RRBS are shown in red. (B) RRBS data
of DMBs analyzed by restriction PCR. (C) Graphic depicting the design of site-specific
restriction PCR using the methylation-sensitive restriction enzyme Hpall that cleaves the
same consensus sequence as Mspl. (D) Site-specific restriction PCR shows that the RRBS
data is highly reproducible. The control is a region that doesn’t contain an Hpall restriction
site. (E) Classification of all promoters analyzed by RRBS. (F) Overview of data generated
from a previous microarray gene expression comparison of quiescent MG (gfap:gfp) and
4dpi MGPCs (1016 tubala:gfp). (G) Correlation of promoter DMBs with the microarray
gene expression comparison. Classification of genes whose promoter contains at least one
DMB that is being methylated (M) or demethylated (D) by their changes in expression during
MG activation. (H and /) Expression comparisons of quiescent MG (gfap.:gfp) and 4dpi
MGPCs (1016 tubala:gfp) performed by qPCR targeting genes whose promoter contains:
(H) at least one DMB that is decreasing methylation (*P < 0.02046) and (I) at least one DMB
that is increasing methylation (*P < 0.03623). A correlation is seen with decreased
methylation and increased expression. Mesite, methylated site; dmesite, demethylatated site;
DMB, differentially methylated base. Other abbreviations as in Figure 3.8.
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MG vs 4dpi MGPG, non-CpG Methylation
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Figure 3.12 Non-CpG methylation changes seen in RRBS comparison of quiescent MG
and 4dpi MGPCs

Quantification (A and D), classification (B and E), and localization (C and F) of
DMBs within the CHG and CHH contexts, respectively. Abbreviations as in Figure 3.7.
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Figure 3.13 FACS and MethylKit analysis of 2dpi MGPC, control MO and 2dpi
MGPC, apobec2a,2b MO RRBS libraries

(A) Graphic depicting method of targeted cell population

isolation.

(B)

Representative scatter plots used to FACS purify lissamine+, GFP-expressing cells. Wild
type (Wt) and uninjured gfap.gfp retinal cells do not fall into the Q2 window, whereas
lissamine+, GFP+ retinal cells from 2dpi gfap.gfp fish treated with control or apobec2a,2b
MO readily sort into this window. (C, D, E, and F) Experimental coverage of the indicated

libraries.
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Figure 3.14 MethylKit analysis of 2dpi MGPC, control MO and 2dpi MGPC,
apobec2a,2b MO RRBS libraries, continued

(A and B) MethylKit analyses of 2dpi MGPC, control MO and 2dpi MGPC,
apobec2a,2b MO RRBS libraries as done in Figure 3.10. (C) Estimation of bisulfite
conversion rates for each library (Gu et al., 2011). (D) asclla expression comparisons of 4dpi
GFP+ (1016 tubala:gfp) and 4dpi GFP+, lissaminet+ (gfap.gfp, control MO) cell
populations. Because asclla expression is specific to MGPCs at 4dpi, we can use this
expression comparison as a metric to determine the percentage of cells isolated in the
gfap:gfp, control MO sort that are MGPCs (as this sort will isolate all MG that have MO, not
necessarily only those responding to injury). In this way we estimate that ~60% of the cells
isolated in the gfap:gfp, MO sorts are MGPCs.

96



MG vs 2dpi MGPC, control MO
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Figure 3.15 MO RRBS library comparisons

(A, B, C, and D) Comparisons of MG and 2dpi MGPC, control MO RRBS libraries.
(A and B) MethylKit comparisons as done in Figure 3.10. (C and D) Quantification of DMBs
within the CHG (C) and CHH (D) contexts. (E, F, G, H, I, J and K) Comparisons of MG and
2dpi MGPC, apobec2a,2b MO RRBS libraries. (E and F) MethylKit comparisons as done in
Figure 3.10. (G and H) Quantification of DMBs within the CHG (G) and CHH (H) contexts.
Quantification (I), classification (J), and localization (K) of DMBs within the CpG context.
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2dpi MGPC, control MO vs 2dpi MGPC, apobec2a,2b Mo
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Figure 3.16 MO RRBS library comparisons, continued

RRBS comparisons of 2dpi MGPC treated with control or apobec2a,2b MO. (A and
B) MethylKit comparisons as done in Figure 3.10. (C and D) Quantification of DMBs within
the CHG (C) and CHH (D) contexts. Classification (E) and (F) localization of DMBs (CpG)
indicate that the knockdown of Apobec2a,2b does not regulated site-specific DNA
demethylation. (G) Genome wide methylation level comparison of 2dpi MGPC, control MO
and 2dpi MGPC, apobec2a,2b MO RRBS libraries suggests that the knockdown of
Apobec2a,2b causes increased global methylation. *P < 2.2e-16.
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Targeted promoter restriction PCR following genomic digest (or mock/control,
undigested) with Hpall, HpyCH4IV, and Bstul using the indicated zebrafish (A) and mouse
(B) gDNAs. The number of potential restriction cut sites are indicated next to each target
name. PF, pluripotency factor; RA, regeneration-associated.
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3.8 Tables

# of Reads Mapping (%)
. ng gDNA Sequencing - .

Sample Tg Fish Template S.R. M.Bar Method Original Post Trim U R NA
MG 1 gfap:gfo 400 | 1 | TeACCA pf‘gfi;i’rg' 32,314,872 | 25924585 | 36.3 | 48.1 15.6
MG 2 gfap:gfp 400 | 1 | AacaGcTG pf‘gfi;i’rg' 29,862,784 | 24,887,592 | 37.4 | 46 16.6
4dpi MGPC | 7076 400 | 1 | ccoaaT | Paired-end, | o6 539 980 | 23,739,757 | 39.9 | 38.1 22
1 tubaia:gfp 101 cycle
4dpi MGPC | 1077 400 | 1 | cacaTc | Pared-end, | o7 977999 | 22,338,255 | 38.4 | 41.2 20.4
2 tubaia:gfp 101 cycle
2dpi MGPC, . single-end,

NG 1 | 9fapiaf 50 [ 2 | AGTCAA | SPFCORS | 23549077 | 14,110476 | 32.8 | 424 24.8
2dpi MGPC, . single-end,

NG | 9fapiaf 50 [ 2 | AcTTCC | SPFCORY | 39,547,145 | 27,330,082 | 29.3 | 39.4 31.2
2dpi MGPC, single-end

apobec2a,2b | gfap:gfp 50| 2 | ATGTCA sg o | 14840658 | 8,131,173 | 292 | 44.4 26.4
MO 1 cycle

2dpi MGPC, single-end

apobec2a,2b | gfap:gfp 50| 2 | ccaTee sg | 15,955,560 | 8,595,116 | 315 | 45.1 23.3
MO 2 cycle

Table 3.1 Overview of RRBS library sequencing and alignment

S.R., sequencing run; M. Bar, multiplexing barcode; U, unique alignment; R,

redundant alignment; NA, no alignment
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Primer Set

Application

Sequence 5'->3'

F, ATGACCCCTCCAGCATGA

gapdh SQ RT-PCR and Real-Time PCR

R, GGCGGTGTAGGCATGAAC

F, GTGTGGAGATAACGCAACGGAAAGAATGG
gadd45a SQ RT-PCR and Real-Time PCR

R, CAACAGAAGGCTTGAATCAGGGTAAAAT

F, GCCAGAGAAAGAACACCAACGAGAACT
gadd45al SQ RT-PCR and Real-Time PCR

R, GCACCACGTTATCAGGGTCCACAT

F, TCTCACAGTCGGCGTTTATG
gadd45b SQ RT-PCR and Real-Time PCR

R, CGGCTCTCCTCACAGTAGGT

F, GATCCACTTCACGCTCATCCA
gadd45bl SQ RT-PCR and Real-Time PCR

R, GGCAATAGAAGGCACCCACTG

F, CAACGACATCAACATCGTTCG
gadd45g SQ RT-PCR and Real-Time PCR

R, TCAGCGTTCAGGCAGAGTAA

F, TTTCTGCCAAAGCAAACGACT
gadd45g| SQ RT-PCR and Real-Time PCR

R, CAGTGAGCATCTTCAAAATCTTCAG

F, CTGCTGCAGACGGAGAAAAACCA
apobec2a SQ RT-PCR and Real-Time PCR

R, CCAGCGTGCTCGTCCTCAATGTA

F, ATGAGGAGTTTGAGCTAGAGCCGATG
apobec2b SQ RT-PCR and Real-Time PCR

R, ATCCTCCAGGTAACCACGAACGC

F, GAACATGAAACAAACAAGCCAAGAAACAGC
mbd4 SQ RT-PCR and Real-Time PCR

R, CGAGTCATTGCCGTATTTGCCGAT

F, ATGGATGAAAGGCTGTATGGATC
tdg SQ RT-PCR and Real-Time PCR

R, TCCTCTGGATGTACAGGCAT

F, GGACTGTCGTCTGGGCTGTAGGG
tet1 SQ RT-PCR and Real-Time PCR

R, GCCAGCAGCCGCACTTCTCTT

F, CACACCCAACTCTAAAACGGACAACAC
tet2 SQ RT-PCR and Real-Time PCR

R, ATGGTGGGGAAGCGTAAGAAGGA

F, GATAGGTATGGGGAGAAGGGGGAAG
tet3 SQ RT-PCR and Real-Time PCR

R, GCCAGGATGACAACAACGATGACA

F, TATGGCCGCCTGGAATGGGA
dnmt1 SQ RT-PCR and Real-Time PCR

R, GGAGAGGGGTGGAGGAACAGCAT

F, GAAATATGGAGAACACGGAGCGACTG
dnmt2 SQ RT-PCR and Real-Time PCR

R, AATTCAGCCTGTCAAAATCCTGTAACG

F, GCTTGTTGATGCCGTGAAAGTGAGTC
dnmt3 SQ RT-PCR and Real-Time PCR

R, TCATGGTGACGGGGAAATGTGC

F, CAGAGCAGAGACGGCCAATCAGAG
dnmt4 SQ RT-PCR and Real-Time PCR

R, CATTACAGGGACTTCCACCAATCACC

F, GCTGACATAAGCCGCTTTCTGGAAT
dnmt5 SQ RT-PCR and Real-Time PCR

R, TCAGTATGTTTGGCCGTGTGGTAATG

F, GGAGCGTTATGTGGCCTCAGAAGTG
dnmt6 SQ RT-PCR and Real-Time PCR

R, CGGTGCCCTCGTAGAGACCTTTTC

F, GCAGTCGCTATGAGGTTTTGGGTTG
dnmt7 SQ RT-PCR and Real-Time PCR

R, CCGAAAAGCTGCCTGAAGAAGACT
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F, GAATCGCGCCGATACACCAAGAG

dnmt8 SQ RT-PCR and Real-Time PCR

R, ACACACATCATAGACAGTTTTCCATCACC

F, ACACGCCAACTCGAGGGATTCAT
mesite1 Restriction PCR

R, CATACAAAACGGAGAGAGTGTAACGGTG

F, CGAAACCCTTCCCCATAAAACAATAA
mesite2 Restriction PCR

R, GTGGCCACAGCTGAAGAAAATCCTA

F, TGCTGATTGGCTGCATGTGAGTTT
mesite3 Restriction PCR

R, GCGTAACGGGAATATCTGGAATGTG

F, GCTACTGCAGGCCGAACAGAAAA
mesite4 Restriction PCR

R AGCAGACACTTAGGTGGGAACAACATT

F, CACAATATCTAAATGAGAAAGGAAACGGTG
mesite5 Restriction PCR

R, AAGCTGCTTCTGAAGGCTCTGCG

F, TATACGTGCAGAATCGCCCAGAGA
mesite6 Restriction PCR

R, CAGAAATCAGCAGCATAGCCAGTGA

F, TAATCATGTTGACACATTACATTGAGGCTC
dmesite1 Restriction PCR

R, CAGTTTTGGGTGCGCAGTAACGA

F, TCATCGATTCCCATACGATTCATTCA
dmesite2 Restriction PCR

R, GTCTAAAACCACATTGATAACGAAACACG

F, AACTCGAAGATAGAAACCCCACTG
dmesite3 Restriction PCR

R, AAACTCGATCTTCTGCAGCAACACCT

F, GCAGATGTGTTGTGTTGGGGTTTTC
dmesite4 Restriction PCR

R, GAGCTGCAGCCGAAGCGTTTAG

F, TCGGGGCCTGCTAAATCATCTTC
dmesite5 Restriction PCR

R, GAACAACGTGCGGTAACAGAAAATCC

F, CACAACCTCATCATCCCCATCTCAT
dmesite6 Restriction PCR

R, CGCAAGTCGCTGGCATGTCTATC

F, AGTCATTCTAGCCGGTAGGGTATTTCAG
dmesite7 Restriction PCR

R, ACGCAGCGTTAGCCTGTACACTCTG

F, ACCGAACCCCATGTGTCAGCA
methcontrol Restriction PCR

R, AAAAGATGTCAGGAATGGATCAGTGTG

F, ACAGACTGAGAAACACCGGCAATAAAG
azacytsite1 Restriction PCR

R, ATGATCCTCCAAACCTCCATCCAG

F, GCCAGTTCTATGTGCCGGTTATGAG
azacytsite2 Restriction PCR

R, TCACCTGAAGGCTCTGCTGATTGT

F, GATTGCCAGGGGTGGGTAAGACT
azacytsite3 Restriction PCR

R, GCTGGCCCGGTAATCCTTTTTCT

F, CCATGCAGCCAGGACTCACAGT
azacytsite4 Restriction PCR

R, TGTTCAAGAACAAATGAAGGTCAAAAGC

F, CCCCAACTACCAACAATGCCAGAC
azacytsite5 Restriction PCR

R, GAAGTAGCCGTCTTCGTTTCCGC

azacytcontrol

Restriction PCR

F, TACCAGGACAGCCAGGGAATAAAGG

R, TGGACCCGGTATGCCAGGAAG

npas4

Real-Time PCR

F, TTCATCGTTGCTATCCACAATGTATCG
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R, CATAAAATGAAAGGAATCCCGTCGTT

F, TGGACGTGAACCTGTGACTCTGAAG

cdk5r2a Real-Time PCR

R, GAATGGCGCTTGAGGCTTTTCTC

F, GCCACCCGCTGTCTGCTAATAAACT
bx569778.1 Real-Time PCR

R, TCGGCTAATGCTGATGACTGTGATG

F, CATATTCATACGTGCTGTCTGTGGGAG
smyd2b Real-Time PCR

R, TTCAGCCTGGCGATGATTCTGG

F, TCGAGGAGAAGACCGCCACTGT
zgc:101606 Real-Time PCR

R, GTGAAATGACCCTGCCTGTGAATG

F, TGAAGGGTGGCGAGCAGCAA
lamc2 Real-Time PCR

R, GATGTGGAGGGACGACGGACA

F, TTATGCCGATTTGCGAAGAGTGG
cmtm3 Real-Time PCR

R, CTTCACCGAGAAGCAACAGTCCTTTT

F, TGTCAGTTTCGCCACTCTTCTACAACAG
tubgcp2 Real-Time PCR

R, ATAAACCTCTGCACCATCTCCCCC

F, TGACAGAGCAGAGCAGACAGCAGG
ribc1 Real-Time PCR

R, GAGTTGAGGATGGAATGGGATGGT

F, TTGCCGATCTCAGCTGTCTTGTGT
erh Real-Time PCR

R, GTCTGTCCTGTGATGAAGCGTAGTTG

F, GATTTCTTGGTTTTGTGGTCTACGGG
ck2b Real-Time PCR

R, CCTCCAGCTCCTCATCAGGTTCC

F, TCTGGTTCTCCTGCTGGTCTTATGG
mtdhb Real-Time PCR

R, CTGCCGTTTTAACCTCCTCCTGTG

F, AGCTGCGTGGTCCATCCTTCAG
sgk3 Real-Time PCR

R, GAGTTTGGCACGGTTTCCTCTGTAA

F, GGACTGTGTTCGCATCATTATTGTCG
cep85 Real-Time PCR

R, CCATGTCCCCACTGTCCACTTTG

F, GCCATGGCTGACACTTTGAGAAGACTA
spata18 Real-Time PCR

R, CGACTCCTGAATAATGTCCACCCTCT

F, ATTACCTGATCAGCGGGGGAACA
impdh1a Real-Time PCR

R, GCCATTGAGGACTCTGTGACTGTGTC

F, GAACAGGCTGAGTTTGGCGACAT
syn2a Real-Time PCR

R, TCCAGAGAGTTGATGCTGGGAATACC

F, TGAGGCAGAGCAAACATCGCAT
tmem27 Real-Time PCR

R, CTTTGGCTTTGGCTCGTCGTCTT

F, GCCTGCTTCGGCGTTGAATCT
ctbp2l Real-Time PCR

R, GCATCCTTTGAGTCACCACAGAACC

F, TCGCCTTTGTGGTTTGGTTACTTTC
reep1 Real-Time PCR

R, ACAGAACGCCCTGGCCCTTAGT

F, TCCTCAGCGGGACAGAAGAACCT
glrx5 Real-Time PCR

R, ATCGTCGGCCAGTTGGAGAAAGT

F, GGATCTGTGGAACTGGAGCCTGTC
zgc:66415 Real-Time PCR

R, TGTTCTTCTCCTCATTGTTGTGGT
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F, TGCATCCTTCAGACCAGACGAGAG

si:dkey-266m15.7 | Real-Time PCR

R, TTATCATTGGCAACCTGGAAAGTGTT

F, CCAGGAAACAACGGAGGAGACG
apoalbp Real-Time PCR

R, CCACAACCAGGCTATACGCTTCATC

F, CATGAGACCTGTGCCACCCTTTTAT
ankrd44 Real-Time PCR

R, CCTTCCTTTCTCTGCTGCCATACAA

F, CTTTGGACACGAAGCCTTGAGATG
wdr25 Real-Time PCR

R, ACCCACACGCAGGTTCAGACG

F, ATTCCAGTCGGGCGTCCTGTCA
asclla Real-Time PCR

R, CCTCCCAAGCGAGTGCTGATATTTT

F, GTATGGGATGTTTTTATTGTAGT
ascl1aBS Bisulfite PCR

R, CACTAAAATTTTCTTTAAACTACCC

F, GTTTATTTAGTGGTAGGAGT
ascl1aBSnested Bisulfite PCR

R, AAAATTTTCTTTAAACTACCC

F, GAGGAGTTTTTTTTATGAATTATG
insm1aBS Bisulfite PCR

R, RTACCCTACCTTTATCAACA

F, GAGAGGAGTTTTTTTTATGA
insm1aBSnested Bisulfite PCR

R, TTTAAAAACTCCTTCACTCT

F, AGTTTAGTTTTTTTATTGATTAG
lin28BS Bisulfite PCR

R, TAATAACCCCTACCTTAAAA

F, AGTTTTTTTATTGATTAGGGGT
lin28BSnested Bisulfite PCR

R, AACCCCTACCTTAAAAAAAT

F, AAATATGTATAAGAGGGTAGGAA
oct4BS Bisulfite PCR

R, CCAAACAAACTAAACTCAAA

F, AAGAGGGTAGGAATGATAAAAT
oct4BSnested Bisulfite PCR

R, ATCAAAATAAACCAATAATTCACCACC

F, TGTGAAGAATTGTGATAATT
sox2BS Bisulfite PCR

R, CAAAACAAACAACATAAATTCCA

F, GTTAAAGTAGGAGTTATTTTG
sox2BSnested Bisulfite PCR

R, CATAAATAAATAAACACTCTC

F, TATTATTTTTAGGTAAGTGTGGA
nanogBS Bisulfite PCR

R, AACCRAACTACTAAAAAAAAAAA

F, TTTTTAGGTAAGTGTGGAAT
nanogBSnested Bisulfite PCR

R, CCRAACTACTAAAAAAAAAAAC

F, TTGGATAAAGTAAGGAAAGG
pcBS Bisulfite PCR

R, TCTTACCAAATCAATATTATCCT

F, AAGGAAAGGGTTGGTTTTGT
pcBSnested Bisulfite PCR

R, CAATATTATCCTCTCTTTCCTTC

F, GACACCAGCATGGACACTAAACTGACTC
zfishgfap SQ RT-PCR

R, AGAAGCAGGGAAAGTTGGTGAGAAAA

F, CATCGTTCACAGGAAGTGCTTC
zfishbactin SQ RT-PCR

R, GGTAAACGCTTCTGGAATGAC
mousegfap SQ RT-PCR F, GCCACCAGTAACATGCAAGAGACAGA
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R, GCATTTGCCGCTCTAGGGACTC

mousebactin

SQ RT-PCR

F, ACCACCACAGCTGAGAGGGAAATC

R, GAACCGCTCGTTGCCAATAGTGAT

zfishascl1apro

Restriction PCR

F, GCCTGTCCTGCTGTGATGATTTCTAA

R, GAACTGCTGCTGGTTTACGCTTATTTC

zfishinsm1apro

Restriction PCR

F, CCCAACACAGAGAAACGAAAGAGA

R, ATCACGAAAGCATAGCGGCAGTCT

zfishhbegfapro

Restriction PCR

F, CATAGGCCAACTTTGACCCACAGG

R, TGAACGCATGAGACCGAAATAAATACA

zfishlin28pro

Restriction PCR

F, TTATCTTCACGGTTTTTGATGGACAGAA

R, TGTGTGATTGAGATGCGGATTTGC

F, GCAATTGGCTTTGTTGTGTCCTATG

zfishoct4pro Restriction PCR

R, AGTCGCCACCTTGCAAATCGTT

F, CTCTTGTTATTTTGAAGGAGGCTGTGC
zfishsox2pro Restriction PCR

R, TTTTCCTCCGGGGTCTGTATTTGTAA

F, GGTAGCATGTGCCACCATGTTCAGTA
zfishnanogpro Restriction PCR

R, CCTCGGAATCACTGGGTGTATCACT

F, GTGGCTGCTGTGTTTTGTAGTTTATTTTG
zfishneurod2pro Restriction PCR

R, CGAGTCGGGTCAGTTTTTTTATTATTCAC

mouseascl1pro

Restriction PCR

F, GGAGGGACAAGGAGGGAAGACTTTC

R, GCTTGAGCCTGCTTCTGGGATTATT

mouseinms1pro

Restriction PCR

F, TCAGGCATATTAGGGAAAGGAACG

R, GAATGGCCCCAAATATGTCAGGAG

mousehbegfpro

Restriction PCR

F, TGTCCAAGTTCACACGGTAAAGAGCA

R, AGCGAGGTTCCACTAAGGCACTGT

mouselin28pro

Restriction PCR

F, GAGGGGGTGTCAAATCTCAAGGTTC

R, GGAGATAGGGAGGGCCAGGTGAT

mouseoct4pro

Restriction PCR

F, GGGGAGGGAGAACTGAGAATCTTGA

R, CATCCCTCCGCAGAACTCGTATG

F, CCTCTTGTGTCAGGGTTGGGAGTTAG

mousesox2pro Restriction PCR

R, GCCGCGATTGTTGTGATTAGTTTT

F, CAAAACTCAAACAAACACCACCAACC
mousenanogpro Restriction PCR

R, CCAACGGCTCAAGGCGATAGATT

F, CACAAACCGCCAATTCCCAGACT
mouseneurod2pro | Restriction PCR

R, CTCCCTCTCGGACAACTTACCTCAGA

mousemethcontrol

Restriction PCR

F, TCTGTTGGCCTCAAATACCCTAAGACAT

R, CTAGCAACACAAATCCACCAGAAATCC

Table 3.2 List of primers used in this study and their applications




Chapter 4:
Insights into the mechanism of Apobec2 function during zebrafish retina

regeneration

4.1 Abstract

During zebrafish retina regeneration, Apobec2a and Apobec2b (Apobec2a,2b) are
required for Miiller glia (MG) activation and Miiller glia progenitor cell (MGPC)
proliferation, but their biochemical function during these events remains unclear. Because
studies of other Apobec proteins have revealed roles in mRNA editing, we sought to
determine if Apobec2a,2b regulate mRNA editing during zebrafish retina regeneration via
cytosine deamination and to identify potential mRNA targets. While evidence of C-to-U
mRNA editing was found, this study suggests that it occurs independent of Apobec2a,2b, as
their knockdown did not influence this editing. Similar to other previously studied
Apobec2s, overexpression of Apobec2a,2b did not induce cytosine deamination-dependent
rpoB mutations in bacterial mutagenesis assays, putting into question their catalytic activity.
Using conditional expressing transgenic fish, we demonstrate that the induction of exogenous
Apobec2a,2b and that of exogenous human APOBEC?2, after knockdown of endogenous
Apobec2a,2b, can rescue a regenerative response, suggesting that the biochemical function
that Apobec2a,2b perform during MG activation and MGPC proliferation is conserved
between fish and mammals. Interestingly, retina regeneration was not rescued by the
conditional expression of Apobec2a,2b harboring mutations impacting zinc binding,
indicating that the proper coordination of zinc is essential for their function. To gain further
insights into the function of Apobec2a,2b, yeast two-hybrid screens were performed,
identifying Ubc9 (an E2 SUMO ligase), Toporsa (an E3 Ubiquitin/SUMO ligase), and
Pou6F2 (a homeodomain transcription factor) as conserved Apobec2 interacting proteins.
Evidence is provided that Apobec2 subcellular localization can be controlled by their N-

terminal sumoylation, facilitated by Ubc9 and Toporsa, and that Apobec2 proteins interact
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with the DNA binding domain of Pou6F2, possibly perturbing Pou6F2’s association with
DNA or altering its subcellular localization. Finally, a mechanistic model is proposed
whereby Apobec2a,2b participate in the regenerative response independent of cytosine

deamination.

4.2 Introduction

Apobec2 was the second Apobec protein identified, through its sequence homology to
Apobecl (Liao et al., 1999; Anant et al., 2001a). Although the expression of Apobec2 has
been correlated with a number of processes (Piec et al., 2005; Sato et al., 2009; Iio et al.,
2010; Okuyama et al., 2011; Pennings et al., 2011; Vonica et al., 2011) and the perturbation
of Apobec2 expression results in multiple phenotypes (Sato et al., 2009; Etard et al., 2010;
Vonica et al., 2011; Powell et al., 2012), little is known about its biochemical function,
including whether or not it acts catalytically to mutate DNA and/or RNA through cytosine
deamination. Unlike other Apobecs, Apobec? fails to induce mutations in bacterial and yeast
based mutagenesis assays (Harris et al., 2002a; Mikl et al., 2005; Lada et al., 2011). In
addition, in vitro biochemical assays have demonstrated that the ability of Apobec2 to bind
polynucleotides is limited (Anant et al., 2001a; Sato et al., 2009). Still, the question remains
as to whether a condition could exist within a cell that would provide the environment
necessary for Apobec? to demonstrate this catalytic activity.

While biochemical data is lacking, prominent models of Apobec2 function suggest a
role in DNA demethylation (Rai et al., 2008) and RNA editing (Okuyama et al., 2011).
Previously, we demonstrated that Apobec2a and Apobec2b (Apobec2a,2b) are necessary for
zebrafish retina and optic nerve regeneration (Powell et al., 2012). Specifically, during retina
regeneration, Apobec2a,2b regulate Miiller glia (MG) activation and the proliferation of
Miiller glia derived progenitor cells (MGPCs). One of the ways they influence these events
is by directly or indirectly regulating the transcriptional induction of asc/la, a gene that
encodes a transcriptional activator necessary for retina regeneration (Fausett et al., 2008;
Ramachandran et al., 2011). With this background, we have sought to determine the
essential biochemical function that these Apobec2 proteins play in these processes.

Interestingly, knockdown of Apobec2a,2b during retina regeneration did not influence

107



changes in DNA methylation levels accompanying MG activation, indicating that Apobec2
proteins perform an alternate function (Powell et al., 2013).

Here we report the results from a series of experiments designed at further uncovering
the biochemical function of these proteins during retina regeneration. We address the
possibility that Apobec2a,2b regulate mRNA editing by comparing mRNA profiles of MG
with those of MGPCs with and without knockdown of Apobec2a,2b. Although mRNA
editing occurs, it happens independent of Apobec2a,2b. Evidence is presented that
demonstrates that the function of Apobec2a,2b during retina regeneration is conserved and
requires the proper coordination of zinc. Apobec2 interacting proteins are identified and
characterized. Finally, a model is proposed whereby Apobec2a,2b regulate MG activation
and MGPC proliferation independent of cytosine deamination. Comprehensively, this study
contributes greatly to the current understanding of Apobec2 proteins and their mechanism of

action.
4.3 Results

4.3.1 Apobec2a,2b-independent mRNA editing occurs during Miiller glia activation

To determine if injury-dependent mRNA editing occurs during MG activation and if
Apobec2a,2b regulate these editing events (specifically C-to-U editing), mRNA analyses
were performed between quiescent MG and MGPCs following control or apobec2a,2b MO
knockdown. To this end, RNA was purified from MG (isolated by FACS sorting GFP+ cells
from uninjured [0 hour, hr] gfap:gfp transgenic fish retinas) (Kassen et al., 2007), and from 2
days post injury (dpi) MGPCs following a control or Apobec2a,2b knockdown (isolated by
FACS sorting GFP+, lissamine+ cells from gfap:gfp transgenic fish 2 days after
administration and electroporation of either 0.25 mM control or apobec2a,2b MO) (Powell et
al., 2013). With these RNA samples, TruSeq libraries were prepared, sequenced, and aligned
to the zebrafish reference genome (Table 4.2). Relative to the reference genome, variants of
all types were identified within each sample, with a preponderance of T-to-C, C-to-T, A-to-
G, and G-to-A variant types (Table 4.3).

Comparisons of regions of high sequencing quality and > 10 X coverage (see
materials and methods) in both the Ohr MG and 2dpi MGPC, control MO libraries identified

2,560 C-to-T variants in one or both of the samples (indicative of SNPs relative to the
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reference genome or the deamination of C to U) (Figure 4.1A). Most of these variants were
localized to translated regions of the mRNA and were synonymous mutations (did not
change the resulting protein primary structure) (Figure 4.1A and B). Some of these variants
(8.5% of the total) were differentially regulated after injury, with 3.7% decreasing and 4.8%
increasing by more than 2 fold during the conversion of MG to MGPC (Figure 4.1C).
Importantly, these changes in variant abundance were not due to differences in sequencing
depth that could result from variation in library preparation or differences in transcription
level (Figure 4.2A). These results suggest that C-to-U mRNA editing is regulated during
MG activation.

Comparisons of the Ohr MG and 2dpi MGPC, apobec2a,2b MO libraries identified
2,374 C-to-T variants (Figure 4.1D). Like the previous analysis, most of these variants were
localized to translated regions of the mRNA and were synonymous mutations (Figure 4.1D
and E). Interestingly, 9.4% of these variants were differentially regulated between the
samples, with 3.5% decreasing and 5.9% increasing in abundance after injury, indicating that
the knockdown of Apobec2a,2b did not repress C-to-U mRNA editing (Figure 4.1F and
Figure 4.2B). Likewise, comparisons of the 2dpi MGPC, control MO and 2dpi MGPC,
apobec2a,2b MO libraries indicated that only 1.5% of the 3,286 variants were differentially
regulated between the samples, with roughly equal amounts increasing and decreasing after
Apobec2a,2b knockdown (Figure 4.1G-I and Figure 4.2C). Furthermore, the abundances of
the most highly regulated C-to-T variants following injury (= 3 fold induction) were largely
unperturbed following Apobec2a,2b knockdown (Table 4.4). These results demonstrate that
while C-to-U mRNA editing is regulated during MG activation, it occurs in an Apobec2-
independent fashion.  This, in combination with previous data that indicates that
Apobec2a,2b do not regulate DNA demethylation during MG activation (Powell et al., 2013),
suggests that Apobec2 proteins may not function as RNA or DNA mutators.

4.3.2 Overexpression of Apobec2a,2b does not increase survival in bacterial mutagenesis
assays

Previously studied Apobec2 proteins have failed to induce mutations in bacterial and
yeast based mutagenesis assays (Harris et al., 2002a; Mikl et al., 2005; Lada et al., 2011).
Here we tested if the same is true of zebrafish Apobec2a,2b. While induction of Apobecl
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and AID increased the number of rifampicin resistant bacteria colonies, APOBECEC2,
Apobec2a, and Apobec2b did not (Figure 4.3A and B). Because the physiological
temperature of zebrafish is lower than mammals, it was possible this lack of mutagenic
activity seen with Apobec2a,2b induction was due to temperature. Indeed, it has been
suggested that the activity of zebrafish AID is impacted by temperature (Dancyger et al.,
2011; Abdouni et al., 2013). In contrast to this report of zebrafish AID, performing the
mutagenesis assay at 25 °C instead of 37 °C did not increase the ability of Apobec2a,2b to
stimulate bacterial resistance (Figure 4.3C).

Comparisons of Apobec protein chemistries and primary structures revealed at least
three features unique to Apobec2 proteins: 1) they are the most acidic of all Apobec proteins;
2) they have very unique N-termini; and 3) while they contain an SSS motif within their
active sites, all Apobec proteins demonstrated to be catalytically active contain an SWS motif
(Figure 4.4A). The acidic nature of these proteins may negatively influence their ability to
bind polynucleotides. Indeed, biochemical studies of purified Apobec2 suggest that its
ability to bind polynucleotides is limited (Anant et al., 2001b; Sato et al., 2009). How their
unique N-termini or their SSS motifs could impact their function in the bacterial mutagenesis
assay is less clear, though mutation of the SWS motif to an SSS motif in Apobecl
completely abolishes its mutagenic activity (Figure 4.3B) (Harris et al., 2002a). The N-
termini of Apobec2 proteins may regulate their oligomerization, possibly impacting their
ability to bind large polynucleotides. The crystal structure of a truncated human APOBEC2
(amino acids 41-224) suggested that it can oligomerize, but the NMR structure of the full-
length protein suggested that it is monomeric (Prochnow et al., 2007; Krzysiak et al., 2012).

To test the possibility that these unique Apobec2 features mask or hinder their
mutagenic potential, Apobec2s were engineered that harbor N-terminal truncations,
Apobec2(T), or that contain mutations converting the SSS motif to an SWS motif. For the
truncations of Apobec2 proteins, the first 41, 73, or 93 amino acids was removed from
APOBEC2, Apobec2a, and Apobec2b, respectively (this is the case in all the truncations
described in this work). Induction of Apobec2s containing S to W mutations did not affect
their mutagenic activity at 25 °C or 37 °C (Figure 4.3B and C). Surprisingly, analyses of
Apobec2 proteins harboring N-terminal deletions revealed that the induction of Apobec2a(T)
at 37 °C and that of Apobec2b(T) at 25 °C slightly increased the number of rifampicin
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resistant bacterial colonies, while the induction of APOBEC2(T), Apobec2a(T) at 25 °C, and
Apobec2b(T) at 37 °C did not (Figure 4.3B and C). To determine if these increases in
rifampicin resistance were due to cytosine deaminase-dependent mutagenesis, we
characterized mutations of bacterial 7poB and quantified the percentage of dC/dG transitions
occurring after induction of Apobec2a(T) at 37 °C or Apobec2b(T) at 25 °C. In comparison
to reports of APOBECI1 (100% dC/dG transitions versus 27% dC/dG transitions in the
control) (Harris et al., 2002a) and AID (80% dC/dG transitions versus 31% dC/dG transitions
in the control) (Petersen-Mahrt et al., 2002), analysis of Apobec2a(T) and Apobec2b(T)
revealed dC/dG transitions of 20% and 40% respectively (Figure 4.4B and C), indicating that
the differences in rifampicin resistance resultant from their inductions were not due to a
preponderance of cytosine deamination. While we were unable to identify the exact
mechanism whereby these truncations increase the number of rifampicin resistant colonies,
we did note that bacteria expressing Apobec2a(T) and Apobec2b(T) at 37 °C and 25 °C,
respectively, grew to higher densities (Figure 4.4D). This may have contributed to the
increased number of rifampicin resistant colonies, as more cells would have been added to
the plates according to our methods, which were based on volume (see materials and
methods).

Thus, while Apobec2a(T) and Apobec2b(T) slightly increased the number of
rifampicin resistant colonies, they did so in a cytosine deaminase-independent fashion.
These results, in combination with those of full length Apobec2a,2b and APOBEC2 (Figure
4.3) and those reported by others (Anant et al., 2001a; Harris et al., 2002a; Mikl et al., 2005;
Sato et al., 2009; Lada et al., 2011; Powell et al., 2013), place doubt in the hypothesis that
Apobec? proteins catalytically function as cytosine deaminases. Indeed, they suggest that the

function of Apobec2 proteins may be independent of cytosine deamination.

4.3.3 The biochemical function of Apobec2a,2b required for retina regeneration is conserved

and requires the proper coordination of zinc

Apobec proteins are zinc-dependent deaminases. The zinc ion coordinated by
Apobecs is critical for their ability to biochemically function as cytosine deaminases. But, it
is likely that the importance of zinc binding by Apobec proteins is not limited solely to the

mechanism of deamination. Metalloprotein structure is dependent on the proper binding of
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the metal. Changes in structure resulting from improper metal binding, or the lack thereof,
can disrupt the protein’s interactions with other macromolecules and/or alter its stability
and/or solubility. While the catalytic activity of Apobec2 proteins has come into question,
their sequences contain the conserved residues needed for zinc binding and have been shown
to be bona fide zinc binding proteins (Prochnow et al., 2007; Krzysiak et al., 2012). This
conservation suggests that zinc binding is important for the function of Apobec?2 proteins.

To determine if the biochemical function that Apobec2a,2b perform during retina
regeneration is conserved and dependent on the proper binding of zinc, rescue experiments
were designed using exogenously introduced, tagged Apobec2 proteins. The ability of these
tagged Apobecs to escape morpholino-mediated gene knockdown and to function properly
was assessed. The additional 5> mRNA sequence encoding myc and flag tags allows the
induction of these exogenous transgenes to escape apobec2a/b MO mediated knockdown
(Figure 4.5A and B). Importantly, the N-terminal tags did not hinder their ability to rescue a
previously characterized Apobec2a/b knockdown phenotype during zebrafish development
(Figure 4.5B). The viral 2a peptide (V2a) allows for polycistronic expression (Provost et al.,
2007), and its functionality in zebrafish was demonstrated (Figure 4.5C).

We then created transgenic fish that allow the conditional expression, via heat shock,
of N-terminally tagged Apobec2a,2b (hsp70:zapobec2wt), mutant Apobec2a,2b (harboring
alanine substitutions of a cysteine involved in the coordination of zinc) (hsp70:zapobec2mut)
(Prochnow et al., 2007), or APOBEC2 (hsp70:APOBEC?2) (Figure 4.6A). This design allows
the induction of exogenous Apobec2 proteins in the adult retina with and without injury.
Also included in these transgenic constructs was a 1016 tubala:gfp expression cassette
which has been shown to label MGPCs after injury and facilitates transgenic screening
(Figure 4.6A) (Fausett and Goldman, 2006).

Analyses of uninjured adult transgenic fish (in the absence of heat shock) showed that
they all have basal GFP expression in a subgroup of cells in the inner nuclear layer (INL) and
the retinal ganglion cell layer (RGC) (Figure 4.6B-D). Similar to uninjured adult wild type
fish, they showed minimal cellular proliferation in the outer nuclear layer (ONL), presumably
rod progenitor cells, and extremely limited proliferation in the INL (Figure 4.6E). After
injury (in the absence of heat shock), these transgenic fish showed phenotypes highly similar
to previously characterized /016 tubala:gfp transgenic fish, with GFP expression induced at
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the site of injury (Figure 4.6B-D). Furthermore, all transgenic fish showed a normal
proliferative response following injury (Figure 4.6F). Thus, in the absence of heat shock,
these transgenic fish respond to injury normally.

The ability of these transgenic fish to induce the expression of their respective
transgenes following heat shock was demonstrated by measuring their basal and post heat
shock expression levels (Figure 4.7C-E) and by immunostaining (Figure 4.7B). Heat shock
of uninjured hsp70:zapobec2wt transgenic fish showed that the induction of Apobec2a,2b
was unable to induce a proliferative response (Figure 4.7A). Furthermore, asclla expression
analyses of injured, heat shocked hsp70:zapobec2wt and hsp70:hAPOBEC?2 transgenic fish
indicated that the exogenous induction of these genes did not impact the expression of asc/la
below or beyond its normal levels following injury, indicating that their presence does not
stimulate or hinder the normal regenerative response (Figure 4.7F). In contrast, asclla
expression analyses of injured, heat shocked /hsp70:zapobec2mut transgenic fish
demonstrated that exogenous induction of mutant Apobec2a,2b negatively impacted asc/la
expression levels slightly, indicating that their presence diminishes the normal regenerative
response (Figure 4.7F). This suggests that the proper coordination of zinc is important for
the biochemical function of Apobec2a,2b and is consistent with a dominant negative
phenotype, where the presence of exogenous mutant Apobec2a,2b precludes the ability of
endogenous Apobec2a,2b to perform their functions.

This is supported by experiments using apobec2a,2b MO to knockdown endogenous
Apobec2a,2b after injury. In preparation for these experiments, we identified the lowest
concentration of apobec2a,2b MO that consistently reduced the level of injury-dependent
asclla induction (Figure 4.7G), facilitating our ability to see potential rescue. In addition,
because it is unclear if Apobec2a,2b act redundantly, as both are required for retina
regeneration (Powell et al., 2012), we hoped that a minimal knockdown would allow
APOBEC2 to rescue even if it was only compensating for one of the two zebrafish Apobec2
proteins. Rescue experiments were then performed to determine if exogenously introduced
Apobec2a,2b, mutant Apobec2a,2b, or APOBEC2 could rescue the previously characterized
phenotype following knockdown of endogenous Apobec2a,2b (Powell et al., 2012), namely
the diminished transcriptional activation of asc//a and the impediment of MG activation and

MGPC proliferation. As expected, heat shock of hsp70:zapobec2wt transgenic fish rescued
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asclla expression and MGPC proliferation after knockdown of endogenous Apobec2a,2b
(Figure 4.8A-C). Experiments using hsp70:hAPOBEC?2 transgenic fish showed similar
results (Figure 4.8A-C), suggesting that the biochemical function that Apobec2a,2b perform
during MG activation and MGPC proliferation is conserved between fish and mammals. On
the other hand, hsp70:zapobec2mut transgenic fish were unable to rescue retina regeneration
following Apobec2a,2b knockdown, again suggesting that the proper coordination of zinc is

essential for their biochemical function (Figure 4.8A-C).

4.3 4 Yeast two-hybrid screens identify Apobec2 interacting proteins and suggest that

Apobec2a,2b do not oligomerize

With little evidence to support a role for Apobec2 proteins as cytosine deaminases,
we hypothesized that the hsp70:zapobec2mut transgenic fish failed to rescue regeneration
due to the disruption of a protein:protein interaction interface that is essential for proper
regeneration. To identify Apobec2 interacting proteins, specifically within the context of a
proliferating MGPC, a full-length normalized yeast two-hybrid library was generated using
RNA isolated from 4dpi MGPCs, FACS sorted from /016 tubala:gfp transgenic fish (Powell
et al., 2013). Using this library (pVP16 4dpi 1016 tubala:gfp) yeast two-hybrid screens
were carried out for Apobec2a and Apobec2b. These screens identified Ubc9, Toporsa, and
Pou6F2 as Apobec2a,2b interacting partners as indicated by yeast growth (white cells) on
YC-WHULK plates and their staining (blue) in pB-Galactosidase filter assays (Figure 4.9A
and B). In support of our results that indicate that Apobec2a,2b do not regulate DNA
demethylation or RNA editing, none of these proteins have been shown to directly impact
RNA editing or DNA demethylation, suggesting an alternate purpose for these interactions.
Interestingly, these screens did not identify Apobec2a,2b as interacting partners of
Apobec2a,2b, which would be expected if they oligomerize. This result was confirmed
through yeast two-hybrid assays (Figure 4.9D), putting into question models proposing a role
for Apobec2 dimerization and tetramerization (Prochnow et al., 2007).

Yeast two-hybrid analyses using APOBEC2 indicated that the interaction interfaces
with Ubc9, Toporsa, and Pou6F2 are conserved between fish and mammals (Figure 4.9C).
Interestingly, each of these interacting proteins plays a role in retinal development or

physiology: 1) Ubc9, the only known E2 SUMO ligase, has been shown to control the cell
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cycle exit of retinal progenitors during Xenopus development (Terada and Furukawa, 2010);
2) mutations in TOPORS, a multidomain protein and known E3 SUMO ligase, cause retinitis
pigmentosa (Chakarova et al., 2007); and 3) the expression of POU6F2, a homeodomain
transcription factor, is associated with retinal differentiation (Zhou et al., 1996). These
reports support the hypothesis that the interaction between Apobec2a,2b and these proteins

plays an important role during retina regeneration.

4.3.5 N-terminal sumoylation of Apobec2 proteins can control their subcellular localization

Because two of the proteins identified as Apobec?2 interacting proteins are involved in
the regulation of protein sumoylation, predictive analyses were performed, which identified
putative sumoylation sites localized to the N-termini of Apobec2a,2b and APOBEC2.
Interestingly, although sumoylation was predicted to occur at the N-termini of each of these
proteins, the lysines thought to be sumoylated are not conserved (Figure 4.10A). Consistent
with the possibility that Ubc9 and Toporsa regulate Apobec2 sumoylation at these sites, N-
terminal truncations of Apobec2a,2b and APOBEC2 (T) showed diminished binding to
Ubc9 and Toporsa relative to their full-length (FL) protein forms (Figure 4.10B and C).
Expression analyses of ube2i (the gene which encodes for Ubc9) and foporsa during retina
regeneration indicated that the expression of foporsa was not differentially regulated after
injury, while that of ube2i was slightly increased (Figure 4.11A-D).

To determine if these Apobec proteins are modified by N-terminal sumoylation,
bacterial sumoylation assays were performed in which Apobec proteins were expressed alone
or in combination with components of the sumoylation machinery: an E1 SUMO ligase (a
fusion of mouse Aosl and Uba2) (Uchimura et al., 2004a), an E2 SUMO ligase (Xenopus
Ubc9), an E3 ligase (zebrafish Toporsa) and hSUMOI1 (Uchimura et al., 2004b) (Figure
4.10D). Interestingly, expression of Apobec2a,2b or APOBEC2 in conjunction with
components of the sumoylation machinery increased their molecular weights as assayed by
denaturing SDS-PAGE and Western blotting (Figure 4.10E-G). This pattern, indicative of
protein sumoylation, was more pronounced with inclusion of Toporsa (Figure 4.10E-G).
Each Apobec2 protein showed multiple shifts of size, indicating the presence of more than
one sumoylation site in each protein. Importantly, these bands had corresponded bands that

were positive for SUMOI1 staining (Figure 4.11H). Furthermore, sumoylation assays

115



performed using a catalytic mutant of Ubc9 (preventing sumoylation) completely abolished
these banding patterns (Figure 4.11E-G). These results show that Apobec2a,2b and
APOBEC2 can be sumoylated by Ubc9 and that Toporsa stimulates this sumoylation. As
expected, N-terminal truncations of Apobec2a,2b and APOBEC2 diminished their
sumoylation, further confirming that these sumoylation events occur predominantly at the N-
termini of these proteins (Figure 4.10H-J).

Protein sumoylation has been shown to regulate a number of processes including
protein subcellular localization, protein function, and protein stability (Flotho and Melchior,
2013). To determine if the N-terminal sumoylation of Apobec2 proteins regulates their
subcellular localization, tissue culture experiments were performed to monitor the subcellular
localization of non-sumoylated and sumoylated GFP-tagged (C-terminal) Apobec2 proteins.
While GFP alone was equally abundant in the nucleus and cytoplasm (Figure 4.12A, E, and
F), GFP fusions of Apobec2a,2b and APOBEC2, though present in the nucleus, were
enriched in the cytoplasm (Figure 4.12B-D). Fusion of an N-terminal SUMOI1 to these
Apobecs greatly stimulated this nuclear exclusion (Figure 4.12). We hypothesized that the
cytoplasmic enrichment of GFP-tagged Apobec2a,2b and APOBEC?2 (in the absence of the
N-terminal SUMOI fusion), was partially due to N-terminal sumoylation of these proteins
within the cell. Consistent with this hypothesis, N-terminally truncated Apobec2 proteins
fused C-terminally with GFP showed less nuclear exclusion than their full-length forms
(Figure 4.12E and F). Importantly, the N-terminal regions removed from each of these
proteins did not contain any evident nuclear export signal. Furthermore, a single mutation to
a putative sumoylation site within the N-terminus of APOBEC2 (K4R), preventing
sumoylation at this site, showed a similar effect (Figure 4.12B and E). These results strongly
suggest that N-terminal sumoylation of Apobec2 proteins can regulate their presence within

the nucleus.

4.3.6 Apobec?2 proteins interact with the DNA binding domain of Pou6F2

POU proteins are transcription factors with positive and negative regulatory roles and
are characterized by their bipartite DNA binding domain (DBD) consisting of a POU domain
and a homeodomain. To begin to characterize the interaction between Apobec2s and

Pou6F2, we cloned pou6f2. Interestingly, we found three independent transcripts, one of
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which includes an alternative exon (Ex) introduced between Ex6 and Ex7 (Figure 4.13A).
This exon introduces a premature stop codon, preventing the translation of the DBD located
in Ex8 and Ex9. The other two transcripts, characterized previously (Zhou et al., 1996),
produce proteins with differing DBDs, specifically differing in their POU domains (Figure
4.13A and B). These differences have been shown to alter POU6F2’s preferred DNA
binding sequence (Zhou et al., 1996).

Interestingly, yeast two-hybrid analyses indicated that Apobec2a,2b and APOBEC2
specifically interact with the region of Pou6F2 DBD encoded in Ex9 (Figure 4.13C).
Because of Apobec2’s interaction with the sumoylation machinery, we wondered if Apobec2
binding to Pou6F2 could regulate its sumoylation. Indeed, sumoylation of other POU
proteins has been reported (Wei et al., 2007). Truncation of Apobe2a,2b and APOBEC2 did
not perturb their binding to Pou6F2, suggesting that Apobec2s could simultaneously interact
with Ubc9 and Pou6F2 (Figure 4.13D). Predictive analyses of the Pou6F2 DBD revealed
multiple putative sites of sumoylation (Figure 4.13A). To test whether Apobec2a,2b and
APOBEC2 could serve as E3 ligases in the potential sumoylation of Pou6F2, bacterial
sumoylation assays were performed (Figure 4.13E). While these results indicated that the
DBD of Pou6F2 can be sumoylated, the presence of Apobec2a,2b and APOBEC2 did not
stimulate or hinder Pou6F2 sumoylation (Figure 4.13F). These results suggest that the
interaction of Apobec2s with the DBD of Pou6F2 performs an alternate function, possibly
introducing a preference to bind alternative DNA sequences, precluding its ability to bind

DNA, or controlling its subcellular localization.

4.4 Discussion

Apobec proteins are a family of cytosine deaminases capable of introducing
mutations into DNA or RNA (Conticello et al., 2005; Conticello et al., 2007; Conticello,
2008). While phenotypes have been described following manipulations of their expression,
the biochemical function of Apobec2 proteins has remained unresolved. Prominent models
of Apobec2 function include cytosine deaminase-dependent DNA demethylation (Rai et al.,
2008; Guo et al., 2011) and C-to-U mRNA editing (Etard et al., 2010; Okuyama et al., 2011;
Vonica et al., 2011). Previously, we demonstrated that zebrafish Apobec2a,2b are required

for MG activation and MGPC proliferation during zebrafish retina regeneration (Powell et
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al., 2012). Furthermore, we showed that their function during regeneration is independent of
site-specific DNA demethylation (Powell et al., 2013).

Here we address the possibility that Apobec2a,2b regulate C-to-U mRNA editing
during MG activation and the generation of MGPCs. While we find evidence of editing, it
occurs in an Apobec2a,2b-independent manner (Figure 4.1). How this editing occurs
remains unclear, but is unlikely to be a random event as our data suggests that the editing is
targeted toward certain cytosines, not a global, random event. It is also unclear what role
these editing events play (particularly for synonymous variants), but possible functions may
include the editing of potential miRNA binding sites, changes in codon sequences that aid or
hinder protein production, or changes in the mRNA stability. While more research is needed
to understand how and why these editing events are regulated during MG activation, it is
evident from our results that Apobec2a,2b do not regulate C-to-U mRNA editing.

Previous biochemical studies of Apobec2 proteins have questioned their catalytic
activity (Harris et al., 2002a; Mikl et al., 2005; Lada et al., 2011) and their ability to bind
large polynucleotides (Anant et al., 2001a; Sato et al, 2009). Here we show that
Apobec2a,2b, like other previously studied Apobec2 proteins, do not increase survival in
bacterial mutagenesis assays (Figure 4.3 and 4.4). Comparisons between the primary protein
structures of Apobec2 proteins and other Apobecs suggest that differences in charge, N-
termini, and catalytic domains may preclude their ability to act as cytosine deaminases
(Figure 4.4A). Cumulatively, data collected through studies of Apobec2 proteins provides
compelling evidence that their main function is independent of cytosine deamination.

To gain further insights into what this function may be, we created transgenic fish
that allow the conditional expression of Apobec2a,2b, Apobec2a,2b mutants that perturb
their binding to zinc, or human APOBEC2. In Apobec2a,2b knockdown rescue experiments
using these transgenic fish, we demonstrate that the essential function of Apobec2a,2b during
regeneration is conserved with human APOBEC2 and requires the proper binding of zinc
(Figure 4.5-4.8). Although the exact reason why the mutants did not rescue regeneration
following knockdown of endogenous Abobec2a,2b remains unclear, we hypothesize that it is
due to changes in their protein structure that preclude their ability to bind interacting proteins

that are essential for their function.

118



Using a yeast two-hybrid screen, we report that Ubc9, Toporsa, and Pou6F2 are
conserved Apobec?2 interacting proteins (Figure 4.9). Each of these interacting proteins plays
a role in retinal development or physiology (Zhou et al., 1996; Chakarova et al., 2007;
Terada and Furukawa, 2010). Surprisingly, our yeast two-hybrid analyses demonstrate that
Apobec2a,2b do not oligomerize in yeast (Figure 4.9D). The possibility that Apobec2
proteins oligomerize was first reported by analysis of the crystal structure of N-terminally
truncated APOBEC2, and this oligomerization was predicted to augment its ability to bind
large polynucleotides (Prochnow et al., 2007). Other studies using purified Apobec2 seem to
support a model of oligomerization (Sato et al., 2009; Etard et al., 2010). In contrast to these
reports, an NMR structure of full length APOBEC2 indicated that it is a monomer in
solution, and that the N-terminal region removed in the crystal structure occupies the region
predicted to be the oligomerization surface (Krzysiak et al., 2012). While Apobec2 proteins
may have the ability to oligomerize under certain in vitro conditions, our data suggests that
Apobec2a and Apobec2b do not in vivo, at least in yeast. Further work will be needed to
clarify these contradictions.

We demonstrate that Ubc9 and Toporsa interact with the N-termini of Apobec2
proteins and facilitate their sumoylation (Figure 4.10 and 4.11). In addition, we show clear
evidence that the N-terminal sumoylation of Apobec2 proteins can stimulate their nuclear
exclusion, providing context for at least one purpose of this sumoylation (Figure 4.12);
although, other functions are possible and may include changing the stability of Apobec2 or
enhancing/diminishing its ability to interact with other macromolecules. Furthermore the
possible sumoylation of Apobec2 proteins by SUMO2 and SUMO3 remains to be analyzed,
and these modifications may perform additional roles. Moreover, the interaction between
Apobec2 proteins and Ubc9 or Toporsa may not be limited to sumoylation. Indeed, Ubc9
has been shown to perform sumoylation-independent functions such as a role in
transcriptional regulation (Ihara et al., 2008). In addition to its role as an E3 SUMO ligase,
Toporsa, a multidomain protein, has been shown to function as an E3 ubiquitin ligase (Seong
et al., 2012), and may have other uncharacterized functions.

Studies of the interaction between Apobec2 proteins and Pou6F2 indicate that this
interaction is occurring between a non-N-terminal region of Apobec2s and the DNA binding

domain of Pou6F2, specifically the sequence encoded by exon 9 (Figure 4.13). The nature of
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this interaction remains undefined, but we show that it does not serve to facilitate Pou6F2
sumoylation (Figure 4.13). Interestingly, the expression of Pou6F2 during development is
associated with the differentiation of retinal cells (Zhou et al., 1996). Analyses of its binding
have also been performed and identified a preference for sequences containing (A/T)AAT.
Pou6F2 was also shown to bind the Oct-1 consensus sequence ATGC(A/T)AAT (Zhou et al.,
1996). Although searching promoters for regions containing (A/T)AAT likely is not
sufficiently stringent, a superficial analysis of genes recently shown to be necessary for MG
activation and the proliferation of MGPCs, identified the Oct-1 consensus sequence in the
promoters of lin28, insmla, and apobec2a (Ramachandran et al., 2010a; Powell et al., 2012;
Ramachandran et al., 2012). POU proteins have been shown to be both positive and negative
regulators of gene expression (Cook and Sturm, 2008). While the transcriptional programs
controlled by Pou6F2 are unknown, we speculate that a major function of Pou6F2 is to
suppress the stem cell-like nature of MG and to maintain MG in a differentiated state, and as
such inhibit regeneration.

Finally, we provide a working model of the cytosine deaminase-independent function
of Apobec2a,2b proteins during MG activation and the generation of MGPCs (Figure 4.14).
In this model, non-stimulated (no injury) MG are maintained in a differentiated state aided by
the binding of Pou6F2 to the promoters of genes required for MG activation and the
proliferation of MGPCs, repressing their expression. Differentiated MG have low basal
levels of Apobec2a,2b, which are excluded from the nucleus via N-terminal sumoylation
facilitated by Ubc9 and Toporsa. After injury, the expression of apobec2a,2b is induced,
resulting in high levels of Apobec2a,2b some of which are able to enter the nucleus, escaping
sumoylation, and interact with the DNA binding domain of Pou6F2, precluding its ability to
bind DNA and relieving its inhibitory role. This allows the full activation of genes required
for MG activation and the proliferation of MGPCs. Moreover, we hypothesize that a similar
model functions during optic nerve regeneration, as we have previously demonstrated that
Apobec2a,2b are required for zebrafish axonal regeneration (Powell et al., 2012). In all, this
work adds greatly to the understanding of Apobec2 proteins and their conserved function and

opens avenues for possibilities of future research.
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4.5 Materials and Methods

4.5.1 Animals

Zebrafish were kept at 26-28 °C on a 14/10 hr light/dark cycle. Transgenic gfap:gfp
(Kassen et al., 2007) and 1016 tubala:gfp (Fausett and Goldman, 2006; Powell et al., 2012)
fish have been described previously. Fish were harvested by treatment with a lethal dose of
tricaine methane sulfonate (Sigma). Fish were handled in accordance with the University of
Michigan Committee on Use and Care of Animals.

In preparation for the construction of Asp70 transgenic fish, the /016 tubala:gfp
SV40 cassette (Fausett and Goldman, 2006) was cloned followed by a second expression
cassette encoding 1523 bp of the Asp70 promoter (Halloran et al., 2000) driving the
expression of: 1) myc-zapobec2b-Viral2apeptide(V2a)-flag-zapobec2a (hsp70.:zapobec2wt),
2) myc-zapobec2b(C180A)-V2a-flag-zapobec2a(C156A) (hsp70:zapobec2mut), or 3) myc-
hAPOBEC2 (hsp70:hAPOBEC?2) followed by an SV40 sequence into the pT2AL200R150G
Tol2 vector (Urasaki et al., 2006). The primers and intermediate clones used in the
preparation of these constructs are listed in Table 4.1. Overlap extension PCR was used for
the preparation of constructs including V2a peptide sequences (optimized for zebrafish
translation) and constructs including mutations. The V2a peptide allows for polycistronic
expression (Figure 4.5) (Provost et al., 2007). Tol2 transposase-mediated integration of the
transgene was performed by injection into single-cell zebrafish embryos, which were raised
to adulthood and screened for transgenic progeny (Powell et al., 2012). Multiple independent
lines were selected and grown to adulthood, each exhibiting a similar phenotype (Figure 4.6-

4.8).

4.5.2 Site Directed Mutagenesis and Cloning

Site directed mutagenesis was carried out using overlap extension PCR as outlined
previously (Ramachandran et al., 2011) and the primers listed in Table 4.1. Cloning was
carried out using Phusion DNA Polymerase (NEB) and the primers listed in Table 4.1. Each
clone was sequenced by the University of Michigan DNA Sequencing Core (UMDSC). For
this study, clones were used in the following applications: mRNA preparation (pCS2 flag-
zapobec2a-V2a-GFP and pCS3+MT myc-zapobec2b-V2a-GFP), creation of transgenic fish
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(pTal hsp70:zapobec2wt, pTal hsp70:zapobec2mut, and pTal hsp70:hAPOBEC?2),
mutagenesis assays (pHis, pHis- (pHis with the His tag removed) rdpobecl, pHis-
rdpobecl(W90S), pHis- hAID, pHis- hAPOBEC2, pHis- hAPOBEC2(T), pHis-
hAPOBEC2(S125W), pHis- zApobec2a, pHis- zApobec2a(T), pHis- zApobec2a(S153W),
pHis- zApobec2b, pHis- zApobec2b(T), and pHis- zApobec2b(S177W), yeast two-hybrid
assays (pLexAADE2Noti(pLexA) hAPOBEC2, pLexA hAPOBEC2(T), pLexA zApobec2a,
pLexA zApobec2a(T), pLexA zApobec2b, pLexA zApobec2b(T), pVP16 zApobec2a, and
pVP16 Pou6F2DNABindingDomain(dbd) ), bacterial sumoylation assays (pT EI/E2SI
(Uchimura et al., 2004b), pT EI1E2(C934)S1, pETDuet flag-Toporsa, pGST hAPOBEC2,
pGST hAPOBEC2(T), pGST zApobec2a, pGST zApobec2a(T), pGST zApobec2b, pGST
zApobec2b(T), pETDuet GST-Pou6f2dbd, pHis- hAPOBEC?2, pHis- zApobec2a, and pHis-
zApobec2b), and tissue culture analyses (pEGFP, pCS2 hSUMO1-gfp, pCS2 hAPOBEC2-gfp,
pCS2 hSUMOI1-hAPOBEC2-gfp, pCS2 hAPOBEC2(T)-gfp, pCS2 hAPOBEC2(K4R)-gfp,
pCS2 zApobec2a-gfp, pCS2 hSUMOI-zApobec2a-gfp, pCS2 zApobec2a(T)-gfp, pCS2
zApobec2b-gfp, pCS2 hSUMO1-zApobec2b-gfp, and pCS2 zApobec2b(T)-gfp). pCDNA V5
hAPOBEC2 (provided by Dr. Hongjun Song, Johns Hopkins University), pTrc99a hAID
(provided by Dr. Michael Neuberger, Medical Research Council Laboratory of Molecular
Biology), pTrc99a rApobecl (provided by Dr. Michael Neuberger, Medical Research
Council Laboratory of Molecular Biology), pCRIITopo zApobec2a (provided by Dr. David
Jones, University of Utah), and pCRIITopo zApobec2b (provided by Dr. David Jones,
University of Utah) served as templates for cloning. ASUMOI was cloned using cDNA
prepared from HEK293 cells. The pLexA and pVP16 plasmids were provided by Dr. Anne
Vojtek (University of Michigan) and pT-E1E2S1 was provided by Dr. Jeremy Henley
(University of Bristol).

4.5.3 Retina Injury, BrdU Injections, Morpholino-Mediated Gene Knockdown, and Heat
Shock

Retina lesions and BrdU injections have been described previously (Fausett and
Goldman, 2006; Veldman et al., 2010; Powell et al., 2012). Lissamine-tagged morpholino
antisense oligonucleotides (MOs) (Gene Tools) were delivered at the time of injury by using

a Hamilton syringe. MO delivery to cells was facilitated by electroporation as described
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(Powell et al., 2012). The control, apobec2a, and apobec2b targeting MOs have been
described previously (Rai et al., 2008; Powell et al., 2012; Powell et al., 2013). Heat shock
was carried out carried out at 36.5 °C as has been described (Ramachandran et al., 2012).
Unless indicated otherwise, in the analyses of uninjured fish, heat shock was carried out
every 12 hours for 1 hour each over a four-day period (Figure 4.8A and B). For analyses of
injured fish, heat shock was carried out at 9 hours post injury (hpi, 1 hour heat shock), 24hpi
(1 hour heat shock), 28hpi (30 min heat shock), and 33hpi (1 hour heat shock) to mimic the
induction of endogenous apobec2a,2b, and fish were harvested 48hpi. Analyses were
performed using size and age matched fish. Transgenic fish analyzed in this study were

heterozygous.

4.5 4 Fluorescence Activated Cell Sorting

FACS sorting of GFP+ cells from uninjured (0 hours, Ohrs) gfap:gfp and 4 days post
injury (dpi) 1016 tubala:gfp transgenic fish and FACS sorting of GFP+, lissamine+ cells
from 2dpi gfap:gfp transgenic fish injected/electroporated with lissamine-tagged morpholino
was carried out as previously described (Powell et al., 2013). Briefly, zebrafish retinas were
collected in 0.8 mL Leibovitz’s L15 medium, treated for 15 min with 1 mg/mL hyaluronidase
(Sigma) at room temperature, and then dissociated in 0.01% (vol/vol) trypsin with frequent
trituration. A single-cell suspension was confirmed by microscopy and cells were washed in
Leibovitz’s L15 medium before sorting. Cell sorting was performed by the University of
Michigan Flow Cytometry Core on a BC Biosciences FACSAria 3 laser high-speed cell

sorter.

4.5.5 RNA-seq Library Preparation and mRNA Variant Analyses

RNA was isolated from GFP+ MG or from GFP+, lissamine+ 2dpi MGPCs using the
Direct-zol RNA MiniPrep Kit (Zymo Research) and was treated with DNase (Invitrogen).
RNA for each sample was submitted to the UMDSC for the generation of RNA-seq libraries
according to the Illumina TruSeq protocol. Two independent libraries were prepared for each
sample, and all libraries were multiplexed in one lane for sequencing. Sequencing was
performed on an Illumina HiSeq 2000 sequencer at the UMDSC. The starting template

amount, sequencing method, and the number of sequence reads for each library are listed in
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Table 4.2.

In preparation for sequence alignment, BOWTIE indexes were created of the
zebrafish genome assembly Zv9 using BOWTIE-BUILD (Langmead et al.,, 2009).
CUFFDIFF indexes were created of the zebrafish transcript annotations Zv9.69 using
CUFFCOMPARE (Trapnell et al., 2010). Initial library quality control metrics were

performed using FASTQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/), which

indicated the presence of some adapter and primer contamination. Sequences were aligned to
the genome using TOPHAT?2 (Kim et al., 2013). Alignment statistics are listed in Table 4.2.
FASTQC quality metrics after alignment indicated that the adapter/primer contamination was
no longer problematic.

For variant analyses, variants were called from aligned reads compared to the
zebrafish genome (Zv9) using SAMTOOLS/MPILEUP (Li et al., 2009). Variants were filter
based on their presence in both replicas. Non-genic variants and variants that fell Sbp from
possible splice junctions were filtered employing SNPEFF and SNPSIFT, respectively
(http://snpeff.sourceforge.net/). Previous work has reported a propensity for artifactual
variant calls near splice junctions (Park et al., 2012). Finally, the variant positions were
filtered with the following quality metrics: minimum QUAL (ovariant likelihood, Phred-
scaled) of 20, minimum MQ (mapping quality) of 50, and minimum DEPTH (depth of
coverage at variant position) of 10. The correct strand for the mRNA was identified to
determine what mutation was being called. Table 4.3 lists the total called variants by type for
each sample. For analyses of cytosine deamination, the relative abundance of each C-to-T
variant for each library was calculated by dividing the number of variant calls by the total
sequence calls for that position. The variant abundance of the Ohrs, 2dpi control MO, and
2dpi apobec2a,2b MO samples was determined by taking the average variant abundance of
their respective replicas. Comparisons between Ohrs and 2dpi control MO, Ohrs and 2dpi
apobec2a,2b MO, and 2dpi control MO and 2dpi apobec2a,2b MO samples were carried out
at every C-to-T variant position that met the quality metrics listed above in both sample sets

(Figure 4.1 and 4.2).

4.5.6 RNA Isolation, RT-PCR, and Real-Time PCR

Total RNA was isolated using TRIzol (Invitrogen) and was DNase treated
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(Invitrogen). cDNA synthesis was performed using random hexamers and either SuperScript-
I (Invitrogen) or M-mulv (NEB) reverse transcriptase. PCR reactions used Taq and gene-
specific primers (Table 4.1). Real-time PCR reactions were carried out with ABsolute SYBR
Green Fluorescein Master Mix (Thermo Scientific) on an iCycler real-time PCR detection
system (Bio-Rad). The AACt method was used to determine relative expression of mRNAs.

Student T tests were performed to determine statistical differences between samples.

4.5.7 mRNA Synthesis and Embryo Microinjections

pCS2 flag-zapobec2a-V2a-GFP and pCS3+MT myc-zapobec2b-V2a-GFP plasmids
were linearized with Notl (NEB) and capped mRNAs were synthesized using the
MMESSAGE mMACHINE (Ambion). Single cell zebrafish embryos were injected with
~200 pL of solution containing 0.125 mM MO or 0.125 mM MO with 2 ng/ulL of mRNA.

4.5.8 Bacterial Mutagenesis and Growth Assays

Bacterial mutagenesis assays were carried out as described (Harris et al., 2002a;
Petersen-Mahrt et al., 2002). Briefly, BL21(DE3) cultures harboring the indicated plasmid
were grown at 37 °C in 2 mL of LB containing 100 ug/mL ampicillin to an OD 600. 1 ml of
LB containing 100 ug/mL ampicillin, 3 mM isopropyl-f-D-thiogalactopyranoside (IPTG)
was then added and the culture was grown over night with shaking at either 37 °C or 25 °C
(Barreto et al., 2005; Dancyger et al., 2011). The next day, 1 mL of the culture was
harvested, spun down, and spread onto a plate containing LB and 100 ug/mL rifampicin.
Samples were allowed to grow over night at 37 °C, and the next day the number of growing
colonies was quantified. To identify mutations that were occurring in the rpoB gene, colony
PCR was carried out on rifampicint+ colonies using the rpoB primers (Table 4.1). PCR
products were sequenced by the UMDSC. Variants were identified by comparison with the
wild type rpoB sequence as has been done by others (Harris et al., 2002a; Petersen-Mahrt and
Neuberger, 2003). For bacterial growth assays, protein expression was induced overnight as
outlined above for the bacterial mutagenesis assay. The following day, the OD 600 for each
sample was determined. Student T tests were performed to determine statistical differences

between the control and experimental samples.

4.5.9 Tissue Preparation and Immunofluorescence
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Zebrafish eyes were prepared, sectioned at 12 micron, and stained as has been done
previously (Powell et al., 2012; Powell et al., 2013). The following primary antibodies were
used for immunofluorescence: rat anti-BrdU (dividing cell marker, 1:1000, Abcam), mouse
anti-PCNA (dividing cell marker, 1:500, Sigma), rabbit anti-GFP (1:1000, Invitrogen),
mouse anti-Flag (1:1000, Rockland), and rabbit anti-Myc (1:1000, Sigma). The following
secondary antibodies were used: Alexa Flour 555 donkey anti-mouse IgG (1:1000,
Invitrogen), Alexa Flour 488 donkey anti-mouse IgG (1:1000, Invitrogen), Alexa Four 488
goat anti-rabbit IgG (1:1000, Invitrogen), and Cy3 donkey anti-rat (1:1000, Jackson
Immunoresearch). Antigen retrieval for BrdU and PCNA staining was performed by boiling
the sections in 10 mM sodium citrate for 20 min followed by cooling them for another 20

min in solution.

4.5.10 Preparation of Full-Length Normalized Yeast two-hybrid Library

RNA was purified from FACS sorted GFP+ cells isolated from 4dpi 1016 tubala:gfp
transgenic fish and treated with DNase (Invitrogen). Library preparation was performed
using the EasyClone normalized ¢cDNA library construction package (Dualsystems Biotech)
as outlined by the manufacturer. Briefly, 500 ng of RNA was used for the production of
cDNA, ds cDNA synthesis was carried out for 21 cycles, and 1200 ng of ds cDNA was used
for library normalization. Normalized library amplification was then carried out using
Phusion DNA Polymerase (NEB) and the Y2Hlibraryascl-F and Y2HlibrarynotI-R primers
(Table 4.1). These were cloned into a modified pVP16ascl construct into the Ascl (NEB)
and Notl (NEB) sites. Library ligation was carried out with 250 ng of template and 250 ng of
backbone. To assay the quality of the library, a small aliquot of this ligation was
transformed, and the inserts size of 20 independent colonies was measured. Average insert
size was ~1330 bp. A large-scale transformation was then performed using DH10B
Electromax Ultracompetent Cells (Invitrogen) resulting in  ~2 million independent
transformants. Transformants were scrapped from their plates, and plasmid and bacterial
stocks were prepared of the pVP16 4dpi 1016 tubala:gfp yeast two-hybrid library as outlined
by the EasyClone normalized cDNA library construction package.

4.5.11 Yeast Transformations and Yeast two-hybrid Screens
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Yeast transformation and large scale yeast two-hybrid screens for Apobec2a (pLexA
zApobec2a) and Apobec2b (pLexA zApobec2b) using the pVP16 4dpi 1016 tubala:gfp yeast
two-hybrid library were performed using standard protocols described by others (Bartel and
Fields, 1997). The library was screened to 3X coverage. Protein interactions were assessed
by two independent assays: growth assays on YC-WHULK plates and -Galactosidase filter
assays. To identify interacting VP16 protein fusions, colony PCR was performed using YC-
WHULK+ L40 colonies (transferred and grown on > 4 independent plates for correct
plasmid selection in case multiple VP16 clones were transformed in the original screen)
using the Y2HVP16CPCR primers listed in Table 4.1 and Phusion DNA Polymerase (NEB).
PCR products were then sequenced using the Y2HVP16seqp primer (Table 4.1) by the
UMDSC.

4.5.12 Bacterial Sumoylation Assays and Western Blotting

Bacterial sumoylation assays were carried out as described (Uchimura et al., 2004b).
Briefly, BL21(DE3) cultures harboring the indicated plasmids were grown at 37 °C in 2 mL
of LB containing appropriate antibiotics (100 ug/mL ampicillin, 50 ug/mL kanamycin,
and/or 50 ug/mL chloramphenicol) to an OD 600. 1 ml of LB containing appropriate
antibiotics and 3 mM IPTG was then added and the culture was grown over night with
shaking at 25 °C. Bacteria were then pelleted and stored at -80 °C until use. Predictions of
sumoylation sites were performed using SUMOsp 2.0 (Xue et al., 2006) and the
SUMOplotTM Analysis Program (www.abgent.com/sumoplot).

In preparation for Western blotting, bacteria were lysed with boiling in 1X denaturing
SDS-PAGE loading buffer and spun down to pellet particulate matter. Microinjected
zebrafish embryos were lysed by sonication on ice in nuclei lysis buffer (50 mM Tris-HCI
pH 7.5, 10 mM EDTA, 1% SDS) including a protease inhibitor cocktail (Thermo). Extract
from lysed embryos was then boiled in 1X denaturing SDS-PAGE loading buffer. Proteins
were resolved on 8% or 10% SDS-PAGE gels and transferred to nitrocellulose membranes.
Blots were blocked for 1 hour in 1X PBS, 0.1% Tween containing 3% donkey serum (Sigma)
before probing with antibodies. For the detection of GST-tagged proteins, blots were
incubated with primary antibody diluted in blocking solution for 1 hour at room temperature,

followed by washing and protein detection. The probing of all other blots was performed as
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outlined previously (Powell et al., 2012). The following primary antibodies were used:
mouse anti-Flag (1:12.000, Rockland), rabbit anti-Myc (1:12,000, Sigma), rabbit anti-GFP
(1:12,000, Invitrogen), mouse anti-SUMOI1 (1:10,000, Santa Cruz) and mouse anti-GST
conjugated with HRP (1:5,000, Santa Cruz). The following secondary antibodies were used:
goat anti-rabbit IgG conjugated to HRP (1:15,000, Rockland) and goat anti-mouse IgG
conjugated to HRP (1:15,000). Proteins were detected using Lumi Lights Western Blotting
Substrate (Roche) and exposed using X-ray film or a FlourChem M Digital Darkroom.

4.5.13 Tissue Culture

Human embryonic kidney cells (HEK293T) cells were maintained on 100mM dishes
in Dulbecco’s Modified Eagle’s Medium (Life Technologies, USA) supplemented with 4.5
g/L D-glucose, 2mM glutamine, 10% fetal bovine serum (FBS), and penicillin/streptomycin
(Life Technologies, USA) at 37° C with 5% CO,. Cells were seeded on 12 mM cover slip
glass in 24-well plates and allowed to grow to 50-70% confluency before transfection with
200 ng of plasmid DNA using Lipofectamine 2000 (Invitrogen). After transfection, cells
were either placed at 37 °C for 24 hours or at 37 °C for 4 hours and then 28 °C for 20 hours
before fixation with 4% PFA/PBS (w/v) and DAPI staining.

4.5.14 Imaging and Image Analysis

Retinal sections were examined using a Zeiss Axiophot, Axio Observer Z.1
microscope. Images were captured using a digital camera adapted onto the microscope and
were processed/annotated with Adobe Photoshop CS4. For the quantification of PCNA+
cells, eyes injured 4X (once in each quadrant) were sectioned across four slides. The total
number of PCNA+ cells per slide was quantified for three individual eyes per condition.
Student T tests were performed to determine statistical differences between the control and
experimental samples.

Cover slips with transfected HEK293T cells were mounted onto glass slides in
DABCO and imaged using an Olympus BX62 laser-scanning confocal microscope equipped
with 405, 488, and 543 nm lasers and a 60x PlanApo N 1.42 NA oil immersion objective.

Densitometric means of cytoplasmic and nuclear GFP signal were calculated in ImagelJ. The
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ratio of nuclear to cytoplasmic signal was calculated for at least n > 25 cells per condition.

Student T tests were performed to determine statistical differences between samples.
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Figure 4.1 mRNA analyses reveal injury-dependent C-to-U editing during MG
activation to a MGPC, which occurs independent of Apobec2a,2b

(A, B, C) Comparisons of the Ohr MG and the 2dpi MGPC, control MO libraries.
Graph depicting (A) the localization of C-to-T variants within the transcript and (B) the
classification of C-to-T variants localized to translated regions of their respective transcript
as either synonymous (no change in protein coding) or non-synonymous (changes amino acid
codon). (C) Comparison of the abundances of each C-to-T variant suggests that some are
differentially abundant, increasing or decreasing > 2 fold as a MG transitions to a MGPC,
indicative of changes in C-to-U editing. (D, E, F) Comparisons of the Ohr MG and the 2dpi
MGPC, apobec2a,2b MO libraries and (G, H, I) comparisons of the 2dpi MGPC, control MO
and the 2dpi MGPC, apobec2a,2b MO libraries as done in (A, B, C) for their respective
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libraries suggests this C-to-U mRNA editing occurs independent of Apobec2a,2b. MGPC,
Miiller glia progenitor cell; Syn, synonymous; Non-syn, non-synonymous; UTR, untranslated
region.
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Figure 4.2 Comparisons of variant abundance and variant depth

(A, B, C) Comparisons of the (A) Ohr MG and the 2dpi MGPC, control MO libraries,
(B) the Ohr MG and the 2dpi MGPC, apobec2a,2b MO libraries, and (C) the 2dpi MGPC,
control MO and the 2dpi MGPC, apobec2a,2b MO libraries. Plots of C-to-T variants. Each
individual point represents an independent C-to-T variant. The X-axis represents the
difference in the abundance of each individual variant (average of both replicas) and the Y-
axis represents the difference in the sequencing depth at the position of each variant (average
of both replicas). Plots of total C-to-T variants (left) and variants decreasing (middle) or

132



increasing (right) in abundance by > 2 fold in the indicated comparison demonstrates that
differences in abundance are not correlated with differences in depth. Abbreviations as in
Figure 4.1.
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Figure 4.3 Bacterial mutagenesis assays suggest that Apobec2a,2b lack catalytic activity

(A) Graphic providing an overview of the bacterial mutagenesis assay. (B and C)
Bacterial mutagenesis assays carried out at (B) 37 °C and (C) 25 °C. Graphs are in log scale.
Compared to pHis (empty vector) the induction of rApobecl, hAID, zApobec2a(T) at 37 °C,
and zApobec2b(T) at 25 °C resulted in significant increases in bacterial survival. *P <
0.02369. The number of replicas (n) and the average colony number (A) is listed for each
sample. Wt, wild type; trunc, truncation; Rif, rifampicin.
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Figure 4.4 Apobec protein alignment, rpoB mutations, and bacterial growth assays

(A) ClustalW alignment of the proteins analyzed in the bacterial mutagenesis assay
highlighting differences in protein charge, N-termini, and catalytic domains. Annotations are
defined at the bottom of the figure. (B and C) Quantifications of dC/dG transitions in the
rpoB sequence in rifampicin resistant colonies growing after induction of (B) Apobec2a(T) at
37 °C or (C) Apobec2b(T) at 25 °C, as select mutations in rpoB lead to rifampicin resistance.
The low abundance of dC/dG transitions (C to T or G to A mutations that are indicative of
cytosine deamination), relative to other previously studied Apobecs, suggest that the
increased survival of bacteria following inductions of Apobec2a(T) at 37 °C or Apobec2b(T)
at 25 °C occurs in a cytosine deaminase-independent manner. (D) Bacterial growth assays
comparing the final growth densities of bacteria induced to express the indicated protein.
Compared to pHis (empty vector) the induction of hAPOBEC2(T), zApobec2a(T) at 37 °C,
and zApobec2b(T) at 25 °C resulted in significant increases in bacterial density. n = 4 for
each sample. *P < 0.00076.
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Figure 4.5 N-terminally tagged Apobec2a,2b proteins and the viral 2a peptide are
functional in zebrafish

(A) Graphic depicting the makeup of the pCS2 clones used to create myc-apobec2b-
V2a-gfp and flag-apobec2a-V2a-gfp mRNAs for microinjection. (B) The expression of myc-
apobec2b-V2a-gfp and flag-apobec2a-V2a-gfp mRNAs escape MO knockdown, as indicated
by the expression of GFP. Furthermore, knockdown of Apobec2a or Apobec2b during
zebrafish development has been shown to cause muscle dystrophies manifest by a curved
body axis (Etard et al., 2010). Here we show that microinjection of flag-apobec2a-V2a-gfp
or myc-apobec2b-V2a-gfp mRNA rescues the Apobec2a/b developmental knockdown
phenotype, suggesting that these tagged proteins function properly. (C) The proper
functioning of the viral 2a (V2a) peptide was demonstrated after microinjection of flag-
apobec2a-V2a-gfp or myc-apobec2b-V2a-gfp mRNA. Western blotting showed the proper
separation of Apobec2 and GFP proteins. hpf, hours post fertilization.
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Figure 4.6 Analyses of transgene expression and proliferation in uninjured and injured
transgenic fish, in the absence of heat shock

(A) Graphic depicting the composition of the Asp70:zapobec2wt, hsp70:apobec2mut
and hsp70:hAPOBEC? transgenes. (B, C, D) GFP immunostaining of uninjured (top panel)
or 4dpi (bottom panel) retinas shows basal and injury-dependent expression of the /016
tubala:gfp expression cassette in (B) Asp70:zapobec2wt, (C) hsp70:zapobec2mut, and (D)
hsp70:hAPOBEC?2 transgenic fish. (E and F) BrdU immunostaining of (E) uninjured or (F)
4dpi transgenic fish retinas indicates that hsp70:zapobec2wt, hsp70.:zapobec2mut, and
hsp70:hAPOBEC? transgenic fish retinas show similar basal and injury-dependent levels of
cellular proliferation as wild type fish. Fish were given a pulse of BrdU 3 hours prior to
harvest. L, line; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell
layer; dpi, days post injury.
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Figure 4.7 Analyses of transgenic fish following heat shock

(A) Four days of heat shock did not induce proliferation in uninjured zapobec2wt
transgenic fish demonstrating that while Apobec2a,2b are required for retina regeneration,
they are not sufficient. Fish were given a pulse of BrdU 3 hours prior to harvest. (B) Heat
shock induced the production of transgenic proteins as measured by immunostaining. (C, D,
E) Real-time PCR quantifications were carried out to measure basal and 4 hours post heat
shock (4hphs) levels of apobec2a, apobec2b, and hAPOBEC2 in retinas isolated from the
indicated fish backgrounds.  The apobec2a and apobec2b primers recognize both
endogenous and exogenous mRNAs. The expression levels of apobec2a and apobec2b were
normalized to the expression of gapdh and compared to the basal levels of wild type (wt)
fish, which were given a value of 1. The expression levels of ZAPOBEC2 were normalized to
the expression of gapdh and compared its basal level in each respective line, which was
given a value of 1. Data represents means = s.d. (n = 3 individual cDNA sets). These results
demonstrate that the expression of these transgenes can be controlled through heat shock.
While basal and induced levels of these transcripts seem excessive, it is important to realize
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that this expression is spread across many retinal cells, which do not normally express these
genes, and after injury (in a wild type fish) their endogenous expression is highly induced in
a small fraction of the cells residing in the retina. How the MG expression levels (before and
after injury) of the exogenous Apobec genes compare to the levels of the endogenous Apobec
genes is not clear. (F) Real-time PCR quantifications of basal and injury-dependent (with
heat shock) asc/la expression. Transgenic fish show normal levels of asc/la expression in
the uninjured, non-heat shocked retina. Analyses performed after injury and with heat shock
demonstrate that the activation of the zapobec2wt and hAPOBEC2 transgenes does not
impact the injury-dependent activation of asc/l/a, while the activation of the zapobec2mut
transgene negatively influences ascll/a expression. The expression levels of asc/la were
normalized to the expression of gapdh and compared to the basal levels of wild type (wt)
fish, which was given a value of 1. Data represents means * s.d. (n = 3 individual cDNA
sets). (G) Real-time PCR quantifications of injury-dependent asc/l/a expression at 2dpi
following control or Apobec2a,2b knockdown. 0.20 mM apobec2a,2b MO consistently
diminished the injury-dependent induction of asc/l/a expression and was used in the rescue
experiments reported in this study (Figure 4.8). asc/la mRNA levels were normalized to the
expression of gapdh and compared to the value of the control MO, which was given a value
of 1. Data represents means = s.d. (n = 3 individual cDNA sets). *P < 0.03088.
Abbreviations as in Figure 4.6.

139



(@)
=
S S
E LT — === 7 - - = O &
 1.00 29 %*
5 e & >
20.75 £ 3
K] Qo 4
©0.25 =3B 0. 20\
< < apobec2a,2b ‘MO
- & O \\:1’ \\{P \\:\ \\?’ SN S o zapobec2wt L1
RSN O Qq' 0{1' EE
N N LI G AN \2
ST A R N N N O N e) e
L& & F g ?? Q A R/IA N
BT AT R R R Na 0.20mM’ Y
aobecZa}b MO
zapobec2mut L1
B Q *
= ¥
3 ]
= s 0.20mM
B > 8 apobec2a,2b- MO
I = hABPOEC21:2
o 8 &
+ s =
<
2 33
[ N |

Figure 4.8 Induction of the zapobec2wt and hAPOBEC?2 transgenes, but not the
zapobec2mut transgene, rescues regeneration following knockdown of endogenous
Apobec2a,2b

(A) Real-time PCR quantifications of injury-dependent asc//a mRNA expression
levels at 2dpi following control or endogenous Apobec2a,2b knockdown in combination with
heat shock to induce the expression of transgenes. The induction of zapobec? and
hAPOBEC2, but not zapobecZ2mut, restores asc/la mRNA levels to that of a normal
regenerative response. ascl//a mRNA levels were normalized to the expression of gapdh and
compared to the value of the control MO sample for their respective transgenic line, which
was given a value of 1. Data represents means + s.d. (n = 3 individual cDNA sets). (B)
Quantification of the number of PCNA+ cells per injury at 2dpi following control or
endogenous Apobec2a,2b knockdown demonstrates that the induction of zapobec2wt and
hAPOBEC?2, but not zapobec2mut, rescues the proliferative response to the levels of the
control MO. Quantifications were normalized to the levels in the wild type control MO
sample, which was given a value of 1. Data represents means =+ s.d. (n = 3 independent fish).
(C) Representative apobec2a,2b MO images from (B). Arrowheads designate PCNA+,
lissamine+ cells. The induction of the zapobec2wt and hAPOBEC?2 transgenes rescues the
proliferative response, as indicated by the increase in the number of PCNA+ cells and the
increase in co-localization of lissamine and PCNA staining. *P < (0.04132. Abbreviations as
in Figure 4.6.
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Figure 4.9 Yeast two-hybrid analyses identify conserved Apobec2 interacting proteins

(A, B, C) Yeast two-hybrid assays using two independent analyses to assess protein
interactions (growth on YC-WHULK plates [white cells] and blue staining in f3-
Galactosidase filter assays) demonstrate the conserved interaction between (A) Apobec2b,
(B) Apobec2a, and (C) APOBEC2 with Ubc9, Toporsa, and Pou6F2. (D) Yeast two-hybrid
assays designed to measure the homo- or heterodimerization of Apobec2 proteins suggest
that Apobec2 proteins do not oligomerize within yeast. The omission of tryptophan (W),
leucine (L), uracil (U), or lysine (K) from the media maintains selection for the LexA
plasmid, the VP16 plasmid, the integrated lacZ reporter, or the integrated HIS3 reporter,
respectively. If proteins interact, L40 yeast can grow in the absence of histidine (H) and stain
blue in B-Galactosidase filter assays. For the $-Galactosidase filter assays, yeast growing on
YC-WUL plates (selecting for the plasmids) were transferred to nitrocellulose membranes.
YC-WHULK; media lacking the amino acids W, H, U, L, and K; YC-WUL; media lacking
W, U, and L; B-gal, B-Galactosidase.
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Figure 4.10 Ubc9 and Toporsa interact with the N-termini of Apobec2 proteins and
facilitate their sumoylation

(A) ClustalW alignments of the N-termini of Apobec2a,2b and APOBEC2. Lysines
(K) that are predicted to be sumoylated are highlighted. (B and C) Yeast two-hybrid assays
demonstrate that the interaction between N-terminally truncated Apobec2 proteins and (B)
Ubc9 or (C) Toporsa is diminished relative to the full-length Apobec2 proteins. (D) Graphic
describing the plasmids used in the Apobec2 bacterial sumoylation assays. (E, F, G, H, I, J)
Anti-GST western blots following Apobec2 bacterial sumoylation assays. (E, F, G) Co-
expression with Ubc9 stimulates an increase in the mass of (E) APOBEC2, (F) Apobec2a,
and (G) Apobec2b, indicative of sumoylation. This pattern is stimulated with co-expression
of Toporsa. The presence of multiple bands suggests that these Apobec2s are sumoylated at
more than one site. (H, I, J) Removal of the N-terminus of (H) APOBEC2, (I) Apobec2a,
and (J) Apobec2b precludes this banding pattern. FL, full length; T, truncation; EI,
Aosl1/Uba2 fusion protein; E2, Ubc9; S1, SUMOI1; E3, Toporsa. Other abbreviations as in
Figure 4.9.
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Figure 4.11 Injury-dependent regulation of ube2i and toporsa expression, and Apobec2
bacterial sumoylation assays, continued

(A) RT-PCR using cDNA prepared from whole retinas harvested at the indicated time
points shows the injury-dependent regulation of ube2i and toporsa. (B) Real-time PCR
quantification of select time points from (A) by quantitative PCR. mRNA levels were
normalized to the expression of gapdh and compared to the value of the control (Oh), which
was given a value of 1. Data represents means = s.d. (n = 3 individual cDNA sets). (C) RT-
PCR gene expression comparisons of quiescent MG (gfap:gfp) and 4dpi MGPC (1016
tubala:gfp) cell populations targeting ube?i and toporsa mRNAs. (D) Real-time PCR
quantification of (C). mRNA levels were normalized to the expression of gapdh and
compared to the value of MG, which was given a value of 1. *P < 0.02814. (E, F, G) Anti-
GST western blots following Apobec2 bacterial sumoylation assays demonstrate that using a
catalytic mutant of Ubc9 abolishes the banding pattern of Apobecs seen with the co-
expression of wild type Ubc9. (H) The banding patterns seen in the Apobec2 bacterial
sumoylation assays align with banding of SUMOI1 staining. These results strongly suggest
that Apobec2 proteins can be sumoylated by Ubc9 and this sumoylation is stimulated by
Toporsa. hpi, hours post injury; dpi, days post injury; other abbreviations as in Figure 4.10.
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Figure 4.12 Analyses of subcellular localization suggest that the N-terminal sumoylation
of Apobec2 proteins promotes their nuclear exclusion

(A, B, C, D) Representative images demonstrating the subcellular localization of (A)
GFP, (B) APOBEC2, (C) Apobec2a, and (D) Apobec2b C-terminally tagged with GFP in the
absence (top panel) or presence of an N-terminal fusion to SUMO1 (bottom panel in A, C, D;
middle panel in B). The bottom panel of B shows a representative image demonstrating the
subcellular localization of C-terminally tagged APOBEC2 harboring a (K4R) mutation
preventing its sumoylation at that site. (E and F) Quantifications of the nuclear exclusion of
the indicated fusion proteins. Experiments with (E) APOBEC2 were performed at 37 °C and
those of (F) Apobec2a,2b were performed at 28 °C (see materials and methods).
Densitometric means of cytoplasmic and nuclear GFP signal were calculated. The Y-axis
represents their ratio. Data represents means + s.d. (n > 25). Compared to GFP or SUMOI1-
GFP, the nuclear exclusion of SUMO1-hAPOBEC2-GFP, SUMO1-zApobec2a-GFP, and
SUMO1-zApobec2b-GFP is significant. Compared to their wild type forms, truncations of
the Apobec proteins show significantly more nuclear signal. Similar results were seen after
mutating K4R of APOBEC2. *P < 0.002381. SI1, SUMOI; hA2, hAPOBEC2; hA2M,
hAPOBEC2(K4R); zA2a, zApobec2a; zA2b, zApobec2b.
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Figure 4.13 Apobec2 proteins interact with the DNA binding domain of Pou6F2

(A) Schematic of the pou6f2 transcripts identified in its cloning from the retina.
Three transcripts were identified. Transcript 2 encodes an alternate exon (Ex) 9 and
Transcript 3 encodes an alternate Ex7, which introduces a premature stop signal (red circle).
(B) Protein sequence of the DNA binding domain of Pou6F2 Transcript 2. Sequence in black
is encoded in Ex8, sequence in yellow is encoded in Ex9 alt, and sequence in green is
encoded in Ex9. The inclusion of Ex9 alt introduces 36 amino acids to the center of the POU
domain. Lysines (K) predicted to be sumoylated are highlighted. (C and D) Yeast two-
hybrid assays indicate (C) that Apobec2 proteins specifically interact with the protein
sequence encoded in Ex9 of Pou6F2 and (D) that truncation of Apobec2 proteins does not
perturb their binding to Pou6F2. (E) Graphic describing the plasmids used in the Pou6F2
bacterial sumoylation assays. (F) Pou6F2 bacterial sumoylation assays indicate that while the
C-terminus of Pou6F2 can be sumoylated, Apobec2 proteins do not impact this sumoylation
in a positive or negative manner. Ex, exon; FL, full length; T, truncation; other abbreviations
as in Figure 4.9 and 4.10.
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Figure 4.14 Model of the cytosine deaminase-independent role that Apobec2a,2b
perform during MG activation and the generation of MGPCs

In the uninjured eye, MG contain low, basal levels of Apobec2a,2b, which are
excluded from the nucleus via N-terminal sumoylation facilitated by Ubc9 and Toporsa. In
the nucleus, the transcription factor Pou6F2 controls an expression program that maintains
MG in a differentiated state. After injury, the expression of apobec2a,2b is induced,
resulting in high levels of Apobec2a,2b. This abundance of Apobec2a,2b allows them to
escape sumoylation and to interact with Pou6F2 in the nucleus via the DNA binding domain
of Pou6F2. This interaction induces the dissociation of Pou6F2 from the DNA and disrupts
its differentiation program, providing MG the ability, if stimulated, to reprogram and
generate MGPCs.
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4.8 Tables

Primer Set

Application

Sequence 5'->3'

hAPOBEC2ecori-F

pCS3+MT myc-hAPOBEC2, Cloning

CTTGAATTCAATGGCCCAGAAGGAAGA
GGCTGCTGTG

hAPOBEC2xhoi-R

pCS3+MT myc-hAPOBEC2, Cloning

AGGCTCGAGCTACTTCAGGATGTCTGC
CAACTTCT

zApobec2abamhi-F

pCMV-3TAg-1a flag-zApobec2a, Cloning

CGCGGATCCATGGCCGATAGAAAGGG
CAGCA

zApobec2axhoi-R

pCMV-3TAg-1a flag-zApobec2a, Cloning

CCGCTCGAGTCACTGCAGGATGTCGGC
CAG

zApobec2becori-F

pCS3+MT myc-zApobec2b, Cloning

CCGGAATTCAATGGCAGACAAAAAGGA
CAGCAAG

zApobec2bxhoi-R

pCS3+MT myc-zApobec2b, Cloning

CCGCTCGAGGGCTCTACTTTAAAATATC
CTGCAATCTCTC

FlagzApobec2aecori-F

pCS2 flag-zApobec2a, Cloning

CCGGAATTCATGGATTACAAGGATGAC
GACGATAAG

zApobec2axhoi-R

pCS2 flag-zApobec2a, Cloning

CCGCTCGAGTCACTGCAGGATGTCGGC
CAG

zApobec2a,V2a-R

pCS2 flag-zApobec2a-V2a-GFP, PCR
Overlap Extension Cloning

CTTCAGCAGGCTGAAGTTTGTAGCTCC
GCTTCCCTGCAGGATGTCGGCCAGT

zApobec2b,V2a-R

pCS3+MT myc-zApobec2a-V2a-GFP,
PCR Overlap Extension Cloning

CTTCAGCAGGCTGAAGTTTGTAGCTCC
GCTTCCCTTTAAAATATCCTGCAATCTC
TCATC

GGAAGCGGAGCTACAAACTTCAGCCTG

Cloning

V2a-F V2a PRC Overlap Extension Cloning CTGAAGCAGGCTGGAGACGTGGAGGA
GAACCCTGGACCT

\2aafo pCS2 flag-zApobec2a/b-V2a-GFP, CAGGCTGGAGACGTGGAGGAGAACCC

atp Cloning TGGACCTATGGTGAGCAAGGGCGAGG

gfoxhoiR pCS, flag-zApobec2a/b-V2a-GFP, CCGCTCGAGTTACTTGTACAGCTCGTC

CATGCC

FlagzApobec2a,V2a-F

pCS3+MT myc-zApobec2a-V2a-flag-
zApobec2a-GFP, PCR Overlap Extension
Cloning

CAGGCTGGAGACGTGGAGGAGAACCC
TGGACCTATGGATTACAAGGATGACGA
CGAT

tuba1a1016sali-F

pTal, Transgenic Construct Cloning

CTTGTCGACGGCATTCCCTGCTGGGGA
AGC

SV40nhei-R

pTal, Transgenic Construct Cloning

CCTGCTAGCGCAGTGAAAAAAATGCTT
TATTTGTGAAATTTG

hsp70pronhei-F

pTal, Transgenic Construct Cloning

TGCGCTAGCAGGGGTGTCGCTTGGTGA
TTT

hsp70probamhi,xmai-R

pTal, Transgenic Construct Cloning

TACGGGATCCCCCGGGTGCAATAAAAA
AAACAATTAGAATTAATT

pCS3+/2agei-F

pTal hsp70:zApobec2wt and pTal
hsp70:Apobec2mut Cloning

GCTTACCGGTGCTACTTGTTCTTTTTGC
AGGATCCCATCG

hAPOBEC2xhoi-R

pTal hsp70:hAPOBEC2 Cloning

AGGCTCGAGCTACTTCAGGATGTCTGC
CAACTTCT

zAPOBEC2axhoi-R

pTal hsp70:zApobec2wt/mut Cloning

CCGCTCGAGTCACTGCAGGATGTCGGC
CAG

zApobec2a(C156A)-F

pTal hsp70:zApobec2mut, zApobec2a
mutagenesis, PCR Overlap Extension
Cloning

CCTGGTACATGTCCTCCAGTCCCGCCG
CCAACTGCGCAACCAAGCTGGCG

zApobec2a(C156A)-R

pTal hsp70:zApobec2mut, zApobec2a
mutagenesis, PCR Overlap Extension
Cloning

CGCCAGCTTGGTTGCGCAGTTGGCGG
CGGGACTGGAGGACATGTACCAGG

zApobec2b(C180A)-F

pTal hsp70:zApobec2mut, zApobec2b
mutagenesis, PCR Overlap Extension
Cloning

TGGTACACATCGTCCAGCCCTGCTGTG
GCCTGCGCTGCTAAGCTT

zApobec2b(C180A)-R

pTal hsp70:zApobec2mut, zApobec2b
mutagenesis, PCR Overlap Extension
Cloning

AAGCTTAGCAGCGCAGGCCACAGCAG
GGCTGGACGATGTGTACCA
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rApobec1ecori-F

pHis- rApobec1 Cloning

CTTGAATTCAATGAGTTCCGAGACAGG
CcC

rApobec1xhoi-F

pHis- rApobec1/(W90S) Cloning

ACCCTCGAGTCATTTCAACCCTGTGGC
C

rApobec1(W90S)-F

pHis- rApobec1(W90S), Mutagenesis,
PCR Overlap Extension Cloning

GCTCCATTACCTGGTTCCTGTCCAGCA
GTCCCTGTGGGGAGTGCTCCAGG

rApobec1(W90S)-R

pHis- rApobec1(W90S), Mutagenesis,
PCR Overlap Extension Cloning

CCTGGAGCACTCCCCACAGGGACTGCT
GGACAGGAACCAGGTAATGGAGC

hAlDecori-F

pHis- hAID Cloning

CTTGAATTCAATGGACAGCCTCTTGATG
AAC

hAIDxhoi-R

pHis- hAID Cloning

TGCCTCGAGTCAAAGTCCCAAAGTACG
AAATGC

hAPOBEC2ecori-F

pHis- hAPOBEC2 and pGST hAPOBEC2
Cloning

CTTGAATTCAATGGCCCAGAAGGAAGA
GGCTGCTGTG

hAPOBEC2xhoi-R

pHis- hAPOBEC2/(T) and pGST
hAPOBEC2/(T) Cloning

AGGCTCGAGCTACTTCAGGATGTCTGC
CAACTTCT

hAPOBEC2(T)ncoi-F

pHis- hAPOBEC2(T) Cloning

GCGCCATGGTTGTCACAGGAGAACGG
CTGCCT

hAPOBEC2(S125W)-F

pHis- hAAPOBEC2(S125W), Mutagenesis,
PCR Overlap Extension Cloning

ACAATGTCACCTGGTATGTGTCCTGGA
GCCCCTGTGCAGCGTGTGCTGAC

hAPOBEC2(S125W)-R

pHis- hAPOBEC2(S125W), Mutagenesis,
PCR Overlap Extension Cloning

GTCAGCACACGCTGCACAGGGGCTCC
AGGACACATACCAGGTGACATTGT

zApobec2aecori-F

pHis- zApobec2a and pGST zApobec2a
Cloning

CTTGAATTCAATGGCCGATAGAAAGGG
CAG

zApobec2axhoi-R

pHis- zApobec2a(T) and pGST
zApobec2a/(T) Cloning

CCGCTCGAGTCACTGCAGGATGTCGGC
CAG

zApobec2a(T)ncoi-F

pHis- zApobec2a(T) and pGST
zApobec2a/(T) Cloning

GCGCCATGGCCATCACAGGGGATCGC
ATGG

zApobec2a(S153W)-F

pHis- zApobec2a(S153W), Mutagenesis,
PCR Overlap Extension Cloning

ACACCATCACCTGGTACATGTCCTGGA
GTCCCTGCGCCAACTGCGCAACC

zApobec2a(S153W)-R

pHis- zZApobec2a(S153W), Mutagenesis,
PCR Overlap Extension Cloning

GGTTGCGCAGTTGGCGCAGGGACTCC
AGGACATGTACCAGGTGATGGTGT

zApobec2becori-F

pHis- zApobec2b and pGST zApobec2b
Cloning

CCGGAATTCAATGGCAGACAAAAAGGA
CAGCAAG

zApobec2bxhoi-R

pHis- zApobec2b/(T) and pGST
zApobec2b/(T) Cloning

CCGCTCGAGGGCTCTACTTTAAAATATC
CTGCAATCTCTC

zApobec2b(T)ncoi-F

pHis- zZApobec2b/(T) and pGST
zApobec2b/(T) Cloning

GGCGCCATGGTCATTGTAGGAGACCGA
ATGAACCCA

zApobec2b(S177W)-F

pHis- zApobec2b(S177W), Mutagenesis,
PCR Overlap Extension Cloning

ATACAGTGACTTGGTACACATCGTGGA
GCCCTTGTGTGGCCTGCGCTGCT

zApobec2b(S177W)-R

pHis- zZApobec2b(S177W), Mutagenesis,
PCR Overlap Extension Cloning

AGCAGCGCAGGCCACACAAGGGCTCC
ACGATGTGTACCAAGTCACTGTAT

rpoB-F

Mutagenesis Assay

TTGGCGAAATGGCGGAAAACC

rpoB-R

Mutagenesis Assay

CACCGACGGATACCACCTGCTG

Y2Hlibraryasci-F

Generation of Y2H Library

ATTGGCGCGCCCAACGCAGAGTGGCC
ATTA

Y2HIlibrarynoti-R

Generation of Y2H Library

TAAGCGGCCGCCTCGCAGAGTGGCCG
AGG

Y2HVP16CPCR-F

Yeast Colony PCR

ATGCCGACGCGCTAGACGATTT

Y2HVP16CPCR-R

Yeast Colony PCR

GATTAAGTTGGGTAACGCCAGGGTTT

Y2HVP16seqp-F

Sequencing of Yeast Colony PCRs

TTCGAGTTTGAGCAGATGTTTACCG

Y2HhAPOBEC2ecori-F

pLexA hAPOBEC2 Cloning

TGGAATTCATGGCCCAGAAGGAAGAGG
CTG
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Y2HhAPOBEC2xhoi-R

pLexA hAPOBEC2/(T) Cloning

AGGCTCGAGCTACTTCAGGATGTCTGC
CAACTTCT

Y2HhAPOBEC2(T)ecori-
F

pLexA hAPOBEC2(T) Cloning

CTGGAATTCATGGTTGTCACAGGAGAA
CGGCTGCCT

Y2HzApobec2abamhi-F

pLexA zApobec2a and pVP16
zApobec2a Cloning

CGGGGATCCGTATGGCCGATAGAAAG
GGC

Y2HzApobec2anotii-R

pLexA zApobec2a/(T) and pVP16
zApobec2a Cloning

CTAGCGGCCGCCTACTGCAGGATGTCG
GCCAG

Y2HzApobec2a(T)ecori-F

pLexA zApobec2a/(T) Cloning

CTGGAATTCATGGCCATCACAGGGGAT
CGCATGG

Y2HzApobec2bbamhi-F

pLexA zApobec2b Cloning

GGGGATCCGTATGGCAGACAAAAAGGA
CAG

Y2HzApobec2bnotii-R

pLexA zApobec2b/(T) Cloning

CTAGCGGCCGCCTACTTTAAAATATCCT
GCAATCTCTCATC

Y2HzApobec2b(T)ecori-F

pLexA zApobec2b/(T) Cloning

CTGGAATTCATGATCATTGTAGGAGAC
CGAATGAACCCA

Y2HPou6F2dbdbamhi-F

pVP16 Pou6F2dbd Cloning

GATGGATCCGTTTCGAGAAGTTGGACA
TCACC

Y2HPou6F2dbdnoti-R

pVP16 Pou6F2dbd Cloning

CTAGCGGCCGCCTACCAGTTCTTTAAA
GTCCGCAAC

Ube2ixmai-F

pCS2 flag-Ube2i Cloning

AGCCCGGGCGGGATCCTTGGATTCAC
GCGAAACAGTGGTCAT

Ube2ixbai-R

pCS2 flag-Ube2i Cloning

AGTTCTAGATGGTTAGGGATTTGATGG
CACAGAC

Toporssmai-F

pCS2 flag-Topors Cloning

AAGCCCGGGCGGGATCCCAGATAATG
GCACCCTCTAAGATGAAGC

Toporssbai-R

pCS2 flag-Topors Cloning

CAGACCAGCGTAAGAAGTCTAGATGTA
TGTG

Flagtoporsmfei-F

pETDuet flag-Topors Cloning

TCTCAATTGTATGGATTACAAGGATGAC
GACGA

pCS2avrii-R

pETDuet flag-Topors and pETDuet
GST-Pou6f2dbd Cloning

CAGCCTAGGTGTATGTGTTTTAGTTTTA
GCTAGCAGTG

Pou6F2dbdecori-F

pGST Pou6F2dbd Cloning

CTTGAATTCAATGGTTGGCCAGCTAGT
CAGCAA

Pou6F2dbdxhoi-R

pGST Pou6F2dbd Cloning

GTGCTCGAGCCAGTTCTTTAAAGTCCG
CAA

pGST-nhei

pETDuet GST-Pou6f2dbd Cloning

ATGGCTAGCATGTCCCCTATACTAGGTT
ATTGGAAA

xUbc9(C94A) F

pE1E2(C93A)S1, Mutagenesis, PCR

CGTCTATCCTTCAGGCACAGTGGCCCT

Overlap Extension Cloning GTCTATCTTAGAAGAAGATA
xUbcO(C94A) F pE1E2(C93A)S1, Mutagenesis, PCR TATCTTCTTCTAAGATAGACAGGGCCAC
Overlap Extension Cloning TGTGCCTGAAGGATAGACG

hSUMO1hindiii-F

pCS2 hSUMO1 Cloning

TTAAAGCTTATGTCTGACCAGGAGGCA
AAACCTT

hSUMO1bamhi-R

pCS2 hSUMO1 Cloning

ACAGGATCCAACTGTTGAATGACCCCC
CGTTTG

hAPOBEC2ecori-F

pEGFP hAPOBEC2-GFP Cloning

TTAGAATTCATGGCCCAGAAGGAAGAG
GCTG

hAPOBEC2bamhi-R

pEGFP hAPOBEC2-GFP Cloning

TCAGGATCCGTCTTCAGGATGTCTGCC
AACTTCTCCT

hAPOBEC2clai-F

pCS2 hAPOBEC2-GFP and pCS2
hSUMO1-hAPOBEC2-GFP Cloning

TACATCGATTGATGGCCCAGAAGGAAG
AGGCTG

hAPOBEC2(K4R)clai-R

pCS2 hSUMO1-hAPOBEC2/(K4R)-GFP
Cloning

TACATCGATTGATGGCCCAGAGGGAAG
AGGCTG

gfpxhoi-R

pCS2 hAPOBEC2/(K4R)-GFP and pCS2
hSUMO1-hAPOBEC2/(K4R)-GFP
Cloning

CCGCTCGAGTTACTTGTACAGCTCGTC
CATGCC

zApobec2acali-F

pCS2 zApobec2a-GFP and pCS2
hSUMO1-zApobec2a-GFP Cloning

TTTATCGATTGATGGCCGATAGAAAGG
G

149




zApobec2aagei-R

pCS2 zApobec2a-GFP and pCS2
hSUMO1-zApobec2a-GFP Cloning

TTTACCGGTCTCTGCAGGATGTCGGC

zApobec2acali-F

pCS2 zApobec2b-GFP and pCS2
hSUMO1-zApobec2b-GFP Cloning

TTTATCGATTGATGGCAGACAAAAAGG
ACAGCAAGAC

zApobec2aagei-R

pCS2 zApobec2b-GFP and pCS2
hSUMO1-zApobec2b-GFP Cloning

TTTACCGGTCTCTTTAAAATATCCTGCA
ATCTCTCATC

hAPOBEC2(T)ecori-F

pCS2 hAPOBEC2(T)-GFP and pCS2
hSUMO1-hAPOBEC2(T)-GFP Cloning

CTGGAATTCATGGTTGTCACAGGAGAA
CGGCTGCCT

zApobec2a(T)ecori-F

pCS2 zApobec2a(T)-GFP and pCS2
hSUMO1-zApobec2a(T)-GFP Cloning

CTGGAATTCATGGCCATCACAGGGGAT
CGCATGG

zApobec2b(T)ecori-F

pCS2 zApobec2b(T)-GFP and pCS2
hSUMO1-zApobec2b(T)-GFP Cloning

CTGGAATTCATGATCATTGTAGGAGAC
CGAATGAACCCA

Cloning

GFPbamhi-F pCS2 hSUMO1-GFP Cloning TTTGGATCCATGGTGAGCAAGGGCG
pCS2 Apo(T)-GFP, pCS2 hSUMO1-
gfpxhoi-R Apo(T)-GFP, and pCS2 hsUMO1-GFP | CCCCTCGAGTTACTTGTACAGCTCGTC

CATGCC

Pou6F2xmai-F

pCS2 flag-Pou6f2 Cloning

AGCCCGGGCGGGATCCATGATCACAG
GGCAGCTGAGCAA

Pou6F2xbai-R

pCS2 flag-Pou6f2 Cloning

AGTTCTAGACCAGTTCTTTAAAGTCCGC
AACATCAG

F, AGCTGCCGCCCTTTGAGATTGT

hAPOBEC2 Real-Time PCR
R, AAGGCTGGCAGGATGGTGTTGA
F, CTGCTGCAGACGGAGAAAAACCA
zapobec?2a Real-Time PCR
R, CCAGCGTGCTCGTCCTCAATGTA
F,
zapobec2b Real-Time PCR ATGAGGAGTTTGAGCTAGAGCCGATG
R, ATCCTCCAGGTAACCACGAACGC
F, ATTCCAGTCGGGCGTCCTGTCA
ascl1a Real-Time PCR
R, CCTCCCAAGCGAGTGCTGATATTTT
F, GGCCCACGAGACGATAAACACTG
ube2i SQ RT-PCR and Real-Time PCR =
C’AGCATCCGTAACTTAAACAGACCTCC
F, TGAAGCTGCGTGTGAGGAAGAAAG
topors SQ RT-PCR and Real-Time PCR
R, TGACGGAGTGGAATATGGAGTGGAA
F, ATGACCCCTCCAGCATGA
gapdh SQ RT-PCR and Real-Time PCR

R, GGCGGTGTAGGCATGAAC

Table 4.1 List of primers used in this study and their applications
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# of Reads

ey | 2, [t | ova | Mgt | et | Ao | g
Ohrs MG 1 100 Sigg'g,illd' 23,054,164 2(’140?;’150/00‘)3 1(25’2%%%2 7(&5;650/80‘)3 65.50%
Ohrs MG 2 100 Sigg'ce;,i{;d' 30,570,717 3(”1419?5%2)7 1(75’(23_02%;)0)7 ?\;39;2&'32? 67.42%
e | o | e w22t | i | Wl | o
ere, | | e o | 3 | S | SEn | o
spoboczazs | 100 | S | 2amnass | TS | eSS | 000027 | gaga
apoveczazo | 100 | St | asganran | SITOS | ZE0 | 100G | g

S.R, sequencing run; AR, aligned reads.
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Variant Type Ohrs conttolMO__| apobec2a,sb o
A->C 1,769 1,895 1,538
A->G 6,460 6,913 5,551
A>T 2,218 2,363 1,882
C->A 1,815 1,993 1,599
C->G 1,190 1,298 1,067
C->T 7,038 7,832 6,384
G->A 6,204 6,732 5,599
G->C 1,174 1,254 1,023
G->T 1,455 1,629 1,343
T->A 2,246 2,408 1,895
T->C 7,461 7,627 6,372
T->G 1,565 1,663 1,338

Table 4.3 List of variants by type for each sample

Values provided are averages of the two replicas for each sample.
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Ohrs vs 2dpi MGPC, control MO

Change in: % Edited
Surround.Seq
locus Gene Codon AA contOh contMO Ratio (coding)
chr1:30167073- 3.051586 | TTCCCGGCGACAAT
30186479 eeflalb aC/gaT D306 31.21 95.24 03 | GTGGGAT

chr16:33815911- 3.084420 | GAAGGGCAACCGTC
33821400 ndrg1b Cgt/Tgt R39C 26.83 82.755 425 | CCACCAT
chr10:43887067- 3.109205 | TGCGCACCATCAAG

43905964 actr1 atC/atT 1217 22.16 68.9 776 | GAGGTAT

chr16:13852337- 3.199826 | CGGAGTCTATCTCTG
13923561 clstn3 atC/atT 1769 28.85 92.315 69 | TGTATG

chr19:36588261- 3.263877 | GGCTCAGTCACACT
36888387 macf1 caC/caT H6828 19.005 62.03 927 | CACGCCA
chr13:29044013- 3.343716 | ACGGAGCTTTCGAA

29125894 TACC2 ttC/ttT F321 27.77 92.855 241 | ACCCCAG
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Ohrs vs 2dpi MGPC, apobec2a,2b MO

Change in: % Edited
A2a,bM Surround.Seq
locus Gene Codon AA | contoh o Ratio (coding)
chr21:25916057- 3.056970 | CTGCATACTCCTCCA
25925022 adssl tcCltcT S183 29.05 88.805 74 | AAGCAG
chr10:15844440- 3.072669 | GCACTGGAGACCAA
15908143 aCl/gaT D576 20.435 62.79 44 | ATAGTCA

chr20:51423316-
51435380

chr12:11242670-
11254577

chr13:30278772-
30366729

chr9:52636192-
52713526

chr1:45294183-
45325450

chr13:29044013-
29125894

psmc5

spock2

slc4a10b

kdm2aa

TACC2

ranbp1

caC/caT

gaCl/gaT

tC/gtT

gaCl/gaT

tC/AtT

Ctg/Tt:

H377

D186

V234

D764

F321

L180
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22.92 79.305
18.525 65.13
14.555 51.55

19.205 69.015
27.77 100

20.125

3.305412
972

3.460078
534

3.515789
474

3.541738
234

3.593595
418

3.601008
282

3.672049
689

TCCCAACAAACGTGT
TGCAAA

GGAGGGTCCACGTT
ACCCAGG

CTGCTACAGACGTG
GACGGCA

CAAAAAATGTCCCGT
CTCAGG

GCGAAGAAGACAGG
CATGTGA

ACGGAGCTTTCGAA
ACCCCAG

GGCAGAGAAGCTGG
AGGAGTT




Table 4.4 Lists of C-to-T variants whose abundance increase > 3 fold

Tables listing differentially regulated C-to-T variants whose abundance increases > 3
fold in the Ohrs and 2dpi MGPC, control MO (Top) or Ohrs and 2dpi MGPC, apobec2a,2b
MO library comparisons. Highlighted C-to-T variants are present in both the upper and
lower table. The 10 base pairs flanking each C-to-T variant are also listed (Surround.Seq).

contOh, Ohr library; contMO, 2dpi MGPC, control MO library; A2a,bMO, 2dpi MGPC,
apobec2a,2b MO library; AA, amino acid.
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Chapter 5:
Apobec2a and Apobec2b regulate an inflammatory response during

zebrafish retina regeneration

5.1 Abstract

Retinal damage stimulates an immune response that includes the production of pro-
inflammatory cytokines and the activation of microglia. How this immune response
contributes to the regenerative events of zebrafish retina and optic nerve regeneration
remains unclear. Here we report that zebrafish retina and optic nerve damage induces the
activation of immune and inflammatory gene expression programs and that this activation is
localized to immunocompetent cells that migrate to the site of injury. Interestingly, these
gene programs occur in a time course that is concurrent with the activation of apobec2a and
apobec2b (apobec2a,2b) expression in Miiller glia (MG) during retina regeneration and the
activation of apobec2b expression in retinal ganglion cells (RGCs) during optic nerve
regeneration. While we provide evidence that indicates that the activation of these immune
response programs and the activation of apobec2a,2b expression are occurring in different
cells, we demonstrate that the knockdown of Apobec2a,2b negatively influences the injury-
dependent activation of immune and inflammatory response genes, suggesting that
Apobec2a,2b somehow facilitate cellular communication between the regenerative cells and
the immune responsive cells. Finally, we provide evidence that Apobec2 plays a similar role

in muscle, the tissue with which Apobec2 proteins are most commonly associated.

5.2 Introduction

Apobec proteins are a vertebrate-specific family of enzymes characterized by their
cytosine deaminase domain. The appearance of this family seems to have been concurrent
with the evolution of the adaptive and innate immune responses; AID promotes the process

of antibody diversification during the events of somatic hypermutation, class switch
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recombination, and gene conversion (Muramatsu et al., 2000; Maul and Gearhart, 2010), and
APOBEC3 and APOBECI proteins regulate innate immunity through mutagenesis of mobile
elements including endogenous retroelements and exogenous viruses (Conticello, 2008; Gee
etal., 2011; Koito and Ikeda, 2012; Smith et al., 2012).

While the exact biochemical function of Apobec2 proteins remains unclear, the
expression of Apobec2 has been correlated with a number of processes (Piec et al., 2005;
Sato et al., 2009; Okuyama et al., 2011; Pennings et al., 2011; Vonica et al., 2011), including
inflammation (lio et al.,, 2010). Interestingly, the pro-inflammatory cytokines tumour
necrosis factor-o (TNF-a) and interleukin-13 (IL-18) were shown to activate APOBEC?2
expression (Matsumoto et al., 2006). Inflammation is one of the first responses of the
immune system.

Because the retina is an immune-privileged tissue, a number of mechanisms exist to
protect the eye from foreign substances (Kumar et al., 2013a). Retinal glial cells are major
contributors to the innate immune response of the retina. Upon activation, microglia travel to
areas of damage, phagocytize pathogens and cellular debris, and produce growth factors.
Similar to macrophages, microglia can function as antigen presenting cells acting in concert
with infiltrating immune cells following retinal damage (Kreutzberg, 1996; Langmann,
2007). MG have been shown to contribute to the immune response through the secretion of
pro-inflammatory cytokines, including TNF-a and IL-1f (Kumar and Shamsuddin, 2012),
the phagocytosis of foreign particles (Tokuda et al., 1992; Bailey et al., 2010), and the
expression of innate immune receptors on their surfaces that can recognize foreign
substances and initiate an immune response (Rosenzweig et al., 2009; Shamsuddin and
Kumar, 2011; Kumar and Shamsuddin, 2012).

The immune response following retinal damage appears to play a role in retina
regeneration as the pro-inflammatory cytokine TNF-a was shown to be necessary for Miiller
glia derived progenitor proliferation during zebrafish retina regeneration (Nelson et al.,
2013). Microglia activation following zebrafish retina injury has also been noted (Craig et
al., 2010), though the exact role that this activation plays has yet to be determined.
Interestingly, microglia have been demonstrated to be essential for normal retinal growth and
neurogenesis during zebrafish development (Huang et al., 2012). In addition, stimulation

with complement fragment C3a alone has been shown to induce regeneration in the chick
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retina (Haynes et al., 2013), further demonstrating a potential role of the immune response
during retina regeneration.

In this study, we characterize the expression of multiple genes associated with the
inflammatory immune response during zebrafish retina and optic nerve regeneration.
Interestingly, we find evidence that suggests that Apobec2 proteins, previously identified as
being necessary for zebrafish retina and optic nerve regeneration (Powell et al., 2012), are
somehow connected with this inflammatory response, and that they, like other Apobec

proteins, play a role in vertebrate immunity.
5.3 Results

5.3.1 An immune response is initiated following retinal damage and this response occurs

concurrent with the activation of apobec2a,2b expression

To begin to analyze the role that the immune response plays during zebrafish retina
regeneration, we characterized the expression of genes correlated with the activation of
immunocompetent cells and the activation of the complement system. We analyzed two
well-characterized expression programs initiated in the activation of macrophages: tnfb (with
downstream targets such as apocll) (Gratchev et al., 2008) and spi/ (with downstream
targets such as plek, mfap4, mpegl, pparg, and ptpn6) (Zakrzewska et al., 2010), and we
analyzed the expression of c/gc and clgb as reporters of the complement system (Haynes et
al., 2013; Zhang and Cui, 2014).

Following mechanical retina injury, the expression of tnfb, plek, cigb and clqgc is
rapidly activated beginning between 15 and 24 hours post injury (hpi) (Figure 5.1A and B).
Expression of these genes peaked between 2 and 4 days post injury (dpi) and decreased by
8dpi (Figure 5.1A-B). This is similar to the time course of MGPC proliferation which begins
at 2dpi, peaks at 4dpi, and ceases by 8dpi (Fausett and Goldman, 2006). Induced expression
of apocll, spil, mfap4, and ptpn6 was also seen by 2dpi (Figure 5.1C). The activation of
tnfb, spil, and complement expression programs was also noted following retinal injury
instigated by light-mediated photoablation (Figure 5.1D). Furthermore, similar results were
found following optic nerve lesion, with expression levels of these genes peaking at 2 days

post optic nerve cut (dpONC) and returning to basal levels by 4dpONC (Figure 5.1E-G).
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Thus, an immune response accompanies both retina and optic nerve regeneration in
zebrafish.

Surprisingly, the activation of immune response genes was concurrent with the
activation of apobec2a and apobec2b (apobec2a,2b) gene expression (Figure 5.1B and F).
We also noted that the level of activation of the immune response was correlated with the
level of activation of apobec2a,2b expression (Figure 5.1). These results suggest that the
expression of apobec2a,2b may be connected, either upstream or downstream, with signaling

of the immune response.

5.3.2 The expression of immune response genes dfter injury is localized to immunocompetent

cells at the site of injury

Because of the correlation between increased apobec2a,2b expression and increased
expression of markers of the immune response, we performed in situ hybridization to
determine the cellular localization of tnfb, apocll, spil, plek, mfap4, mpegl, and clqc at 2
days post mechanical lesion. This demonstrated that the expression of these genes was
localized to cells at the site of injury, with morphologies typical of immunocompetent cells
(Figure 5.2, data not shown). Probing these sections with antibodies against 4C4 (labels
microglia in the zebrafish retina) (Craig et al., 2010) and against L-Plastin (Icpl, labels
microglia and leukocytes in zebrafish) (Redd et al., 2006) confirmed that these cells were
microglia and/or leukocytes (immunocompetent cells) recruited to the injury site (Figure
5.2B). We were unable to detect visible amounts of these transcripts in Miiller glia (MG),
Miiller glia derived progenitor cells (MGPCs), or injured retinal ganglion cells (RGCs) at the
site of injury by in situ hybridization (Figure 5.2). This is in contrast to previous work that
demonstrated that the expression of apobec2a,2b is localized to MGPCs during retina
regeneration and that the expression of apobec2b is localized to RGCs during optic nerve

regeneration (Powell et al., 2012).

5.3.3 Immunocompetent cells congregate at the injury site following mechanical retinal
injury
Immunostaining with markers of immunocompetent cells indicated that these cells

quickly congregate at the injury, entirely filling the lesion site after mechanical injury (Figure
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5.3A-C). An mpeg:gfp transgenic fish showed similar results (Figure 5.3B) (Ellett et al.,
2011). In the uninjured state (control), microglia largely reside in the RGC layer, the inner
plexiform layer (proximal to the inner nuclear layer), and the outer plexiform layer (Figure
5.3). Within 6hpi, most of these cells are localized to the injury site or the RGC layer and
remain there through 8dpi (Figure 5.3C).

Co-staining retinal sections prepared from injured apobec2bP+1:gfp transgenic fish,
which label MGPCs and activated RGCs (Powell et al., 2012), for GFP and markers of
immunocompetent cells indicated that the transgene activation was not visible in microglia or
leukocytes, but suggested that these immunocompetent cells were in close proximity to
apobec2b expressing MGPCs and activated RGCs (Figure 5.4A and B). Similar results were
seen after co-staining injured retinal sections with markers of immunocompetent cells and
markers of MG (GFP+ cells from gfap:gfp transgenic fish) (Figure 5.4C) or markers of
MGPCs at 2dpi (GFP+, PCNA+ cells from gfap:gfp transgenic fish) (Figure 5.4D) and 4dpi
(GFP+ cells from 1016 tubala:gfp transgenic fish) (Figure 5.4E) (Fausett and Goldman,
2006; Powell et al., 2012). Thus, while MG may be taking part in the inflammatory response
during zebrafish retina regeneration, they do not become immunogenic for markers such as
4C4 or L-Plastin, they do not activate mpegl expression as reported by the mpeg:gfp
transgenic fish, and they do not activate the expression of tnfb, spil, or complement
expression programs as determined by in situ hybridization using probes specific to
components of those programs. The same is apparent of RGCs following optic nerve
injury, as similar results were seen with activated RGCs damaged at the site of mechanical

injury (Figure 5.4).

5.3.4 Apobec2a,2b regulate the expression of immune response genes

Because the expression of apobec2a,2b is highly correlated with the activation of
these immune response programs (Figure 5.1) and because others have found correlations
between APOBEC?2 expression and inflammation (lio et al., 2010), we sought to test if this
immune response program was dependent on the presence of Apobec2a,2b. Surprisingly,
when we knocked down Apobec2a, Apobec2b, or Apobec2a,2b, the injury-dependent
activation of tnfb, plek, clqc, and clgb was negatively impacted (Figure 5.5A). Dnmt4

expression, which is activated after injury in an Apobec2a,2b-independent fashion, served as
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a control (Powell et al., 2012). The expression of these genes could be rescued with heat
shock of hsp70:zapobec2wt transgenic fish, clearly establishing that this effect is dependent
on Apobec2a,2b (Figure 5.5B). Furthermore, the heat shock of 4sp70:hAPOBEC? fish could
also rescue the expression of these inflammatory and complement genes, while heat shock of
hsp70:zapobec2mut fish could not (Figure 5.5B), indicating that the role that Apobec2
proteins play in the immune response is conserved between fish and mammals and that it
requires the proper coordination of zinc by Apobec2s.

To validate that these decreases in gene expression occurring following Apobec2a,2b
knockdown were not occurring in MG themselves, at a level undetectable by in situ
hybridization (Figure 5.2) and immunostaining (Figure 5.3 and 5.4), GFP+, lissamine+ cells
were isolated from gfap:gfp transgenic fish retinas 2 days after administration of either
control or apobec2a,2b morpholino (Powell et al., 2013). Expression analyses of these cells
confirmed that the low level of expression of these genes in MG was not regulated by
Apobec2a,2b (Figure 5.5C). These results suggest that the knockdown of Apobec2a,2b
perturbs communication between MG and microglia/leukocytes that would ordinarily lead to
increased expression of immune response genes in immunocompetent cells. Knockdown of
Apobec2a,2b did not impact the localization of microglia/leukocytes to the site of injury
indicating that this communication occurs after immunocompetent cells have arrived at the
injury site (Figure 5.5D). This result was not entirely unexpected, as microglia/leukocytes
have migrated to the injury site and RGC layer within 6hpi (Figure 5.3), at which time the
expression of apobec2b is just increasing during retina regeneration and before it’s

expression is induced during optic nerve regeneration (Powell et al., 2012).

5.3.5 Apobec?2 expression in muscle regulates immune response genes

Because the expression of Apobec? has been reported to be highest in cardiac and
skeletal muscle (Liao et al., 1999; Anant et al., 2001a; Powell et al., 2012; Li et al., 2014),
and because the knockdown/knockout of Apobec2 leads to muscle phenotypes (Piec et al.,
2005; Sato et al., 2009; Etard et al., 2010), we were curious to ascertain whether Apobec2
expression could influence the expression of these immune response genes in muscle fibers
(or immunocompetent cells surrounding muscle fibers). Previous reports have demonstrated

that Apobec2 expression is highly repressed following muscle denervation (Sato et al., 2009).
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Likewise, we found a greater than 90% decrease in Apobec? expression in mouse tibialis
anterior (TA) muscle within 3 days following denervation (Figure 5.6A and B). Myog
expression is highly induced following denervation and served as a positive control (Tang et
al., 2009). Interestingly, we found that multiple immune response genes including 7nfB,
Acvrll (a Tntb receptor), Apocl, Plek, and Mfap4 were decreased concurrently (Figure
5.6C).

To determine if these results were a direct result of a decrease in Apobec2 and not
resulting from an alternate path during muscle denervation, Apobec2 siRNAs were obtained
to knockdown Apobec2 in mouse TA muscle in the absence of denervation. siRNA
mediated Apobec2 knockdown resulted in decreased expression of Tnfb, Acvrll, Apocl,
Plek, Mfap4, and Clqc, while the expression of Myog was unperturbed (Figure 5.6D). These
results further demonstrate the role that Apobec2 proteins play in regulating an immune

response program.

54 Discussion

While the exact function of the immune response during zebrafish CNS regeneration
has not been examined thoroughly, mounting evidence suggests that the immune response
plays a critical role (Becker et al., 1998; Craig et al., 2008; Craig et al., 2010; Kroehne et al.,
2011; Marz et al.,, 2011; Kizil et al., 2012; Nelson et al., 2013). Here we begin to
characterize this response during zebrafish retina regeneration following mechanical lesion
and during zebrafish optic nerve regeneration following optic nerve cut.

After retinal damage (mechanical and light-mediated photoablation), inflammatory
and complement gene expression programs are rapidly activated (Figure 5.1A-D). The
activation of these programs is highly correlated with the proliferation of MGPCs (Fausett
and Goldman, 2006), suggesting that the immune response may influence the proliferation of
these progenitors. This potential link is supported by recent evidence that suggests that the
pro-inflammatory cytokine TNF-a is required for Miiller glia proliferation during zebrafish
retina regeneration (Nelson et al., 2013) and that complement factor C3a can induce retina
regeneration in the absence of injury in developing chicks (Haynes et al., 2013). Using a
combination of in situ hybridization, transgenic fish, and immunostaining, we demonstrate

that the injury-dependent induction of these immune genes is localized to immunocompetent
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cells at the site of injury (Figure 5.2-5.4). These cells migrate to the site of injury by 6hpi
and remain there through 8dpi (Figure 5.3). During that time, they are in close proximity to
MGPCs and activated RGCs (Figure 5.3 and 5.4).

After zebrafish optic nerve lesion, inflammatory and complement gene expression
programs are transiently activated, peaking at 2dpi and returning to basal levels by 4dpi
(Figure 5.1E-G). Interestingly, early studies of goldfish retinal explants suggested that a
priming event following optic nerve injury is necessary for the optimal axonal outgrowth of
explants in tissue culture. It was demonstrated that in comparison to retinal explants
prepared following optic nerve crush, explants prepared without prior injury possessed an
extremely limited ability for growth (Landreth and Agranoff, 1979). Furthermore, axonal
outgrowth increased markedly if they were prepared 4 days or more after injury, suggesting
that this priming event occurs in the days immediately following injury and that removing the
retina from its natural environment precludes this from happening (Landreth and Agranoff,
1979). It would be interesting if this priming event requires the transient activation of the
immune response, which we have begun to characterize here.

Interestingly, the injury-dependent activation of these inflammatory and complement
response programs occurs concomitantly with the activation of apobec2a,2b expression
during retina regeneration and apobec2b expression during optic nerve regeneration.
Furthermore, the level of induction of this immune program correlates with the level of
induction of apobec2a,2b, suggesting that one may regulate the other. Others have noted a
correlation between APOBEC2 and inflammation (Matsumoto et al., 2006; Iio et al., 2010).
Previously, we demonstrated that the expression of apobec2a,2b is induced in activated MG
following retina damage and in activated RGCs following optic nerve damage and that
Apobec2a,2b are necessary for these regenerative events (Powell et al., 2012). Surprisingly,
while these immunocompetent cells did not show appreciable levels of apobec2a,2b (Powell
et al., 2012)(Figure 5.4), the injury-dependent activation of immune response genes was
sensitive to Apobec2a,2b knockdown (Figure 5.5) suggesting that Apobec2a,2b may
somehow facilitate communication between regenerative cells and immunocompetent cells,
and that this communication is important for retina and optic nerve regeneration.

Since its identification, Apobec2 has been most highly associated with muscle tissue

(Liao et al., 1999; Anant et al., 200la; Powell et al., 2012; Li et al., 2014).
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Knockdown/knockout of Apobec2 causes multiple phenotypes in muscle, including
decreased mass, altered muscle fiber type ratios, and myopathies (Sato et al., 2009; Etard et
al., 2010). Surprisingly, no activity-dependent or regenerative research in muscle has focused
on Apobec2. But, an inflammatory response has been characterized. In fact, macrophages
have been shown to promote muscle growth and regeneration (Arnold et al., 2007; Tidball
and Wehling-Henricks, 2007; Deng et al., 2012; Saclier et al., 2013; Zordan et al., 2014). It
would be interesting if Apobec2 proteins, similar to their role in zebrafish retina
regeneration, regulate immunocompetent cells during times of differential muscle use,
muscle growth, and muscle regeneration.

The mechanism by which Apobec2a,2b facilitate communication with
microglia/leukocytes during retina and optic nerve regeneration remains unknown.
Previously, we proposed a mechanism whereby Apobec2 sumoylation regulates its cellular
localization, and that non-sumoylated Apobec2 can enter the nucleus and interact with
transcription factors, influencing gene expression (Chapter 5.4). Its possible that one of the
gene expression programs controlled through this mechanism involves the production of
secretory cytokines that stimulate the activity of immunocompetent cells, which then,
through their activity stimulate regeneration. Further work will need to be done in order to
fully decipher this mechanism.

In summary, we provide evidence that an immune response accompanies zebrafish
retina regeneration following mechanical injury and optic nerve regeneration following optic
nerve cut. Furthermore, this work suggests that Apobec2 proteins, like other Apobec

proteins, may play a role in the immune response.
5.5 Materials and Methods

5.5.1 Animals

Zebrafish were kept at 26-28 °C on a 14/10 hr light/dark cycle. Transgenic gfap.gfp
(Kassen et al., 2007), 1016 tubala:gfp (Fausett and Goldman, 2006; Powell et al., 2012),
mpegl:gpf (Ellett et al., 2011), apobec2bP+1:gfp (Powell et al., 2012), hsp70:zapobec2wt
(Chapter 4), hsp70.:zapobec2mut (Chapter 4), and hsp70:hAPOBEC2 (Chapter 4) fish have
been described previously. Fish were harvested by treatment with a lethal dose of tricaine

methane sulfonate (Sigma). Only adult fish (>2.5 months of age) were used in this study.
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Mice were harvested by treatment with a lethal dose of isoflurane (VetOne). Adult C57BL/6
mice were used in this study. Fish and mice were handled in accordance with the University

of Michigan Committee on Use and Care of Animals.

5.5.2 Retina Injury, Morpholino-Mediated Gene Knockdown, and Heat Shock

Mechanical retinal injury has been described previously (Powell et al., 2012; Powell
et al., 2013). Photoablation was carried out as described (Thomas et al., 2012). Briefly fish
were placed in a glass beaker positioned ~5 cm from the tip of a fiber optic light (X-Cite
120Q metal halide lamp from a Zeiss Axiophot, Axio Observer Z.1 microscope) and
exposing them to ~100,000 lux for 30 minutes. Optic nerve lesions have been described
previously (Fausett and Goldman, 2006; Veldman et al., 2010; Powell et al., 2012).
Lissamine-tagged morpholino antisense oligonucleotides (MOs) (Gene Tools) were delivered
at the time of injury by using a Hamilton syringe. MO delivery to cells was facilitated by
electroporation as described (Powell et al., 2012). The control, apobec2a, and apobec2b
targeting MOs have been described previously (Rai et al., 2008; Powell et al., 2012; Powell
et al., 2013). Heat shock was carried out as outlined previously (Chapter 4).

5.5.3 RNA Isolation, RT-PCR, and Real-Time PCR

Total RNA was isolated using TRIzol (Invitrogen) and was DNase treated
(Invitrogen). cDNA synthesis was performed using random hexamers and either SuperScript-
I (Invitrogen) or M-mulv (NEB) reverse transcriptase. PCR reactions used Taq and gene-
specific primers (Table 5.1). Real-time PCR reactions were carried out with ABsolute SYBR
Green Fluorescein Master Mix (Thermo Scientific) on an iCycler real-time PCR detection
system (Bio-Rad). The AACt method was used to determine relative expression of mRNAs.

Student T tests were performed to determine statistical differences between samples.

5.54 Fluorescence Activated Cell Sorting

FACS sorting was carried out as previously described (Powell et al., 2013). Cell
sorting was performed by the University of Michigan Flow Cytometry Core on a BC
Biosciences FACSAria 3 laser high-speed cell sorter.

5.5.5 Tissue Preparation, Immunofluorescence, In situ Hybridization, and Imaging
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Zebrafish eyes were prepared for sectioning and sectioned as has been done
previously (Powell et al., 2012; Powell et al., 2013). [In situ hybridizations were performed
with antisense digoxigenin (DIG)-labeled RNA probes (Powell et al., 2012). Sense control
probes were generated and showed no signal above background (data not shown). For
cloning of tnfb, plek, mpegl, mfap4, spil, clgc, and apocll probes, PCR was carried out
using Phusion DNA Polymerase (NEB), cDNA prepared with zebrafish retinal RNA, and
primers indicated in Table 5.1. PCR products were then adenylated with dATP (Invitrogen)
and Tag DNA Polymerase (NEB) and cloned into pGEMT-Easy (Promega). Sequencing at
the University of Michigan DNA Sequencing Core validated that these clones were correct.
Antisense DIG labeled probes were created using restriction endonuclease linearized
plasmid, RNA polymerase [SP6 (Promega) for tnfb, plek, mfap4, spil, and clgc and T7
(Roche) for mpegl and apocll] and DIG rNTPs (Roche) as described previously (Powell et
al., 2012).

Immunofluorescence was performed as described previously (Powell et al., 2012;
Powell et al., 2013) using the following primary antibodies: mouse anti-4C4 (gift from Jack
Parent, University of Michigan, 1:300), rabbit anti-L-Plastin (gift from Michael Redd,
University of Utah, 1:1000), rabbit anti-GFP (1:1000, Invitrogen), and mouse anti-PCNA
(dividing cell marker, 1:500, Sigma). The following secondary antibodies were used: Alexa
Flour 555 donkey anti-mouse IgG (1:1000, Invitrogen), Alexa Flour 488 donkey anti-mouse
IgG (1:1000, Invitrogen), Alexa Four 488 goat anti-rabbit IgG (1:1000, Invitrogen), and
AMCA anti-mouse IgG (1:250, Invitrogen). Antigen retrieval for PCNA staining was
performed by boiling the sections in 10 mM sodium citrate for 20 min followed by cooling
them for another 20 min in solution.

Images were examined using a Zeiss Axiophot, Axio Observer Z.1. Images were
captured using a digital camera adapted onto the microscope and were processed/annotated
with Adobe Photoshop CS4. Student T tests were performed to determine statistical

differences between samples.

5.5.6 Muscle Denervation and siRNA Mediated Gene Knockdown

Tibialis anterior (TA) muscle denervations have been described previously (Tang et

al., 2009). Briefly, fur covering the lower back to proximal thigh was removed, the region
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was swabbed with Betadine, and a small posterolateral cutaneous incision was made
beginning at the approximate region of the sciatic notch. The superficial facia was cut and the
hamstring, and gluteal muscles were separated bluntly. With the sciatic nerve exposed, a 1-
cm-long section was removed, and the incision closed with wound clips.

Predesigned mouse Apobec? stealth siRNAs were ordered from Invitrogen (5’

to 3% siRNAT: UCUUUAACACCAUCCUGCCAGCUUU,
AAAGCUGGCAGGAUGGUGUUAAAGA; siRNA2:
CAGCCUCUCAGAAUGGAGAUGAUUU, AAAUCAUCUCCAUUCUGAGAGGCUG;
and siRNA3: UCAUUCUGGUGAGCCGGCUCUUCAU,

AUGAAGAGCCGGCUCACCAGAAUGA). Stealth siRNAs and plasmid DNA were
delivered into TA muscle by electroporation as described previously (Tang et al., 2009).
Briefly, the TA muscle was injected with 20 pl of solution containing 32 uM siRNA, 50 mM
NacCl, and 2-5 pg of pCS2EGFP plasmid (marker) with the molar ratio of stealth siRNA to
pCS2EGFP being >500-fold so as to ensure all GFP+ fibers harbor siRNA. Nucleic acid
uptake was facilitated by placing electrodes, coated with ultrasound transmission gel, on
either side of the leg and using a BTX square wave electroporator to deliver six pulses of 140
V/em of 60-ms duration with an interval of 100 ms. To ensure muscle fibers had recovered
form any electroporation-induced damage, animals were allowed to recover 10 days before
isolation of GFP+ fibers. For control experiments, 2—5 pg of pCS2EGFP was injected in the
absence of siRNAs.
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5.7 Figures
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Figure 5.1 Injury-dependent regulation of genes associated with the immune and
complement response

(A) RT-PCR analysis and (B and C) real-time PCR quantification of the indicated
mRNAs isolated from retinas at various times post mechanical injury by poke with a 30-
gauge needle. (D) Real-time PCR quantification of the indicated mRNAs isolated from
retinas 2 days post light-mediated photoablation (2dpPA). (E) RT-PCR analysis and (F and
G) real-time PCR quantification of indicated mRNAs isolated from retinas at various times
post optic nerve cut (ONC). Expression analyses demonstrate that an immune response
occurs concurrent with a regenerative response. For RT-PCR and real-time PCR analyses,
the expression of gapdh served as the internal control. For real-time data, the Y-axis
represents fold induction and is normalized to 0 hours (0Oh), i.e. the uninjured retina, which
was assigned a value of 1. Data represents means + s.d. (n=3 individual cDNA sets;
compared with control, time points marked with an asterisk have a P < 0.05). hpi, hours post
injury; dpi, days post injury.
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Figure 5.2 Immunocompetent cells at the site of injury express markers of the immune
and complement response

In situ hybridization signal at 2dpi mechanical injury using (A) apocll and (B) clgc
probes is localized to cells at the injury site that have morphologies typical of
immunocompetent cells (representative cells are designated with arrowheads in A). (B) Co-
staining with markers of microglia (4C4 and L-Plastin) and leukocytes (L-Plastin) confirmed
the cells stained positive by in situ hybridization are immunocompetent cells. Area encircled
by dashed lines delineates a region of overlap between in situ hybridization and
immunostaining signals. The injury site is marked with an asterisk. Dpi, days post injury;
ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

169



*

anti-4C4 | Control anti-4C4

ONL
INL

MR GC|
" anti-4C.
DAPI

o

anti-4C4 | 2dpi

ONL
& INL

s GCL

mpeg1:gfp

ONL
INL

anti-GFP | Control anti-L-Plastin FfeYoil
mpeg1:9fo” % mpeg1:gfp 4

ONL
INL

anti-GFP anti-L-Plastin [

anti-4C4

mpeg1:gfo ONL
DAPI

INL
ONL

anti-GFP anti-L-Plastin

GCL

anti-L-Plastin

“>
2dpi.__..
anti-L-Plastin T anti-L-Blastin, ™ |
by : ONL
b : INL

i GCL

Figure 5.3 Immunostaining identifies the localization of immunocompetent cells during
a time course of retina regeneration

Immunostaining using antibodies targeting (A) 4C4 in wt fish, (B) GFP and L-Plastin
in mpeg:gfp transgenic fish, and (C) L-Plastin in wt fish demonstrate the localization of
immunocompetent cells in the uninjured eye (control) and in the injured eye at multiple time
points after poke with a 30-gauge needle. Microglia/leukocytes arrive at and fill the injury
site within 6hpi and remain there through 8dpi. Abbreviations as in Figure 5.2. The injury
site is marked with an asterisk. Scale bars, 50 pm.
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Figure 5.4 Immunocompetent cells reside in proximity to MGPCs and activated RGCs
following injury

(A and B) Immunostaining of sections prepared from injured apobec2bP+I
transgenic fish indicates that immunocompetent cells identified by (A) L-Plastin and (B) 4C4
staining do not express apobec2b, but suggests that these immunocompetent cells are in close
proximity to GFP+ Miiller glia derived progenitors (MGPCs) and activated retinal ganglion
cells (RGCs). (C-E) Similar results were seen following staining of (C) Miiller glia (MG)
using gfap.gfp transgenic fish (GFP+ cells), (D) 2dpi MGPCs using gfap:gfp (GFP+, PCNA+
cells), and (E) 4dpi MGPCs using 1016 tubala:gfp transgenic fish (GFP+ cells).
Abbreviations as in Figure 5.2. The injury site is marked with an asterisk. Scale bars, 50 um.
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Figure 5.5 Apobec2a,2b regulate the injury-dependent activation of immune and
complement gene expression programs in immunocompetent cells but not their
localization to the injury site following mechanical injury

(A) Real-time PCR quantification of the indicated mRNAs isolated from retinas 2
days after injury and administration of 0.25 mM control, apobec2a, apobec2b, or
apobec2a,2b MO demonstrates that injury-dependent activation of tnfb, plek, clgc, and clgb
is regulated by Apobec2a,2b. (B) Real-time PCR quantification of the indicated mRNAs
purified from FACS sorted GFP+, lissamine+ Miiller glia derived progenitors (MGPCs) 2
days after injury and electroporation of 0.25 mM control or apobec2a,2b MO using gfap:gfp
transgenic fish indicates that the expression of immune and complement genes is not
regulated by Apobec2a,2b in MGPCs. (C) Real-time PCR quantification of the indicated
mRNAs isolated from heat shocked hsp70:zapobec2wt, hsp70:zapobec2mut, or
hsp:70hAPOBEC? transgenic fish retinas 2 days after injury and administration of 0.20 mM
control or apobec2a,2b MO demonstrates that the apobec2a,2b MO knockdown phenotype
can be rescued by inducing the expression of the zapobec2wt and hAPOBEC?2 transgenes, but
not the zapobec2mut transgene. (D) Immunostaining of immunocompetent cells after the
knockdown of Apobec2a,2b indicates that Apobec2a,2b do not regulate the localization of
immunocompetent cells to the injury site. For real-time PCR analyses, the expression of
gapdh served as the internal control. mRNA levels were normalized to levels of the control
MO samples, which were given a value of 1. Data represents means + s.d. (n=3 individual
cDNA sets; compared with control, time points marked with an asterisk have a P < 0.03862).
Abbreviation as in Figure 5.1 and 5.2. Scale bars, 50 um.
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Figure 5.6 Apobec2 regulates the expression of immune and complement programs in

muscle

(A) RT-PCR analysis and (B and C) real-time PCR quantification of the indicated
mRNAs isolated from innervated or denervated (3 days post denervation) mouse TA muscle
demonstrates that Apobec?2, Tnfb, Acvrll, Apocl, Plek, and Mfap4 expression levels decrease
following denervation. (D) Real-time PCR quantification of the indicated mRNAs isolated
from innervated mouse TA muscle 10 days after injection and electroporation of control (no
siRNA) or Apobec2 siRNA solutions suggests that the expression of Tnfb, Acvrll, Apocl,
Plek, Mfap4, and Clqgc is dependent on Apobec2. For RT-PCR and real-time PCR analyses,
the expression of Desmin served as the internal control. For real-time PCR analyses, mRNA
levels were normalized to levels of (B and C) denervated muscle or (D) control
electroporation, which were given a value of 1. (B and C) Data represents means =+ s.d. (n=3
individual cDNA sets; compared with control, time points marked with an asterisk have a P <
0.04248. (D) Because the control and Apobec2 siRNA3 samples are an n=2 (not n=3 as the
other samples), no analyses of significance was performed. TA, tibialis anterior; Inn,
innervated; Den, denervated.

173



5.8 Tables

Primer Set

Application

Sequence 5'->3'

mfap4 probe

Cloning and In Situ Probe
Generation

F, TTCGAATTCAGTGACTGTACATCCATGCCCTTCG

R, TTCGCGGCCGCTCATACTGACAGTGTGAGTGCCTTTCC

Cloning and In Situ Probe

F, TTCGAATTCGGAGAACTAGCAGCATGGTGAGATACG

tnfb probe Generation
R, TTCGCGGCCGCGTAGTGCCCTTGTTATAGTGCTCTTGACTG
Jlok probe Cloning .and In Situ Probe F, TTCGAATTCGTGTGGGTTGTGTTAAAAGACGATGCT
Generation R, TTCGCGGCCGCAACAGGAGAATGCTGGACACTGAAGA
16 probe gloning .and In Situ Probe F, GCAGGATCCGCGATGGAAGGCAAGGAATGAAG
eneration R, TTCGCGGCCGCCAACAATCAGTGTGCATGAATCAGGA
opit probe Cloning and In Situ Probe F, TTCGAATTCGTAGAGAGAGGGTAACCTGGACTGGCT

Generation

R, TTCGCGGCCGCGACTTCTCCCGTCTTTCCGTAGTTTCT

mpeg1 probe

Cloning and In Situ Probe
Generation

F, TTCGAATTCCCACCGGTGGTTATTCTTGTCCTC

R, TTCGCGGCCGCGGGTTTTCATTTGCAGCTTCATTCTG

apoc1l probe

Cloning and In Situ Probe
Generation

F, TACCACATCGCAAAGCTGTAAGGAGA

R, CTCATTTTTTCTTATTTTACAGCATCCCAC

SQ RT-PCR and Real-

F, ATGACCCCTCCAGCATGA

gapdn Time PCR R, GGCGGTGTAGGCATGAAC
apobecza SQ RT-PCR and Real- F, CTGCTGCAGACGGAGAAAAACCA
Time PCR R, CCAGCGTGCTCGTCCTCAATGTA
apobeczb SQ RT-PCR and Real- F, ATGAGGAGTTTGAGCTAGAGCCGATG
Time PCR R, ATCCTCCAGGTAACCACGAACGC
s SQ RT-PCR and Real- F, GAGCACAAAGGCTGCCATTCACT
Time PCR R, GACCATCTCCTTCAACATCTTCAACG
ok SQ RT-PCR and Real- F, AAGAGAGCGCTGGTTTTCAAGGTG
Time PCR R, TCATGCACACGTACAGTTCACTCAGG
1 %?n ElTv_c':DF(e:R and Real- F, GTCTGGCCTCTGCTGACACCTGT
R, GGATCTCCATGGGGACCTCTCTTT
1o %?n ElTv_c':DF(e:R and Real- F, TTAAGGCCACCATCTGTTTTCCAAC
R, TCTCCTTTAGCACCATCCTTCCCAT
bata SQ RT-PCR and Real- F, GGCTGCCCTGGAGAAAGATTATGA
Time PCR R, AGGATTGACCTTTTAGCCAGTTGACA
fapd %?n ElTv_c':DF(e:R and Real- F, CCTGCAACAATAAGAAGGTGTGAGTGAA
R, CCCGGCTGGATAGATGGTGTAAAC
i SQ RT-PCR and Real- F, TTATAACACGCATCACATTCATCCAGTG
Time PCR R, TGTCCGGGGCAAGTATGTCATCT
it SQ RT-PCR and Real- F, GCAAGTGGGAAACCAGAGACAGAGAC
Time PCR R, TCAGTGCTGAGATACGGGTAGAAGTCG
SQ RT-PCR and Real- F, GCTTCTTCCACAGCTACCAGTCCAGA
Ppars Time PCR R, GAGATCAGGGTCCCGTCTTTATTCAT
Sons SQ RT-PCR and Real- F, AGAAGCCGTTTTGAAGAGCCGAG

Time PCR

R, CCTGTAGGGTTCCATGATCTCCAGTG
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1 SQ RT-PCR and Real- F, AGCCCAATTCTTTCGAGGACTGC
apoc .
Time PCR R, ACCAAGCTCGCTCTGTTCAATGTTC
dnmtd SQ RT-PCR and Real- F, CAGAGCAGAGACGGCCAATCAGAG
nm .
Time PCR R, CATTACAGGGACTTCCACCAATCACC
SQ RT-PCR and Real- F, CTTCCGCCCTTCGAGATTGTCAC
mmapobec2 Time PCR
ime R, TCGAAAGCTGGCAGGATGGTGT
SQ RT-PCR and Real- F, GAGAAGCACCCTGCTCAAC
mmmyog Time PCR
R, GGTGACAGACATATCCTCC
. SQ RT-PCR and Real- F, AATGACATCCCGCGTGTACC
mmdesmin Ti PCR
ime R, AAGAAGCGCACCTTCTCGAT
SQ RT-PCR and Real- F, CTTCTTGGTGCAGAGGACGGTAGC
mmacvrl1 Ti PCR
ime R, GGCGATGAAGCCTAGGATGTTGTC
SQ RT-PCR and Real- F, TGCCACTGATGCTGATGCTGCT
mmmfap4 Time PCR
ime R, ACTTGCCGCCCTCAGTTGTCAT
infb SQ RT-PCR and Real- F, AAACCTGCTGCTCACCTTGTTGG
mmin .
Time PCR R, AGGTAGATGGGAGTGGGAATGGC
1 SQ RT-PCR and Real- F, GTGGAGGGCCGATACAAACAGAAG
mmc1qc .
Time PCR R, TTGGCCGTATGCGATGTGTAGTAGAC
ok SQ RT-PCR and Real- F, CATGATCTCCGCTTCCCTGCTC
mmple .
Time PCR R, CCTGCTTGATGATAACCCCTCTGAAT
SQ RT-PCR and Real- F, GCTCTTCATCGCTCTTCCTGTCCT
mmapoc1 Time PCR
ime R, GGGTCTTGGTCAAAATTTCCTTCTGTT

Table 5.1 List of primers used in this study and their applications
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Chapter 6:

Conclusions and Future Directions

I began this dissertation by introducing three topics that I felt would be useful in
providing context for my thought processes and the design of my experiments: retina and
optic nerve regeneration, DNA methylation, and the Apobec protein family. I believe that
the research presented in this dissertation has contributed to the current understanding of
each one of these fields. Examples of these contributions, as well as potential future

directions stemming from this work, are discussed below.
6.1 Conclusions

6.1.1 Retina and Optic Nerve Regeneration

As stressed at multiple locations throughout this dissertation, the key to stimulating a
mammalian regenerative response following retina or optic nerve damage likely resides in
our ability to awaken the innate regenerative potential of Miiller glia (MG) or retinal
ganglion cells (RGCs), respectively. Our capacity to perform this task is aided by
understanding the mechanisms required for the endogenous regenerative events that occur in
an organism such as zebrafish.

In our studies of zebrafish retina regeneration described in Chapter 2, we showed that
the expression of apobec2a and apobec2b (apobec2a,2b) is highly induced in MG activated
by injury and in proliferating Miiller glia progenitor cells (MGPCs). We show that the
injury-dependent expression of apobec2b is stimulated by the basic helix-loop-helix
transcription factor Asclla (Fausett et al., 2008). Importantly, knockdown of Apobec2a
and/or Apobec2b impedes MG activation and the proliferation of MGPCs, demonstrating
their necessity for these events. Moreover, we show that Apobec2a,2b are required for the

maximal injury-dependent expression of ascl/a and Asclla target genes such as tubala and
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lin28 (Fausett et al., 2008; Ramachandran et al., 2010a). In our studies of optic nerve
regeneration, we showed that the expression of apobec2b and asclla is induced in RGCs
following optic nerve damage and that Apobec2a, Apobec2b, and Asclla are required for the
stimulation of RGCs to a growth-permissive state. In Chapters 3 and 4, the biochemical
function of Apobec2a,2b was explored (discussed in more detail below) and a model was
proposed whereby Apobec2a,2b function by binding to the DNA binding domain of the
transcription factor Pou6F2, perturbing its ability to interact with DNA and to regulate gene
transcription. The developmental expression of Pou6F2 has been correlated with the
differentiation of retinal neurons (Zhou et al., 1996) and suggests that it may act as an
inhibitor of retina and optic nerve regeneration. Additional work is needed to test and
validate this model.

In Chapter 3, I describe research that, to the best of my knowledge, represents the first
in-depth, site-specific, genomic DNA methylation analysis of a cell functioning in an
endogenous regenerative event or of a cell isolated directly from a complex tissue. While the
reprogramming events of early development (Mayer et al., 2000; Oswald et al., 2000; Saitou
et al., 2012), induced pluripotent stem cell (iPSC) generation (Meissner et al., 2008;
Mikkelsen et al., 2008; Polo et al., 2012; Hackett et al., 2013; Kumar et al., 2013b),
heterokaryon formation (Bhutani et al., 2009), and nuclear transfer (Simonsson and Gurdon,
2004; Jullien et al., 2011) are marked with large-scale changes in the DNA methylation
landscape, particularly in pluripotency factor promoter regions, we presented evidence that
zebrafish MG are basally programmed (at least at the level of DNA methylation) for a
regenerative response. This basal methylation landscape may contribute to the high
efficiency and speed by which MG reprogram following zebrafish retina damage when
compared to other reprogramming events such as iPSC generation (Mikkelsen et al., 2008).
Interestingly, we showed that aspects of this basal programming are shared with mammalian
MG, suggesting that if provided the correct signal, they too may respond with a regenerative
response.

While we did not find changes in DNA methylation occurring in the promoters of
pluripotency factor and early-induced regeneration associated genes, we did identify a
changing DNA methylation landscape as MG reprogram to MGPCs, and we demonstrated

that the expression of genes which encode modulators of DNA methylation is regulated
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during retina regeneration. We showed evidence that the early events (0-2dpi) and later
events (2-4dpi) of retina regeneration are marked by a preponderance of DNA demethylation
and methylation, respectively, and we correlated these changes in methylation with changes
in gene expression. Although the exact purpose for these methylation changes remains
unknown, we hypothesize that the early events of DNA demethylation are needed for
transcriptional activation during MG reprogramming and that the later increase in DNA
methylation is needed for the initiation of MGPC differentiation. Importantly, we showed
that the perturbation of the basal and changing MG DNA methylation landscape during
zebrafish retina regeneration (via inhibition of DNA methyltransferases) blocks the
regenerative ability of MG, stressing the importance of DNA methylation in this process.
We did not address the regulation of DNA methylation within RGCs during optic nerve
regeneration, though it would make for an interesting comparison. Furthermore, the role of
other epigenetic marks, such as histone modifications, in the process of retina and optic nerve
regeneration remains to be explored.

In our studies outlined in Chapter 4, we demonstrated that C-to-U RNA editing is
regulated as MG are activated following injury and generate MGPCs. This represents, to my
knowledge, the first in-depth analysis of RNA editing during an endogenous regenerative
event. Interestingly, the majority of these editing changes are synonymous, occurring in
translated regions of the transcript that do not result in any change in the protein primary
sequence. While less abundant, C-to-U RNA editing that results in non-synonymous changes
was also noted, as well as editing in the 5° and 3’ untranslated regions. It would be
interesting to know if similar editing is seen in RGCs during optic nerve regeneration. How
these editing events occur, as well as their function, remains to be determined.

Finally, in Chapter 5 we add to the current body of evidence that indicates that an
immune response is stimulated following injury to the zebrafish retina (Craig et al., 2010) or
optic nerve. We characterized inflammatory gene expression programs, localizing changes
in inflammatory gene expression to immunocompetent cells localized at the site of injury.
We monitored the localization of immunocompetent cells in the retina before and at multiple
time points following injury. Interestingly, our research indicates that Apobec2a,2b regulate
the expression of inflammatory and complement genes via a communication event between

MG/MGPCs/RGCs and immunocompetent cells. Additional work is needed to establish this
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possibility and to ascertain if this inflammatory response is necessary for retina and optic

nerve regeneration.

6.1.2 DNA Methylation

Epigenetic marks, such as DNA methylation, play a critical role in the establishment
of cellular identity. Much has been learned about the regulation of DNA methylation since I
began my dissertation research, particularly concerning the mechanism of DNA
demethylation. In fact, when I was first designing my experiments, it was still uncertain as to
whether or not DNA demethylation in eukaryotes occurred passively (replication-dependent),
actively (replication-independent), or both.

Evidence for both passive and active mechanisms of DNA methylation has been
provided by many studies since the onset of my dissertation research (Kohli and Zhang,
2013), and our methylation analyses described in Chapter 3 have added to this body of
evidence. Our results support a role for active DNA demethylation during MG activation, as
we noted demethylation that occurred prior to MGPC proliferation. Furthermore we
characterized the expression of genes that encode proteins thought to regulate DNA
demethylation during retina regeneration and found that many of them are induced within
MGPCs following injury (Chapters 2 and 3). We showed that site-specific active DNA
demethylation during MG activation likely occurs through a cytosine deaminase-independent
mechanism, as the knockdown of Apobec2a,2b proteins did not impact this demethylation.
Furthermore, our expression analyses measuring zebrafish aid (the only other Apobec protein
in zebrafish) suggested that it is not expressed in the retina before or after injury (Chapter 1).
While the exact mechanism whereby these changes occur remains unclear, it is possible that
an oxidative pathway involving Tet and TDG enzymes is employed. In support for this
hypothesis, expression analyses of MG and MGPC suggest that MG basally express these
genes and that the expression of fet3 and ¢dg is induced in MGPCs (Chapter 3).

6.1.3 Apobec? Proteins

Although Apobec2 was identified over 13 years ago (Liao et al., 1999; Anant et al.,
2001a), very little was known about the biochemical function of Apobec2 proteins when I

began my thesis work. Because the expression of Apobec? is highest in muscle tissue (Liao
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et al., 1999; Anant et al., 2001a; Mikl et al., 2005), much of the early work regarding
Apobec2 was focused on studies of the muscle. Apobec? knockout mice, which were
originally characterized as lacking any notable phenotype (Mikl et al., 2005), were later
shown to have altered muscle fiber type ratios, diminished body mass, and myopathy (Sato et
al., 2009). In support of this report, and soon after I began my dissertation, a research article
was published that demonstrated that the knockdown of Apobec2a or Apobec2b during
zebrafish development results in a dystrophic muscle phenotype (Etard et al., 2010). Others
have reported a role for these proteins in developmental left-right axis specification (Vonica
et al.,, 2011) and tumorigenesis (Okuyama et al., 2011). Prominent hypotheses for these
correlations between Apobec expression and the resulting phenotype have included roles for
Apobec2 proteins in DNA demethylation (Rai et al., 2008) and RNA editing (Etard et al.,
2010; Okuyama et al., 2011; Vonica et al., 2011). Surprising, there has been no follow up
research of any of these correlations to directly test these possibilities. In contrast to these
hypotheses, which all rely on the deaminase activity of Apobec2 proteins, biochemical data
has questioned the ability of these proteins to act as cytosine deaminases (Harris et al.,
2002a; Mikl et al., 2005; Lada et al., 2011) or to bind polynucleotides (Anant et al., 2001a;
Sato et al., 2009).

Chapter 2 of this dissertation is similar to the other studies of Apobec2 proteins
mentioned above in that no mechanistic insights were gained. We correlated the expression
of Apobec2 proteins with a phenotype; Apobec2a,2b are required for retina and optic nerve
regeneration. The results of this early study were aided by our development of the
apobec2bP+I:gfp transgenic fish, which labels apobec2b expressing cells with GFP. This
transgenic fish may be useful in future studies of zebrafish Apobec2b. Unlike other studies,
which have only correlated the expression of Apobec2 with a phenotype, this thesis
represents the only body of work that took the next step: using these correlations in an
attempt to decipher the biochemical function of Apobec2 proteins. We carefully designed
our experiments to test the function of these proteins in the cells in which they are
functioning endogenously: MG (and possibly RGCs in the future). In Chapters 2 and 3 we
provide compelling evidence against the role of Apobec2 proteins in the regulation of site-
specific DNA demethylation and RNA editing. Mutagenesis assays using zebrafish
Apobec2a,2b demonstrated that they, like other previously characterized Apobec2 proteins,
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fail to induce cytosine deaminase-dependent mutations in bacterial mutagenesis assays.
Cumulatively, our data, in combination with biochemical data gathered by others, places
doubt in the possibility that Apobec2 proteins function as cytosine deaminases.

To gain additional insights into the role of Apobec2 proteins during zebrafish
regeneration, we designed Apobec2a,2b knockdown rescue experiments using transgenic fish
that allow the conditional expression of transgenes via heat shock. We demonstrate that the
conditional expression of exogenously introduced Apobec2a,2b using hsp70:zapobec2wt
transgenic fish can rescue the phenotype resultant from the knockdown of endogenous
Apobec2a,2b. This represents the first report of a morpholino knockdown rescue experiment
during zebrafish retina regeneration. In addition, other transgenic fish that we developed
revealed that the biochemical function of Apobec2 proteins during retina regeneration is
conserved between fish and mammals (hsp70:hAPOBEC?2 transgenic fish) and that this
function requires the proper coordination of zinc by Apobec2s (hsp70.:zapobec2mut
transgenic fish). Work is still needed to determine if the same is true of Apobec2a,2b during
optic nerve regeneration.

To identify Apobec2 interacting proteins that may help reveal its functioning during
regeneration, we designed a novel full-length, normalized cDNA yeast two-hybrid library
using RNA isolated from MGPCs. With this library, we identified Ubc9, Toporsa, and
Pou6F2 as Apobec2a,2b interacting proteins and demonstrate that these interactions are
conserved with human APOBEC2. Moreover, characterization of these interactions revealed
that Ubc9 and Toporsa regulate the N-terminal sumoylation of Apobec2 proteins and that this
sumoylation can influence their nuclear exclusion. Characterization of the interaction
between Apobec2 proteins and Pou6F2 revealed that Apobec2 proteins interact with the
DNA binding domain of Pou6F2, possibly precluding its ability to bind DNA. Interestingly,
our analyses, which are the only characterization performed within living cells, suggest that
zebratish Apobec2a and Apobec2b proteins do not oligomerize, at least in yeast.

Finally, as described above, our research suggests that Apobec2a,2b may control
aspects of an inflammatory response which parallels, or participates in, the regenerative
response following damage to the retina or optic nerve (Chapter 5). Research by others
supports a connection between Apobec2 proteins and inflammation (Matsumoto et al., 2006;

lio et al., 2010). Interestingly, our work suggests that Apobec2 proteins may perform a
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similar function in muscle as their knockdown in mouse muscle decreases the expression of
many inflammatory genes (Chapter 5). Cumulatively, the work described in this dissertation
has greatly contributed to the current understanding of Apobec2 proteins and their

biochemical function.

6.2 Future Directions

While much has been learned through this work, it seems like we have uncovered
more questions than we have answered. Many of these lapses in understanding have been
mentioned above or have been described in previous chapters. A few directions that I feel

would be the most logical next steps are discussed below.

6.2.1 Additional Rescue Experiments

The morpholino knockdown rescue experiments, which we designed for retina
regeneration in Chapter 4, can be used as a powerful tool for asking a wide range of
questions. A few that stem from my work include:

1) Do Apobec2a,2b function redundantly? Our work indicates that the functions of
Apobec2a and Apobec2b are highly similar. Their knockdown impacts similar gene
expression programs (Chapter 2), and they interact with the same proteins (Chapter 4);
moreover, these protein interactions appear to perform similar functions (Chapter 4). Yet, we
showed that the knockdown of either one of these proteins blocks retina and optic nerve
regeneration (Chapter 1). Similarly, the knockdown of either Apobec2a or Apobec2b during
zebrafish development results in a dystrophic phenotype (Etard et al., 2010). This may
suggest that Apobec2a and Apobec2b do not function redundantly, but that they each have a
unique, and currently unknown function (though some aspects of their function may be
shared). This is commonly seen with gene duplications. Alternatively, it may suggest that
the absolute level of Apobec2 protein (Apobec2a and Apobec2b) is critical. What is evident
from our work in Chapter 5 is that the function of Apobec2a,2b during retina regeneration is
conserved with human APOBEC2, as exogenously introduced hAPOBEC2 can rescue
Apobec2a,2b knockdown during retina regeneration. Because of this, I hypothesize that the
function of zebrafish Apobec2a,2b during retina and optic nerve regeneration is largely

redundant and that the absolute levels of these proteins is what matters. To test this
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hypothesis, transgenic fish that allow the conditional expression of Apobec2a or Apobec2b,
independently, can be developed and assayed for their ability to rescue the knockdown of
Apobec2b or Apobec2a, respectively.

2) Does the N-terminal sumoylation of Apobec2a,2b or their interaction with Ubc9 or
Toporsa play an important role during regeneration? As mentioned in Chapter 4, Apobec2
proteins interact with Ubc9 and Toporsa at their N-termini. Furthermore, we demonstrated
that at least one of the purposes of these interactions is to facilitate the N-terminal
sumoylation of Apobec2 proteins and that this sumoylation can stimulate their nuclear
exclusion. But, these interactions and this sumoylation could have multiple roles. In
addition, while we analyzed the sumoylation of Apobec2 proteins by SUMOLI, it is likely that
they can be modified by other SUMO proteins. While addressing each one of these
possibilities would add to our current understanding of Apobec2 proteins, arguably the most
important question, in terms of regeneration, is whether or not these interactions, and the
outcome of these interactions, are necessary for retina and optic nerve regeneration. To test
this possibility, transgenic fish that allow the conditional expression of N-terminally
truncated Apobec2 proteins (precluding their interaction with Ubec9 and Toporsa) can be
generated and tested for their ability to rescue the knockdown of Apobec2a,2b.
Alternatively, to address sumoylation specifically, the sumoylation sites of Apobec2a,2b can
be mapped and mutated to prevent their sumoylation. Transgenic fish can then be made that
produce these mutated Apobec proteins.

3) Is the interaction between Apobec2a,2b and Pou6f2 necessary for regeneration? In
Chapter 4 we hypothesize that the interaction between Apobec2a,2b and the DNA binding
domain of Pou6F2 precludes the ability of Pou6F2 to bind DNA. Our current work in the lab
is directed at testing this possibility. Furthermore, I hypothesize that this is the main function
of Apobec2 proteins; that they interact with and modulate the activity of select transcription
factors, functioning independent of cytosine deamination. If the main function of
Apobec2a,2b during retina regeneration is to bind Pou6F2 and modulate its activity, one
would expect that by preventing this interaction, MG activation and MGPC proliferation
would be diminished, as this is the phenotype seen after Apobec2a,2b knockdown (Chapter
1). Currently we know that the interaction between Pou6F2 and Apobec2a,2b occurs in a

region of Apobec2a,2b other than their N-termini. These studies could be extended to
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generate mutant Apobec2a,2b proteins that are unable to interact with Pou6F2. Then
transgenic fish that allow the conditional expression of these mutated Apobec2 proteins can
be generated and examined for their ability to rescue the knockdown of Apobec2a,2b.

4) Is Pou6F2 an inhibitor of the regenerative response? In our model of Apobec2a,2b
function proposed in Chapter 4, we suggest that Pou6F2, whose expression is associated with
retinal differentiation during development (Zhou et al., 1996), acts as an inhibitor of retina
and optic nerve regeneration. Interestingly, one of the major obstacles in stimulating a
regenerative response in mammals is the ability to overcome intrinsic inhibitory signals, so
the identification of inhibitors of these regenerative events could be very useful. To test this
theory, transgenic fish can be generated that allow the conditional expression of Pou6F2 and

tested for their ability to inhibit retina or optic nerve regeneration.

6.2.2 The Role of Apobec2a,2b in the Inflammatory Response

As mentioned previously, our research suggests that Apobec2a,2b may regulate an
inflammatory response via a communication event occurring between MG/MGPCs/RGCs
and immunocompetent cells after damage to the retina or optic nerve (Chapter 5). While we
present a considerable amount of data in support for this hypothesis during retina
regeneration, this work needs to be extended to incorporate optic nerve regeneration.
Questions that remain to be answered include:

1) Do Apobec2a,2b modulate the immune response during optic nerve regeneration?
Like retina regeneration, we see a striking correlation between the time course of injury-
dependent expression of apobec2b and those of the immune response following optic nerve
cut. To determine if the regulation of gene expression in immunocompetent cells depends on
the function of Apobec2a,2b in RGCs, expression analyses can be performed following
Apobec2a,2b knockdown during optic nerve regeneration. This knockdown is arguably
better and more informative than the knockdown performed during retina regeneration as it
can be performed selectively in RGCs (see Chapter 2). The ability of hsp70:zapobec2wt,
hsp:70zapobec2mut, and hsp70:hAPOBEC2 transgenic fish to rescue this potential
phenotype can also be assessed.

2) Is an immune response necessary for retina or optic nerve regeneration? While we

(Chapter 5), and others (Craig et al., 2010; Nelson and Hyde, 2012), have reported that an
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immune response is activated following damage to the zebrafish retina or optic nerve, it is
unclear whether or not this response contributes to zebrafish retina or optic nerve
regeneration. The correlation between immune and regenerative responses has also been
noted in other regenerative model systems (Eming et al., 2009). Interestingly, the activity of
macrophages has been shown to be important for adult salamander limb regeneration
(Godwin et al., 2013) and muscle regeneration (Tidball and Wehling-Henricks, 2007; Deng
et al., 2012; Kharraz et al., 2013). Likewise, I hypothesize that immunocompetent cells
perform an essential function during retina and optic nerve regeneration. To test this
hypothesis, immunocompetent cells can be depleted from the retina using clondronate
liposomes (Godwin et al., 2013). Following the ablation of these cells, the activation of MG
and the proliferation of MGPCs can be assessed during retina regeneration and RGC axonal

outgrowth can be assessed following optic nerve injury.

6.2.3 The Role of Apobec2 in Muscle Regeneration

Muscle is a highly regenerative tissue, even in mammals (Ciciliot and Schiaffino,
2010). While it is easy to image that a regenerative event would follow injury or a period of
intense exertion, one could also imagine that the mechanical motion of every day use would
cause wear-and-tear in muscle that would require continuous regeneration. Since their
identification, it has been known that the expression of Apobec?2 proteins is highest in muscle
tissue (Liao et al., 1999; Anant et al., 2001a). I hypothesize that, similar to zebrafish retina
and optic nerve regeneration, Apobec2 proteins play an important role in muscle
regeneration. Furthermore, I hypothesize that they perform this function by modulating the
activity of transcription factors in an injury/activity-dependent fashion. While Apobec2 null
mice have been generated (Mikl et al., 2005; Sato et al., 2009), there have been no reports of
studies analyzing the role that Apobec2 proteins may perform during muscle regeneration.
Questions that merit analysis include:

1) Is Apobec2 mRNA or Apobec2 protein regulated in muscle fibers in an
injury/activity-dependent manner? If Apobec2 plays an important role during muscle
regeneration, one might expect changes in its abundance after injury, similar to what we see
during zebrafish retina and optic nerve regeneration. But, because the expression of Apobec?2

is already high in muscle (possible due to a continual need to regenerate), one could image
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that Apobec2 proteins are regulated in an activity/injury-dependent fashion. This regulation
may include stability, sumoylation, or subcellular localization. It would be worthwhile to
test these possibilities following muscle damage. In addition, correlations could be tested
between changes found in the regulation of Apobec2 with changes in the immune response,
such as the presence of immunocompetent cells and their expression changes (discussed
below).

2) Is the expression of Apobec2 necessary for muscle regeneration? While this
question would be facilitated through the use of Apobec2 null mice, these experiments can
also be performed in mice using siRNAs or in zebrafish using anti-sense morpholinos. The
ability of the animal to respond to muscle injury (for example, after an injection of
cardiotoxin) following Apobec2 knockdown/out could be assessed relative to a control.
Metrics could include gene expression and the proliferation of myogenic precursor cells.

3) Does Apobec2 control an immune response during muscle regeneration?
Interestingly, as mentioned above, macrophages have been shown to play an important role
during muscle regeneration (Tidball and Wehling-Henricks, 2007; Deng et al., 2012; Lesault
et al., 2012; Kharraz et al., 2013). Similar to zebrafish retina regeneration, our preliminary
expression analyses suggest that Apobec2 proteins control an inflammatory immune response
following damage to mouse muscle via electroporation (Chapter 5). It would be worth
developing these expression analyses, possibly including additional, earlier time points (1 to
4dpi) when macrophages have been shown to function most robustly following muscle injury

(Deng et al., 2012).

6.2.4 Asclla/Lin28 Heat Shock Transgenic Fish

The ultimate goal in using zebrafish as a model system for studying retina and optic
nerve regeneration is to be able to apply what we learn to mammalian systems. Ideally, one
could identify the minimal components necessary to stimulate MG and RGC activation in
zebrafish and attempt to stimulate a similar regenerative response in mammals. For this
purpose, we designed the transgenic fish described in Appendix A, which allow the
conditional expression of Asclla and/or Lin28, two master regulators controlling MG
activation and MGPC proliferation. In the simplest sense, these fish were designed to answer

one question: does the conditional expression of Asclla, Lin28, or both in combination
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stimulate a regenerative response in the absence of injury? While this seems relatively
straightforward, additional work may be necessary to show that the transgenes are functional
(as the tags may preclude some aspect of their function) and that they induce to sufficient
levels within MG. If the transgenes are unable to induce MG to generate MGPCs without

injury, attempts at stimulating a regenerative response after injury can also be explored.

6.3 Final Conclusions

Our understanding of retina and optic nerve regeneration is expanding rapidly and has
a very promising future. Applying what we have learned and will learn through studying
zebrafish retina and optic nerve regeneration to mammalian systems will be an interesting
next step. Understanding the biochemical function that Apobec2 proteins perform will likely
prove useful in this and other endeavors.

It is my hope that after reviewing this thesis, you can better understand why I
designed and performed these experiments and that you can appreciate the contributions that
they provide. This dissertation, which represents years of my life, has been a personal
journey. The knowledge and experience that I have gained extends far beyond any field of
science. Perhaps most importantly, I have learned a lot about myself, for which I am

especially grateful.
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Appendix A
Generation of transgenic fish that allow the conditional expression of

Asclla and/or Lin28 via heat shock

A.l Abstract

During zebrafish retina regeneration, Miiller glia (MG) become activated and
generate a population of Miiller glia derived progenitors (MGPCs) capable of replacing lost
neurons and glia. The ultimate goal of studying retina regeneration in zebrafish is to gain the
knowledge necessary to stimulate the endogenous regenerative potential of mammalian MG.
Key to this objective is the ability to stimulate MG activation and the generation of MGPCs.
During zebrafish retina regeneration, the expression of ascll/a and [in28 is rapidly induced
following retinal injury, but their expression remains unchanged following damage to the
mammalian retina. Asclla (a basic helix-loop-helix transcription factor) controls a large
component of the expression program in activated MG and MGPCs during zebrafish retina
regeneration, and Lin28 (an RNA binding protein) inhibits the maturation of, and stimulates
the degradation of, miRNAs that maintain the MG in a differentiated state. Because these
proteins play critical roles during zebrafish retina regeneration, yet are absent following
mammalian retina damage, we sought to determine if the conditional expression of Asclla,
Lin28, or both is sufficient to stimulate MG activation and the generation of MGPCs in
zebrafish. Here we describe the generation of transgenic fish that will be used in our attempt

to address this question.

A.2 Introduction

Unlike mammals, zebrafish respond to retinal damage with a robust regenerative
response. Multiple injury models have been employed in the study of this regenerative event

including light-mediated photoablation (Vihtelic and Hyde, 2000; Bernardos et al., 2007),
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intraocular injection of cytotoxic chemicals (Fimbel et al., 2007), cell type-specific
expression of toxic genes (Montgomery et al., 2010), and mechanical damage (Senut et al.,
2004; Fausett and Goldman, 2006). Each of these models results in a unique injury
signature; photoablation results in the death of rods and cones, intraocular injection of
cytotoxic chemicals (depending on the dose) results in the death of retinal ganglion cells and
inner nuclear layer neurons, cell-type specific cell ablation results in the death of a targeted
cell type, and mechanical damage results in the death of all retinal cell types. This suggests
that MG respond to stimuli from a variety of sources. The exact identities of these stimuli
remain unknown, but may include: the loss of contact between MG and neurons as a result of
neuronal cell death, the phagocytosis of cellular debris by MG, or the secretion of molecules
from dying cells or from microglia recruited to the injury. Recent work has indicated that
these secreted molecules may include factors such as Wnts (Ramachandran et al., 2011),
Hbegt (Wan et al., 2012), and TNFa (Nelson et al., 2013).

Interestingly, regardless of the source of stimuli, expression analyses of the early
regenerative response (including MG activation and the generation of MGPCs) indicate that
there is a high degree of commonality in the downstream effects of these stimuli (Thummel
et al., 2008b; Qin et al., 2009; Morris et al., 2011; Ramachandran et al., 2012). This suggests
that no matter the initial stimulus, each converges on a common signaling cascade necessary
for MG activation and the generation of MGPCs. While aspects of the regenerative response
resemble developmental processes, it is evident that certain components are unique, as MG
do not serve as progenitors during retinal development (Weissman et al., 2003). Although
many factors have been shown to be necessary for MG activation and the generation of
MGPCs, it is likely that some of these are downstream of a common signaling molecule.
Two proteins that have emerged as major players in the establishment of the regenerative
state are the basic helix-loop-helix transcription factor Asclla and the pluripotency factor
Lin28.

Asclla was one of the first molecules identified as being necessary for zebrafish
retina regeneration (Fausett et al., 2008). Since that time, Asclla has been shown to control
the expression of a number of other genes, each shown to play important roles during
regeneration, including tubala (Fausett et al., 2008), /in28 (Ramachandran et al., 2010a), dkk
(Ramachandran et al., 2011), apobec2b (Powell et al., 2012), and insmla (Ramachandran et
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al., 2012). Ascll is expressed by retinal progenitors cells during development (Brzezinski et
al., 2011) and is a key factor involved in neuronal fate conversion (Vierbuchen et al., 2010).
Unlike during zebrafish retina regeneration, the expression of Asc// is not induced in the
mouse retina after injury (Karl et al., 2008), likely contributing to its inability to regenerate.
Interestingly, the viral induction of Asc// in mouse MG in culture is sufficient to reprogram
them into progenitors (Pollak et al., 2013). Whether or not this holds true for MG residing
within the intact retina remains to be determined.

Lin28 is a pluripotency factor whose expression is associated with embryonic stem
cells and cancer (Nimmo and Slack, 2009). Its expression, in combination with SOX2,
OCT4, and NANOG, is sufficient to convert human somatic cells into induced pluripotent
stem cells (Yu et al., 2007). Unlike other pluripotency factors, Lin28 is not a transcription
factor, but is an RNA binding protein (Moss et al., 1997) that binds to miRNAs, such as Jet-7
miRNAs, inhibiting their maturation and stimulating their degradation (Rybak et al., 2008;
Viswanathan et al., 2008; Heo et al., 2009). In contrast to Lin28, the expression of let-7
miRNAs is associated with differentiation (Rybak et al., 2008; Nimmo and Slack, 2009;
Melton et al., 2010). In zebrafish, /er-7 miRNA levels are high in differentiated MG and
target the mRNAs of pluripotency genes and asc/la for degradation. After injury, the
expression of /in28 is rapidly induced. This induction is important for the activation of MG
and the generation of MGPCs, as Lin28 suppresses the activity of let-7 miRNAs, thus
relieving its degradation of pluripotency and asc//a mRNAs (Ramachandran et al., 2010a).
Unlike asclla, lin28 is not expressed in the developing retina (Ramachandran et al., 2010a),
suggesting that this component of the regenerative response is specific to retina regeneration.
Interestingly, the decreased regenerative potential of C. elegans with age has been associated
with increases in let-7 miRNAs (Zou et al., 2013). Furthermore, the reactivation of Lin28
expression in mice stimulates the regeneration of multiple tissues including hair follicles,
cartilage, bone, and mesenchyme (Shyh-Chang et al., 2013). Whether or not an increased
regenerative response occurs following damage to the retina remains to be seen.

These results summarized above support the hypothesis that the induction of Asclla,
Lin28, or both in the absence of injury may be sufficient to stimulate the activation of MG
and the generation of MGPCs. Previously, we generated a transgenic fish that allowed the

conditional expression of Apobec2a,2b and found that they were unable to induce a
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regenerative response in the absence of injury (Chapter 4). Here we build upon that study
and describe the creation of transgenic fish that allow the conditional expression of Asclla,

Lin28, or both.
A3 Results

A.3.1 Generation of heat shock inducible fish

hsp70:asclla and hsp70:lin28 transgenic fish were generated as outlined in the
materials and methods (Figure 5.7). Two lines were generated for each transgene, and
experimental size populations have been generated and are being maintained. Preliminary
expression analyses of these transgenic fish have demonstrated functionality of the
transgenes (data not shown). Homozygous populations were generated of Asp70:asclla and
hsp70:1lin28 transgenic fish have been prepared and crossed to produced /Asp70:asclia,
hsp70:1in28 double transgenic fish. The ability of these transgenic fish (individual and in
combination) to stimulate a regenerative response in the absence of injury has yet to be

determined.

A4 Discussion

The discussion of this topic is included in Chapter 6 as a future directions.
A.S Material and Methods

A.5.1 Animals

Zebrafish were kept at 26-28 °C on a 14/10 hr light/dark cycle. Fish were handled in
accordance with the University of Michigan Committee on Use and Care of Animals.
Construction of Asp70 transgenic fish was carried out as outlined in Chapter 4. Briefly, the
1016 tubala:gfp SV40 cassette (Fausett and Goldman, 2006) was cloned followed by a
second expression cassette encoding 1523 bp of the Asp70 promoter (Halloran et al., 2000)
driving the expression of: 1) flag-myc-asclla (hsp70:asclla) or 2) myc-lin28 (hsp70:1lin28)
followed by an SV40 sequence into the pT2AL200R150G Tol2 vector (Urasaki et al., 2006).
flag-myc-asclla and myc-lin28 were amplified from pCS2 clones described previously

(Ramachandran et al., 2010a) using the primers listed in Table 5.2. Cloning into Asp70
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construct was carried out with the restriction enzymes Smal and Kpnl. Tol2 transposase-
mediated integration of the transgene was performed by injection into single-cell zebrafish
embryos, which were raised to adulthood and screened for transgenic progeny (Powell et al.,
2012). Multiple independent lines were selected and grown to adulthood. Homozygous lines
of hsp70:asclla and hsp70:lin28 were generated and crossed to produce hsp70:ascllia,
hsp70:1in28 double transgenic fish. Insertion of both transgenes was validated by genotyping
(gDNA isolated from tail clip) using the primers listed in Table 5.2. One genotyping primer
is specific to sequence within ascll/a or lin28 and the other is specific to pTal construct, thus

specifically amplifying the transgene.
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A.7  Figures

A
hsp70:ascl1a
el 1016 tubaia Promoter [ svao] hsp70 Promoter SV40
hsp70:in28
1 1016 tubala Promoter [ svao] hsp70 Promoter SV40

Figure A.1 Graphic depicting the composition of the hsp70:asclla and hsp70:lin28
transgenes
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A.8 Tables

hsp70;Lin28 Cloning

Primer Set Application Sequence 5'->3'
pCS2-Spe1F pTal Ascl1a and pTal Lin28 Cloning | GCTTAACTAGTTTGCAGGATCCCTTCGATTTAAAGCTA
pCS2-SV40R pTal Ascl1a and pTal Lin28 Cloning | CTCACTAAAGGGAACAAAAGCTGGGTACCG
ptal insert F EI;;Q?LﬁZgéAéfgl?nZ”d pTal GCACCCGGGCTAGTGGATCAACAAGCTACTTGTTCT
ptal R pTal hsp70:Ascl1a and pTal AGCTGGCGAAAGGGGGATGTGCTGCAAGG

ascl1ascreen-F Genotyping ATGGACTACAAGGACGACGATGACAAG
ascl1ascreen-R Genotyping AGTTTTGGGAGATGGTGGGTGACA
lin28screen-F Genotyping ACCCGGTGCTACTTGTTCTTTTTGC
Lin28screen-R Genotyping TCGATCTCCTTTTGACCGCCTCTT

Table A.1 List of primers used in this study and their applications
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