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ABSTRACT

GENERATION OF A REPORTER-RETINITIS PIGMENTOSA MOUSE MODEL FOR
RETINAL REGENERATION STUDIES USING CRISPR/dCAS9-BASED ARTIFICIAL
TRANSCRIPTION FACTORS

Many blinding diseases of the retina involve neurodegeneration, including age-related
macular degeneration, diabetic retinopathy, glaucoma, and inherited retinal diseases (IRDs).
Inherited retinal diseases are one of the most common causes of blindness with the major
subtype retinitis pigmentosa (RP) occurring with a worldwide prevalence of 1:4000. More
than 200 genes are linked to inherited retinal diseases, which complicates approaches to target
all individual blinding conditions. Furthermore, more than 150 mutations have been
identified solely in the rod visual pigment, rhodopsin, that causes RP. In the majority of RP
cases, the ongoing photoreceptor degeneration cannot be stopped, or the disease is diagnosed
at a very late stage. Therefore, in addition to the therapies that will stop the ongoing
degeneration, there is also a demanding need for restorative therapies to regain vision in
patients that already have a severe neuronal loss. Mammalians have very limited retinal
regeneration capacity. However, in zebrafish, the Muller glia has an extraordinary
regenerative capacity, which opens up the possibility of Muller glia reprogramming for
compensating the neuronal loss in IRDs. To mimic this feature of teleost fish, several studies
have been performed in mammalian models to reprogram Muller glia. Here, we established
a reporter mouse model for RP using one of the very-well studied rd1 mouse models and the
rhodopsin reporter system that labels the newly regenerated rods in vivo which will allow us
to elucidate the regenerative potential of candidate drugs. Furthermore, the RP-reporter
model was combined with the novel dCas9-SPH system for multiplex gene regulation and to
establish synthetic gene regulatory networks using artificial transcription factors for the
treatment of neurodegenerative retinal diseases. This system already allowed us to robustly
label retinal cells in vivo using our AAVShH10-Cre vectors that mainly target Muller glia.
We have also generated and tested stable Muller glia cell lines expressing CRISPR-dCas9
activators for the establishment of artificial transcription factors. These transgenic mice and
cell lines will be valuable tools for combining the gene therapy approach with potential

candidate drugs.
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OZET

CRISPR/dCAS9-TEMELLI YAPAY TRANSKRIPSiYON FAKTORLERI
KULLANARAK RETINAL REJENERASYON CALISMALARI ICiN BiR
RAPORTOR-RETINITIS PIGMENTOZA FARE MODELININ OLUSTURULMASI

Retinada korliige sebep olan birgok hastalik, drnegin yasa bagli makula dejenerasyonu,
diyabetik retinopati, glokom ve diger kalitsal retina hastaliklar1 (KRH’ler) dahil olmak {izere
onemli bir kism1 nérodejenerasyon temellidir. Kalitsal retina hastaliklari, diinya ¢apinda her
4000 kisiden birinde ortaya ¢ikan goriilme sikligina sahiptir ve bunlarin baslicalarindan olan
retinitis pigmentoza (RP) korliigiin en yaygin nedenlerinden biridir. 200'den fazla gen,
kalitsal retina hastaliklariyla baglantilidir ve bu, tim korliige sebep olan kosullarin
hedeflenmesini karmagiklastirir. Ayrica, yalnizca RP'ye neden olan ¢ubuk gorsel pigmenti
olan rodopsin'de 150'den fazla mutasyon tanimlanmistir. RP vakalarinin ¢ogunda devam
eden fotoreseptor dejenerasyonu durdurulamaz veya hastalik ¢ok ge¢ bir asamada teshis
edilir. Bu nedenle, devam eden dejenerasyonu durduracak tedavilere ek olarak, halihazirda
ciddi bir ndron kaybi olan hastalarda gérmenin yeniden kazanilmasi i¢in restoratif tedavilere
de ihtiya¢ duyulmaktadir. Memelilerin retina rejenerasyon kapasitesi ¢ok sinirlidir. Bununla
birlikte, zebra baliklarinda Miiller glia, KRH’lerdeki néronal kayb1 telafi etmek i¢cin Miiller
glianin yeniden programlanmasi olasiligin1 agan olaganiistii bir rejeneratif kapasiteye
sahiptir. Teleost baliklarin bu 6zelligini taklit etmek i¢in memeli modellerinde Miiller glia'y1
yeniden programlamak i¢in c¢esitli c¢aligmalar yapilmistir. Bu tezde ise, Onceden
karakterizasyonu yapilmis olan rdl fare modellerinden birini ve yeni rejenere edilmis
cubuklar1 in vivo olarak etiketleyen rodopsin raportdr sistemini kullanarak RP icin bir
raportdr fare modeli olusturulmustur. Bu olusturulan yeni model ise aday ilaclarin rejeneratif

potansiyelini agciklamamiz i¢in bir arag olacaktir. Ayrica, RP raportdr modeli, multipleks gen



regulasyonu igin yeni dCas9-SPH sistemi ile birlestirilmis ve noérodejeneratif retina
hastaliklarinin tedavisi i¢in yapay transkripsiyon faktorleri kullanilarak sentetik gen
diizenleyici aglar kurulmustur. Bu sistem, esas olarak Miiller glia'y1 hedefleyen AAVShH10-
Cre vektorlerimizi kullanarak retina hiicrelerini in vivo olarak etkili bir sekilde
etiketlememize olanak saglamigtir. Ayrica yapay transkripsiyon faktorlerinin olusturulmasi
icin CRISPR-dCas9 aktivatorlerini eksprese eden stabil Miller glia hiicre dizileri tretilerek
test edilmistir. Bu transgenik fareler ve hiicre dizileri, gen terapisi yaklasimini potansiyel

aday ilaglarla birlestirmek i¢in degerli araclar olacaktir.
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1. INTRODUCTION

1.1. Degenerative Eye Diseases

The eye diseases causing blindness are significant health issues all over the world. In 2020,
295 million people were diagnosed with moderate to severe levels of impaired vision and 43
million people detected as blind, globally [1]. It also put a huge economic burden on the
society, for instance the healthcare cost of people suffering from vision loss was over 34
billion dollars in the USA [2]. Main retinal disorders that cause vision loss are age-related
macular degeneration (AMD), inherited retinal disorders (IRDs), diabetic retinopathy and
glaucoma. Death of the photoreceptors (rods and cones) and retinal pigment epithelium
(RPE) cells in AMD and retinitis pigmentosa (RP), are the main outcome for these
degenerative retinal disorders. Retinal ganglion cell (RGC) loss in glaucoma is another
leading cause of blindness. Despite the tremendous advancements in medicine, both AMD
and IRDs still have very few treatment options. AMD causes pathologic alterations in the
macula, which is responsible for central vision, and the surrounding vascular system, which
impairs central vision. There are two different forms of AMD in terms of disease initiation:
dry and wet AMD. Retinal deposit formations known as drusen are crucial symptoms of the
dry AMD and it causes atrophic scars in the macula. Dry AMD is considered as the most
frequent one which may cause the wet AMD, resulting abnormal neovascularization that led
to bleeding and leakage in the eye. Intravitreal injection of the anti-vascular endothelial
growth factor (anti-VEGF) is a preferred method for the treatment of these abnormalities.

However, dry AMD cannot be treated with the intravitreal anti-VEGF injections [3].

The most common inherited retinal degenerative disease, RP, is caused by several mutations
and it affects 1 in 3000 people in the USA [4, 5]. When the disease is developed, the ongoing
degeneration causes the progressive photoreceptor loss. The condition is first distinguished
by night blindness, and early loss of the peripheral vision due to the rod photoreceptor
degeneration. This is followed by cone photoreceptor degradation which results in central
vision loss in the late phase of the disease [6]. According to the studies, individuals may not

notice any visual changes until the 90 percent loss of their rod photoreceptors. In other words,



it is mostly discovered when it already progressed to an advanced level [7]. Furthermore,
retinitis pigmentosa is a disorder with a wide range of symptoms; some people experience
significant visual loss in childhood while others don't exhibit any symptoms until they are in
their mid-twenties. RP is caused by more than 70 genes with over 3000 mutations and in
most of the cases, genetic changes occurs on rod photoreceptors [8]. Patients with retinitis
pigmentosa have significantly diminished rod and cone photoreceptor nuclei, which make up
the outer nuclear layer of the retina [9]. There are three possible inheritance patterns for RP:
autosomal recessive (50-60%), autosomal dominant (about 30-40% of cases), and X-linked
(5-15%) [6, 10-12]. First gene mutation which is associated with RP was found on rhodopsin
gene [13]. This 6.7 kb sized rhodopsin gene is located on long arm of the chromosome 3 with
a total 5 exons. Gene therapy approaches are served as a treatment option for the people who
suffer from RP. It helps to remove/fix mutated gene or substitute with a functional copy
[14]. There are recent advancements in gene therapy such as the treatment of Leber's
Congenital Amaurosis (LCA) type 2 (LCA2; NCT00999609). In the LCA2 patients, they
have null mutation or biallelic loss of function in the RPE65 gene. The treatment ensures the
substitution of null mutation on RPE65 gene with a functional one by using intravitreal AAV
vector carrying human RPEG5 gene. This let to the development of the only retinal gene
therapy which is FDA approved for retinal degeneration called Luxturna (voretigene
neparvovecrzyl) [15]. These advances in the gene therapy provide a glimmer of hope for

treating other retinitis pigmentosa mutations.
1.2. Vertebrate Eye and its Basic Anatomy

Eyes of the vertebrates are complex sensory organs, and they are made to improve eyesight
under the different ranges of lighting conditions. Eyes are responsible to sense light,
transform it into neuronal electro-chemical signals and process the visual information. When
we compare the basic elements of the eye and video camera, they are quite similar. Focusing
of the light is the main function of the eye. Cornea is the translucent portion of the mammalian
eye that protects the iris and pupil while allowing the light to pass through. The colored-part
of the eye which is placed behind the cornea named iris. The one’s eye color is determined
via quantity of the pigments located in the iris. For example, brown-eyed people have more

pigments on their iris than blue-eyed people. The iris also has muscles that react to changes



in light exposure by expanding and contracting the pupil. This feature is quite similar with
the camera aperture. Entered light moves through the eye lens where the light is precisely
focused and is placed on retina, which is the light sensitive neuronal layer of the eye. Clear
vision can only be attained if light from an object is accurately focused onto the retina. The
Image you see is distorted if the light focuses either in front of or behind the retina. If the
light focusing procedure is distorted, the perceived image will be fuzzy. A refractive mistake

occurs when the structure of the eye does not appropriately bend the light to focus on retina.

The mammalian retina has mainly three layers of nerve cell bodies and two layers of synapses
as illustrated in figure 1. Cell bodies of rods and cones are found in the outer nuclear layer
(ONL), cell bodies of bipolar, horizontal, and amacrine cells are found in the inner nuclear
layer (INL), and cell bodies of ganglion cells and displaced amacrine cells are found in the
ganglion cell layer (GCL). There are two neuropils, which means the space between neuronal
and glial cell bodies and filled with dendrites, axons and synapses separate these nerve cell
layers, where synaptic connections take place. The outer plexiform layer (OPL) is the first
layer of neuropils, and it states here to process connections between rod and cones, as well
as vertically running bipolar cells and horizontally oriented horizontal cells. The inner
plexiform layer (IPL) is the retina's second neuropil, and it serves as a transfer point for
perpendicular-information-carrying nerve cells, known as bipolar cells, to link to ganglion
cells. Furthermore, the central retina, near to the fovea, is significantly thicker than the

peripheral retina due to the compact photoreceptor density, especially cones.

There are also three distinct glial cell type in retina involving Muller glia, astrocytes and
Microglia. Muller glia and astrocytes are responsible for regulating local blood flow,
triggering the blood-retinal barrier, participating in retinal glucose metabolism, and
maintaining the stability of extracellular ions and neurotransmitters [16]. They are also
crucial for information processing in neuronal circuits. Muller glia cells are the most
important glial components for the retina repertoire regarding their distribution. The blood-
retina barrier is also formed in vascularized retinas by Muller glia. Muller glia cells also
regulate neurovascular linkage and create a close metabolic alliance with photoreceptors and
other retinal neurons [17, 18]. Microglia also play important roles in retinal homeostasis,

recovery from injury and progression of disease [19]. Muller and photoreceptor cells’ inner



segment constitute the outer limiting membrane (OLM) of the retina. Inner limiting

membrane (ILM) is also made up of laterally contacting Muller cell terminal foot and related

basement membrane elements. The ILM is the retina's inner surface that borders the vitreous

fluid, establishing a diffusion barrier between the neuronal retina and the vitreous humor.
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Figure 1. Retinal cells and layers. Illustration of the retina organization. The mammalian

retina layers are named as inner limiting membrane (ILM); nerve fiber layer (NFL);

ganglion cell layer (GCL); inner plexiform layer (IPL); inner nuclear layer (INL); the outer
plexiform layer (OPL); the outer nuclear layer (ONL); the outer limiting membrane (OLM);
the photoreceptor layer (PL), and retinal pigment epithelium (RPE). It is created by using
BioRender software. Adapted from “Retina”, by BioRender.com (2022)

1.3. Photoreceptors and Their Role on Vision

In the mammalian retina there are two types of photoreceptors called as rods and cones as

illustrated in figure 2. These photoreceptors are the specialized cell structures placed in the

retina. For vision in bright light (daylight), cones, which are cone-shaped structures, are
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necessary. For vision in low light (darkness or twilight), rods—rod-like structures scattered
throughout the retina, aside from the fovea—are necessary. Both of these two visual elements
have light-sensitive pigments [20]. Perceiving light, which is the role of rods, is by far the
most fundamental and important role of photoreceptors. Except the fovea which is the central
part of the retina and lack off rods but enriched with cone photoreceptors, rods can be found
throughout the retina. The human eye roughly contains 120 million rods and 6 million cone
cells [21]. Rods are thousand times more sensitive than every individual cones. The cone and
rod photoreceptors perform many functions quite differently. Due to their high sensitivity,
rods can be activated by a single photon [22, 23]. Rods gather impulses from all angles,
enhancing our perception of depth, movement sensitivity, and peripheral vision. Nonetheless,
rods only detect light and dark; they do not perceive color. Visual perception at dim light
conditions relies on only the rod signal. Cone photoreceptors require day light conditions to
initiate signaling. In humans, there are 3 different types of cone photoreceptors: L type, S
type, and M type. All these three types of cones contain separate opsins that are responsible
for their capacity to recognize various light wavelengths and provide color vision. Red-
sensing cones (L-cones) with 564 nm wavelength, blue-sensing cones (S-cones) with 437 nm
wavelength, and green-sensing cones (M-cones) with 533 nm wavelength are categorized in
three different groups according to their response to the light. In basic terms, the ratio of each
color detected by each type of cone to the other determines the exact color that we see. This

phenomenon is known as trichromatic vision theory [24].
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Figure 2. lllustration of Rod and Cone Photoreceptors. It represents the Rod (A) and Cone
(B) photoreceptors and their structures. Rod photoreceptors have rhodopsin known as a
light-sensitive G-protein-coupled receptor and it is functional under the dim light especially
for night vision. Cone photoreceptors are responsible for the color vision and their
photopigments are located in the outer segment of the cell body. Oil droplets in the cone

photoreceptors improve the light capture especially in nocturnal animals.

Vision is initiated by the isomerization of the visual pigment called chromophore by a
captured photon. The process of phototransduction changes the electrical potential of the cell
membrane in response to light. Anarray of signaling proteins is sequentially activated during
the process, which ultimately results in the opening or closure of ion channels in the
membrane of the photoreceptor cell [25]. A membrane protein known as an opsin which
belongs the family of GPCRs and a chromophore are the two main components of a visual
pigment (photopigment). The chromophore is the molecule that absorbs the photon. All
photoreceptors contain the chromophore 11-cis-retinal, a vitamin A derivative [26]. The

wavelength absorbed by photoreceptor is determined by the rhodopsin protein that compose

6



the photopigment formation in rods, and organized in the disc membranes [27]. Photoreceptor
discs, which are flattened membrane organelles, are located within the cylindrical or conical
outer segments of rod and cone photoreceptors. Discs structures continuously renew
themselves during life by adding new membranes to the outer segment and removing the old

membranes [28].

When the photoreceptor is not activated by light, it is in the depolarized state. In this state,
the photoreceptor secretes its neurotransmitter, as neurons often do when they are
depolarized. Depolarization causes voltage-gated Ca*? channels to open, which allows
calcium ions to let glutamate-containing vesicles fuse with the cell membrane, releasing the
neurotransmitter into the synaptic cleft. As a result, the photoreceptor terminal continuously
releases glutamate while it is dark. A photoreceptor's internal ion circuit causes the
depolarized state to exist. Na* ions can pass through the channels, and a high concentration
level of cytoplasmic cGMP keeps the cGMP-gated cationic channels open.

Phototransduction in the rods is initiated when a photon is absorbed by visual pigment 11-
cis retinal, shattering a double bond in 11-cis-retinal creates the activated isomer all-trans-
retinal as represented in figure 3. As soon as all-trans-retinal is formed, rhodopsin protein
undergoes a series of structural modifications. These structural changes are resulted the
production of some mediators. Transducin ,which is a G-protein and main mediator in the
phototransduction, is stimulated by activated-metarhodopsin Il and changes into inactive
metarhodopsin I11 before all-trans-retinal separates from the photopigment [29]. Exhibited
sensitivity of rhodopsin photopigment after their exposure to bright light is called as
bleaching [30]. Once activated, transducin attaches to and turns on a different peripheral
protein that is a precursor to phosphodiesterase (PDE). This activated phosphodiesterase
causes the hydrolysis of cGMP [31]. PDE is a crucial component of the phototransduction
cascade because it contributes to the hydrolysis of the second messenger cGMP, which
causes channels to close in response to light [32]. Autosomal recessive RP (arRP) patients
have been shown to have mutations in the phosphodiesterase 6B, cyclic guanosine
monophosphate-specific, rod, beta (PDE6B) gene in humans [33]. Mutations in the PDE6B
gene cause retinitis pigmentosa, one of the most severe and quickly progressing types of

retinal diseases [34]. PDEs with Pde6b mutations become inactive, which leads to cGMP



accumulation [35, 36]. Increased amounts of cGMP causes the death of photoreceptors in the
cells lacking a functional PDE6B enzyme [37]. Mutations in Pde6b produce severe, early-
onset, fast retinal degeneration in the rd1 mouse model and it is served as a great disease
model for arRP [38]. Activation of phototransduction process reduces cGMP, which causes
the photoreceptor to become hyperpolarized, the disc channel located in the photoreceptors
releases all-trans-retinal, which travels into the cytoplasm where it is converted to all-trans-
retinol. The molecule needs to be delivered by certain carrier proteins from the
interphotoreceptor matrix (IPM) to the RPE because the photoreceptor is unable to re-

isomerize it [39].
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Figure 3. Schematic Representation of the Basic Phototransduction Signaling Following
photon absorption, the activated rhodopsin activates the heterotrimeric G protein, catalyzing
the exchange of GDP to GTP activating the transducin. Transducin binds to the PDE and
activates the PDE which catalyzes the hydrolysis of cGMP. Decrease in the cytoplasmic
cGMP concentration leads to closure of the cGMP-gated channels on the plasma membrane
and blocks the cation flux into the outer segment.



1.4. Retinal Degeneration and Disease Models

Retinal degenerative disorders affect millions of people who suffer from vision loss in all
around the world. RP, Age-related macular degeneration (AMD) and retinal ganglion cell
(RGC) loss in glaucoma, and diabetic retinopathy are the most important degenerative retinal
diseases regarding their distribution on world population. One of the leading causes of
blindness in elderly people is AMD and generally develops in people aged 60-years or older.
According to the recent cases in the world, it affects 8.7% of the global population [40]. In
the early stages of AMD, atrophy or hypertrophy conditions are observed in the retinal
pigment epithelium (RPE). This condition brings along the drusen deposits with them. In the
late stages of AMD, central vision is affected. This is a devastating situation for the AMD
patients, since central vision is necessary for performing daily tasks, such as face recognition,

reading a book, cooking and many others.

RGC loss in glaucoma causes another common type of blindness. Since RGCs process the
whole visual information from light entrance to the eyeball and transmit them to the brain,
they are the corner stones of the mammalian visual system. Once RGCs die because of
glaucoma, they cannot replace. RGCs are the part of the central nervous system, and they
cannot regenerate when there is any damage. RP is an inherited retinal dystrophy and
characterized by rod and cone (photoreceptor) loss and visible pigment deposits on fundus.
Both drusen formation, and photoreceptor degeneration are ended up with retinal
detachment, night blindness, light sensitivity, tunnel vision and peripheral or total vision loss
during the progression of disease. There are many forms of RP known as autosomal
dominant, autosomal recessive, X-linked and digenic forms [41]. Retinitis pigmentosa has
been associated with mutations in more than 70 genes [42]. The autosomal dominant RP is
linked to more than 20 of these genes. Autosomal dominant retinitis pigmentosa is caused by
mutations in the RHO gene in twenty to thirty percent of cases, making it the most frequent
genetic disease [42]. Moreover, the autosomal recessive version of the RP has linked at least
35 genes [43]. The most prevalent gene among the 35 gene is USH2A and between 10-15%
of all instances of autosomal recessive retinitis pigmentosa are caused by mutations in

USH2A gene. The X-linked type of the illness is considered to be brought on by changes in



at least six genes. The majority of cases of X-linked retinitis pigmentosa are caused by
mutations in the RPGR and RP2 genes together [44].

Due to its monogenic nature, RP is also an attractive target for gene therapy applications.
Moreover, eye has a number of characteristics that make it an excellent candidate as a target
organ for gene therapy applications in vertebrates, like minimal systemic affects and vector
amount. Eye is also readily available for treatment, and a gene can be delivered via

intravitreal or subretinal injections [45].

There are also several animal models that mimic RP conditions such as rd1, rd2, rd10 and
P23H. Rd1 mouse model is also known as rodless mouse model for the autosomal recessive
form of Retinitis Pigmentosa. Keeler and his colleagues first identified the rd1 mice in 1924
and reported it as an autosomal recessive disorder resulting to the absence of the rod
photoreceptor and it is characterized with thinner ONL [46, 47]. The insertion of murine
leukemia provirus in intronl and a point mutation in exon7 are the mutations on Pde6b gene
which is located on chromosome 5 and the mutation on exon7 introduces a stop codon. This

mutation causes severe, early onset and fast retinal degeneration [35, 38].

However, rd2 mouse model is a slower recessive RP model and there is a functional
impairment on gene which encodes Peripherin2. Since Peripherin2 is a membrane protein
and it is required for the photoreceptor outer segment disc formation, Peripherin2 knockout
mice are unable to produce photoreceptor outer segment [48]. In rd2 model, retinal
degeneration starts two weeks later after the birth and reaches the peak at post-natal day 18
(PN18) together with apoptotic photoreceptor cell death [49, 50].

Another mouse model known as Rd10 has an autosomal missense R560C mutation of the
Pde6b gene that causes recessively inherited retinal degeneration [51]. The
phosphodiesterase 6 (PDE6) protein B component, which is encoded by Pde6b gene, is
necessary for the photoreceptors to work in an efficient way. The effector enzyme of rod
phototransduction is made up of this catalytic B subunit and two inhibitory gamma subunits.
Due to the alterations on R subunit of the PDE6 protein, phototransduction of the rod

photoreceptors has some abnormalities and causes degeneration [52, 53].
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There are more than 150 rhodopsins mutations that cause RP including P23H mutation. P23H
autosomal dominant retinitis pigmentosa (adRP) model mouse has a mutation on the Rho
(rhodopsin) gene and causes progressive degeneration of the retina. In the presence of this
mutation, substitution was observed from proline amino to histidine at codon 23 from CCC
to CAC by changing the single nucleotide. Since this changing occurs P to H on the 23
codon of the Rho gene, this model is named as P23H [54].

These models have been very-well studied and several therapeutic applications are tested.
Since, there are still limited treatment options for degenerative retinal diseases, the ongoing
degeneration cannot be stopped, and patients usually end up with severe visual loss. One of
the most promising approaches to treat retinal degeneration causing vision loss is inducing
regeneration and reprogramming of the damaged area together with a gene therapy that
targets the mutant gene. For the development of retinal regeneration therapy strategies,
understanding vertebrate retinal regeneration is also essential to find a candidate therapy.

1.5. Regeneration Capacity of Vertebrate retina

Regeneration process takes places in all organisms to sustain their tissue and organ
maintenance. However, retinal regeneration varies among vertebrates. While organisms like
axolotl [55], zebrafish [56], xenopus and chicken have substantial retinal regeneration
capacities, their mammalian counterparts have lost or did not develop. The regenerative
properties of these retinas have attracted a lot of attention in the scientific community so that

researchers have tried to mimic these features to organisms with less regenerative capacity.

In that sense zebrafish retinal regeneration have been studied extensively [57]. Retinal
regeneration in zebrafish occurs in three distinct steps. Miiller glia cells undergo reactivation
in degenerative conditions and then they start to proliferate, afterwards reprogramming
occurs [58, 59]. Miller glia cells in adult zebrafish is examined as multipotent stem cells,
since they do not need reprogramming in the classical manner [60]. Induced Miller cells in
response to damage, reprogramming factors are activated [61-63]. Muller glia starts to
proliferate and, reprogramming occurs after expression of factors such as Ascll [64], Lin28
[63], Stat3 [65], and Oct4 [66]. It has been shown that Ascll (Achaete-Scute Family BHLH
Transcription Factor 1) impacts Mller glia reprogramming by re-adjusting the Wnt signaling

pathway [67]. Lin28 is an RNA-binding protein and expressed in stem cells. Furthermore, it
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has a role in mammalian regeneration [68]. Let-7 is a small administrative RNA-associated
miRNA molecule and acts on cellular differentiation [69]. Both Lin28 and Let-7
antagonistically regulate each other’s expression. Immediately after retinal injury, Miller
glia cells re-enter the cell cycle, de-differentiate into neuronal progenitor cells which are
capable of rebuilding retinal neurons (only in lower vertebrates), releasing neuroprotective
substances, and removing degenerated cells debris by phagocytosis. Although innate immune
system has a vital role in the regeneration procedure in fish and birds, recent findings reported
that microglia lessened the neurogenic ability of Muller glia cells during Ascll-associated
regeneration in adult mice retina [70]. Another interesting study reported that lin28a is also
regulated by Myc which is crucial for retinal regeneration in zebrafish [71]. As soon as
reprogramming is achieved, regeneration of the photoreceptors has been observed within
roughly 14 days. Similar regeneration steps are followed in chicken retina as well. However,
endpoint of regeneration is distinctively different. Miller glia cells also enters the cell cycle
like in zebrafish however only random neuronal regeneration is observed which is an

undesirable outcome for retinal regeneration [72].

Muiller cells are also primary cell types that control retinal homeostasis and tissue integrity
in mammals. In the presence of retinal damage, different vertebrates have different responses
Mammalian Mdller glia exhibit tremendous cellular and molecular alterations in almost all
of the types of retinal disorders, which are characterized as reactive gliosis, which can have
both supportive and harmful impacts on functions of neurons and survival [73]. In the retinal
disease conditions depending on the damage, overgrowth of Miller cells and GFAP
upregulation is observed. These outputs are the markers of reactivity and retinal stress [74,
75]. Interestingly, some neurotrophic factors are observed in mammalian reactive Muller glia
such as FGF2 [76]. Even though reactive gliosis has neuroprotective effect in the beginning,
neuronal cell death is slowing down and constant gliosis causes the destruction of ordinary
action of Miiller cells [17, 77]. Retinal gliosis can also be triggered by other stimulant factor
such as retinal degeneration [78], mechanical trauma [79], inflammation [80], light-induced

damage [61], or aging [81].

There are two types of persistent reactive gliosis: proliferative and non-proliferative. In the

non-proliferative version of reactive gliosis, there is no severe damage but some alterations
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are observed such as GFAP upregulation and glutamine synthetase (GS) downregulation
[76]. Uncontrollable Mdller glia proliferation serves as a sign of the proliferative reactive
gliosis. [82, 83]. In the serious retinal damage conditions, Mdiller cells undergo proliferation
which may result in glial scar formation. Glial scar formation can eventually encompass the
complete retina in the final phases of degeneration [81, 84]. This permanent glial scar
formation is only observed in mammalians, there is no such an event in lower vertebrates.
This gives hope that the mammalian glial scar formation may be preventable by using highly

regenerative features of vertebrates such as zebrafish.

In mammalians like mice, Mller glia cells are usually arrested in the G1 phase and cannot
get into the S phase following the retinal damage, therefore the first step of regeneration -
proliferation - is hampered [85]. If Muller glia proliferation occurs in certain degenerative
conditions, the resulting outcome will not be regeneration but an unfavorable disease-like
condition; gliosis/scar formation in the mammalian retina. To activate regeneration in the
mammalian retina, first of all proliferation capacity of the Miller glia should be induced.
Neuronal fate induction is also needed following the proliferation. In mammals, not only
transition of the proliferated cells into the specific subtypes but also their integration to the
visual circuitry is required to make them functional. All these processes occur in zebrafish
which provides a very suitable model to study all aspects of regeneration. As the non-
mammalian vertebrate’s Miiller glia regeneration is better understood, these properties may
be combined with mammal regeneration models to enhance our current knowledge of the

mammalian Muller glia gliosis/regeneration.

We have already mentioned that non-mammalian vertebrates, like zebrafish [86], have
exceptional regeneration capacity in the presence of a retinal damage. However, in mammals,
regeneration capacity is quite restricted [87]. Instead, retinal damage triggers more elaborate
neuroprotective pathways in mammalians. Discovering why retinal self-repair differs
tremendously between different species is crucial for understanding and improving the
regeneration capacity of mammalian Mdller glia cells [88]. Therefore, one strategy to
improve mammalian regenerative capacity would be to elucidate and mimic regenerative
properties of non-mammalian vertebrates. Nowadays, regenerative medicine also gives

valuable opportunities using stem cells and their features to find new approaches for retinal
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diseases. Here, we generated novel animal models that will enhance understanding of retinal

regeneration in mammals.
1.6. Rod Fate Induction by Using Stem Cell- and Rod-Specific Transcription Factors

One intriguing way to control gene regulation is artificial transcription factors (ATFs). ATFs
are synthetic transcription factors that can either enhance or suppress the gene expression
[89]. ATFs can be generated by using the sequence specific DNA binding activity of novel
proteins including Zinc-Fingers, Transcription activator-like effectors (TALEs), and
Clustered regularly interspaced short palindromic repeats - Cas (CRISPR-Cas). In the latter
case, DNA editing properties of CRISPP-Cas9 is eliminated, and named as dCas9. These
proteins are fused with gene activators or inhibitors to generate ATFs to alter the gene
expression.

Yamanaka factors are a family of transcription factors that are essential for the development
of induced pluripotent stem cells (iPSC) [90, 91] (Fig. 4). The Yamanaka factors accurately
controlled with well-established embryonic stem cell pluripotency-associated pathways
through cooperative and distinct combinations. Oct4, Sox2, KIf4 and c-Myc were found to
regulate the p53 signaling pathway, whereas Oct4, Sox2, and c-Myc had role on the regulation
of the Wnt and TGF- signaling pathways. Moreover, Oct4 and KIf4 were found to regulate
the Hedgehog signaling pathway, while Oct4 was found to regulate the MAPK signaling
pathway [90, 92] (Fig. 5).

In non-degenerative mammalian retina, there is a strong Sox2 and weak Klf4 expression.
However, there is no c-Myc and Oct4 expression under normal conditions. In the presence of
a degenerative condition, c-Myc expression is turned on, but no Oct4 activity was observed
(unpublished data). Therefore, we anticipate that it should be feasible to induce
pluripotency in degenerating mouse retina by overexpressing the missing Yamanaka factors.

Avrtificial transcription factors (ATFs) could be the appropriate tool for this approach.
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Figure 5. Yamanaka Factors and Downstream Signaling Pathways. Self-regulation,
interconnection and feedforward control mechanisms of Yamanaka factors are shown.
Pink arrows represent the endogenous Yamanaka signaling network and long arrows

shows the pluripotency-related pathways.

Regulation and combinations of these factors may trigger the induction of pluripotency and

may remove regeneration block in mammalian retina. Furthermore, overexpression of the
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missing Yamanaka factors in mammalian retina may remove this block and potentiates the
rod induction.

It is also feasible to further dedifferentiate proliferating Muller glia by expressing rod-
specific transcription factors. It was previously shown that it is feasible to force proliferate
Mdiller glia by B-catenin overexpression and further overexpression of Nrll induced Muller
glia dedifferentiation into rod fate [93]. This study also showed that regeneration can be
induced by using gene therapy approaches.

In order to generate ATFs that target and upregulate rod-fate in Miller glia, gRNAs are
needed which is expressed under the human U6 promoter together with its complement
dCas9-Activator. For this aim, we have generated approximately 15 gRNA clones for
efficient upregulation of Nrl, KIf4 and Oct4 genes. In this thesis, we established stable Muller
glia cell lines expressing different dCas9 activators such as VP64 and SPH and tested the
gRNA constructs in vitro, which will be later used for in vivo approaches to accelerate the
process of dedifferentiation and perhaps compensate the loss of rods in the mammalian retina.

1.7.Chemical Induction of the Rod Fate

In the groundbreaking research of Yamanaka and his co-workers, it was found that
reprogramming the somatic cell into pluripotent stem cells is feasible just by overexpression
of four key pluripotency genes Oct4, KIf4, c-Myc and Sox2 in specific culture conditions
[91]. After the establishment of Yamanaka’s pluripotency induction method, several research
groups successfully converted the somatic cells into different cell types such as neurons [94,
95], cardiomyocytes [96], oligodendrocytes [97, 98], and hepatocytes [99] by using
lentiviruses or retroviruses as a delivery vector. However, there are legitimate worries about
the security of using the patient cells in clinics due to the use of viral vectors and induction
of oncogenes. Recently, the focus of the field has been extended toward faster methodologies
and new chemical/small molecule-based reprogramming techniques. In 2013, Hou and his
colleagues was the first scientists, to generate mouse induced pluripotent cells (iPSC) from
mouse embryonic fibroblasts just by using 7 different small molecules which are designated
as VC6TFZ: VPA, CHIR99021 (CHIR), 616452, tranylcypromine, forskolin (FSK), 2-
methyl-5-hydroxytryptamine (2-Me-5HT), and D4476 [100]. When compared to
Yamanaka's iPSC procedure, this chemical induction approach showed an 0.01% to 0.1%

greater efficiency and similar gene expression profile. This study established the general
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principle that small molecules can be used for cell fate reprogramming without the need for
exogenous expression of Oct4, Klf4, c-Myc and Sox2. This idea opens the door to an all-
chemical reprogramming approach that may be used to produce cell types that are

functionally desirable for cell therapy.

Since reprogramming with drugs is feasible, our group previously did a pharmacologically
active molecules (PAMs) screen that identified the several drugs that can reactivate the
Muiller glia cells to induce the rod fate. This was achieved by triple transgenic Tg(Rlbpl-
GFP);Tg(Rho-Cre);ROSA26-LSL-tdTomato mouse cell line by immortalizing the retinal
primary cells coming from these triple transgenic animals. The screen works activation of
rhodopsin and thus Cre expression. This removed the stop codon flanked by flox sites and
activated tdTomato expression as a read out for rod fate. According to results of this screen
which was performed by using 1280 drugs, top ten drugs regarding the tdTomato positive
cell numbers belonged to three different pathways: (1) ion channels, (2) glutamate and (3)
prostaglandin. lon channels are the common membrane proteins in mammals. They have
crucial roles on physiological functions such as modulation of the electrical potential, signal
and transduction [101]. Since the vertebrate central nervous system (CNS) relies heavily on
glutamate which is an important neurotransmitter, it has a main role on retinal synaptic
circuitry [102]. Prostaglandins are acidic lipid compounds that can be generated
enzymatically by most mammalian cell types in response to different stimulations such as
mechanical, chemical, or immunological and they have a role on blood-retina barrier [103,
104].

We have also used two of these candidate drugs to evaluate whether our new screen platform
Is successful for rod fate induction on the primary Muller glia cells coming from Tg(Rho-
Cre)-ROSA26-LSL-tdTomato animals. In this strategy, primary cells were not immortalized.
Instead, direct seeding of dissociated retina was performed and a selection procedure for
Muller glia was applied which was successful in terms rod fate induction with the selected

candidate drugs.
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2.AIM

In this master thesis, we aimed to establish a reporter mouse line for Retinitis Pigmentosa
disease and primary cell culture lines from both reporter and dCas9-SPH transgenic mouse
lines for the regeneration studies using CRISPR-dCas9 based Artificial Transcription Factors
(ATFs). For this purpose, rd1 fast degeneration Retinitis Pigmentosa reporter mouse model
was established to be used in rod-fate induction studies. Furthermore, crossing of dCas9-SPH
animals with Retinitis Pigmentosa reporter model was done to generate a novel animal model
to test ATFs targeting Oct4, Nrll and KIf4.

3.MATERIALS AND METHODS
3.1.Animal Breeding

Sabanci University and Gebze Technical University Ethics Committees approved all
experimental methods, and studies were carried out in conformity with the Association for
Research in Vision and Ophthalmology's statement on the use of animals in research.
Maintenance and breedings of the mice were performed in Gebze Technical University and
records are kept with the help of the PyRat software. Transgenic mice were originally
provided from JaksonsLaboratory and kept in regular 12h: 12h light-dark cycle and exposed

with 60 lux led for their light cycle. Food was provided as ad libitum.
3.2. Genotyping

3.2.1.PCR Genotyping

3.2.1.1. Rd1 PCR

21 puL GoTaq Green Master Mix (Promega, M7123), 1 pL Forward and 1 puL Reverse
primers, 0.15 pL 5000U/mL Tag DNA polymerase (NEB, Cat#M0267S) and 2 uL of
homogenized DNA sample was distributed to PCR reaction tubes. When tubes were ready
for PCR amplification, they were vortexed, spun down and placed on the PCR machine to

run reaction. Reaction steps and cycles were set up as mentioned below (Table 1)
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Steps Temperature Time

1 94 °C

2 94 °C

3 62 °C

4 72 °C

5 Go to Step 2
6 72 °C

7 4°C

5 min
30 sec
45 sec
45 sec
35X
10 min

o0

Table 1. Time and temperature intervals of the Rd1 Genotyping PCR amplification. Time

intervals, temperate and cycle repeats for rd1 genotyping PCR reaction are shown.

After PCR reaction was completed, Ddel digestion of the amplified PCR products was

performed. If there is a mutation in Pde6b gene, mutated ones (T->C), PCR amplicon is

digested by Ddel restriction digestion enzyme and the genotype was recorded according to

the results of agarose gel electrophoresis (Fig. 6). For this purpose, 8 uL of non-purified PCR
product, 9.5 pL nuclease free H,O (Wisent Multicell, Cat#809-115) and 0.5 pL 28U Ddel
enzyme (NEB, Cat#R0175S) mixed and incubated at 37°C for 3 hours. When the incubation

is finished, samples were used for the gel electrophoresis.

A)

P 300 bp
t 150 bp
110 bp
P 40 bp

Wild type Rd1 -/-

19



M 3231 3232 32333234 3235 3236 323832713272 32733274 3275 3276 32773278 + = water
? 12'3456789101112131415
4 ?'1

H e Y e e e w  w

Figure 6. Representative Gel Image of Rd1 PCR

Expected wild-type and mutant Rd1-/- bands were shown as 300 bp for wild-type and 150
bp, 110 bp and 40 bp three different bands were observed after the Ddel digestion for the
rd1-/- mutant mice, respectively (A). Negative (-) control represents the wt mouse which has
no mutation in Pde6b gene and thus not digested. The band size of the positive control is 300
bp. Positive (+) control represents that there is a mutation in Pde6b gene and triple band
size is observed from top to bottom 150 bp, 110 bp and 40 bp, respectively. It is also clearly

seen that first 7 samples are rd1-/- and other samples are rd1wt/- (B).
3.2.1.2. dCas9-SPH PCR

dCas9-SPH PCR reaction mix was prepared as 10.5 pL GoTaqg Green Master Mix (Promega,
M7123), 0.5 puL Forward and 0.5 pL Reverse primers, 0.075 pL 5000U/mL Tag DNA
polymerase (NEB, Cat#M0267S) and 2 pL of homogenized DNA sample was distributed to
PCR reaction tubes. When tubes were ready for PCR amplification, they were vortexed, spun
down and placed on the PCR machine to run reaction. Touchdown PCR protocol was used
for the amplification. Touchdown is a technique to reduce off-target priming and boost the

specificity. Reaction steps and cycles were set up as mentioned below (Table 2).
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Steps Temperature Time Note

1 94 °C -

2 94 °C -

3 65 °C - -0.5 °C per
cycle decrease

4 68 °C -

5) Repeat steps 2-4
for 10 cycles
(Touchdown)

6 94 °C -

7 60 °C =

8 72 °C -

9 Repeat steps 6-8
for 28 cycles

10 72 °C -

11 10 °C - 0

Table 2. Dcas9-SPH Touchdown PCR Amplification. Time intervals, temperate and cycle

repeats for dCas9-SPH genotyping PCR reaction are shown.

After amplification was done, agarose gel electrophoresis was performed (Fig.7).

Transgene Wild-type

— - -/ bp
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Figure 7. Representative Gel Image of dCas9-SPH PCR Gel image shows that out of first
and third sample, all samples are dCas9-SPH positive regarding the 264 bp transgene band.
As a negative control which does not include transgene, C57BL/6 Control mouse was used.

3.2.1.3. GFAP-Cre PCR

GFAP-Cre PCR reaction mix was as 10.5 uL GoTaqg Green Master Mix (Promega, M7123),
0.5 pL Forward and 0.5 pL Reverse primers, 0.075 uL 5000U/mL Taq DNA polymerase
(NEB, Cat#M0267S) and 2 pL of homogenized DNA sample was distributed to PCR reaction
tubes. When tubes were ready for PCR amplification, they were vortexed, spined down and
placed on the PCR machine to run reaction. Touchdown PCR protocol was used for the
amplification. Touchdown is a technique to reduce off-target priming and boost the

specificity. Reaction steps and cycles were set up as mentioned below (Table 3).

After amplification was done, agarose gel electrophoresis was performed (Fig. 8).
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Steps Temperature Time

1 94 °C
2 94 °C
3 65 °C
4 68 °C
5

6 94 °C
7 60 °C
8 72 °C
9

10 72 °C
11 10°C

Table 3. GFAP-Cre Touchdown PCR Amplification. Time intervals, temperature, and cycle

repeats for GFAP-Cre genotyping PCR reaction are shown.

Expected bands:

Transgene

) 350 bp

Wild-type
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Note

-0.5 °C per

cycle decrease

Repeat steps 2-4
for 10 cycles

(Touchdown)

Repeat steps 6-8
for 28 cycles



s wesP 350 bp

Figure 8. Representative Gel Image of dCas9-SPH PCR. Gel image shows that first sample
is wild-type, and second and third samples are dCas9-SPH positive regarding the 350 bp
transgene band. As a negative control which does not include transgene, wild-type C57BL/6

control mouse sample was used (sample 4).
3.2.1.4.ROSA26-Ail4-tdTomato PCR

The loxP-flanked STOP cassette in the Cre reporter allele Ail4, which was introduced into
the Gt(ROSA)26Sor locus, prevents transcription of a tdTomato, known as red fluorescent
protein variant, driven by the CAG promoter . tdTomato fluorescence is strongly expressed
in Ail4 mice after Cre-mediated recombination. 21 pL GoTaq Green Master Mix (Promega,
M7123), 1 uL 10 uM Forward and 1 pL 10 pM Reverse primers, 0.15 pL 5000U/mL Taq
DNA polymerase (NEB, Cat#M0267S) and 2 pL of homogenized DNA sample was
distributed to PCR reaction tubes. When tubes were ready for PCR amplification, they were
vortexed, spun down and placed on the PCR machine to run reaction (Fig. 9). Reaction steps

and cycles were set up as mentioned below (Table 4).
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Steps Temperature Time Note

1 Denaturation 94 °C 2 min
2 Denaturation 94 °C 20 sec
3 Annealing 65 °C 15 sec -0.5 °C per
cycle decrease
4 Synthesis 68 °C 10 sec
5 Go back to
step 2 for 9
times
6 Denaturation 94 °C 15 sec
7 Annealing 60 °C 15 sec
8 Synthesis 72 °C 10 sec
9 Go back to
step 6 for 27
times
10 Elongation 72 °C 2 min
11 Cool down 10 °C hold 0

Table 4. Time And Temperature Intervals of ROSA26-Ail4-tdTomato Touchdown PCR
Amplification Time intervals, temperature, and cycle repeats for GFAP-Cre genotyping PCR

reaction are shown.

A)

Wild-type Mutant Heterozygous

— ) 297 bp P 297 bp

| ) 196 bp p 196 bp
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B)

| Ai14 ki PCR Ai14 wt PCR |

88 ..|123 456789101112131415161718192021|

| |1

Figure 9. Representative Gel Image of Ail4 ki and wt PCR. Illlustration of expected band
sizes represent the wild-type, mutant and heterozygous band locations in the Ail4 PCR (A).
In this Ail4 ki and Ail4 wt PCR agarose gel image, bands #11 and #19 represents the
positive controls (representing presence of Ail4 allele or wildtype allele, respectively) while
bands #12 and #20 negative controls (representing absence of Ail4 allele or wildtype allele,

respectively), and #13 and #14 water controls, respectively (B).
3.2.2. Agarose Gel Electrophoresis

50X TAE stock solution was prepared using 242 g Tris-base (Merck, Cat# 77861), 57.1 mL
glacial acetic acid (Merck, Cat# 64197) and 100 mL 500 mM EDTA (Merck, Cat#60004)
and filling up to 1 L with ddH20. Agarose gels were prepared by using 1X TAE solution and
appropriate amount of agarose (GeneON BioScience, Cat#604001). PCR samples for
genotyping were loaded into 2% (w/v) agarose-TAE gel and run at 100V for 1 hour. DNA
samples for gel extraction and DNA samples treated with restriction digestion enzyme were
loaded into 0.8% (w/v) TAE agarose gel and run at 100V for 1 hour.

3.2.3. MicronlV Genotyping

Genotyping of the mice were not only determined by polymerase chain reaction (PCR) but
also with MicronlV fundus imaging technique. MicronlV genotyping provides to double
check the PCR genotyping results and decreases the PCR genotyping workload. In the dCas9-
SPH, if we observe the GFP expression we could say that it is transgenic (T+) mouse due to
the GFP expression leakage in this model. On the other hand, we can check Rho-Cre and

ROSA26-Ail4-tdTomato phenotype just by checking the fundus image with tdTomato filter.
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If there was a Ail4 phenotype either ki/wt or ki/ki, we will be able to observe crescent-like
tdTomato expression around the optic nerve. For the Rho-Cre assessment, Rho-Cre T+ mice

will be expressing tdTomato in the fundus imaging.
3.3. Retina Isolation!1%]

Rd1 mutant and wild-type animals were humanely sacrificed by using CO> inhalation. The
eyeball was shifted to forward by placing a forceps around the eyeball. The lens and left over
vitreous homour are removed by gentle pressure. Furthermore, connection of the retina and
the optic nerve is interrupted with a curved forceps to cut the connection to the eyeball. This
step is followed by gentle squeeze of the retina. Dissected retinas are transferred to the 1.5
mL Eppendorf tube. Retinas were subject to several different protocols including
establishment of primary glia cell line, retinal gene expression by direct total RNA isolation
or after FACS sorted.

3.4. Primary Cell Line Strategies

3.4.1. Establishment of Primary Mduller Glia Cell Line for 10-mL Plate

400 pL dissociation mix was added onto the isolated retinas. Dissociation mix includes 100
mM 320 pL HEPES (Sigma Aldrich), 40 pL Papain (Roche) and 40 pL L-cysteine/EDTA
(Merck Millipore). L-cysteine/EDTA, 50mM 20 pL L-cysteine and 10 mM 20 uL EDTA
pH:7 and added to each sample tube. Also, all mixture is activated at 37°C for 15 min. When
dissociation mix become activated, mixture color was expected to turn clear. After addition
0of 400 pL dissociation mix, retina samples were incubated at 37°C for 7 minutes. Supernatant
part was discarded as much as possible. Then, trituration was performed with normal media
containing 25 pl 1% (w/v) Kolliphor P 188 (Sigma, Cat#K4894) by using fire-polished glass
Pasteur pipettes. After dissociation was completed, 10-mL plates which were pre-coated with
20pug/mL Fibronectin (Sigma Aldrich, Cat#F2006) were used. Fibronectin-coating strategy
was used for better cell attachment to the wells. As soon as fibronectin was dried out within
2 hours, plates were washed with PBS three times to make them ready for usage. 39 mL
DMEM media containing no glucose and no pyruvate (Gibco, Cat#11966025), 25 mM D-
sorbitol (AppliChem, Dresden, Germany, Cat#50704), 1% Penicillin/Streptomycin (Gibco,
Cat#15140122), 10% FBS (Gibco, Cat#10500064) and 40ng/mL of EGF (Cayman,
Cat#32025) was distributed to 10 mL and 96-well plates. 25 mM D-sorbitol (AppliChem,
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Dresden, Germany, Cat#50704) was used for Muller cell selection for 7 days. After the
trituration step, cell mixture was transferred into directly to the fibronectin-coated plates and
moved directly to the 37°C incubator. During the selection procedure, media was changed in
every 2 days for 1 week. When the selection was done, normal media containing 10% FBS,
1% Penicillin/streptomycin and 1% L-glutamine was used. Cells were incubated at 37°C until

they reach 70%-80% confluency.
3.4.2.96-well strategy for drug test

For the 96-well plates, same strategy for retinal dissociation was used (3.4.1). 30uL of the
dissociated retina mix were distributed directly to the plate containing 200 uL of the selection
media. During the selection procedure, media was changed in every 2 days for 1 week. When
the selection was done, normal media containing 10% FBS, 1% Penicillin/streptomycin and
1% L-glutamine was used for further steps. Cells were incubated at 37°C until they reach
70%-80% confluency.

3.5. Total RNA Isolation from Retina

Animals were sacrificed by using CO.. Retinas were isolated according to the protocol
mentioned above (part 2.3.) and transferred to 1.5 mL Eppendorf tubes and they are placed
in liquid nitrogen. For these protocol, Roche High Pure RNA Isolation Kit and
manufacturer’s protocol is used with some optimizations. 400 pl Lysis/Binding buffer is
added to the samples. Since Lysis/Binding buffer is viscous, this step should be performed
carefully. Retinas are homogenized with a 1 ml syringe and 21G needle. 190 pl 100% ethanol
is added and mixed well. Vortex usage is not recommended in this step. Lysate is transferred
into the Roche Spin Column. 1 minute centrifuge is performed at 14000 rpm. Flow-through
after centrifuge is discarded and column is put back into the same collection tube. 100 pL
Dnase-mix is added directly to the membrane. DNase mix includes 80 pL DNase incubation
buffer and 20 uL DNase as total of 181U of DNase. In this step, trying not to touch the
membrane is important. After addition of DNase mix, 15 minutes at room temperature
incubation is required. After incubation is over, 500 pL Wash Buffer I is added to the column.
1 minute centrifuge is performed at 14000 rpm. Flow-through is discarded and column is put
back in same collection tube. As a second wash, 200 uL Wash Buffer 1l is added and then 1

minute centrifuge is performed at full speed. After centrifuge, flow-through is discarded and
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column is put back into the same collection tube. Additional 2 minutes centrifuge at full
speed is performed to avoid any Wash Buffer carryover and column should be put in fresh
1.5 mL DNase/RNase free Eppendorf tube. 50 ul sterile water is added directly on membrane
without touching the membrane and incubated for 1 minute at room temperature. By
following incubation, 1 minute centrifuge at 10.000 rpm is performed. Lastly, column is
discarded. RNA concentration is measured by using Nanodrop machine and stored at -80°C

for further usage.

3.6.Cloning strategy
3.6.1. Establishment of gRNA vectors

Designing gRNA vector strategy was started by selection of candidate genomic regions for
the Oct4, Nrll and KIf4 genes and their DNA sequences were downloaded as FASTA format
to target their coding regions which are selected as first 1000 bp in the first exon. This 1000
bp sequence was copied and pasted to the Benchling software as raw bases to create
SpCRISPR-Cas9 guides. Guide length was selected as 20 bp, PAM sequence as NGG Spcas9
3’ side and genome type as mus musculus GRCm38 which is an updated version of mouse
genome. Top-scored gRNAs were chosen according to their off target and on target scores.
gRNA selection strategy based on the location of the primers which were nearly located or
located in the coding region. Due to the gRNA which are close to the coding region have
better efficiency, but we also tried to take gRNAs from different distances from the coding
promoters, as well while staying within a 1 kb area. Lastly, selected clones that have were

sent to company for synthesis.
3.6.2. Oligonucleotide Annealing

Forward and reverse primers were prepared with DNase-RNase free sterile water according
to the instructions from provider. Stock solutions were 100 pM for each primer. 1pl of primer
from stock, 5 pul 10X Annealing Buffer (Addgene) and 43 pl sterile water are combined. Final
primer concentration for each primer was 2 uM. Below protocol for oligonucleotide

annealing was run (Table 5).
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Steps Temperature Time

1 95°C 5 min

2 94°C-57°C -1°C  per
min

3 57°C-30°C -3°C per 3
min

4 30°C-27°C -3°C  per
2min

5 27°C-25°C -2°C per
2min

6 25°C 00

Table 5. Time and temperature intervals of the oligonucleotide annealing protocol Time

intervals and temperatures for oligonucleotide annealing are shown.
3.6.3. Restriction Digestion of the Plasmid

11-6 plasmid was used as a backbone in all cloning procedure for Oct4, KIf4 and Nrl1 genes
(Fig. 10). 11-6 plasmid consists of functional sequences including U6 promoter, gRNA
scaffold region, CBA promoter, hybrid intronic region, EGFP, polyA signal and origin of
replication, ampicillin resistance gene. With the aim of inserting the gene of interest into the
gRNA scaffold region, Bbsl (NEB #R0539) digestion enzyme which has two cutting site
inside of this gRNA scaffold region is used. Bbsl enzyme was used to make plasmid
linearization according to its sticky end restriction feature to insert the vector which has Bbsl

sequences on their 3’ and 5’ ends.
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Figure 10. 11-6 Plasmid Map and Bbsl Restriction Digestion Sites. Bbsl enzyme site was
used for insertion of specific gRNA sequences. EGFP expression is regulated by CBA

promoter.

10 pg 11-6 plasmid, 0.5 pL 300U Bbsl restriction digestion enzyme (NEB, Cat#R0539), 5
pL 10X CutSmart Buffer and water added to generate 50 pL total restriction digestion

reaction mix. Reaction is performed at 37°C for 1 hour.
3.6.4. Gel Extraction

10 pg digested 4939 bp 11-6 plasmid is run on 0.8% (w/v) agarose gel to extract linearized
dsDNA for further cloning steps. NEB GeneRuler 10kb marker is used to assess appropirate
DNA band and digested plasmid are extracted using QIAquick Gel Extraction Kit (QIAGEN,
Cat# 28704). Steps were followed according to the manufacturer’s protocol. Firstly, DNA
fragment from the agarose gel was cut out properly with a sharp and sterile scalpel. Gel slice
was placed in a clear tube and weighed. For the 1 volume of gel, volumes of buffer QG was
added (e.g., 200 mg gel ~200 pL). Tubes were incubated at 50°C water bath until the gels
were completely dissolved. Then, DNA-binding QlAquick spin column was places into the
2 ml of collection tube. Dissolved DNA was poured onto the QIAquick spin column and 1
minute centrifuge at high-speed (16900 rcf). For the wash step, to wash, add 750 puL of Buffer
PE was added onto QIAquick column carefully and centrifuge for 1 minute at high-speed.

Additional 2 minutes centrifuge step was performed to remove residual wash buffer.
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QIAquick column was placed into a clean 1.5 mL microcentrifuge tube and labeled. DNA
was eluted using RNase/DNase free water (Wisent Multicell, Cat#809-115) to the center of
the QlAquick membrane and centrifuged for 1 minutes at high-speed. Lastly, DNA
concentration and purity was measured using NanoDrop™ 2000/2000¢ Spectrophotometer

(Thermo Scientific™, Cat#ND-2000).
3.6.5. Ligation

To ligate vector DNA and plasmid, 4 pL of the annealed oligoduplex, 200 ng 11-6 digested
plasmid, 1 uL 10X T4 DNA Ligase Buffer (BioLabs, Cat#B0202), 0.5 uL 400.000 U/mL T4
DNA Ligase (BioLabs, Cat#M0202S) and appropriate amount of volume for nuclease-free
water (Wisent Multicell, Cat#809-115) were used to reach 10 pL total volume. All samples
are incubated at 16°C for O/N.

3.6.6. Competent Cell Preparation

For the whole steps to produce competent cell, Zymo Mix&Go (Cat# T3001) manufacturer’s
protocol was followed.

3.6.7. Transformation

StbI3 E. coli strain (Invitrogen, Cat#C737303) was used as competent cell for the bacterial
transformation. Competent cells were thawed on ice before the ligation procedure. Ligated
plasmids were added into competent cells and incubated on ice for 30 minutes. Heat shock
is followed this procedure at 42°C for 30 seconds. Another incubation is performed on ice
for 5 minutes and 1 ml LB broth is added to each microcentrifuge tubes. All samples are
incubated at 37°C for 1 hour.

3.6.8. Agar and Liquid Bacterial Culture for Colony Selection

Transformed bacteria were inoculated on ampicillin agar plate and incubated at 37°C O/N.
After the O/N incubation, ampicillin resistant colonies were picked up and they were growth
in 3mL liquid Luria-Bertani (LB) broth containing 1:1000 ratio ampicillin again at 37°C O/N.

3.6.9. Colony PCR

When bacterial colony numbers were reached to the log phase, colony PCR was run to be

sure vector is successfully inserted. 1 pl 10uM U6 forward primer, 1 pl 104M guide reverse
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primer, 1 pl bacterial sample, 1 pl nuclease-free water, 0.15 uL 5000 U/mL taq polymerase
(NEB) and 21 pL no enyme PCR master mix (NEB GoTaq) were prepared to run colony
PCR reaction (Fig. 11 and Table 6).

Steps Temperature Time

1 95°C 5 min

2 95°C 30 sec
3 51°C 1 min
4 68 °C 1.5 min
5 GotoStep2 34X

6 68 °C 5min
7 4°C o0

Table 6. Colony PCR Steps. Time intervals, temperate and cycle repeats for rd1

genotyping PCR reaction are shown
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Figure 11. Representative Gel Image of OCT4 Colony PCR. Gel image shows that all

colonies have the insert in the bacterial genome which means that they were cloned
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accordingly with the expected sequences except 3" and 7" wells. 8" well is the water control
to distinguish whether there is a contamination or primer dimer. Sample names are simplified

for interpretation.
3.6.10. Glycerol Stock and DNA Isolation (mini-prep)

500 uL of sterile 80% (v/v) glycerol solution and 200 pL bacterial culture were mixed and
stored at -80°C for further usage. Rest of the bacterial culture was used for DNA isolation
using plasmid miniprep kit (Zymo Research, Cat # D4019).

3.6.11. Sequencing

Sanger sequencing is performed by Medsantek company for all samples. 15 uL 100 ng/pL
sample and for each and 2 pL of 10 uM U6 forward primer were provided for each sample
tube. In this step it was crucial to provide 100 ng/uL sample amount. Sequences were

confirmed by aligning expected gRNA sequences.

3.7. Large Scale Endotoxin-Free DNA Isolation
3.7.1. Starter Culture for Large Scale Endotoxin-Free DNA Isolation

LB Broth was prepared containing 1:1000 ratio ampicillin. 3 mL ampicillin selective LB
broth and 10 pL 50% (w/v) glycerol stock of the plasmid of interest inoculated with bacterial
farms and incubated at 37°C 200 rpm shaker for overnight. After the overnight incubation,
100 mL fresh ampicillin-selective LB broth containing ampicillin was poured into
autoclaved-sterile 1L erlenmeyer together with 100 pL bacterial culture to obtain large

amount of plasmid and incubated at 37°C 200 rpm shaker for overnight.

3.7.2. Large Scale Endotoxin Free DNA Isolation
An endotoxin-free commercial kit (NucleoBond Xtra Midi EF, Macherey-Nagel, Cat#

740420.50) was used for large scale plasmid isolation. The cultured bacteria were centrifuged
at 6000g, 4°C for 15 minutes. Supernatant was removed and the pellet was resuspended in
8mL resuspension buffer. 8mL lysis buffer was added and the mixture was incubated at room
temperature for 5 minutes. Lysate was neutralized by adding 8mL neutralization buffer and
incubated at 4°C for 5 minutes. The lysate was added into a column pre-wetted with 15mL

equilibration buffer. Column together with filter was washed using 5mL buffer FIL-EF. The
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filter was discarded, and the column was washed with 35mL buffer ENDO-EF. Column was
washed again with buffer WASH-EF. The plasmid DNA was eluted using 5mL buffer ELU-
EF. Following elution, plasmid DNA was precipitated by adding 3.5mL room temperature
isopropanol to the elute. The elute was centrifuged at 150009 4°C for 30 minutes. Supernatant
was discarded and room-temperature 70% endotoxin-free ethanol was added to the pellet.
This mixture was centrifuged at 150009 22°C for 5 minutes. Ethanol was removed and the
pellet was dried for 15 minutes. Pellet was resuspended in 200 mL H2O-EF and plasmid DNA

concentration was determined using a UV-Vis spectrophotometer.
3.8. Assessment of the gRNAs in vitro

3.8.1. Transfection

3.8.1.1. Preparation of Polyethyleneimine (PEI)

450 mL of the ddH.O was added into the 500 mL glass beaker. 500 mg of the PEI
(Polyscience, Inc.) was added into the beaker and stirred with a magnetic fish. 12M HCI
solution was added drop by drop until pH reaches the 2. Solution was stirred until PEI
completely dissolved and this procedure take nearly 3 hours. Later on, 10 M NaOH was
added onto the solution to make pH:7 and poured into the 500 mL glass cylinder to adjust
the volume to 500 mL by adding ddH-O. As a last step, solution was filter-sterilized through

a 0.22 um membrane and aliquoted into the falcon tubes to store at -20°C.
3.8.1.2. Polyethyleneimine (PEI) Transfection

Cells were seeded as 150.000/well for the 6-well plates. The day after the seeding, all
transfection reagents were prepared for each wells as 100 puL Optimem (Gibco,
Cat#31985070), 6 pL Polyethyleneimine (PEI) 1 mg/mL and 2 pg plasmid of interest.

3.8.1.3. FUGENE Transfection

Cells were seeded as 150.000/well for the 6-well plates. The day after the seeding, all
transfection reagents were prepared for each wells as 100 pL reduced-serum medium Opti-
MEM (Gibco, Cat#31985070), 9 uL transfection reagent FUGENE (Promega, Cat#E2311)
and 3 pg plasmid of interest.
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3.8.1.4. Immortalization of Miiller Glia Cell Lines

In order to increase proliferation capacity of isolated primary Mauller glia cells, SV40
transfection was performed in 10-ml culture dishes using 500 pL Opti-MEM, 45 pL FUGENE
and 15 pg SV40 plasmid.

3.8.2. FACS Sorting

Fluorescent-activated Cell Sorting (FACS) strategy is a sophisticated form of the flow
cytometry. Specific cell types can be identified using fluorescent labeling to separate a
population of cells into sub-populations. All FACS experiments in this master thesis was
performed by BD FACSAria Fusion Flow Cytometer which has a maximized signal detection
system, and it provides more accurate and efficient cell sorting. FACS data was analyzed

using the Flowjo software.
3.8.2.1. Preparation of The Cells for FACS

Two types of media were pre-prepared for this procedure. DMEM without phenol red,
pyruvate (Thermo, Cat#31053028) containing 2% FBS (Thermo, Cat#10500056) with
1:1000 ratio 300 uM DRAQ7™ (BioLegend, Cat# 424001) as a viability dye and DMEM
without phenol red and pyruvate (Thermo, Cat#31053028) containing 2% FBS (Thermo,
Cat# 10500056) and without DRAQ7 (BioLegend) were prepared. For the cell harvesting,
old media was discarded, and cells were washed with sterile DPBS (Thermo, Cat#14190094)
to remove the artifacts. 300 uL no phenol red trypsin was added onto the each well and
incubated for 3 minutes in the incubator. After the cells were detached, 700 pL pre-prepared
DMEM were added, and cells were collected into the 5 mL Corning Falcon Round-Bottom
Polystyrene Test Tubes with Cell Strainer Snap Cap (Cat#352235) collection tubes after
filtering with the 40um cell strainer cap. Then, samples were placed on ice immediately for
the further applications.

3.8.2.2. Mller Glia Cell Sorting

Cells were prepared for the FACS Sorting as mentioned above (11.2.1). TM buffer
(AMSBIO, Cat#K3011010-1) was distributed as 3uL to 1.5 mL DNA low-binding
microcentrifuge tubes (Sarstedt, Cat# 72706700). Cell sorter was set up by selecting
appropriate nozzle. Template was created with a multivariate graph that demonstrates the
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forward scatter (FSC) and side scatter (SSC). DRAQ7 (BioLegend, Cat# 424001) was used
for the live-dead cell segregation while mCherry and GFP channels were the reporter
fluorescence for the gRNAs. To locate the target population, negative control sample tube
was recorded, and necessary adjustments were done regarding the forward scatter and side
scatter. Then, positive control sample was run, and data recorded for each sample tubes. Two
interval gates were created for the histogram's negative portion and positive section of the
data. To identify the populations of interest, experimental sample that needs to be sorted was
kept track and gating tools and sub-setting techniques were engaged. Once the gates are
established, the gates were chosen for sorting into external sample collection tubes containing
3uL TM buffer. For each gRNAs will be tested, cells were sorted as 200 cells per sample

tube and triplicate for each sample.
3.8.3. cDNA Synthesis
3.8.3.1.cDNA Synthesis from FACS Sorted Muller glia

High-capacity cDNA reverse transcription kit (Thermo, Cat#4368814) was used for the
cDNA synthesis from FACS sorted cell. According to the protocol, 2.7uL 10X RT random
primers, 2.7uL 10X RT Buffer, 1.35 pL MultiScribe Reverse Transcriptase (50U/uL)
enzyme, 1.08 pL 25X 100mM dNTP Mix, 0.675 puL RNasin ribonuclease inhibitor (Promega,
Cat#N2515) and 15.495 pL RNase/DNase free water (Wisent Multicell, Cat#809-115) were
added onto the FACS sorted cells within 3 uL TM buffer and final volume was adjusted to
the 27uL for each sample. Reaction was performed 25°C for 10 minutes, 37°C for 2 hours
and 85°C for 5 minutes. Samples were stored at -80°C until further usage.

3.8.3.2.cDNA Synthesis from Retinal Samples

Same cDNA kit (Thermo, Cat#4368814) with the cDNA synthesis for FACS sorted Muller
glia cells was used for the isolated total RNA samples. According to the protocol, 2.7uL 10X
RT random primers, 2.7uL. 10X RT Buffer, 1.35 pL 50U/uL MultiScribe Reverse
Transcriptase enzyme, 1.08 ul 25X 100mM dNTP Mix, 0.675 puL RNasin ribonuclease
inhibitor (Promega, Cat#N2515), 500 ng RNA sample and RNase/DNase free water (Wisent
Multicell, Cat#809-115) to reach 27uL total volume were used for each sample to run cDNA
synthesis reaction. Reaction was performed 25°C for 10 minutes, 37°C for 2 hours and 85°C

for 5 minutes. Samples were stored at -20°C until their usage.
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3.8.4. Digital Droplet PCR (ddPCR) %]
3.8.4.1. ddPCR for gRNA Primer Test

gRNA primers for ddPCR were tested with cDNA synthesized from mouse retina total RNA.
cDNAs were diluted as 1:40 and reached the 125 pg/ul with RNase/DNase free water (Wisent
Multicell, Cat#809-115) and for each primer testing, 1uL of the diluted retina cDNA were
used. Separate reactions were performed for each gRNA primers with a final concentration
of 125 nM. Droplet generation was performed in a 20 pL of PCR reaction mix including 1pL
1:40 diluted cDNA, 125 nM primers, and 2x Evagreen supermix via Droplet Generator (Bio
-Rad Cat#186-4002). Sample mix was loaded in the middle part of the cartridge for droplet
generation. Samples were loaded to cartridge and then 70 pL of the droplet generation oil
was added into the bottom row of the cartridge. Gasket was placed on top of the cartridge
and inserted into the droplet generator. In this part it is important to note that a space in
between gasket and the cartridge must not exist. As soon as the droplets generated, they were
taken gently from the top rows as roughly 40 uL and added directly into the semi-skirted 96-
well PCR reaction plate. Semi-skirted PCR plate was sealed with aluminum sealing foil by
PCR plate sealer. PCR plate was placed into the 96-well heat-sealed thermal cycler. 95 °C
for 5 minutes, 95°C for 30 seconds for 40 cycles, 60 °C for 1 minute, 4 °C for 5 minutes, 90
°C for 5 minutes and 4 °C infinite hold PCR protocol was run. 2 °C/s ramp rate was applied
during each cycle for PCR amplification to achieve the appropriate temperature for each step
during the amplification in order not to harm droplets. After PCR reaction is done, droplets
were quantified using ddPCR software named QuantaSoft by inserting PCR plate into droplet
reader (Bio -Rad Cat#1700-5228). For Evagreen which is a DNA-binding dye, a template
was created utilizing special specifications. 1-D plot chart was utilized to examine the data
for fluorescence intensity vs. droplet quantity for each specimen. The threshold point was
fixed up so that droplets above the threshold were accepted as a positive value, while those
below the threshold were accepted as a negative value. The Poisson distribution probability
technique was then used to calculate the initial concentration of the target DNA in units of

copies/pL.
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3.8.4.2. ddPCR for Evaluation of gRNAs

cDNAs were produced using FACS-sorted cells and diluted as 1:10 with RNase/DNase free
water (Wisent Multicell, Cat#809-115) and 1uL of the diluted retina cDNA sample were
used. As a control, house-keeping gene GAPDH was used with a 1:40 dilution. For the further

steps, same protocol mentioned in the above (3.8.4.1.) was performed.

3.9. Invivo Imaging Techniques
3.9.1. MicronlV Fundus Imaging

Phoenix MicronlV is a retinal imaging microscope used for the fluorescence imaging of
common reporter molecules including GFP, YFP, and mCherry, as well as fundus images.
To enlarge the pupil 0.5% tropicamide and 2.5% phenylephrine hydrochloride drop were
applied into each eye of the mouse. The initial induction of anesthesia was performed in a
small isoflurane chamber. During the anesthesia, 1.5% isoflurane (1 L/min) was implemented
after first step of deep anesthesia of mice with 5% isoflurane (1 L/min). Deep anesthesia was
confirmed by checking the key indicators such as loss of the righting reflex, the withdrawal
reflex, and the tail pinch reaction. Mouse was placed on the imaging platform and proper
pupil dilation was assured with the fundus camera. 0.2 % carbomer 980 topical gel was
applied to prevent the surface of the eyes from drying out under anesthesia and as a coupling
gel for imaging. Imaging stage was adjusted for alignment with the objective's nosepiece.
Stage was aligned to center the mouse eye. Once the eye is in its proper position in the center,

objective was moved gently until it makes contact with the pupil.
3.9.2. Optical Coherence Tomography (OCT)

An effective non - invasive imaging technique known as optical coherence tomography
(OCT) was used to image the retina at high definition and at micron scales in cross-section.
This method was given an opportunity to measure and observe the retinal layer to evaluate
the changes regarding retinal thickness. OcuScience OCT was used in our in vivo imaging
system. For the imaging procedure of OCT, mice were anesthetized and prepared for imaging
with the same procedure mentioned above (3.9.1.). Animal was placed on the imaging frame
and as same as micronlV fundus imaging, 2 % carbomer 980-containing topical gel was

applied to prevent the surface of the eyes from drying out under anesthesia and as a coupling
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gel for imaging. When animal was placed properly on the stage and optic nerve monitored

on the computer, scanning of the retina was started. Then, average of the scan data was used

for the retinal layer assessments.

Primer Name Sequence

Mus musculus OCT4 ddPCR Forward 1 TTGAGAACCGTGTGAGGTGG
Mus musculus OCT4 ddPCR Forward 2 TGGGCTAGAGAAGGATGTGGTT
Mus musculus OCT4 ddPCR Forward 3 ATTTTGTCCTCAGTGGGGCG
Mus musculus OCT4 ddPCR Reverse 1 ACCATACTCGAACCACATCCT
Mus musculus OCT4 ddPCR Reverse 2 GAAAGGTGTCCCTGTAGCCT
Mus musculus OCT4 ddPCR Reverse 3 GCTGAACACCTTTCCAAAGAGA
Mus musculus KLF4 ddPCR Forward 1 ACTACCGCAAACACACAGGG
Mus musculus KLF4 ddPCR Forward 2 TTACCACTGTGACTGGGACG
Mus musculus KLF4 ddPCR Forward 3 TGTGACTATGCAGGCTGTGG
Mus musculus KLF4 ddPCR Reverse 1 TGTGGGTCACATCCACTACG
Mus musculus KLF4 ddPCR Reverse 2 CCCTGTCACACTTCTGGCAC
Mus musculus KLF4 ddPCR Reverse 3 AGGTTTCTCGCCTGTGTGAG
Mus musculus NRL1 ddPCR Forward 1 CTGGGGTCGGATGAGGTTCT
Mus musculus NRL1 ddPCR Forward 2 ATGAGGTTCTCGGGCTGAGT
Mus musculus NRL1 ddPCR Forward 3 TGGAGGAGCTATATTGGCTGG
Mus musculus NRL1 ddPCR Reverse 1 AAAATCTCTCGGGCAGCTGGA
Mus musculus NRL1 ddPCR Reverse 2 TCCGAAAATCTCTCGGGCAG
Mus musculus NRL1 ddPCR Reverse 3 TTCAACTCGCGCACAGACATC
Mus musculus GAPDH ddPCR Forward CAGCAATGCATCCTGCACC
Mus musculus GAPDH ddPCR Reverse TGGACTGTGGTCATGAGCCC

Table 7: List of Primers For ddPCR Gene Expression Analysis of Oct4, KIf4 And Nrll
Genes. ddPCR primers were designed by Primer BLAST software. Up to three primer set is

designed for each gene
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3.10.
3.10.1.

3.10.2.

Large Scale AAV Production
HEK?293T Cell Seeding

20-24 hours before transfection, HEK293T cells were seeded into 10 x 15-cm? plates for 1
high-titer viral preparation. Regular DMEM (Thermo, Cat#31053028) containing 10% FBS
(Thermo, Cat#10500056) and %1 Penicillin / Streptomycin (Gibco, Cat#15140122) was
used. For 1 viral prep, 3 confluent 15cm? plates of HEK293T cells were split into 10 x 15cm?
plates until 70-80 confluency.

PEI (polyethyleneimine) Transfection

Preparation of the PEI (Polysciences, Inc., Cat #23966) solution was performed by adding
to de-ionized H.O and stirred for approximately 1 hour on at low temperatures (30°C to 50°C)
until all of the particles were dissolved in solution. Molecular weight of the PEI is 40.000
and prepared as a final concentration of Img/mL. After the preparation of fresh PEI solution,
plasmids for transfection were adjusted. 70ug of the AAV capsid vector, 70ug of the AAV
plasmid and 200pug pHGTI-adenol plasmid (Plasmid Factory). 70ug of the AAV vector,
70ug of the AAV plasmid and 200ug of the pHGTI-adenol adenoplasmid together with 49
mL of DMEM was added into the falcon. Lastly, PEI transfection reagent was added, and
solution was mixed by gently inverting the falcon 5-6 times. Then, incubated at room
temperature for 15 minutes. As soon as the incubation was completed, 5mL of the

transfection mix was added gently per plate.
3.10.3. Harvesting of the Cells

48-60 hours after the PEI transfection supernatant was collected to filter into a 250mL
0.22um stericup (TPP, Cat#99250). Dislodged cells were collected by pipetting up and down
with the culture media from the 10 x 15cm? plates in two falcon tubes. 20 minutes at 1400
rcf centrifuge was performed and rest of the stericup was filled with the rest of supernatant,
roughly 5 mL. 50 mL of the PEG solution was added onto the nearly 250 mL of the
supernatant and stored at 4°C for overnight. Next day, supernatant was spun for 1 hour at
1600 rcf at 4°C. PEG pellet was re-suspended in Lysis buffer. Lysis buffer contains
150mM NaCl (Thermo, Cat#7647-14-5), 20mM Tris (Invitrogen, Cat#15504020) pH 8.0
and should be filtered with 0.22 um filter (AISIMO, Cat#ASF33PS22S). Freeze-thaw

41



3.10.4.

protocol was performed three times for the cell pellet by using dry ice/ethanol bath and 37°C
water bath. Between the step freeze-thaw, vortex was used. Cell pellet was re-suspended in
15 mL of lysis buffer. 15uL of 1M MgCl> (Sigma, Cat#7786-30-3) from a stock of 1 mM
was added. 15uL of 250,000U/mL stock Turbonuclease (Accelagen, Cat#NO0103L) was
added as of 250U/ml final concentration. Mix was prepared and incubated at 37°C for 30
minutes. This step is important to dissolve genomic DNA/protein aggregates that formed
from the thaw/freeze cycle. Cell debris were spun down at 1400 rcf 4°C for 20 minutes.
Supernatant containing viruses still contains cellular debris. lodixanol purification method

was performed for the further purification steps.
lodixanol Concentration and Virus Purification

Optiprep lodixanol (Sigma, Cat#D1556) was prepared with different concentrations and
completed to 200 mL with distilled H20O. Gradients were added from the bottom to top.
Firstly, 5 mL of 60% concentration of iodixanol, secondly 7mL of 40% concentration of
iodixanol, then 5 mL of 25% concentration of iodixanol and lastly 5ml of 17% concentration
of iodixanol into the Optiseal tubes (Beckmann, Cat#362183). This step is critical, and
gradients should not be mixed. The supernatant containing the virus was transferred
onto the Optiseal tube. 90 minutes ultracentrifugation was performed at 50.000rpm at 16°C
by using Beckman V1ti50 rotor (Beckmann, Cat#362758). Viral fraction located in 40%
gradient layer was harvested with 21 gauges needle by inserting the needle 2mm below the
intersection area 60% and 40%. Most of the 40% layer should be collected but avoided to
collect 25% layer. Virus fraction was added into a 50mL Falcon tube and filled up to
15mL with 1X PBS. Virus cocktail was mixed well and transferred into the pre-wetted
Amicon columns (Milipore, Cat#UFC910096). This step was used to remove
the lodixanol and to concentrate the virus. 30 minutes 1400 rcf centrifuge was performed at
4°C and bottom part of the supernatant was discarded. Amicon column was filled with 1X
PBS again and mixed with up and down three times for optimal removal of the lodixanol.
Again, 30 minutes 1400 rcf centrifuge was performed at 4°C and bottom part of the
supernatant was discarded. Screw cap tubes were labeled and placed onto the ice for the virus
aliquots. AAVs were aliquoted as 20 pL per screwed cap tubes and 5L of the virus was used
for the titration by using ddPCR.
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3.11. Intravitreal Injection of AAV-Cre Vector!1%]
3.11.1.1. Equipment Preparation

10 pL Hamilton syringe (nanofil) with a 36 G blunt needle was prepared as an initial step.
Then, five times rinsed with ddH20, 70% ethanol and 1X PBS, respectively. Hamilton
syringe was filled with the AAV or PBS for injection. Surgical needle (suture, silk, 6/0), tape,

forceps, and scissors were prepared for ready-to-use.
3.11.1.2. Intravitreal Injection

1 drop of 0.5% tropicamide and 2.5% phenylephrine hydrochloride containing eye drop was
applied before anesthesia step to dilate pupils. Same anesthesia conditions and ophthalmic
solutions were applied as previously mentioned above (3.9.1. & 3.9.2.). Surgical hook was
used to stabilize the upper eyelid and pulled back just a little to make the dorsal portion of
the eye visible. Tape was used to keep the hook in place on the bench. Conjunctiva was
removed not more than 1 mm? by using the help of curved iris scissors under the dissecting
microscope. 30 G sterile and freshly-opened insulin syringe was used to puncture the sclera
part of the eye. Needle of the micro syringe was inserted through the exact same puncture by
using a micromanipulator. 1 pL of the 1.88 x 10'? gc/ml AAV-Cre vector and 1 pL of the
PBS were injected to contralateral eye, respectively. Injection volume of the Hamilton
syringe was controlled manually, and needle was withdrawn carefully 1 minute after the
injection. Eyelid was released from the hook and anti-inflammatory and anti-bacterial topical

gel was applied to whole eyecup. Animals were placed back into the cages after recovery.
3.12. Statistical Analysis

Data analysis was performed using Student’s t-test for KIf overexpression in dCas9 SPH cell
line. ANOVA with Dunnett’s Multiple Comparison test was used for comparison Opal
overexpression in Cre-induced and un-induced dCas9 SPH muller glia.
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4. RESULTS

4.1. Generation of a Novel RP-Reporter Line
4.1.1. Strategy

Previously, our lab has generated a double reporter line by crossing three different transgenic
mouse lines, Tg (Rlbp1-GFP), Tg(Rho-Cre) and ROSA26-LSL-tdTomato (Ail4) (Fig. 12).
Ail4d (IMSR_JAX:007908) is a Cre reporter strain expressing tdTomato fluorescence in
response to Cre-associated recombination. Tg (Rho-Cre) breeding strategy was allowed the
Cre-mediated specific rod targeting since Cre is activated by the rhodopsin promoter in this
line. In the presence of Cre-expressing cells, loxP-flanked STOP cassette is removed (Fig.
12 B) by the Cre recombinase and tdTomato expression is monitored due to the red
fluorescence protein. (Fig. 12 C, Unpublished data). This was an extremely useful model
for both in vivo and in vitro studies. To be able to generate reporter mouse line for
regeneration platform, it was important to have rod-free retina to be able to follow the newly
regenerated rod photoreceptors (Fig. 13). Since rdl mouse model is a very fast rod
degeneration model due to the mutation on Pde6b gene, these mice were used as a platform
for the regenerative studies (Fig. 13). This further allowed us to quickly evaluate the

degeneration status of the rod photoreceptor cells without any quantitative analysis.

We have generated the RP-reporter (rd1-tdTomato) mouse line by two consecutive crossings
with rd1 -/- mice and the Tg (Rlbp1-GFP);Tg(Rho-Cre);ROSA26-LSL-tdTomato. First the
triple transgenic was switched to rd1 wt/- and then to rd1 -/- status together with the Tg
(Rho-Cre);ROSA26-LSL-tdTomato (Fig. 12 A). Tg (Rlbpl-GFP) was excluded in the

process as it was not necessary for rod labeling.
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Figure 12. Establishment of multiplex regeneration platform by using transgenic mouse

lines. (A) Mice were crossed to get homozygous fast retinal degeneration model (rd1 -/-) to

detect Muller glia fate alterations into the rod photoreceptor fate induction. As a strategy,

the mouse line expressing Cre recombinase is used to remove LSL stop codon to turn on

rhodopsin promoter. (B) Cre-Flox removes the stop codon. (C) Colocalization of rods (red)

and Miller glia cells (green) in Tg (RIbp1-Gfp); Ta(Rho-Cre); ROSA26-LSL-tdTomato.
Rd1 -/- Rd1-/- C57BL/6 Control
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Figure 13. OCT and MicronlV Fundus Images of Rd1 Mice. 5 weeks (A) and 9 weeks (B)
animals were imaged to compare changes in ONL compared with C57BL/6 control (C)
mouse. Dark blue arrows represent the thickness of outer nuclear layer (ONL). Yellow
arrows show the retinal detachment of the retina in Rd1 -/- mice but not in C57BL/6 control

mice
4.1.2. Analysis of rd1-tdTomato mouse line

As it was described previously, we further improve our double reporter model by crossing it
to rd1 retinitis pigmentosa model and generated the rd1-tdTomato model. This model is a
quadruple transgenic animal and will be extremely beneficial to quickly evaluate regenerated
rods by tdTomato follow-ups. The very low levels of tdTomato expression in rd1-tdTomato
retina already shows severe rod loss as excepted. (Fig. 14). Since rods are almost completely
lost, newly formed rods will be easily detected due to tdTomato expression with the help of
reference points (Fig. 14 white arrows). Conversely, it is feasible to follow up rod
degeneration in this model with weekly follow-ups (Fig. 14 Blue arrows). All the retinas
that were followed showed distinct patterns of tdTomato expression and even digested rods
can easily be visualized (Fig. 14 Yellow arrows). It is important to mention that we were
able to detect same regions with the same quality images week by week which is important
for the detection of even small alteration in the follow up experiments on this fast retinal

degeneration model animals.
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Figure 14. MicronlV Follow-up of Albino and Non-Albino Reporter Rdl-tdTomato
Mouse. Fundus and tdTomato fluorescence images represents that there is a severe
degeneration and vessel attenuation as well as other pigmented Rd1 pure and reporter mouse
eyes. Since animal of intereset in here is albino, it has no retinal pigment epithelium (RPE)
cells in it’s eyes. Blue and yellow arrows represents the degenerated cells, yellow ones are
most likely macrophage or microglia digesting tdTomato positive rod cells. Blue arrows are
reference points in the follow up procedure of the retina. Mice may have the two different
phenotypes in rd1-/- strain. They might be normal C57BL/6 with a color pigmentation and
albino with a white furr and non-pigmented retina (Bottom panel). Representative mice

images were provided from Jaksons Laboratory mouse database.

Optical Coherence Tomography (OCT) was used as a complementary key study for
fluorescence fundus imaging to show thinner ONL in comparison with control animal. It is
important because it facilitates to follow up regeneration studies due to the alterations on
ONL where reporter lines are not available. Both well-established rd1 mouse model and the
Rd1-tdTomato mice were shown to have decreased ONL thickness compared with the control
animal suggesting that both models have severe rod loss (Fig. 15). Overall, we will benefit
from Rd1-tdTomato as a basis for our small molecule therapies to detect rod fate induction
from Muller glia (Fig. 14 & 15).

| Rd1 -/- Rho-Cre T+ Ail4 kifwt | | C57BL/6 Control |

Figure 15. OCT Images of Rd1 Mice Lines and C57BL/6 Control Mouse. OCT images of

th th
RdI-tdTomato (A), Rdl -/- (B) and Black6 control (C) OCT images were taken at 8§ to 10
week. The area between two arrows represents the thickness of outer nuclear layer (ONL)
where rod and cone photoreceptors located. Both Rd1-tdTomato and Rdl -/- mice have

thinner ONL than control animal due the photoreceptor degeneration.
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4.2. Establishment of the rd1-tdTomato model as rod reporter for regeneration studies

We have further tested rd1-tdTomato model for its in vivo reporter capacity. In follow up
studies, we have shown rods are almost completely lost, and even it is feasible to follow
recently degenerating rods (Fig. 14). Therefore, it will also be feasible to follow up on
newly formed rods after the Muller glia dedifferentiation approach. We have tested this by
using AAV-Cre vectors (Fig. 16 A) to show that after Cre recombinase expression,
tdTomato expression will be initiated. We have generated large-scale AAV-Cre vectors
which targets Maller glia. It is clearly shown that intravitreally injected AAV-Cre vector
had activated the tdTomato expression by removing the stop codon from the tdTomato as
early as day 4 (Fig. 16 B-D). It was quite important because Muller glia will be labeled in
Cre-expressing cells which will allow us to follow up Muller glia dedifferentiation into the
rod fate. Week 4 follow up images ashow that tdTomato expression was increased as the
AAV induced gene expression peaks around 4 week and the intensity of the tdTomato
images were reduced due to excessively bright tdTomato signal (Fig. 16 B-D). In all cases
PBS injected contralateral eyes showed no additional tdTomato expression suggesting that
the tdTomato expression is due to Cre recombinase expression (Fig. 16 B*-D"). This was a
very exciting finding and suggested that upon rod induction, muller glia will be labeled
by continuous tdTomato expression which will allow us to follow up Muller glia
dedifferentiation in an in vivo set up. This will further allow us to test variety of

regenerative approaches in vivo with a very simple readout and will accelerate our reseach.
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Figure 16: Activitaation of tdTomato expression in rd1-tdTomato mouse line using
AAV that express Cre recombinase.

Sequence map of the injected AAV-Cre plasmid (A). Left and right eyes of rd1-tdTomato
animals were intravitraelly injected with AAV-Cre (B, C and D) and PBS (B’, C’ and D’),
respectively. AAV-Cre vector concentration was determined via ddPCR as 1.88364 x 102
gc/ml. AAV-Cre injected retinas (B, C and D) expressed Cre recombinase as early as day 4
and activated tdTomato expression in transduced cells showing that it is feasible to label
Cre-expressing cells upon induction. No additional tdTomato expression was observed in
contralateral eye that is injected with PBS at day 4. Yellow arrows represent the reference
points of the images. Since there was excessive expression of AAV-Cre in the week 4,

fluorescent power was lowered to get better fundus fluorescence images.

4.3. Establishing a Drug Testing Platform Using Tg(Rho-Cre);ROSA26-LSL-tdTomato
Primary Mduller Glial Cells

4.3.1. Strategy

In order to test the possible candidate drugs from the previously performed screen, an
efficient platform was aimed to be established. This platform benefited from the primary
Muller glia from the Tg(Rho-Cre);ROSA26-LSL-tdTomato mice (Fig. 17). Retina
dissociation of Tg(Rho-Cre);ROSA26-LSL-tdTomato mice were performed as mentioned in
above protocols and 30 ul of the dissociated cell mixture was added onto fibronectin-coated
plate with a total 200ul of the Muller glia selection media (Fig. 17). As soon as selection
procedure was completed, normal media was used to continue until the 80% of the well-
coverage (Fig. 17). In order to enhance the platform, rod induction protocol was used [106].
In this protocol, final concentration of 20uM Taurine, SuM Retinoic Acid, 20ng/ml FGF2
and 100 ng/ml IGF-1 was used for induction (Fig. 18). Overall induction protocol was
successful in our reporter primary Muller glia. Previously identified Candidate drug | and
candidate drug Il (unpublished data / subject of patent application) also successfully induced

rod fate in our novel drug testing protocol (Fig. 18).
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Figure 17. Screening Strategy for Selected Candidate Drugs. After the genotyping of the
mice (both micronlV and PCR), Tg(Rho-Cre);ROSA26-LSL-tdTomato mice were sacrificed
and retina isolation was performed. Dissociated cells were seeded into the fibronectin coated
96-well and their selection procedure was completed within 7-days. After the selection and
completion of their roughly 80% coverage of the wells, small molecules with or without

retinoic acid induction were tested to evaluate the efficiency of the approach.

4.3.2. Cell Culture Images

Induction+Drug#63 20pM ‘ Drug#800 20 pM Only Induction

| tdTomato | | Bright Field |

53



Figure 18. tdTomato Expression in the Presence of Rod Induction on Muller Glia Cells.
Purple arrows shows tdTomato expression after retinoic acid induction. Rod fate induction
protocol successfully induced tdTomato expression as expected Combination of induction
media and single candidate Drug#1 resulted in excess rhodopsin expressing cells both high
(red arrows) and low tdTomoto expression is observed suggesting that the combination of
induction protocol with small molecules enhances rod induction efficiency. In the treatment
of the cells with candidate Drug#1, tdTomato expression were observed both inside of the
neurospherical structures and Muiller glia cells. These all images were captured with

fluoresence microscope. (Scale bar: 100um)

Candidate small molecules coming from the previous PAMs screen suggested that induction
of the rod fate by using single small molecules is feasible (unpublished data). We have
establish a new method combining retinoic acid induction protocol with primary Muller glia
with rod reporter function. This also allowed us to better mimic in vivo conditions since it
was not necessary to eastablish stable cell lines. These results suggested our new protocol is
suffucuently sensitive to further test novel drugs in the near future. Please note that candidate
drugs | and Il has been elucidated in another study and only used for testing purposes of the
system that is generated.

4.4. Generation of ATFs for Nrl, Oct4 and Klf4
4.4.1. gRNA Screen using dCas9-VP64-mCherry stable Muller glia cell line

In order to be able to establish ATFs that overexpress Nrl, Oct4 and KIf4, it is crucial test
several gRNAs in dCas9-VP64 expressing stable cell line. Performing the gRNA screen
relies on dCas9-VP64 expression in a stable cell line, as well as a matching vector which
encodes gRNA and an EGFP reporter. For that we have designed gRNAs against promoter
regions of Nrl, Oct4 and KIf4. using the Benchling software (Fig. 19A). One of the unspoken
challenges of the usage of dCas9-based gene regulatory systems is to reach maximum
efficiency of the system. Therefore, dCas9-VP64 and gRNA have to be expressed at high
levels to elucidate the maximum output in terms of gene regulation. At this point, Muller
cells’ low transfection efficiency turn out to be a limitation step to be able use this system
solely with one vector. In order to correctly characterize the maximum levels of gene

upregulation from a given dCas9 and guide system. Dr. Agca recently generated a stable
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Muller glia cell lines that have multiple copies of dCas9-VP64-P2A-mCherry (Fig. 19B).
This system works with similar logic but this time just by transfecting a small vector that
expresses gRNA and an eGFP reporter. This allowed us to reduce the size of the vector by
several kbs and increased the transfection efficiency of the vector that expresses gRNA. Since
dCas9-VP64 is already available within the stable Muller cells, the efficiency of the system
has been shown to increase tremendously. The cell lines which have 14 copies of dCas9-
VP64-P2A-mCherry was used for evaluating gRNAs. Expression levels of dCas9 was also
checked indirectly by mCherry levels. Flow cytometry was used to detect mCherry
expression in stable Muller cells. Since the mRNA that is expressed from dCas9-VP64-P2A-
mCherry is bicistronic, detection of mCherry also confirms the expression of dCas9-VP64 in
stable Muller glial cell lines (Fig. 19 C).
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Figure 19. Gating Strategy for The Two Component in vitro ATF System. gRNAs were
generated for 3 different genes (A). Gating strategy for the dCas9-VP64-P2A-mCherry
Muller glia cells transfected with gRNA vectors. Draq7 was used to exclude dead cells from
live dCas9-c7 population. mCherry positive dCas9-c7 positive cells were selected to assure
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for dCas9-VP64 expression. Among those mCherry positive cells, gRNA expressing cells

were selected by expression of eGFP reporter (B,C).

In this strategy mCherry was employed as a reporter for the dCas9-VP64 expression and GFP
reflected the gRNA vector transfected cell, sorting was done on cells which co-expresses
GFP and mCherry (Figure. 19B). Optimized and established gating strategy for our two
component in vitro ATF system was used for the further ddPCR analysis for Klf4, Nrll1 and
Oct4 genes (Figure. 20 & 21).
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Figure 20. Primer Testing for Nrl1, Oct4 and KIf4 Genes by Using ddPCR. Three different
primer sets were used to identify which one is better for the evaluation of gRNAs. For the
KIf4 gene (A) ddPCR results showed that second primer set was the best choice according
to their water controls. These primers were tested on wild-type mouse retina cDNA generated
from 0.5 ng total RNA. Secondly, according to the ddPCR results and comparison with their
water controls of Oct4 gene, first primer set was chosen as it has less positive hits in water
control. We were not able to find a strong control for Oct4 expression as it was weekly
expressed in normal retina . (B). Nrl1 gene ddPCR results and their comparison with water
controls suggested that third primer set is the best choice (C). All primer sets were tested

with wild-type mouse retina cDNA generated from 0.5 ng total RNA.

Evaluation of gRNA expressions was ready to be tested after establishment of appropriate
gRNA primers for digital droplet PCR (ddPCR) (Fig. 20). This system had allowed us to
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detect even less amount of gene expression due to it’s high sensitivity. To increase the

sensitivity and better evaluation of gRNAs, 3 different primer sets were designed for each

gene of interest. They were tested on wild-type mouse retina cONA and second primer set

for KIf4, first primer set for Oct4, and third primer set for Nrl1 gene were selected as primer

sets for further evaluations of gRNAs.

30000

25000

20000

15000

10000

Ch1 Amplitude

5000

14000
12000
10000
8000

6000

Ch1 Amplitude

4000
2000

A)
Nrl1 Test
Ch1Pos9Neg:191631
AD4 B04 C04 I[}[)4 E04 FO4 G[IM HO4 A0S B05 , C05 D05 EOQ5
Nri1-3 Nrl1-4 L Nrl1-6
T r_- - |

0 50000 100000 150000
Event Number
Oct4 Test
B)
Ch1 Pos:31 Neg:150625
All B:” C11 . D11 EIH Fi1 . G11 !T-III Al12 . C12 TB!?
10000
+°  Oct4-4S1 - Oct45-1 . YTLT Control .
i - o Water

L Il

0 20000 40000 60000 80000 100000 120000 140000
Event Number

57



C) Kif4 Test

Ch1Pos:1248 Neg:317755
D09 E09 FO9 GO9 HO9 A10 B10 C10 D10 E10 F10 G10 H10 A1 B11 C11 D11 F11 G11 Hi1_ E11
T T T T T T

30000
25000
g 20000 KIfA-1_ \ien s KIfA3 _ iaa Kif4-5 At Control
EL 15000 + ’ Water |
3 F.:-'i 243 B S5 e T T 0 o oo e Rgiiins At il
10000 | = = "ik o gr "ny WRapf MR a e 4 Eild, : - ki
© S - : A : - 7592
5000 '
0 - ‘ 1 N : : :
0 50000 100000 150000 200000 250000 300000
Event Number
D)
Kif4
0.010
o
0.008
E .
5 0.0064 — A
3 e e
©  0.0044
S it e “ga- ;
%  0.002-
D.uuu L] L] 1 L] L] L] 1
Q'&‘ ‘&‘K il ighgl 1[$‘h g {n.h
3 £ £ © o
S S &S
vl § & $ § § &

Figure 21. ddPCR Results for Nrl1, Oct4 and KIf4 ATFs in Stable dCas9-VP64 Muller
Glia Cell Line. Evaluation of the gRNAs were performed after transfection and FACS sorting
of the cells. Nrl1 (A), Oct4 (B) and KIf4 (C) data analyzed with QuantaSoft software. Four
Nrll and three Oct4 gRNA were tested and there was no upregulation for Nrl1 and Oct4
gRNAs. Six KIf4 gRNA were tested for their effect on regulation of KIf4 expression by ddPCR
analysis and Klf4-3 showed upregulation by 1.7 folds compared with the control (D).
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dCas9-VP64 stable Muller glia cells transfected with Nrll, Oct4 and KlIf4 gRNAs to
upregulate these gene in Muller glia cells. Two days after transfection cells were harvested
and sorted by using FACS. Results showed that Nrl1 and Oct4 had no upregulation on dCas9-
VP64 (Fig. 21A-B). However, we found a gRNA that weakly upregulates KIlf4-3
approximately 1.7-fold compared to the no-guide control levels (Fig. 21C). This suggested
that VP64 as an activator is not sufficient to upregulate rod or stem cell specific genes in
Muller glia as our system was successful targeting several neuroprotective factors and
structural genes in other projects.

4.5. Generation of Double Transgenic dCas9-SPH; Tg(GFAP:Cre) Mouse Model and
dCAS9-SPH stable Muller glia cell lines

4.5.1. Strategy

We initially wanted to establish a Muller glia specific dCas9-Activator mouse line. For that
B6;D2-Gm33925<Tn(pb-CAG-cas9*-EGFP)1Yangh>/JdCas9 activator transgenic mouse
line shortly called dCas9-SPH [107] from Jackson Laboratory was obtained. However, this
line required a Cre expression which turns on the dCas9-SPH expression by removing the
floxed-stop codon. For Muller glia specificity, we further obtained GFAP-Cre mouse line
which express Cre-recombinase only in the activated Muller glia cells and resting microglial
cells [108] (Fig. 22).

4.5.2. Crossing and Genotyping

Tg(dCas9-SPH) and Tg (GFAP-Cre) were crossed to generate Tg(dCas9-SPH);Tg(GFAP-
Cre) double transgenic mouse line and confirmed with both MicronlV and PCR genotyping
(Fig. 22 & 23). Since this double transgenic line has very low survival rate, it was very
difficult to continue the line. Tg(dCas9-SPH); Tg(GFAP-Cre) had low GFP expression due
to expression of Cre in resting microglia. However, Tg(dCas9-SPH) had very weak GFP
expression which was later confirmed by flow cytometer. This was unexpected and most
likely related to P2A activity (Fig. 22B).
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Figure 22. Generation of Double Transgenic dCas9-SPH; Tg (GFAP:Cre) Mouse
Model. Transgenic Tg(dCas9:SPH) and Tg(GFAP-Cre) mice were crossed to obtain
double transgenic Tg(dCas9:SPH);Tg(GFAP-Cre) mouse line. MicronlV fundus images
both bright field and GFP filter were captured to compare these two animals together with
C57BL6/Control (A-C). Despite there is no GFAP-Cre in B) and there is still weak GFP

expression observed.
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Figure 23. Representative dCas9-SPH and GFAP-Cre PCR Gel Images. Representative
dCas9-SPH PCR gel image shows that while B is dCas9-SPH negative, A and C samples
are dCas9-SPH T+ in comparison with positive (+), negative (-) and water controls. Water
control was used to determine whether contamination condition. Band sizes were
determined by using 1kb marker (NEB, Cat#n3200). Red arrow represents the 264 bp. In
the GFAP-Cre gel image it is represented that A is GFAP-Cre positive, and B is GFAP-
Cre negative in comparison with positive (+) and negative (-) controls. Band sizes were
determined by using 1kb marker (NEB, Cat#n3200). Red arrow represents the 450 bp.

4.5.3 Generation of dCAS9-SPH stable Muller glia cell line

Since VP64 was not sufficient as an activator, we also wanted to establish another Muller
glia cell line with a stronger activator. We have aimed here to get a mouse line containing
SPH activator and generation of the primary cell line containing dCas9-SPH for the purpose
of establishing a system for evaluation of gRNA by using another activator in addition to the
dCas9-VP64. In this scenario, SPH activator was planned to use instead of VP64 for the gene
expression profiling for Oct4, Nrl and Klf4 genes. For that transgenic Tg(dCas9:SPH);Ail4
ki/ki which will express Cre and thus dCas9-SPH upon induction (Fig. 24). We successfully
generated the dCas9-SPH stable Muller glial cell line for the in vitro evaluation of the gRNAs
with a SPH activator by using co-transfection methodology (Fig. 25).
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Figure 24. Generation of dCas9-SPH Muller glia stable cell line.

Transgenic Tg(dCas9:SPH);Ail4 ki/ki mice shows weak GFP and tdTomato exprsssion
compared to wild type controls. OCT images shows intact retina for Tg(dCas9:SPH);Ail14

ki/ki mice (bottom panel).

62



4.5.4. Testing of ATFs in dCas9-SPH Miuiller Glia Cell Line

Since activation of dCas9-SPH requires Cre activity in Muller glia, co-transfection

methodology was performed with a plasmid which expresses Cre together with the

appropriate artificial transcription factors (ATFs).
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Figure 25. Gating Strategy For the dCas9-SPH in vitro ATF System. Draq7 was used to
exclude dead cells from live dCas9-SPH-P2A-GFP population (A). dCas9-SPH-P2A-GFP
already leaks GFP. Transfection with gRNA vector with CBA-GFP-P2A-Cre expressed

stronger GFP compared to leak GFP (A). To test our system, OPA1 gene used as a proof-

of-concept and showed significant upregulation (B). Sorted the cells both open up the

tdTomato (activated tdTomato) and GFP-positive cells C) KIf4-3 gRNA and Cre co-

transfection had no upregulation in comparison to its control (D). Statistical analysis were

done Anova with Dunnet multiple comparison test for Opal gene and Student’s t-test for

Klf4 gene.
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In this gRNA testing strategy, SPH activator containing-Muller glia cells were used to
upregulate gene of interests. FSC and SSC gating strategy was used for discrimination of
cell size and granularity of the cells, respectively. Draq7 dye was used as a rapid staining
dye for dead cells to separate them from main live population. Since there is a natural
leakage of dCas9-SPH-P2A-GFP, it was not a problem for U6-gRNA upregulation system
because they had more GFP expression than leaking GFP. So that, we have sorted cells
expressing excess GFP (Fig. 25 A). However, since there is no Cre which opens up the
dCas9-SPH promoter for the KIf4-3 gRNA, co-transfection for this gene upregulation was
performed (Fig. 25 C). Unfortunately, there was no upregulation for KIf4-3 (Fig. 25 D). As
a proof-of-concept we have tested OPAL gene which is already upregulated with dCas9-
VP64 cell line, also upregulated on dCas9-SPH significantly (Fig. 25 A). Moreover several
other neuroprotective factors had boost their upregulation confirming that the SPH is a
stronger activator (Data not shown). These readouts suggest that our established cell line
containg dCas9-SPH is a functional system for the evaluation of the gRNA upregulations.

4.6. Generation of rd1 -/- ; Tg(dCas9 SPH); Tg(Rho-Cre);ROSA-LSL-tdTomato Muller
Glia Cell Line.

rd1-tdTomato model was generated as a fast degeneration model which was facilitated to
detect Muller glia fate change into rod photoreceptors. Once the Muller glia dedifferentiates
into rod fate, Rho-Cre is activated to turn on tdTomato expression. Since the rd1-tdTomato
has already lost almost all rods, it will be an ideal platform to see dedifferentiating Muller
glial cells in vivo. This model was also modified with Tg(dCas9-SPH) mouse model to test
rod and stem cell-related transcription factors, Nrl, KIf4 and Oct4. First, we crossed rd1-
tdTomato with the dCas9-SPH ; Tg(Rho-Cre);ROSA26-LSL-tdTomato line which was
previously generated as a separate reporter-activator line. Subsequent crossings of F1
generation with the rd1-tdTomato resulted in rd1 -/- ; Tg(dCas9 SPH); Tg(Rho-
Cre);ROSA26-LSL-tdTomato ( rd1-tdTomato-dCas9-SPH) transgenic line (Fig. 26A) .
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Figure 26. Generation of rd1 -/- ;Tg(dCas9 SPH); Tg(Rho-Cre);ROSA-LSL-tdTomato
Muller Mouse Line. As a strategy, rd1-/- mice containing ROSA26-LSL-tdTomato and Cre
recombinase, crossed with the rd1/wt mouse line expressing dCas9-SPH, ROSA26-LSL-
tdTomato. Cre recombinase is planned to remove LSL stop codon to turn on tdTomato
expression only in rods(A). MicronlV and OCT imaging of different mice with different
genetic backgrounds of contralateral eyes were shown. Bright field fundus, GFP-
fluorescence fundus and tdTomato-fluorescence fundus images were compared in addition
to the OCT pictures, respectively.
It is clearly observed that different phenotypes of the multiplex mouse model platform can
be easily detected in the presence of even tiny amount of alteration with MicronlV imaging
or OCT imaging. MicronlV images helped us to distinguish the tdTomato and GFP
expressions of the reporters. We were surprised when we faced with a GFP leakage in the
transgenic dCas9-SPH model. This was also shown in rd1-tdTomato-dCas9-SPH transgenic
animals. In addition to that, cross-compared OCT images showed degenerated ONL due to
the fast degeneration of photoreceptors in rd1-tdTomato-dCas9-SPH animals. Surprisingly,
we observed excess tdTomato expression in this degenerated retina which requires further
analysis. Overall, this animal model will be a novel tool for several regeneration studies
regarding gene regulatory and gene therapy approaches.

5. DISCUSSION

One of the main achievements that we established in this thesis is the generation of rd1-
reporter mouse model. This model combines our previous Tg(Rho-Cre);ROSA-LSL-
tdTomato system with the RP disease model rd1. Combination of these features provided us
a rod-free retina that has the potential to easily evaluate the outcome of any small molecule
that has rod fate induction capacity. This was achieved by the using the rhodopsin promoter
controlling the Cre expression. In this model, once rhodopsin promoter is activated, most
likely due to rod fate induction and/or regeneration, Cre expression is initiated. This further
removes the stop codon flanked in the tdTomato gene within flox sequences and express
tdTomato. This system is one of the most efficient set up in order evaluate regenerative
approaches. Our analysis of the model showed that it is feasible to do follow-ups analysis for
even single rod photoreceptor degeneration and other even small alterations including rod

cell digestion by macrophages using the MicronlV fluorescence imaging (Fig.14). Further
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testing of the model was done using AAV-Cre, that was generated in our AAV technology
platform. This platform allows us to produce both high and low titer AAVs depending on the
application. Instead of using the rhodopsin promoter based Cre expression, Cre expression is
achieved by intravitreal injection AAV-Cre. Even in 4 days, Cre is expressed and turned on
tdTomato expression (Fig. 16). In the following weeks, tdTomato expression covered almost
all of the rod-free retina suggesting the Cre-based labeling is functional in our rd1-reporter
mouse model. Therefore, rd1-reporter mouse model will be one of the most efficient and fast
retinal regeneration models that has been established. This model also provides an extremely
important feature, an appropriate niche for retinal regeneration, a rod-free retina available for

a regenerative study.

We further improved our model for gene regulatory applications using the ATFs. For this
purpose, we crossed the rd1-reporter mouse with the dCas9-SPH line. To achieve Muller
cell specificity and to turn on dCas9-SPH expression by removing the stop codon, GFAP-
Cre line that expresses Cre recombinase in activated Muller glia and resting microglia was
also crossed to this complex transgenic line. However, this mouse line had shown some
developmental impairment before reaching adolescence. It was previously reported that, this
line had some severe disease-like conditions such as developmental retarding and bloody
urinate [107]. As we move forward with the crossings, we were able to achieve rd1-reporter-
dCas9-SPH mouse line. This model had the advantage to overexpress gene of express just by
delivering a gRNA and Cre recombinase by AAV vectors. Cre opens up the dCas9-SPH and
gRNA allows overexpression of target genes, in our case Klf4, Oct4 and Nrl1. However, due
to unspecific Cre expression, the rod fate reporter activity of the model is hampered. This
will be due to parallel removal of the stop codon within tdTomato. Despite this disadvantage,
upregulation of genes in a single or multiplex manner would be feasible. Although
fluorescently labeled cells will not be solely dependent on rod fate induction, it would be
feasible to follow up proliferative cells and expanding ONL by OCT imaging. These features
of this model will also allow us to combine gene therapy and small molecule approaches

within the same animal model.

We have designed and cloned several gRNA targeting Klf4, Oct4 and Nrl1 to establish ATFs

for retinal regeneration studies. Since artificial transcription factors (ATFs) have the ability
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to either increase or decrease gene expression, we used VP64 and SPH activators for the
upregulation of gRNAs. While both of these ATFs upregulate the gene expression, SPH
achieves best gene activation due to the breaking epigenetic block [107]. Despite we had
tremendous success using dCas9-Vp64 system with several neuroprotective genes, VP64
activator solely was not successful to express Nrl or Oct4 in Muller glia. We only had minor
upregulation of KIf4 with the dCas9-VP64 cell line. Therefore, we needed to have stronger
activator to break the possible epigenetic block that did not allow us to express Nrl or Oct4
in Muller glia. For that initial plan was to use dCas9-SPH; GFAP-Cre to establish a stable
Muller glia line. However, as it was previously explained we had survival problems in this
line. From the very few pups that survived, we tried to establish a Muller glia transgenic cell
line that express dCas9-SPH: GFAP-Cre, however their proliferation capacity was quite
weak and did not reach the sufficient confluency. Instead of waiting for the growth of these
double transgenic animals, we had another plan to accelerate the ATF testing. We have
generated another primary cell line solely from the dCas9-SPH. Since there is no Cre in the
absence of GFAP-Cre, we have used the exogenous Cre and gRNA for co-transfection
methodology to activate dCas9-SPH system in our primary cell line. All gRNAs together
with Cre plasmid were tested on this dCas9-SPH cell line with the same gRNAs that
previously tested on dCas9-VP64 cell line. The only difference between two primary cell
lines was the type of the activator. SPH is known as a better activator than VP64 as it has
been previously shown to upregulate Oct4, KlIf4 and other reprogramming genes [109].
gRNAs were tested on this two different cell lines and results were quite intriguing especially
for neuroprotective factors (Data not shown) which was upregulated several folds compared
to dCas9-VP64 activator. However, KIf4-3 gRNA was upregulated only 1.7-fold on dCas9-
VP64 cell line, and unexpectedly there was no significant upregulation on dCas9-SPH cell
line. To further test whether dCas9-SPH primary cell line is functional, we have used
previously established Opal gRNAs using dCas9-VP64 cell line. Together with several other
neuroprotective genes, Opal was also upregulated suggesting that the dCas9-SPH muller glia
stable cell line is functional and SPH is mostly a more potent activator than the VP64
consistent with the previous findings. After the evaluation of gRNAs, we were sure that our
recently generated dCas9-SPH primary cell line was working as foreseen. Since the in vitro
part of the KIf4, Oct4 and Nrl1 gRNA cloning was completed in this thesis, we will later test
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these gRNAs in vitro with dCas9-SPH Muller glia and later in vivo by using AAV-Cre

delivery system as a vector with the combination of small molecules.

In a parallel to our animal experimentations to set up complex transgenic animals, we also
tried to make a novel method to efficiently screen for small molecules that induce
regeneration. We established a new strategy that involves direct seeding of dissociated retinal
cells onto fibronectin-coated plates. This strategy also benefited from the rod reporter system
that induces tdTomato expression. Double reporter mouse line that was already used for
crossings and previous PAM screen had the Muller glia specific Rlbp1-GFP transgene. GFP
reporter was initially planned to sort Muller glia in order to have a pure Muller glia population
that could readily be labeled by tdTomato expression after rod fate induction. However,
sorting had efficiency problems that reduced the survival rates of the cells. Moreover,
previously established SV40 induced immortal double reporter Muller glia line had excess
proliferation rate after certain passage numbers hampering the dedifferentiation capacity. We
also had several difficulties setting up the system related to COVID-19 pandemic, such as
delayed consumable deliveries as well as expired and low-quality products. All these
problems forced us to set up a novel method that will benefit from direct seeding of retinal
cells on fibronectin-coated plates as the Muller glia itself has extensive proliferation capacity
unlike other retinal cell types in cell culture conditions. With the help of our collaborators,
we have overcome these difficulties and established the methodology for the screen with
extensive delays. Nevertheless, we tested the methodology with the candidate small
molecules elucidated from the previously performed pharmacologically active molecules
(PAMs) screen and had successful results after numerous attempts that failed due to
aforementioned problems. We also enhanced the screen with a previously known protocol to
induce rod fate. Rod induction was clearly shown using our novel screen method. This was
primarily added to the screen method to enhance the rod inducing capacity of small molecules
and elaborate their potential in a more repeatable and faster screen set up. Enhanced screen
boosted the rod induction capacity of a candidate small molecules from the previous screen
(Fig. 18). Furthermore, small molecules screen will be repeated using our novel screen
method to elucidate more potent small molecules. This will eventually provide additional
support and improve our in vivo regeneration studies together with the gene regulatory and

gene therapy approaches.
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7. APPENDIX
A. Nrl1, KIf4 and Oct4 gRNAs and their locations in the genome
Klif4 Guides
Kif4 1-1

Query 301 TTGACTTTGGGGCTCAGGTACCCCTCTCTCTTCTTCGGACTCCGGAGGACCTTCTGGGCC 360

LELLCLLERLLEE LR LR E L L L LL R L L ELT LT
Sbjct 301 TTGACTTTGGGGCTCAGGTACCCCTCTCTCTTCTTCGGACTCCGGAGGACCTTCTGGGCC 360

Query 361 CCCACATTAATGAG GGGAACAGAAAGGGGTGAGGATTGGA 420

IIIIIIIIIIII||Ilil||||'|||||iii|||lllllllllllI|I|||II|IIIII|
Sbjct 361 CCCACATTAATGAGGTAGGTGAGATGTTGGACTTGGGAACAGAAAGGGGTGAGGATTGGA 420

Kif4 2-1

Query 301 TTGACTTTGGGGCTCAGGTACCCCTCTCTCTTCTTCGGACTCCGGAGGACCTTCTGGGCC 360

LLELLLLERLLEL LU L LR L L LT
Sbjct 301 TTGACTTTGGGGCTCAGGTACCCCTCTCTCTTCTTCGGACTCCGGAGGACCTTCTGGGCC 360

Query 361 CC GATGTTGGACTTGGGAACAGAAAGGGGTGAGGATTGGA 420

y LELLLELLETIEEEE LR LT
Sbjct 361 CCCACATTAATGAGGTAGGTGAGATGTTGGACTTGGGAACAGAAAGGGGTGAGGATTGGA 420

Kif4 3-1

Query 241 GATCTCGGGCAATCTGGGGGTTTTGGTTTGAGGTTTTGTTTCTAAAGTTTTTAATCTTCG 300
LELLLLLEECLE VLR L L il

Sbjct 241 GATCTCGGGCAATCTGGGGGTTTTGGTTTGAGGTTTTGTTTCTAAAGTTTTTAATCTTCG 300

Query 301 TTGACTTTGGGGCTCAGGTACCCC GGACCTTCTGGGCC 360

II|||I|IIIII||II|I||II|II|||||||||||||I|||i||ll|||III||II|I
Sbjct 301 TTGACTTTGGGGCTCAGGTACCCCTCTCTCTTCTTCGGACTCCGGAGGACCTTCTGGGCC 360

Klif4 4-1

Query 661 TGCCTGGAAGTAGCTGTTCAGGGAAGAGGGGCTGGATCTGTACTCTGG 720

LELLEULLELELLEE LR L L il |
Sbjct 661 TGCCTGGAAGTAGCTGTTCAGGGAAGAGGGGCTGGATCTGTACTCTGGAATCCCAGATCA 720

ey e T T R TR 7
Sbjct 721 CTAGTTCCAGGGAAATTGGGTCCTGGGGAGGTGTGGGTGGGGGTGGGGTTACAGTGAAAG 780

KIf4 5-1

76



Query 181
Sbjct 181
Query 241
Sbjct 241

Kif4 6-1

Query 61
Sbjct 61
Query 121
Sbjct 121

Nrl Guides

Nrl 1-1

Query 421
Sbjct 421
Query 481
Sbjct 481

TTGTATACAAAGGAACTTTTTTAAAGACATCGCCGGTTTATATTGAATCCAAAGAAGAAG

LELLLEEEELLELEEEE L EE LT IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
TTGTATACAAAGGAACTTTTTTAAAGACATCGCCGGTTTATATTGAATCCAAAGAAGAA

GMGGGTTTTGGTTTGAGGTTTTGTTTCTAAAGTTTTTAATCTTCG
I PECELEEERRERRE e e eeeeeeer i riiitnl
GATCTCGGGCAATCTGGGGGTTTTGGTTTGAGGTTTTGTTTCTAAAGTTTTTAATCTTCG

?TT?CGACAACGGTGGGGGACACTGCT TGGCCATCGGACC

IIIIIIIIIIIIIIIIIIIIII(|||||||||||||||||||IIIIIIIIIIIIII
GCCGCGACAACGGTGGGGGACACTGCTGAGTCCAAGAGCGTGCAGCCTGGCCATCGGACC

TACTTATCTGCCTTGCTGATTGTCTATTTTTATAAGAGTTTACAACTTTTCTAAGAATTT

COLDLCEELLEE L E et L et e e et
TACTTATCTGCCTTGCTGATTGTCTATTTTTATAAGAGT TTACAACTTTTCTAAGAATTT

AGCGTGTCCCAGCACCAGGGTCGGGAGCACTACCATGTTGTTG

LLLLLLCERLLERLE L LR LT L]
AGCGTGTCCCAGCACCAGGGTCGGGAGCACTACCATGTTGTTGTTGTTTTTCATGAATCC

CAGAGGCACCAAAGGGTACTGTCAACACACCAAAGGCTGTGTTGTCATTCTGTCCTTCAG

CELLLLEEELLERE L RL L E L EEE LR EEE LR L LT LETL ]
CAGAGGCACCAAAGGGTACTGTCAACACACCAAAGGCTGTGTTGTCATTCTGTCCTTCAG

249
2409
300
300

120
120
180
186

480
480
540
540

Nrl 3-1

Query 781
Sbjct 781
Query 841
Sbjct 841

%?TT???AAGGATGGCAGACAGCCTCTCAGTGTTCTACACCTTCCCTCTTTCTTGCAGGA

LELLLEERLLERLEE LR L LT EE LT
GGGTGGGAAGGATGGCAGACAGCCTCTCAGTGTTCTACACCTTCCCTCTTTCTTGCAGGA

ACACC GGCTTTCCCTCCCAGTCCCTTGGCTATG 895

[[111] LLCULEELLLE L EELLl L]
ACACCTCTCTCTGCTCAGTCCCAGAATGGCTTTCCCTCCCAGTCCCTTGGCTATG 895

340
340

Nrl 4-1

Query 661
Sbjct 661

Query 721
Sbjct 721

Nrl 5-1

TGCCTGGAAGTAGCTGTTCAGGGAAGAGGGGCTGGATCTGTACTCTGG

LELLLEERLEEEER LR ER L LR e L]
TGCCTGGAAGTAGCTGTTCAGGGAAGAGGGGCTGGATCTGTACTCTGGAATCCCAGATCA

M?????ﬂﬁ??ﬁTf?ﬁ?‘i’?ﬁﬁ???T?????T???TT?TTT?Timi

CTAGTTCCAGGGAAATTGGGTCCTGGGGAGGTGTGGGTGGGGGTGGGGTTACAGT

77

720
7208

780
780



Query 661 GCCTGGAAGTAGCTGTTCAGGGAAGAGGGGCTGGATCTGTACTCTGGAATCCCAGATCAC 720

LELLLLEEELLEEEEE LR L L L L]
Sbjct 661 GCCTGGAAGTAGCTGTTCAGGGAAGAGGGGCTGGATCTGTACTCTGGAATCCCAGATCAC 720

. T?ﬂmﬁ?T?TT?T?T???????TT??TTTTTT?TE“’"?E e

|11
Shjct 721 TAGTTCCAGGGAAATTGGGTCCTGGGGAGGTGTGGGTGGGGGTGGGGTTACAGTGAAAGG 780

Nrl 6-1

Query 601 CAAAGGCTGTGTTGTCATTCTGTCCTTCAGATCTTCAGTTTCTTGTTGCCTGTTAGGAAC 660

LOLELLLLCLEER LR L L L LT
Sbjct 601 CAAAGGCTGTGTTGTCATTCTGTCCTTCAGATCTTCAGTTTCTTGTTGCCTGTTAGGAAC 660

Query 661 TGCCTGG GGGCTGGATCTGTACTCTGGAATCCCAGATCA 728

L[LI11]] LLLLEEEERLEER L L e ettt
Sbjct 661 TGCCTGGAAGTAGCTGTTCAGGGAAGAGGGGCTGGATCTGTACTCTGGAATCCCAGATCA 720

Oct4d Guides
Oct4 1S1

Query 1321 GGTGTGACTCTGACAAGTCTGCCTTTCTCACTACAGTCCC 1380

LLLELEERLEE L LR L e L]
Sbjct 1321 GGTGTGACTCTGACAAGTCTGCCTTTCTCACTACAGTCCCAGGACATGAAAGCCCTGCAG 1380

Query 1381 MBAGGAGCTAGAACAGTTTGCCAAGCTGCTGAAGCAGAAGAGGATCACCTTGGGGTACACC 1440

COLELLLEEEULEEELEEEE L LR LR L ELLEE LT
Sbjct 1381 AAGGAGCTAGAACAGTTTGCCAAGCTGCTGAAGCAGAAGAGGATCACCTTGGGGTACACC 1440

Oct4 3S1

Query 1261 ACCAGCCCTTGAG GGGCACCCTAGGGTCACAGTCCCAGCT 1320

IIIIIIIIIIIII|||||||i|I|||||||||||l||IIIIIIIIIIIIIIIIIIIIIH
ACCAGCCCTTGAGGAGGCTGAGATCTTTTCATGGGGCACCCTAGGGTCACAGTCCCAGCT 1320

Sbjct 1261

Query 1321 GGTGTGACTCTGACAAGTCTGCCTTTCTCACTACAGTCCCAGGACATGAAAGCCCTGCAG 138@

LELLLERLLEREE L L e e e e e e e e e et
Sbjct 1321 GGTGTGACTCTGACAAGTCTGCCTTTCTCACTACAGTCCCAGGACATGAAAGCCCTGCAG 1380

Oct4 4S1

Query 1201 ???????AAAGAGCCATCTATGTCACCTAGGAATAGAGTGAATAACATTTATAT 1260

CELELLLEELLEEER L ER R e ER e ety
Sbjct 1201 GGGGGGGAAAGAGCCATCTATGTCACCTAGGAATAGAGTGAATAACATTTATATAATCAG 1260
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Query
Sbjct

1261
1261

Oct4 551

Query
Sbjct
Query
Sbjct

1141
1141
1201
1201

GAGGAGGCTGAGATCTTTTCATGGGGCACCCTAGGGTCACAGTCCCAGCT 1320

GCCCTT
THIHH LEELEELLLLLLLLEL LR EEEE L L LT
ACCAGCCCTTGAGGAGGCTGAGATCTTTTCATGGGGCACCCTAGGGTCACAGTCCCAGCT 1320

ACTTGCTGGGGTACTGCACAGAACTCTGGGTAGTGTGGTACTGTAGATGGCTAGGTTCTg 1260

CLLLEEEEECEC LT L L L L LT
ACTTGCTGGGGTACTGCACAGAACTCTGGGTAGTGTGGTACTGTAGATGGCTAGGTTCTG 1200

CTATGTCACCTAGGAATAGAGTGAATAACATTTATATAATCAG 1260

seeeeecARAGAGCCATCT.
1TTTTT?IllIllHlHlHlHlllll|||III|III|I|I|I|||III||IlIIlI|
GGGGGGGAAAGAGCCATCTATGTCACCTAGGAATAGAGTGAATAACATTTATATAATCAG 1260

B. PCR Genotyping Primers

Rd1 Forward CATCCCACCTGAGCTCACAGAAAG
Rd1 Reverse GCCTACAACAGAGGAGCTTCTAGC
GFAP-Cre Forward TCC ATA AAG GCCCTG ACATC
GFAP-Cre Reverse TGC GAACCTCATCACTCGT
Ail4 td Forward CTGTTCCTGTACGGCATGG

Ail4 td Reverse GGCATTAAAGCAGCGTATCC

Ail4 wild-type Forward AAGGGAGCTGCAGTGGAGTA

Ail4 wild-type Reverse CCGAAAATCTGTGGGAAGTC
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