
     
     

   

       

 

ACTA 
UNIVERSITATIS 

UPSALIENSIS 
UPPSALA 

2022 

Digital Comprehensive Summaries of Uppsala Dissertations 
from the Faculty of Medicine 1839 

Modulation of retinal progenitors 

A bird’s-eye view of retinal regeneration and disease 

DARDAN KONJUSHA 

ISSN 1651-6206 
ISBN 978-91-513-1490-7 
URN urn:nbn:se:uu:diva-470844 



            
              

           
     

    

      

        
     

Dissertation presented at Uppsala University to be publicly examined in B22, Husargatan 3, 
Uppsala, Wednesday, 1 June 2022 at 09:15 for the degree of Doctor of Philosophy (Faculty 
of Medicine). The examination will be conducted in English. Faculty examiner: Associate 
Professor Rusty Lansford (Keck School of Medicine, University of Southern California). 

Abstract 
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The cell populations of the retina and their intricate organization provide us with one of 
the most important senses – vision. All retinal cell populations are derived from a common 
progenitor pool as a result of tight regulation of proliferation, differentiation, dedifferentiation, 
and programmed cell death. Dysregulation of these processes, or injury to the retina, can 
result in loss of vision or in certain cases even cancer – i.e. retinoblastoma. Understanding the 
mechanistic basis of these processes allows for modeling cancer and retinal regeneration. To this 
purpose, the embryonic chicken retina, and cultures thereof, were subjected to pharmacological 
intervention and modulation of gene expression. To validate findings in a human model, some 
studies were extended with the use of human cell cultures or retinal organoids derived from 
human embryonic stem cells. The focus was on the late events of retinal neurogenesis. 

In Paper I, we investigated endothelins as potential modulators of injury-induced retinal 
regeneration, which is performed by Müller cells in certain species. Injured Müller cells will 
dedifferentiate and return to the progenitor pool. We found that stimulation of the endothelin 
receptor induces dedifferentiation by transactivation of the epidermal growth factor receptor 
and subsequent activation of the MAPK-signaling pathway, in both chicken Müller cells and 
an immortalized cell line with Müller cell properties. Our findings show that endothelins have 
potential as possible regulators of the injury response and subsequent regeneration of lost 
neurons performed by Müller cells. 

In Paper II, the Nolz1 transcription factor and its regulation of retinal neurogenesis was 
explored. We show that Nolz1 acts as a negative regulator of the cell cycle in retinal progenitors, 
and hinders bipolar cell specification by Lim3 gene repression. 

In Paper III, we investigated the final neurogenic mitosis of the cone photoreceptor/horizontal 
cell progenitor (cPR/HC) lineage. MYCN-overexpression in a functional RB1 setting produced 
neoplastic growth in a cell-type and developmental-stage specific manner. The cPR/HC-lineage 
alone escaped apoptosis and continued proliferation both in human retinal organoids and 
embryonic chicken retina. Our findings have implications for the etiology of retinoblastoma 
and show that MYCN alone can induce cancerogenesis. The tumors arise as a result if intrinsic 
properties of the cPR/HC-lineage, which have not been observed in other retinal populations. 

Taken together, this thesis gives novel knowledge regarding the late events of retinal 
neurogenesis, cell-type specification, and the inherent properties of certain retinal progenitor 
lineages in the healthy and diseased retina. 
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Cover image depicts a co-labeling of Visinin (red, photoreceptors), MYCN-

GFP (green, cancer cells) and DAPI (blue, nuclei of cells) in a neoplastic 

growth of an E14 chicken retina. 
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Abbreviations 

AG1478 – EGFR inhibitor 

APC/C – Anaphase-promoting complex/cyclosome 

ARR3 – Arrestin 3 

BQ-788 – ENDRB inhibitor 

CDK – Cyclin-dependent kinase 

CKI – CDK inhibitor 

cPR/HC-lineage – Shared lineage of cone photoreceptors and horizontal cells 

DEG – Differentially expressed genes 

EDN – Endothelin, multiple isoforms 

EDNR – Endothelin receptor, multiple subtypes 

EGF – Epidermal growth factor 

EGFR – Epidermal growth factor receptor 

ERK – Extracellular signal-regulated kinase in chicken (ERK1/2 in human), 

pERK when phosphorylated, 

GCL – Ganglion cell layer 

GM6001 – MMP inhibitor  

GO term – Gene ontology term 

GSEA – Gene set enrichment analysis 

hESC – Human embryonic stem cell 

HPC – Horizontal progenitor cell 

INL – Inner nuclear layer  

IPL – Inner plexiform layer 

IRL1620 – EDNRB agonist  

IS – Inner segment  

MMPs – Matrix metalloproteinases 

NMDA – N-methyl-D-aspartate, agonist for NMDA receptor 

ONL – Outer nuclear layer  

OPL – Outer plexiform layer 

OS – Outer segment  

PP1/PP2 – Src kinase inhibitors 

RB1 – Retinoblastoma 1 gene, Rb1 in mouse 

Rb – Retinoblastoma-associated protein (pRb when phosphorylated) 

RPE – Retinal pigment epithelium 

RXRγ – Retinoic acid X receptor-γ 

SCF – A complex of Skp1, Cullin and F-box proteins 
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Introduction 

Proliferation, differentiation and apoptosis are tightly regulated processes dur-

ing development and dysregulation of these processes often results in pathol-

ogy. The retina is a perfect example of this as all retinal cells are derived from 

the same progenitor pool and without strict regulation, a certain population of 

retinal cells might be found lacking, while another is produced in surplus. The 

potential for dedifferentiation, e.g. in response to injury, allows for prolifera-

tion anew, and perhaps regeneration of lost cells and tissue. However, exces-

sive proliferation and subsequent escape from apoptosis are also hallmarks of 

cancer. The work presented in this thesis focuses on these processes in the 

developing vertebrate retina.  

In Paper I we investigated how Müller cell dedifferentiation in response to 

injury can be modulated. Müller cells are known to dedifferentiate and, de-

pending on the species, proliferate and regenerate lost retinal neurons. How-

ever, Müller cells are also the primary caretakers of the retina and have neu-

roprotective functions which are lost when they dedifferentiate. This presents 

a tradeoff between neuroprotection and potential regeneration. 

 In Paper II we investigated cell type specification and how this is regu-

lated by a specific transcriptional factor in the early developing retina. Nolz1 

has been implicated in the development of the spinal cord, where it interacts 

with several transcription factors which are also known to regulate retinal cell 

type specification. 

Finally, in Paper III we delve into the cell type specific properties of the 

shared immediate progenitor of cone photoreceptors and horizontal cells. This 

lineage has been shown to have atypical cell cycle behavior and we investi-

gated this in the context of neoplastic transformation and the potential disease 

that arises – retinoblastoma.  
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Retinal neurogenesis  

In early development there is an evagination of the diencephalon, forming the 

optic vesicle. The optic vesicle will in turn invaginate on itself and form the 

optic cup. The lens will form from a section of the surface ectoderm, the lens 

placode, which will bud off the surface ectoderm when the diencephalon first 

evaginates and the optic vesicle encounters the ectoderm. The inner portion of 

the optic cup will form the neural retina, while the outer portion gives rise to 

the retinal pigment epithelium. A pool of multipotent retinal progenitors will 

give rise to all cell types of the neural retina in an evolutionarily conserved 

manner1-3.  

Interkinetic nuclear migration 

Through a process called interkinetic nuclear migration, whereby progenitors 

proliferate and give rise to new cell types, the nuclei of these multipotent pro-

genitors move between the apical and basal side of the retina. The nuclei make 

their way through the ventricular zone of the retina while going through the 

different phases of the cell cycle4. G1 phase occurs while the nuclei travel to-

wards the basal side, S phase when the nuclei have reached the basal side, and 

G2 while the nuclei travel back to the apical side. Generally, upon reaching 

the apical side the nuclei will go through mitosis. See Figure 1 for a schematic 

overview of interkinetic nuclear migration. These progenitors perform two 

different forms of mitosis: symmetric and asymmetric mitosis. Symmetric mi-

tosis gives rise to two new progenitor cells, while asymmetric mitosis gives 

rise to one progenitor and one post-mitotic cell that will differentiate into the 

retinal cell subtypes. The terminal mitosis of a progenitor will give rise to two 

daughter cells, which can either differentiate or continue proliferating. 

In vertebrates, two waves of cell-formation produce the retinal cell types. The 

formation occurs in an evolutionarily conserved order1-3. In the early wave, 

progenitors first give rise to ganglion cells, tightly followed by cone photore-

ceptors, horizontal cells and amacrine cells. The second wave produces rod 

photoreceptors, bipolar cells and Müller cells. Each retinal cell population 

serves a specific function which together ensure perfect vision.  
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Figure 1. Interkinetic nuclear migration of retinal progenitors 

The processes of retinal progenitor cells span the entire developing retina while the cell body 
moves between the apical and basal side as the cell cycle progresses. G1 and G2 phase occurs 
while the cell body travels towards the basal and apical side, respectively. S phase occurs on 
the basal side and M phase occurs on the apical side. During mitosis the processes of the retinal 
progenitor are retracted and the cell rounds up on the apical side before migrating to its correct 
layer. 

Organization and circuitry of the retina 

The mature vertebrate retina is organized into eight layers. These are, from the 

basal to the apical side of the eye: The ganglion cell layer (GCL), the inner 

plexiform layer (IPL), the inner nuclear layer (INL), the outer plexiform layer 

(OPL), the outer nuclear layer (ONL), the inner segment (IS), the outer seg-

ment (OS), and finally the retinal pigment epithelium (RPE).  

The nuclei of cone photoreceptors and rod photoreceptors reside in the 

ONL, while the nuclei of amacrine, bipolar, horizontal, and Müller cells reside 

in the INL. The GCL, as the name implies, is where the nuclei of ganglion 

cells reside. It is in the IPL and OPL where processes of the different cell types 

connect and also where amacrine and horizontal cells exert their modulation 

of signals being propagated from the photoreceptors.  

Light enters the eye via the lens and hits the retina on the basal side, pene-

trating the different layers before reaching the photosensitive rod and cone 

photoreceptors. The photoreceptors transform the light into electrical activity 

and mediate the signal via bipolar cells to ganglion cells, which in turn come 

together and form the optic nerve, which connects the retina to the brain.  

Amacrine, bipolar, and horizontal cells modulate the signal with their junc-

tions in the IPL and OPL before it reaches the ganglion cells. Müller cells 

extend through the entire retina and provide, amongst other functions, struc-

tural and nutrient support.  
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The RPE is the blood-brain barrier of the retina, facilitating the immuno-

privileged environment of the eye. The RPE also closely interacts with the 

outer segments of photoreceptors to ensure homeostasis as well as absorbs any 

excess light that would otherwise be phototoxic to the photoreceptors. See 

Figure 2 for a schematic overview of the mature vertebrate retina. 

 
Figure 2. The mature vertebrate retina 
Schematic of the circuitry of the vertebrate retina. In brown are the retinal pigment epithelium 
cells. Rod photoreceptors are in yellow and cone photoreceptors are in green. Blue are horizon-
tal cells and grey are Müller cells. Bipolar cells are in orange and amacrine cells are in red. In 
purple are ganglion cells. RPE; Retinal pigment epithelium, OS; outer segments, IS; inner seg-
ments, ONL; outer nuclear layer, OPL; outer plexiform layer, INL; inner nuclear layer, IPL; 
inner plexiform layer, GCL; ganglion cell layer. Size and ratio of cells are not representative. 

The retinal progenitor pool 

In mice; rod photoreceptors, bipolar cells and Müller cells form in the late 

wave and together make up 97% of total cells in the mature retina1. The per-

centage of these retinal cell populations are not identical across species but 

depend on various factors such as if the animal is nocturnal or diurnal.  

Nonetheless, to guarantee sufficient progenitors are left for the second wave, 
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proliferation and differentiation have to be strictly regulated. If too many pro-

genitors differentiate there will be a lack of later cell types, if too few progen-

itors differentiate there will an increased production of later-born cell types 

and too few early cell types. Early symmetric mitoses would allow for expo-

nential growth of the progenitor pool, while asymmetrical mitoses would pro-

vide new cell types but maintain the progenitor pool2. However, this process 

does not have to be one-directional; before committing to terminal mitoses, 

the progenitor pool could again be rapidly expanded by another round of sym-

metrical mitoses before finally producing the second wave of retinal neurons. 

The progenitor pool remains multipotent throughout retinal neurogenesis, but 

gives birth to distinct cell types at each part of the development5. Figure 3 

shows an overview of this evolutionarily conserved birth order. Retinal pro-

genitors are heterogeneous in their gene-expression profiles, and late progen-

itors differ in their differentiation capacities in comparison with early progen-

itors. They are subject to the effect of both extrinsic and intrinsic factors which 

decide the next cell type to be born. 

Figure 3. Evolutionarily conserved birth order of retinal cells  
Retinal cells are born in two waves. Ganglion cells (GC) are the first cells born, tightly followed 
by horizontal cells (HC) and cone photoreceptors (cPR) and finally amacrine cells (AC). The 
second wave consists of the rod photoreceptors (rPR), Müller cells (MC) and finally bipolar 
cells (BC). Image shows approximate timing of neuron formation in the chicken retina and 
embryonic days (E) relevant to the studies in this thesis have been marked out. Note that the 
primary time point of analysis (E14) comes after the birthing of neurons have finished. Peaks 
of horizontal cells and cone photoreceptors placed below the axis both for easier visualization 
but also to signify their shared immediate progenitor. Adapted from Martins & Pearson 2008. 
Cell size not to scale. 
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Regenerative capacities of Müller cells 

One of the last cell populations to be born from the retinal progenitor pool are 

the Müller cells, which are the primary glia of the retina (Figure 3). Müller 

cells extend their processes throughout the retina but their nuclei reside in the 

INL together with that of horizontal, bipolar and amacrine cells (Figure 2). 

These processes facilitate their interaction with all retinal neurons. Müller 

cells are the principal support-cell of the retina and have a wide variety of 

neuroprotective functions, including but not limited to: production of neu-

rotrophic factors, recycling of neurotransmitters, removal of metabolic waste, 

regulation of homeostasis and pH, regulation of the retinal blood-brain barrier 

and light-channeling to photoreceptor outer segments6-9. 

Various injuries to the retina activate Müller cells in a process called reactive 

gliosis and these injuries range from infection and phototoxic injury to heredi-

tary photoreceptor degeneration and physical trauma10-13. Part of the reactive 

gliosis is the dedifferentiation of the Müller cells into multipotent retinal pro-

genitors, the extent of this process is species-specific however (Figure 4).  

The inherent regenerative capacities of zebrafish Müller cells are high; with 

dedifferentiation and subsequent regeneration of retinal neurons in response 

to injury14,15. Zebrafish Müller cells have been shown to express Pax6, a 

marker for multipotent progenitors, and are capable of regenerating neurons 

from each nuclear layer14,16. The injury response has been shown to involve 

both Notch and β-catenin/Wnt signaling17-19. Furthermore, membrane-bound 

epidermal growth factor (EGF) has been shown to be sufficient for inducing 

dedifferentiation and proliferation in both injured and healthy zebrafish ret-

ina20. 

The capacity for regeneration is more limited but does exist in the chicken 

retina and has been shown to be regulated by MAPK-signaling and phosphor-

ylation of extracellular signal-regulated kinase (ERK, pERK when phosphor-

ylated)21-23 (Paper I). Proliferating progenitors have been observed in the cil-

iary marginal zone and Müller cells in the central region of the retina express 

pax2, which is important for retinal neurogenesis and acts as a switch between 

neuronal and glial cell fates24,25.  

The capacity for regeneration is even more limited in higher mammals 

where injury induces dedifferentiation but limited proliferation26,27. However, 

forced expression of Ascl1 in Müller cells combined with pharmacological 

modulation has enabled adult mice to regenerate lost neurons28. Ascl1 has pre-

viously been shown to be necessary for retinal regeneration and Müller cell 

dedifferentiation18,29. 

The α2-adrenergic receptors are a group of G-protein coupled receptors 

which have been shown to induce phosphorylation of ERK via transactivation 

of the epidermal growth factor receptor (EGFR) in the embryonic chicken as 

well as human Müller cell cultures30,31. Their activation by selective agonists 

attenuates the injury-induced phosphorylation of ERK and could potentially 
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be used for modulating the injury response for neuroprotective effects32,33. Ac-

tivation of other receptors by fibroblast growth factor 2 and insulin have also 

been shown to induce dedifferentiation and proliferation of chicken Müller 

cells, however with limited neuronal neurogenesis34.  

Endothelin receptors (EDNRs) are another group of G-protein coupled re-

ceptors, and their ligands – Endothelins (EDNs) – are some of the strongest 

vasoconstrictive peptides known to date35. There are three isoforms (EDN1, 

EDN2, and EDN3) which activate three subtypes of the receptor – EDNRA, 

EDNRB and EDNRB2 (The latter has been lost in mammals). Studies show 

that EDNs and ENDRs are involved in regulation of a broad range of physio-

logical and pathophysiological processes, such as vasodilation and vasocon-

striction, ovarian physiology, proliferation and apoptosis in cancer, nervous 

system development, pulmonary hypertension, cardiovascular development 

and neural crest cell proliferation35,36. Endothelin signaling has also been 

shown to play a role in neuroprotection of the retina37,38. Furthermore, injury 

to the retina has been shown to upregulate Edn2 in photoreceptors and the 

Ednrb in Müller cells, which also implicates endothelin signaling in the injury 

response of the retina10,39.  

Modulation of this injury-response, whether it be for regeneration or main-

tained neuroprotection, is a potential treatment-alternative for the loss of reti-

nal neurons. 
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Naturally occurring cell death 

In addition to tight regulation of proliferation and differentiation, cell death is 

another means of ensuring a functional retina. Naturally occurring cell death 

serves several purposes in the retina: morphogenetic cell death to ensure the 

correct forming of the optic cup, neural cell death in the early retina to clear 

for example wrongfully differentiated neurons, and finally, naturally occur-

ring cell death in the developing retina to ensure correct circuitry and ratio 

between retinal populations40. In addition to these, there is cell death in the 

context of cell cycle regulation, DNA repair and the DNA damage response. 

 At embryonic day (E) 5 of chicken development, proliferating cells as well 

as ganglion cells are primarily affected by cell death, while around E9-E11 

primarily cells of the INL are naturally culled41,42. However, not all retinal cell 

types seem to be affected by naturally occurring cell death. In the chicken 

retina, the final number of horizontal cells and cone photoreceptors is not reg-

ulated by naturally occurring cell death42,43. Furthermore, these horizontal 

cells have an insensitivity to DNA damage and are not removed by apoptosis 

after DNA damage44. Additionally, as will be described more thoroughly in 

the following section, horizontal progenitor cells have an atypical terminal 

mitosis which should trigger apoptosis according to the processes described 

above.  

In Paper III, we show a resistance to cell death in this lineage of horizontal 

cells which is shared with cone photoreceptors. This enables them to escape 

apoptosis after e.g. oncogenic mutations. This property is cell type specific 

and is not shared by the other retinal neurons. Interestingly, in studies with 

Retinoblastoma 1 (Rb1) knockout mice, naturally death-resistant horizontal 

cell precursors have been implicated as the cell of origin for retinoblastoma45.  

Horizontal cells and the atypical terminal mitosis of their 

progenitor 

Horizontal cells have several subtypes depending on the species. The main 

subtypes are axon-bearing (H1) and axon-less (H2) followed by any additional 

subtypes (H3). The human retina has three different H1 horizontal cells, the 

mice retina only one H1 subtype, while the chicken retina has one of each of 

the H1, H2 and H3 subtypes46-49. In the chicken retina, horizontal cells express 

Prox1 and Pax6 and their subtype is defined by expression of either Lim1 (H1 

subtype) or Isl1 (H2 and H3 subtypes). H2 and H3 are further characterized 

by GABA or TrkA expression, respectively46.  

In addition to the horizontal cells not being affected by naturally occurring 

cell death, the progenitors of these cells, which give rise to the H1 subtype, 

have an atypical cell cycle. In their terminal cell cycle, the chicken horizontal 

progenitor cells (HPCs) arrest on the basal side and perform a delayed mitosis 

as semi-differentiated horizontal cells50. These HPCs have a heterogeneous 
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cell cycle with multiple versions of a terminal mitosis. A portion of the HPCs 

permanently arrest in G2 phase, leading to aneuploidy51. Despite the aneu-

ploidy, these cells are not cleared by apoptosis and the DNA damage response 

pathway does not regulate their final cell cycle52 (Figure 5). Horizontal cells 

in mice have also been shown to survive as polyploid cells in response to Rb1 

inactivation and enter mitosis despite extensive DNA damage53,54. Chicken 

HPCs are also insensitive to DNA damage induced by cisplatin, a DNA cross-

linker, despite having a functional p53-p21 system. This has been shown by 

stimulation of the p53 pathway by the use of Nutlin3a, an inhibitor of MDM2, 

resulting in activated p53 and increased expression of p21 in HPCs44. Further-

more, overexpression of Zac1, a co-activator of p53, results in increased levels 

of p21 in a p53-dependent manner, but does not cause apoptosis nor cell cycle 

arrest in HPCs55. Together, these specific cell properties provide an environ-

ment where genomic aberrations or epigenetic dysregulation can more easily 

produce, and survive, a neoplastic transformation. As such, these cells make 

a perfect candidate for the cell of origin of retinoblastoma. 

Figure 5. The atypical terminal mitosis of the horizontal cell progenitor 
The first wave of retinal progenitors (cyan) produces, amongst others, several subtypes of hor-
izontal cells. The H1 subtype of horizontal cells have an atypical terminal mitosis which can 
produce several outcomes, one of which is cells with aneuploidy. This terminal cell cycle is 
initiated already after the cell has started differentiating (First mitosis, horizontal cell progenitor 
in light blue color). These cells arrest in G2 on the basal side of the retina instead of performing 
G2 while traveling towards the apical side. The same semi-differentiated horizontal progenitor 
is also insensitive to DNA damage and will complete mitosis despite genomic aberrations (Sec-
ond mitosis, yellow star), producing mature horizontal cells (blue). INL; Inner nuclear layer 

 



 

 21 

Retinoblastoma 

Retinoblastoma was originally described in 1809 by the Scottish surgeon 

James Wardrop as a “fungus haematode of the eye-ball”56. At the time, there 

were no treatments available and therefore, what came to be known as reti-

noblastoma, was considered an incurable disease56. Since then, major progress 

has been done and there are a multitude of treatments available in various 

forms and combinations of: chemotherapy, radiotherapy, cryotherapy and 

light/laser therapy57. Today, it is estimated that 7000-8000 children develop 

retinoblastoma every year58. Usually diagnosis is done in the first years after 

birth, although in rare cases older children or even adults have been diag-

nosed59. In Sweden there are 6-7 cases annually60. Survival in the western 

world is over 95%, but in developing countries, survival can be as low as 

30%61. Untreated retinoblastoma is fatal62. The symptoms of retinoblastoma 

are; leukocoria; an abnormal white reflection in the iris caused by the tumor 

growing inside, strabismus; failure to focus both eyes on the same object, dis-

turbed vision, and in later stages proptosis; bulging of the eye caused by the 

enlargement of the tumor63.  

Retinoblastoma primarily presents unilaterally or bilaterally, and in some 

rare cases as trilateral retinoblastoma where an additional independent pri-

mary tumor forms intracranially, often at the epiphysis. Around 30% of cases 

are bilateral and 70% unilateral64. The majority of tumors are a result of a bi-

allelic inactivation of the RB1 gene, either by two somatic mutations or one 

germline mutation and one somatic mutation63,65. Bilateral retinoblastoma is 

in the clear majority of cases a result of a germline mutation followed by a 

somatic mutation. These are also referred to as hereditary retinoblastoma, 

while unilateral retinoblastoma are mainly non-hereditary, and as such a result 

of two independent somatic mutations63. The median age of diagnosis for uni-

lateral retinoblastoma is around 24 months and the median age of bilateral 

retinoblastoma is around 12 months66. The germline mutation shortening the 

time to tumor formation as predicted by Knudson’s 2-hit hypothesis64.  

Small subsets of cases with functional RB1 but other genomic aberrations 

have been identified67,68. MYCN amplification (MYCNA) further lowers the 

median age of diagnosis to 4.5 months68. Diagnosis is delayed in developmen-

tal countries due to poor healthcare. Interestingly, although bilateral reti-

noblastoma is referred to as hereditary retinoblastoma, only as few as 35% of 

bilateral cases have a reported history of retinoblastoma in their family69, sug-

gesting the disease is a result of a de novo germline mutation. 
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Etiology 

The tumor originates in the neural retina, which is in contradiction with the 

generally accepted concept of the inability of differentiated neurons to re-enter 

the cell cycle and proliferate. If left untreated the tumor will grow, either en-

dophytic (towards the vitreous body) or exophytic (outwards from the eye), 

and with a high risk for metastases to the brain via the optic nerve. Vitreous 

seeding is another way for the tumor to grow in the later stages, which is when 

the endophytic tumor breaks off and releases clusters of cancer cells in the 

vitreous body. These clumps are harder to treat since they are not in direct 

contact with blood, whereby systemic chemotherapeutic drugs are delivered. 

To circumvent this issue, chemotherapeutic drugs are also delivered intravi-

treally. 

Since most tumors seen by researchers have grown for some time, and/or 

been subject to various forms of treatment since enucleation is the last resort, 

there most likely has been a selection for rapidly growing cells. As such, the 

cell of origin of the tumor has remained elusive. However, human retinoblas-

toma tumors express markers of immature cone photoreceptors70, suggesting 

the cell of origin for retinoblastoma is a cone photoreceptor. Retinoblastoma 

genesis is stage specific in human RB1-/- cone progenitors but not in mouse 

Rb1-/- cone progenitors71. Instead, modeling the disease in mice produce tu-

mors with a cell of origin in horizontal cells54. However, in contrast to human 

retinoblastoma, in which inheriting a heterozygous mutation of RB1 would 

result in a 97% risk of tumor formation61, the Rb1-/+ or Rb1-/- genotype is not 

sufficient for tumor initiation in mice72.  

Ajioka and colleagues first showed that certain mature murine retinal neu-

rons have the ability to re-enter the cell cycle and produce metastatic growth54. 

However, these tumors which originated from horizontal cells required com-

plete knockout of both Rb1 and p130 as well as heterozygous knockout of 

p107 for full penetrance. Furthermore, the Rb1-/+p130-/-p107-/- and  

Rb1-/-p130-/+p107-/- genotypes were not sufficient for tumor formation. An-

other discrepancy in the modeling of retinoblastoma in mice, is the inability 

of Mycn-overexpression to generate tumors in an Rb1+/+ setting. Amplification 

of Mycn is insufficient for tumor formation in mouse retina, however, in com-

bination with the Rb1-/- genotype tumors will form73. If the Mycn amplification 

is combined with Rb1-/-p130-/- the resulting tumors are even more aggressive.  

Our group and others have previously presented results for the existence of 

a common progenitor for horizontal and cone photoreceptor cells in chicken74-

76. In Paper III we show that this progenitor has features permissive for neo-

plastic growth. Furthermore, the chicken model that we use produces MYCN-

driven tumors in an RB1+/+-setting, similar to those tumors initially identified 

by Lee et al77.  
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Genetics of retinoblastoma 

Early studies placed the sequence responsible for hereditary retinoblastoma 

on chromosome 1378, a portion of which is often found deleted in retinoblas-

toma tumors79,80. Although the concept of oncogenes had been circulating for 

some time, research around retinoblastoma laid the foundation for what came 

to be the first tumor suppressor gene cloned – Retinoblastoma 181,82. However, 

the idea of genes which would predispose one for neoplasia had been around 

since Knudson’s 2-hit-hypothesis64.  

Historically the dogma has been that retinoblastoma is a result of aberra-

tions in the RB1 gene, of which the protein product is a major cell cycle regu-

lator. Aberrations include mutations of the gene, its promotor or epigenetic 

dysregulation, thereby leading to a dysfunctional cell cycle – as is the case 

with the majority of retinoblastoma cases. Indeed, previous studies have 

shown that mutations outside the RB1 gene are not common65. Rare cases with 

an intact RB1 exist where tumor formation is thought to be driven by for ex-

ample the amplification of MYCN68.  

Lee et al. initially reported MYCN amplifications in retinoblastoma tumors, 

finding 10-200-fold amplifications of the gene77. MYCN gene amplifications 

are detected in roughly 10% of retinoblastoma tumors and 1.4% of the tumors 

do not have mutations in the RB1 gene68,83. The RB1+/+MYCNA genotype has 

a significantly lower median age of diagnosis (4.5 vs 24 months) than that of 

the RB-/- genotype as well as already showing symptoms of later stages of 

retinoblastoma, such as optic nerve invasion68. However, another previous 

study on 25 primary retinoblastoma tumors found no association between 

MYCN amplification and adverse histology or patient outcome84. A more re-

cent study with access to over one thousand tumors reported RB1+/+MYCNA 

tumors having histopathological features of an aggressive tumor phenotype68. 

MYCN has been implicated both as an initiator of cancerogenesis but also 

as a marker for poor prognosis in both medulloblastoma and neuroblastoma, 

two other pediatric tumors of the CNS85-87. MYCN involvement has also been 

shown in adult cancers in and outside of the CNS – e.g. prostate cancer, small-

cell lung cancer, glioblastoma multiforme, breast cancer – and is most often 

associated with poor prognosis88. If the search is broadened to also include c-

MYC, the list grows even larger. 

Around 5% of both subtype 3 and 4 medulloblastomas, and 20% of neuro-

blastomas, present with MYCN amplification86,89. The cell of origin of medul-

loblastomas and neuroblastomas are believed to be neuronal progenitors or 

other stem cells, similar to retinoblastoma. Interestingly, subtypes of medul-

loblastoma have been shown to be dependent on photoreceptor-specific dif-

ferentiation programs regulated by CRX and NRL, which are photoreceptor-

specific transcription factors90.  
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Other mutations found in retinoblastoma include genomic aberrations of 

BCOR, CREBBP, MDM4 and OTX2 and include local duplications and dele-

tions65,83,91. Almost 200 different mutations in addition to those found in RB1, 

MYCN, BCOR and CREBBP have been observed. However, enrichment anal-

ysis of gene ontologies of these mutations failed to produce any significantly 

overrepresented ontology65. A recent study divided retinoblastoma cases into 

two subtypes based on transcriptomics, genomics, epigenetic profile and pa-

tient data92. Subtype 1 which encompassed most hereditary cases generally 

had fewer genomic aberrations other than RB1 inactivation. Subtype 2 had 

frequent additional mutations and included MYCNA-tumors. These tumors 

were more aggressive and had a phenotype of a less differentiated cone pho-

toreceptor92. Taken together, these studies and our findings in Paper III indi-

cate that although the severity of the phenotype might depend on the particular 

mutation, it is the intrinsic capabilities of the cell of origin which produces an 

environment permissive to neoplastic transformation.  

Trilateral retinoblastoma 

Trilateral retinoblastoma are tumors which present intracranially, not as a re-

sult of metastasis but rather as a primary tumor in addition to the intraocular 

tumor. Initially, the intracranial tumors were believed to be secondary tumors 

due to radiotherapy. However, several cases presented with brain tumors de-

spite lack of radiotherapy or the tumor presenting in an area not hit by the 

radiotherapy93. In later studies, lack of other metastasis as well as the histo-

pathological features of the brain tumors which are otherwise not found in 

retinoblastoma, but rather prevalent in pineal tumors, led researchers to the 

conclusion that these are independent primaries94.  

Interestingly, pinealocytes in the pineal gland are believed to have a shared 

evolutionary origin with photoreceptors and, in some species, they still have 

a photoreceptive function95-97. Certain species of frog and fish express pinop-

sin, a pineal photoreceptor molecule discovered in chicken97, in both retina 

and brain96. The pineal gland has been called “the third eye” which led re-

searchers to refer to these tumors as trilateral retinoblastoma98. Indeed, pine-

alocytes express Recoverin involved in the phototransduction of photorecep-

tors99. The shared ancestry of these cells and the existence of trilateral reti-

noblastoma further support the importance of photoreceptor circuitry in the 

etiology of retinoblastoma, as has been implicated previously70.  
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Cell cycle regulation 

The foundation of the eukaryotic cell cycle is a highly conserved process that 

is tightly regulated by numerous pathways. The following sections cover these 

pathways, the signaling therein and key players of the respective pathways. 

These sections are not crucial for establishing the context of this thesis, but 

provide a general overview of these processes in a normally functioning cell.  

CDKs, Cyclins & CKIs 

The maintenance of and transfer between the phases of the cell cycle is directly 

regulated by the expression of cyclin-dependent kinases (CDKs), cyclins and 

CDK inhibitors (CKIs). CKIs are in turn under the influence of various path-

ways and factors that mediate or repress external mitogenic stimuli. 

CDKs are a group of serine and threonine kinases and are the catalytical 

component in the complex that they form with cyclins. To date, there are 21 

different CDKs found in human, although not all are involved in cell cycle 

regulation100. In human and chicken; Cdk1, Cdk2, Cdk4 and Cdk6 are respon-

sible for the transition between the different phases of the cell cycle. In addi-

tion to requiring binding with a cyclin subunit, the activity of the CDKs can 

be further modulated by phosphorylation of the CDK subunit itself. For Cdk1, 

Myt1 and Wee1 phosphorylate Threonine 14 and Tyrosine 15 respectively, 

which keeps the subunit inactive101. Both of these phosphorylation sights are 

dephosphorylated by cdc25, a crucial step in mitotic entry102. On the other 

hand, phosphorylation of threonine 161 by CDK-activating kinase (CAK) ac-

tivates the Cdk1 subunit101.  

Cyclins are the regulatory component in the complex formed with CDKs. 

The cyclin determines the activity and specificity of the CDK that it binds, 

and without it, the activity of the CDK remains very low or non-existent. The 

concentration of each cyclin varies as the cell cycle progresses through the 

different phases. The cyclin responsible for regulation of a phase is removed 

by ubiquitin-dependent proteasomal degradation at the end of its respective 

phase103. In addition to regulating a cell cycle phase, the cyclin is responsible 

for initiating events that will start the next phase of the cell cycle. This in 

combination with its removal by ubiquitin-dependent proteasomal degrada-

tion ensures propagation of the cell cycle in one direction. 

As mentioned previously, the intricate interplay between CDKs and cyclins 

decide when the cell is ready to move to the next phase. Unlike other cyclins, 

whose concentration depend on the initiation of transcription by cyclins of 

previous phases, cyclin Ds are under the influence of extra-cellular mitogenic 

signals104. Upon stimulus, Cyclin D binds Cdk4/6 and forms a complex, which 

in turn phosphorylates Retinoblastoma protein (Rb, pRb when phosphory-

lated) – an inhibitor of E2F activity. pRb is dissociated from E2F allowing for 
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transcription of genes involved in the transition between G1 and S phase; Cy-

clin A, Cyclin E and Cdk1 as well as other genes involved in nucleotide syn-

thesis and the DNA replication machinery101. Cyclin E then forms a complex 

with Cdk2, further phosphorylating Rb and creating a positive feedback loop 

where more E2F is released. The positive feedback loop now makes the acti-

vation of E2F independent of Cdk4/6-Cyclin D, which in turn is mitogen de-

pendent. This transfer of dependency from Cdk4/6-Cyclin D to Cdk2-Cyclin 

E is considered the Restriction point in mammalian cells and is where initia-

tion of cell replication has no point of return105. See Figure 6A for an over-

view of the expression of cyclins and CKDs during the various phases of the 

cell cycle. 

 
Figure 6. Expression and regulation of cyclins and CDKs in the vertebrate cell cycle 
(A) Cdk1/2/4/6 are responsible for the transition between and maintenance of cell cycle phases 
in the vertebrate cell. They work in conjunction with cyclin E, A, B, and D which are present 
in different parts of the cell cycle. (B) Schematic depicting the three processes which regulate 
the activity of cyclins and CDKs. (B’) The Cdk1 subunit contains several phosphorylation sites 
that are under the influence of Wee1 or Myt1 (inhibitory), CAK (activating) and cdc25 (acti-
vating). (B’’) CKIs inhibit the interaction between the CDKs and cyclins. (B’’’) Cyclins are 
degraded by ubiquitin-dependent proteasomal degradation systems, APC/C and SCF. Red im-
plies addition of a phosphate or ubiquitin unit and blue implies removal. R; restriction point, U; 
ubiquitin unit 

Regulation of CDK and Cyclin activity 

Two different systems mediate the ubiquitin-dependent proteasomal degrada-

tion of cyclins; anaphase-promoting complex/cyclosome (APC/C) as well as 

a complex comprised of Skp1, Cullin and F-box proteins called SCF. Both 

systems are ubiquitin ligases, however, their substrates and mechanism of ac-

tion as well as the phase they are active in varies.  

In addition to the APC/C and SCF mediated degradation of cyclins and the 

phosphorylation of the CDK subunit itself, there is another level of regulation 

of CDK activity. That is the CKI mediated inhibition of the CDK-cyclin in-

teraction. CKIs are divided into two protein families: Ink4 family proteins and 

Cip/Kip family proteins101. p16INK4A, p15INK4B, p18INK4C and p19INK4D make up 

the Ink4 family proteins, which primarily target Cdk4 and Cdk6, by directly 
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binding the CDK and blocking its activation by cyclin D106. p21Cip1, p27Kip1 

and p57Kip2 make up the Cip/Kip family proteins and have the ability to inter-

act with both cyclins and CDKs. See Figure 6B for an overview for the vari-

ous ways CDKs and cyclins are regulated.  

Rb & p53 

The RB family consists of the tumor suppressor RB1 that codes for retinoblas-

toma protein (Rb, pRb when phosphorylated), RBL1 that codes for p107, and 

RBL2 that codes for p130. They all share sequence homology, however RBL1 

and RBL2 are more similar to each other than they are to RB1. Mutations of 

RB1 are the ones most frequently implicated in cancer as well as the main 

mutation in retinoblastoma107. As mentioned previously, Rb binds and inhibits 

E2F, inhibiting the expression of numerous genes involved in the propagation 

from G1 to S phase. This inhibition of E2F which keeps the cell in a quiescent 

state is considered to be the restriction point at which the decision whether to 

enter the cell cycle or not is made105. 

The restriction point is regulated via phosphorylation and inhibition of Rb, 

performed primarily by Cdk4/6-Cyclin D in response to mitogenic signals. 

pRb then dissociates from E2F, allowing for transcription of Cdk2 and Cyclin 

E. Cdk2 and Cyclin E come together to form a complex which further phos-

phorylates Rb and thereby removes the cells dependency on Rb-dephosphor-

ylation – and thus also its dependency to mitogenic signals. This fully commits 

the cell to completing the cell cycle. Mutation of RB1 thus removes the re-

striction point, leaving E2F un-inhibited, and cell proliferation proceeds un-

controllably. 

In addition to this, transcription targets of E2F are also involved in regulat-

ing mitosis, such as the spindle checkpoint gene MAD2108. RB1 disruption al-

lows expression of MAD2 throughout the cell cycle instead of limiting its ex-

pression to mitosis, resulting in genomic instability and production of aneu-

ploid cells108. This genomic instability has also been implicated in the transfer 

from a benign retinoma to malignant retinoblastoma109.  

Rb has been shown to be crucial for cell cycle arrest in response to DNA 

damage, partially mediated by p21Cip1, during S phase110 as well as at the G1/S 

transition111. As such, mutation of RB1 results in disruption of a range of dif-

ferent cellular processes crucial for maintaining a normal cell. 

The tumor suppressor TP53, which codes for p53, is expressed at low levels 

in normal cells and is found mutated in roughly 50% of cancers112, although it 

has not been reported in retinoblastoma65. p53 promotes the transcription of 

its own negative regulator, MDM2, which marks the p53 protein for pro-

teasomal degradation. p53 directly regulates a wide variety of genes and plays 

major roles in the DNA damage response, cell cycle arrest and apoptosis112. 
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Part of this DNA-damage induced cell cycle arrest is mediated by increas-

ing expression of p21Cip1, which is a CKI that in turn inhibits the Cdk4-Cyclin 

D complex responsible for phosphorylating Rb113. In addition to this, Rb and 

p53 are also linked via p14ARF (p19ARF in mouse): Expression of E2F upregu-

lates p14ARF, which in turn inhibits the MDM2-mediated inhibition of 

p53114,115. MDM2 is also inhibited by p14ARF in response to oncogene overex-

pression (e.g. MYCN amplification) and in response to the ATM and ATR 

DNA damage response pathways112,116. For a schematic overview of Rb and 

p53 signaling pathways and how they overlap, see Figure 7. 

Figure 7. The interplay between Rb and p53 pathways  
Schematic depicting the Rb and p53 pathways and how they interplay to regulate cell cycle 
initiation (R-point) and cell cycle arrest in response to DNA damage, overexpression of MYC 
family genes or other genomic aberrations. Point and block arrows indicate activation or inhi-
bition, respectively. A red P or U implies addition of a phosphate or ubiquitin unit, respectively. 
R-point; restriction point of cell cycle 
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MYC family proteins 

In the beginning of the 20th century, studies on viruses which initiate neo-

plastic growth in poultry led to the discovery of the first MYC gene – v-MYC. 

The viral gene was later found to have a cellular origin in the highly conserved 

c-MYC (Now only referred to as MYC). Since then, two additional MYC genes 

have been discovered: MYCN and MYCL. Both genes were frequently found 

amplified in tumors; MYCN in neuroblastoma117 and MYCL in small cell lung 

cancer118.  

Despite residing on completely different chromosomes – MYC on chromo-

some 8, MYCN on chromosome 2 and MYCL on chromosome 1 – and only 

having partial homology, the MYC family proteins are to some extent func-

tionally redundant. Replacing Myc with Mycn in murine embryos produce vi-

able and fertile adult mice119. In a similar fashion, forced expression of Myc 

in Mycn deficient cardiac progenitors – which otherwise are embryonically 

lethal – produced phenotypically normal mice120. The MYC family genes dif-

fer in their sequence between species and family proteins, but there are some 

parts of their gene sequence highly conserved across species as well as family 

proteins. These are the transcriptional activation domain, the DNA-binding 

domain and the five MYC boxes: MbI, MbII, MbIIIa, MbIIIb and MbIV121. 

The transcriptional activation domain interacts with RNA polymerases and is 

responsible for inducing gene expression. The DNA-binding domain interact 

with enhancer boxes, which are elements found roughly every 4kb. In addition 

to the expression levels of the MYC genes, the presence of an enhancer box is 

one of the most important factors for the interaction between a MYC protein 

and genomic DNA121. The MYC boxes have different functions and have been 

studied to various extents, they are involved in; interaction with cyclin-CDK 

complexes, regulation of Myc protein degradation and stability, regulation of 

transcription of MYC target genes, induction of transformation and tumor-

igenesis, regulation of MYCs proapoptotic functions and more121.  

The T58A mutation, first discovered in viral forms of MYC as well as a 

cell line derived from Burkitt's lymphoma, is found within the highly con-

served MbI domain122. Mutation of Thr-58 stabilizes the MYC protein by dis-

turbing the phosphorylation required for ubiquitin-dependent proteasomal 

degradation, thereby almost tripling its half-life123. The T58A mutation has 

increased penetrance and lower latency when compared to overexpression of 

wild type MYC, however the increase in proliferation does not differ between 

the two124. Rather, the increased oncogenicity of the T58A mutation is ex-

plained by its reduction in the apoptotic function of MYC, mediated by failure 

to induce Bim which in turn inhibits Bcl-2 in an p53-independent manner124.  

. 
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Aims 

The overall aim of this thesis was to investigate the late events of retinal neu-

rogenesis and the inherent properties of retinal progenitors. Proliferation, dif-

ferentiation, dedifferentiation and apoptosis were investigated in the context 

of retina neurogenesis, regeneration and cancer formation.  

Paper I 

Assess the potential of endothelins as modulators of signal transduction lead-

ing to dedifferentiation of Müller cells in response to injury.  

Paper II 

Characterize the expression profile of Nolz1 in the chicken retina and investi-

gate its involvement in retinal neurogenesis and effect on the retinal progenitor 

population. 

Paper III 

Investigate the effect of an oncogenic mutation that has been implicated in 

retinoblastoma carcinogenesis on the terminal mitosis of progenitors that di-

vide late during neurogenesis. Furthermore, acquire knowledge about the mo-

lecular and cellular properties that give the aforementioned cells increased 

propensity for neoplastic transformation. 
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Methods 

The chicken model 

Common for all the papers in this thesis, and where my primary contri-

bution lies, is the in ovo work with chicken embryos, specifically the 

retina and cultures of retinal cells as well as whole eyes. The entire em-

bryogenesis of chickens, from fertilization to hatching, takes 21 days 

and is divided into stages according to the staging system of Hamburger 

and Hamilton125. However, presenting data in a simpler layout is done 

by merely referring to the embryonic day of development. The optic 

cup is formed already after two days and a distinct eye, due to the pig-

mentation of the RPE, is observed after three days. The relatively large 

eye and the accessibility of the chicken embryo allows for easy manip-

ulation and makes the chicken a perfect animal model for studies of 

retinal development. Since proper development of fertilized eggs only 

require warmth and repeated rotating of eggs, the brooding from hens 

can be replaced by an incubator and no surgeries of pregnant animals 

are required as when performing developmental studies on mammals.  
In the work presented in this thesis, the retina of chicken embryos at differ-

ent stages has been modulated in several ways: 

• in ovo retina electroporation126 

• In combination with subretinal injections and gene transfer me-

diated by the PiggyBac-transposon system 

• in ovo intraocular injections 

• Chemical compounds and cells for orthotopic transplantation 

• ex ovo cultures of whole eyes127  

• primary in vitro cultures established from embryonic retina 

piggyBac-transposon system 

To study gene overexpression in Papers II and III the gene delivery was me-

diated by the use of the piggyBac-transposon system. In 1983 Barbara 

McClintock received the Nobel prize for her discovery of mobile genetic ele-

ments, or transposons as they are called today. Their native “cut-and-paste” 

function has been adopted to mediate gene transfer in a wide variety of tissues 
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and cells, of which the most commonly used are the Sleeping Beauty, piggy-

Bac and Tol2 transposons128. Canonically, transposons encode their own 

transposase – the enzyme responsible for the “cut-and-paste” function – which 

is surrounded by inverted terminal repeats (ITR) on either end of the trans-

posase gene. The transposase recognizes the ITR and excises the contents 

within the boundaries marked by the ITR and pastes it in the genome with 

preference for certain sequences – for piggyBac that is TTAA129. By adding 

genetic information in between the ITRs the paste function of transposons can 

be used to introduce genetic information to a cell culture or tissue.  

Cell cultures and ex vivo cultures 

In order to better control treatment conditions (Paper I and II) as well as test 

for hallmarks of cancer and chemically modulate tumor cells (Paper III), pri-

mary retinal cultures and whole-eye explant ex vivo cultures were established. 

Studies on these cultures were complemented with commercial cell lines as 

well. Cells and retinas were analyzed for mRNA and protein expression, inte-

gration copy number (following electroporation) and DNA content (to visual-

ize the cell cycle progression) in order to elucidate effects of gene overexpres-

sion and chemical treatments.  

Additionally, in Paper III, human embryonic stem cells (hESC) were used 

to establish retinal organoids, allowing us to study the human retina in vitro130 

and validate findings found in the chicken model in a human setting.  

RNA sequencing 

Introduction of gene overexpression or chemical modulation can and most 

probably will have a wide range of effects, the grasp of which would be diffi-

cult to assess with conventional analysis (qRT-PCR, Western blot etc.). RNA-

sequencing (RNA-seq) allows for visualizing the expression of all genes, an 

expression profile, in a given sample by bioinformatic analysis. Data can be 

probed for differentially expressed genes, their relevant gene ontology (“GO 

terms”), and presented in KEGG (Kyoto Encyclopedia of Genes and Ge-

nomes) pathways to show relevant biological processes and associated func-

tions. 

In Paper III, RNA-seq was performed on mRNA from MYCN-overex-

pressing primary cell lines as well as chicken retinas. Libraries were prepared 

with the TruSeq stranded mRNA protocol using polyA selection (Illumina 

Inc.) and the sequencing performed on the NovaSeq 6000 system. For a de-

tailed description of sequencing and data analysis protocol, see Paper III.  
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In addition to the methods already described, more conventional methods have 

also been used for the analysis of DNA copy number, mRNA levels and pro-

tein levels: qPCR, qRT-PCR, Western blot and immunohistochemistry. For a 

more in-depth description of all the methods used in this thesis, see respective 

papers. 

 



 

 34 

Results & Discussion 

Paper I 

Humans and some other mammals have lost the possibility to generate neu-

rons in the context of retinal regeneration, a capacity that zebrafish still retain. 

Initial steps of this regeneration involve activation and subsequent dedifferen-

tiation of Müller cells into retinal progenitors following an injury to the retina. 

This response is regulated in part by EGFR and ERK signaling20. Following 

injury, endothelins, among other important signaling molecules, are upregu-

lated and their receptors have been shown to transactivate EGFRs in certain 

tissues. We sought out to investigate the expression of endothelins in the nor-

mal and injured retina as well as elucidate the intracellular signal transduction 

in Müller cells involved in the response to an injury.  

Excitotoxic injury to the chicken retina increases expression of EDNRB 

and its ligands 

In order to investigate if endothelins and their receptors are involved in the 

injury response of chicken Müller cells, we introduced an excitotoxic injury 

by injecting NMDA (a glutamate receptor agonist) in E18 embryos. Of the 

three endothelin receptors (EDNRA, EDNRB, EDNRB2 - the last has been lost 

in mammals) only the expression of EDNRB was significantly upregulated in 

response to the injury (Figure 8A). In the same treatments, the expression of 

the ligands EDN1 and EDN2, but not EDN3, was significantly upregulated 

(Figure 8B). This showed that endothelins and one of their receptors respond 

to an excitotoxic injury and that the response occurs in the receptor still pre-

sent in mammals. 
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Figure 8. Excitotoxic injury induces expression of endothelin EDNRB and its ligands 
(A) Injection of NMDA at E18 induced expression of ENDRB, but not EDNRA and ENDRB2. 
(B) The excitotoxic injury caused by NMDA injection also induced expression of EDN1 and 
EDN2. 
 

EDNRB activation induces phosphorylation of ERK1/2 in the chicken 

retina  

The Müller response to injury has been shown to, in part, be regulated by ERK 

signaling22. We therefore investigated if the EDNRB-selective agonist 

IRL1620 can induce phosphorylation of ERK1/2 (pERK) in the chicken ret-

ina. IRL1620 treatment significantly increased pERK protein levels after 2 

hours of treatment, with levels returning to baseline after 24 hours. Immuno-

reactivity for pERK overlapped with that of the Müller cell marker 2M6 in 

both soma and processes of Müller cells. These data show that EDNRB stimuli 

by IRL1620 produces an increase in pERK levels in the chicken retina, in-

cluding in the Müller cells.  

In vitro chicken and human Müller cells express EDNRB 

To further dissect the response of Müller cells from that of the rest of the ret-

ina, we established pure primary Müller cell cultures and analyzed mRNA 

levels of the endothelin receptors and ligands. The same analysis was also 
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performed on the human Müller cell line MIO-M1. Similar to the chicken ret-

ina, EDNRB expression was dominant in both chicken Müller cell cultures as 

well as in MIO-M1 cells. Endogenous ligand mRNA levels remained low in 

chicken retina, chicken Müller cells and MIO-M1 cells.  

EDNRB activation induces phosphorylation of ERK1/2 in in vitro cultures 

of chicken and human Müller cells  

We next investigated the pERK response to IRL1620 in chicken and human 

Müller cells specifically. In vitro cultures were treated with IRL1620 and pro-

tein levels were analyzed by Western blot and immunocytochemistry. 

IRL1620 significantly increased pERK levels in both chicken and human Mül-

ler cells. In chicken cells, IRL1620 produced two peaks, one after 10 minutes 

and the other after 180 minutes (Figure 9A). In human cells IRL1620 pro-

duced one peak after 10 minutes, with pERK levels returning to baseline by 

180 minutes (Figure 9B). To verify that the observed increase in pERK levels 

was due to EDNRB activation, experiments were repeated but with the addi-

tion of a selective EDNRB blocker (BQ-788) prior to IRL1620 exposure. 

EDNRB blocking reduced both the 10-minute and the 180-minute peaks in 

chicken Müller cells to control levels. The same was observed for the 10-mi-

nute peak in human Müller cells. These data show that the increase in pERK 

is due to the effects of IRL1620 on EDNRB. 

Figure 9. EDNRB activation induces phosphorylation of ERK in Müller cell cultures 

(A) Activation of EDNRB produced two peaks of ERK-phosphorylation in chicken Müller 
cells, one after 10 minutes and another after 180 minutes. (B) Only the 10-minute peak was 
observed in human Müller cells. 
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Phosphorylation of ERK1/2 is mediated via transactivation of EGFR 

Studies have shown that the effects of endothelin signaling are in part medi-

ated by the EGF receptor. To test if this was the case in our system, experi-

ments were repeated but an EGFR-inhibitor (AG1478) was added to the cells 

prior to IRL1620 treatment. AG1478 treatment reduced IRL1620-induced 

pERK levels to control levels both in chicken and human Müller cells (Figure 

10A+B). The same effect was observed in human Müller cells when instead 

of AG1478 treatment, the EGFR receptor was targeted by RNAi. We also in-

vestigated phosphorylation of the EGF receptor on Y1173 in response to 

IRL1620, since Y1173 is phosphorylated in response to ligand-activated phos-

phorylation of EGFR. Indeed, Y1173-phosphorylation followed the pattern of 

pERK in both chicken and human Müller cells following IRL1620 treatment. 

The observed effect was attenuated in a similar fashion to pERK when 

AG1478 was used to inhibit EGFR. Together this showed that the EGF recep-

tor plays a role in IRL1620-induced ERK1/2 phosphorylation. 

Figure 10. EDNRB transactivates EGFR in order to induce phosphorylation of ERK 
(A) Inhibition of EGFR prior to stimuli of EDNRB completely inhibits the effects seen on 
phosphorylation of ERK, both at 10 and 180 minutes, in chicken Müller cells. (B) The same 
effect is observed in human Müller cells. 

Transactivation of EGFR is mediated by Src-kinase 

Cytosolic Src has been shown to be involved in transactivation of EGFR, we 

therefore investigated if the IRL1620-induced phosphorylation of ERK1/2 

and Y1173 was mediated by Src. Experiments were repeated but prior to 

IRL1620 treatment the Src-inhibitors PP1 and PP2 were added to the cells. 

Src-inhibition returned all IRL1620-induced effects on pERK and Y1173, in 
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both chicken and human Müller cells, to control levels. This data indicates 

that transactivation of EGFR by EDNRB is Src-dependent in chicken and hu-

man Müller cells.  

Transactivation of EGFR is in part mediated by MMPs 

Studies in other cell types have shown that matrix metalloproteinases (MMPs) 

are involved in GPCR-mediated transactivation of the EGF receptor. MMPs 

release membrane-bound EGF which can then activate EGFRs in an autocrine 

manner. Membrane-bound EGF has been shown to sufficiently induce dedif-

ferentiation and retinal regeneration in the zebrafish20. To investigate if this is 

the case in our model, IRL1620 treatment was preceded by MMP-inhibition 

by GM6001. MMP-inhibition significantly reduced IRL1620-induced pERK 

levels in human Müller cells, however, remaining levels were still signifi-

cantly higher than control (Figure 11B). MMP-inhibition in chicken Müller 

cells had no effect on the early peak while the late peak was returned to control 

levels (Figure 11A). This data indicates that MMPs play a role in transactivat-

ing EGFR when EDNRB is stimulated by IRL1620 in chicken and human 

Müller cells.  

Figure 11. Membrane-bound EGF released by MMPs partially mediates transactivation 
of EGFR 
(A) Inhibition of MMPs prior to stimuli of EDNRB partially attenuates the effects seen on 
phosphorylation of ERK by completely blocking the effect seen at 180 minutes, in chicken 
Müller cells. (B) Partial attenuation is also observed in the 10-minute peak in human Müller 
cells. 
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The partial pERK reduction observed as a result of MMP-inhibition in both 

chicken and human Müller cells, albeit manifested in different ways, is indic-

ative of both a ligand-dependent and a ligand-independent mechanism for 

transactivation of EGFR. For chicken Müller cells, only the later peak was 

affected by MMP-inhibition, indicating its dependence on ligand-mediated ac-

tivation. The presence of a single peak of pERK in human Müller cells to-

gether with the attenuated, but not complete, return of pERK levels to normal 

in response to MMP-inhibition indicates that both mechanisms for EGFR-

transactivation occur concomitantly. The difference in how the phosphoryla-

tion manifests in chicken and human Müller cells could be species-specific 

and potentially reflect the regenerative capacity of each species.  

Injuries to the central nervous system have been shown to induce the ex-

pression of endothelins and their receptors. Our study confirms that retinal 

injury increases the expression of endothelins and their receptor in the retina. 

Stimulation of EDNRB produced a strong activation of ERK in vivo in chicken 

and in vitro in both chicken and human Müller cells. This activation is indic-

ative of reactive Müller cells and one of the first steps towards dedifferentia-

tion into a retinal progenitor. However, without subsequent proliferation and 

differentiation into lost neurons, the disappearance of the neuroprotective role 

of Müller cells would result in a net loss for the retina as a whole. Careful 

balance is therefore required between the need for neuroprotection and that of 

regeneration. 
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Paper II 

Nolz1 is a transcription factor previously implicated in differentiation of spi-

nal cord neurons by regulation of Isl1, Lim1 and Lim3 – transcription factors 

which are also involved in retinal development and in regulating photorecep-

tor and horizontal cell formation. Nolz1 has also been shown to be regulated 

by retinoic acid, which in turn is crucial for normal eye development. This 

prompted us to investigate Nolz1 in the retina and its effect on the formation 

of retinal cell subtypes.  

Nolz1 has a specific temporo-spatial distribution in the chicken retina 

By the use of qRT-PCR, in situ hybridization and Western blot, we character-

ized the endogenous expression of Nolz1 in the retina. We found Nolz1 

mRNA expression (Figure 12A) and protein levels (Figure 12C) to increase 

at two peaks: One around E3.5 and the other around E8. At E6, in situ hybrid-

ization (Figure 12B) showed staining across the neuroepithelium, while at E8 

and E12 the signal was the strongest on the basal side of the INL as well as in 

the GCL. At E14 there was no signal in the GCL, only in the basal side of the 

INL. E3.5 is when the first wave of retinal cells – ganglion cells, cone photo-

receptors and horizontal cells – are born, while around E8 is where the second 

wave of retinal cells are born. The overlap of Nolz1 expression with these two 

waves is consistent with that Nolz1 plays a role in retinal cell type differenti-

ation. 

Figure 12. Temporo-spatial distribution of Nolz1 expression in the chicken retina 
(A) mRNA levels of Nolz1 vary across development, with a small peak at st21 and a large peak 
at st35. Expression appears initially at st26 and is found throughout the retina and by st35 is 
concentrated to the basal side of the INL and the GCL. (B) Expression in the GCL disappears 
by st40. (C) Protein expression levels follow that of Nolz1 mRNA with two peaks, one at st22 
and the other at st35. E; embryonic day, GCL; ganglion cell layer, St; Hamburger-Hamilton 
stage, INL; inner nuclear layer, PE; pigment epithelium 
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Overexpression and knockdown of Nolz1 levels affects cell-type 

specification without inducing apoptosis 

To investigate the effects of Nolz1 on retinal development, we induced tran-

sient or stable overexpression of Nolz1 in the developing retina as well as 

performed knockdown of Nolz1 by the use of morpholino. The overexpression 

or knockdown experiments were performed in ovo during early stages of de-

velopment by subretinal injection of DNA constructs or morpholinos. Several 

markers used to identify retinal cells are developmental stage and location de-

pendent; e.g. Lim3 stains both photoreceptors and early bipolar cells, but the 

nuclei of these two cell types reside in the ONL and INL, respectively.  

Nolz1 overexpression in E3.5 retinal cells caused a reduction in Visinin 

(photoreceptor), Brn3a (ganglion cells) and Lim3 (Staining on the apical side 

– photoreceptor) expressing cells, when analyzed after 72h – a stage in devel-

opment when the majority of Lim3 positive (+) cells are photoreceptors (Fig-

ure 13A). 

Surprisingly, Nolz1 knockdown by morpholino also decreased the number 

of Visinin and Lim3 positive cells after 72h (Figure 13B). Additionally, 

Nolz1 knockdown also increased the number of Lim1+ cells (horizontal cells) 

(Figure 13B). The decrease in the number of certain cell types suggested 

Nolz1 was inducing apoptosis. However, staining for cleaved-caspase-3 

showed no change, neither after Nolz1 overexpression nor knockdown, indi-

cating that apoptosis was not altered.  
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Figure 13. Effect of Nolz1-overexpression and knockdown on cell-type specification in 
early development 
(A) Overexpression of Nolz1 significantly reduced the fraction of photoreceptors and ganglion 
cells. (B) Knockdown of Nolz1 by the use of morpholinos significantly reduced the fraction of 
photoreceptors and increased the fraction of horizontal cells. Ap2α; amacrine cells, Brn3a; gan-
glion cells, Lim1; horizontal cells, Lim3; developmental-stage dependent - stains both bipolar 
cells and photoreceptors, PR; photoreceptors, Visinin; photoreceptors. 

Nolz1 negatively regulates proliferation in the retina 

Overexpression of Nolz1 at E3.5 followed by staining for EdU (Cells in S-

phase) and PH3 (Cells in late G2 or M-phase) showed a decrease in the number 

of proliferating cells (Figure 14A). Overexpression also caused an increase in 

the number of p27+ cells, indicating cell-cycle withdrawal (Figure 14A). 

Knockdown of Nolz1 instead increased the number of EdU+ and PH3+ cells 

and as such indicated an increase in the number of proliferating cells (Figure 

14B). It did not however increase the number of p27+ cells. This implicates 

Nolz1 as a negative regulator of the cell cycle. Possibly, this could explain 

why overexpression and knockdown at E3.5 both decrease the number of pho-

toreceptors, while at the same time knockdown increases the number of hori-

zontal cells. Horizontal cells and photoreceptors share an immediate progeni-

tor74,75. It could be that knockdown of Nolz1 keeps the progenitors in a prolif-

erative state, thereby increasing the progenitor pool instead of allowing it to 

form cone photoreceptors – leading to a surplus of later born horizontal cells. 
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Figure 14. Effects of Nolz1 modulation on cell-cycle progression 

(A) Overexpression of Nolz1 decreased overall proliferation in the retina as is shown by a de-
crease in the EdU+ and PH3+ cells and an increase in p27+ cells. (B) Knockdown of Nolz1 by 
morpholinos instead increased overall proliferation as is shown by an increase in EdU+ and 
PH3+ cells. 

Nolz1 negatively regulates formation of bipolar cells 

In order to investigate the effect of Nolz1 modulation on cells born in the sec-

ond wave of neurogenesis, we used the PiggyBac system to introduce stable 

Nolz1 overexpression. When analyzed at E14, a stage where all retinal sub-

types have been born, the only population to show a change were Lim3+ cells 

– which decreased (Figure 15). However, when only counting the apical 

Lim3+ cells (photoreceptors) there was no change. Indicating that Nolz1 over-

expression represses the formation of Lim3+ bipolar cells. The effect on both 

photoreceptors and bipolar cells suggests that Nolz1 represses the formation 

of these cells by repressing the expression of Lim3 specifically.  
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Figure 15. Nolz1 overexpression represses bipolar cell formation 
Overexpression of Nolz1 decreased the fraction of Lim3+ cells when counting all Lim3+ cells, 
including photoreceptors. The effect on photoreceptors alone however was not significant. Im-
plying that it is the formation of bipolar cells that was primarily affected.  

Retinoic acid does not affect Nolz1 expression 

To investigate the effect of retinoic acid on Nolz1 expression in the context of 

retinal neurogenesis, retinal explants were treated in vitro with retinoic acid 

as well as agonists and antagonists of its receptor. Nolz1 mRNA levels re-

mained unchanged in response to any of the compounds used. However, 

mRNA levels of DHRS3, which have previously shown to be robustly upreg-

ulated in response to retinoic acid, responded as expected to the treatment with 

the different agonists and antagonists. This result indicates that the effects of 

Nolz1 and any potential effects of retinoic acid were not the result of an inter-

action between the two. 

We show that Nolz1 is dynamically expressed in the retina of developing 

chicken embryos, with two peaks at around E3 and E8, respectively. The early 

peak is in retinal progenitors and the later in early neurons of the INL and 

GCL, indicating multiple functions of Nolz1. Nolz1 is involved in cell-cycle 

regulation in early progenitors – its repression resulting in increased prolifer-

ation – as well as regulation of differentiation to specific cell types. Nolz1 

repression reduces the formation of photoreceptors but increases the number 

of horizontal cells born in the early retina. This could be explained by the 

increased proliferation of their common progenitor, resulting in more horizon-

tal cells. Bipolar cells, which are specified by Lim3 expression, as wells as 

early Lim3+ photoreceptors are also reduced in number by the overexpression 

of Nolz1, establishing Nolz1 as a repressor of Lim3. Its expression and effects 

observed in the GCL indicate Nolz1 has additional functions beyond those 

concluded from our study. 
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Paper III  

Our group and others have previously shown that cone photoreceptors and 

horizontal cells share their immediate progenitor. We have also shown that the 

immediate progenitor of horizontal cells (HPCs) has several characteristics 

which makes it more susceptible for transformation44,51,52: 

• Delayed terminal mitosis after which some daughter cells become 

heteroploid and remain with a replicated genome 

• Terminal mitosis occurs as semi-differentiated cells 

• Do not arrest the cell cycle in response to DNA damage  

These findings as well as recent publications regarding retinoblastoma tumors 

with a functional RB1 but other genomic aberrations68,83 prompted us to inves-

tigate the effect of MYCN-overexpression in the developing chicken retina.  

To investigate this, we performed in ovo subretinal injections with integrat-

ing PiggyBac vectors containing MYC, MYCN, or the T58A variant thereof. 

Additionally, overexpression was also introduced to hESC-derived retinal or-

ganoids. Gene expression was driven ubiquitously by a CAG promotor which 

targets all cells. Additionally, a portion of the retinoic acid X receptor-γ 

(RXRγ) gene which targets expression specifically to the immediate shared 

progenitor of horizontal cells and cone photoreceptors74 was tested. Cell type 

identification was made by location in the retina as well as immunoreactivity 

for: Strong Lim1 (mature horizontal cells), weak Lim1 (HPCs), Visinin (pho-

toreceptor, only cones in the earlier stages of development), Ap2α (amacrine 

cells) and Brn3a (ganglion cells).  

MYCN-overexpression induces neoplastic growth in the embryonic 

chicken retina 

In order to investigate the effect of MYCN-overexpression in the developing 

retina, we electroporated E3.5 embryos with variants of MYCN and a GFP-

reporter. By E14, the retinal morphology had been disrupted and large clusters 

of GFP+ cells had formed. This effect was observed regardless of the Myc 

variant used. The GFP-control electroporated retina contained GFP+ cells 

throughout all laminae of the retina but morphology remained normal and no 

neoplastic clusters formed. This showed that MYCN-overexpression sufficed 

to disrupt retinal development and cause neoplastic growth in the chicken ret-

ina, supporting the existence of MYCN-driven retinoblastoma68,83. Notably, in 

animals surviving the electroporation the penetrance for neoplastic growth af-

ter introduction of MYCN was 100%. MYCN-overexpression increased the 

number of mitotic cells compared to the GFP control (evaluated by positive 

phospho-histone-3 staining) and GFF+ clusters also presented immunoreac-

tivity for Rb. 
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Neoplastic clusters show markers for immature cone photoreceptors and 

HPC  

By E14, the GFP+ cluster only co-stained with Lim1 and Visinin, and not with 

Ap2α and Brn3a (Figure 16). Interestingly, this pattern of co-staining was 

persistent regardless of Myc variant and if expression was driven in the RXRγ-

lineage or ubiquitously. In comparison to GFP-control, MYCN electroporated 

retinas showed a significant increase in the number of GFP+Visinin+ and 

GFF+Lim1weak+ cells and a significant decrease in the number of GFP+Ap2α+ 

and GFP+Brn3a+ cells. Together these data indicate that the GFP+ clusters 

are a result of MYCN-overexpression in the cone photoreceptor/horizontal cell 

(cPR/HC) lineage specifically. The cPR/HC-lineage producing the cell of 

origin of retinoblastoma is further supported by the close evolutionary rela-

tionship of photoreceptors and pinealocytes, the latter often being the source 

of trilateral retinoblastoma131. 

 
Figure 16. MYCNT58A-overexpression in embryonic chicken retina 
Overexpression introduced at E3.5 disrupted retinal morphology and produced clusters of cells 
which only stained positive for Visinin (cone photoreceptors) and weak Lim1 (horizontal cell 
progenitors). By E14, no GFP+ cells stained positive for Ap2α (amacrine cells) nor Brn3a (gan-
glion cells). 

Amacrine and ganglion cells enter apoptosis in response to MYCN-

overexpression 

The disappearance of amacrine and ganglion cells prompted us to investigate 

if these cells were removed by apoptosis, or if the progenitor pool was pushed 

to differentiate towards cone photoreceptors and horizontal cells. Electro-

porated retinas were stained for the apoptosis marker cleaved-caspase-3 (CC3) 

at various developmental stages. GFP+ cells that co-stained with Visinin, 

Lim1, Ap2α or Brn3a were observed until around E10. Around E10-E11, CC3 

immunoreactivity was found in GFP+Ap2α+ and GFP+Brn3a+ cells. By E13, 

no GFP+Ap2α+ and GFP+Brn3a+ cells remained. TUNEL labeling followed 

a similar pattern as CC3 immunoreactivity. To investigate the growth of the 

GFP+ clusters before and after CC3 immunoreactivity was observed, we com-

pared E8 to E14. At E8 all four cell types were found to be double-positive 

with GFP. When comparing E8 to E14, there was again a significant increase 



 

 47 

in the fraction of GFP+Visinin+ and GFP+Lim1weak+ cells while the fraction 

of GFP+Ap2α+ and GFP+Brn3a+ cells decreased (Figure 17).  

 
Figure 17. Cell marker immunoreactivity in MYCN-electroporated retina before and after 

cell pruning 
Electroporation at E3.5 produced double-positive cells from every cell type. Comparison before 
(E8) and after (E14) cell pruning showed a significant increase in the fraction of double-positive 
cone and horizontal cells and a significant decrease in double-positive amacrine and ganglion 
cells. Note that the increase in the fraction of Lim1+ is primarily due to weak Lim1 which labels 
immature horizontal cells. 

A portion of GFP+Ap2α+ remained at E14 indicating remaining amacrine 

cells, however, a subtype of horizontal cells also express Ap2α which could 

explain this result132,133. In the chicken retina, ap2α immunoreactivity is 

stronger in amacrine cells, compared to horizontal cells133. Together these data 

show that amacrine and ganglion cells overexpressing MYCN were being re-

moved by apoptosis during a period of naturally occurring cell death. Simul-

taneously, MYCN-overexpression was tolerated in the cPR/HC-lineage and 

cells continued to proliferate.  

Neoplastic transformation is developmental stage specific 

Since only horizontal cells and cone photoreceptors survived MYCN-overex-

pression, both of which belong to the early formed retinal subtypes, we inves-

tigated if the observed effects of MYCN-overexpression were stage-specific.  

Transient overexpression with analysis after 48h produced no significant 

effects on the number of Lim1/Visinin/PH3/EdU/CC3 and GFP double-posi-

tive cells when introduced at E4.5 and E5.5. However, if overexpression was 

introduced at E3.5 it again produced an increase in the number of GFP+Lim1+ 

cells. This showed that the effect of MYCN amplification is not only cell spe-

cific, but also developmental-stage specific. This developmental stage over-

laps with the atypical terminal mitosis of the horizontal cell progenitor with 

reduced sensitivity to DNA damage and naturally occurring hetero-

ploidy44,51,52. 
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MYCN-overexpressing cells grow in vitro 

In order to investigate the tumorigenic capacity of MYCN-overexpressing cell, 

E14 retina which was electroporated at E3.5 was dissected and cultured in 

vitro. MYCN-overexpressing cells were maintained in culture for >300 days. 

Orthotopic transplantation can be used to assess malignancy of transplanted 

cells. We transplanted cells grown in vitro in E3.5 embryos either by sub-

retinal or intraocular injection. Cells proliferated and formed clusters of cells 

while maintaining their cellular identity. Cell clusters also displayed mitotic 

and apoptotic markers, in concordance with what is observed in retinoblas-

toma tumors. Similar results were obtained from injections performed at E18 

– a stage where in ovo manipulations produce a better hatch rate. Chickens 

were hatched and eyes analyzed at various ages up to P41. Cell clusters were 

found dispersed in various parts of the eye and still presented with immuno-

reactivity for cone photoreceptors and horizontal progenitor cells, but not 

amacrine and ganglion cells. These results show that the MYCN-overexpress-

ing cells retain their cell type profile as was established in vivo all the while 

possessing a malignant phenotype. 

To further investigate the characteristics of MYCN-overexpressing cells we 

performed RNA-seq. and compared the MYCN-overexpressing cell cultures 

with E14 retina. Bioinformatic analysis revealed roughly 6500 differentially 

expressed genes (DEGs)(Figure 18A). Roughly 4200 downregulated and 

2200 upregulated. Gene Ontology (GO) was analyzed by gene set enrichment 

analysis (GSEA) and revealed 419 GO terms with >10 genes. Out of these, 

the top 5 most upregulated GO terms were all related to proliferation while 

the top 5 most downregulated were all related to processes of mature neurons 

(Figure 18B). Among the DEGs, genes associated with amacrine and gan-

glion cells were found to be strongly downregulated while genes associated to 

photoreceptors where upregulated in the MYCN-overexpressing cells (Figure 

18C). Furthermore, several positive cell cycle regulators and proliferation 

markers were upregulated in the MYCN-overexpressing cells (Figure 18C). 

Most interestingly is E2F1, which is under direct regulation of RB1. This data 

indicates E2F1 as a possible convergence point for RB1-/- and MYCNA driven 

retinoblastoma.  
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Figure 18. RNA-seq. of MYCN-overexpressing cell cultures and E14 retina 
Heatmaps summarizing RNA-seq data. (A) When comparing MYCN-overexpressing cells to 
E14 retina, roughly 6500 genes were differentially expressed (DEGs). (B) Gene Ontology (GO) 
analysis of top 5 upregulated terms were all related to proliferation while the top 5 downregu-
lated were all related to processes of mature neurons. (C) Genes related to photoreceptors were 
upregulated in MYCN-overexpressing cells (upper heatmap) together with several positive cell 
cycle regulators and proliferation markers (lower heatmap). NES; Normalized enrichment 
score, RPC; Retinal progenitor cell, GC; Ganglion cell, AC; Amacrine cell, PR; photoreceptor.  

MYCN-overexpression produces tumors in hatched chickens 

Electroporations are performed during a sensitive part of development and of-

ten results in death of the embryo. Nonetheless, we managed to hatch four 

MYCN electroporated chickens. All four produced neoplastic growths of var-

ying sizes in the retina with only GFP+Visinin+ and GFP+Lim1+ cells and no 

GFP+Ap2α and GFP+Brn3a+ cells (Figure 19A). The largest neoplastic 

growth was several folds larger than the normal eye and invaded both the in-

traocular and extraocular parts of the eye as well as the optic nerve (Figure 

19B). 

Figure 19. MYCN electroporation produces large tumors in post-hatch chickens 

(A) Post-hatch (P) chickens which had been electroporated at E3.5 with MYCN produced large 
tumors which showed immunoreactivity for cone photoreceptors (Visinin) and horizontal cell 
progenitors (weak Lim1) but not amacrine (Ap2α) and ganglion cells (Brn3a). (B) Animals 
were euthanized upon detection of large tumors. 

 



 

 50 

MYCN-overexpression induces neoplastic growth in human retinal 

organoids 

The chicken embryo completes its development in 21 days, all retinal cells are 

already born by E14 and the newly hatched chicken has functional vision. This 

makes the chicken embryo a great hypothesis testing tool. To verify our find-

ings in a human setting, we produced hESC-derived retinal organoids. By 

comparison, mature cone photoreceptors, identified by Arrestin 3 (ARR3) im-

munoreactivity, are not achieved in retinal organoids until >100 days (d) in 

culture.  

We used the same piggyBac-vector to overexpress MYCN in the retinal or-

ganoids and analyzed them at various time points throughout development. 

The same markers were used to identify retinal cell types, except for cone 

photoreceptors which were identified by Otx2 immunoreactivity. Electro-

porations were done at a developmental stage equivalent to that of E3.5 in the 

chicken. 

Same as in the chicken model, double-positive cone photoreceptors as well 

as horizontal, amacrine and ganglion cells were all initially observed after 

MYCN electroporation (Figure 20, d52). GFP+ cells rapidly grew in clusters 

and disrupted retinal morphology and eventually overtook the non-electro-

porated regions of the retinal organoid. By the later stages, no double-positive 

amacrine or ganglion cells remained (Figure 20, d154). Electroporation with 

a GFP-control vector yielded normal retinal morphology and no neoplastic 

growth. 

Figure 20. MYCN-overexpression induces neoplastic growth in hESC-derived retinal or-
ganoids 
Early in development all retinal cell types are represented in the GFP+ clusters (d52) and similar 
to the chicken model double-positive amacrine and ganglion cells eventually disappeared 
(d154). 

 

Early in cone differentiation RXRγ is expressed134 and as the cone matures 

RXRγ disappears and instead ARR3 is expressed71. The GFP+ clusters were 

RXRγ+ and ARR3-, further confirming the immature cPR phenotype (Figure 

21A+B). This result somewhat contradicts the RNA-seq. data on MYCN-over-

expressing chicken cells where ARR3 was found to be slightly upregulated 

(Figure 18C). It is possible however that Arr3 protein levels are regulated 

otherwise than transcriptionally in the immature cPR which would possibly 
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explain this discrepancy. Another possible explanation is that it is a species-

specific difference. The GFP+ clusters in hESC-derived retinal organoids 

were positive for Ki67 and Rb confirming the active proliferation driven by 

MYCN in a functional RB1 setting (Figure 21C+D). 

 
Figure 21. Neoplastic growths maintain a progenitor phenotype 
(A+B) MYCN-overexpression induces transformation of hESC-derived retinal organoids and 
the surviving cells express RXRγ but not ARR3, confirming the cPR/HC-lineage. (C+D) The 
cells are highly proliferative with strong Ki67 immunoreactivity and furthermore express Rb, 
indicative of a functional RB1. 
 

Recent studies have identified retinoblastoma cases with functional RB1 but 

with other genomic aberrations67,68. One of these genomic aberrations was am-

plification of the MYCN oncogene. Previous studies in mice required concom-

itant ablation of RB1 and its paralogs in order for MYCN to induce cancero-

genesis54. In this study we show that MYCN with functional RB1 is sufficient 

in driving cancerogenesis in two models of retinoblastoma. One is in vivo in 

the chicken embryo and the other in vitro in hESC-derived retinal organoids. 

Furthermore, overexpression caused a 100% penetrance in animals surviving 

the electroporation. 

We show that in contrast to mouse models, MYCN-overexpression pro-

duces neoplastic growths with a cellular identity similar to that observed in 

retinoblastoma tumors. The discrepancy compared to mouse models could 

possibly be explained by species-specific retinal neurogenesis and retinal cell-

type composition. The neoplastic growths are derived from the cPR/HC-line-

age and survive apoptosis which otherwise culls the other retinal cells in re-

sponse to MYCN-overexpression. 

The transformation is developmental-stage specific and coincides with the 

atypical terminal mitosis of HPCs which have been shown to be insensitive to 

DNA damage44,52. Cone photoreceptors and horizontal cells share their imme-

diate progenitor74,75 and we suggest that it is the inherent properties of this 

progenitor that produces an environment which is inherently susceptible to 

neoplastic transformation.  

The RNA-seq. data showed upregulation of multiple E2Fs in the MYCN-

transformed chicken cells. The involvement of E2F1 has been implicated in 

other MYCN-driven tumors and upregulation of E2F1 is a poor prognostic 
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marker in neuroblastoma135. E2F1-dependence has also been demonstrated in 

mouse models of Rb1-/--driven retinoblastoma136. Taken together, these find-

ings could be the point of convergence for MYCN-driven and RB1-/--driven 

retinoblastoma, at least in regards to their proliferation. This could also be a 

point of potential treatment and warrants further investigation. The key find-

ings of this study are summarized in Figure 22. 

 
Figure 22. Illustration of the responses to MYCN-overexpression in affected retinal cell 
types 

Illustration of cell type- and stage-specific responses to MYCN-overexpression in the develop-
ing retina. (A) In normal retina, amacrine and retinal ganglion cells differentiate and become 
post-mitotic. The cells go through a period of naturally occurring neuronal death that prune the 
populations. (B) Cone photoreceptors and horizontal cells are not subjected to pruning in the 
chicken retina. They are derived from the same fate-restricted progenitor and horizontal cells 
undergo delayed amplifying mitoses after the onset of differentiation (yellow box). (C) MYCN 
is overexpressed (st22/E3.5 in chicken or D39-41 in retinal organoids) in progenitors that dif-
ferentiate to amacrine or ganglion cells and all cells undergo apoptosis. (D) MYCN is overex-
pressed in cPR/HC progenitors that resist apoptosis and proliferate beyond their normal termi-
nal mitoses. They form undifferentiated tumorigenic cells in both chicken retina and human 
retinal organoids. (E) MYCN is overexpressed at a later stage (st28/E5.5 in chicken) and the 
cells do not develop tumorigenic growth. AC; amacrine cells (Ap2α), cPR; cone photoreceptors 
(Visinin/Otx2), D; days in culture (retinal organoid age), E; embryonic day, GC; ganglion cells 
(Brn3), HC; horizontal cells (Lim1), hESC; human embryonic stem cells, RPC; retinal progen-
itor cells, St; Hamburger-Hamilton stage. 
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Future perspectives 

This thesis has contributed with novel knowledge regarding the basic biology 

of retinal progenitors in regards to their regulation as well as a potential source 

for both regeneration and disease. In the following section I present a few 

ideas for continued research on the retinal progenitor pool which I believe 

might net valuable findings. The focus lies on their capacity for neoplastic 

growth, as this has become my main interest of research.  

E2F1 – a common denominator of RB1-/- and MYCNA 

retinoblastoma 

To evaluate E2F1 as a possible convergence point of RB1-/- and MYCNA reti-

noblastoma in regards to the mechanism for proliferation, we intend to over-

express E2F1 in the early chicken retina. Similar to the studies with MYCN-

overexpression in Paper III, we will target the immediate progenitor of the 

cone photoreceptors and horizontal cells. This will be achieved with the pig-

gyBac transposon system which we have shown in the past produces a robust 

overexpression. Our hypothesis is that while Rb1 works like a brake on the 

cell cycle by keeping E2Fs under inhibition, Mycn works like an accelerator 

by upregulating E2Fs. Differences in the phenotype produced by each over-

expression model could help shed some light on the mechanism behind the 

transforming effect of MYCN-overexpression as well.  

Targeting E2F1 pharmaceutically or with siRNA could prove a valuable 

treatment option for both RB1-/- and MYCNA retinoblastoma. Anti-E2F1 inter-

vention has been shown to reduce proliferation and induce apoptosis in ma-

lignant melanoma, which have high E2F1 expression137. HLM006474 induces 

apoptosis and inhibits the DNA-binding effects of E2Fs and thereby inhibits 

transcription of E2F targets138.  
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Bulk RNA-seq. of MYCN-overexpressing cells 

In Paper III we present some initial findings from the RNA-seq. performed 

on primary cell lines established from MYCN-electroporated chicken retinas. 

These results were produced by contrasting the MYCN cells with E14 retina. 

The analysis of this data is not yet complete and there is more information to 

be gathered from this project. The biological importance of the DEGs, GO 

terms and implicated pathways can be tested and verified in our MYCN cul-

tures as well as in vivo in the embryonic chicken retina. 

In addition to the MYCN cell lines we also have RNA-seq. data on 

MYCNT58A cell lines, which were established with the same method as the 

MYCN cultures. These two cell lines should be identical, other than the effects 

gained or lost due to the T58A mutation. As T58-phosphorylation has been 

shown to induce apoptosis in a p53-independent manner124, contrasting 

MYCN with MYCNT58A might help separate DEGs specifically related to the 

pro-apoptotic function of MYCN. 

Although MYCN in and on itself has proven a difficult target to drug, indi-

rect targeting of MYCN – such as with BET inhibitors139 – or targeting genes 

under the regulation of MYCN – as with E2F1 described in the previous sec-

tion – have proven to be viable options. Another option is to target pathways 

that the cancer cell becomes dependent on as a biproduct of MYCN-overex-

pression. For example, the dependence of MYCN-amplified neuroblastomas 

on the Xc- cystine/glutamate antiporter system – responsible for detoxification 

of reactive oxygen species – as shown by Floros et al140. In this study the au-

thors show that MYCN amplification increases the expression of the iron im-

port transferrin receptors which increases intracellular iron, resulting in in-

creased production or reactive oxygen species. Targeting the system respon-

sible for removal of reactive oxygen species by already FDA-approved drugs 

increased programmed cell death in the cancer cells. 

Mining the RNA-seq. data gathered from the MYCN-overexpressing cells 

can provide valuable findings such as the ones described above and result in 

novel treatment strategies for retinoblastoma. 

Elucidating the propensity for neoplastic transformation 

in the cPR/HC-lineage 

In Paper III we show that cells of the cPR/HC-lineage transform, and avoid 

apoptosis, in response to MYCN-overexpression and that the effect is devel-

opmental stage specific. The observed effects are the same regardless if ex-

pression is driven ubiquitously or in the RXRγ-lineage specifically. Addition-

ally, our group has previously shown that progenitors of horizontal cells ig-

nore DNA damage and continue proliferation44. Investigating the mechanism 
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behind the escape from apoptosis and the insensitivity to genomic aberrations 

would provide valuable knowledge regarding the cellular environment which 

gives this lineage the propensity for neoplastic transformation.  

To elucidate this mechanism, we will treat our MYCN cultures with phar-

maceutical drugs targeting the p53-pathway and other pathways which are en-

riched for in the GSEA of the MYCN cells. Work in our group has indirectly 

shown an insensitivity to the p53 system in the progenitors of horizontal 

cells52,55. Furthermore, high endogenous MDM2 and MYCN levels have been 

observed in human cone progenitors and shown to be under the regulation of 

RXRγ70. High MDM2 levels would repress p53 and produce a cell where the 

p53 system is largely inactive.  

Single-cell RNA-sequencing of the RXRγ-lineage 

The regulatory sequence used in Paper III can be used to drive expression of 

GFP in the RXRγ lineage and with the use of FACS isolate these cells in the 

normal setting. The same regulatory sequence can also be used to drive MYCN 

or E2F1 expression, which would allow for comparing development of this 

lineage specifically, in both the pathological and healthy retina. The benefits 

of single-cell sequencing of transformed cells in and of itself, will be that it 

will visualize potential cell heterogeneity in the neoplastic growths. These are 

otherwise “averaged out” in bulk RNA-seq. Differentiation trajectories can 

also be performed in order to trace the development of these cell populations 

and to isolate the cell of origin. 

The chicken embryo will provide a relatively fast model for investigating 

these questions and pinning down relevant developmental stages. Ultimately, 

these studies will be repeated in our hESC-derived retinal organoids in order 

to validate our findings in a human context. 
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Përmbledhje në shqip 

Të pamurit dhe zhvillimi i syrit 

Njeriu ka pesë shqisa për të perceptuar atë që ka për rreth: Shqisën e dëgjimit, 

shqisën e nuhatjes, shqisën e prekjes, shqisat e shijes, shqisa e nuhatjes dhe 

shqisa e te pamurit. Pjesa e syrit prej së cilës na jepet mundësia për shikim 

është retina. Retina i ka disa shtresa me qeliza, të organizuara në një sistem 

shumë specifik. Janë shtatë popullata të qelizave me funksione të ndryshme, 

që së bashku na mundësojnë shikimin e dritës dhe perceptimin e rrethanave 

tona. Popullatat e qelizave të retinës e kanë një prejardhje të përbashkët që 

quhen qelizat burimore të retinës. Këto qeliza burimore e kanë aftësinë për të 

prodhuar çdo qelizë të retinës. 

Në tezën time e kam studiuar zhvillimin e retinës së syrit, konkretisht kët 

popullatë të qelizave burimore. Proceset që i kemi studiuar quhen: proliferimi 

ose riprodhimi, apoptoza, dhe diferencimi që është procesi kur qelizat 

burimore transformohen në qeliza të specializuara. Janë disa hapa në mes të 

qelizës burimore dhe asaj të specializuar, sikur një shkallë. Qeliza burimore 

pakëz para se të transformohet në një qelizë të specializuar quhet një 

“progenitor”. 

Në thelb, shikimi funksionon kështu: Drita, ose fotonet, e depërtojnë irisin 

e syrit dhe bien mbi retinën. Në retinë, qelizat që quhen fotoreceptor e marrin 

energjinë e dritës ose fotonit dhe e transformojnë në energji elektrike. Janë dy 

popullata fotoreceptor: një që na prodhon ngjyrat e imazhit gjat ditës që quhen 

“kon”, dhe një që na prodhon imazhet pa ngjyrë ne ambient pa dritë që quhen 

“rods” ose “shkop”. Këto pulse elektrike fotoreceptorët i përçojnë nëpërmjet 

qelizave bipolare tek qelizat ganglione. Qelizat ganglione bëhen bashk dhe 

formojnë nervin e syrit dhe e përçojnë sinjalin tek truri për përpunim ku 

prodhohet imazhi i shikimit tonë. Në retina janë edhe qelizat amakrine dhe 

qelizat horizontale që e modulojnë kët sinjal para se të mbërrij tek truri. 

Përfundimisht janë edhe qelizat Müller, që nuk janë neurone sikur 

popullacionet tjera të retinës, por janë astrocite. Qelizat Müller kryesisht janë 

kujdestare të retinës dhe ndihmojnë në mënyra të ndryshme me mirëmbajtjen 

e qelizave neurone të retinës. Në Figurën 2 në faqen 14 shifet një skemë e 

këtyre qelizave. 
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Kuptohet që një dëmtim i këtij sistemi kompleks shumë lehtë ndikon 

negativisht në mundësinë tonë për shikim. Dëmtimi mundet të jetë fizik, dhe 

vjen prej një goditje në sport për shembull ose prej ndonjë sëmundje. 

Sëmundjet mund të vijnë në moshën madhore ose edhe gjat zhvillimit të 

embrionit ose të foshnjës, për shembull kanceri i retinës që quhet 

retinoblastoma. Për kët arsye riparimi i këtyre qelizave, ose regjenerimi siq 

quhet në biologji, na mundëson shërimin e syrit të sëmurë apo të lënduar. 

Qelizat burimore japin një kësi mundësie, sepse këto qeliza mund të 

riprodhohen pothuajse pa fund. Do me than e kemi një burim të këtyre 

qelizave që mund të rigjenerojnë ato qeliza të dëmtuara ose të sëmura të 

retinës. Riprodhimi, diferencimi dhe apoptoza korrekte janë procese 

themelore për regjenerimin, por edhe për funksionin dhe zhvillimin normal të 

retinës. Çrregullimi i riprodhimit dhe sidomos apoptozes janë hapat fillestare 

drejtë kancerit. Kuptimi i këtij çrregullimi është hapi i parë për të kuptuar 

etiologjinë ose nisjen e kancerit por edhe hapi i parë i modulimit të qelizave 

të retinës për trajtim dhe regjenerim. 

Metodat e përdorura gjat punimit të doktoraturës 

Për hulumtimet shkencore të kësaj doktorature është përdorur kryesisht 

embrioni i pulës, dom me than zogu ende i pa qelur. Arsyet për të përdorur 

zogun për hulumtime shkencore për syrin janë disa. Së pari, pula e ka syrin 

shumë të ngjashëm me njeriun, më të ngjashëm se sa miu dhe shtazët tjera që 

zakonisht përdoren në hulumtime shkencore. Së dyti, embrioni i pulës në 

krahasim me trupin e ka syrin mjaft të madh gjë që e mundëson manipulimin 

e syrit pothuajse gjat krejt kohës së zhvillimit. Së treti, vezët mund të mbahen 

në inkubator gjat krejt zhvillimit dhe për hulumtime shkencore në embrion 

nuk ka nevoje të bëhet operacioni i nënës shtatzënë, siq është rasti me miun 

dhe gjitarët tjerë. Për shkak të këtyre arsyeve, embrioni i pulës është një model 

shumë i përshtatshëm për hulumtime shkencore te syrit. 

Përveç modelit me embrionin e pulës, në këto studime, janë përdorur edhe 

organoidet e retinës, ose siq quhen në komunitetin shkencor: organoide 

retinale. Organoidet retinale prodhohen nga qelizat burimore të njeriut në pjatë 

për kultivimin e qelizave. Për imazhe të organoideve retinale, shiqojeni 

punimin e tretë të kësaj doktorature. Organoidet retinale rriten shumë ngadalë 

dhe lypin mbikqyrje për çdo ditë, por japin mundësinë për të verifikuar 

zbulimet e bëra në embrionin e pulës, në një sistem me prejardhje njerëzore. 

Për të parë përparësitë e kësaj metode e bëjmë një krahasim të thjeshtë: 

Zhvillimi i embrionit të pulës, prej fekondimit deri në qelje të vezës, zgjatë 21 

ditë. Ndërsa në organoidet retinale, për te zhvilluar fotoreceptoret kon që janë 

shpjeguar më heret nevojitet më shumë se 150 ditë. Pavarësisht nga kjo, 

mundësia për të vërtetuar zbulimet në një sistem njerëzor është një dobi e 

madhe. 
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Punimi I 

Në kët doktorature janë tri punime. Ne punimin e parë kemi hulumtuar qelizat 

Müller, dhe aftësinë e tyre për regjenerim. Hulumtimet e mëhershme kanë tre-

guar që qelizat Müller reagojnë kur retina dëmtohet. Qelizat Müller bëhen re-

aktive dhe mund të de-diferencohen, d m th mund të transformohen prej një 

qelize Müller në një qelizë burimore. Kjo qelizë burimore mundet tani të pro-

liferohet, dhe përsëri të transformohet në ato qeliza të retinës që janë dëmtuar, 

për shembull fotoreceptoret. Problemi këtu është që aftësia e qelizave Müller 

ndryshon prej një shtaze te tjetra. Te bretkoca kjo aftësi është shumë e lartë, 

por te njeriu gjat evolucionit kjo aftësi është humbur për arsye që janë tepër të 

shumta për të diskutuar këtu.  

Hulumtime të mëhershme kanë treguar që kur syri lëndohet, rritet sasia e 

një elementi kimik që quhet endothelin. Në hulumtimin tonë na kemi tentuar 

të sqarojmë efektin e endothelineve në qelizat Müller. Për të bërë kët ne kemi 

kultivuar qeliza Müller të kultivuara prej embrionit të pulës dhe i kemi shtuar 

endotheline dhe disa elemente kimike të tjera. Kjo është bërë për të gjetur se 

si komunikojnë proteinat brenda në qelizë. Efekti i endothelines është doku-

mentuar në signalimin proteinave brenda në qeliza Müller. Ne kemi zbuluar 

që receptori i endothelines komunikon me një receptor tjetër, EGFR, që është 

i njohur për proliferimin e qelizave. D m th që endothelina mund të stimuloj 

qelizat Müller për proliferim. Kjo mundet të na mundësoj modulimin e 

reaksionit të këtyre qelizave Müller ndaj një lëndimi. Nëse do të mund 

ndikojmë që qelizat Müller jo vetëm të proliferohen, por edhe të prodhojnë 

qeliza tjera, kjo do të mundësonte regjenerimin e retinës. Te njeriu, qelizat 

Müller bëhen reaktive por nuk mund të proliferohen, por në vend proliferimit 

vdesin. Nëse me trajtimin me endothelin ose elemente kimike të tjera nuk 

mund ti bëjmë qelizat Müller të proliferohen dhe rigjenerojnë tjera qeliza, 

atëherë ndoshta rruga më e mire për trajtim është zvogëlimi i reaksionit të 

qelizave Müller dhe mirëmbajtja e tyre për ti ruajtur “kujdestarët e retinës”. 

Për të ditur sigurt se cila është rruga e duhur për trajtim nëse fokusi është te 

reaksioni i qelizave Müller duhet bërë hulumtime shtesë në kët lëmi. 

Punimi II 

Në punimin e dytë fokusi mbetet edhe më tutje te qelizat burimore dhe karak-

teristikat e tyre. Ne kët punim na kemi hulumtuar funksionin te një faktor tran-

skriptimi me emrin Nolz1 gjat zhvillimit të retinës. Punime të mëparshme 

kanë treguar që Nolz1 ndikon në zhvillimin e neuroneve të kurrizit duke 

ndikuar ne nivelet e Isl1, Lim1 dhe Lim3. Këto të tria janë të njohura për 

zhvillimin e retinës dhe ndikojnë në diferencimin e qelizave horizontale dhe 

fotoreceptorëve. 
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Për të bërë kët së pari kemi analizuar nivelet normale të Nolz1 në nivelin e 

acidit ribonukleid dhe proteinës. Pastaj për të dokumentuar efektin e Nolz1 në 

zhvillimin e retinës ne e kemi ndryshuar sasinë normale të Nolz1 në nivelin e 

acidit ribonukleid dhe kemi matur efektin në numrin e qelizave të popullatave 

të ndryshme në retinë. 

Ne kemi gjetur se nivelet natyrale të Nolz1 ndryshojnë gjat zhvillimit të 

retinës sikur në dy valë. Vala e parë rreth 3 dite mbas fillimit të zhvillimit të 

embrionit dhe tjetrën mbas 8 dite. Lokalizimi ndryshonte: Ne fillim Nolz1 

është prezent në të gjitha shtresat e retinës por më vonë gjendet vetëm në 

shtresën e qelizave ganglion dhe shtresën e quajtur “inner nuclear layer”, ku 

gjinden qelizat horizontale edhe ato amakrine. 

Ne kemi rritur nivelin e Nolz1 para valës së parë natyrale dhe duke kra-

hasuar rezultatin me retinë normale. Rritja artificiale shkaktoj një reduktim në 

numrin e fotoreceptorve, qelizave ganglion dhe qelizave bipolare. Pastaj kemi 

ulur nivelin e Nolz1 para valës së parë dhe përsëri është ulur numri i fotore-

ceptorve, por edhe është rritur numri i qelizave horizontale.  

Zvogëlimi i popullacionit të disa qelizave indikon rritjen e apoptozës, por 

kur i kemi studiuar retinat e manipuluara nuk kemi gjetur një rritje të qelizave 

të vdekura. Ne retinat e manipuluara me Nolz1 kemi analizuar edhe prolifera-

cionin. Te retinat ku niveli i Nolz1 është rritur artificialisht kemi gjetur një 

zbritje në numrin e qelizave burimore që janë aktivisht duke proliferuar.  

Rritja e nivelit Nolz1 shkaktoj rritjen e nivelit të proteinës p27, që është një 

proteinë e njohur për ndalimin e proliferacionit. Përkundrazi, zbritja e nivelit 

te Nolz1 shkaktoj një rritje të numrit të qelizave që janë aktive në prolifera-

cion. Këto rezultate indikojnë që Nolz1 është një rregullator negativ i prolife-

racionit.  

Rezultati që edhe ulja edhe rritja e Nolz1 ndikon negativisht në numrin e 

fotoreceptorve mund të shpjegohet me ate që qelizat horizontale dhe fotore-

ceptoret e kanë progenitorin e përbashkët. Ulja e nivelit të Nolz1 rezulton në 

një rritje/ose mbajtje të numrit të qelizave burimore që nuk ju lejohet diferen-

cimin në fotoreceptorë, në vend të fotoreceptorve këto progenitor diferenco-

hen në qeliza horizontale. 

Për të hulumtuar efektin e Nolz1 në valën e dytë të zhvillimit të retinës, ne 

i kemi bërë të njejtat analiza 14 ditë mbas fillimit të zhvillimit. Mbas valës së 

dytë kemi vërejtur një efekt në numrin e qelizave bipolare por jo tek fotore-

ceptorët. Metoda e identifikimit ishte proteina Lim3 që shfaqet prej qelizave 

bipolare por edhe fotoreceptorët kon. Në valën e parë është parë efekti tek dy 

popullatat Lim3, por mbas valës së dytë vetëm tek qelizat bipolare. Kjo indi-

kon që efektet e vërejtura nga rritja ose ulja e Nolz1 janë të varura nga efekti 

direkt në Lim3.  

Së bashku, këto rezultate implikojnë Nolz1 si një faktor transkripcionit me 

funksion negativ tek rregullimi i proliferacionit të qelizave burimore dhe di-

rekt ndikon në nivelet Lim3 që janë të nevojshme kryesisht për formimin e 

qelizave bipolare. 
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Punimi III 

Te punimi i fundit fokusi përsëri është te qelizat burimore por konteksti nuk 

është zhvillimi normal i retinës, as regjenerimi, por etiologjia e kancerit të 

syrit.  

Retinoblastoma quhet kanceri i retinës që zakonisht niset gjat zhvillimit të 

foshnjës dhe diagnoza bëhet zakonisht në vitet e para të jetës. Retinoblastoma 

e ka një aspekt trashëgues, por jo gjithherë.  

Retinoblastoma zakonisht është një rezultat prej mutacionit te gjenit RB1. 

Një aspekt i çuditshëm i retinoblastomës është që edhe pse mutacioni i RB1 

është trashëgues, që do të thot të gjitha qelizat e retinës e kanë kët defekt, 

vetëm profili i disa qelizave te retinës gjinden në tumor. Kjo sugjeron që kjo 

qelizë origjine e retinoblastomës i ka disa karakteristika, që ia mundëson 

ndryshimin tek një qelizë kanceri, gjë që nuk e hasim te qeliza tjera të retinës. 

Evidenca shtesë për kët hipotezë janë gjetjet e tumoreve me gjenin RB1 nor-

male. Tek këta tumor gjinden mutacione të tjera përveç ai tek RB1, për shem-

bull shtesa të shumëfishta të gjenit MYCN. 

Këtij punimi i paraprijnë disa punime te mëhershme nga grupi jonë, por edhe 

grupe tjerë, që japin indikacione për nisjen e kancerit në sy. Këto punime 

përmblidhen në disa pika: 

1. Qelizat e tumorit retinoblastoma e kanë profilin e një qelize të 

fotoreceptorit kon që ende nuk ka diferencuar krejt, por është pakës 

ende me profilin e një qelize burimore – një progenitor .  

2. Qelizat fotoreceptor kon dhe qelizat horizontale lindin prej te njëjtit 

progenitor, d m th janë shumë të afërta.  

3. Progenitorët e përmendur në pikën e dytë i kanë disa karakteristika 

(Proliferacion mbas nisjes së diferencimit, nuk ndikohen nga ADN 

te dëmtuar etj.) që e bëjnë kandidat potencial për burimin e 

retinoblastomës. 

4. Ekzistojnë tumoret me RB1 normale, por me tjera mutacione. 

 

Për të hulumtuar hipotezën që MYCN mundet të inicion rritjen e tumorit 

pavarësisht nga statusi i RB1, dhe për ti sqaruar ngjarjet që mundësojnë 

krijimin e një qelize origjine të retinoblastomës, ne kemi rritur nivelet e 

MYCN-it në retinë të embrionit të pulës edhe te organoidet retinale. Në rastin 

normal një mutacion duhet të shkaktoj apoptozë, por ne kemi zbuluar që nuk 

reagojnë të gjitha qelizat kështu.  

Te embrioni, shtimi i MYCN-it është bërë 3.5 dite mbas fekondimit, pak 

para valës së parë të lindjes së qelizave retinale. D m th jemi përqendruar te 

qelizat burimore. Kemi bërë edhe eksperimente ku kemi shtuar MYCN 4.5 

ose 5.5 ditësh mbas fekondimit, në këto raste shtimi i MYCN-it nuk ka pasur 

kurrfarë efekti. D m th është një periudhë shumë e shkurtë kur këto qeliza 

mund te transformohen. Për ti përcjellur ato qeliza që kanë shtim te MYCN-it 
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kemi vendosur dhe një gjen tjetër: GFP. GFP i bën qelizat të shkëlqejnë gjelbër 

kur ne i shiqojmë në mikroskop dhe ia drejtojmë një laser me dritë të kaltër.  

Fillimisht të gjitha llojet e qelizave janë bërë me shtimin e MYCN-it dhe 

GFP, por 14 ditë mbas fekondimit mbesin vetëm qeliza me profil horizontale 

dhe fotoreceptor kon. Për të gjetur kur dhe qysh po humbin qelizat tjera që i 

bëjmë me shtesa MYCN, i kemi hulumtuar të gjitha ditët gjat zhvillimit, prej 

3.5 deri ne 14. Kemi gjetur që qelizat amakrine dhe ato ganglione hupin rreth 

9-11 dite mbas fekondimit. Kjo është një periudhë kur ndodh shumë apoptozë 

natyrale në retinë. Humbja e vërejtur nuk është bërë nga ndonjë dediferencimi, 

por nga apoptoza. D m th që qelizat amakrine dhe ato ganglione nuk e durojnë 

shtimin e MYCN. Përkundrazi, qelizat horizontale dhe fotoreceptoret kon (ose 

progenitori i tyre) injorojnë shtimin e MYCN-it dhe reagojnë me të kundërtën: 

proliferim. Në të vërtetë, kur i kemi lejuar embrionin te përfundon zhvillimin 

dhe të qel një zog, është bërë tumori në sy brenda 7 jave. Këto qeliza me shtim 

MYCN-it i kemi rritur edhe në pjatë kultivimi me shtesa minimale. Kjo është 

një indikacion që këto qeliza kanë ndryshuar tek qeliza kancerogjene. 

Te gjitha këto rezultate i kemi gjet edhe te organoidet retinale, një indikim 

që i njëjti fenomen vlen edhe te njeriu. Qelizat me shtim të MYCN-it e kanë 

pas profilin e njejt si ato në embrion: qeliza horizontale/fotoreceptorit kon me 

profil pa diferencim të plot, d m th janë ende me tendenca të qelizave 

burimore. 

Përfundimisht kemi bërë edhe “RNA-seq.” në qelizat me shtim MYCN-it. 

Kjo teknik mundëson analizën e shprehjes së të gjitha gjeneve në nivelin e 

ARN-ës. Kemi gjetur që qelizat me shtim MYCN-it e kanë shprehjen e ultë e 

gjeneve te lidhur me neurone plotësisht te diferencuar dhe shprehjen e rritur e 

gjeneve me lidhje ndaj proliferimit dhe fotoreceptorit kon.  

Disa prej rezultateve ma interesante janë rritja e niveleve të E2F1, një gjen i 

lidhur me disa tumor në tru. Është edhe mundësia që E2F1 është një pikë 

lidhëse për retinoblastomën e shkaktuar nga humbja e RB1 dhe 

retinoblastomën e shkaktuar nga shtesa e MYCN-it. Zbulime te mëparshme 

kanë zbuluar që E2F1 është nën ndikimin frenues të RB1 dhe ky frenim e 

ndalon proliferacionin. Me zbulimin që MYCN ngrit nivelin e E2F1, ne po 

ngritim hipotezën që MYCN e ka funksionin e kundërt me RB1, pra MYCN 

është nxitës i proliferacionit. 

Përfundimisht, në kët punim ne kemi vërtetuar që MYCN mundet të shkaktoj 

nisjen e një tumori edhe në një sistem me RB1 funksional në syrin e embrionit 

te pulës. Gjithashtu, kemi vërtetuar që ky rezultat vlen edhe në një model 

njerëzor me përdorimin e organoideve retinale. Tumori që shkaktohet e ka 

burimin në progenitorin e përbashkët të qelizave horizontale dhe te 

fotoreceptoret kon. Nisja e tumorit është e varur nga 1) toleranca e këtyre 

qelizave ndaj mutacionit dhe 2) një periudhe të shkurt (3.5 dite mbas 

fekondimit) kur progenitori mund të transformohet në një qelizë kancerogjene. 

Përfundimisht, kemi krijuar një sistem për modelimin e retinoblastomës e 
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shkaktuar nga shtimi i MYCN-it, dhe ndoshta e kemi gjetur pikën lidhëse me 

retinoblastomën e shkaktuar nga humbja e RB1 në gjenin E2F1. Ky model na 

jep mundësinë për të vazhduar hulumtimet në E2F1 dhe në etiologjinë e 

retinoblastomës në përgjithësi. Gjithashtu, ky model na jep mundësinë për 

testimin e trajtimeve të reja ndaj retinoblastomës. 

Mendimet përfundimtare 

Kjo doktoraturë dhe veprat e përfshira kanë shtuar njohurinë rreth zhvillimit 

të retinës, me fokus te proliferacioni, diferencimi, dediferencimi dhe apoptoza. 

Këto tri procese janë kritike për zhvillimin normal të të gjitha indeve. Në 

punimin I dhe II ne kemi hulumtuar këto procese në mjedisin jo-patologjik, 

ndërsa te punimi III në mjedisin patologjik. Prej këtyre hulumtimeve dalin dy 

rrugë kryesore për vazhdimin e hulumtimit: 

• Vazhdimi i punimeve për regjenerim me qelizat Müller 

• Hulumtimi rreth mekanizmit iniciues të retinoblastomës 

Të dy rrugët kanë potencial për ndikim të madh në trajtimin e sëmundjeve të 

ndryshme që ndikojnë në retinë, por fokusi im do te mbetet në retinoblastoma. 

Hulumtimet rreth retinoblastomës të nxitur nga MYCN mund qoj deri te 

zbulime me vlerë edhe për lloje tjera të kancerit që gjithashtu mund te 

shkaktohen nga MYCN, për shembull neuroblastoma, meduloblastoma, 

glioblastoma multiforme e të tjerë. Përveç kësaj, hulumtimet rreth mekanizmit 

të inicimit të kancerit mund te zbuloj mënyra të reja për trajtim.  

Njëra prej këtyre mënyrave mund te jetë modulimi i E2F1. Përveç zbulimit 

që kjo mund te jetë pika kombinuese e retinoblastomës e nxitur nga MYCN 

dhe ajo e nxitur nga humbja e RB1, e kemi edhe hipotezën që E2F1 mund të 

jetë nxitës i proliferacionit. Trajtime kundër niveleve të larta të E2F1 janë të 

mundshme me komponente kimike. Eksperimentet tona paraprake tregojnë 

një efekt të mirë ku trajtimi kundër E2F1 e rritë apoptozën e qelizave 

kancerogjene. Mbasi MYCN vet i ka disa efekte pro-apoptoze (krah për krah 

me ato pro-proliferacioni) këtu mund të jap një efekt sinergjik.  

Në punimin e III japim vetëm një përmbledhje të vogël të informacionit 

nga eksperimentet që i kemi bërë në RNA-seq. Këtu ka shumë të dhëna për të 

gërmuar që mund të japin informata për profilin e qelizave kancerogjene te 

nxitur nga MYCN. Këto të dhëna mund të japin njohuri rreth trajtimeve të 

reja, sikur ajo anti-E2F1, por edhe rreth atij ambienti brenda në qelizë që 

mundëson transformimin e disa qelizave (progenitori i fotoreceptorve kon dhe 

qelizave horizontale) por jo të tjera në kancer. Qelizat që i kemi prodhuar në 

punimin e III na mundësojnë testimin praktik të të dhënave që gjinden në 

RNA-seq. 
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Përfundimisht janë edhe studimet e popullatës progenitor te fotoreceptorit 

kon që mund të bëhen me “Single-cell RNA-seq.” në modelin me embrion por 

edhe me organoidet retinale. Me kët metodë marrim njohuri në nivelin e 

qelizës (RNA-seq. zakonisht është në nivelin e indeve) dhe mund të 

identifikojmë nën-popullata brenda këtyre progenitorve që mund të jenë 

shkaktarë të retinoblastomës. 
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