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Résumé 

La manière dont la diversité neuronale du système nerveux central est établie au cours du 

développement est une question d'un grand intérêt depuis plus d'un siècle. Les progéniteurs 

neuronaux sont contrôlés dans l'espace et dans le temps afin de générer un ensemble diversifié de 

neurones. Les composants moléculaires du contrôle spatial chez les vertébrés soient bien compris, 

mais le cadre moléculaire du contrôle temporel chez les vertébrés n’a été que peu exploré. Les 

travaux réalisés, au cours de la dernière décennie, sur le développement de la rétine chez la souris 

ont révélé l'existence de deux importants facteurs de transcription temporels (tTF). Ikzf1 confère 

une compétence temporelle précoce alors que Casz1 confère une compétence temporelle tardive 

aux cellules progénitrices de la rétine (RPC) des mammifères. Cependant, sur les sept types 

cellulaires présents dans la rétine, ces tTFs ne régulent pas la capacité de générer les cônes nés 

précocement ni pour les cellules gliales de Müller nées tardivement, suggérant la présence d'autres 

tTFs non identifiés. L'objectif principal de cette thèse a été de découvrir les mécanismes 

moléculaires contrôlant la production des cônes au cours de la rétinogenèse précoce ainsi que la 

production tardive des cellules gliales de Müller. Dans cette thèse, Pou2f1 a été découvert comme 

un tTF qui confère aux RPCs une compétence temporelle à générer des cônes. Pou2f1 active 

l'expression de Pou2f2, qui permet ensuite de favoriser la production de cônes en réprimant 

l’expression du facteur de transcription Nrl. Ikzf1 active l'expression de Pou2f1 dans les RPC alors 

que Pou2f1 réprime le tTF tardif Casz1, suggérant une boucle d'autorégulation transcriptionnelle 

entre ces différents tTF. De plus, Ikzf4, un autre membre de la famille Ikzf, s'est avéré important 

pour la spécification des cônes et des cellules gliales de Müller. Ikzf4 active l’expression de 

Pou2f1/Pou2f2 lorsqu'il est surexprimé dans des RPC tardifs, suggérant qu’il permet la production 

de cônes en activant directement l’expression de Pou2f1/Pou2f2. Ikzf4 était également lié à de 

nombreux gènes de la voie de signalisation de Notch, qui sont impliqués dans la production de 

cellules gliales de Müller au cours de la rétinogenèse. Ce travail établi des bases pouvant inspirer 

de futures études dans d'autres parties du SNC, où des tTF similaires pourraient aussi contrôler la 

production de différents types cellulaires en fonction du temps. Enfin, cette thèse propose de 

nouveaux tTF comme outils thérapeutiques pour améliorer l’efficacité de production des cônes à 

partir de cellules souches. 

Mots-clés: compétence temporelle, rétine, développement de cône, développement de glie de 

Müller, Pou2f1, Pou2f2, Ikzf4 
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Abstract 

How neural diversity is established in the developing central nervous system has been a 

question of great interest for more than a century. Neural progenitors are spatially and temporally 

patterned to generate a diverse set of neurons. Although molecular components of spatial 

patterning in vertebrates are well understood, the molecular framework behind temporal patterning 

in vertebrates has been largely unexplored. Work done in the past decade on mouse retinal 

development has revealed insights on how temporal patterning could be established in the CNS. 

Retinal neurons and glia are born in a sequential but overlapping manner from a pool of multipotent 

retinal progenitor cells (RPCs), consisting of an early embryonic and late post-natal window of 

cell birth. Two temporal transcription factors (tTFs), Ikzf1 and Casz1, confer early and late 

temporal competence to retinal progenitor cells (RPCs), respectively. However, out of the seven 

cell types in the retina, these tTFs do not regulate the competence for early born cones and late 

born Müller glia, suggesting the presence of other unidentified tTFs. The prime goal of this thesis 

was to uncover the molecular mechanisms controlling cone specification during early, and Müller 

glia specification during late retinal development. In this thesis, Pou2f1 was discovered as a novel 

tTF that confers temporal competence to RPCs to generate cones. Pou2f1 activates Pou2f2, which 

binds to the promoter of Nrl, a key rod specification gene, and represses its expression. Early tTF 

Ikzf1 activates Pou2f1, whereas Pou2f1 represses late tTF Casz1 in RPCs. Additionally, Ikzf4 was 

discovered as an important regulator of cone specification early, and Müller glia specification late 

during retinal development. Ikzf4 binds to genomic regions near Pou2f1/Pou2f2 gene bodies and 

activates their expression during early retinogenesis. During late retinogenesis, Ikzf4 binds to 

promoters of Notch signaling genes and activates their expression to promote Müller glia 

differentiation. Taken together, these results reveal important insights on how cone and Müller 

glia production is temporally controlled during early and late retinogenesis. This work lays the 

groundwork for future studies in other parts of the developing CNS that could employ similar tTFs 

for temporal patterning. Finally, this thesis proposes novel tTFs as therapeutic tools to efficiently 

generate cones from ESC-derived retinal organoids and sheets.  

Keywords: Temporal competence, Retina, Cone development, Müller glia development, Pou2f1, 

Pou2f2, Ikzf4  
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1 Introduction 

 The development of the central nervous system is an intricate and fascinating process that 

has stimulated countless questions in the field of biology. How does a pool of neural stem cells or 

progenitors differentiate and diversify to form such a complex architecture of neurons and glia? 

How do these neurons and glia communicate with each other to grant us abilities, from feeling our 

simplest emotions to addressing the largest quandaries of our existence? Going as far back as the 

birth of these neurons and glia, how do the neural stem cells know where to migrate, where to 

interact, and where to connect? How do these progenitors know exactly what kind of neurons to 

produce at the right time and place, so that they synapse with their appropriate targets before 

development ends? What happens when these stem cells lose their identity? The answers to these 

questions lie in the molecular machinery that guides every cell to not only become a distinct 

functional unit in an organ, but also have a distinct cellular identity.  

1.1 Generation of neural diversity: Space and time 

The development of the central nervous system begins when the naïve neural plate is first 

defined by the dorsal mesoderm, also called the organizer in frogs or Henson’s node in chicks. 

Cells from the organizer release neural inducing signals, which inhibit BMP activity in the 

surrounding tissue, reviewed in (Harland, 2000). The inhibition of BMP in the surrounding 

ectoderm of the animal pole leads to the specification of this region into the neural plate. 

Subsequently, the neural plate invaginates to form the primitive streak at the rostral most region 

and moves towards the caudal most region. These events activate Hox gene expression across the 

developing neural tube that instructs the rostro-caudal identity, reviewed in (Philippidou and 

Dasen, 2013). On the other hand, the organizer cells become the notochord that release ventralizing 

signals to the neural tube, whereas the surrounding non-neural ectoderm release dorsalizing signals 

that establish the dorso-ventral axes (Pituello, 1997). Therefore, positional information instructs 

the progenitor cells in the neural tube to form distinct parts of the central nervous system, the 

rostral most being the forebrain and the caudal most being the spinal cord (Jessell, 2000). Once 

the neural tissue has been specified, the neural progenitors in each sub-region such as forebrain, 
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hindbrain, and the spinal cord, require another level of positioning information within the same 

tissue. This is called spatial patterning, which allows the neural progenitors to know where they 

are in space. 

1.1.1 Spatial patterning in the vertebrate CNS 

One of the most well-studied vertebrate systems for understanding spatial identity and 

patterning is the developing mouse rostral neural tube that becomes the spinal cord. After neural 

induction in the rostro-caudal axis, the neural tube is spatially patterned on the dorso-ventral axis 

by a combination of morphogens, BMP/Wnt from the roof plate and Shh from the floor plate 

(Echelard et al., 1993; Liem et al., 1997) (Fig. 1.1A). Low BMP/Wnt and high Shh combination 

promotes the adoption of ventral-most identity and vice versa. Taking the example of the 

developing mouse spinal cord, progenitor domains constituting of distinct dorso-ventral spatial 

identity are established due to these opposing morphogen gradients (Fig. 1.1B). In the ventral half 

of the developing spinal cord, p0-3 and pMN progenitor sub-domains are formed closer to the 

floor plate and defined by high Shh concentration gradient that progressively reduces as it is 

diffuses more dorsally (Chamberlain et al., 2008). This allows the progenitors to acquire a specific 

regional identity in the developing spinal cord. After differentiation, these progenitors give rise to 

V1-3 and MN neurons, which then innervate their own set of targets, reviewed in (Hori and 

Hoshino, 2012). Therefore, Shh and BMP/Wnt establish important spatial identity information for 

the progenitors in the dorso-ventral axis of the developing spinal cord.  
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Figure 1.1: Spatial patterning the developing spinal cord. (A) Illustration of a developing 

neural tube. Roof plate domain is colored red to depict the high morphogen gradient of BMP/Wnt, 

whereas the Floor plate is colored blue to emphasize high Shh gradient, adapted from (Zannino 

and Sagerstrom, 2015). (B) Schematic of the developing spinal cord. Progenitor domain is colored 

in a gradient: dorsal most region with high BMP/Wnt as red, low BMP/Wnt and Shh as magenta, 

and ventral most region with high Shh as blue. Progenitor domains contain progenitors with spatial 

identity ranging from dP1-6 to p0-3/pMN. Progeny of these progenitors give rise to neurons made 

from the same spatial identity ranging from dI1-6 to V0-3/MN. The dorso-ventral axis is labelled 

on the right, adapted from (Hori and Hoshino, 2012). RP: Roof plate. FP: Floor plate. NC: 

notochord. 

 

1.1.1.1 Spatially restricted transcription factors of the spinal cord progenitors 

As the morphogen gradients set up positional information for the neural progenitors, certain 

transcription factors are expressed in a spatially restricted manner of the progenitor domain. Basic 

Helix Loop Helix (bHLH) transcription factors, Olig2/3, Atoh1, Neurog1/2, Ascl1 and Ptf1a 

define spatial identity to the progenitors in their subdomains (Bermingham et al., 2001; Gowan et 

al., 2001; Mizuguchi et al., 2006; Mizuguchi et al., 2001; Muller et al., 2005; Novitch et al., 2001; 

Takebayashi et al., 2002). In the various progenitor sub-domains, these bHLH transcription factor 

are specifically expressed in a tightly regulated gene regulatory network. Atoh1 expression is 

restricted in the dorsal most dP1 progenitor domain and represses Neurog1/2 (Bermingham et al., 
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2001; Gowan et al., 2001) (Fig. 1.2). Moreover, Ascl1 regulates dP3 and dP5 progenitor domain 

identity by repressing Neurog2 whereas Ptf1a establishes the dP4 domain due to a cross inhibitory 

mechanism with Ascl1 (Helms et al., 2005; Mizuguchi et al., 2006). Finally, Neurog1/2 expression 

defines the dP2 domain whereas combinatorial expression of Olig3 defines p0, p2 and p3 domains 

(Mizuguchi et al., 2001). Olig2 and Olig3 are expressed in a non-overlapping manner in the ventral 

progenitor domains p2, pMN and p3 which also provides precision in the acquisition of spatial 

identity in these progenitor domains (Takebayashi et al., 2002). Finally, there are other classes of 

transcription factors such as PR containing transcription factors (Prdm8, Prdm13), homeodomain 

(Lhx3, Dbx1/2, Nkx 2.2, Nkx6.1/2) and paired box (Pax3/6/7) proteins that also define these 

progenitor domains based on their combinatorial expression (Briscoe et al., 2000; Chang et al., 

2013; Ericson et al., 1997; Komai et al., 2009; Thelie et al., 2015). Therefore, a tightly controlled 

gene regulatory network consisting of sequential or combinatorial expression of transcription 

factors is essential to set up distinct progenitor subdomains. 

1.1.1.2  Spatially restricted transcription factors of spinal cord neurons 

Once the progenitor domain has been classified, there is an additional level of specification 

of post-mitotic cells based on the expression of downstream transcription factors, primarily 

belonging to the homeodomain and paired box transcription factor classes. This leads to the 

establishment of the post-mitotic cell domains, where each post-mitotic neuron made from the 

progenitor in the respective domain has a distinct spatial identity. In the dorsal half of the post-

mitotic cell domain, Lhx2/9 expression in post-mitotic cells generated from dP1 progenitors leads 

to the differentiation of dorsal most dI1 neurons (Wilson et al., 2008) (summarized in Fig. 1.2). 

Lhx1/5 define dI2 and dI4 neurons (Pillai et al., 2007), Gsx1/2 define dI3-6 (Kriks et al., 2005; 

Mizuguchi et al., 2006), Lbx1 defines dI4-6 (Muller et al., 2002), Pax2 defines dI4, dI6 and V0-1 

neurons (Burrill et al., 1997; Cheng et al., 2004b; Glasgow et al., 2005) and Tlx1 defines dI6 

neurons (Cheng et al., 2004b; Qian et al., 2002). On the ventral axis, Dbx1/2, Evx1/2, En1, Nkx6.2, 

Lhx2, Vsx2, Gata2/3, Tal1 and Sim1 define the V0-3 and MN neuron subtypes originating from 

the progenitors in their respective domains (Debrulle et al., 2020; Fan et al., 1996; Francius et al., 

2013; Francius et al., 2015; Moran-Rivard et al., 2001; Pierani et al., 1999; Pierani et al., 2001). 

Similar to the progenitor domains, many of these transcription factors have overlapping and non-

overlapping expression, thereby forming a combinatorial code of expression that classify each cell 
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based on their position in the developing spinal cord. This is how spatial identity is coded into 

progenitors and post-mitotic cells to generate neuronal diversity in the rodent spinal cord. 

However, progenitors generate different neurons as the spinal cord neurogenesis proceeds in 

developmental time (Nornes and Das, 1972). Using temporal labeling of [3H]thymidine, it was 

shown that motor neurons (MN) are generated the earliest, followed by the neurons in the 

intermediate gray (V0-2) and substantia gelatinosa neurons are the latest to be born (dI1-6) (Nornes 

and Das, 1974). If not spatial patterning, what other mechanism could explain the temporal order 

of neuron birth in the developing spinal cord? 

 

 

Figure 1.2: Combinatorial code of transcription factors in spinal cord development. Different 

classes of TFs are expressed in the progenitor domain on the left (gradient colored as red for dorsal 

most progenitor, magenta for middle and blue for ventral most). Paired box and homeodomain TFs 

are expressed in post-mitotic cell domains listed as dI1-6, V0-3 and MN on the right. Adapted 

from (Hori and Hoshino, 2012; Lai et al., 2016). TF: Transcription factors. 
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1.1.2 Temporal patterning in the vertebrate CNS: A poorly understood 

mechanism 

Within the same spatially restricted domain of neural progenitors of the CNS, there is 

another level of patterning that relies on time to produce neurons. Neurons produced from the same 

progenitors are different earlier during development compared to late during development. This 

type of patterning is called temporal patterning in which the neural progenitors modulate their 

neuron specification potential, as they move forward in developmental time. In addition to the 

spinal cord, another striking example of temporal patterning is observed in the developing 

neocortex where a pool of neural progenitors give rise to deeper layer neurons early and superficial 

layer neurons late (Berry and Rogers, 1965). Although the existence of the birth order of cortical 

neurons has been known for many decades, the mechanism by which this is established and the 

factors that regulate the shift in early to late temporal identity of the neural progenitors, remains 

poorly understood in vertebrates. However, a proposed model of a transcription factor cascade has 

been discovered in Drosophila melanogaster CNS development, that could explain how temporal 

patterning is established in the developing vertebrate CNS. 

1.1.3 Drosophila melanogaster CNS development 

 Development of the Drosophila melanogaster CNS initiates when the neuroectoderm is 

specified by the action of morphogens dpp and sog that pattern the embryo in the dorso-ventral 

axis (Araujo and Bier, 2000; Biehs et al., 1996). Once the neuroectoderm has been established, 

subsequent expression of maternal coordinate genes, gap genes, pair-rule genes and segment 

polarity genes spatially specify the dorso-ventral and anterior posterior axis, reviewed in (Umulis 

et al., 2008). The combination of these genes set up column and rows of neural progenitors, also 

called neuroblasts, that give rise to neurons with distinct spatial identity. Neuroblasts acquire the 

apico-basal positional information through mirror, wingless, hedgehog, gooseberry and engrailed 

genes (Bhat and Schedl, 1997; Chu-LaGraff and Doe, 1993; Matsuzaki and Saigo, 1996; 

McDonald and Doe, 1997; Skeath et al., 1995; Urbach and Technau, 2003; Zhang et al., 1994). 

These genes, also known as segmentation genes, are expressed in stripes in their respective 

domains. This establishes spatial identity of the neuroblast based on which row they are located 

in. For example, wingless is required for the specification of the rows 4 and 6, whereas gooseberry 
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is required for the specification of row 5 (Chu-LaGraff and Doe, 1993; Skeath et al., 1995; Zhang 

et al., 1994). Misexpression in other rows or loss of expression in their respective rows leads to a 

shift in spatial identity of the neuroblast, highlighting the importance of these genes in providing 

positional information to the neuroblast. As the Drosophila melanogaster ventral nerve cord 

(VNC) is spatially specified, neuroblast in the VNC delaminate (Fig. 1.3). Following delamination, 

NB are further diversified to produce distinct sets of neurons in a time dependent manner, 

depending on the mode of cell division. There are three main modes of cell division in NBs. Type 

I division which leads to the production of a NB and a ganglion mother cell (GMC), that further 

divides to produce two neurons, reviewed in (Homem et al., 2015). Type II NB divisions give rise 

to a NB and an intermediate neural progenitor that produces a GMC (Bello et al., 2008; Boone and 

Doe, 2008; Bowman et al., 2008). Additionally, there is Type 0 division, primarily present in the 

larval stage of the brain lobe, that gives rise to a NB and a neuron (Baumgardt et al., 2014; 

Baumgardt et al., 2009; Karcavich and Doe, 2005).  

 

 

Figure 1.3: Development of the Drosophila melanogaster VNC. Neuroblasts delaminate from 

the neuroepithelia leading to arrangement in columns and rows, adapted from (Kohwi and Doe, 

2013). Each NB in a particular column and row produces the same stereotypical lineage after cell 

division in different flies. NB: Neuroblast.   
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1.1.3.1 Ventral nerve cord temporal order of neuron birth 

In the fly, intrinsic genetic cues establish the temporal order by which a neuron is formed 

at the specific time. In the fly VNC, consisting of three thoracic and eight abdominal segments, 30 

neuroblasts delaminate from the neuroepithelium and are arranged in columns and rows 

established by spatial patterning factors (Broadus et al., 1995; Hartenstein et al., 1994) (Fig. 1.3). 

Interestingly, the lineage from each of the neuroblast belonging to a particular column and row 

always undergoes a stereotypic differentiation, leading to the formation of the same neurons 

between different flies. In the example of column 7 row 1 annotated as 7-1, the mode of division 

is Type-I which means that NBs asymmetrically divide to give rise to a NB and ganglion mother 

cell (GMC), that inherits cell fate determinants such as Numb, Prospero and Brat (Betschinger et 

al., 2006; Lee et al., 2006; Lu et al., 1998; Matsuzaki et al., 1998; Shen et al., 1998). The 

asymmetric localization of cell fate determinants instructs the GMC to produce specific neurons. 

Subsequently, the GMC produces a dorsal motor neuron early, and a ventral motor neuron later in 

the division, labelled as U1-5 neurons spanning the thoracic T3, T2 and abdominal segment A1 

(Lee and Luo, 1999). The deeper layer neurons U1-2 have bipolar morphology with contralateral 

dendrites and axons (Schmid et al., 1999). Their projections innervate the dorsal body wall 

muscles. The superficial neurons U3-5 have monopolar morphology with ipsilateral dendrites and 

axons that innervate the ventral body wall (Bossing et al., 1996; Pearson and Doe, 2003; Schmid 

et al., 1999; Schmidt et al., 1997; Seroka and Doe, 2019). Therefore, each of the neurons produced 

after a successive division has a distinct temporal identity and innervates a different set of targets. 

After the first five divisions, the 7-1 NBs switch from producing motor neurons to interneurons. 

These first five divisions have been a source of great interest in the past due to the stereotypical 

nature of these divisions.  

1.1.3.2 Temporal competence factors of the NB 7-1 lineage 

A set of transcription factors known as temporal transcription factors (tTFs) set up a 

cascade in the dividing NBs that establish the temporal order of neurogenesis in VNC 

development. In the first division of the NBs following delamination in the 7-1 lineage, high 

Hunchback (Hb) expression confers the competence to the NBs to generate the earliest born U1 

neurons (Brody and Odenwald, 2000; Isshiki et al., 2001; Kambadur et al., 1998) (Fig. 1.4A). After 
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asymmetric cell division, NBs generate one GMC and another NB that has lower expression of 

Hb. The GMC undergoes another round of division leading to the production of two neurons. NB 

with low Hb expression undergoes another round of asymmetric cell division and produces a self-

renewing NB and GMC. U2 neurons are produced from the GMC, whereas the NB now expresses 

the next tTF in the cascade, Krüppel (Kr). In the 7-1 and other NB lineages such as 7-3, the second 

division is initiated by Svp, which promotes the transition from Hb to Kr (Kanai et al., 2005). This 

NB divides again, generating another NB and GMC, which produces U3 neurons. During the 

subsequent divisions, each NB upregulates the next tTF in the cascade, nub/pdm2 (collectively 

called Pdm) and Cas that each lead to the production of a self-renewing NB and a GMC 

(Grosskortenhaus et al., 2006). As with the previous GMC divisions, the daughter cells from the 

GMC gives rise to different motor neurons, namely U4 and U5. Therefore, tTFs open the temporal 

window conducive to produce a particular neuron, thereby acting permissively. This allows other 

factors, such as cell fate determinants, to then instruct the production of a particular cell fate in the 

temporal window established by tTFs. This is one of the key differences between tTFs and classical 

fate determinants observed in other parts of the CNS. Finally, the expression of the tTFs in the 

cascade progresses in the same manner when isolated NBs are cultured in vitro (Brody and 

Odenwald, 2000; Grosskortenhaus et al., 2005). This highlights the importance of a cell intrinsic 

temporal program that is independent of environmental signals. Therefore, a temporal competence 

cascade in the NBs is completed from Hb > Kr > Pdm > Cas.  

1.1.3.3 Deterministic model of temporal competence in VNC neuroblasts 

The role of the tTFs in cell fate competence of the fly NBs is a deterministic process. In a 

WT cascade, each division leads to the production of U1-5 motor neurons successively (Fig. 1.4B). 

If Hb is genetically knocked out, the NBs only lose competence to generate the earliest born 

neurons associated with the Hb competence window. However, the cascade keeps moving forward, 

as the rest of the neurons are generated normally (Isshiki et al., 2001; Novotny et al., 2002; Pearson 

and Doe, 2003). Conversely, sustained expression of Hb leads to overproduction of neurons with 

U1 identity at the expense of U2-5 neurons. Loss of Kr leads to the loss of U3 neurons, whereas 

sustained expression of Kr in the NBs leads to the overproduction of U3 neurons in the subsequent 

divisions, respectively (Cleary and Doe, 2006; Isshiki et al., 2001; Kanai et al., 2005). Similarly, 

Pdm and Cas are also sufficient and required for their respective motor neurons fates by regulating 
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temporal competence in the NBs (Grosskortenhaus et al., 2006). Interestingly, if Hb expression is 

maintained for a short period of time, the NBs revert to the intrinsic progression of the temporal 

cascade (Isshiki et al., 2001). This highlights the importance of maintained tTF expression to 

ensure temporal competence window conducive to produce a particular set of neurons is 

established. Nevertheless, each competence window is associated with the expression of its 

respective tTF, governed by a deterministic decision to produce one neuron over another. This also 

suggests that there could be a cross-regulatory mechanism present in the NBs to ensure the 

expression of each tTF is tightly controlled in its respective window. This could explain why the 

progression of the temporal cascade always moves forward even if one of the tTFs is deleted. 

1.1.3.4 Cross regulation of temporal transcription factors in the VNC neuroblasts 

Indeed, such a cross-regulatory mechanism exists in the NBs (Fig. 1.4C). In the 7-1 lineage, 

Hb activates Kr after the second NB division, which leads to high Kr expression (Grosskortenhaus 

et al., 2006; Isshiki et al., 2001; Kanai et al., 2005; Nakajima et al., 2010). High Kr expression 

represses Hb expression in the NB. As the NB divides, Kr activates Pdm, which then represses Kr. 

Similarly, Pdm activates Cas, which represses Pdm (Kambadur et al., 1998). Additionally, Hb 

represses Pdm and Cas, whereas Kr represses Cas, the tTFs expressed in the following NB 

divisions. This is important to maintain the expression of Kr in the NB while ensuring that the 

other competence factors are not precociously expressed. Cross-repression of tTFs is essential for 

the appropriate transition of NB temporal identity. This is evidenced by the ectopic expression of 

a form of Hb that can only acts as a transcriptional activator, which is not able to extend the Hb 

competence window (Tran et al., 2010). Therefore, a tightly controlled and temporally dependent 

cross-regulatory network exists between the tTFs during VNC development.  
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Figure 1.4: Temporal patterning in Drosophila melanogaster VNC. (A) Example of neuroblast 

7-1 division in which sequential expression of temporal transcription factors (tTFs) Hunchback, 

Krüppel, Pdm and Castor leads to the generation of distinct neuronal fates, adapted from (Kohwi 

and Doe, 2013). (B) Loss of function and gain of function experiments illustrating the importance 

of tTFs expression in their respective windows, adapted from (Egger et al., 2008). (C) Schematic 

representing cross-regulation of tTFs in the fly VNC, adapted from (Doe, 2017).  
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1.1.3.5 Is the same temporal cascade present in other NB lineages? 

The same tTF cascade acts in other NB lineages with a few variations. For example, in the 

7-3 lineage, these NBs generate EW1-3 motor neurons, but Cas is never expressed in the late NBs 

and the temporal cascade is only made up of Hb > Kr > Pdm (Isshiki et al., 2001; Novotny et al., 

2002). On the other hand, the 3-1 lineage has the same temporal cascade as 7-1. These NBs 

generate RP1, RP4, RP3, RP5 motor neurons from the first four competence windows regulated 

by Hbhigh, Hblow, Kr, Pdm and an interneuron from the fifth competence window regulated by Cas 

(Tran and Doe, 2008). Finally, in some cases such as 5-5 lineage, Hb or Kr are not expressed in 

the earliest NBs and instead, the temporal cascade is set up by Pdm, Cas and another tTF 

grainyhead (Grh) producing abdominal leucokinergic neurons (Benito-Sipos et al., 2010). 

Therefore, the main tTFs are similar in various NB lineage, the neurons produced after asymmetric 

division are different. 

1.1.3.6 Diversity in temporal transcription factors 

In other parts of the fly CNS, different sets of tTFs can collaborate to form a temporal 

competence cascade, producing completely different sets of neurons. One of the most well studied 

examples of this are the ~800 optic lobe NB present in the central brain at the larval stage that each 

give rise to different neurons and glia in a stereotypic manner. Instead of the Hb > Kr > Pdm > Cas 

cascade, the optic lobe employs a temporal cascade made up of Homothorax (Hth), Klumpfuss 

(Klu), Eyeless (Ey), Sloppy paired 1 and 2 (Slp), Dichaete (D) and Tailless (Tll) (Li et al., 2013; 

Suzuki et al., 2013). The cascade has generally the same characteristics as found in the VNC 

neuroblasts. During each successive NB division, tTF expression is activated in the order: Hth > 

Klu > Ey > Slp > D > Tll, leading to the production of a GMC that gives rise to two daughter cells. 

Interestingly, one of the two daughter cells express Notch (NotchON), whereas the other daughter 

cell does not express Notch (NotchOFF). Due to this, each of these daughter cell become a different 

type of neuron, thereby adding another level of diversity in neuron specification (Li et al., 2013). 

This feature is not present in VNC NBs as GMCs produce the same types of neurons. Moreover, 

in the optic lobe, there is also evidence of cross-regulation of tTFs, albeit partially (Li et al., 2013). 

In addition to these two tTF cascades, there is another temporal cascade that regulates 

competence in the larval thoracic NBs. These NBs have a temporal order of neuronal birth 
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producing Chimno+ve early born proximal motor neurons and Br-C+ve late born distal motor 

neurons sequentially (Maurange et al., 2008). Cas and Svp set up the early and late temporal phase 

of competence producing Chimno+ve neurons and Br-C+ve neurons, respectively. Therefore, in the 

fly CNS, there are multiple temporal competence cascades that confer competence to developing 

NBs to generate a wide variety of cells depending on the temporal and spatial context.  

Understanding how cell fate is regulated by tTFs in the fly system has been extensively 

studied but important questions in the field of vertebrate neurogenesis remain: Is the temporal 

cascade also conserved between invertebrates and vertebrates? Do vertebrates also utilize the same 

tTFs? To answer these questions, our lab and others use the developing mouse retina as a model 

system to study temporal patterning in vertebrates. 

1.2 Mouse retina: A molecular window into CNS development 

Similar to the rest of the CNS, the mouse retina is derived from the neural tube. Firstly, the 

anterior neuroepithelium protrudes towards the surface ectoderm to form the optic vesicle, 

reviewed in (Heavner and Pevny, 2012). Once the optic vesicle is formed, the surface ectoderm 

invaginates towards the neuroepithelium to form a cup-like shape, known as the optic cup. The 

surface ectoderm cells become the lens placode cells and release fibroblast growth factor (FGF) to 

instruct the neighboring neuroepithelium to become the neural retina (Hyer et al., 1998; Mikami, 

1939). On the other hand, the outer layer of the neuroepithelium becomes retinal pigmented 

epithelium (RPE) through activation of MITF (Nguyen and Arnheiter, 2000). As the invagination 

increases, the tips of the optic cup meet to complete a circular boundary of the lens vesicle. The 

developing RPE closes onto the developing neural retina to complete a bilayer consisting of the 

neural retina and RPE. The extreme region of the bilayer where the neural retina and the lens 

primordium meet, is specified into the ciliary marginal zone (CMZ). The CMZ generate the ciliary 

body and contributes to the production of retinal cell types in the periphery of the developing retina 

(Belanger et al., 2017; Fischer et al., 2013; Marcucci et al., 2016). Finally, after lens vesicle 

formation, the surface ectoderm becomes the corneal epithelium.  

The neurons and glia are generated from a pool of multipotent retinal progenitor cells 

(RPCs) located in the retinal progenitor layer (RPL) of the nascent retina. The spatial patterning 
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and morphogenesis events listed above lead to the specification of the neural retina and activate 

expression of many transcription factors involved in RPC proliferation and maintenance. Pax6, 

Rax, Vsx2, Sox2, Lhx2,Six3 and Six6 are factors that grants multipotency to the RPCs in a highly 

conserved GRN (detailed in section 1.3) (Carl et al., 2002; Chow et al., 1999; Jean et al., 1999; 

Liu et al., 1994; Loosli et al., 1999; Mathers et al., 1997; Oliver et al., 1995; Taranova et al., 2006; 

Zuber et al., 2003; Zuber et al., 1999). Loss of function mutations of these genes leads to 

anophthalmia or similar defects of eye morphogenesis in humans (Ferda Percin et al., 2000; 

Gallardo et al., 1999; Gallardo et al., 2004; Glaser et al., 1994; Voronina et al., 2004). This 

highlights the importance of these transcription factors in specifying the retina in the eye field, 

which is initially orchestrated by spatial patterning factors, reminiscent of the developing spinal 

cord.  

1.2.1 Cell type birth order in the mouse retina 

In the developing mouse retina as early as embryonic day 10 (E10), retinal ganglion cells 

(RGCs) are the earliest cells to be born from the pool of multipotent RPCs. This is followed by 

horizontal cells, cone photoreceptors and amacrine cells, all of which are born predominantly in 

the embryonic window (Carter-Dawson and LaVail, 1979a; Rapaport et al., 2004; Turner and 

Cepko, 1987; Turner et al., 1990; Young, 1985a, b). Rod photoreceptors, bipolar cells and Müller 

glia are born from postnatal day 0 (P0) to P10 and retinogenesis is completed by P14 (Fig. 1.5A). 

Postnatal RPCs generally undergo terminal divisions, giving rise to either neurons or glia. This 

temporal birth order is highly conserved in vertebrates, from fish to humans (Hendrickson, 2016; 

Hendrickson et al., 2016; Hendrickson and Yuodelis, 1984; Johns and Easter, 1977; La Vail et al., 

1991). In addition to the seven general mouse retinal cell types, there are 2 subtypes of cones, 

around 40 subtypes of RGCs, around 60 subtypes of amacrines, and around 15 subtypes of bipolar 

cells characterized so far from either morphological or transcriptomic analyses (Rheaume et al., 

2018; Shekhar et al., 2016; Yan et al., 2020).  

1.2.2 Anatomy of the mouse retina 

In the fully developed adult retina, rod and cone photoreceptors are arranged in the outer 

nuclear layer (ONL) and are responsible for light detection (Fig. 1.5B), reviewed in (Wässle and 
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Boycott, 1991). The inner segments of the photoreceptors contain the mitochondria, whereas the 

outer segments are comprised of membrane disks that contact the RPE cells. There are two types 

of cones in mice, M- and S-cones, whereas three types of cones in humans namely, L-, M- and S-

cones. Each of these subtypes of cones can detect certain wavelengths of light depending on the 

expression of the G-protein coupled receptor opsin protein, reviewed in (Kolb, 1995). Short 

wavelength opsin (S-opsin) detects light in the 400nm to 450nm range, mid wavelength opsin (M-

opsin) detects light in the 500nm to 575nm, and long wavelength opsin (L-opsin) detects light in 

the 525 to 625nm range. The diversity in the types of opsins in cones allows detection of colours 

in daylight conditions. On the other hand, the opsin expressed in rods is called Rhodopsin that can 

detect light in the 475 to 525nm range. Rods can only detect one photon of light at a time (Kefalov 

et al., 2003). Therefore, although they have both photoreceptors, rods are the primary source of 

light detection in nocturnal animals that rely on vision in dim-light conditions.  

Photoreceptors synapse with bipolar cells at the outer plexiform layer, whereas the cell 

bodies of the bipolar cells are located in the inner nuclear layer (INL) (Kolb, 1995). At the other 

end, bipolar cells synapse with RGCs at the inner plexiform layer (IPL). Cell bodies of RGCs are 

located in the ganglion cell layer (GCL). Therefore, bipolar cells mainly relay the electrical signal 

from photoreceptors to RGCs. RGCs send their projections to the brain through the neurofilament 

layer (NFL) that bundles into the optic nerve in the central retina. Horizontal and amacrine cells 

are located in the INL, with their dendrites spanning the OPL and IPL, respectively. These cells 

modulate the electrical activity generated by the phototransduction cascade in photoreceptors. The 

cell bodies of the Müller glia are also present in the INL, although the processes of these glia span 

the entire length of the retina. Müller glia are critical for homeostasis and structural support of the 

retina. Therefore, due to the precise organization of the retina, the temporal birth order of retinal 

cell types is important for the correct establishment of the circuitry responsible for light detection. 

In addition to the retinal cells born from RPCs, microglia and astrocytes are also present in the IPL 

and NFL, respectively, that migrate into the retina, reviewed in (Vecino et al., 2016). Since they 

originate from outside the retina, this will not be discussed in the context of temporal patterning.  
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Figure 1.5: Composition of the mouse retina. (A) Birth order of retinal cell types during 

retinogenesis, adapted from (Carter-Dawson and LaVail, 1979a, b; Rapaport et al., 2004; Young, 

1985a, b). (B) Seven cell types of the retina arranged in three distinct nuclear and synaptic 

layers. Created with Biorender.com. OS: Outer segment. IS: Inner segment. ONL: Outer nuclear 

layer. OPL: Outer plexiform layer. INL: Inner nuclear layer. IPL: Inner plexiform layer. GCL: 

Ganglion cell layer. NFL: Neurofilament layer. G.C: Ganglion cells. A.C: Amacrine cells. H.C: 

Horizontal cells. C: Cones. R: Rods. B.C: Bipolar cells. M.G: Müller glia. 

 

1.2.3 Mouse retina as a model to study temporal patterning 

The mouse retina is an elegant model to study neurogenesis and temporal patterning for 

several reasons. The genetic tools available for experiments in mice are very extensive, which 

allows for thorough characterization of function for a particular gene or pathway from genotype 

to phenotype. There are two retinas per animal which allows for efficient experimental design. 

Moreover, the retinas are easily accessible for experimentation and not essential for the survival 

of the mouse. This allows in vivo experiments to be performed without risking the health of the 

mouse. The number of cell types are relatively few compared to the enormous types of neurons 

present in the central brain regions such as the neocortex. There are also many known cell-type 

specific markers for each retinal cell type, which allows accurate identification. The temporal order 

of birth in the retina is generally divided in two main stages, an early embryonic and late post-

natal window. This is useful for efficient experimental design to study novel candidate tTFs 

involved in temporal patterning.  

In the past, many labs have uncovered the important events of RPC differentiation in the 

developing retina. There are many questions of immense interest in the retinogenesis field: 1) How 
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is the retina temporally patterned? 2) Do environmental factor shape the cell fate output from an 

RPC? 3) What are the tTFs, if any, expressed and functioning in the developing mouse retina? 4) 

How different are the principles behind RPC differentiation in the mouse retina and NB 

differentiation in the fly VNC? To answer these questions, this next part will discuss what is known 

about the molecular components of cell fate determination in the mouse retina. 

1.3 Cell fate determination in the retina 

As there is an overlapping sequence of birth between the various cell types of the retina, a 

simple deterministic model such as the one present in the fly VNC neuroblasts does not fully 

explain how cell fate determination takes place in the retina. Some late born cell types are born in 

the early window whereas some early born cell types are born in the late window, albeit there 

being a discrete boundary between the peak production timing of early and late born cell types 

(Carter-Dawson and LaVail, 1979a, b; Young, 1985a, b). This implies that a single RPC in the 

early window has the competence to generate all seven cell types in the embryonic stage. If not a 

deterministic model, what could explain the overlap in the temporal order of cell birth? What 

factors are involved in cell fate determination of the retinal cell types from RPCs? 

1.3.1 Retinal progenitor cells 

As mentioned earlier, seven retinal cell types are formed from the same pools of 

multipotent RPCs and this feature is well conserved between vertebrate species (Fekete et al., 

1994; Holt et al., 1988; Reese et al., 1999; Turner and Cepko, 1987; Turner et al., 1990). Do 

environmental signals play a role in modulating the types of neuron RPCs produce or is it 

completely governed by a cell intrinsic mechanism? To answer this question, heterochronic 

experiments performed by culturing the embryonic RPCs with the postnatal retina and vice versa, 

to assess whether co-culturing with a retina belonging to a different temporal stage could affect 

cell fate specification (Belliveau and Cepko, 1999). Interestingly, there was a decrease in the early 

cell types generated from the early RPCs when cultured with a postnatal retina. However, these 

RPCs do not precociously generate late cell types outside their temporal window of birth. This 

suggests that environmental signals might affect proportions of the cells made in a particular 

window, but they do not alter the temporal birth windows. Many such environmental signals have 



33 

 

been discovered such as CNTF, EGF, FGF, TGFα, TGFβII and Shh that modulate either rod or 

RGC production in their respective windows (Altshuler and Cepko, 1992; Altshuler et al., 1993; 

Belliveau et al., 2000; Ezzeddine et al., 1997; Kelley et al., 1994; Kim et al., 2005; Kirsch et al., 

1996; Kirsch et al., 1998; Levine et al., 1997; Lillien, 1995; Ma et al., 2007; Neophytou et al., 

1997; Ozawa et al., 2007; Wang et al., 2005; Yu et al., 2006). This suggests that an intrinsic 

mechanism must be in place in RPCs that controls the temporal window of birth.  

Clonal density cultures of individual RPCs that cannot contact each other, grown in a 

general culture medium, and imaged overtime using time-lapse, have demonstrated that RPCs can 

generate the same types of cells, although the temporal order of birth was not assessed (Jensen and 

Raff, 1997). A follow up study, expectedly, showed that clones produced by RPCs in clonal density 

cultures are of the same size and composition as clones that develop in retinal tissue explants 

(Cayouette et al., 2003). This suggests that without the influence of environmental signals, RPCs 

can generate the similar proportions of retinal cells compared to retinal explants, possibly through 

an intrinsic program of cell fate determination.  

1.3.2 Stochastic model of cell fate determination 

Murine RPC potential cannot be probed the same way as Drosophila melanogaster NBs 

because it is not known whether the same individual RPC in a particular region of the retina would 

lead to the same lineage in different animals. This is mainly due to the lack of tools in rodent 

models available to specifically label the same progenitor between different animals, which is 

possible with flies due to the stereotypic arrangement of the NBs in columns and rows. On a 

general population level, it has been shown that RPC differentiation initiates in the central retina 

and progresses peripherally (Wong et al., 2002).  A stochastic model of cell fate determination has 

been developed to explain how RPC differentiation takes place at a population level. The stochastic 

model dictates that RPCs differentiate in a biasing manner, where the probability of acquiring one 

cell fate over the other is based on the variations that exist in the cell, whether genetic or 

environmental (Gomes et al., 2011; He et al., 2012). Time-lapse imaging and lineage 

reconstruction of rat RPCs, a similar rodent model to mouse RPCs, demonstrated that RPCs 

undergo three main modes of divisions: Progenitor-Progenitor (P-P), Progenitor-Differentiated 

cell (P-D), or Differentiated cell- Differentiated cell (D-D) (Gomes et al., 2011). RPCs were 
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counted as they underwent a P-P, P-D, or D-D divisions and the lineages associated with the 

divisions were re-constructed to statistically test the possibility of a stochastic mechanism (Gomes 

et al., 2011). Interestingly, when compared to a computer-generated stochastic model of fixed 

probabilities projected from the published birth-dating data, the reconstructed lineages showed a 

similar distribution. This suggests that RPCs likely decide the cell fate of the daughter on a 

population level stochastically. A similar stochastic mode of RPC differentiation was detected 

from lineage re-construction of zebrafish RPCs in vivo (He et al., 2012). From this model, it can 

be postulated that intrinsic temporal competence of an RPC, along with certain extrinsic signals 

and a mechanism of stochastic cell fate choice could all collaborate to determine the fate of the 

daughter cell.  

A combinatorial model could also help explain why there is heterogeneity between 

different RPCs at the same age. For example, not all RPCs at the late-stage are similar to each 

other as demonstrated by a previous microarray study and recently by scRNA-seq (Clark et al., 

2019; Trimarchi et al., 2008). Generally, this stochastic model applies to RPCs undergoing PD 

divisions. However, there has been evidence of restricted lineages of RPCs that only generate the 

same types of cells after terminal division, thereby undergoing DD divisions.  

1.3.3 Fate restricted RPCs 

One of the most well studied examples of restricted RPCs is a population of bHLH 

transcription factor Olig2+ve RPCs present throughout retinogenesis. By employing an elegant 

TVA-dependent gammaretroviral lineage tracing strategy, it was shown that the terminally 

dividing Olig2+ve RPCs always generate cones and horizontal cells after their division during the 

early embryonic period (Hafler et al., 2012). In contrast, during postnatal retinogenesis, terminally 

dividing Olig2+ve RPCs could only generate rods and bipolar cells. This raised the possibility of 

the presence of fate restricted RPCs that always generate the same types of cells. This lineage 

tracing strategy also revealed that these restricted RPCs are generated from multipotent RPCs. 

Similarly, Atoh7 and Ascl1 are other bHLH transcription factors that label distinct RPC lineages. 

Atoh7+ve RPCs generate early born cell types including RGCs whereas Ascl1+ve RPCs never 

generate RGCs  (Brown et al., 1998; Brzezinski et al., 2011; Brzezinski et al., 2012; Mu et al., 
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2005; Wang et al., 2001).  Additionally, Cdh6+ve RPCs also mainly generate a particular subtype 

of RGCs (De la Huerta et al., 2012).  

Recent advances in single cell RNA-sequencing technology have revealed some insights 

on the molecular difference between the fate restricted RPCs and multipotent RPCs. In a 

pioneering study to assess the changing transcriptomic landscape of mouse retinogenesis from as 

early as E11 to P14, it was discovered that restricted RPCs vary considerably at the transcriptomic 

level (Clark et al., 2019). Labelled as ‘Neurogenic RPCs’, these fate restricted RPCs express all of 

the factors mentioned above. Cell fate trajectories were computed using Monocle, a software that 

generates pseudotime plots from scRNA-seq datasets of different temporal stages. This suggested 

that fate restricted RPCs were derived from multipotent RPCs. Additionally, they cluster in 

between multipotent RPCs and the differentiated retinal cell types associated with the restricted 

RPCs. This highlights a key point that restricted RPCs are transitionary cells and part of the 

multipotent RPC lineage, as previously observed (Hafler et al., 2012). Another study showed using 

scRNA-seq of Atoh7 labels the population of RPCs in transition to become early cell types 

including RGCs. In the Atoh7 knockout restricted RPCs, there is an increase in Neurog2 and 

Neurod1 gene expression, two genes important for photoreceptor specification (Wu et al., 2021). 

Another scRNA-seq dataset, generated from the temporal stages of human fetal retinal 

development, have shown that these same factors are expressed in early and late human RPCs, that 

hierarchically precede the fate restricted RPCs (Lu et al., 2020). This suggests that the presence of 

fate restricted RPCs could be conserved in higher vertebrates and could rely on the same set of 

genes such as ATOH7 and OLIG2.  

1.3.4 Multipotency in RPCs 

There have been many factors discovered that bestow multipotency to RPCs. One of the 

most well studied factors is Pax6, which is required for the specification of the retina and lens 

placode cells (Ashery-Padan et al., 2000; Collinson et al., 2000; Glaser et al., 1994; Grindley et 

al., 1995; Walther and Gruss, 1991). Since Pax6 is expressed in the optic vesicle, conditional 

knockouts were generated that specifically delete Pax6 in RPCs after the retina has been specified. 

It was shown that Pax6 cKO retinas only produce amacrine cells and Pax6 regulates the expression 

of bHLH transcription factors such as Atoh7, Neurog2 and Neurod1 (Marquardt et al., 2001). This 
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suggests that Pax6 allows RPCs to generate the full repertoire of retinal cell types. Additionally, 

genes involved in the initial induction of the retinal tissue also regulate RPC multipotency. Rax, 

Vsx2, Sox2, Six3 and Six6 are multipotency factors, part of a highly conserved gene regulatory 

network (Dhomen et al., 2006; Diacou et al., 2018; Jean et al., 1999; Mathers et al., 1997; Oliver 

et al., 1995; Taranova et al., 2006). Lhx2 was also discovered as an important regulator of RPC 

proliferation and maintenance. Lhx2 knockout retinas have decreased RPC due to early cell cycle 

exit, which leads to the generation of neurons by symmetric divisions (Gordon et al., 2013). 

Therefore, an intricate genetic network establishes multipotency in RPCs and as detailed above, 

allow the expression of certain bHLH transcription factors and neurogenic genes that promote 

particular cell types in an instructive manner.  

Notch signaling also plays a key role in maintaining multipotency in RPCs as well as 

multiple roles in other cell systems including angiogenesis, reviewed in (Kofler et al., 2011). Notch 

pathway consists of transmembrane receptors, Notch1-4, and ligands Dll1, Dll3, Dll4, Jag1 and 

Jag2. Trans-interaction between the receptor in one cell and the ligand in the neighboring cell leads 

to the cleavage of the intracellular domain of the notch receptor, NICD. This activates downstream 

genes such as Rbpj, Hes1 and Hes5, that transcriptionally modulate proliferation in RPCs (Jadhav 

et al., 2006a; Kechad et al., 2012; Nelson et al., 2007; Riesenberg et al., 2009; Takatsuka et al., 

2004; Yaron et al., 2006; Zheng et al., 2009). This induces lateral inhibition in the dividing RPCs 

to regulate neural determination in the neighboring cells. Notch dependent lateral inhibition in 

RPCs has also been shown to be well conserved between vertebrate species (Austin et al., 1995; 

Bao and Cepko, 1997; Dorsky et al., 1995; Henrique et al., 1997; Scheer et al., 2001). Lateral 

inhibition by Notch signaling only modulates the number of neurons or glia made by a particular 

RPC. However, it does not impact the competence to generate a cell outside its window of 

development.  

In addition to lateral inhibition, Notch activation is essential for RPCs to respond to Shh 

signaling. Inactivation of the Notch pathway leads to the reduction of all Gli proteins, the 

transcriptional components of the Shh pathway, as well as Shh induced proliferation (Ringuette et 

al., 2016). Additionally, Shh signaling also stabilized the downstream notch component Hes1 in a 

notch independent manner. Taken together, both pathways help to maintain the proliferation and 

differentiation in RPCs (Wall et al., 2009).  
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1.4 Temporal transcription factors of the developing retina 

A stochastic model of RPC differentiation has been proposed, in which ‘biasing’ factors 

shift the probability to generate one cell type over the other to grant temporal competence. As 

previously detailed in fly VNC development, tTFs could explain how RPCs gain the competence 

to generate early-born cell types and late-born cell types during retinogenesis. To uncover these 

tTFs, homologues of the early tTF in flies, Hunchback, was first assessed as a candidate tTF in the 

early window of retinogenesis. There are 5 homologues of the Hunchback gene, all belonging to 

zinc-finger family of transcription factors, Ikzf1, Ikzf2, Ikzf3, Ikzf4 and Ikzf5 (Powell et al., 2019). 

Many studies have uncovered the role of Ikzf family members in haematopoiesis (Georgopoulos 

et al., 1992; Hahm et al., 1998; Honma et al., 1999; Kelley et al., 1998; Morgan et al., 1997; 

Perdomo et al., 2000). Out of the five Ikzf family members, Ikzf1 has been the most well studied.  

1.4.1 Ikzf1, a functionally diverse transcription factor 

Equipped with a dimerization and DNA-binding domain, Ikzf1 is a versatile modulator of 

many different cell fates during development, ranging from the neuro-endocrine to hematopoietic 

system (Allman et al., 2006; Dumortier et al., 2003; Wu et al., 1997). Prominently, Ikzf1 functions 

in the developing thymus, generating subtypes of CD4+ve T-helper cells and B-cells (Davis, 2011; 

Kirstetter et al., 2002; Klug et al., 1998; Molnár et al., 1996; Payne et al., 2003; Payne et al., 2001; 

Quirion et al., 2009; Thomas et al., 2010; Wong et al., 2013). Mutations of Ikzf1 are associated 

with primary immunodeficiency as well as T-cell and B-cell acute lymphoblastic leukemia 

(Eskandarian et al., 2019; Kuehn et al., 2016; Yoshida et al., 2017). Ikzf1 is also expressed in 

several parts of the CNS (Agoston et al., 2007; Ezzat et al., 2006; Gray et al., 2004). Although 

there is considerable knowledge on how Ikzf1 modulates different immune cell fates, Ikzf1 

function in the developing CNS has not been carefully examined, with the exception of a few 

studies.  

1.4.1.1 Ikzf1 as a temporal transcription factor 

Ikzf1 was found to be expressed in dividing RPCs during early retinogenesis and 

progressively decreases in expression during late retinogenesis (Elliott et al., 2008). Ikzf1 
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expression localized to differentiated early born cell types such as amacrine cells, horizontal cells 

and RGCs at P2. To assess whether Ikzf1 can suppress RPC differentiation into late born cells, 

Ikzf1 was misexpressed in late RPCs. Remarkably, Ikzf1 promoted the production of early-born 

cells, except cones, from late RPCs at the expense of late born cell types, suggesting a shift in the 

window of temporal competence. It was also shown that Ikzf1-/- retinas have reduced number of 

all early born cell types, except cones. Therefore, it was concluded that Ikzf1 confers early 

temporal competence to RPCs during retinogenesis, similar to Hunchback in fly VNC 

development (Fig. 1.6A). This was the first evidence of a tTF in the developing mammalian CNS.  

Interestingly, a similar temporal logic was observed in the developing mouse cortex. It was 

shown that Ikzf1 is highly expressed in early radial glial and intermediate progenitors in the 

ventricular zone (VZ) compared to late progenitors (Alsiö et al., 2013). Sustained expression of 

Ikzf1 in early-stage progenitors led to an increase in deeper layer fates, which are produced during 

the early window of corticogenesis. This was accompanied by a decrease in superficial layer 

neurons born later in development, suggesting an extension of temporal competence of early born 

neurons. A key experiment showed that if dividing cells were labelled by BrdU after sustained 

expression of Ikzf1, there was an extension of the window of deeper layer neuron production, 

reminiscent of Hb in fly VNC development. However, Ikzf1 was not sufficient to confer early 

temporal competence to late radial glial progenitors. This suggests that Ikzf1 alone might not be 

able to overcome the cellular and epigenetic barriers to shift the temporal stage of the progenitor. 

Moreover, mice expressing Ikzf1 without exon 7, which codes the DNA-binding domain, showed 

no defects in superficial and deeper layer neuron numbers. This suggested the possibility of 

redundancy between the Ikzf family members, most of which are expressed during corticogenesis 

(Alsiö et al., 2013). Nevertheless, this study demonstrated that Ikzf1 alone can extend the window 

of early temporal competence in the cortex, similar to the retina.  

Despite a major advancement in our understanding of temporal patterning in mammalian 

central nervous system development, mechanistic insights on how Ikzf1 functions in the 

developing retina were not explored. Moreover, at the time, it is unclear whether homologues of 

the rest of the genes in the temporal cascade also function similarly in the developing mouse retina. 

A promising candidate for late temporal competence was Casz1, the mammalian homologue of 

the Cas in flies. 
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1.4.2 Casz1, the late temporal transcription factor 

Casz1 is a zinc finger transcription factor first implicated in neurogenesis and heart 

development (Vacalla and Theil, 2002). In the same study, prominent expression of Casz1 was 

discovered in developing cardiogenic mesoderm, tubular heart and neural tube at E8. Subsequent 

studies have detailed the role of Casz1 in cardiac morphogenesis, various cancers, spinal cord 

development and skeletal muscle differentiation (Christine and Conlon, 2008; Liu et al., 2014b; 

Liu et al., 2011; Liu et al., 2020b; Monteiro et al., 2016; Virden et al., 2012; Wu et al., 2016). 

Interestingly, Casz1 was shown to be expressed in a low-early and high-late temporal order in the 

developing mouse retina but function of Casz1 was not studied (Blackshaw et al., 2004). 

Therefore, the role of Casz1 in regulating late temporal competence in RPCs was examined in a 

recent study. It was shown that Casz1 expression in RPCs was first detected at E16 and 

progressively increased in late RPCs at P0 (Mattar et al., 2015). Since Casz1 expression was low 

in the early RPCs at E13, Casz1 was overexpressed in early RPCs to assess whether this would 

lead to generation of late born neurons. As expected, misexpression of two Casz1 isoforms, 

Casz1v1 and Casz1v2, in early RPCs led to the suppression of early fates and overproduction of 

all late fates, except Müller glia, from early RPCs. Inversely, Casz1 conditional knockouts (cKO) 

had decreased rod numbers and an increase in all early fates. Taken together, this suggests that 

Casz1 is an important regulator of late temporal competence in the developing mouse retina (Fig. 

1.6A). Another key observation from the study was that Ikzf1 regulates Casz1 levels during early 

retinogenesis. Ikzf1 overexpression during early retinogenesis led to a decrease in Casz1 antibody 

signal. Ikzf1 fused with the activating VP16 peptide, led to an inverse increase in Casz1 antibody 

signal. This suggested a model, in which Ikzf1 represses Casz1 in the early retina and as the levels 

of Ikzf1 decrease in RPC, due to a yet unidentified factor, Casz1 is de-repressed, which allows the 

initiation of the late temporal competence window. Therefore, this study showed that the 

Drosophila melanogaster VNC temporal cascade is partly conserved in the developing mouse 

retina (Fig. 1.6B).  

Follow up studies provided more mechanistic insights on how Casz1 regulates the early to 

late temporal identity transitions in the developing retina. Through a BioID proteomics screen, it 

was shown that Casz1 interacts with the nucleosome remodeling and deacetylase (NuRD) complex 

during development (Mattar et al., 2021). NuRD and polycomb repressor complexes were required 
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for the function of Casz1 in promoting the rod fate and suppressing the Müller glia fate, the latest-

born cell type. This provided epigenetic and mechanistic explanations on how Casz1 regulate late 

temporal identity in the developing retina. Additionally, in the adult retina, it was shown that Casz1 

controls the nuclear organization of the developing rod photoreceptors by repressing nuclear 

lamins and interacting with polycomb repressor complex proteins (Mattar et al., 2018). 

Collectively, these studies highlight the role of Casz1 in regulation of chromosomal conformation. 

Although there is a partial conservation of the tTFs, there are some retinal cell fates that 

have not been accounted for. In the Ikzf1 gain and loss of function experiments, cone numbers 

were not altered (Elliott et al., 2008). On the other hand, Casz1 gain of function experiments do 

not lead to changes in Müller glia numbers, whereas loss of Casz1 leads to an increase in Müller 

glia numbers (Mattar et al., 2015). This suggests that other mammalian homologues of the fly 

temporal cascade might be regulating temporal competence of cones and Müller glia in the 

developing retina.  

 

Figure 1.6: Temporal competence in the developing mouse retina. (A) Schematic outlining the 

current model of temporal competence in the mouse retina. (B) Transcriptional regulation of Casz1 

by Ikzf1 similar to the fly temporal competence cascade (Elliott et al., 2008; Mattar et al., 2015). 

G.C: Ganglion cell. H.C: Horizontal cell. A.C: Amacrine cell. B.C: Bipolar cell. Figure generated 

by Awais Javed. 
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1.4.3 Cone development: A colourful affair 

In most diurnal retinas, cone photoreceptors are enriched in a region of the macula called 

the fovea that contains around 200 times more cones than the rest of the retina (Abramov et al., 

1982; Hendrickson, 1992, 2016; Hendrickson and Kupfer, 1976; Hendrickson et al., 2016; 

Hendrickson and Yuodelis, 1984; Mann, 1928; Provis et al., 1998). In many lower vertebrates such 

as birds, a similar high acuity area (HAA) with high density of cones is present. This makes the 

avian retina an attractive model to study foveal development, but not necessarily a good model to 

study temporal competence of cone development. In a study to uncover the molecular mechanism 

behind HAA formation, it was shown that early spatial patterning by retinoic acid (RA) regulated 

the HAA in chicks (da Silva and Cepko, 2017). It was hypothesized that RPCs in this region are 

primed to specifically generate cones, but the temporal order of birth was not altered. This suggests 

that although spatial cues might increase cone number in a particular region, cones are still born 

in their temporal window, similar to other retinal cell types. Therefore, a nocturnal animal model 

such as the mouse is more appropriate to study cone development. Mouse cone numbers are 

generally even across the adult retina, with a mild increase in cone numbers in the central compared 

to the peripheral retina as well as slight increase in the dorsal compared to the ventral half of the 

retina (Jeon et al., 1998). Moreover, it is easier to discern the role of spatial cues with temporal 

cues in the mouse retina model because such a high acuity or foveal region does not exist. Cones 

and rods are distributed in a 1:30 ratio across the various regions of the mouse retina, which allows 

easier examination of cones. Moreover, M-cones are enriched in the ventral retina whereas S-cones 

are enriched in the dorsal retina. Generally, cones express both opsins in the central retina, which 

allows experimental focus on the RPC to cone specification step rather than cone subtype 

differentiation (Ortin-Martinez et al., 2014). 

Interesting questions have been raised about the temporal birth order and patterning of both 

photoreceptors. Are cones and rods derived from the same photoreceptor precursor? What are the 

molecular mechanisms that ensure the cone and rod numbers are maintained at a 1:30 ratio? How 

is the gradient of cone subtypes maintained in the developing mouse retina? 
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1.4.3.1 Transcriptional dominance model of photoreceptor development 

In the current model of cone genesis, there is considerable knowledge in how post-mitotic 

cells divide and generate cones, but not much is known about what kind of factors promote cone 

production from RPCs. Terminally dividing Olig2+ve neurogenic RPCs generate cones and 

horizontal cells due to the action of Onecut1 on upregulating the expression of Thrb gene, one of 

the earliest cone markers (Emerson et al., 2013; Hafler et al., 2012). What about multipotent RPCs 

that continue dividing and generate a self-renewing RPC and another daughter cell? Since only a 

proportion of cones are generated from Olig2+ve RPCs (Hafler et al., 2012), what factors regulate 

cone development from multipotent RPCs? The current model in cone development called the 

transcriptional dominance model has been proposed to explain how photoreceptor development 

takes place in the post-mitotic precursor. RPCs fated to generate a cone photoreceptor first give 

rise to a Otx2+ve/Crx+ve generic photoreceptor precursor. Mouse retinas lacking Otx2 and Crx 

expression, both homeodomain containing proteins, have diminished photoreceptor numbers, 

whereas Otx2-/- also have reduced bipolar cells (Furukawa et al., 1997; Nishida et al., 2003). 

Mechanistically, Otx2 transactivates Crx, which then binds to key photoreceptor specification 

genes (Chen et al., 1997). In addition to Crx, Otx2 also upregulates Blimp1 that represses bipolar 

fate specification gene, Vsx2, in post-mitotic cells fated to become photoreceptors (Brzezinski et 

al., 2010; Katoh et al., 2010). Blimp1-/- retinas have normal Otx2 expression but overproduced 

bipolar cells at the expense of rod photoreceptors. This suggests a binary fate choice exists at the 

level of the post-mitotic cells to ensure the appropriate number of rods and bipolar cells are made 

(Fig. 1.8). If the Otx2+veCrx+ve photoreceptor precursor fate decision is committed, these 

photoreceptor precursors are faced with another binary fate choice to become either a cone 

precursor or a rod precursor (Fig. 1.7). It has been shown that Nrl, a neural leucine zipper 

transcription factor, regulates the suppression of the cone fate and promotion of the rod fate (Mears 

et al., 2001). Nrl knockout retinas have no rods and all photoreceptors become S-cones that 

exhibited some morphological and gene expression characteristics of rods (Daniele et al., 2005; 

Montana et al., 2011). Similarly, overexpression of Nrl in the photoreceptor precursors leads to 

the conversion of all cones into rods highlighting the instructive role of Nrl in promoting the rod 

fate (Oh et al., 2007). In this model, Nrl is the central rod versus cone cell fate modulator, but the 

factors that regulate its expression in the early retina remain elusive (Fig, 1.8).  
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1.4.3.2 Rod specification 

According to the transcriptional dominance model, if a photoreceptor precursor is biased 

to become a rod precursor, Nrl is activated in these precursors by Retinoid-related orphan receptor 

β, Rorb (Jia et al., 2009; Wang et al., 2014). Rorb-/- exhibited a similar phenotype to Nrl-/-, which 

included the loss of rod fate and gain of cone fate with primitive outer segments, suggesting a 

secondary role in cones after fate specification. Crx is another the upstream activator of Nrl, that 

utilizes a homeobox motif at the promoter of Nrl to upregulate its expression (Furukawa et al., 

1997). Nrl activates Nr2e3 expression, an orphan nuclear receptor, synergistically with Crx by 

binding to the promoter Nr2e3 (Oh et al., 2008). Nrl activates rod gene expression including 

rhodopsin by binding to a consensus binding motif at the promoter of Rho gene (Chen et al., 1997; 

Mitton et al., 2000). In addition to Nrl, Rorb also activates Blimp1, Nr2e3 and Crx with cooperative 

binding of Otx2 to promote the rod fate (Jia et al., 2009; Wang et al., 2014). Nr2e3 maintains the 

rod fate and suppresses cone gene expression (Cheng et al., 2006; Cheng et al., 2004a; Oh et al., 

2008). This was shown by overexpression of Nr2e3 in the S-cone only Nrl-/- retinas, which led to 

the repression of S-opsin expression and reversal of some rod nuclear features as well as 

electroretinogram responses. Since Nr2e3 did not completely rescue the loss of Nrl and the 

resulting rod-like cells were not similar to normal rods, it was postulated that Nrl has other key 

targets important for rod differentiation. Indeed, follow up studies revealed Esrrb, Mef2c, Kdm5b 

and Nono genes required for the maintenance and survival of rods, which are important 

transcriptional targets of Nrl (Hao et al., 2012; Hao et al., 2011; Onishi et al., 2010; Yadav et al., 

2014). Therefore, a transcriptional dominance gene regulatory network is established with Nrl at 

the center of the binary choice between rods and cones (Fig. 1.7). All photoreceptor precursors 

become cones if no inducing factors influence the choice (Swaroop et al., 2010).  

1.4.3.3 Cone specification  

If the photoreceptor precursor becomes a cone precursor as a result of upstream factors, 

Nrl expression levels are not high enough to promote the rod specification GRN in these precursors 

(Akimoto et al., 2006; Mears et al., 2001; Oh et al., 2007). Currently, there are no factors 

discovered that are direct repressors of Nrl in cone precursors. However, the downstream processes 

after cone specification have been uncovered. Thyroid hormone receptor beta, Thrb2, is expressed 
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in all cone precursors as it is one of the earliest markers for cone precursors (Ng et al., 2001; Ng 

et al., 2011; Ng et al., 2009). Thrb2-/- retinas have no M-cones and lack of gradient of S-opsin 

expression, suggesting that it is required for mature cone gene expression. The total number of 

cones are not changed in these retinas, suggesting that Thrb2 is not required for cone fate 

specification. In addition to Thrb2, another early marker expressed in all cone precursors called 

retinoid X receptor-gamma, Rxrg, also represses the S-opsin expression gradient in cones rather 

than cone fate, by heterodimerizing with Thrb2 (Roberts et al., 2005). Unlike Thrb2, Rxrg is not 

required for M-cones as Rxrg-/- retinas have normal M-cone numbers. Therefore, an M-cone versus 

S-cone fate choice exists in the cone precursor that is dictated by the expression of Thrb2. 

Additionally, Neurod1 is required for the expression of Thrb2 through an intronic CRM, and opsin 

genes  (Liu et al., 2008). NeuroD1-/- have reduced mRNA levels of Thrb2 and an identical 

phenotype to Thrb2-/-.  

What factors ensure M-opsin and S-opsin expression in arranged in a dorsoventral gradient 

in the mouse retina? This patterning of opsin gene expression is achieved from fly seven-up 

homologues and nuclear receptors, Couptf1 and Couptf2, also called Nr2f1 and Nr2f2. Couptf1/2 

are expressed in the developing retina in a high-dorsal and low-ventral gradient (Satoh et al., 2009). 

Moreover, BMPR conditional knockouts have perturbed expression of these receptors and a 

disruption of the S-opsin gradient, suggesting an upstream regulatory mechanism dependent on 

BMP. Conversely, Couptf1 cKOs have elevated S-opsin, suggesting that Couptf1 might work in 

concert with Thrb2 and Rxrg to promote the M-cone fate. Since there was no difference in total 

cone number, these factors do not affect the cone fate specification, but rather the distribution of 

sub-types of cones. Rorb collaborates with Crx to bind and upregulate S-opsin expression in the 

postnatal retina, in addition to its role in rod differentiation (Srinivas et al., 2006). Another retinoid 

related orphan receptor alpha, Rora, is required for the induction of both M- and S-opsin during 

maturation of cones (Fujieda et al., 2009). Rora collaborates with Crx to activate the promoter and 

CRMs of S-opsin/M-opsin and Arr3 genes, the latter of which is expressed in all cones and is an 

important component of phototransduction in cones (Krupnick et al., 1997). Taken together, these 

data suggest that if no inducing factors are expressed in cone precursors, the default cone subtype 

is the S-cone fate. This completes the default transcriptional dominance model in which RPCs 

divide and undergo three levels of binary fate choice decisions. The first one being the decision 

between a photoreceptor precursor and other cell fates, the second being the one between cones 
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versus rods and the final being the choice between M-cone versus S-cone (Fig. 1.7). As mentioned 

previously, although there have been rod promoting factors uncovered that act instructively to 

promote the rod fate, our understanding on cone promoting factors is poor. 

1.4.3.4 Why is understanding the mechanisms behind cone development important? 

There has been an increasing need to uncover novel regulators of cone development from 

RPCs. Retinal degenerative disorders such as Aged-related macular degeneration (AMD) and 

Stargardt’s disease, lead to the initial degeneration of cones and then rods, reviewed in (Jones et 

al., 2017; Tanna et al., 2017). As humans rely primarily on cones for daylight and color vision, 

there is a huge interest in the field to find novel methods to replace the degenerated cones. One 

such method is cell replacement therapies, which entails transplantation of cones from ESC-

derived retinal organoids into the retinas of patients with retinal degenerative diseases, reviewed 

in (Javed and Cayouette, 2017). However, production of cones from ESC-derived retinal organoids 

is not efficient as there is a temporal limit to produce cones, although many protocol have been 

used to optimize the production of cones (Brooks et al., 2019; Gonzalez-Cordero et al., 2018; Kaya 

et al., 2019; Kim et al., 2019; Ovando-Roche et al., 2018; Welby et al., 2017). Moreover, some 

studies have utilized extrinsic signals such as a Wnt/BMP/TGFβ antagonist COCO, have been 

successful at generating cone rich hESC-derived retinal sheets (Pan et al., 2020; Zhou et al., 2015). 

Although promising in its application, it is unclear whether the cones generated are functional.  

There have been issues with the transplantation strategies, the most prominent one being 

the recently uncovered transfer of materials such as GFP from the transplanted donor cells to the 

host photoreceptors (Decembrini et al., 2017; Ortin-Martinez et al., 2017; Pearson et al., 2016; 

Santos-Ferreira et al., 2016; Singh et al., 2016). A proposed method to overcome this issue is to 

transplant cones into an ONL degenerative retina. These retinas do not have photoreceptors, but 

they have an intact INL and GCL. This could help minimize the instance of material transfer during 

experimentation procedures (Gasparini et al., 2019). Although promising, the application of this 

method remains to be fully explored. Nevertheless, there is still a need to discover tTFs for cone 

development to complement the current methods of generating ESC-derived organoids with 

enriched and functional cones. Since cones are generated in the early window, could the 

mammalian homologues of either Kr or Pdm in the fly VNC development play a role in regulating 
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their temporal competence? Kr has around 17 mouse orthologues, Klf1-17. Some Klf members 

have been shown to be sufficient for RGC development, although there is a high level of 

redundancy in their function (Moore et al., 2009; Rocha-Martins et al., 2019). On the other hand, 

the most similar mouse homologues for Pdm are Pou2f1, Pou2f2 and Pou2f3, all of which have 

been largely unexplored in the development of CNS. This next section will detail the current 

knowledge on the Pou2f family of genes. 

 

 

Figure 1.7: Transcriptional dominance model of photoreceptor differentiation. Adapted from 

(Swaroop et al., 2010). Exit from cell cycle by RPC leads to possibilities of three general cell state 

transitions in post-mitotic cell fated to become either a rod or cone. Three binary cell fate decisions 

governed by Blimp1, Nrl and Thrb2 are made by the postmitotic cell to become either M-cone, S-

cone, or Rod. Dashed lines indicate cell division whereas solid lines indicate cell state transition 

possibilities without undergoing cell division. RPC: Retinal progenitor cell. 
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1.4.4 Pou2f family: POU-erful regulators of chromatin 

Pou2f1 and Pou2f2 were first discovered as DNA binding proteins, originally named Otf1 

and Otf2 and later classified to Oct1 and Oct2, binding to the DNA motif ATGCAAAT (Gerster 

and Roeder, 1988; O'Neill et al., 1988; Pruijn et al., 1986). Parallel studies on another set of 

transcription factors called Nuclear factor I (NF-A2) and III (NF-A1), showed that these two 

proteins bound a DNA binding motif of TAATGA that also contained overlaps with the Pou2f1/2 

DNA binding motif (Gerster and Roeder, 1988). Interestingly, it was later revealed that NF-A1/2 

and Pou2f1/2 could be the same proteins as they were functionally identical (Clerc et al., 1988; 

O'Neill et al., 1988). Subsequent studies uncovered the sequence of the Pou2f proteins, where they 

were shown to contain a POU (Pit-Oct-Unc) domain that consists of two subdomains. POU-

specific subdomain that has binding specificity to two half sites (ATGC-AAAT), and a POU-

homeobox (TAATGA) subdomain that is capable of binding distinct motifs in multiple 

arrangements, explaining the difference in the original identification of the proteins (Herr et al., 

1988; Klemm et al., 1994; Stepchenko, 1992; Sturm and Herr, 1988; Suzuki et al., 1993; Verrijzer 

et al., 1992). Pou2f3 was later shown to be the most divergent of the three Pou2f family of proteins 

(Yukawa et al., 1996). In addition, Pou2f1 and Pou2f2 have the most sequence similarity to fly 

nub/pdm2 (Pdm) genes due to their Class II POU DNA binding domain (Billin et al., 1991; Dick 

et al., 1991; Lloyd and Sakonju, 1991). Pou2f1 and Pou2f2 have been functionally characterized 

since then, with Pou2f1 being a ubiquitously expressed protein, whereas Pou2f2 functioning in a 

cell-type specific manner.  

1.4.4.1 Octamer binding properties of Pou2f1 

Pou2f1 is the only POU-domain containing transcription factor expressed in many tissues 

in a ubiquitous manner ranging from kidney, pancreas to the CNS, reviewed in (Tantin, 2013; 

Vazquez-Arreguin and Tantin, 2016). The most well studied role of Pou2f1 is its binding at histone 

octamers to regulate chromatin conformation (Hori et al., 2002). Pou2f1 can bind to the octamer 

DNA binding sequences using two main configurations: 1) Palindromic Octamer Related Element 

or PORE (ATTTGAAATGCAAAT), 2) More palindromic Octamer Related Element or MORE 

(ATGCATATGCAT) (Reményi et al., 2001; Tomilin et al., 2000; Wang et al., 2000). In PORE, 

the POU-specific DNA motif is a palindrome, which allows two Pou2f1 proteins to bind in tandem 



48 

 

arrangement in order to modulate transcription. On the other hand, in MORE, one Pou2f1 protein 

can bind using its POU-specific domain, whereas the other protein binds to the complementary 

sequence using its POU-homeobox domain (Reményi et al., 2001). Pou2f1 can also differentially 

regulate chromatin arrangement as a response to oxidative stress by interacting with Lamin B1, 

the nuclear lamina protein (Kang et al., 2011; Malhas et al., 2009). Many of the MORE binding 

targets are well conserved in vertebrates including humans, suggesting broad role of Pou2f1 in 

other species. Taken together these studies highlight the versatility of Pou2f1 in regulating cell 

fate and chromatin in a wide variety of cell types. 

1.4.4.2 Pou2f1 in the CNS 

In the vertebrate central nervous system, the role of Pou2f1 has been largely unexplored, 

except for a few studies. Pou2f1 was shown to be sufficient and necessary for radial glia formation 

during Xenopus leavis CNS development (Kiyota et al., 2008). It was also demonstrated that 

Pou2f1 expression is regulated by Notch signaling during the formation of radial glia. However, 

whether Pou2f1 regulates cell fate determination in frog radial glia was not explored. Additionally, 

another study showed that Pou2f1 and Sox2 are both required for the induction of the optic vesicle 

at E10 as Pou2f1-/- ; Sox2+/- embryos had no lens and a disorganised retina (Donner et al., 2007). 

Importantly, Pou2f1 and Sox2 have combinatorial binding at a Pax6 enhancer region using a 

tandem POU and Sox binding site. Mutations at the Pou2f1 binding site abolished the activity of 

the enhancer, suggesting that Pou2f1, along with Sox2, utilizes this binding site to upregulate Pax6 

to promote lens morphogenesis. Although the study reported expression of Pou2f1 in the retina at 

E11, which is the early stage of retinogenesis, the role of Pou2f1 in cell fate determination in the 

mouse retina was not examined.  

1.4.4.3 Pou2f2 in the CNS 

Pou2f2 has similar binding properties as Pou2f1 as there is high conservation in the 

sequence of the POU-domain between the two genes (Clerc et al., 1988; Herr et al., 1988; Ko et 

al., 1988; Staudt et al., 1988). Pou2f2 is important for B-cell development and disease as biopsies 

of patients with human follicular and Diffuse large B-cell lymphoma have increased incidence of 

POU2F2 mutations (Hodson et al., 2016; Li et al., 2014). Pou2f2 is expressed in many parts of the 

central nervous system (Camós et al., 2014; Hatzopoulos et al., 1990; Latchman et al., 1992; 
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Lillycrop et al., 1994; Lillycrop and Latchman, 1992; Staudt et al., 1986). The functional role 

Pou2f2 expression in the central nervous system has been largely understudied, with the exception 

of a few studies. Pou2f2 was shown to be expressed and required for the migration of the V2 

interneuron population in the developing spinal cord (Harris et al., 2019). Interestingly, Pou2f2 

neuron specific isoforms were regulated by Onecut factors. Onecut1/2 double knockout led to a 

change in migration of the Pou2f2+ve V2 interneurons, whereas Pou2f2 knockout spinal cord also 

had a similar defect in V2 interneuron migration. The loss of Pou2f2 did not lead to a reduction in 

neuronal numbers, suggesting that Pou2f2 is not required for cell fate determination in the spinal 

cord. Interestingly, a recent scRNA-seq study found that a core set of transcription factors are 

temporally expressed in the various regions of the developing neural tube (Sagner et al., 2020). In 

this study, Onecut family of genes and Pou2f2 were shown to be expressed in the early and mid 

temporal window of the developing neural tube, respectively. Expression of Pou2f2 was 

distributed in forebrain, midbrain and hindbrain regions, however, the functional role of Pou2f2 in 

these regions was not analysed. Finally, a study also uncovered the role of Pou2f2 in mature 

neurons in the rat brain during ischemia (Camós et al., 2014). Knockdown of Pou2f2 in a transitory 

cerebral ischemia model led to increase in cytotoxicity of the neurons compared to the control. 

This suggests that Pou2f2 could also have a protective role in mature neurons, but mechanistic 

insights are missing. Taken together, although Pou2f2 is expressed in a tissue specific manner in 

the developing CNS, the role of Pou2f2 in cell fate determination has not been carefully examined. 

Pou2f1 and Pou2f2 are excellent tTF candidates due to their role in chromatin regulation 

and cell fate specification in the immune system. More importantly, the sequence similarity of 

Pou2f1/Pou2f2 with Pdm genes suggests that these genes could be part of the temporal cascade in 

the developing mouse retina.  

1.4.5 Müller glia development 

Müller glia are latest cells to be born from RPCs during late retinal development (Young, 

1985b). Interestingly, isolated cultures of rat RPCs revealed that Müller glia are predominantly 

born from terminally dividing RPCs (Gomes et al., 2011). Currently, the factors confer the RPCs 

the competence to generate Müller glia are unknown, but some studies have unraveled the role of 

downstream factors necessary for glial fate commitment. In the current model of retinal 
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gliogenesis, one of the key events that lead to the switch from neurogenesis to gliogenesis is the 

upregulation of Notch signaling components in the post-mitotic cells. Overexpression of either 

activated Notch1, the transmembrane component, or Hes1, the transcriptional component of Notch 

signaling, leads to an increase in Müller glia numbers from late RPCs at the expense of neuronal 

fates (Furukawa et al., 2000). Interestingly, activation of Notch signaling in the early RPCs does 

not promote Müller glia outside their developmental window, but instead promotes proliferation 

in RPCs. This highlights the importance of the changing temporal landscape of the RPCs 

conducive to generate Müller glia (Jadhav et al., 2006a). Hes1 and Hes5, the bHLH genes 

downstream of canonical Notch signaling, have been shown to be required for Müller glia 

production (Hojo et al., 2000; Takatsuka et al., 2004). In addition to Notch signaling, BMP 

signaling has also been implicated in promoting Müller glia specification from late RPCs. 

Interestingly, BMP4 activates Id1 and Id3, two DNA binding inhibitors of bHLH genes, that 

promote Müller glia differentiation from late RPCs (Ueki et al., 2015). Notch signaling also 

modulates Id1 and Id3 expression indicating possible crosstalk between these two pathways that 

could be necessary for Müller glia specification from late RPCs (Mizeracka et al., 2013). 

Therefore, sustained Notch signaling gene expression is important for the maintenance of the glial 

cell fate during late retinogenesis. In addition to these signaling events, there are also many 

transcription factors implicated in Müller glia specification. 

1.4.5.1 Transcription factors involved in Müller glia specification 

Recent scRNA-seq studies have uncovered Nfi family of transcription factors that are 

expressed in a low-early and high-late expression pattern in the developing RPCs (Clark et al., 

2019). Interestingly, triple of knockouts of Nfia/b/x lead to over-proliferation of RPCs beyond 

their normal window and a consequential loss of Müller glia and bipolar cells, but not rods. This 

was also evidenced by reduced expression of RPC maintenance genes such as Pax6, Lhx2, Rax 

and Vsx2 in triple knockouts of Nfia/b/x, thereby controlling both cell fate specification and 

proliferative quiescence. In addition to these factors, Lhx2, a LIM-homeodomain transcription 

factor, has been implicated in regulating Müller glia specification at multiple levels in late RPCs. 

Expressed in both early and late RPCs, Lhx2 interacts with its co-factor Ldb1 during early 

retinogenesis to promote wide field amacrine cells and suppress Notch signaling along with 

gliogenesis (de Melo et al., 2018). Interestingly, during late retinogenesis, Lhx2 switches its 
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interaction from Ldb1 to Rnf12, that changes the binding profile of Lhx2 and promotes Notch 

signaling as well as gliogenesis (de Melo et al., 2016a; de Melo et al., 2018; de Melo et al., 2016b). 

Therefore, a critical balance between Ldb1 or Rnf12 interaction with Lhx2 promotes either 

neurogenesis or gliogenesis, respectively (Fig. 1.8). Lhx2 is essential for the Notch signaling 

mediated gliogenesis from late RPCs (de Melo et al., 2016b). Activation of Notch signaling by 

overexpression of Notch intracellular domain (NICD) in Lhx2 cKO late RPCs did not induce 

Müller glia specification, as compared to high induction in controls. Similarly, overexpression of 

Hes5 or Nfia in cKO retinas of Lhx2 did not rescue the loss of Müller glia (de Melo et al., 2016a; 

de Melo et al., 2016b). In addition to its role in Müller glia specification, Lhx2 is also required for 

the maintenance of the Müller glia fate in post-mitotic precursors. Temporally regulated 

knockdown of Lhx2 in post-mitotic precursors fated to become Müller glia leads to the disruption 

of their apical processes. Therefore, for gliogenesis to take place, Lhx2 is essential in the 

specification of Müller glia from late RPCs and the post-mitotic commitment of the glial cell fate. 

SoxE proteins, Sox8 and Sox9 are also required for Müller glia development. Sox9 is 

expressed in multipotent RPCs and after differentiation, downregulated in retinal neurons and 

upregulated in Müller glia (Poche et al., 2008). Sox9 knockout retinas have reduced Müller glia 

numbers, suggesting a role in fate specification. Another study showed that similar to Sox9, Sox8 

is also expressed in dividing RPCs and differentiated Müller glia, the knockdown of which leads 

to a reduction in Müller glia numbers and compensatory increase in rods (Muto et al., 2009). 

Activation of Notch signaling by overexpression of NICD led to an increase or inhibition of Notch 

signaling by γ-secretase DAPT led to a decrease in Sox8/9 gene expression. Therefore, there is 

evidence of cross-activation of Sox8/9 and Notch signaling during Müller glia specification and 

glial fate maintenance (Fig. 1.8).  

1.4.5.2 Current model of Müller glia specification 

According to the above studies, a model is proposed which dictates that as Müller glia are 

predominantly made from terminally dividing RPCs (Gomes et al., 2011), Lhx2, Nfia/b/x are 

expressed in these RPCs. As RPCs undergo cell division, Lhx2/Rnf12, Nfia/b/x and Sox9 commits 

the post-mitotic cell towards the Müller glia fate. Subsequently, the post-mitotic cell expresses 

various Müller differentiation and Notch signaling genes such as Hes1, Hes5, Hesr2, Sox9, Lhx2 
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and Nfia/b/x. This maintains the commitment of the glial cell fate in the post-mitotic cell. 

Additionally, upregulation of the Notch pathway induces Sox8/9 expression in the differentiated 

Müller glia. Therefore, as a late RPC divides, one of the daughter cells undergoes cell state 

transitions to become a Müller glia, but there are a few gaps in our understanding of Müller glia 

specification.  

 

 

Figure 1.8: Current model of Müller glia development. Terminally dividing RPCs divide to 

produce a rod/bipolar cell or a post-mitotic cell that undergoes cell state transitions to become a 

differentiated Müller glia (Gomes et al., 2011). Multiple factors collaborate to commit the 

precursor towards the Müller glia fate (Clark et al., 2019; de Melo et al., 2016a; de Melo et al., 

2018; de Melo et al., 2016b; Furukawa et al., 2000; Hojo et al., 2000; Jadhav et al., 2006a; Jadhav 

et al., 2006b; Mizeracka et al., 2013; Muto et al., 2009; Poche et al., 2008; Takatsuka et al., 2004; 

Ueki et al., 2015). Figure generated by Awais Javed. 

 

Late RPCs have a very similar transcriptomic profile to Müller glia (Clark et al., 2019; 

Roesch et al., 2008). Therefore, it has been difficult to uncover candidate regulators of temporal 

competence in late RPCs for generating Müller glia. As mentioned previously, other Ikzf family 

members are expressed during retinal development which makes them interesting candidates for 

regulating Müller glia competence in the retina (Elliott et al., 2008). In addition to Ikzf1, there is 
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a distinct temporal expression profile of Ikzf2, Ikzf4 and Ikzf5, whereas Ikzf3 is not detected in 

the retina. Ikzf2, also known as Helios, is currently being investigated in our lab as a regulator of 

amacrine development during retinogenesis (unpublished data). Ikzf5, also known as Pegasus, has 

been investigated and there were no major differences in the cell type compositions of the Ikzf5-/- 

retinas (unpublished data). Finally, Ikzf4, also known as Eos, is the most promising candidate as 

Ikzf4 expression is detected during early and late retinogenesis (Elliott et al., 2008).  

 

1.4.6 Ikzf4, Eos: Rising Dawn 

‘εὖτ᾽ ἀστὴρ ὑπερέσχε φαάντατος, ὅς τε μάλισταἔρχεται ἀγγέλλων φάος Ἠοῦς ἠριγ

ενείης’ 

“That brightest of stars appeared, Eosphoros, that most often heralds the light of early-rising 

dawn” – Homer. Odyssey XIII.93 

Ikzf4 protein is composed of a zinc-finger domain at the C-terminus that can homo- and 

heterodimerize with other Ikaros family members (Honma et al., 1999). Another zinc-finger 

domain is present at the N-terminus, which is essential for the DNA binding activity of the protein. 

Similar to other Ikaros family members, Ikzf4 is expressed in T-lymphocytes, particularly in the 

regulatory T-cell subtype (Belkaid et al., 2006; Chatila, 2009; Fu et al., 2012; Gokhale et al., 2019; 

Pan et al., 2009; Rieder et al., 2015; Sharma et al., 2013). Ikzf4 is highly expressed in various parts 

of the developing and adult mouse central nervous system including the cortex, hippocampus, and 

spinal cord (Honma et al., 1999). Only one study has assessed the functional role of Ikzf4 in the 

neuronal context. Ikzf4 was shown to be co-expressed with neuregulin-1 in mature spiral ganglion 

neurons of the mouse cochlea. It was shown to transcriptionally regulate the expression of PSD-

95 (Bao et al., 2004). However, it remains unclear whether Ikzf4 regulates cell fate determination 

in the developing central nervous system or if Ikzf4 regulates temporal competence, similar to its 

family member, Ikzf1.  
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1.5 Objectives and hypothesis 

A conserved temporal mechanism enables RPCs to distinguish early and late 

developmental time in the developing mouse retina. Ikzf1 confers early temporal competence and 

Casz1 confers late temporal competence to RPCs, thereby partially completing a conserved 

temporal cascade from flies to mice. As previously mentioned, not all cell fates are accounted for 

in this cascade which opens the possibility of other tTFs that could modulate RPC temporal 

identity. The most promising candidates are the homologues of other members of the temporal 

cascade in flies. These are the two main questions that will be addressed in this thesis: 1) What are 

the tTFs that confer RPCs the competence to generate cones? 2) What tTFs regulate late RPC 

temporal identity conducive to Müller glia specification? 

In this thesis, I hypothesized that the mammalian homologues of fly hunchback and pdm 

genes confer temporal competence to RPCs to generate cones and Müller glia. As mentioned 

above, Pou2f1 and Pou2f2 are excellent candidate tTFs for the cone fate competence due to their 

similarity in sequence with Pdm, the mid tTF in the fly VNC temporal cascade (Billin et al., 1991; 

Dick et al., 1991; Lloyd and Sakonju, 1991). Pou2f1 and Ikzf4 are expressed in the mouse retina 

during retinogenesis, however, it is unclear whether they are functionally important in cell fate 

specification from RPCs (Donner et al., 2007; Elliott et al., 2008).  

To address these questions and test the hypothesis, I used ex vivo and in vivo electroporation 

strategies to misexpress candidate tTFs in RPCs outside their expression windows and assess the 

effects on retinal cell fate. I also used a combination of CRISPR/Cas9-gRNA mediated indel 

knockouts, shRNA-mediated knockdowns, Cre-recombinase mediated knockouts and germline 

knockouts of the candidate tTFs to test their requirement in the production of cones and Müller 

glia. To assess the molecular mechanism behind their function, I used Chromatin 

Immunoprecipation (ChIP) and Cleavage Under Target & Release Under Nuclease (CUT&RUN) 

to reveal DNA binding targets for the candidate tTFs. Using quantitative PCR, I assessed changes 

in gene expression for the cone and Müller specification genes associated with the binding sites 

uncovered by ChIP and CUT&RUN. Finally, I used an ex vivo promoter assay in retinal explants 

to assess the necessity of DNA binding sites important for cone and Müller specification gene 

expression. 
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2.1 Abstract 

In the developing retina, multipotent retinal progenitor cells (RPCs) generate various cell 

types in a precise chronological order, but how exactly cone photoreceptor production is restricted 

to early stages remains unclear. Here, we show that the POU-homeodomain factors 

Pou2f1/Pou2f2, which are homologs of the Drosophila temporal identity factors nub/pdm2, 

regulate the timely production of cones in the mouse retina. Pou2f1/Pou2f2 are expressed during 

the period of cone genesis, and forcing sustained expression of either factor in RPCs expands the 

cone production window, whereas misexpression in late-stage RPCs triggers ectopic cone 

production at the expense of late-born fates. Conversely, inactivation of Pou2f1/2 decreases cone 

production. Mechanistically, we report that Pou2f1 induces Pou2f2 expression, which in turn 

represses the rod-promoting gene Nrl by binding to a POU motif in its promoter. Moreover, 

Pou2f1/2 transiently promote expression of the cone fate determinant Thrb. These results uncover 

Pou2f1/2 as regulators of the temporal window for cone genesis and, given their widespread 

expression in the nervous system, suggest that they might also control temporal patterning in other 

progenitor populations.  

2.2 Introduction 

The generation of neuronal diversity is critical to build a functional nervous system. 

Classical studies have shown that, in some regions of the nervous system, the spatial position of 

neural progenitors is key to engage transcriptional regulatory networks that induce a particular fate 

(Jessell, 2000). In other regions, developmental time is used to diversify the progenitor pool 

(Ebisuya and Briscoe, 2018; Kohwi and Doe, 2013). A particularly striking example of such 

‘temporal patterning’ is observed in the developing vertebrate retina, where the temporal identity 

of multipotent retinal progenitor cells (RPCs) changes progressively, such that their competence 

to give rise to different retinal cell types is altered as a function of developmental stage. Ganglion, 

horizontal, amacrine and cone photoreceptor cells are generally born early, whereas rod, bipolar, 

and Müller glial cells are generally born late (Carter-Dawson and LaVail, 1979a, b; Rapaport et 

al., 2004; Turner et al., 1990; Young, 1985a, b). While much is known about the transcriptional 

networks operating to instruct the generation of various cell fates available to RPCs within a given 
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temporal window (Bassett and Wallace, 2012), much less is known about how these differentiation 

programs are activated at the appropriate time to control cell birth order.  

 

Changing environmental signals in the developing retina contribute to alter RPC  cell fate 

potential (Kim et al., 2005; Ma et al., 2007; Ozawa et al., 2007), but these cues act as inhibitory 

signals for specific cell types rather than as instructive cues, and heterochronic grafting studies 

have shown that the environment is not sufficient to alter fate output (Belliveau and Cepko, 1999; 

Cepko, 1999; Watanabe and Raff, 1990). Moreover, the size and composition of clones produced 

in clonal-density cultures are indistinguishable from that of clones produced in situ and the general 

order of cell birth is maintained is such cultures (Cayouette et al., 2003; Gomes et al., 2011). Thus, 

cell intrinsic programs largely appear to control temporal identity transitions in RPCs. But what 

could these intrinsic factors be? A clue was provided by pioneering studies of Drosophila 

neuroblasts. In these lineages, the transcription factors hunchback (hb), krüppel (kr), nub/pdm2 

(collectively called pdm) and castor (cas) are part of a temporal identity cascade where each factor 

is necessary and sufficient for the generation of neurons born during the temporal window in which 

they are expressed  (Brody and Odenwald, 2000; Cleary and Doe, 2006; Grosskortenhaus et al., 

2005; Grosskortenhaus et al., 2006; Isshiki et al., 2001; Kambadur et al., 1998; Novotny et al., 

2002; Pearson and Doe, 2003). This cascade is tightly controlled by feedforward and feedback 

loops operating to restrict the expression of each temporal factor in its respective expression 

window (Doe, 2017). More recently, other temporal identity factors have been identified in 

different lineages of the fly nervous system (Erclik et al., 2017; Li et al., 2013; Suzuki et al., 2013), 

suggesting that such cascades might represent a general strategy to regulate progenitor 

competence. 

 

Previously, we showed that mouse Ikzf1 (a.k.a. Ikaros) is orthologous to Drosophila hb 

and confers early temporal identity in RPCs, allowing production of three of the early born retinal 

cell types: ganglion, horizontal and amacrine cells (Elliott et al., 2008). Conversely, we showed 

that mouse Casz1 is orthologous to Drosophila cas and confers mid/late temporal identity in RPCs, 

allowing the generation of rod photoreceptors and bipolar cells (Mattar et al., 2015). Intriguingly, 

however, Ikzf1 does not appear to regulate cone photoreceptor production, although these cells are 
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also produced during early stages of retinogenesis, from around E11.5 to E18.5 (Carter-Dawson 

and LaVail, 1979b; Rapaport et al., 2004; Turner et al., 1990; Young, 1985a, b). Considering that 

the Drosophila temporal identity cascade appears to be conserved, at least partially, to regulate 

temporal patterning in mammalian RPCs, we hypothesized that other homologs of the fly cascade 

might regulate the timely production of cone photoreceptors. 

 

Here, we show that Pou2f1 and Pou2f2 (originally named Oct-1 and Oct-2), the 

mammalian homologs of Drosophila nub/pdm2, respectively, regulate the timely production of 

cone photoreceptors in the mouse retina. This is achieved by the direct repressive action of Pou2f2 

on the rod-inducing factor Nrl, providing a rare link between temporal identity factors and 

downstream regulators of cell fate choice in mammalian CNS development. Importantly, we 

provide evidence for cross-regulatory mechanisms operating between Pou2f1 and the other 

temporal identity factors Ikzf1 and Casz1, reinforcing the idea that some aspects of the strategy 

used to control temporal progression in fly neuroblasts are conserved in mammalian neurogenesis. 

2.3 Results  

2.3.1 Pou2f1/2 are expressed in early retinal progenitor cells and Pou2f1 

expression is maintained in mature cone photoreceptors  

We first used BLAST-P to identify Mus musculus proteins presenting high sequence 

conservation with Drosophila melanogaster Nub/Pdm2 proteins (Altschul et al., 1990). We found 

that the DNA binding POU-specific domain and POU-homeodomain of Nub/Pdm2 are highly 

homologous to mouse Pou2f1 and Pou2f2, respectively (Fig. S2.1A), as previously reported for 

human POU2F1 and POU2F2 (Lloyd and Sakonju, 1991). To study expression of Pou2f1 and 

Pou2f2 proteins in the developing retina, we first validated antibodies. As it was previously 

reported that Pou2f1 is expressed in the developing retina at E11.5 (Donner et al., 2007), we asked 

whether antibodies against Pou2f1 and Pou2f2 recognise the appropriate band size in western blots 

from E12 retinal extracts. We found that the Pou2f1 antibody recognises two bands around 80kDa, 

corresponding to the size of two of the isoforms of Pou2f1, whereas the Pou2f2 antibody 
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recognises two bands at 70 kDa and 65kDa corresponding to the size of the two Pou2f2 isoforms 

(Fig. S2.1B). To determine whether the antibodies showed any cross-reactivity in immunostaining, 

we electroporated either CAG:Pou2f1-IRES-GFP or CAG:Pou2f2-IRES-GFP in P0 retinas and 

stained sections 48 hours later. We found that the anti-Pou2f1 antibody detected overexpressed 

Pou2f1, but not Pou2f2 and, conversely, the anti-Pou2f2 antibody detected overexpressed Pou2f2 

but not Pou2f1 (Fig. S2.1C-F’), indicating that each antibody does not cross react with the other 

Pou2f protein. Next, we generated shRNAs and gRNAs targeting both Pou2f1 and Pou2f2 and 

electroporated P0 retinal explants with CAG:GFP, CAG:Pou2f1-IRES-GFP or CAG:Pou2f2-

IRES-GFP along with the respective gRNA or shRNA vector (Fig. S2.1G), and stained the retina 

three days later with the antibodies against Pou2f1 or Pou2f2. We found a considerable decrease 

in immunostaining signal in both cases (Fig. S2.1H-S”). Furthermore, the shRNA vectors 

significantly decreased the levels of Pou2f1 and Pou2f2 proteins detected by western blot after co-

expression in HEK293 cells (Fig. S2.1T-V). Together, these results show that the Pou2f1 and 

Pou2f2 antibodies recognize the right antigen and at the same time validate the targeting efficiency 

of our gRNAs and shRNAs.  

 

Using these validated reagents, we first studied the spatiotemporal expression pattern of 

Pou2f1 and Pou2f2 in the developing mouse retina. We found Pou2f1 and Pou2f2 positive 

(Pou2f1/2+ve) cells of the retinal progenitor layer (RPL) that co-labelled with proliferating cell 

markers Ki67 or EdU from E11.5 to E15.5, indicating expression in RPCs. Starting from E15.5, 

however, the number of Pou2f1/2+ve RPCs declined (Fig. 2.1A-F”) and only a few RPCs 

expressing Pou2f1 at low levels and virtually no RPCs expressing Pou2f2 by P0 were found (Fig. 

S2.2A-B’). We observed Pou2f1/Pou2f2 co-labelling of in the majority of cells at E11 (Fig. 

S2.2C), consistent with recently published RNA-Seq datasets (Fig. S2.2D) (Clark et al., 2019) 

(Aldiri et al., 2017; Hoshino et al., 2017). This demonstrates that Pou2f1 and Pou2f2 are expressed 

in mitotic RPCs during the period of cone genesis, but not in RPCs generating late-born cell types.  

 

At E15.5, some Pou2f1+ve cells co-labelled with Rxrg, which label cone photoreceptors on 

the apical-most region of the retina, whereas others co-labelled with Vsx2, a marker for RPCs at 

this stage, suggesting Pou2f1 expression in both cones and dividing RPCs (Fig. S2.2E). By E17.5 
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and onwards, Pou2f1 was expressed primarily in Rxrg+ve, Lim-1+ve (horizontal cell marker) and 

Brn3b+ve (ganglion cell marker) cells (Fig. 2.1G-L’, Fig. S2.2F-G”). Consistent with this data, 

when we analysed expression of Pou2f1 in a published RNA-seq dataset of sorted cone 

photoreceptors, we found high expression of Pou2f1 mRNA (Daum et al., 2017). These data 

suggest that Pou2f1 expression is maintained in mature cone, horizontal and ganglion cells.  

 

The antibodies against Pou2f2 and Rxrg were both raised in rabbits, precluding double-

stainings. We therefore used the Chrnb4-eGFP mouse line, which expresses GFP specifically in 

cones and ganglion cells, to assess Pou2f expression in these cells at E14.5 (Decembrini et al., 

2017; Siegert et al., 2009). Some apically-located cells co-labelled with Pou2f2 and GFP and were 

negative for Brn3b, consistent with expression in a subset of cones, while other Pou2f2+ve cells 

were co-labelled with Brn3b, indicating expression in RGCs (Fig. S2.2H).  

 

Next, we asked whether POU2F1/2 are also expressed in the developing human retina. Our 

POU2F2 antibodies did not produce a signal in human retinas. However, the POU2F1-specific 

antibody stained cells in the progenitor layer that lacked OTX2 and BRN3B, while others 

expressed OTX2 or BRN3B at fetal week (FW) 12 (Fig. 2.1M), suggesting expression in RPCs, 

RGCs and differentiating photoreceptors. From FW15 to FW19, POU2F1 labelling in the 

progenitor layer decreased, but was maintained in cells found at the apical side of the outer nuclear 

layer (ONL) in the macula region, where cones reside, and co-labelled with OTX2 (Fig. 2.1N), a 

marker of photoreceptors in this layer. Some POU2F1+ve cells also co-labelled with L/M-OPSIN 

and ONECUT2, a cone and horizontal cell marker, respectively (Fig. 2.1M”’-Q”’). To further 

characterize the expression of POU2F1 in human retinal tissue, we generated human embryonic 

stem cell-derived retinal organoids using a previously-published protocol (Gonzalez-Cordero et 

al., 2017). As observed in human fetal retinas, we found that POU2F1 was expressed in 

proliferating KI67+ve progenitors in early-stage organoids (Fig. S2.2I), whereas its expression 

decreased in the progenitor layer at later stages, but remained in differentiated cones at 24 weeks, 

as determined by co-staining with S-OPSIN, L/M-OPSIN, and ARRESTIN (Fig. S2.2J). Thus, 

POU2F1 is expressed in early- but not late-stage RPCs and is maintained in mature cone 

photoreceptors in the human retina, similar to what we observed in the mouse retina. 
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2.3.2 Sustained Pou2f1/2 expression expands cone production outside the 

normal developmental window 

As expression of Pou2f1 and Pou2f2 in RPC is lost when cone production is over, we 

wanted to investigate whether their sustained expression could extend the period of cone 

production. We electroporated CAG:GFP, CAG:Pou2f1-IRES-GFP or CAG:Pou2f2-IRES-GFP 

vectors in E14 retinal explants, and assessed the percentage of cones produced by co-staining with 

GFP and cone markers 19 days later (Fig. 2.2A). Interestingly, we found an increase in the 

proportion of GFP+ve cells that co-expressed Rxrg and S-opsin after Pou2f1 or Pou2f2 expression 

(Fig. 2.2B-G). These additional cones might have arisen from an increased production during the 

normal temporal window of cone genesis or from an extension of this window into later stages. To 

distinguish between these possibilities, we added EdU to the culture medium 5 days after 

electroporation of Pou2f1 or Pou2f2, when cone production is normally over, and analyzed the 

explants 14 days later (Fig. 2.2H). While virtually no S-opsin+ve/EdU+ve/GFP+ve cells were detected 

in controls (1/455 cells counted), as expected, we found a significant fraction of these cells after 

Pou2f1 or Pou2f2 overexpression (Fig. 2.2I-M). Moreover, we did not observe an increase in the 

total number of EdU+ve/GFP+ve cells, suggesting that misexpression of Pou2f1 or Pou2f2 does not 

affect the proliferative potential of early RPCs (Fig. S2.3A). These results suggest that sustained 

expression of Pou2f1 and Pou2f2 in RPCs extends the period of cone production. 

 

2.3.3 Ectopic expression of Pou2f1 or Pou2f2 in late-stage retinal progenitors 

induces cone production at the expense of late-born fates 

Post-natal murine RPCs have normally lost the competence to generate cones. To 

determine whether Pou2f1/2 is sufficient to confer competence to generate cones in late-stage 

RPCs, we first infected P0 retinal explants with retroviral vectors expressing Venus, Pou2f1-IRES-

Venus, or Pou2f2-IRES-Venus and analyzed cell type composition and clone size 14 days later 

(Fig. 2.3A). Retroviral-mediated expression of Pou2f1 at P0 increased the production of Rxrg+ve/S-

opsin+ve, PNA+ve/S-opsin+ve , and Rxrg+ve/Otx2+ve cells in the photoreceptor layer (Fig. 2.3B-E”, 

Fig. S2.3A-E’). Pou2f2, in contrast, induced the production of Rxrg+ve cells located in the 
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photoreceptor layer, but these cells did not express mature cone markers like S-opsin (Fig. 2.3B”-

E”). Since Rxrg is also expressed in ganglion cells, we wondered whether the Rxrg+ve cells 

observed after Pou2f2 expression might be ganglion cells mis-localised in the photoreceptor layer. 

However, the Rxrg+ve cells in the photoreceptor layer observed after expression of Pou2f2 were 

co-labelled with Otx2, which labels photoreceptors in this layer, and never stained for the RGC 

marker Brn3b (Fig. S2.3B’’-E’’’), excluding this possibility. Pou2f2 also induced the production 

of a small number of horizontal cells, another early-born cell type (Fig. 2.3F, Fig. S2.3F-H’). 

Interestingly, both Pou2f1 and Pou2f2 promoted Rxrg+ve cells at the expense of late-born cell types 

(rods, bipolars, Müllers), without changing the distribution of clone size (Fig. 2.3F-G), suggesting 

that Pou2f1/2 do not trigger cone production by altering proliferation or cell death.  

 

We next assessed if Pou2f1 and Pou2f2 could promote cone production in vivo. We 

electroporated mouse retinas at P0 with GFP, Pou2f1-IRES-GFP, or Pou2f2-IRES-GFP. Two 

weeks later, the retinas were stained for GFP, Rxrg, and S-opsin. While GFP-transfected RPCs did 

not generate cones at this stage, as expected, misexpression of either Pou2f1 or Pou2f2 

substantially increased the proportion of Rxrg+ve cells located in the photoreceptor layer (Fig. 2.3H, 

Fig. S2.3I-L”). The Rxrg+ve cells induced by Pou2f1 also expressed S-opsin, whereas those induced 

by Pou2f2 did not (Fig. S2.3I”-L”), as observed in retinal explants (see Fig. 2.3B-G). Interestingly, 

Pou2f1 misexpression did not promote M-opsin-expressing cells (data not shown). Together, these 

results indicate that ectopic expression of Pou2f1 in P0 RPCs is sufficient to trigger the production 

of S-cones, whereas Pou2f2 induces the production of immature cones.  

 

Interestingly, co-electroporation of Pou2f1 and Pou2f2 does not elicit an additive effect in 

the number of cones produced by P0 RPCs (Fig. 2.3H), suggesting that Pou2f1/2 might function 

in the same genetic pathway. Consistently, we found that Pou2f1 significantly increases Pou2f2 

transcript levels 9 hours after electroporation, whereas Pou2f2 has no effect on Pou2f1 transcripts 

(Fig. 2.3I). Moreover, when we electroporated Pou2f1 in P0 retinal explants and stained for Pou2f2 

3 days later, we found that Pou2f1 increases Pou2f2 levels in some GFP+ve cells, whereas co-

electroporating Pou2f1 with a Pou2f1 gRNA and Cas9 abrogates this effect (Fig. 2.3J-M’). These 

results suggest that Pou2f1 upregulates Pou2f2 expression. To test the functional hierarchy of the 
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Pou2f1→ Pou2f2 cascade in cone production, we co-electroporated P0 retinas with Pou2f1 while 

knocking-down Pou2f2 with an shRNA, or vice versa, and assessed cone production 14 days later. 

Whereas Pou2f1 increased cone numbers when co-expressed with a control shRNA, as predicted, 

it was unable to do so when Pou2f2 was knocked down (Fig. 2.3N). In contrast, Pou2f2 was equally 

able to promote cones in presence or absence of Pou2f1. Together, these results support a model 

in which Pou2f1 requires Pou2f2 to promote the cone fate.  

2.3.4 Pou2f1/2 are required for cone cell fate specification in the developing 

retina. 

To ask whether Pou2f1 and Pou2f2 are required for cone production, we first knocked 

down their expression using shRNA and CRISPR/Cas9 gRNA in E14 retinal explants, a stage 

when cones are normally produced. Three weeks later, we determined the proportion of 

electroporated cells that became cones by counting the proportion of GFP+ve/Rxrg+ve cells in the 

photoreceptor layer. With both approaches, we found a significant decrease in the proportion of 

cones produced (Fig. S2.4A-C). Given that shRNAs were delivered using retroviral vectors, we 

were also able to determine the effect of Pou2f1/2 knockdown on other retinal fates and clone size. 

We found that the loss of cones is compensated by an increase in late-born rod production after 

Pou2f2 knockdown, while Pou2f1 knockdown does not significantly affect other fates, most likely 

because the decrease in cone production is less than with Pou2f2 knockdown (Fig. S2.4B). Both 

Pou2f1 and Pou2f2 knockdown did not affect clone size distribution (Fig. S2.4C). Finally, Cre 

electroporation in Pou2f2fl/fl retinal explants at E13 also significantly reduced the generation of 

cones (Fig. S2.4D). These results suggest that Pou2f1 and Pou2f2 are required for cone 

photoreceptor development. 

 

Next, we sought to determine whether Pou2f1/2 are required for cone production in vivo. 

Since our data suggests that Pou2f2 lies downstream of Pou2f1 and is required for the cone-

inducing activity of Pou2f1, we decided to focus our analysis on Pou2f2. As Pou2f2-/- mice die 

shortly after birth (Konig et al., 1995), we generated conditional knockouts (cKO) by crossing 

Pou2f2fl/fl mice (Hodson et al., 2016) with two different Cre driver lines: the alpha-Pax6-Cre line, 

which drives Cre expression in peripheral RPCs from E10 onwards (Marquardt et al., 2001), and 
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the Chx10-CreERT2 line (RIKEN Bioresource Centre RRID: IMSR_RBRC06574), which allows 

tamoxifen-inducible activation of Cre. When we stained the peripheral retina of aPax6-

Cre+;Pou2f2fl/fl (aPax6Cre-Pou2f2 cKO) with the Pou2f2 antibody, we observed a reduction in 

immunostaining signal specifically in Cre+ve cells at E12 (Fig. S2.4E-G’) and in RGCs at P14 (Fig. 

S2.4H-J’). To assess the recombination efficiency in the Chx10-CreERT2 mice, we crossed them 

with Rosa26-tdT reporter mice, injected tamoxifen at E11.5, and assessed tdT expression at E13.5. 

As expected, we found robust recombination throughout the retina (Fig. S2.4K-M’). Next, we 

stained retinas from Chx10-CreERT2; Pou2f2fl/fl (Chx10Cre-Pou2f2 cKOs) for Pou2f2 and observed 

a reduction in immunostaining signal in the GCL at E17.5 (Fig. S2.4N-P’). These results provide 

additional evidence for the specificity of the Pou2f2 antibody and validate both conditional 

knockout approaches.  

 

Next, we stained retinal sections from P14 aPax6Cre-Pou2f2 cKO and control mice for 

markers of various retinal cell types. We found that deletion of Pou2f2 leads to a decrease in cone 

photoreceptors and horizontal cells, as determined by counting Rxrg, PNA, Arr3, Cnga3 and Lim-

1 expressing cells (Fig. 2.4A-F). We did not observe any significant change in the number of 

amacrines (Pax6), bipolars (Chx10), ganglion cells (Brn3b), or Müllers (Sox2) produced in these 

retinas (Fig. 2.4F). We also observed a decrease in Arr3 staining in flat-mounts of temporal regions 

of P14 cKO retinas (Fig. 2.4G-G”). Finally, we observed a similar decrease in cone numbers 

(Rxrg+ve in the photoreceptor layer) and a compensatory increase in rod numbers (Nrl+ve cells) in 

the Chx10Cre-Pou2f2 cKO retinas compared to controls at E17.5 (Fig. 2.4H-J). Collectively, these 

experiments demonstrate that Pou2f2 is required, at least partially, for the production of cone and 

horizontal cells in the developing retina. 

2.3.5 Ikzf1 induces Pou2f1, which in turn represses Casz1 

We next investigated whether Pou2f1/2 might be part of a temporal identity cascade 

controlled by cross-regulatory mechanisms, similar to that observed in Drosophila, where hb 

activates kr, which then activates pdm to ensure temporal identity progression in neuroblasts (Doe, 

2017). We first hypothesized that Ikzf1 might induce Pou2f1/2 expression in mouse RPCs, as they 

are expressed at the same stages. To test this idea, we transfected E14 retinal explants with vectors 

https://scicrunch.org/resolver/IMSR_RBRC06574
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expressing GFP, Ikzf1-IRES-GFP, or Ikzf1-VP16-IRES-GFP. After 10 hours, a time point when 

the majority of GFP+ve cells are still RPCs, we sorted the GFP+ve cells and isolated total RNA for 

RT-qPCR (Fig. 2.5A). We found that Ikzf1 and Ikzf1-VP16 induced or repressed Pou2f1/2, 

respectively (Fig. 2.5B-C). Interestingly, we found that Ikzf1 has no effect on Pou2f1 expression 

in P0 retinal explants (Fig. 2.5D-E), suggesting that Ikzf1 promotes Pou2f1 expression in early but 

not late RPCs.  

 

In a previous study, we reported that Ikzf1 represses Casz1 expression, likely via an 

indirect mechanism (Mattar et al., 2015). Therefore, we hypothesized that Pou2f1 might function 

as an intermediate factor downstream of Ikzf1 to repress Casz1. Consistently, we found that 

ectopic Pou2f1 expression at P0, during the window of Casz1 expression, decreases the levels of 

Casz1 transcripts (Fig. 2.5F-G). In contrast, Pou2f2 did not significantly alter expression of Casz1. 

Together, these results suggest that Pou2f1 is part of a cross-regulatory temporal identity cascade 

together with Ikzf1 and Casz1. 

2.3.6 Pou2f2 binds to the Nrl promoter and represses its activity 

How could Pou2f1/2 induce the cone photoreceptor cell fate? In Olig2+ve early RPCs, 

Onecut1 and Otx2 bind to a cis-regulatory module (CRM) of the Thrb gene (active in dividing 

RPCs) and promote cone and horizontal cell production (Emerson et al., 2013). This CRM was 

cloned from the chick genome, but it remains unclear whether an equivalent CRM exists in the 

mouse. As this CRM is located at the downstream promoter of the chick Thrb gene, we cloned the 

equivalent mouse region (Thrb-PR2::GFP) as well as the upstream promoter sequence of the 

mouse Thrb gene (Thrb-PR1::GFP) (Fig. S2.5A). When we electroporated GFP constructs driven 

by these CRMs in E13 retinal explants, we found that they are active in cones, similar to what was 

observed with the chick sequences (Fig. S2.5B-C) (Emerson et al., 2013). To test whether Pou2f1 

or Pou2f2 might regulate any of the Thrb CRMs, we co-electroporated P0 retinal explants with 

CAG:mCherry to label all electroporated cells and an empty CAG vector, CAG:Pou2f1, or 

CAG:Pou2f2, and either ThrbPR1:GFP or ThrbPR2:GFP, and analysed GFP expression 24 hours 

later (Fig. S2.5D-I). Interestingly, we found that Pou2f1 and Pou2f2 induce ThrbPR1:GFP activity 

but not ThrbPR2:GFP. Moreover, ThrbPR1:GFP is active as soon as mCherry expression turns on, 
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and the GFP expression disappears 72hours after electroporation, suggesting transient activity of 

the CRM in the electroporated cells (data not shown). These data suggest that Pou2f1 and Pou2f2 

operate in parallel with Onecut1, acting transiently at a distinct CRM of Thrb to promote the cone 

fate. Another role for Thrb2 has been shown at later stages during cone differentiation to promote 

the M-cone subtype (Applebury et al., 2007; Ng et al., 2001; Ng et al., 2009). Therefore, we tested 

whether Pou2f1 and Pou2f2 could promote Thrb2 mRNA expression in a stage-dependent manner. 

We electroporated P0 retinal explants with CAG:GFP, CAG:Pou2f1-IRES-GFP or CAG:Pou2f2-

IRES-GFP, sorted the GFP+ve cells 6 or 14 days later and assessed Thrb2 mRNA levels. Consistent 

with the promoter assays described above, we found that both Pou2f1 and Pou2f2 increased Thrb2 

expression at 6 days (Fig. S2.5J). In contrast, both Pou2f1 and Pou2f2 had no effect on Thrb levels 

at 14 days. On the other hand, when we assessed Thrb2 mRNA levels in adult aPax6-Cre Pou2f2 

cKOs, we observed no change in expression, suggesting that Pou2f2 is sufficient but not required 

for Thrb2 expression (Fig. S2.5K). Finally, although POU-binding motifs were present in this 

CRM of Thrb, when we conducted chromatin immunoprecipitation (ChIP) in E14 mouse retinas 

to assess binding of Pou2f2 at this region, we did not observe significant enrichment (Fig. S2.5L-

M). These results suggest that Pou2f1 and Pou2f2 transiently regulate Thrb2 levels to promote 

cone specification, but likely via an indirect mechanism. 

  

An additional pathway known to regulate the rod to cone fate decision involves the 

transcription factor Nrl, which activates the nuclear receptor Nr2e3 in photoreceptor precursors to 

promote rod photoreceptor gene expression (Mears et al., 2001; Oh et al., 2008). In Nrl KO mice, 

rods are not produced and all photoreceptor precursors turn into S-cone-like cells (Mears et al., 

2001). These results suggest a model in which downregulation of Nrl is important for the 

generation of cones, but direct repressors of Nrl remain unknown. Interestingly, we noticed that 

the Nrl promoter region, which was previously characterized (Kautzmann et al., 2011), contains a 

POU binding motif. This prompted us to postulate that Pou2f1/2 might repress Nrl expression. To 

test this hypothesis, we transfected P0 retinal explants with either GFP, Pou2f1-IRES-GFP or 

Pou2f2-IRES-GFP, sorted the GFP+ve cells 20 hours later and analyzed transcript levels by RT-

qPCR. Remarkably, we found that Pou2f2 significantly reduces the levels of Nrl and Nr2e3, 

whereas Pou2f1 had no effect (Fig. 2.6A), most likely because 20 hours is not long enough for 
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Pou2f1 to trigger sufficient Pou2f2 expression to detect changes in Nrl and Nr2e3 expression. 

Consistent with this idea, Pou2f1 decreased Nrl transcript 6 days after transfection (Fig. 2.6B). 

Pou2f2 overexpression also reduced the number of cells staining for Nrl in the photoreceptor layer 

(Fig. 2.6C-E), supporting the RT-qPCR data. These results suggest that Pou2f2 functions as a 

negative regulator of Nrl.  

 

We thus sought to determine whether Pou2f2 could repress the Nrl promoter. To do this, 

we co-electroporated GFP, Pou2f1-IRES-GFP, or Pou2f2-IRES-GFP, together with an pNrl:dsRed 

reporter construct (Akimoto et al., 2006; Matsuda and Cepko, 2007) in retinal explants and studied 

dsRed expression two days later (Fig. 2.6F). As expected, the pNrl:dsRed reporter was robustly 

activated when co-electroporated with the control construct, but not when co-electroporated with 

Pou2f1 or Pou2f2 (Fig. 2.6G-I”). Importantly, when we mutated the POU-specific binding motif 

in the pNrl:dsRed reporter, Pou2f1 and Pou2f2 no longer repressed dsRed expression (Fig. 2.6J-

L”). Given that Pou2f1 was unable to reduce Nrl transcripts 20 hours after expression (Fig. 2.6B), 

we hypothesized that its repressive action on the Nrl promoter activity was likely mediated via 

upregulation of Pou2f2. If this were the case, we predicted that Pou2f2, but not Pou2f1, would 

bind the Nrl promoter. Consistently, ChIP-qPCR from E14 retinas detected significant enrichment 

of Pou2f2 at the POU-specific binding region of the Nrl promoter, whereas it was not detected in 

a control intronic region (Fig. 2.6M-N). In contrast, we failed to detect any enrichment at the same 

region after Pou2f1 ChIP (Fig. 2.6M-N). These results indicate that Pou2f2 represses Nrl 

expression by binding the POU motif in the Nrl promoter.  

2.3.7 Pou2f2 functions in postmitotic photoreceptor precursors to promote the 

cone fate 

We next wanted to determine whether Pou2f2 functions in RPCs or in postmitotic 

photoreceptor precursors to induce the cone fate. To address this question, we used the wild-type 

and mutated Nrl promoter (mpNrl) to drive expression of Pou2f1 or Pou2f2 in photoreceptor 

precursors (Fig. 2.6O). We first validated these vectors by co-electroporating them with GFP in 

retinal explants at P0 and staining for Pou2f1 and Pou2f2 three and 14 days later. We found that 

Pou2f1 and Pou2f2 were weakly expressed from the wild-type Nrl promoter (Fig. S2.6A-G”), most 
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likely due to the negative feedback of Pou2f2 on the promoter, whereas they were robustly 

expressed when using mpNrl (Fig. S2.6H-N”).  

 

We next stained the explants for Rxrg to assess whether overexpressing Pou2f1 or Pou2f2 

in post-mitotic photoreceptor precursors was sufficient to drive cone production. Whereas 

mpNrl:Pou2f2 induced Rxrg+ve cells in the photoreceptor layer, mpNrl:Pou2f1 was much less 

efficient at doing so (Fig. 2.6P-S). As control, we found that the wildtype pNrl:Pou2f1 and 

pNrl:Pou2f2 did not yield any Rxrg+ve cells (Fig. S2.6F-F”). We speculate that the weak activity 

of the mpNrl:Pou2f1 construct on cone production is due to activation of Pou2f2 (Fig. 2.3G). These 

results indicate that expression of Pou2f2 in post-mitotic photoreceptor precursors is sufficient to 

promote the cone fate. 

2.4 Discussion 

There has been considerable work done to understand how neural progenitor cells generate 

neuronal diversity in the developing central nervous system. However, not much is known about 

how temporal identity is encoded in progenitors to initiate the correct transcriptional code 

producing the appropriate cell types for a given developmental stage. In this study, we provide 

evidence that Pou2f1 endows RPCs with the competence to generate cone photoreceptors by 

promoting expression of Pou2f2, which then induces Thrb and represses Nrl to favor the cone fate. 

We also provide evidence that Pou2f1 lies in a temporal cascade reminiscent of that observed in 

Drosophila neuroblasts. Ikzf1 contributes to Pou2f1 upregulation, which in turn represses the late-

stage temporal factor Casz1, thereby ensuring that RPCs do not switch prematurely to a late 

temporal identity and allowing production of cones within the early developmental window (Fig. 

2.7). 

2.4.1 Encoding temporal identity vs. promoting cone fate 

Multiple lines of evidence support a model in which Pou2f1 confers RPCs competence to 

generate cones during early retinogenesis, whereas Pou2f2 functions primarily as a classical cone 

fate determinant in photoreceptor precursors. First, although normal P0 RPCs are unable to 
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generate cones, Pou2f1 is sufficient to drive production of mature cones in this context, whereas 

Pou2f2 is not. Thus, Pou2f1 appears able to fully open the temporal identity window in RPCs to 

generate cones. Subsequently, once the window of cone development is open, Pou2f2 can repress 

Nrl and promote cone photoreceptor specification. Consistently, expression of Pou2f1 using the 

Nrl promoter fails to induce a high number of cones, whereas mpNrl-Pou2f2 efficiently induces 

cones. Second, although the early temporal identity factor Ikzf1 induces the expression of Pou2f1 

and Pou2f2, only Pou2f1 regulates the expression of the mid/late-stage temporal factor Casz1. 

Thus, Pou2f1 appears to be integrated into the temporal cascade. Whether Ikzf1 regulates Pou2f1 

and Pou2f2 directly will need further investigation, but genomic regions upstream of the 

transcriptional start site of Pou2f1 and Pou2f2 contain multiple Ikzf ‘GGGAA’ consensus 

sequence, suggesting possible binding. Third, Pou2f2 directly binds and represses the rod 

determinant Nrl, which is restricted to post-mitotic photoreceptor precursors (Mears et al., 2001; 

Oh et al., 2007). Together with our finding that Pou2f2 is able to induce the cone fate when 

expressed from the Nrl promoter, this is further evidence that Pou2f2 primarily regulates cell fate 

decisions in postmitotic precursor cells, rather than acting in RPCs to control temporal identity. 

Importantly, however, we cannot rule out an additional role for Pou2f2 in dividing RPCs. Indeed, 

we show that Pou2f2 is expressed in early RPCs, and its overexpression not only promotes cone 

production, but horizontal cells as well, which is consistent with a role in RPCs.  

2.4.2 Integrating Pou2f1/2 in the current view of cone genesis 

There are currently two non-mutually exclusive pathways by which cone photoreceptors 

are thought to be generated. In one model, postmitotic photoreceptor precursors default to the cone 

fate, unless Nrl is induced, which in turn activates Nr2e3 to promote the rod fate (Mears et al., 

2001; Oh et al., 2008). In another model, RPCs expressing Olig2 are pre-programmed to generate 

cones or horizontal cells at their last division (Emerson et al., 2013; Hafler et al., 2012). How do 

Pou2f1/2 fit into these models?  

 

As Pou2f1 and Pou2f2 are co-expressed in RPCs, we posit that Pou2f1 induces Pou2f2 

expression prior to cell cycle exit, which may lead to sufficient levels of Pou2f2 expression in 

postmitotic precursors to repress Nrl. Such transient and possibly weak expression might have 
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been difficult to detect by scRNA-seq (Clark et al., 2019). Clearly, however, Pou2f2 is also 

expressed in RPCs, as shown by the widespread immunostaining observed at E11.5 and as reported 

in scRNA-Seq data (Fig. 2.1D-F) (Clark et al., 2019). As mentioned above, whether Pou2f2 is 

functionally relevant in RPCs will need further investigation, but it may have a role to control 

Olig2 progenitor fate decisions. RNA-seq analysis of Onecut1/2 double knockout retina reveals a 

2-fold increase in Pou2f2 mRNA levels at E14 (Sapkota et al., 2014), suggesting that Onecut1/2 

might negatively regulate Pou2f2 expression. Similar observations were recently made in the 

developing spinal cord, where Onecut factors, although not required for the production of V2 

interneurons, repress Pou2f2 to regulate the distribution of V2 interneurons (Harris et al., 2019). 

A possibility is that Pou2f2 and Onecut1/2 constitute two complementary branches of cone 

development. Pou2f1 might compete with Onecut1/2 for the activation or repression of Pou2f2, 

respectively, in Olig2+ve RPCs. When Pou2f1 activity is dominant, Pou2f2 would be upregulated 

and progenitors would take on the horizontal fate via unknown targets of Pou2f2 and the cone fate 

via repression of Nrl in postmitotic photoreceptor precursors. In contrast, when Onecut1 activity 

is dominant, Pou2f2 would be repressed, leading cells into the Onecut1 pathway to produce cones 

or horizontal cells. This model could explain why inactivation of Pou2f2 (this study) or Onecut1/2 

(Sapkota et al., 2014) only reduces cone production by about 25%. Consistent with this idea, out 

of the two CRMs of Thrb that are active in cones, Pou2f2 activates one of the elements and 

Onecut1 activates the other (Fig. S2.6D-F) (Emerson et al., 2013). Since Pou2f2 and Onecut1/2 

could potentially regulate different CRMs of Thrb, it will be interesting to assess whether Pou2f2 

is expressed in Olig2+ve RPCs and inactivate both Onecut1/2 and Pou2f2 in the retina to see if this 

would lead to a more important decrease in cones and horizontal cells.  

2.4.3 Pou2f1/2 as negative regulators of Nrl  

A long-standing question in the field has been how exactly Nrl expression is repressed in 

some photoreceptor precursors. Positive regulators of Nrl such as Crx, Otx2 and RORβ have been 

identified (Montana et al., 2011), but negative regulators have remained elusive. Montana et al. 

hypothesized that a “repressor X” could down-regulate Nrl in photoreceptor precursors, to restrict 

expression to rod precursors. Although Onecut1 acts genetically upstream of Nrl and eventually 

leads to its downregulation, this effect is likely indirect (Emerson et al., 2013). While multiple 

studies have analysed the regulatory regions of Nrl to uncover a direct repressor (Kautzmann et 
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al., 2011; Montana et al., 2011; Zelinger et al., 2017), the identity of such repressors remained 

elusive. Our work now identifies Pou2f2 as one of the potential direct repressors of Nrl in the 

developing mammalian retina. We provide evidence that Pou2f2 functions by binding a POU 

binding motif located 55bp upstream of the transcription start site of Nrl.  

2.4.4 Potential role for Pou2f1/2 as temporal identity factors outside the retina 

The functional role of Pou2f1 and Pou2f2 has been extensively characterised in the immune 

system and embryonic stem cells, but the role of Pou2f1 and Pou2f2 in the developing CNS is 

poorly studied. However, Pou2f1 and Pou2f2 are highly expressed in different regions of the CNS  

(He et al., 1989; Luchina et al., 2003; Schonemann et al., 1998; Treacy and Rosenfeld, 1992). One 

study found that Pou2f1 is required for the development of radial glia in Xenopus hindbrain and 

is modulated by Notch signalling (Kiyota et al., 2008). Whether Pou2f1 regulates radial glia 

development in mammals remains to be investigated, but the results reported here support this 

possibility. On the other hand, Pou2f2 is expressed in the diencephalon, mesencephalon, 

rhombencephalon during embryogenesis as well as suprachiasmatic and medial mammillary nuclei 

in the adult hypothalamus (Treacy and Rosenfeld, 1992). Since the global Pou2f2 mutants die at 

birth, it will interesting to specifically delete Pou2f2 in these regions to assess a potential role in 

neurogenesis (Konig et al., 1995). Finally, since there is a high overlap of expression between 

Pou2f1 and Pou2f2 in the developing CNS (He et al., 1989; Treacy and Rosenfeld, 1992), it is 

possible that the same Pou2f1/Pou2f2 cascade operates in the specification of the neurons in other 

parts of the CNS. 

2.4.5  Conclusions 

Understanding how the cone photoreceptor cell fate is specified is critical to the 

development of cell replacement therapies for various retinal degenerative diseases. In this study, 

we add to the general knowledge of cone specification mechanisms by identifying Pou2f1 and 

Pou2f2 as previously unknown players in cone photoreceptor development. Our data also helps to 

elucidate how Nrl expression is negatively regulated during retinal development to ensure the 

correct balance of rod/cone production.  
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2.5 Figures and legends 

  



75 

 

Figure 2.1. Pou2f1 and Pou2f2 expression in developing mouse and human retinas. (A-F’’) 

Co-immunostaining for Pou2f1 or Pou2f2, the proliferation marker Ki67 or EdU (injected 1 hour 

before sacrifice) in the mouse retina at different stages, as indicated. (G-L’) Co-immunostaining 

for Pou2f1 (green) and the cone marker Rxrg (red) at different stages of mouse retinogenesis. 

Arrows indicate cone photoreceptors expressing Pou2f1. (M-Q”’) Co-immunostaining for 

POU2F1, OTX2, L/M OPSIN, BRN3, ONECUT2 and DAPI on human retinal sections at fetal 

week (FW) 12, 15, and 19.  White arrows indicate OTX2-BRN3- cells expressing POU2F1, 

Magenta arrows indicate OTX2+veBRN3-ve cells expressing POU2F1. Yellow and brown arrows 

indicate L/M OPSIN+ve or ONECUT2+ve cells expressing POU2F1 respectively. RPL: Retinal 

progenitor layer. ONL: Outer nuclear layer. INL: Inner nuclear layer. Scale bars = 20µm (A-I”), 

10µm (J-Q”’). 
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Figure 2.2. Continuous Pou2f1/2 expression prolongs the cone production window. (A) 

Schematic representation of the experimental paradigm for results shown in B-G. (B-E”) Z-stack 

projection of ex-vivo electroporated cells with a GFP control vector (B), Pou2f1-IRES-GFP (B’) 

or Pou2f2-IRES-GFP (B”) stained for the cone photoreceptor markers Rxrg and S-opsin. Arrows 

point to GFP+ve cells expressing both Rxrg and S-opsin. (F-G) Quantification of GFP+ve cells 

expressing Rxrg (Control: n=7, Pou2f1: n=3, Pou2f2: n=7) (F) or S-opsin (Control: n=9, Pou2f1: 

n=7, Pou2f2: n=9) (G) 19 days after ex-vivo electroporations at E14. (H) Schematic representation 

of the experimental paradigm for results shown in I-M. (I-L”) Z-stack projection of the ONL region 

of retinal explants electroporated with control GFP (n=4) (I), Pou2f1-IRES-GFP (n=3) (I’) or 

Pou2f2-IRES-GFP (n=4) (I”) and stained for EdU and S-opsin. Arrows point to GFP+veS-opsin+ve 

cells. (M) Quantification of the number of GFP+veEdU+ve cells expressing S-opsin in each 

electroporated condition, as indicated. (N) Quantification of all EdU+veGFP+ve cells in explants 

analyzed in (M). *p<0.05, **p<0.01, ***p<0.001. Statistics: One-way ANOVA with Dunnett. 

Graphs show mean±s.e.m. ONL: Outer nuclear layer. Scale bars: 20µm (B-E’’’), 10µm (I-L”). 
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Figure 2.3. Pou2f1/2 are sufficient to induce cone production in mid/late-stage mouse retina. 

(A) Schematic representation of the experimental paradigm for results shown in B-G. (B-E”) Z-

stack projection of retrovirally infected cells with Venus control (B), Pou2f1-IRES-GFP (B’), and 

Pou2f2-IRES-GFP (B”) stained for Rxrg and S-opsin as cone markers. Arrows point to 

GFP+veRxrg+ve cells. (F-G) Retroviral clonal analysis of Control (1206 clones counted), Pou2f1 

(639 clones counted), or Pou2f2 (376 clones counted) misexpression in mid-late stage retinas. n 

values indicated in the graph. (F) Cell type analysis of GFP+ve cells found in the clones. Cones 

were counted using Rxrg as a marker, whereas the other cell types were quantified based on 

morphology and laminar positioning in the retina. (G) Average size distribution of the clones 

presented in (F). (H) Quantification of GFP+ve cells expressing Rxrg in the ONL following in vivo 

electroporation of GFP (n=15), Pou2f1 (n=5), Pou2f2 (n=6), or Pou2f1+Pou2f2 (n=4). (I) RT-

qPCR analysis of Pou2f1 and Pou2f2 expression from sorted GFP+ve cells 9 hours after 

electroporation at P0 in retinal explants of either control GFP, Pou2f1-IRES-GFP or Pou2f2-IRES-

GFP. n values indicated in the graph. (J-M’) Retinal explant electroporated at P0 with Pou2f1-

IRES-GFP with no gRNA (J) or gRNA-Pou2f1 (J’), cultured for 3 DIV, and stained for Pou2f2 (K-

K’) or Pou2f1(L-L’). (N) Quantification of the number of GFP+veRxrg+ve cells after Pou2f1 

misexpression with either shControl-GFP (n=5) or shPou2f2-GFP (n=5) and vice versa 

(Pou2f2+shControl: n=4, Pou2f2+shPou2f1: n=4) in P0 retinal explants. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Statistics: (F, H) One-way ANOVA with Dunnett. (I) Mann-Whitney 

test. (G) Two-way ANOVA with Dunnett. (N) Two tailed unpaired t test. Graphs show 

mean±s.e.m. DIV: Days in-vitro. RQ: Relative quantitation. RPL: Retinal progenitor layer. ONL: 

Outer nuclear layer. Scale bars: 20µm (B-E’’, J-M’). 
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Figure 2.4: Pou2f2 is required for cone development in the developing mouse retina. (A) 

Diagram showing area of analysis. (B-E’) Immunostaining of Rxrg (B), Cnga3 (C), Arr3 (D), and 

PNA (E) in either αPax6-Cre+ Pou2f2fl/+ (B-E) or αPax6-Cre+ Pou2f2fl/fl (B’-E’) mouse retinas at 

P14. (F) Quantification of retinal cell types using various markers (αPax6-Cre+: Cnga3, Arr3, Lim-

1, Pax6, Chx10: n=9, Brn3b: n=8, Rxrg, PNA: n=7, Sox2: n=4; αPax6-Cre+ Pou2f2fl/+: Cnga3, 

Arr3, Lim-1, Pax6, Chx10, Brn3b, Rxrg, PNA: n=9, Sox2: n=4; αPax6-Cre+ Pou2f2fl/fl: Cnga3, 

Arr3, Lim-1, Pax6, Chx10, Brn3b: n=9, Rxrg, PNA: n=7, Sox2: n=5). (G-G”) Flatmount area of 

analysis and flatmount image of P14 retinas of either αPax6-Cre- (G’) or αPax6-Cre+ Pou2f2fl/fl 

(G”). (H-I”) Immunostaining of Rxrg (H-I) or Nrl (H’-I’) in either Chx10-CreERT2- (H-H’) or 

Chx10-CreERT2+ Pou2f2fl/fl mouse retinas at E17.5. (J) Quantification of percentage of Rxrg+ve 

(Chx10-CreERT2-: n=5,  Chx10-CreERT2+ Pou2f2fl/+: n=3, Chx10-CreERT2+ Pou2f2fl/fl: n=7) and 

Nrl+ve (Chx10-CreERT2-: n=5,  Chx10-CreERT2+ Pou2f2fl/+: n=3, Chx10-CreERT2+ Pou2f2fl/fl: n=6) 

cells relative to the WT. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistics: (E, J) One-

way ANOVA with Tukey (E). Graphs show mean±s.e.m. Scale bars: 20µm (B-E’), 100µm (G’-

G’’), 10µm (H-I”). 
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Figure 2.5. Ikzf1 induces Pou2f1 expression, and Pou2f1 represses Casz1. (A) Schematic 

representation of the experimental paradigm for results shown in B and C. (B-C) RT-qPCR 

analysis of Pou2f1 and Pou2f2 from GFP+ve sorted cells after electroporation at E14 of either 

control GFP (Pou2f1: n=8, Pou2f2: n=8), Ikzf1-IRES-GFP (Pou2f1: n=4, Pou2f2: n=4), or 

Ikzf1:VP16-IRES-GFP (Pou2f1: n=5, Pou2f2: n=5). (D) Schematic representation of the 

experimental paradigm for results shown in E-G. (E) RT-qPCR analysis of Pou2f1 from GFP+ve 

sorted cells after electroporation at P0 of either control GFP (n=5) or Ikzf1-IRES-GFP (n=4). (F-

G) RT-qPCR analysis of the two isoforms of Casz1 (Casz1v1 and Casz1v2) after electroporation 

of either control GFP (Casz1v1: n=7, Casz1v2: n=4), Pou2f1-IRES-GFP (Casz1v1: n=7, Casz1v2: 

n=4) or Pou2f2-IRES-GFP (Casz1v1: n=6, Casz1v2: n=4) at P0. *p<0.05, **p<0.01, ***p<0.001. 

Statistics: Mann-Whitney test. Graphs represent mean±s.e.m. RQ: Relative quantitation. 
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Figure 2.6. Pou2f2 binds to the promoter of Nrl and negatively regulates its expression. (A) 

RT-qPCR analysis of Nrl and Nr2e3 mRNA expression following electroporation of control GFP 

(n=6), Pou2f1-IRES-GFP (n=6), or Pou2f2-IRES-GFP (n=6). (B) RT-qPCR analysis of Nrl from 

GFP+ve sorted cells 6 days after electroporation at P0 of either control GFP, Pou2f1-IRES-GFP, or 

Pou2f2-IRES-GFP (n=5). (C-D’’) Images of P0 retinal explants electroporated with either control 

GFP (C-C’’) or Pou2f2-IRES-GFP (D-D’’) and immunostained with Nrl. Yellow arrow show 

GFP+ve cells lacking Nrl. (E) Quantification of GFP+veNrl+ve cells and GFP+veRxrg+veNrl-ve cells in 

the ONL (n=4). (F) RT-qPCR of retinas from P14-P27 αPax6-Cre- (n=4), αPax6-Cre+ Pou2f2fl/+ 

(n=3), or αPax6-Cre+ Pou2f2fl/fl (n=4) animals using primers specific for Nrl. (G) Schematic 

representation of the experiments shown in H-M”. Retinal explants were co-electroporated with 

vectors expressing GFP alone, Pou2f1-IRES-GFP or Pou2f2-IRES-GFP with either control 

pNrl:dsRed or POU-motif mutated pNrl:dsRed (mpNrl:dsRed). (H-M”) Photomicrographs of 

retinal flatmounts showing reduced dsRed signal after expression of Pou2f1 (I’) or Pou2f2 (J’). 

(K-M”) Photomicrographs of retinal flatmounts showing loss of repression on the Nrl promoter 

activity when Pou2f1 (L’) or Pou2f2 (M’) are co-electroporated with the mpNrl-dsRed. (N-O) 

Chromatin immunoprecipitation (ChIP) of Pou2f1 (n=3), Pou2f2 (n=4) or control IgG (n=4) 

followed by quantitative PCR (qPCR) for the Nrl promoter region containing the POU-binding 

site, compared to an intronic control region. (P) Schematic representation of the experimental 

paradigm for results shown in (Q-S). (Q-S”) Retinal explants electroporated at P1 with either 

mpNrl-dsRed (Q-Q”), mpNrl-Pou2f1 (R-R”), or mpNrl-Pou2f2 (S-S”) along with CAG:GFP, 

cultured for 13 DIV, and immunostained for Rxrg to quantify cones in the ONL. (T) Quantification 

of GFP+ve cells expressing Rxrg in the ONL (pNrl-dsRed: n=5, pNrl-Pou2f1: n=5, pNrl-Pou2f2: 

n=4). *p<0.05, **p<0.01, ****<p.0.0001. Statistics: (A, B, F, N, O) Mann-Whitney test, (E) Two 

tailed unpaired t test, (T) One-way ANOVA with Dunnett. Graphs represent mean±s.e.m.  ONL: 

Outer nuclear layer, INL: Inner nuclear layer, RQ: Relative Quantitation. Scale bars: 10µm (C-

D’’, Q-S’’), Scale bars: 50µm (H-M”). 
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Figure 2.7. Model of temporal control of cone production during retinal development. In 

RPCs, Ikzf1 sets up the early temporal window for horizontal, amacrine and ganglion cell 

production, and upregulates Pou2f1 expression, which in turn sets up the temporal window for 

cone production by preventing expression of the mid/late temporal factor Casz1. Pou2f1 initiates 

expression of Pou2f2, which binds and represses Nrl to induce the cone fate.  
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2.6 Supplementary figures and legends 
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Figure S2.1: Validation of specific antibodies, shRNA knockdown and CRISPR/Cas9 

knockout of Pou2f1/2. (A) Multiple sequence alignment of Drosophila Pdm proteins against 

mammalian Pou2f1 and Pou2f2 proteins using BLAST-p (Altschul et al., 1990). (B) Western blot 

of E12 retinal extracts blotted with anti-Pou2f1 and anti-Pou2f2 antibodies. (C-F’) Retinal explants 

electroporated at P0 with Pou2f1-IRES-GFP or Pou2f2-IRES-GFP, cultured for 48hrs, and stained 

for Pou2f2 (D-D’) or Pou2f1 (E-E’). (G) CRISPR-Cas9 gRNA design for Pou2f1 and Pou2f2. (H-

M”) Retinal explants electroporated at P0 with control GFP (H-M), Pou2f1/Pou2f2 with shControl 

(H’-M’), or Pou2f1/Pou2f2 with shPou2f1/shPou2f2 (H’’-M’’), cultured for 3 days ex-vivo, and 

stained for Pou2f1 (I-I”) or Pou2f2 (L-L”). (N-S”) Retinal explants electroporated at P0 with 

control GFP (N-S), Pou2f1/Pou2f2 with no gRNA (N’-S’), or Pou2f1/Pou2f2 with gRNA-

Pou2f1/gRNA-Pou2f2 (N”-S”), cultured for 3 days ex-vivo, and stained for Pou2f1 (O-O”) or 

Pou2f2 (R-R”). (T) Western blot of HEK293T cell lysates either untransfected (-) or transfected 

(+) with Pou2f1-IRES-GFP alone, Pou2f1-IRES-GFP with shScrambled, or Pou2f1-IRES-GFP 

with shPou2f1, and blotted using anti-Pou2f1/2 and anti-β-actin antibodies. (V) Western blot of 

HEK293T cell lysates either un-transfected or transfected with Pou2f2-IRES-GFP with 

shScrambled or Pou2f2-IRES-GFP with shPou2f2 and blotted using anti-Pou2f1/2 and anti-β-actin 

antibodies. Scale bars: 10µm. 
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Figure S2.2: Spatiotemporal expression of Pou2f1 and Pou2f2. (A-B’) Immunostaining for 

Pou2f1 (A) or Pou2f2 (B) in P0.5 mouse retina. (C-C”) Immunostaining for Pou2f1 (C) and Pou2f2 

(C’) in E11.5 mouse retina. (D) scRNA-seq dataset of the developing mouse retina sorted for early 

and late RPCs. (E-E’’’) Co-immunostaining of Pou2f1, Rxrg, and Vsx2 in E15.5 mouse retina. 

Arrows point to Pou2f1+veRxrg+veChx10-ve cells. (F-G”) Immunostaining for Pou2f1, Brn3b or 

Lim-1 and Hoechst in the mouse retina at E15.5 (F-F”) and P7.5 (G-G”). Arrows point to 

Pou2f1/2+veBrn3b+ve (F-F”) or Pou2f1/2+veLim-1+ve (G-G”) cells. (H-H’’’) Co-immustaining of 

Pou2f2 (H’) and Brn3b (H”) in Chrnb4-eGFP mouse retina at E14.5. (I-J”) Co-immunostaining 

for POU2F1 and KI67 (I-I’’’) or S-OPSIN, L/M OPSIN, and ARRESTIN-3 (J-J”) in human 

embryonic stem cell-derived retinal organoids at week 8 or 24, respectively. RPL: Retinal 

progenitor layer. ONL: Outer nuclear layer. INL: Inner nuclear layer. Scale bars = 20µm (A-C”, 

E-H’’’), 10µm (M-N”), 5µm (J-J”). 
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Figure S2.3: Cone and horizontal cell markers expression after Pou2f1/2 expression in P0 

retinal explants. (A) Retinal explants infected with Pou2f1-IRES-Venus at P0, cultured for 14 

days, and stained for S-opsin (A’) and PNA (A”). (B) Retroviral clonal analysis of Control Venus 

(1469 clones counted) or Pou2f1 (1055 clones counted) misexpression in mid-late stage retinas. 

Cell type analysis of GFP+ve cells found in the clones. Cones were counted using S-opsin as a 

marker, whereas the other cell types were quantified based on morphology and laminar positioning 

in the retina. Average size distribution of the clones. n values indicated in the graph. (B-E”’) 

Retinal explants either infected with Pou2f1-IRES-Venus (B-B’), cultured for 5 DIV (B) and 14 

DIV (B’) and stained for Otx2 (C), Rxrg (D), S-opsin (C’) or PNA (D’) or electroporated with 

Pou2f2-IRES-GFP (B’’-B’’’), cultured for 6 DIV (B”) and 14 DIV (B’’’) and stained for Otx2 

(C’’), Brn3b (C’’’), or Rxrg (D”-D’’’). Yellow arrows point to co-labelled cells and white arrows 

point to GFP+veRxrg+ve cells lacking Brn3b immunostaining. (F-H’) Retinal explants 

electroporated at P0 with control GFP (F) or Pou2f2-IRES-GFP (F’), cultured for 4 days, and 

stained for the horizontal cell marker Lim1 (G-G’). Yellow arrowheads point to GFP+veLim-1+ve 

cells. (I-L”) Z-stack projection of electroporated cells with GFP control (I), Pou2f1-IRES-GFP 

(I’), and Pou2f2-IRES-GFP (I”) stained for Rxrg and S-opsin as cone photoreceptor markers. 

Arrows point to GFP+veRxrg+ve cells. ONL: Outer nuclear layer. RPL: Retinal progenitor layer. 

DIV: Days in-vitro. *p<0.05, **p<0.01. Statistics: (B) One-way ANOVA with Dunnett for cell 

types and Two-way ANOVA with Dunnett for clone sizes.  Scale bars: 10 µm (B-E’’’, F-L”). 
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Figure S2.4: shRNA knockdown, CRISPR/Cas9 knockout and validation of Pou2f2 cKOs. 

(A) Quantification of the number of GFP+veRxrg+ve cells in the outer nuclear layer (ONL) 

following electroporation of E14 retinal explants with either empty GFP, CRISPR-Cas9-

scrambled gRNA with GFP, empty CRISPR-Cas9 with GFP, CRISPR-Cas9-gRNA Pou2f1 with 

GFP, or CRISPR-Cas9-gRNA Pou2f2 with GFP. (B) Clonal analysis 19 days after infection of 

E14 retinal explants with retroviral vectors expressing an empty shRNA vector (790 clones 

counted), or shRNAs for Pou2f1 (619 clones counted) or Pou2f2 (197 clones counted). Cones were 

counted using Rxrg as a marker whereas other cells were quantified based on morphology and 

laminar positioning in the retina. (C) Average size distribution of the clones presented in (B). (D) 

Quantification of the number of GFP+veRxrg+ve cells in the ONL following electroporation of 

retinal explants from E13 Pou2f2fl/+ or Pou2f2fl/fl mice with CAG:Cre and cultured for 20 DIV. (E-

G’) Co-immunostaining of Pou2f2 and Cre in E12.5 αPax6-Cre- (E) or αPax6-Cre+ Pou2f2fl/fl (E’) 

mouse retina. Blue arrows show Cre+ve cells lacking Pou2f2 expression. (H-J’) Immunostaining of 

Pou2f2 in P14 retina of αPax6-Cre cKO. Dashed boxes highlight the GCL. (K-M’) 

Immunostaining of Cre and TdTomato in Chx10-CreERT2+ Rosa26.tdT+/- E13.5 retinas treated 

without tamoxifen (K) or with tamoxifen (K’) at E11.5. (N-P’) Co-immunostaining of Cre and 

Pou2f2 in E17.5 retina of Chx10-Cre cKO. Dashed line highlights the GCL. n values indicated in 

the graphs. *p<0.05, **p<0.05, ***p<0.05. Statistics: (A, D) Two tailed unpaired t test, (B) One-

way ANOVA with Dunnett, (C) Two-way ANOVA with Dunnett. Graphs represent mean±s.e.m. 

RPL: Retinal progenitor layer, ONL: Outer nuclear layer, INL: Inner nuclear layer, GCL: Ganglion 

cell layer. Scale bar: 20µm (E-J’), 100µm (K-M’), 10µm (N-P’).  
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Figure S2.5: Pou2f1 and Pou2f2 indirectly activate a cis regulatory module of thrb active in 

cones. (A) Sequence alignment of thrb gene for different species showing conservation of the cis-

regulatory modules (CRM) PR1 and PR2. (B-C) E13 retinal explants co-transfected with 

thrbPR1:GFP (B) or thrbPR2:GFP (C) and mCherry, cultured for 21 days, and stained for the 

cone marker S-opsin. Green arrows point to GFP+vemCherry+veS-opsin+ve cells. (D-I) 

Photomicrographs of retinal flatmounts electroporated with either control (D, G), Pou2f1 (E, H), 

or Pou2f2 (F, I) along with either thrbPR1:GFP (D-F) or thrbPR2:GFP (G-I) and mCherry as a 

electroporation control at P0 and cultured for one day. (J) RT-qPCR analysis of Thrb2 from GFP+ve 

sorted cells 6 days or 14 days after electroporation at P0 of either control GFP (n=4), Pou2f1-

IRES-GFP (n=4), or Pou2f2-IRES-GFP (n=4). (K) RT-qPCR analysis Thrb2 in retinas from P14-

P27 αPax6-Cre- (n=4), αPax6-Cre+ Pou2f2fl/+ (n=3), or αPax6-Cre+ Pou2f2fl/fl (n=4) animals. (L-

M) Chromatin immunoprecipitation (ChIP) of control IgG (n=4), Pou2f1 (n=3), or Pou2f2 (n=4) 

followed by quantitative PCR (qPCR) for the Thrb promoter region 1 and 2. Statistics: Mann-

Whitney test. Graphs represent mean±s.e.m. *p<0.05. ONL: Outer nuclear layer. DIV: Days in-

vitro. Scale bars: 5µm (B-C), 50µm (D-I). 
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Figure S2.6: Validation of wildtype and mutated pNrl-Pou2f1/2 vectors. (A-N”) Retinal 

explants electroporated at P0 with either pNrl-Pou2f1/2 (A-G”) or pmNrl-Pou2f1/2 (H-N”) along 

with CAG:GFP, cultured for 3DIV (A-C’, H-J’) or 14DIV (D-G”, K-N”), and stained for Pou2f1 

(B, E’, I, L’) or Pou2f2 (B’, E”, I’, L”), Rxrg (F-F”) or Hoechst (M-M”). ONL: Outer nuclear 

layer. INL: Inner nuclear layer. DIV: Days in-vitro. Scale bars: 10 µm (A-N”).  
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2.7 Supplementary tables 

Table S2.1: Manuscript 1 - Sequences of primers and oligos. 

mRNA primers 

No.  pF (5’>3’) pR (5’>3’) References 

1 Pou2f1 AACACGACACAGACCA

CCTC 

TAGCAGCAAGACTGGC

GTT 

This paper 

2 Pou2f2 CACCACCAACAGCACA

AACC 

GGGGTTCAGGCCCGAC

AAG 

 

This paper 

 

3 Gapdh TGCAGTGGCAAAGTGG

AGAT 

ACTGTGCCGTTGAATTT

GCC 

Ouimette et al. 

2010. 

4 Casz1v1 CTTCGGGAACTGCAAG

TACG 

GTTGATGTGGTCCAAG

CAGTG 

This paper 

5 Casz1v2 TCGCAGAGTTACACTG

GCTG 

GGATCCCAACGGATCA

CTGG 

This paper 

 

6 Nr2e3 AAGCTCCTGTGTGACAT

GTTCAA 

AAGCTCCTGTGTGACAT

GTTCAA 

This paper 

7 Nrl CGAGCAGTGCACATCT

CAGTTC 

AACTGGAGGGCTGGGT

TACC 

This paper 

 

ChIP primers 

1 Nrl-OCT 

 

TCTTTCACTGGCTTCTG

AGTCC 

CTGAGATCATCTGTGGT

CCTCG 

 

This paper 

 

2 Nrl-intron CGGTGGTGTACCGAGA

GACT 

GCCCAACTCCTACACT

GACTC 

This paper 

 

3 Thrb-PR1 GACGCGGCGGGATTAA

CTTT 

 

CCTGCCAAGTTACCAG

AGCG 

 

This paper 

4 Thrb-PR2 GTTGTCAACCATAAGG

GCAGTA 

AAAGGTGCCTATTATG

CTGGGG 

This paper 

gRNA sequences 

1 Scrambled 

 

GCACTACCAGAGCTAA

CTCA 

 Ruan et al. 

2017. 

2 Pou2f1 

gRNA A 

GCTGACTGCACTGAAG

GCGGC 

 This paper 

 

3 Pou2f1 

gRNA B 

GCCGCCTTCAGTGCAGT

CAGC 

 This paper 

 

4 Pou2f2 

gRNA A 

GCCGGTTGCAGAACCA

GACG 

 

 This paper 

 

5 Pou2f2 

gRNA B 

GACGCATCAACCCTTG

CAGTG 

 This paper 

 



100 

 

shRNA oligos 

1 Negative 

control 

shRNA 

GATCCGGTGAAATTGA

GGTCACGCCTTCAAGA

GAGGCGTGACCTCAAT

TTCACCTTTTTTAGATC

T 

AGATCTAAAAAAGGTG

AAATTGAGGTCACGCC

TCTCTTGAAGGCGTGAC

CTCAATTTCACCGGATC 

Chan et al. 

2006. 

2 Pou2f1 

 

CCAGCACAGTTTATCAT

CTTTCAAGAGAAGATG

ATAAACTGTGCTGGTTT

TTTAAGCTTGAATT 

AATTCAAGCTTAAAAA

ACCAGCACAGTTTATC

ATCTTCTCTTGAAAGAT

GATAAACTGTGCTGG 

This paper 

 

3 Pou2f2 gatccGCGCCAAATCTAT

TCCAGCTTTCAAGAGA

AGCTGGAATAGATTTG

GCGTTTTTTAAGCTTg 

aattcAAGCTTAAAAAAC

GCCAAATCTATTCCAG

CTTCTCTTGAAAGCTGG

AATAGATTTGGCGCg 

This paper 

 

Thrb promoter sequences  

1 PR1 CTGGGTCATCTGGAAC

AGCACAC 

mm9 genomic coordinates : 

chr14:18492293-18492315 

CGCCCACCCTGCCAAG

TTACC 

mm9 genomic coordinates : 

chr14:18493538-18493558  

This paper 

 

2 PR2 GGAACAGATCAGAACT

CAGGACTC 

mm9 genomic coordinates : 

chr14:18813644-18813667 

GCAGAGAAGCCAGTAA

CACTCAC 

mm9 genomic coordinates : 

chr14:18814966-18814988 

This paper 

 

Infusion HD sequences 

 

1 mNRL-

dsRED 

 

GATGATATCAAGCCCTT

CATCTTATTGG 

TCATTGGCCTGGGGCG

CTTGATATCATC 

This paper 

 

2 Nrl-

Pou2f1 

CCCGGGATCCACCGGA

TGCTGGACTGCAGT 

CTGAGGAGTGCGGCCT

TACTGTGCCTTGGA 

This paper 

3 Nrl-

Pou2f2 

CCCGGGATCCACCGGat

ggttcattccagc 

CTGAGGAGTGCGGCCtc

aaggctggtaagg 

This paper 
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Table S2.2: Manuscript 1 - Materials 

REAGENT or 

RESOURCE 

SOURCE IDENTIFIER APPLICATION 

Primary antibodies 

Arrestin-3 Novus NBP1-37003 IF 1:500 

Arrestin-3 Millipore Sigma AB15282 IF 1:500 

Brn3b Santa Cruz SC-6026 IF 1:500 

β-actin Sigma-Aldrich A5441 WB 1:2000 

Cnga3 Alomone Labs APC-060 IF 1:500 

Vsx2/Chx10 Exalpha X1180P IF 1:500 

Cre Synaptic Systems 257 004 IF 1:2000 

GFP Abcam ab13970 IF 1:2000 

Mouse control IgG Isotope Fischer Scientific 31903 ChIP 5ug 

Ki-67 Fischer Scientific 9106S 901H IF 1:100 

Ki-67 BD Biosciences 550609 IF 1:100 

Lim1/2 DSHB 4F2 IF 1:50 

Nrl R&D systems AF2945 IF 1:200 

Onecut2 R&D systems AF6294 IF 1:200 

Otx2 R&D systems AF1979 IF 1:500 

OTX2 Abcam AB114138 IF 1:500 

PNA-647 Molecular Probes L-32460 IF 1:1000 

Pax6 Milipore Sigma AB2237 IF 1:100 

Pou2f1 Sigma-Aldrich clone 1E12 
IF 1:100  

WB 1:1000 

Pou2f1 Santa Cruz 12F11 X ChIP 5ug 

Pou2f2 Santa Cruz 
SC-233 

(Discontinued) 

IF 1:500 

WB 1:1000 

Pou2f2 Santa Cruz F5 X ChIP 5ug 

Rxrg Abcam ab15518 IF 1:100 

S-opsin Santa Cruz N-20 IF 1:1000 

S-opsin Millipore/Merck AB5407 IF 1:1000 

L/M OPSIN Milipore/Merck AB5405 IF 1:500 

Secondary antibodies 

AF-488 Donkey anti-

Chicken 

Jackson 

ImmunoResearch 
AB_2340375 IF 1:1000 

AF-488 Donkey anti-

Mouse 

Jackson 

ImmunoResearch 

2.7.1.1 AB_23

40846 

IF 1:1000 

AF-488 Donkey anti-

Guinea Pig 

Jackson 

ImmunoResearch 

2.7.1.2 AB_23

40472 

IF 1:1000 

AF-555 Donkey anti-

Rabbit 

Jackson 

ImmunoResearch 

2.7.1.3 AB_23

13584 

IF 1:1000 

AF-647 Donkey anti-Goat 
Jackson 

ImmunoResearch 

2.7.1.4 AB_23

40436 

IF 1:1000 
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AF-647 Donkey anti-

Mouse 

Jackson 

ImmunoResearch 

2.7.1.5 AB_23

40863 

IF 1:1000 

AF-647 Donkey anti-

Sheep 

Jackson 

ImmunoResearch 

2.7.1.6 AB_23

40751 

IF 1:1000 

Goat anti-Mouse HRP 
Jackson 

ImmunoResearch 

2.7.1.7 AB_10

015289 

WB 1:10000 

Goat anti-Rabbit HRP 
Jackson 

ImmunoResearch 

2.7.1.8 AB_23

07391 

WB 1:10000 

Bacterial and Virus Strains  

Subcloning 

Efficiency™ DH5α™ 

Competent Cells 

Fischer Scientific 

18265017 

Biological Samples 

Chrnb4-eGFP mouse 

retinas 

(Siegert et al., 

2009) 

N/A 

Chemicals, Peptides, and Recombinant Proteins 

FGF Fisher Scientific E6 

Taurine  Sigma Aldrich T4871 

GSK-3 inhibitor Tocris Bioscience CHIR99021 

MEK inhibitor Tebu-bio PD032590101 

Retinoic Acid Fisher Scientific R2625 

Papain Worthington LS003124 

Critical Commercial Assays 

RNeasy Microkit Qiagen 74004 

Superscript VILO Master 

Mix 

Fisher Scientific 11755050 

SYBR Green Master mix Fisher Scientific A25742 

Dynabeads Protein G Fisher Scientific 10003D 

In-Fusion HD Cloning plus Takara 638920 

Click-iTTM EdU Alexa 

FluorTM 647 

Fisher Scientific C10340 

Experimental Models: Cell Lines 

Phoenix-AMPHO ATCC CRL-3213 

Experimental Models: Organisms/Strains 

CD1 Charles Rivers Cat#022 

Pou2f2fl/fl Jackson 029132 

α-Pax6 promoter::Cre (Marquardt et al., 

2001) 

N/A 
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Chx10 promoter ::CreERT2 RIKEN – 

Depositor : 

Takahashi 

Furukawa (Osaka 

Bioscience 

institute) 

RBRC06574 

Oligonucleotides 

For qPCR primers, see 

Supplementary Table 1 

This paper N/A 

For shRNA sequences, see 

Supplementary Table 1 

This paper N/A 

For gRNA sequences, see 

Supplementary Table 1 

This paper N/A 

For ChIP primers, see 

Supplementary Table 1 

This paper N/A 

For Infusion HD 

sequences, see 

Supplementary Table 1 

This paper N/A 

Recombinant DNA 

cDNA Pou2f1 DNASU FLH265709.01X 

cDNA Pou2f2 The I.M.A.G.E. 

Consortium 

(Lennon et al., 

1996) 

IMAGE:40046289 

pCAG-mGFP Addgene 

(Matsuda and 

Cepko, 2007) 

14757 

pCAG-Cre Addgene 

(Matsuda and 

Cepko, 2007) 

13775 

pCAG-Otx2 (Mattar et al., 

2008) 

N/A 

pCLE-venus Addgene (Gaiano 

et al., 2000) 

17703 

pSIREN-RetroQ-ZsGreen Clontech 632455 

pX330-U6-Chimeric_BB-

CBh-hSpCas9 

Addgene (Cong et 

al., 2013) 

42230 

pCIG2-IRES-GFP (Hand et al., 2005) N/A 

pNrl-dsRed Addgene 

(Matsuda and 

Cepko, 2007) 

13764 

Software 

Prism 8 Graphpad https://www.graphpad.com/scientifi

c-software/prism/ 
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Volocity software 6 Improvision  

http://www.perkinelmer.com/lab-

solutions/resources/docs/BRO_Vol

ocityBrochure_PerkinElmer.pdf;  

 

ZEN software Zeiss Microscope  

https://www.zeiss.com/microscopy/

int/products/microscope-

software/zen.html 

 

Adobe Illustrator CC 2019 Adobe http://www.adobe.com/products/ill

ustrator.html 

Adobe Photoshop CC 2019 Adobe  

https://www.adobe.com/products/p

hotoshop.html 

 

Adobe Acrobat Pro DC 

2019 

Adobe https://acrobat.adobe.com/us/en/acr

obat.html 

Quant-Studio Real Time 

PCR software 

Fisher Scientific https://www.thermofisher.com/ca/e

n/home/life-science/pcr/real-time-

pcr/real-time-pcr-

instruments/quantstudio-3-5-real-

time-pcr-system.html 

Office 365 Microsoft  

https://www.office.com/ 

 

Bioturing Browser Bioturing https://blog.bioturing.com/2019/06/

18/bioturing-browser-making-

published-single-cell-data-really-

accessible/ 

Other 

DMEM+Glutamax Thermofisher 10569010 

Penicillin/Streptomycin Thermofisher 15140148 

Fetal Bovine Serum Wisent 

Bioproducts 

080-150 

 

  

http://www.perkinelmer.com/lab-solutions/resources/docs/BRO_VolocityBrochure_PerkinElmer.pdf
http://www.perkinelmer.com/lab-solutions/resources/docs/BRO_VolocityBrochure_PerkinElmer.pdf
http://www.perkinelmer.com/lab-solutions/resources/docs/BRO_VolocityBrochure_PerkinElmer.pdf
http://www.perkinelmer.com/lab-solutions/resources/docs/BRO_VolocityBrochure_PerkinElmer.pdf
https://www.zeiss.com/microscopy/int/products/microscope-software/zen.html
https://www.zeiss.com/microscopy/int/products/microscope-software/zen.html
https://www.zeiss.com/microscopy/int/products/microscope-software/zen.html
https://www.zeiss.com/microscopy/int/products/microscope-software/zen.html
http://www.adobe.com/products/illustrator.html
http://www.adobe.com/products/illustrator.html
https://www.adobe.com/products/photoshop.html
https://www.adobe.com/products/photoshop.html
https://www.adobe.com/products/photoshop.html
https://acrobat.adobe.com/us/en/acrobat.html
https://acrobat.adobe.com/us/en/acrobat.html
https://www.thermofisher.com/ca/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-3-5-real-time-pcr-system.html
https://www.thermofisher.com/ca/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-3-5-real-time-pcr-system.html
https://www.thermofisher.com/ca/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-3-5-real-time-pcr-system.html
https://www.thermofisher.com/ca/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-3-5-real-time-pcr-system.html
https://www.thermofisher.com/ca/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-3-5-real-time-pcr-system.html
https://www.office.com/
https://www.office.com/
https://blog.bioturing.com/2019/06/18/bioturing-browser-making-published-single-cell-data-really-accessible/
https://blog.bioturing.com/2019/06/18/bioturing-browser-making-published-single-cell-data-really-accessible/
https://blog.bioturing.com/2019/06/18/bioturing-browser-making-published-single-cell-data-really-accessible/
https://blog.bioturing.com/2019/06/18/bioturing-browser-making-published-single-cell-data-really-accessible/
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2.9 Materials and methods 

Animals 

All experiments in this study was done in accordance with the Canadian Council on Animal 

guidelines and United Kingdom Animals (Scientific Procedure) Act of 1986 and Policies on the 

Use of Animals and Humans in Neuroscience Research guidelines. Pregnant Pou2f2fl/fl females 

raised in the C57BL/6J background (Mus musculus) were sacrificed at E13.5 and retinas from 

embryos were extracted for pCAG:Cre electroporation and ex-vivo retinal explant culture, αPax6-

Cre+ Pou2f2fl/fl mice were P14 at the time of cell count analysis. The Chx10-CreERT2 mouse line 

was generated by Dr. Takahisa Furukawa (Osaka Univ.) and provided by the RIKEN BRC through 

the National Bio-Resource Project of the MEXT/AMED, Japan (RIKEN Bioresource RRID: 

IMSR_RBRC06574). Chx10-CreERT2+ Pou2f2fl/fl  pregnant females were injected with tamoxifen 

at E11.5 and sacrificed at E17.5 for cell count analysis. Chx10-CreERT2+ RosatdTomato were injected 

with tamoxifen at E11.5 and sacrificed at E13.5. All the rest of the mouse experiments in this study 

were carried out on WT CD1 mice (Mus musculus, Charles Rivers). 

 

Tissue collection and immunofluorescence 

Mouse embryos were collected from timed pregnant females with the day of vaginal plug 

considered as 0.5 day (E0.5). Embryos were collected from the pregnant females at E11.5, E13.5, 

E15.5, E17.5, whereas eyes were collected at P0.5 and Adult stages. The decapitated heads from 

embryos and eyes from postnatal pups were fixed for 15mins or 5mins, respectively, in 4% 

PFA/PBS followed by immersion in 20% Sucrose/PBS for 2 hours. Eyes were then embedded in 

OCT, frozen in liquid nitrogen, and sectioned at 25µm using a cryostat. 

 

For immunofluorescence, retinal sections were blocked and permeabilized with the 

blocking solution (3% BSA in 1XPBS with 0.5% Triton X-100) for 1 hour. Primary antibodies 

diluted in blocking solution were then applied on the sections overnight at room temperature (RT). 

Sections were then washed three times for 5 mins with PBS and incubated with the appropriate 

secondary antibodies diluted in PBS (Invitrogen, 1:1000) for 1hour at RT. After three 5 mins PBS 

https://scicrunch.org/resolver/IMSR_RBRC06574
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wash, sections were incubated in Hoechst/PBS (Invitrogen, 33342, 1: 20,000) for 5 mins. at RT. 

Slides were washed once in PBS for 5 mins and cover-slipped with Mowiol (Calbiochem). List of 

primary antibodies can be found in the Table S2. 

 

Retroviral constructs preparation and retinal explant culture 

The retroviral constructs were prepared and purified as previously outlined (Cayouette et 

al., 2003). Retinal explants were prepared and cultured as previously described (Cayouette et al., 

2001). Retroviral infections were done after placing the retinal explants in CO2 incubator at 37oC 

1-hour after dissection. In ex-vivo electroporations and retroviral infections, left and right retinas 

from the same animal was separated to ensure control and experimental conditions were 

electroporated between different animals. The clones generated by the retroviral infection were 

analysed using morphology, positioning and cell type markers such as Rxrg and S-opsin, as 

previously described (Elliott et al., 2008). 

 

Western blot 

Protein extraction and immunoblotting was done as previously described in (Ramamurthy 

et al., 2014). The secondary antibody used was HRP-conjugated goat anti-mouse or HRP-

conjugated goat anti-rabbit (1:10,000, Jackson immunoresearch). 

 

In vivo electroporation 

P0 eyes were injected sub-retinally with 3µg of DNA suspended in 1µl water containing 

0.5% fast green and electroporated with 5 pulses at 50V, 50ms as previously described (de Melo 

and Blackshaw, 2011). The mice were sacrificed 14 days or more after the electroporation and the 

retinas were dissected, fixed, and sectioned as stated above. 
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CRISPR-Cas9 gRNA generation 

CRISPR-Cas9 gRNAs targeting Pou2f1 and Pou2f2 were generated and cloned into 

pX330-U6-Chimeric_BB-CBh-hSpCas9 vector as described (Cong et al., 2013; Ruan et al., 2017; 

Wang et al., 2014). gRNA sequences used for CRISPR/Cas9 indel knockouts are listed in the Table 

S1. 

 

Plasmids 

Pou2f1 and Pou2f2 cDNA were cloned into a pCIG2-IRES-GFP and pCLE-Venus 

backbone vector using appropriate restriction sites (Gaiano et al., 2000; Hand et al., 2005; Lennon 

et al., 1996). shRNA sequences listed in Table S1 were cloned into pSIREN-retroQ-ZsGreen 

(Chan et al., 2006). pmNrl-dsRed, pNrl-Pou2f1, pmNrl-Pou2f1, pNrl-Pou2f2, and pmNrl-Pou2f2 

were generated by Infusion HD Plus cloning kit using primers listed in Table S1. ThrbPR1:GFP 

and ThrbPR2:GFP sequences were generated by amplifying the promoter regions of the long and 

short isoform of thrb using PCR primers listed in Table S1. PCR products were then cloned into 

CAG:mGFP in place of the CAG promoter (Matsuda and Cepko, 2007). 

  

EdU labelling assay 

5µM EdU was added in the culture medium for 2 hours at specified time points, depending 

on the experiment (see text). Click-iTTM EdU Alexa FluorTM 647 imaging kit was used to label the 

cells that incorporated EdU. 

 

Chromatin Immunoprecipitation 

ChIP was performed using ~50 E14 retinas per biological replicate (at least three biological 

replicates were done for each ChIP condition). Retinas were dissected and fixed for 10mins with 

1% Formaldehyde. 125mM Glycine/PBS was used to quench the Formaldehyde for 10mins. 

Buffer A (0.25% Triton, 10 mM Tris pH8, 10 mM EDTA, 0.5 mM EGTA, protease inhibitors) 

was added to the samples and incubated for 10mins. The samples were then incubated for 30mins 
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in Buffer B (200 mM NaCl, 10 mM Tris pH8, 1 mM EDTA, 0.5 mM EGTA, protease inhibitors). 

The nuclei were sonicated to obtain fragments of 400bp average length. Immunoprecipitation of 

the sonicated chromatin was done with either mouse IgG (Invitrogen, 02-6502), Pou2f1 (Santa 

Cruz, cat. no. 12F11 X) or Pou2f2 (Santa Cruz, cat. no. F-5 X) whereas 10% of the chromatin was 

used as input. Dynabeads Protein G (Thermofisher scientific, 10003D) were used to collect 

immunoprecipitated material and Qiagen PCR purification kit (28104) was used to isolate DNA 

fragments after washing and de-crosslinking. qPCR was used to amplify regions of interest using 

specific primers. Complete primer list is detailed in Table S1. 

 

RNA isolation and Quantitative PCR 

Retinal explants and cKO eyes were dissociated with 100 units of papain (Worthington, 

LS003124). A MoFlo (Beckman Coulter) cell sorter was used to isolate GFP+ve cells from the 

electroporated and dissociated retinal explants at various time points. Replicates with more than 

1000 GFP+ve cells sorted were included in the study. Collected cells were placed directly into 

Qiagen Buffer RLT plus and RNeasy microkit (Qiagen, 74004) was used to isolate RNA from the 

cells, as instructed by the manufacturer’s protocol but with an additional 2mins of vortex in Buffer 

RLT. Isolated RNA was reverse transcribed using Superscript VILO Master Mix (Thermofisher 

Scientific, 11755050). cDNA was amplified by quantitative PCR using SYBR Green Master mix 

(Thermofisher Scientific, A25742). The detailed primer list can be found in Table S1 (Emerson et 

al., 2013; Ouimette et al., 2010). All primers used in this study were validated with a standard 

curve dilution of cDNA before the experiments were conducted. 

 

Statistical and Quantitative analysis 

Two-tailed unpaired student’s t-test, one-way ANOVA with Tukey and Dunnett, two-way 

ANOVA with Tukey, and Mann-Whitney tests were conducted in this study, as indicated in Figure 

legends. All quantifications shown are mean±s.e.m. n represents number of biological replicates. 

In retroviral clonal analysis, all samples with less than 70 GFP+ve clones counted were pooled to 

generate a single n. In the E14 and P0 retinal explants cultures, samples with disorganised retinal 

layers were discarded and only retinal explants with organised layers were analysed. Retinal 
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explants with low number of cells counted were pooled to generate one biological replicate. All 

experiments were repeated at least 3 times. All retinal sections were oriented according to standard 

conventions with apical side of the retina at the top of the image. All samples met the power testing 

criteria of at least n=3 with prespecified effect size of a 20% difference with default power value 

of 0.8 and a significance p-value of 0.05. 

 

αPax6-Cre+ Pou2f2fl/fl were analysed as follows. 2 sections spanning the naso-dorsal and 

temporo-dorsal regions of the distal most retina around 200µm apart from each other, were 

analysed per marker per animal (4 sections per antibody per animal for Lim-1). The same region 

was counted between different animals, sectioned at the same time with the same orientation with 

the control conditions on the same slide.  Cells positive for the respective markers were counted 

in a 200µm segment on the section. Retinas with poor antibody staining were excluded from the 

study. The raw counts were then averaged and compared to the WT from the same experiment. n 

is equal to biological repeats. The investigator was blinded to the genotype for cell counts, and 

counts for the Pax6 cKO were validated by another blinded lab member who analysed the images 

taken by the primary investigator. Sections with poor antibody immunostainings were omitted 

from the study. 

 

Chx10-CreERT2 Pou2f2fl/fl pregnant females were injected with 3ul/g tamoxifen at E11.5 

and sacrificed at E17.5. The embryos were decapitated, and heads were fixed with 4%PFA for 

15min and 1hour depending on the antibody used whereas the tails were used for genotyping. 

Heads were oriented similarly, and each mutant was embedded in OCT and subsequently cryo-

sectioned with a control condition. Counts of Rxrg and Nrl were done on two 200µm segments 

from the temporal and nasal portion each of the peripheral retina, averaged and normalized over 

the control. The investigator was blinded from the outcome of the genotyping results during the 

acquisition of the images and assessing the counts of each genotype. Sections with poor antibody 

immunostainings were omitted from the study. 
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Human ESC maintenance and retinal differentiation culture 

The human embryonic stem cell line (H9 from Wicell) was maintained as previously 

described (Gonzalez-Cordero et al., 2017). For retinal organoid differentiation human ES cells 

were maintained until 90-95% confluent, then media without FGF (E6, Thermo Fisher) was added 

to the cultures for two days (D1 and 2 of differentiation) followed by a neural induction period (up 

to 7 weeks) in proneural induction media (Advanced DMEM/F12, MEM non-essential amino 

acids, N2 Supplement, 100mM Glutamine and Pen/Strep). Lightly pigmented islands of retinal 

pigmented epithelium (RPE) appeared as early as week 3 in culture. Optic vesicles were formed 

from within the RPE region between weeks 4 and 7. During this period, neuroretinal vesicles were 

manually excised with 21G needles and kept individually in low binding 96 well plates in retinal 

differentiation media (DMEM, F12, Pen/Strep and B27 without retinoic acid). At 6 weeks of 

differentiation, retinal differentiation medium was supplemented with 10% FBS, 100uM taurine 

(Sigma, T4871) and 2mM glutamax and at 10 weeks 1uM retinoic acid (RA) was added. For long-

term cultures, vesicles were transferred to low binding 24 well plates (5 vesicles/well) at 10 weeks. 

At 12 weeks of differentiation, in addition to B27 and other factors described above, media was 

supplemented with 1% N2 and the RA concentration was reduced to 0.5uM. Maintenance cultures 

of hPSCs were feed daily and differentiation cultures were feed every 2 days. 
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2.12  Temporal transcription factor gene regulatory network 

During our examination of Pou2f1 and Pou2f2 as candidate regulators of cone temporal 

competence in the developing mouse retina, another tTF was discovered. Foxn4, a winged 

helix/forkhead box transcription factor, has been previously implicated in cell fate specification in 

the spinal cord as well as regulation of alveologenesis in the lung (Boije et al., 2013; Chi et al., 

2008; Li et al., 2005; Li et al., 2010; Li and Xiang, 2011; Misra et al., 2014). In the retina, Foxn4 

was previously shown to be expressed during the early temporal competence window and required 

for the horizontal and amacrine fate specification as well as RPC differentiation (Boije et al., 2008; 

Islam et al., 2013; Kunzevitzky et al., 2011; Li et al., 2004; Luo et al., 2012). Although it could 

promote amacrine fate outside its competence window, it was never tested as a potential tTF. 

 Foxn4 was shown to be important for the mid window of temporal competence state in 

RPCs (Liu et al., 2020a). Knockout retinas of Foxn4 had increased RGC and decreased cone 

numbers during early retinogenesis, in addition to amacrine and horizontals cells previously 

identified (Li et al., 2004). Overexpression of Foxn4 in early RPCs led to a reduction of RGC 

numbers and an increase in horizontal cell and cone numbers. Interestingly, microarray and RNA-

seq analysis of Foxn4 KO and WT retinas revealed downregulation of genes associated with 

amacrine cell, horizontal cell and photoreceptor specification. On the other hand, there was an 

increase in genes associated with RGC development, suggesting that Foxn4 represses genes 

associated with RGC development. There were also dynamic changes observed in photoreceptor 

gene expression in Foxn4 KO compared to WT retinas. At E14, halfway through the early 

retinogenesis window, Foxn4 KO retinas had a drastic decrease in photoreceptor differentiation 

genes, which recovered by E16, and increased by P0. Therefore, Foxn4 regulates photoreceptor 

gene expression dynamically as retinal development progress. As germline Foxn4 knockout mice 

die at birth, the effect of Foxn4 deletion in the adult retina could not be assessed. Therefore, in the 

same study, a retina specific conditional knockout of Foxn4 was generated. Foxn4 cKO adult 

retinas had impaired photoreceptor synaptogenesis with bipolar cells and exhibited retinal 

degeneration due to thinning of retinal layers. These results demonstrated that important roles of 

Foxn4 during retinal development and in the adult retina. 
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Is there cross regulation between Foxn4 and other tTFs? Remarkably, Foxn4 represses 

Ikzf1 when overexpressed during early retinogenesis (Liu et al., 2020a). In the Foxn4 knockout 

retinas, Ikzf1 mRNA expression is elevated in Foxn4 knockout retinas compared to WT control 

retinas at E16.  Interestingly, there was no difference in Ikzf1 mRNA expression between Foxn4 

knockout and WT retinas at E14 and P0. This suggests that Foxn4 could be regulating Ikzf1 

expression at a specific temporal stage. On the other hand, Casz1 mRNA expression was increased 

by Foxn4 overexpression and decreased in E16 and P0 Foxn4 KO retinas. This regulation is 

reminiscent of the fly VNC temporal cascade, where a tTF represses the preceding gene and 

activates the succeeding gene (Fig.1.4C). As our study was published in parallel to Foxn4, the 

regulatory relationship between Pou2f1 and Foxn4 was not assessed.  

The results presented in chapter 2 and this study provided major insights into how temporal 

identity could be transcriptionally regulated in RPCs. These results also suggest that only assessing 

the mammalian homologues of tTFs in fly VNC nerve cord development might be too limited to 

explain the complex temporal competence GRN. Evidence supporting this are the loss of function 

experiments of the currently discovered tTFs. The knockout or knockdown of Ikzf1, Casz1, Foxn4 

Pou2f1/Pou2f2 does not lead to a complete loss of the cell fate associated with these genes. This 

is in direct contrast of the fly VNC NBs where deletion of any of the tTFs leads to a complete loss 

of the neuron associated with the tTF. Therefore, a gene regulatory network model of temporal 

competence could explain how these tTFs cross-regulate each other. This could also explain why 

there is an overlap in cell fate regulation between these tTF, such as the one between Foxn4 and 

Pou2f1 for the cone fate or Foxn4 and Ikzf1 for the amacrine fate.  

Nonetheless, the one cell fate not accounted for so far in these studies have been Müller 

glia. As mentioned previously, Ikzf4 is a promising candidate for regulation of Müller glia 

temporal competence in late RPCs. In the next chapter of this thesis, the role of Ikzf4 in controlling 

Müller glia fate is assessed. 
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3.1 Abstract 

Transcription factors expressed in a temporally restricted manner have been extensively 

studied in neural development. How widely expressed transcription factors modulate their binding 

activity over time to change cell fate identity remains largely unclear. Here we show that Ikzf4, a 

zinc finger transcription factor expressed throughout retinal development, regulates cone 

development during early stages of retinogenesis and Müller glia development during late stages. 

We used CUT&RUN sequencing to show that Ikzf4 alters its DNA binding profile over time, 

binding to the cone-promoting factors Pou2f1/2 early and to Müller glia differentiation genes late 

during retinal development. Finally, we found two critical binding Ikzf sites at the Hes1 promoter 

that allow Ikzf4 to maintain the expression of Hes1 in differentiated cells and induce Müller glia 

cell fate commitment. These results uncover a novel role for Ikzf4 in CNS development and 

provide mechanistic insights on how widely expressed transcription factors change their DNA 

binding activity to impact cell fate identity. 

3.2 Introduction 

Generation of cell diversity in the central nervous system is a highly controlled and 

regulated process. Neural progenitors alter their potential to generate specific neurons and glia 

through spatial and temporal patterning cues (Florio and Huttner, 2014; Jessell, 2000; Stiles and 

Jernigan, 2010). In CNS development of invertebrates, timely expression of certain transcription 

factors is necessary to allow neural progenitors to progress forward in time (Brody and Odenwald, 

2000; Cleary and Doe, 2006; Erclik et al., 2017; Grosskortenhaus et al., 2005; Grosskortenhaus et 

al., 2006; Isshiki et al., 2001; Kambadur et al., 1998; Li et al., 2013; Novotny et al., 2002; Pearson 

and Doe, 2003). As the neural progenitor divides, changes in the chromatin landscapes ensure that 

specific neurons are produced in their respective windows of development (Sen et al., 2019). A 

vertebrate example of such a system with restricted and timely generation of neurons is the 

developing mouse retina. Seven broad cell types are formed in an overlapping but sequential 

manner from retinal progenitor cells (RPCs) (Turner and Cepko, 1987). Retinal ganglion cells 

(RGCs), amacrine cells, cone photoreceptors and horizontal cells are born during embryonic 

window of retinogenesis. Rod photoreceptors and bipolar cells are primarily born during postnatal 
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stage of retinogenesis (Carter-Dawson and LaVail, 1979a, b; Rapaport et al., 2004; Turner et al., 

1990; Young, 1985a, b). A neurogenesis to gliogenesis switch, driven by Notch signaling, occurs 

in the terminally dividing RPCs during the last phase of post-natal retinogenesis to produce Müller 

glia, the resident glial cell type of the retina (Furukawa et al., 2000; Gomes et al., 2011; Jadhav et 

al., 2006a; Jadhav et al., 2006b). However, the factors that guide the transition from neurogenesis 

into gliogenesis in RPCs remain elusive.  

 

Lhx2 has been shown to regulate the balance between neurogenesis and gliogenesis. Lhx2 

interacts with Ldb1 early retinogenesis to promote amacrine cell specification. During late 

retinogenesis, Lhx2 interacts with Rnf12 promote Müller glia specification (de Melo et al., 2016a; 

de Melo et al., 2018; de Melo et al., 2012; de Melo et al., 2016b; Zibetti et al., 2019). In addition 

to Müller glia specification, Lhx2 is also necessary for Notch dependent Müller glia differentiation 

(de Melo et al., 2016a). Additionally, SoxE genes, Sox8 and Sox9, have also been shown to be 

required for Müller glia development (Muto et al., 2009; Poche et al., 2008). However, upstream 

regulators of these genes are currently unknown.  

 

Recent advances in scRNA-seq technology have demonstrated key transcriptomic changes 

during early and late retinogenesis. Nfi family of transcription factors have been shown to have a 

‘low-early’ and ‘high-late’ expression profile in RPCs and are required for the specification of 

Müller glia and bipolar cells (Clark et al., 2019). In addition to their role in Müller glia and bipolar 

cell development, triple knockout retinas of Nfia/b/x also have reduced expression of RPC 

multipotency genes such as Pax6, Lhx2, Rax and Vsx2. However, it is unclear what factors 

orchestrate the expression of Nfia/b/x genes in post-natal RPCs and committed glial precursors.  

 

We have previously shown that Ikzf1 confers temporal competence to RPCs to generate 

all early-born cell types, except cones (Elliott et al., 2008). Casz1 confers late temporal competence 

to RPCs to generate rods and bipolar cells, but not Müller glia (Mattar et al., 2015) . Moreover, 

Pou2f1 regulates RPC competence to generate cones, thereby partially completing a temporal 

competence cascade, similar to the cascade observed in the fruit fly CNS development (Brody and 

Odenwald, 2000; Cleary and Doe, 2006; Grosskortenhaus et al., 2005; Grosskortenhaus et al., 
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2006; Isshiki et al., 2001; Javed et al., 2020; Kambadur et al., 1998; Novotny et al., 2002; Pearson 

and Doe, 2003). Foxn4 is another temporal transcription factor (tTF), controlling a specific mid-

late window of early temporal competence to generate amacrine cells, horizontal cells, cones and 

rods (Liu et al., 2020a). This suggests the possibility of other yet undiscovered temporal factors 

that could work together to form a complete temporal competence gene regulatory network (Liu 

et al., 2020a). There are five members of Ikaros family of transcription factor, four of which are 

expressed in the retina and homologous to the Drosophila Hunchback gene. Therefore, we 

wondered whether other Ikaros family members also take part in the regulating RPC competence 

during retinogenesis (Georgopoulos et al., 1992; Hahm et al., 1998; Honma et al., 1999; John et 

al., 2009; Kelley et al., 1998; Morgan et al., 1997; Perdomo et al., 2000; Powell et al., 2019). 

 

Here we show that Ikzf4, along with Ikzf1, is required for cone development during early 

retinogenesis. In addition, Ikzf4 is also required for Müller glia development during late 

retinogenesis. We also show that Ikzf4 binds to the genomic regions around Pou2f1/Pou2f2 gene 

bodies and promotes their expression. During post-natal retinogenesis, Ikzf4 binds to several 

Notch signaling and Müller glia differentiation genes. Finally, we show that Ikzf4 binds to two 

‘GGAA’ sites in the Hes1 promoter to upregulate its expression. We provide evidence of dynamic 

properties of Ikzf4 binding during early and late retinogenesis that leads to cell fate regulation in 

a cell context dependent and temporal manner.  

 

3.3 Results 

3.3.1 Ikzf4 is expressed in retinal progenitor cells during early and late 

retinogenesis 

We first studied the spatiotemporal expression of Ikzf4 in the mouse retina during 

retinogenesis. To validate our Ikzf4 antibody, we electroporated CAG:GFP or CAG:Ikzf4-IRES-

GFP vectors in E17 retinas. After culturing the retinal explants for 2 days in vitro (DIV), we 

sectioned and immunostained using an anti-Ikzf4 antibody. As expected, we found that the Ikzf4 
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antibody recognizes the overexpressed Ikzf4 protein (Fig. S3.1A-C’). Moreover, we also 

immunostained Ikzf4+/+ and Ikzf4-/- (RIKEN Bioresource RRID: IMSR_RBRC06808) retinas at 

E12, E15 and P9. We found that Ikzf4 is expressed in all retinal cells at E12 and E15, whereas its 

expression is more cell type specific at P9 (Fig. S3.1D-G). As expected, Ikzf4 is undetected in the 

Ikzf4-/- retinas, thereby validating both the Ikzf4-/- mutant and antibody (Fig. S3.1D-H’). We next 

assessed whether Ikzf4 is expressed in RPCs. We found that most Ikzf4+ve cells co-labelled with 

proliferative cell marker Ki67 during embryonic and post-natal retinogenesis (Fig. 3.1A-F”). At 

P2, we observed only some Ki67+ve cells co-labelling with Ikzf4 (Fig. 3.1F-F’’). We next 

compared our immunostaining data of Ikzf4 with published scRNA-seq datasets to see if there is 

a similar temporal profile for Ikzf4 and IKZF4 mRNA expression in the developing mouse and 

human fetal retinas, respectively (Clark et al., 2019; Lu et al., 2020). Focusing on RPCs, we 

generated UMAP plots by sub-setting the RPC populations from various developmental stages of 

the mouse and human retina. We found that Ikzf4/IKZF4 mRNA is expressed in early and late 

RPCs (Fig. S3.1I-J). At P5 in mice and HGW17 in humans, Ikzf4 was detected at lower expression 

levels and in fewer RPCs (Fig. S3.1I-J). In addition to the RPCs, we found expression of 

Ikzf4/IKZF4 in all differentiated retinal cell types of the mouse and human retina (Fig. S3.2A-B). 

This suggests that Ikzf4 is expressed in the mouse and human retina throughout development, 

albeit at reduced levels during later stages. 

 

To assess the expression of Ikzf4 in differentiated cell types, we used specific antibodies 

to label retinal cell types at P7. We detected expression of Ikzf4 in Lim1/2+ve horizontal cells, 

Brn3a+ve RGCs, Pax6+ve amacrine cells and S-opsin+ve cone photoreceptors (Fig. 3.1G-H’’’). We 

could also detect weak immunosignal of Ikzf4 antibody staining in S-opsin-ve cells in the ONL, 

indicating expression in rod photoreceptors (H’-H’’’), similar to Ikzf4/IKZF4 expression in 

published scRNA-seq datasets (Clark et al., 2019; Lu et al., 2020) (Fig. S3.2A-B). We also found 

Ikzf4 expression in Nfia/b+veChx10-ve Müller glia and Chx10+ve bipolar cells (Fig. S3.1H-H’’’). 

Taken together, these data suggest that Ikzf4 is expressed in both early- and late-born cell types of 

the mouse retina with dynamic expression levels.  

 

https://scicrunch.org/resolver/IMSR_RBRC06808
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3.3.2 Overexpression of Ikzf4 in late-stage retinal progenitors promotes 

immature cone and Müller glia production 

Next, we investigated the functional role of Ikzf4 in the developing retina. Since we 

observed higher expression of Ikzf4 mRNA and protein in early RPCs, we postulated that Ikzf4 

might have a role in promoting early born retinal cell types. We infected P0 retinal explants with 

retroviral vectors expressing Venus or Ikzf4-IRES-Venus and cultured the infected retinal explants 

for 14 DIV. Since a retrovirus sparsely infects individual RPCs, clonal composition of a single 

RPC can be determined. We used Rxrg staining to label cones, Nrl to label rods, and cell 

morphology to identify other cell types. We found a higher proportion of Venus+veRxrg+veNrl-ve 

cells Ikzf4-IRES-Venus infected clones compared to control Venus infections, located in the ONL. 

This suggests that Ikzf4 might be sufficient to promote cone photoreceptors outside their window 

of development (Fig. 3.2A-D’). Moreover, we also observed an increase in Müller glia as 

demonstrated by their radial morphology spanning across the retina (Fig. 3.2E). The increase in 

cones and Müller glia was compensated by a decrease in rods (Fig. 3.2F). When we assessed the 

number of cells per clone, we also found that Ikzf4 increases the number of small clones (Fig. 

3.2G). Finally, we also found that most 1 and 2 cell clones contain either cones or Müller glia 

compared to mostly rods in control Venus (Fig. S3.3A-B). This suggests that Ikzf4 is sufficient to 

promote cones and Müller glia when expressed in late RPCs at the expense of rods.  

 

We next assessed whether Ikzf4 overexpression generates immature photoreceptors with both cone 

and rod markers. To increase the number of cells for analysis and test our retroviral lineage tracing 

results with another method, we electroporated retinal explants with either CAG:GFP or 

CAG:Ikzf4-IRES-GFP at P0. 14 days later, when we analyzed the GFP+ve cells, we found a similar 

induction of Rxrg+ve cells in the ONL following electroporation of CAG:Ikzf4-IRES-GFP vector 

as compared to the control CAG:GFP (Fig. S3.3C-F). We also found that Ikzf4 overexpression 

leads to a reduction of GFP+ve cells expressing Nr2e3, a rod differentiation gene, in the ONL        

(Fig. S3.3G-J). Additionally, these GFP+ve cells also co-labelled with Crx/Otx2, which are markers 

for photoreceptors in the ONL and bipolar cells in the INL (Fig. S3.3G-J’). To assess whether 

Ikzf4 represses Nrl and Nr2e3 during photoreceptor differentiation, we electroporated either 

CAG:GFP or CAG:Ikzf4-IRES-GFP in P0 retinas. After culturing the retinal explants for 6 DIV, 
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we sorted the GFP+ve cells to extract mRNA and perform RT-qPCR quantitation. We found that 

that Ikzf4 represses Nrl and Nr2e3 as well as promotes Rxrg mRNA expression during 

photoreceptor differentiation (Fig. 3.2H). To assess whether Ikzf4 overexpression leads to a 

repression of Nrl protein in vivo, we electroporated either CAG:GFP or CAG:Ikzf4-IRES-GFP in 

P0 retinas and after 14 days, immunostained the electroporated retinas with Nrl. We found a drastic 

reduction of GFP+veNrl+ve cells in Ikzf4 overexpression as compared to control GFP, suggesting 

that Ikzf4 inhibits the rod cell fate by repressing rod differentiation factors (Fig. 3.2I-L).  

 

We next assessed whether Ikzf4 promotes mature or immature cones. We electroporated 

retinal explants with either CAG:GFP or CAG:Ikzf4-IRES-GFP at P0. After 14 days, we 

immunostained the retinal explant sections with late cone markers. We were not able to observe 

any late cone markers such as S-opsin, M-opsin or PNA co-labelling with GFP+veRxrg+ve cells. 

This suggests that these might either be immature cones or mis-localized RGCs, which also express 

Rxrg (Javed et al., 2020) (Fig. S3.3K’-N’). To rule out the latter possibility, we co-immunostained 

the sections of Ikzf4-IRES-GFP electroporated retinas with RGC markers, Brn3a and Brn3b, to 

co-label with GFP+veRxrg+ve cells. We found that Ikzf4 overexpression induces Rxrg+ve cells that 

do not express Brn3a and Brn3b, suggesting that Ikzf4 likely promotes immature cones rather than 

RGCs (Fig. S3.3O-R’).  

 

We next validated Müller glia production using specific markers in vivo and ex vivo. We 

electroporated P0 retinas with CAG:Ikzf4-IRES-GFP and harvested the retinas or retinal explants 

after 14 days. We found GFP+veSox2+ve cells in the INL when Ikzf4 was overexpressed in vivo, 

similar to what was observed ex vivo (Fig. S3.3S’-S’’). Moreover, we also observed 

GFP+veHes1+veChx10-ve and GFP+veLhx2+veNfia/b+ve cells in the INL when we electroporated 

retinas explants with Ikzf4-IRES-GFP. These results suggest that Ikzf4 promotes Müller glia that 

express multiple glial markers (Fig. S3.3T-W’). 

 

We next assessed whether Ikzf4 promotes smaller clones by inducing early cell cycle exit 

or the reduction in clone size is due to apoptosis of the electroporated cells. To assess whether 
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Ikzf4 promotes early cell cycle exit, we electroporated CAG:GFP or CAG:Ikzf4-IRES-GFP 

vectors in P0 retinas. After culturing the retinal explants for 2 days, we added EdU in the media 

for 2hours to label cells undergoing S-phase. We observed a significant decrease in EdU+veGFP+ve 

when we overexpressed Ikzf4 as compared to the GFP control, suggesting that Ikzf4 promotes 

early cell cycle exit (Fig. 3.2M-P). Additionally, we next immunostained the retinal explants with 

Cleaved Caspase-3, which labels cells undergoing programmed cell death. We found no major 

difference between the GFP and Ikzf4-IRES-GFP electroporated conditions, suggesting that Ikzf4 

overexpression does not promote smaller RPC clones due to apoptosis of electroporated cells (Fig. 

S3.3X-Z’). 

3.3.3 Ikzf4 is required for Müller glia development 

We next assessed the role of Ikzf4 in cone and Müller glia specification in the 

developing retina. We analyzed retinas of Ikzf4+/+, Ikzf4+/-, and Ikzf4-/- mice to quantify cell types 

using specific markers at P10, a stage at which retinogenesis is mostly complete. We observed a 

reduction in Sox2+ve and Lhx2+ve cells in the INL of Ikzf4-/- retinas compared to Ikzf4+/+ and 

Ikzf4+/- retinas (Fig. 3.3A-C). This suggests that Ikzf4 is required for Müller glia specification (Fig. 

3.3A-C). Additionally, we did not observe any difference in the numbers of RGCs (Brn3a+ve), 

amacrine cells (Pax6+ve), horizontal cells (Lim1+ve) or bipolar cells (Otx2+ve) between the three 

conditions. Surprisingly, when we quantified the number of Rxrg+ve cells in the ONL, we also did 

not observe a difference between Ikzf4+/+ and Ikzf4-/- retinas (Fig. 3.3C). This suggest that, 

although Ikzf4 can promote immature cone production, Ikzf4 by itself is not required for cone 

development.  

3.3.4 Ikzf1 and Ikzf4 are required for cone development 

We have previously shown that Ikzf1 confers early temporal competence to RPCs to 

generate all early born cell types except cones (Elliott et al., 2008). Since Ikzf1 and Ikzf4 are 

expressed in the same cells as early as E11 (Fig. S3.4A-D), we wondered whether there is 

redundancy in function between Ikzf1 and Ikzf4 for cone development. Therefore, we generated 

double knockout mice for Ikzf1 and Ikzf4 to assess the effect on cone production. Interestingly, 

Ikzf1-/-Ikzf4+/- and Ikzf1-/-Ikzf4-/- embryos were paler and exhibited a reduced fetal liver size 
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compared to Ikzf1+/-Ikzf4-/- and Ikzf1+/-Ikzf4+/- embryos (Fig. S3.4E-H). Moreover, we also 

observed postnatal death of the Ikzf1-/-Ikzf4+/- and Ikzf1-/-Ikzf4-/- mice. Therefore, we focused our 

analyses at the embryonic stages and quantified cone numbers using Rxrg at E15, when cone 

genesis is at its peak. We found a significant reduction in cone numbers only when both Ikzf1 and 

Ikzf4 were deleted, suggesting that Ikzf1 and Ikzf4 are both required for cone development        

(Fig. 3.3D-F). Since Ikzf1-/- have fewer RGCs compared to the controls (Elliott et al., 2008), we 

wondered whether there could be a compounding decrease in RGC numbers in Ikzf1-/-Ikzf4-/- 

retinas. Interestingly, we did not observe a significant difference between Ikzf1-/- Ikzf4+/- and Ikzf1-

/- Ikzf4-/- retinas suggesting that Ikzf4 is dispensable for RGC development, similar to what was 

observed in the P10 mice (Fig. 3.3C, G). Taken together, our data shows that Ikzf1 and Ikzf4 

cooperate to regulate cone development.  

3.3.5 Ikzf4 binds to promoters of notch signaling genes and upregulates Müller 

glia genes during retinogenesis 

We next assessed whether Ikzf4 regulates an early born and a late born cell fate by changing 

its DNA binding profiles. Therefore, we performed Ikzf4 CUT&RUN assays on E14 and P0 

retinas. We observed that Ikzf4 has a higher proportion of promoter bound peaks at E14 compared 

to P0 (Fig. S3.5A). Moreover, the promoter bound peaks are also dispersed away from the 

transcription start site (TSS) at P0 (Fig. S3.5B). These results highlight general changes in Ikzf4 

binding profile between early and late retinogenesis. We further validated Ikzf4 binding peaks by 

performing HOMER to discover transcription factor motifs present in the dataset. We found that 

the canonical Ikzf binding motif ‘GGAA’ or the complementary sequence is present in ~45-55% 

of the target sites. This suggests that Ikzf4 binds the DNA using the canonical Ikzf motif in the 

developing retina (Fig. S3.5C). We next computed the overlap of binding peaks between E14 and 

P0 stages. We found that out of the ~2500 peaks at each stage, only 1010 peaks are shared between 

the two stages (Fig. 3.4A). To link the genes associated with the binding peaks, we performed gene 

ontology (GO) classification on the peaks using GREAT and annotated the top 5 GO biological 

processes. We found multiple binding peaks around Notch signaling genes such as Hes1, Hes5 

and Dll1 in E14 exclusive, P0 exclusive and common shared peaks. 
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We previously showed that Ikzf1 upregulates Pou2f1, which activates Pou2f2 and 

represses Casz1 expression to promote cone development (Javed et al., 2020). Since Ikzf1 and 

Ikzf4 together contribute to cone development, we wondered whether Ikzf4 might also upregulate 

Pou2f1 and repress Casz1 expression. Interestingly, we found that Ikzf4 binds to the promoter and 

an intergenic region of Pou2f1 gene (Fig. S3.5D). Additionally, we also observed binding at a 

region 20kbp upstream of the promoter of Pou2f2 gene with open chromatin at E14, scored as a 

Pou2f2 associated peak by GREAT (Fig. S3.5D). To test the functional relevance of Ikzf4 binding 

at these genomic regions, we electroporated P0 retinas with either CAG:GFP or CAG:Ikzf4-IRES-

GFP and sorted the GFP+ cells 18hours later to extract mRNA and perform RT-qPCR. We found 

that Ikzf4 upregulates mRNA levels of both Pou2f1 and Pou2f2. In addition, there is no significant 

change in the expression of other tTFs, Casz1v1 and Casz1v2 or Foxn4 (Fig. S3.5E) (Liu et al., 

2020a; Mattar et al., 2015). This suggests that Ikzf4 could be promoting cone development by 

binding and upregulating Pou2f1 and Pou2f2, but without modulating tTFs during early 

retinogenesis. Interestingly, when we electroporated Ikzf4-IRES-GFP with either shControl or 

shPou2f2, we found a significant decrease in the number of GFP+veRxrg+ve cells in the ONL. This 

suggests that Ikzf4, similar to Pou2f1, requires Pou2f2 to promote cone development (Fig. S3.3F-

H). 

 

We next focused our analyses on Ikzf4 P0 CUT&RUN to uncover the mechanism of Müller 

glia specification. Complementary to the Notch signaling genes, we assessed the binding of Ikzf4 

at the regions around the genes enriched in the Müller glia cluster in scRNA-seq dataset at P14 

(Clark et al., 2019). We found Ikzf4 binding peaks at the top 8 genes enriched in the Müller glia 

cluster (Fig. S3.5I). This suggests that Ikzf4 might be regulating expression of these genes to 

specify Müller glia cell fate (Fig. S3.5I). However, since late RPCs and Muller glia have similar 

transcriptomes (Roesch et al., 2008), these genes are also expressed in RPCs. Therefore, we 

focused the rest of our analysis on genes that have been shown to be required for Müller glia 

development. We found Ikzf4 binding at genomic regions around Sox8, Sox9, Lhx2, Rnf12, and 

Nfia/b/x gene bodies (Fig. 3.4B) (Clark et al., 2019; de Melo et al., 2018; de Melo et al., 2016b; 

Muto et al., 2009; Poche et al., 2008; Zibetti et al., 2019). We then assessed whether Ikzf4 also 

regulates mRNA levels of these genes by electroporating P0 retinas with either CAG:GFP or 
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CAG:Ikzf4-IRES-GFP. We sorted the electroporated cells 18 or 72 hours later to extract mRNA 

and perform RT-qPCR. We found that 18hours post-electroporation, Ikzf4 promotes expression of 

Sox8 and Sox9 but we observe no change in the mRNA expression levels of Lhx2, Rnf12, Nfia/b/x, 

Ldb1 or negative control beta-actin compared to GFP (Fig. 3.4C). Interestingly, 72hours after 

electroporation, we observe an increase in Lhx2, Rnf12, Nfib/x, suggesting sequential change in 

expression of Müller glia genes (Fig. 3.4D).  Moreover, to validate our qPCR results, we 

electroporated P0 retinas with the same vectors and fixed the retinal explants after 72hours to 

immunostain with the Nfia/b antibody. Interestingly, we found a significant increase in the number 

of GFP+ve cells expressing Nfia/b (Fig. 3.4C-H). This suggests that Ikzf4 promotes Müller glia 

specification by binding and upregulating glia differentiation genes.   

 

3.3.6 Ikzf4 binds to the promoter of Hes1 at the ‘GGAA’ motif to upregulates 

its expression 

From our CUT&RUN data, we noticed that the Hes1 and Hes5 promoters are strongly 

enriched with Ikzf4 binding, both early and late during retinogenesis. It was previously shown that 

Hes1 expression oscillates during the various stages of RPC differentiation (Shimojo et al., 2008). 

Interestingly, Hes1 expression decreases when the RPCs exit the cell cycle and is repressed in cells 

fated to become neurons (Furukawa et al., 2000). On the other hand, Hes1 expression is maintained 

in post-mitotic cells fated to become Müller glia. To uncover the mechanism and dynamics of 

Ikzf4 binding at the Hes1 and Hes5 promoter, we first performed a time course assay to assess the 

dynamics of the Hes1 and Hes5 promoter activity by co-electroporating the pHes1-dsRed or 

pHes5-dsRed vector with either CAG:GFP or CAG:Ikzf4-IRES-GFP in P0 retinas. We tracked the 

same electroporation patch to assess the dynamics of dsRed expression overtime. We observed 

that Ikzf4 promotes the activity of the Hes1 promoter compared to the control GFP at 48 and 72 

hours (Fig. S3.6A-D’’). Interestingly, 6 days after electroporation, Ikzf4 maintained higher 

expression of dsRed, whereas expression of dsRed was reduced in the control GFP condition (Fig. 

S3.6E-F’’). We did not observe similar dynamics in dsRed expression for the Hes5 promoter at 

48hours or 6DIV after Ikzf4 electroporation compared to the GFP control (G-J’’). This suggests 

that Ikzf4 maintains Hes1, but not Hes5, promoter activity. 
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Next, we evaluated whether Ikzf4 alters the activity of the Hes1 promoter specifically in 

the retina or if it is a general mechanism that requires direct binding of Ikzf4 regardless of the 

cellular context. We transfected HEK293T cells with CAG:GFP or CAG:Ikzf4-IRES-GFP with 

pHes1-dsRed and imaged dsRed expression 24 hours post-transfection. We could not detect a 

change in the dsRed activity between Ikzf4 and GFP control conditions. This suggests that Ikzf4 

regulation of the Hes1 promoter is likely retinal cell context dependent (Fig. S3.6K-L’’). 

 

We next assessed whether the increase in the Hes1 promoter activity also leads to an 

increase in expression of Hes1. To test this, we electroporated P0 retinas with either CAG:GFP or 

CAG:Ikzf4-IRES-GFP and after 44 hours of retinal explant culture, analyzed the number of GFP+ve 

cells expressing Hes1. As expected, we observed an increase in the number of GFP+veHes1+ve cells 

when we overexpressed Ikzf4 compared to the control GFP condition. These results suggest that 

Ikzf4 overexpression leads to an increase in the number of cells expressing Hes1 (Fig. 3.5A-C).  

 

We next sought to identify the Ikzf4 binding sites required for the regulation of the Hes1 

promoter. When we analyzed the region that contains the Ikzf4 binding at the Hes1 promoter, we 

found three ‘GGAA’ Ikzf binding motifs (Fig. 3.5D). Therefore, we mutated each of the ‘GGAA’ 

motifs to assess the effect on the activity of the Hes1 promoter with or without Ikzf4. We 

electroporated either CAG:GFP or CAG:Ikzf4-IRES-GFP with either WT or the mutated Hes1 

promoter vectors (Fig. 3.5E). When we mutated site 1 (mut1), 2 (mut2) or 3 (mut3) and 

electroporated with CAG:GFP, we observed a reduction in dsRed signal compared to the 

unmutated vector (Fig. 3.5F-Q’). However, this was rescued by overexpression of Ikzf4, albeit 

mildly for mutation site 2 (Fig. 3.5F’-Q’). This suggests that these sites alone are not required for 

Ikzf4 binding but could be required for the activity of the Hes1 promoter itself (Fig. 3.5F-Q’). 

Interestingly, when we mutated site 2 (mut2) or 3 (mut3) together, we found that Ikzf4 is no longer 

able to activate the Hes1 promoter (Fig. 3.5R-T’). Taken together, these results suggest that Ikzf4 

binding at two ‘GGAA’ sites is required for the sustained expression of Hes1 in post-mitotic cells, 

leading to Müller glia differentiation. 
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3.4 Discussion 

Neural diversity in the central nervous system is generated by a combination of spatial and 

temporal factors working in concert to establish the intricate structure of neurons and glia found 

in the CNS. Previously, many studies have established candidate regulators of cell fate in neural 

progenitors based on temporal differences in their expression or regional localization. However, 

there are many factors expressed throughout early and late neurodevelopment, in neural 

progenitors and post-mitotic cells alike, that have not been examined as thoroughly. In this study, 

we show that a zinc-finger transcription factor, Ikzf4, modulates its binding activity in a temporal 

manner to generate cone photoreceptor early and Müller glia late during retinogenesis. We also 

found that Ikzf1 and Ikzf4 regulate cone development together. Ikzf4 binds to the promoter of 

Pou2f1 and an upstream region of Pou2f2 to upregulate their expression and promote the cone 

fate. We show that Ikzf4 binds to downstream Notch signaling and genes involved in Müller glia 

development. Finally, we propose a mechanism in which Ikzf4 induces sustained expression of 

Hes1 in post-mitotic cells to promote gliogenesis, which requires two ‘GGAA’ Ikzf binding sites. 

Taken together, this study demonstrates Ikzf4 as a novel regulator of cone development early and 

Müller glia development late (Fig. 3.6). 

3.4.1 Ikzf4 as a novel regulator of cone development 

Single knockout retinas of Ikzf1 and Ikzf4 have normal cone numbers (Fig. 3.3C) (Elliott 

et al., 2008). On the other hand, Ikzf1 and Ikzf4 double knockouts have reduced cone numbers. 

This suggests that there could be a compensatory mechanism between the two genes. Which of 

two factors is the primary factor involved in cone development? If Ikzf4 compensates for Ikzf1 

function, then Ikzf1 could the primary factor that promotes cone development. If this is true, then 

Ikzf4 could also compensate for the loss of Ikzf1 function in promoting other early cell fates such 

as RGCs. However, Ikzf1/Ikzf4 double knockout retinas do not have a pronounced reduction in 

RGC numbers compared to single Ikzf1 knockout retinas (Fig. 3.3G). This suggests that Ikzf4 is 

dispensable for RGC development, which is one of the functions of Ikzf1. On the other hand, Ikzf1 

could compensate for Ikzf4 function to promote cone development. In this case, Ikzf4 would be 

the primary factor that has the potential to specify the cone fate. This is likely because Ikzf1 cannot 

activate Pou2f1/Pou2f2 expression in late RPCs that can no longer generate cones (Javed et al., 
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2020). On the other hand, Ikzf4 can activate Pou2f1/Pou2f2 expression and promote cone 

production in late RPCs, outside their temporal window of development. This suggests that Ikzf1 

lacks the ability to fully re-open the cone production window after it is closed. In contrast, Ikzf4 

is able to overcome this barrier and could be the primary cone promoting factor. Whether Ikzf1 

has similar DNA binding targets as Ikzf4 during early retinogenesis remains to be fully explored.  

 

Our data suggests that Ikzf4 could either be a tTF for cone fate specification upstream to 

Pou2f1 or it could be utilizing a general notch signaling program along with Pou2f1/Pou2f2 to 

initiate cone genesis. We observe an increase in Rxrg+ve cells when Ikzf4 is overexpressed in late 

RPCs, thereby opening the window of cone genesis. This provides some evidence to the role of 

Ikzf4 as tTF. However, Ikzf4 does not promote mature cone gene expression such as Arr3, S-opsin 

or M-opsin from late RPCs, unlike Pou2f1 that can promote mature cones when overexpressed in 

late RPCs (Javed et al., 2020). This suggests that Ikzf4 is able to promote cone genesis but likely 

requires additional factors to produce mature cones outside their window of development. Ikzf4 

also promotes early cell cycle exit to promote cone specification, which is uncharacteristic of some 

tTFs such as Ikzf1, Pou2f1 and Casz1, but not Foxn4 (Elliott et al., 2008; Javed et al., 2020; Li et 

al., 2004; Mattar et al., 2015). Moreover, Ikzf4 does not regulate the expression of other tTFs, 

except Pou2f1. Nonetheless, our results show that Ikzf4 is an important part of the gene regulatory 

network that allows RPCs to generate cones. 

3.4.2 Ikzf4 as a regulator of notch signaling during late retinogenesis. 

The current model of gliogenesis in the retina proposes that terminally dividing RPCs in 

the late-stage retina give rise to post-mitotic cells that maintain the expression of Notch signaling 

genes to promote Müller glia (de Melo et al., 2018; de Melo et al., 2016b; Gomes et al., 2011; 

Jadhav et al., 2006a; Nelson et al., 2011). In the RPCs, a balance between Lhx2 interacts with 

Ldb1 to promote neurogenesis and with Rnf12 to promote Notch-dependent gliogenesis (de Melo 

et al., 2018; de Melo et al., 2016b). Additionally, Lhx2 dynamically alters its DNA binding profile 

early and late during retinogenesis in order to switch from promoting neurogenesis to gliogenesis, 

similar to what we observe with Ikzf4 (Zibetti et al., 2019). Sox8/9 induce sustained Notch 

signaling in post-mitotic cells to ensure the commitment to the glial cell fate (Poche et al., 2008). 
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Moreover, activation of Notch signaling in post-mitotic cells also regulates Sox8/9 expression in 

Müller glia (Muto et al., 2009). Where does Ikzf4 fit in the above proposed model of gliogenesis? 

We propose that high Ikzf4 expression induces early cell cycle exit in late RPCs. Subsequently, 

Ikzf4 induces Sox8/9 and Hes1 expression in a subset of post-mitotic cells committed to the glial 

cell fate. Sox8/9+ve precursors undergo sustained Notch signaling by the action of Ikzf4, which 

activates downstream genes to ensure the glial cell fate commitment is maintained. This is 

evidenced by the increase in the number of Hes1+ve cells 2 days and increased mRNA levels of 

Lhx2, Nfia/b/x and Sox8/9 3 days following electroporation of Ikzf4. Previously published RNA-

seq dataset of Lhx2 cKO and Nfia/b/x cKOs also provides evidence for this model as there is no 

significant change in Ikzf4 mRNA between the WT and cKO of Lhx2 or Nfia/b/x. This suggests 

that Ikzf4 could be upstream to these factors in the gliogenesis gene regulatory network (Clark et 

al., 2019; de Melo et al., 2016b). Future experiments aimed at characterizing the epistatic 

relationship between these factors would shed light on precisely how these factors contribute to 

gliogenesis. 

 

Ikzf4 binds to regions close to the gene bodies of many Notch signaling genes and our data 

shows that Ikzf4 can bind to multiple sites at the promoter of Hes1 and upregulate its expression. 

Although we observed a change in binding profiles of Ikzf4 from early to late stages of retinal 

development, binding peaks close to Notch signaling genes were shared between the two stages. 

We did, however, observe additional binding peaks close to many Notch signaling genes that were 

exclusively present at P0. This suggests that Ikzf4 regulation of Notch signaling is more prominent 

role later rather than earlier in retinal development. Interestingly, it has been recently reported that 

Hes1 deletion in the early retina leads to a reduction in cone numbers without a change in other 

cell types, similar to what we observe in the Ikzf1/Ikzf4 double knockout retinas (Bosze et al., 

2020). It is possible that Ikzf4 activates Hes1 in a non-canonical Notch signaling manner, in 

addition to promoting Pou2f1/Pou2f2 expression. This could partially explain the weaker 

representation of Ikzf4 binding peaks close to Notch signaling genes during early retinal 

development.  
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3.4.3 Broader role of Ikzf4 in encoding cell fate specification  

Previous studies have elucidated the role of Ikzf4 in the immune system. Most notably, 

Ikzf4 function in T-cell differentiation varies considerably depending on CD4+ T-cell subtype. 

This further highlights the dynamic role of Ikzf4’s function based on the temporal and cellular 

context within similar cell classes (Liu et al., 2014a; Pan et al., 2009; Powell et al., 2019; Read et 

al., 2017; Rieder et al., 2015; Sekiya et al., 2015; Sharma et al., 2013). Interestingly, widespread 

expression of Ikzf4 has been reported in different organs including the CNS (Perdomo et al., 2000). 

One study has detailed the role of Ikzf4 in regulating expression of PSD-95 in adult cochlear 

afferent neurons (Bao et al., 2004). However, the function of Ikzf4 in the developing CNS remains 

elusive. Since there is also widespread expression of other Ikaros family members in the 

developing CNS, it is likely that other Ikaros family members can compensate for one another. 

Future studies on conditional knockouts of combination of Ikzf genes would be interesting to 

unravel the precise role of each Ikaros family member in other parts of the developing CNS. 

3.4.4 Conclusions 

Dynamic DNA binding and functional properties of widely expressed transcription factors 

in the developing CNS are poorly understood. In this study, we show that Ikzf4 utilizes a variety 

of DNA binding sites to control cone produciton during early and Müller glia production during 

late retinogenesis. Our results highlight a novel role of Ikzf4 in neuronal and glial specification in 

the developing CNS. These results provide mechanistic insights on how widely expressed 

transcription factors in neural progenitors alter cell fate specification in a temporal manner. 
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3.5 Figures and legends 

 

Figure 3.1: Ikzf4 is expressed during early and late retinogenesis. (A-E”) Co-immunostaining 

of Ki67 (yellow) with Ikzf4 (magenta) at various stages of mouse retinal development. (F-F”) 

Zoomed-in images of (E-E”), arrows show co-expression of Ki67 (yellow) and Ikzf4 (magenta) in 

some cells. (G-I’’’) Examples of P7 mouse retinas co-immunostained with Lim1/2 (G), Brn3a 

(G’’), Pax6 (H), S-opsin (H’’), Nfia/b (I) and Chx10 (I’’). Orange arrows indicate 

Lim1/2+veIkzf4+ve (G-G’’’), Pax6+veIkzf4+ve(H-H’’’) and Nfia/b+veChx10-veIkzf4+ve (I-I’’’). White 

arrows indicate Brn3a+veIkzf4+ve (G-G’’’), S-opsin+veIkzf4+ve(H-H’’’) and Nfia/b-

veChx10+veIkzf4+ve (I-I’’’).  RPL: Retinal progenitor layer. ONL: Outer nuclear layer. INL: Inner 

nuclear layer. GCL: Ganglion cell layer. Scale bars: 20μm (A-E’’), 10μm (F-I’’’). 
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Figure 3.2: Ikzf4 promotes cones and Müller glia fate specification from late-stage RPCs. (A-

D) Examples of retroviral infections of Venus (A-D) and Ikzf4-IRES-Venus (A’-D’) co-

immunostained with Rxrg (B-B’) and Nrl (C-C’) as cone and rods markers, respectively. (E) 

Example of Müller glia generated by Ikzf4 retroviral infection. (F-G) Retroviral clonal analysis of 

Venus control (469 clones counted) and Ikzf4-IRES-Venus (388 clones counted) overexpression 

in late-stage retinas (n=5). (F) Quantifications for cell type analysis was based on morphology and 

laminar positioning of the cell bodies in the retina. Cones (Rxrg+ve) and rods (Rxrg-ve) were counted 

in the ONL based on Rxrg expression. (G) Quantifications on the number of cells per clone 

presented in (F). (H) RT-qPCR analysis of Nrl, Nr2e3 and Rxrg expression from sorted GFP+ve 

cells 6 days after electroporation of P0 retinal explants with either GFP (n=5) or Ikzf4-IRES-GFP 

(n=5). (I-L) Examples of in vivo electroporations of either GFP (n=4) or Ikzf4-IRES-GFP (n=4) at 

P0 retinas and immunostained for Nrl (J-J’) 14 days after electroporation. (L) Quantification of 

the number of GFP+veNrl+ve cells presented in (I-K’). (M-P) Examples of P0 retinal explants 

electroporations of either GFP (n=4) or Ikzf4-IRES-GFP (n=4) with 30μM EdU added to the 

medium 2 days later. Retinal explants were immunostained with EdU after fixation. (P) 

Quantifications of the number of EdU+veGFP+ve cells presented in (M-O’). *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Statistics: Two-tailed unpaired t-test (F-G, L, P), Mann-Whitney test 

(H). RPL: Retinal progenitor layer. ONL: Outer nuclear layer. INL: Inner nuclear layer. RQ: 

Relative quantitation. Scale bars: 10μm (A-E, I-K’, M-O’). 
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Figure 3.3: Ikzf4 is required for cone fate during early retinogenesis and Müller glia during 

late retinogenesis. (A-C) Examples of Sox2 (A-A’) and Lhx2 (B-B’) immunostaining in either 

Ikzf4+/+ (A-B) or Ikzf4-/- (A’-B’) mouse retinas at P10. (C) Quantifications of various retinal cell 

types using specific markers in either Ikzf4+/+ (n=5), Ikzf4+/- (n=7) or Ikzf4-/- (n=4) mouse retinas. 

(D-E’) Examples of Rxrg (D-D’) immunostaining in either Ikzf1+/-Ikzf4+/-(D-E) or Ikzf1-/-Ikzf4-/-

(D’-E’) mouse retinas at E15. (F) Quantifications of Rxrg+ve cells in either Ikzf1+/+Ikzf4+/-(n=3), 

Ikzf1+/-Ikzf4+/-(n=12), Ikzf1-/-Ikzf4+/-(n=7), Ikzf1+/+Ikzf4-/-(n=10), Ikzf1+/-Ikzf4+/-(n=13) or Ikzf1-/-

Ikzf4-/-(n=7) mouse retinas. (G) Quantifications of Brn3a+ve cells in either Ikzf1+/-Ikzf4+/-(n=5), 

Ikzf1-/-Ikzf4+/-(n=5), Ikzf1+/+Ikzf4-/-(n=7), Ikzf1+/-Ikzf4+/-(n=8) or Ikzf1-/-Ikzf4-/-(n=7) mouse 

retinas. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistics: One-way ANOVA with Tukey 

correction (C, F-G). RPL: Retinal progenitor layer. ONL: Outer nuclear layer. INL: Inner nuclear 

layer. GCL: Ganglion cell layer. Scale bars: 10μm (A-B’, D-E’). 
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Figure 3.4: Ikzf4 binds to regions close to notch signaling and Müller specification genes 

during retinogenesis. (A) Venn diagram representing the overlap of the number of Ikzf4 

CUT&RUN binding peaks between E14 and P0. Gene Ontology classification of the genes in 

proximity of Ikzf4 binding peaks. GO terms and associated notch signaling genes in the list are 

highlighted and displayed on the right. (B) Genomic peaks of P0 ATAC-seq (Aldiri et al., 2017), 

P0 Ikzf4 CUT&RUN replicate 1, P0 Ikzf4 CUT&RUN replicate 2, P0 IgG CUT&RUN at genomic 

tracks of Nfia family members. (C-D) RT-qPCR analysis of Müller specification gene expression 

from sorted GFP+ve cells either 18 (C) or 72hours (D) after electroporation of P0 retinas with either 

GFP (n=5) or Ikzf4-IRES-GFP (n=5). (E-G’) Examples of GFP or Ikzf4-IRES-GFP 

electroporations at P0 and immunostained for Nfia/b 72 hours later. (H) Quantifications of 

GFP+veNfia/b+ve cells 72 hours after GFP (n=6) or Ikzf4-IRES-GFP (n=6) electroporation in P0 

retinas. *p<0.05, ****p<0.0001. Statistics: Mann-Whitney test (C). Two-tailed unpaired t-test (G). 

RPL: Retinal progenitor layer. RQ: Relative quantitation. Scale bars: 10μm (D-F’). 
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Figure 3.5: Ikzf4 binds and upregulates promoter of Hes1 and its expression. (A) Examples 

of GFP or Ikzf4-IRES-GFP electroporated P0 retinas and immunostained with Hes1 44 hours later. 

Yellow arrows indicate GFP+veHes1+ve cells in the RPL. (C) Quantification of GFP+veHes1+ve cells 

in the RPL at P0+44 hours after electroporation with either GFP (n=4), or Ikzf4-IRES-GFP (n=4). 

(D) Genomic peaks of E14 ATAC-seq in (blue) (Aldiri et al., 2017), E14 Ikzf4 CUT&RUN 

(green), E14 IgG CUT&RUN (black), P0 ATAC-seq (blue) (Aldiri et al., 2017), P0 Ikzf4 

CUT&RUN replicate 1 (red), P0 Ikzf4 CUT&RUN replicate 2 (red) and P0 IgG CUT&RUN 

(black) at Hes1 promoter. Ikzf4 motif ‘GGAA’ are denoted as black bars. Yellow highlighted area 

is 500bp around the promoter region of Hes1. (E) Schematic representation of experiment shown 

in (F-T’). Retinal explants were co-electroporated with either pCAG-GFP or pCAG-Ikzf4-IRES-

GFP along with vectors expressing dsRed under the control of either WT Hes promoter (pHes1-

dsRed), Hes1 promoter with mutation at first ‘GGAA’ site (mut1), second ‘GGAA’ site (mut2), 

third ‘GGAA’ (mut3) site and second and third GGAA mutations together (mut2+mut3). (F-T’) 

Photomicrographs of retinal flatmounts showing increase in dsRed expression when Ikzf4-IRES-

GFP is co-electroporated with either pHes1-dsRed (F’-H’), pHes1-mut1-dsRed (I’-K’), pHes1-

mut2-dsRed (L’-N’), pHes1-mut3-dsRed (O’-Q’) but not with pHes1-mut2+3-dsRed (R’-T’) 

compared to the control GFP (F-G, I-K, L-N, O-Q, R-T). Statistics: Two tailed unpaired t-test (C). 

**p<0.01. RPL: Retinal progenitor layer. Scale bars: 10μm (A-B”), 250μm (F-T’). 
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Figure 3.6: Model of cell fate determination in RPCs during mouse retinogenesis. In early 

RPCs, Ikzf4 functions redundantly with Ikzf1 as a regulator of temporal identity gene Pou2f1 and 

its downstream factor Pou2f2. In late RPCs, Ikzf4 acts as a classical fate determinant by binding 

and upregulating expression of Müller specification genes as well as instigating the maintenance 

of notch signaling to ensure the Müller glia fate commitment. 
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3.6 Supplementary figures and legends 

 

 

Figure S3.1: Specificity of Ikzf4 antibody and scRNA-seq re-analysis of human and mouse 

RPCs. (A-C’) Examples of electroporation of either GFP (A-C) or Ikzf4-IRES-GFP (A’-C’) in 

E17 retinas and immunostained with Ikzf4 antibody 2 days later. White arrows indicate 

GFP+veIkzf4+ve cells. (D-H’) Validation of the Ikzf4 antibody in Ikzf4+/+ retinas (D-H) compared 

to Ikzf4-/- retinas (D’-H’) at E12 (D-E’), E15 (F-G’) and P9 (H-H’). White arrows show Ikzf4+ve 

cells with nuclear immunostaining and yellow arrow indicate absence of nuclear immunostaining. 

(I-J) Re-analysis of previously published Single cell RNA-seq datasets from mouse (Clark et al. 

2019) and human fetal (Lu et al. 2020) retinas. RPL: Retinal progenitor layer. ONL: Outer nuclear 

layer. INL: Inner nuclear layer. GCL: Ganglion cell layer. Scale bars: 10μm (A-H’). 
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Figure S3.2: Ikzf4 is expressed in the early and late retina during mouse and human 

retinogenesis. (A) Ikzf4 mRNA expression during early to late mouse retinogenesis in RPCs 

(Ccnd1), cones (Thrb), rods (Nrl), amacrines and horizontal cells (Tfap2b) and RGCs (Isl1). (B) 

IKZF4 mRNA expression during early to late human fetal retinogenesis in RPCs (CCND1), cones 

(THRB), rods (NRL), amacrines and horizontal cells (TFAP2B) and RGCs (ISL1). 
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Figure S3.3: Ikzf4 promotes cones and Müller glia from late RPCs by inducing early cell 

cycle exit rather than apoptosis. (A-B) Retroviral clonal analysis of Venus or Ikzf4 as shown in 

(Fig. 3.2A-G) focusing on cell type composition of 1 cell (A) or 2 cell (B) clones. (C-J’) Examples 

of retinal explants electroporated at P0 with either GFP (C-E) or Ikzf4-IRES-GFP (C’-E’) and 

immunostained with Rxrg (D-D’) 14 days later. White arrows denote electroporated cells 

expressing Rxrg (F) Quantification of retinal explants electroporated with either GFP (n=4) or 

Ikzf4-IRES-GFP (n=4). (G-J’) Examples of retinal explants electroporated at P0 with either GFP 

(G-J) or Ikzf4-IRES-GFP (G’-J’) and immunostained with Nr2e3 (H-H’) or Crx/Otx2 (I-I’) after 

14 days of culture. White arrows represent electroporated cells without Nr2e3 and with Crx/Otx2 

expression. (K-N’) Examples of in vivo electroporations at P0 with Ikzf4-IRES-GFP (K-N’) and 

immunostained 14 days later with Rxrg (L), S-opsin (M), M-opsin (L’) or PNA (M’). White arrows 

denote GFP+veRxrg+veS-opsin-ve cells whereas yellow arrow represent endogenous non-

eletroporated Rxrg+veS-opsin+ve cones. (O-R’) Examples of Ikzf4-IRES-GFP (O-R’) 

electroporations of retinal explants at P0 and co-immunostained Rxrg (P-P’) with either Brn3a (Q) 

or Brn3b (Q’). (S-S’’) Examples of in vivo electroporation of P0 retinas with Ikzf4-IRES-GFP (S-

S’’) and immunostained with Sox2 (S’) 14 days later. (T-W’) Examples of retinal explants 

electroporated at P0 with Ikzf4-IRES-GFP (T-W’) and immunostained with Hes1 (U), Chx10 (V), 

Lhx2 (U’) or Nfia/b (V’). White arrows represent either Hes1+veChx10-ve cells (T-W) or 

Lhx2+veNfia/b+ve cells (T’-W’). (X-Z’) Examples of retinal explants electroporated at P0 with 

either GFP (X-Z) or Ikzf4-IRES-GFP (X’-Z’) and immunostained with Cleaved Caspase-3 (Y-Y’) 

2 days later. *p<0.05, **p<0.01, ****p<0.0001. Statistics: Two tailed unpaired t-test (A-B, F).  

ONL: Outer nuclear layer. INL: Inner nuclear layer. RPL: Retinal progenitor layer. Scale bars: 

10μm (C-E’, G-R’, T-W’), 20μm (S-S’’). 
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Figure S3.4: Ikzf1 and Ikzf4 are expressed in the same cells during early retinogenesis and 

redundantly required for fetal liver size. (A-D) Co-immunostaining of Ki67 (A), Ikzf4 (B), 

Ikzf1 (C) in E11 retinas. (E-H) Examples of E15 embryos with genotypes, Ikzf1+/-;Ikzf4+/- (E), 

Ikzf1+/-;Ikzf4-/- (F), Ikzf1-/-;Ikzf4+/-(G) or Ikzf1-/-;Ikzf4-/- (H). Black arrows denote the fetal liver. 

RPL: Retinal progenitor layer. Scale bars: 10μm. 
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Figure S3.5: Ikzf4 binds and upregulates Pou2f1/2 during retinal development and Müller 

glia specification genes during late retinogenesis. (A-B) ChIP-seeker genomic annotation of the 

Ikzf4 CUT&RUN peaks at E14 and P0 across the entire genome (A) or at promoters (B). (C) 

HOMER analysis of Ikzf4 CUT&RUN peaks exclusively present at E14, both E14 and P0, or 

exclusively present at P0. (D) Genomic tracks of ATAC-seq at E14 in blue (Aldiri et al. 2017), 

Ikzf4 CUT&RUN at E14 in green, IgG Control CUT&RUN at E14 in black at genomic location 

of promoter or intronic region of Pou2f1, or 20kbp upstream from the Pou2f2 promoter. (E) RT-

qPCR analysis of Pou2f1, Pou2f2, Casz1v1, Casz1v2, Foxn4 or β-actin from sorted GFP+ve cells 

18hours after electroporation of P0 retinal explants with either GFP (n=5) or Ikzf4 (n=5). (F-G’’) 

Examples of retinal explants electroporated at P0 with Ikzf4-IRES-GFP and either shControl (n=3) 

or shPou2f2 (n=3) and immunostained for Rxrg. White arrows indicate GFP+veRxrg+ve cells in the 

ONL. (H) Quantification of GFP+veRxrg+ve cells in the ONL as shown in (F-G’’). (I) Genomic 

tracks of ATAC-seq at P0 in blue (Aldiri et al. 2017), two replicates of Ikzf4 CUT&RUN at P0 in 

red, or IgG Control CUT&RUN at P0 in black at genomic location of Müller glia genes enriched 

in scRNA-seq dataset of P14 mouse retinas (Clark et al. 2019). Statistics: Mann-Whitney test (E), 

Two-tailed unpaired t-test (H). TSS: Transcription start site. RQ: Relative quantitation. Kbp: Kilo 

base pair. ONL: Outer nuclear layer. INL: Inner nuclear layer. Scale bars: 10μm. 
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Figure S3.6: Ikzf4 maintains Hes1 expression in post-mitotic cells during late retinogenesis. 

(A-J’’) Photomicrographs of retinal explants co-electroporated at P0 with Hes1-dsRed or Hes5-

dsRed and either GFP (A-A’’, C-C’’, E-E’’, G-G’’, I-I’’) or Ikzf4-IRES-GFP (B-B’’, D-D’’, F-

F’’, H-H’’, J-J’’) followed by imaging after either 48hours (A-B’’, G-H’’), 72hours (C-D’’), or 6 

days (E-F’’, I-J’’). (K-L’’) Photomicrographs of HEK293T cells transfected with Hes1-dsRed and 

either GFP (K-K’’) or Ikzf4-IRES-GFP (L-L’’) imaged 24hours post-transfection. Scale bars: 

360μm (A-L’’). 
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3.7 Supplementary tables 

Table S3.1: Manuscript 2 - Sequences of primers and oligos 

mRNA primers 

No.  pF (5’>3’) pR (5’>3’) References 

1 β-actin TGATGGTGGGAATGGGT

CAGAA 

TCCATGTCGTCCCAGTTG

GTAA 

 

2 Foxn4 AATGATCAGAAGCTCGG

GGC 

CAGGACAGCGACTGAAG

GTC 

This paper 

 

3 Gapdh TGCAGTGGCAAAGTGGA

GAT 

ACTGTGCCGTTGAATTTG

CC 

Ouimette et 

al. 2010 

4 Ldb1 TTCTGCTTGGAGGATGG

ACC 

ATGCTTCGGAAGTAGCG

TGG 

This paper 

5 Lhx2 GGCAAGATCTCTGACCG

CTA 

TGCTGAAGCAGGTGAGT

TCC 

This paper 

6 Nfia GCATAGGGTGACAGCAA

CCA 

ACCTAAACTGCCTTGGT

CGG 

This paper 

7 Nfib CTCATGAAGTCCCCGCA

CTG 

CTCCTGCACGTAGTATG

CCAA 

This paper 

 

8 Nfix AGCTTTCATCCCCGCTAA

GG 

TTGTAATGTCCTCGCGGC

TC 

This paper 

 

9 Nr2e3 AAGCTCCTGTGTGACAT

GTTCAA 

AAGCTCCTGTGTGACAT

GTTCAA 

Javed et al. 

2020 

10 Nrl CGAGCAGTGCACATCTC

AGTTC 

AACTGGAGGGCTGGGTT

ACC 

Javed et al. 

2020 

11 Pou2f1 AACACGACACAGACCAC

CTC 

TAGCAGCAAGACTGGCG

TT 

Javed et al. 

2020 

12 Pou2f2 CACCACCAACAGCACAA

ACC 

GGGGTTCAGGCCCGACA

AG 

 

Javed et al. 

2020 

13 Rnf12 AATGGATCGCTTGGATC

GGG 

GTACTTTCACCTGGGGT

GCC 

This paper 

 

14 Rxrg CCTCAATGCTCTTGGCTC

TC 

AGCTGCTGACACTGTTG

ACC 

This paper 

 

15 Sox8 CGAGCAATGGAAGCAAG

CAA 

CTGAGCTCGGAGATGTC

CAC 

This paper 

 

16 Sox9 CAAAACCGACGTGCAAG

CTG 

TCAGTTCACCGATGTCC

ACG 

This paper 

 

Infusion HD sequences 

 

1 Hes1-mut1-

dsRed 

 

CCGCGTGTCTGATATCC

CCATTGGCTGAAA 

TTTCAGCCAATGGGGA

TATCAGACACGCGG 

This paper 
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2 Hes1-mut2-

dsRed 

 

AAAGTTACTGTGATATC

AAAGTTTGGGAA 

TTCCCAAACTTTGATAT

CACAGTAACTTT 

This paper 

 

3 Hes1-mut3-

dsRed 

 

TGGGAAAGAAAGTTTG

ATATCTTTCACACGAGC 

GCTCGTGTGAAAGATA

TCAAACTTTCTTTCCCA 

This paper 

 

4 Hes1-

mut2+3-

dsRed 

 

GAAAGTTACTGTGATA

TCGAAAGTTTGATATCT

TTCACACGAGCC 

GGCTCGTGTGAAAGAT

ATCAAACTTTCGATATC

ACAGTAACTTTC 

This paper 

 

shRNA sequences 

 

1 shPou2f2 

 

gatccGCGCCAAATCTAT

TCCAGCTTTCAAGAGA

AGCTGGAATAGATTTG

GCGTTTTTTAAGCTTg 

aattcAAGCTTAAAAAAC

GCCAAATCTATTCCAG

CTTCTCTTGAAAGCTGG

AATAGATTTGGCGCg 

Javed et al. 

2020 
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Table S3.2: Manuscript 2 - Materials 

REAGENT SOURCE IDENTIFIER APPLICATION 

Primary antibodies 

Brn3a Synaptic Systems 411004 IF 1:2000 

Brn3b Santa Cruz SC-6026 IF 1:500 

Chx10 Exalpha X1180P IF 1:500 

Crx/Otx2 R&D systems AF1979 IF 1:500 

GFP Abcam ab13970 IF 1:2000 

Hes1 
Cell Signaling 

Technology 
11988S 

IF 1 :500 

Ikzf1 Santa Cruz M-20 (sc-9859) IF 1 :100 

Ikzf4 Millipore Sigma ABE1331 
IF 1:100, C&R 

2ug 

Ki-67 BD Biosciences 550609 IF 1:100 

Lhx2 Fischer Scientific PA5-78287 IF 1 :200 

Lim1/2 DSHB 4F2 IF 1:50 

M-opsin Millipore Sigma AB5405 IF 1 :200 

Nfia/b DSHB 2C6 IF 1 :500 

Nrl R&D systems AF2945 IF 1:200 

Nr2e3 Chemicon Discontinued IF 1 :200 

PNA-647 Molecular Probes L-32460 IF 1:1000 

Pax6 DSHB AB_528427 IF 1 :100 

Pax6 Millipore Sigma AB2237 IF 1:100 

Rabbit control IgG Isotope Fischer Scientific 02-6102 C&R 2ug 

Rxrg Abcam AB15518 IF 1 :200 

S-opsin Santa Cruz N-20 IF 1:1000 

Sox2 Abcam AB97959 IF 1 :200 

Secondary antibodies 

AF-488 Donkey anti-

Chicken 

Jackson 

ImmunoResearch 
AB_2340375 IF 1:1000 

AF-488 Donkey anti-

Mouse 

Jackson 

ImmunoResearch 

3.7.1.1 AB_23

40846 

IF 1:1000 

AF-488 Donkey anti-

Guinea Pig 

Jackson 

ImmunoResearch 

3.7.1.2 AB_23

40472 

IF 1:1000 

AF-555 Donkey anti-

Rabbit 

Jackson 

ImmunoResearch 

3.7.1.3 AB_23

13584 

IF 1:1000 

AF-647 Donkey anti-Goat 
Jackson 

ImmunoResearch 

3.7.1.4 AB_23

40436 

IF 1:1000 

AF-647 Donkey anti-

Mouse 

Jackson 

ImmunoResearch 

3.7.1.5 AB_23

40863 

IF 1:1000 
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AF-647 Donkey anti-

Sheep 

Jackson 

ImmunoResearch 

3.7.1.6 AB_23

40751 

IF 1:1000 

Bacterial and Virus Strains  

Subcloning 

Efficiency™ DH5α™ 

Competent Cells 

Fischer Scientific 

18265017 

Chemicals, Peptides, and Recombinant Proteins 

Papain Worthington LS003124 

Critical Commercial Assays 

RNeasy Microkit Qiagen 74004 

Superscript VILO Master 

Mix 

Fisher Scientific 11755050 

SYBR Green Master mix Fisher Scientific A25742 

Dynabeads Protein G Fisher Scientific 10003D 

In-Fusion HD Cloning plus Takara 638920 

Click-iTTM EdU Alexa 

FluorTM 647 

Fisher Scientific C10340 

Experimental Models: Cell Lines 

Phoenix-AMPHO ATCC CRL-3213 

Experimental Models: Organisms/Strains 

CD1 Charles Rivers Cat#022 

Ikzf1-/- Wang et al. 1996 N/A 

Ikzf4-/- International 

Mouse 

Phenotyping 

Consortium and 

RIKEN 

Bioresource 

RBRC06808 

Oligonucleotides 

For qPCR primers, see 

Table S1 

This paper N/A 

For Infusion HD 

sequences, see Table S1 

This paper N/A 

Recombinant DNA 

pCIG2-Ikzf1-IRES-GFP Mattar et al. 2015 N/A 

pCIG2-Ikzf4-IRES-GFP This paper N/A 

pCLE-venus Addgene Gaiano 

et al. 2000 

17703 

pCLE-Ikzf4-IRES-venus This paper N/A 

pCIG2-IRES-GFP Hand et al. 2005 N/A 

pHes1-dsRed Addgene Matsuda 

and Cepko. 2007 

13767 

pSIREN-RetroQ-ZsGreen Clontech 632455 

Software 
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Prism 8 Graphpad https://www.graphpad.com/scientifi

c-software/prism/ 

Volocity software 6 Improvision  

http://www.perkinelmer.com/lab-

solutions/resources/docs/BRO_Vol

ocityBrochure_PerkinElmer.pdf;  

 

ZEN software Zeiss Microscope  

https://www.zeiss.com/microscopy/

int/products/microscope-

software/zen.html 

 

Adobe Illustrator CC 2020 Adobe http://www.adobe.com/products/ill

ustrator.html 

Adobe Photoshop CC 2020 Adobe  

https://www.adobe.com/products/p

hotoshop.html 

 

Adobe Acrobat Pro DC 

2020 

Adobe https://acrobat.adobe.com/us/en/acr

obat.html 

Quant-Studio Real Time 

PCR software 

Fisher Scientific https://www.thermofisher.com/ca/e

n/home/life-science/pcr/real-time-

pcr/real-time-pcr-

instruments/quantstudio-3-5-real-

time-pcr-system.html 

Office 365 Microsoft  

https://www.office.com/ 

 

Cellranger (4.0) 10x Genomics https://support.10xgenomics.com/si

ngle-cell-gene-

expression/software/overview/welc

ome 

RStudio (1.3.1056) Rstudio https://rstudio.com/ 

R (4.0.2) The R Project for 

Statistical 

Computing 

https://www.r-project.org/ 

Seurat (3.2.1) Butler et al. 2018 https://satijalab.org/seurat/ 

Spyder (4.1.4) Spyder IDE https://www.spyder-ide.org/ 

Python (3.8.3) Python 

programming 

language 

https://www.python.org/ 

Scanpy (2.1.0) Wolf et al. 2018 https://scanpy.readthedocs.io/en/sta

ble/index.html 

Velocyto.py (0.17) La Manno et al. 

2018 

http://velocyto.org/velocyto.py/inde

x.html 

http://www.perkinelmer.com/lab-solutions/resources/docs/BRO_VolocityBrochure_PerkinElmer.pdf
http://www.perkinelmer.com/lab-solutions/resources/docs/BRO_VolocityBrochure_PerkinElmer.pdf
http://www.perkinelmer.com/lab-solutions/resources/docs/BRO_VolocityBrochure_PerkinElmer.pdf
http://www.perkinelmer.com/lab-solutions/resources/docs/BRO_VolocityBrochure_PerkinElmer.pdf
https://www.zeiss.com/microscopy/int/products/microscope-software/zen.html
https://www.zeiss.com/microscopy/int/products/microscope-software/zen.html
https://www.zeiss.com/microscopy/int/products/microscope-software/zen.html
https://www.zeiss.com/microscopy/int/products/microscope-software/zen.html
http://www.adobe.com/products/illustrator.html
http://www.adobe.com/products/illustrator.html
https://www.adobe.com/products/photoshop.html
https://www.adobe.com/products/photoshop.html
https://www.adobe.com/products/photoshop.html
https://acrobat.adobe.com/us/en/acrobat.html
https://acrobat.adobe.com/us/en/acrobat.html
https://www.thermofisher.com/ca/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-3-5-real-time-pcr-system.html
https://www.thermofisher.com/ca/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-3-5-real-time-pcr-system.html
https://www.thermofisher.com/ca/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-3-5-real-time-pcr-system.html
https://www.thermofisher.com/ca/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-3-5-real-time-pcr-system.html
https://www.thermofisher.com/ca/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-3-5-real-time-pcr-system.html
https://www.office.com/
https://www.office.com/
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Galaxy platform Afgan et al. 2016 https://usegalaxy.org/ 

Bowtie2 (2.3.4.3) Langmead and 

Salzberg et al. 

2012 

http://bowtie-

bio.sourceforge.net/bowtie2/index.s

html 

MACS2 

(2.1.1.20160309.6) 

Feng et al. 2012 https://github.com/taoliu/MACS/rel

eases 

Bedtools (2.28.0) Quinlan and Hall. 

2010 

https://bedtools.readthedocs.io/en/la

test/content/bedtools-suite.html 

Deeptools2 (3.3.2.0.0) Ramirez et al. 

2016 

https://deeptools.readthedocs.io/en/

develop/ 

Integrative Genomics 

Viewer (IGV) (2.8.13) 

Broad Institute http://software.broadinstitute.org/so

ftware/igv/ 

Other 

DMEM+Glutamax Thermofisher 10569010 

Penicillin/Streptomycin Thermofisher 15140148 

Fetal Bovine Serum Wisent 

Bioproducts 

080-150 
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3.8 Materials and methods 

Animals 

All experiments were done in accordance with the Canadian Council on Animal guidelines. 

Ikzf1 (Wang et al., 1996) and Ikzf4 (International Mouse Phenotyping Consortium and RIKEN 

Bioresource RRID: IMSR_RBRC06808) knockout mice were raised in the C57BL/6J background 

(Mus musculus). All other mouse experiments were performed on WT CD1 mice (Mus musculus, 

Charles River Laboratories).  

 

Retroviral constructs preparation and retinal explant culture 

Retroviruses were designed, produced and concentrated as previously described 

(Cayouette et al., 2003). Retinal explants were cultured as previously outlined (Cayouette et al., 

2001). Retroviral infections of retinal explants and analyses of the retroviral clones were done as 

previously stated (Javed et al., 2020). Eyes were harvested from the mice 14 days or more after 

electroporation as required for the experiment and processed for immunostaining.  

 

Plasmid and mutation cloning 

Ikzf1 and Ikzf4 cDNA were cloned into a pCIG2-IRES-GFP and pCLE-venus vector using 

restriction sites previously outlined (Gaiano et al., 2000; Hand et al., 2005). pHes1-dsRed vector 

was mutated with Infusion HD Cloning Plus kit from Takara using primers listed in Table S2 

(Matsuda and Cepko, 2007). 

 

In vivo electroporation 

P0 or P1 eyes were injected with DNA plasmid at 3ug/ul concentration containing 0.5% 

fast green and electroporated as previously described (de Melo and Blackshaw, 2011).  

 

RNA isolation and Quantitative PCR 

RNA extraction and qPCR quantitation were performed as previously described (Javed et 

al., 2020). Primers used are listed in Table S1. 

https://scicrunch.org/resolver/IMSR_RBRC06808
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Tissue collection and immunofluorescence 

Age of mouse embryos was calculated from pregnant females with the day of vaginal plug 

considered as day 0 (E0) and collected at E11, E14, E15, E16, E17, P0, P2 for spatiotemporal 

analyses. For Ikzf1 and Ikzf4 immunostaining, the retinas were dissected and fixed for 2mins in 

4%PFA/PBS followed by immersion in 20% Sucrose/PBS for 1hour. Retinas were then embedded 

in OCT, frozen in liquid nitrogen, sectioned at 25μm using a cryostat and immunostained on the 

same day. For all other antibodies, the decapitated heads from embryos or eyes from postnatal 

pups were fixed for 15mins in 4%PFA/PBS and immersed in 20% Sucrose/PBS for 2 hours.  

 

Immunofluorescence was performed as previously described (Javed et al., 2020). List of 

primary antibodies can be found in Table S2. 

 

EdU labelling assay 

30μM of EdU was added to the culture medium for 2hours before collection and fixation. 

Click-iTTM EdU Alexa FluorTM 647 was used to label cells that incorporated EdU. 

 

Statistical and Quantitative analyses 

Statistical tests were performed for each experiment in this study as indicated in the Figure 

legends. All quantifications in the bar graphs of this study are represented as mean±s.e.m whereas 

n number and individual values on the graphs represent biological repeats. Statistics for the 

retroviral clonal analyses were performed as previously outlined (Pounds and Dyer, 2008). Retinal 

explants containing disorganised layers and poor immunostainings were discarded and analyses 

was limited to the organised regions of the retinal explants. All experiments were repeated at least 

three times.  

 

Ikzf4 knockouts were analysed as follows: Two sections of P10 central retinas oriented 

temporo-nasally were examined with quantifications of 200μm (Pax6), 400μm (Otx2, Sox2, and 
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Lhx2 staining in the INL, Rxrg in the ONL) and 800μm (Brn3a and Lim-1) length of the imaged 

section. The investigator was blinded to the genotype of animals. An ImageJ analysis macro was 

written to count cell automatically in a section. Analyse particles was used after defining a region 

of interest and setting threshold for each antibody to auto-count cell numbers of Pax6+ve, Otx2+ve, 

Sox2+ve, Lhx2+ve and Brn3a+ve cells whereas Rxrg+ve and Lim-1+ve were manually counted. 

 

Ikzf1/4 double knockouts were analysed as follows: Three sections of E15 central retinas 

in embryonic heads oriented dorso-ventrally were analysed with quantification of 200μm for 

Rxrg+ve cells and 400μm for Brn3a+ve cells. Rxrg+ve cell were manually counted due to background 

signal whereas Brn3a+ve cells were counted using the ImageJ analysis macro as described above. 

Cell number quantifications were performed by blinding the investigators to the genotype of the 

animals.  

CUT&RUN assays 

CUT&RUN was performed as previously described (Skene et al., 2018), with a few added 

modifications. The entire procedure was done in 200μl PCR tubes. 0.01% digitonin concentration 

was used and pAG-MNase digestion was performed for 30min on ice. 

 

Libraries were prepared with the KAPA DNA HyperPrep Kit (Roche 07962363001 - 

KK8504). This protocol includes an End-Repair/A-tailing step and an adapter ligation step 

followed by a PCR amplification (enrichment) of ligated fragments. The adapters used for ligation 

were IDT for Illumina TruSeq UD Indexes (Illumina - 20022371). The final enriched product 

(library, after PCR) was purified using KAPA purification beads (Roche 07983298001 - KK8002) 

and a dual-SPRI size selection was performed (with KAPA beads) to select fragments between 

180-500 bp. Libraries were then quantified using a Nanodrop microvolume spectrophotometer 

(ng/ l) and quality was assessed using the Agilent High Sensitivity DNA Kit (Agilent -5067-

4626) on a Bioanalyzer 2100. The libraries were then quantified by q-PCR to obtain their 

nanomolar (nM) concentration. Libraries were diluted, pooled equimolar and sequenced in pair 

end 50 cycles (PE50) on a S1 flowcell (Illumina - 20012863) of the Illumina NovaSeq 6000 

System. 
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Bioinformatics analyses 

scRNA-seq analyses of previously published datasets was performed as follows. Fastq raw 

reads were aligned and counted to generate matrices for each individual stage from Mouse retina 

atlas (GEO: GSE118614) (Clark et al., 2019) and Human fetal retina atlas (GEO: GSE116106, 

GSE122970, GSE138002) (Lu et al., 2020) using Cellranger 4.0 (10x Genomics). Velocyto (La 

Manno et al., 2018) with run10x function was used on cellranger output folders to generate .loom 

files for each individual stages. Seurat (Butler et al., 2018) was used to analyse the mouse and 

human retina. loom files and subset RPC clusters for Ikzf4/IKZF4 expression analyses using 

markers previously described (Clark et al., 2019; Lu et al., 2020). Scanpy (Wolf et al., 2018) was 

used to analyse the same .loom files and generate Ikzf4/IKZF4 expression UMAPs along with cell 

type markers (Fig. S3.2).  

 

CUT&RUN analyses were performed by aligning the raw fastq reads with the mouse mm9 

genome using default parameters of bowtie2 on Galaxy platform (Afgan et al., 2016; Langmead 

and Salzberg, 2012). Bam files generated for Ikzf4 and IgG CUT&RUN at each stage were used 

to call peaks using 0.5 FDR parameter on MACS2 (Feng et al., 2012). Bedtools was used to find 

overlapping peaks between the two stage (Quinlan and Hall, 2010). Bigwig files were generated 

using deeptools2 (Ramirez et al., 2016). Integrative Genomics Viewer (IGV) was used to visualize 

bigwig files. 

 

Information on each software version is listed in Table S2. 

 

Data availability 

Processed MACS2 peaks and bigwig files are available on GEO accession number: 

XXXXXXX. 
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4 General discussion 

The developing CNS requires a stereotypic and controlled temporal order of birth for 

neurons and glia to ensure the appropriate circuitry is established. This is important not only for 

the correct migration of neurons and glia in their respective layers, but also for axonal projections 

and connections with their appropriate targets. As detailed in this thesis, the CNS undergoes 

development by two key mechanisms, spatial patterning and temporal patterning. The critical 

components of spatial patterning in vertebrates are well understood and there is significant 

understanding on how it influences the type of neurons and glia generated. However, even after 

decades of research on invertebrates, temporal patterning in vertebrates is a poorly understood 

phenomenon.  

This thesis has provided some key insights on how neural progenitors could be utilizing a 

transcriptional cascade that forms a complex gene regulatory network to establish temporal 

competence. In chapter 2, Pou2f1 was discovered as a novel tTF that regulates temporal 

competence in early RPCs to generate cones. In addition, Pou2f2 was demonstrated as an 

important regulator of cone differentiation in post-mitotic cells. In chapter 3, it was demonstrated 

that Ikzf4 cooperated with Ikzf1 to establish the window conducive to cone development in early 

RPCs. Ikzf4 also regulated Müller glia specification from late RPCs. Mechanistic evidence showed 

that Ikzf4 could be employing tTF Pou2f1 early to promote cones and Notch signaling genes late 

to promote Müller glia fate.  

From a fundamental and discovery science perspective, these results help us identify key 

regulators of cone and Müller glia development. As suggested by the expression profiling of these 

factors in developing human fetal retinas, this also proposes possibility of conservation of function 

of these tTFs in higher vertebrates. The insights on the temporally controlled function of Ikzf4 in 

the mouse retina advances our understanding on the function o widely expressed transcription 

factors. From a translational and therapeutic perspective, these results could have many potential 

applications in cell replacement therapies using ESC-derived retinal organoids and in vivo 

regeneration of retina using Müller glia.  
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4.1 Fundamental science perspectives  

From a strictly fundamental and discovery science perspective, Pou2f1/Pou2f2 as critical 

regulators of cone development fill many gaps in the current model of transcriptional dominance. 

Additionally, Ikzf4, along with Ikzf1, regulating Pou2f1 in early and Müller specification in late 

retinogenesis explains discrepancies in the literature. In addition to the points discussed above in 

chapter 2 and 3, there are still many unanswered questions and future directions. 

4.1.1 Genome wide targets of Pou2f1/2 

One critical question is how Pou2f1 functions in RPCs to promote cone development in 

addition to its role in upregulating Pou2f2. The binding targets of Pou2f1 in early RPCs are 

unknown. ChIP-seq or CUT&RUN assays at the genome wide level would uncover novel 

candidate tTFs that might be regulated by Pou2f1 to favor the cone fate. This data coupled with 

RNA-sequencing of Pou2f1-/- early RPCs would help identify additional candidate tTFs and direct 

targets of Pou2f1.  

In chapter 2, one Pou2f2 binding site involved in regulating the expression of Nrl gene was 

uncovered, but other targets of Pou2f2 remain elusive. Moreover, Pou2f2 is widely expressed in 

early RPCs but our data suggests its specific role in post-mitotic precursors. By utilizing novel 

methods that can uncover DNA binding targets of transcription factors at single cell level such as 

single cell CUT&TAG (Wu et al., 2020), the RPC specific and post-mitotic cell specific binding 

targets of Pou2f2 could be revealed in the same assay. This could potentially identify novel CRMs 

that are involved in cone development and possibly conserved in higher vertebrates such as 

humans. Another future direction would be to uncover the role of Pou2f2 in horizontal cell 

production. Pou2f2 cKO retinas have reduced number of horizontal cells, suggesting that Pou2f2 

could be regulating the horizontal cell fate in the early RPCs (Fig. 2.4F). However, the mechanism 

remains unexplored. Single cell RNA-sequencing of Pou2f2 KO retinas would help unveil global 

changes in transcriptomic profiles of RPCs and post-mitotic cells. This could uncover how Pou2f2 

modulates the gene regulatory network behind cone and horizontal development.  
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4.1.2 Pou2f1/2 as possible chromatin regulators in the mouse retina 

Interestingly, the Pou2f2 binding site important for the regulation of the Nrl promoter is 

the octamer binding motif ATGCAAAT, as detailed in chapter 1. This raises the possibility of 

Pou2f2 could also be modulating chromatin conformation by binding to histone octamers, in 

addition to its role in direct transcriptional modulation of gene expression. As Pou2f1 also 

possesses octamer binding properties, it would be interesting to assess whether Pou2f1 utilizes the 

Jmjd1 and NuRD complexes as previously described in the regulation of Il2 gene expression 

during memory T-cell development (Shakya et al., 2015; Shakya et al., 2011). These epigenetic 

modifiers have been implicated in retinal development before, most relevantly, the NuRD complex 

being important for the role of Casz1 in conferring RPC competence for rod development (Mattar 

et al., 2021). Therefore, assessing the epigenetic role of Pou2f1/2 could provide key mechanistic 

insights on how these proteins function in the retina and how temporal competence could be 

established epigenetically. Single cell ATAC-seq on Pou2f1/2 knockout retinas would uncover 

novel regions associated with temporal competence in early RPCs and would be an important 

advance in the field.  

4.1.3 How do Pou2f1/Pou2f2 and Ikzf4 fit into the competence model with 

Foxn4? 

As the study on Foxn4 was published in parallel to the results in chapter 2, questions remain 

on how Foxn4 and Pou2f1 confer cone competence together in RPCs. Although Foxn4 promotes 

cones outside their window of development, mature cone markers were not analyzed (Liu et al., 

2020a). Foxn4 cKO retinas have normal number of cones compared to controls before the onset 

of retinal degeneration. This suggests that either another factor compensates for Foxn4 in cone 

production or Foxn4 only partially confers cone competence to RPCs. From the results in chapter 

3, Ikzf4 might also be providing partial competence for cone development to RPCs. This suggests 

that Ikzf4 is also an important part of the GRN conducive for cone production, but the combined 

role of these factors remains to be tested. 

 A possible model to explain their combined role would be the establishment of a GRN of 

cone competence. Multipotent RPCs stochastically upregulate the GRN conducive to generate 

cones by expressing higher levels of tTFs such as Foxn4, Pou2f1 and Ikzf4. This would lead to 
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activation of downstream cues such as Pou2f2, which represses Nrl and promotes the cone fate. 

Testing this model by generating combination of knockout mice for these would help uncover the 

requirement of these factors in cone competence. If there is a subtractive decrease in cone numbers 

in the double or triple KO retinas compared to single knockouts, this would suggest that all genes 

are part of a complete cone competence GRN. The deletion of one factor merely shifts the bias 

towards non-cone fates slightly whereas the rest of the cone tTFs in the GRN help achieve partial 

competence for cone production in early RPCs.  

It is unclear whether Ikzf4 promotes Müller glia competence to late RPCs as the 

overexpression of Ikzf4 was performed in the late retinogenesis window when Müller glia are 

normally made. However, it is clear from the results in chapter 3 that Ikzf4 maintains the 

expression of Müller differentiation genes in post-mitotic precursors (Fig. 3.4C-D). Future studies 

aimed at characterizing the precise role of Ikzf4 in RPCs and post-mitotic precursors using scRNA-

seq of Ikzf4-/- retinas would help provide major insights into Müller glia development.  

4.1.4 RPC lineage and tTF competence windows 

Foxn4 was shown to dynamically regulate Ikzf1 and Casz1 from early to late retinogenesis, 

however, it was not shown whether this occurs in RPCs or differentiated cells (Liu et al., 2020a). 

Nonetheless, this raises the possibility of tTFs dynamically regulating other tTFs. Now that there 

is increasing evidence of a set of tTFs, the dynamic expression profiling of these factors in live 

RPCs would be essential to correctly uncover the exact relationship between tTFs. Developing 

tools such as CRMs of either Ikzf1, Ikzf4, Pou2f1, Foxn4 and Casz1 active in RPCs would be 

greatly beneficial in performing time-lapse experiments in ex vivo retinal explants cultures to track 

the expression of these tTFs in real time. This would provide insights on how the expression of 

these factors dynamically change overtime as early RPCs transition into late RPCs. Additionally, 

employing novel cell lineage tracking methods such as CellTagging, which allows simultaneous 

lineage and cell identity indexing by single cell RNA-seq, would reveal novel insights on how tTF 

generate specific cell types (Kong et al., 2020). Using CellTagging in the developing mouse retina 

could help identify gene regulatory networks dynamically altered in the RPCs depending on what 

type of cell fate is present in the lineage. 
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4.1.5 tTFs in other parts of the central nervous system 

All the tTFs discovered in the mouse retina have widespread expression in various part of 

the developing CNS (Gouge et al., 2001; Honma et al., 1999; Latchman et al., 1992; Liu et al., 

1995). A promising future direction would be to uncover whether the same tTFs also regulate 

neural progenitor temporal identity in other parts of the CNS. More importantly, it would be 

interesting to assess whether the same tTFs are also conserved in their function in higher 

vertebrates such as humans and whether tTFs cross regulate each other. The advances in the human 

ESC-derived brain organoid technology has opened new avenues for human CNS development 

research, reviewed in (Chiaradia and Lancaster, 2020). It would be interesting to functionally 

assess whether tTFs are also required for temporal identity in human neural progenitors.  

4.1.6 Bioinformatics analysis of GRN of temporal competence  

scRNA-seq has revolutionized molecular biology research. The immense amount of data 

generated by scRNA-seq provides a unique opportunity to probe whether similar tTF codes are 

hidden between different scRNA-seq datasets depending on the CNS region. Recently, scRNA-

seq studies have generated cross-compared datasets between various species and uncovered many 

conserved aspects of development (Hoang et al., 2020; Liu et al., 2021; Ray et al., 2018). A 

promising endeavor would be designing a bioinformatic tool that can efficiently cross compare 

scRNA-seq datasets to look for similar transcriptomic signatures conserved between various parts 

of the CNS, specifically in neural progenitors of the same species. This would also help unravel 

the GRN responsible for temporal identity and help uncover a broader range of candidates for 

examination. An approach similar to the one proposed above was used to uncover tTF codes in 

neural tube development by comparison of forebrain, midbrain, and hindbrain tissue. Pou2f2 was 

found to be one of the key transcription factors expressed in post-mitotic neurons made during the 

mid-temporal window in all three tissues (Sagner et al., 2020). Although no functional assays were 

performed, this study demonstrates that precise candidates tTFs can be uncovered for other parts 

of the CNS by analyzing the wealth of data already available. The main caveat being that these 

codes are uncovered by restricted gene expression of tTFs. However, as demonstrated in chapter 

3, there is a possibility that some important candidate tTFs would be missed with this approach 

due to their widespread temporal expression. Nonetheless, the results shown in this thesis and work 
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done on other tTFs provide a preliminary template on which these bioinformatics tools could be 

tested on. Although the transcriptomic signatures are only part of the full portrait of the mechanism 

behind temporal competence, it would provide important insights on how temporal competence is 

established in RPCs and beyond. 

4.2 Therapeutic perspectives 

Retinal degeneration is one of the leading causes of blindness worldwide, some of which 

trigger death of photoreceptors, reviewed in (Javed and Cayouette, 2017). As detailed in chapter 

1, many strategies have been proposed to replenish degenerated cones as the disease progresses. 

Uncovering novel temporal identity factors for cone development provides novel tools to promote 

cone production from several sources. 

4.2.1 Cell replacement therapies 

Although efficient integration of donor cones into host retinas remains the largest hurdle 

in cell replacement therapies, promoting efficient and mature cone production from ESC-derived 

retinal organoids and sheets also remains difficult. The results presented in this thesis highlight 

Pou2f1 and Pou2f2 as novel factors that can extend the window of cone development beyond their 

limits. Pou2f1 in particular, can re-open the window of cone production when overexpressed at 

the late retinogenesis stage. Interestingly, the results presented in chapter 2 also provide a promoter 

specific tool for promoting cones from post-mitotic precursors. Utilizing overexpression of Pou2f2 

fused to the mutated Nrl promoter would allow post-mitotic conversion of rods into cones, which 

could also be used for efficient cone production. As the cones promoted by Pou2f2 from post-

mitotic cells do not express late markers, this would have to be supplemented with additional 

factors. Nonetheless, this provides additional tools to the field to design new approaches for 

efficient cone production. Another caveat to utilizing Pou2f1/2 as a cone inducing factor is whether 

these cones are functional as this remains to be tested. Thorough profiling of cones generated from 

ESC-derived retinal organoids and sheet would be important to overcome this issue. Therefore, 

the results in this thesis propose the combined use of tTFs along with extrinsic cues to maximize 

the production of cones in ESC-derived retinal organoids and sheets. Future studies would also 
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have to focus on assessing whether the human homologues of POU2F1 and POU2F2 can promote 

cone production in human ESC-derived retinal organoids. 

Transplantation into degenerated retinas has been proposed as the next step to counter 

material transfer observed in host cells incoming from the transplanted donor cells, as discussed 

in chapter 1 (Gasparini et al., 2019; Ortin-Martinez et al., 2017; Pearson et al., 2016; Santos-

Ferreira et al., 2016). As rods provide trophic support to cones and are important for their survival 

(Aït-Ali et al., 2015), this poses new challenges for the design of cell replacement therapies. As 

Pou2f1 and Pou2f2 promote photoreceptor production at the expense of all other fates, it provides 

an opportunity to design photoreceptor-rich cultures that can be used for transplantation. From the 

results presented above, following overexpression of Pou2f1 and Pou2f2 in late RPCs, the cone 

rod ratio of the photoreceptors produced was 1:4 (Fig. 2.3A-G). This is a considerable increase 

compared to the endogenous 1:30 cone rod ratio present in mice (Jeon et al., 1998). A foreseeable 

caveat is the possibility of the rods formed by Pou2f1 and Pou2f2 overexpression exhibiting 

immature properties as this remains to be tested. Nonetheless, these results propose new methods 

for the field to overcome some of the current challenges in cell replacement therapies. 

4.2.2 In vivo reprogramming 

Lower vertebrates such as zebrafish have the unique ability to regenerate their retinas using 

an endogenous source of Müller glia that undergo proliferation upon injury, reviewed in (Lahne et 

al., 2020). Mammals such as mice and primates cannot regenerate their retinas naturally through 

Müller glia. However, studies have shown that RGC, bipolar cell and rod production is achievable 

by targeted overexpression of key factors in the mammalian Müller glia (Jorstad et al., 2017; 

Jorstad et al., 2020; Xiao et al., 2019; Yao et al., 2018). Regeneration of cones following 

degeneration or injury has not been efficiently demonstrated so far. Interestingly, cross-species 

comparison between zebrafish, chick and mouse retinas revealed the presence of a dedicated GRN 

in murine Müller glia that represses reprogramming (Hoang et al., 2020). This GRN contains many 

Notch signaling and Nfi family of genes, which are direct targets of Ikzf4, as presented in chapter 

3. As Ikzf4 maintains the glial cell fate, it is possible it also ensures that murine Müller glia do not 

undergo reprogramming. It would be interesting to test whether Ikzf4-/- Müller glia are able to 

reprogram into retinal cell types following injury. Additionally, as Ikzf1 and Ikzf4 can both 
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promote Pou2f1/Pou2f2 expression, it would be interesting to assess whether their co-expression 

could also promote in vivo reprogramming of Müller glia into cones.  

Since Pou2f1 and Pou2f2 can efficiently promote cone production from late RPCs that 

have a similar transcriptome to Müller glia (Blackshaw et al., 2004; Clark et al., 2019; Roesch et 

al., 2008; Trimarchi et al., 2008), they could be candidates for promoting Müller glia 

reprogramming into cones. This would allow in vivo replenishment of cones in retinas affected by 

degeneration. Taken together, the results presented in this thesis reveal novel tools for in vivo 

reprogramming of Müller glia into cones. 

In retinitis pigmentosa, inheritance of a mutation of key phototransduction genes leads to 

aberrant function of rods, causing degeneration, reviewed in (Ferrari et al., 2011). Therefore, 

reprogramming Müller glia into rods would not be beneficial as the inherited mutation would 

manifest in rod degeneration after reprogramming. Therefore, an alternative approach has to be 

designed to overcome this issue. As Nrl is upstream to most of the known mutated genes in retinitis 

pigmentosa, multiple studies demonstrated efficient knocked down of Nrl genetically or via Adeno 

Associated Virus (AAV) CRISPR-Cas9 prevented retinal degeneration in retinitis pigmentosa 

mouse models (Montana et al., 2013; Yu et al., 2017). Genetic ablation of genes using AAV-

CRISPR/Cas9 poses challenges such as off-target effects and poor efficiency of loss of function. 

Therefore, natural repressors of Nrl could be utilized to efficiently reprogram adult rods into either 

cone-like cells or cones to circumvent retinal degeneration caused by aberrant rod gene function. 

This thesis proposes possible candidate repressors of Nrl in Pou2f1, Pou2f2 and Ikzf4. Ikzf4 

overexpression in late RPCs leads to a robust repression of Nrl (Fig. 3.2I-L). Whether Ikzf4 can 

also repress Nrl in adult rods remains to be tested. Pou2f2, although not as efficient in repressing 

Nrl as Ikzf4, can promote cone-like cells from post-mitotic precursors. Whether Pou2f2 can also 

execute the same function from adult rods, remains to be tested. Nonetheless, these results provide 

novel tools to improve the current designs of in vivo reprogramming. 

4.3 Concluding remarks 

Temporal patterning in the CNS is a poorly understood phenomenon in vertebrates. 

Previous studies in invertebrates have provided clues on how this mechanism could be set up but 
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our current understanding is very limited. The work presented in this thesis uncovers novel 

temporal transcription factors that modulate the competence of neural progenitors to generate 

specific cells at a particular time. Mouse retina was used as a model to understand how these tTFs 

function during retinogenesis. This thesis provides evidence of partial conservation of homologues 

of fly ventral nerve cord neuroblast tTFs functioning in the mammalian retina. This work also 

provided insights on the diversity and complexity of temporal transcription factors that govern cell 

fate specification during retinal development. This thesis provides fundamental insights on CNS 

development that could employ the same tTFs to promote cell fate specification in other parts of 

the CNS. Finally, this work provides foundational roles of tTFs that can provide novel ways to 

design efficient and functional therapeutic strategies in the future.   
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