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Abstract
Major malformations of both eyes are commonly genetically determined and a common cause of
severe visual impairment in childhood. Currently, mutation in the coding region of the genome
explains less than half of cases which highlights the need to define the active regulatory elements
controlling the genes that cause these malformations. My thesis is focused on understanding the
genetic mechanisms controlling early eye development by using a mouse organoid model to study the
changes in gene expression, and regulation that control specification of the eye field and formation of
optic vesicles.
The first aim of my thesis addresses the transcriptomic changes over time that drive optic vesicle
differentiation from mouse embryonic stem cells. I have identified a set of genes that are upregulated
in the optic vesicle lineage. This list contains genes which overlap with the Xenopus eye field
transcription factors, and genes which are associated with many human ocular phenotypes, as well as
others not yet directly associated with eye development. I also assayed chromatin accessibility during
optic vesicle organoid differentiation to identify cis-regulatory regions controlling the gene expression
changes. Combining gene expression, chromatin accessibility and transcription factor binding motifs
has highlighted potential regulatory elements involved in optic vesicle differentiation. I have focused
on the topologically associated domains surrounding Pax6, Rax and Six6 and identified elements that
are likely to regulate expression of these genes based on transcription factor footprinting and the
changes in chromatin accessibility over time. Finally, I created a Pax6 knockout cell line to test how
cells differentiate without a transcription factor essential for eye development. In the absence of Pax6,
the cells are able to partially differentiate but do not form optic vesicles. The cells without Pax6
expression also fail to activate expression of other genes important for optic vesicle differentiation
including Lhx2 and Rax.
These results indicate the optic vesicle organoid system is suitable for modelling vertebrate eye
development and can be useful to elucidate the gene regulatory networks controlling eye development.
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Lay Summary
Developmental defects of the eye often have a very significant impact on the visual function of
affected individuals and the lives of their families. In many cases the underlying cause of
malformations is unknown. Studying this process in mammals is difficult because begins so early in
development. To overcome this, techniques have been developed to grow mouse stem cells and, by
carefully controlling their environment and exposing them to certain chemical compounds, direct them
to form eye tissues, known as optic vesicle organoids.
I have studied the genes necessary for eye development by measuring levels of RNA during the
growth of these organoids. This has shown there is an overlap between the genes active in my mouse
model and genes that are known to cause eye malformations. Many other genes that are active in this
process have not as yet been associated with eye development or disease. My work has this identified
many previously unrecognised candidate genes for eye malformations in humans.
Some eye malformations are the result not of a problem with a gene itself but with the regions of DNA
that control gene expression. These genetic switches, known as enhancers, are vital for turning genes
on and off at the correct times during development. To do this, enhancers need to be accessible so they
can interact with the gene they regulate, rather than tightly coiled up like inactive regions of DNA. I
identified potential enhancers by measuring how accessible the DNA is during growth of organoids.
By combining the accessibility of these regions, their location and their DNA sequence we can predict
which may be important for activating certain genes.
I have also looked at how organoids grow when an important gene is removed. Pax6 is a gene known
to be essential for eye development. Using gene editing approaches, I introduced a mutation into Pax6
which caused it to be non-functional. By using these edited cells and studying the changes in active
genes we have shown that the absence of Pax6 prevents formation of any eye tissues and shows that
may other genes rely on the activity of Pax6 to be expressed themselves.
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Chapter 1
Introduction
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1.1 Vertebrate Early Eye Development
1.1.1 Overview of Eye Development
The vertebrate eye is a highly complex sensory organ that converts photons of light into electrical
signals that are translated by the brain into images. The development of the eye is a highly regulated
process, reliant on the interaction of three embryonic tissues, the neural ectoderm, the surface
ectoderm and the neural crest derived periocular mesenchyme. Within an embryo, the eye field is
specified shortly after gastrulation in the anterior neural plate (Heavner & Pevny, 2012; Li, Tierney,
Wen, Wu, & Rao, 1997). The eye field is a small cluster of cells originating from the neural ectoderm
containing the progenitors for all of the neural derived eye tissues. The eye field is not structurally
distinct from the surrounding cells but is defined by the overlap of expression of a number of
transcription factors (TFs). Both eyes develop from the single eye field, which undergoes splitting, a
process controlled in part by sonic hedgehog (Shh) and sine-oculis related homeobox 3 (Six3) (Chiang
et al., 1996; Oliver et al., 1995). The first structural change evident in eye field development is the
formation of bilateral indentations called optic sulci (Robert L Chow & Lang, 2001). This is followed
by continued evagination to form the optic vesicles, which occurs at around embryonic day (E) 8.5-9.0
of mouse development (Heavner & Pevny, 2012). Upon evagination, the distal portion of the optic
vesicle makes contact with the surface ectoderm. This interaction causes the surface ectoderm to
invaginate to form the lens placode, and also triggers invagination of the optic vesicle to form the
bilayered optic cup (Figure 1.1) (Adler & Canto-Soler, 2007; Hyer, Mima, & Mikawa, 1998).
Formation of the optic cup occurs around E10 in mouse. Signalling factors from the surrounding
periocular mesenchyme alter gene expression within the developing optic vesicles to promote
specification of the retinal pigment epithelium (RPE) in what becomes the outer layer of the optic cup
and the neural retina is formed from the inner layer that is in contact with the lens ectoderm (S.
Fuhrmann, Levine, & Reh, 2000). These tissues undergo further patterning to form the adult cell types
making up the eye.

Figure 1.1 Early eye development in vertebrates
(A) Nuclear staining of cross-sectioned mouse heads from embryonic days 9 and 10.5 showing the
optic vesicle and the optic cup respectively. (B) Schematic of the events in early vertebrate eye
development. The optic vesicle forms through evagination and subsequently begins to invaginate
to form the double layered optic cup. The inner layer becomes the neural retina and the outer the
RPE. At the same time the surface ectoderm adjacent to the optic vesicle becomes the lens placode
and invaginated to form the lens vesicle. Figure taken from Eiraku et al. (2012).

1.1.2 The Eye Field Transcription Factors
The different cell types involved in early eye development are each characterised by expression of a
specific set of genes. The genes that coordinate eye development are highly conserved across species,
so although this thesis focusses on mouse cells the underlying principles will also shed light on
development in many other species. As mentioned above, the cells of the eye field express a set of TFs
specific to these cells that form a gene regulatory network required for the development of the eye.
The mouse homologs of these TFs, termed the eye field transcription factors (EFTFs), are LIM
homeobox 2 (Lhx2), orthodenticle homeobox 2 (Otx2), paired box protein 6 (Pax6), retina and anterior
neural fold homeobox (Rax), Six3, sine-oculis related homeobox 6 (Six6), T-box transcription factor 3
(Tbx3) and nuclear receptor subfamily 2, group E, member 1 (Nr2e1) (M. E. Zuber, 2003). Not only
are these TFs necessary for eye development, but in certain circumstances their expression is also
sufficient to form eyes. This set of 8 EFTFs were defined in Xenopus laevis on the basis that their
coordinated overexpression was sufficient to generate secondary eye fields and ectopic eyes in other
parts of a developing Xenopus embryo (M. E. Zuber, 2003). Specifically, injection of a cocktail of the
Xenopus homologs of Otx2, Tbx3, Pax6, Six3, Rax, Nr2e1 and Six6 RNAs simultaneously into one cell
of a two-cell stage embryo induces ectopic expression of Lhx2, used as a marker in this case, as well
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as causing formation of ectopic eyes far from the CNS, that express markers for various cell types
including RPE, rod and cone photoreceptors and lens cells (Figure 1.2). Further to this injection of
subsets of the EFTFs revealed the TFs most crucial to eye formation as their absence caused the
greatest decrease in ectopic eye tissue. Absence of Pax6 from the cocktail caused the most dramatic
decrease in ectopic eyes, followed by Otx2, Six3 and Tbx3. Removal of Rax, Six6 or Nr2e1 reduces
ectopic eye formation but to a lesser extent (M. E. Zuber, 2003). The EFTFs essential role is further
supported by the phenotypic evidence showing that mutations in most of these TFs is associated with
various eye malformations. The EFTFs have a variety of expression patterns within the developing
brain, but none are exclusively expressed in the eye field or developing eye. This suggests they all
have other functions in the formation of various neural structures and that it is the overlap of
expression of these genes, rather than one in particular, that is unique to the eye field.

Figure 1.2 Induction of ectopic eyes
Ectopic eyes induced by EFTF
expression, through injection of Pax6
RNA, resemble normal eyes in Xenopus.
(A) Ventral and (B) side view of
embryos displaying ectopic eyes. White
arrowheads indicate optic cup, black
arrowheads indicate lens. Coronal
sections through (C) a normal eye and
(D) an ectopic eye. P, retinal pigmented
epithelial layer; O, outer nuclear layer; I,
inner nuclear layer; G, ganglion cell
layer; L, lens; arrows indicate ciliary
margin zone in normal eye and region
with similar morphology in ectopic eyes.
Figure from Chow et al (1999).

1.1.2.1 Otx2
Otx2 is required for patterning of the forebrain, meaning that it is already active at the time of eye field
formation. Otx2 is expressed throughout the forebrain and midbrain of developing mouse embryos,
and is important for demarcating the midbrain-hindbrain barrier (Simeone et al., 1993). Within the
developing eye, Otx2 is important for the evagination of the optic vesicle and the expression of RPE
specific genes (Martinez-Morales, Signore, Acampora, Simeone, & Bovolenta, 2001). The
homozygous loss of Otx2 expression in mouse results in severe phenotypes and the loss of forebrain
and midbrain regions (D. Acampora et al., 1995). Heterozygous deletion of Otx2 results in more
varied phenotypes in mouse that range from almost normal to more severe malformations such as
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microphthalmia (small eyes) and anophthalmia (absence of the eye) to very severe cases in which the
head does not develop (Matsuo, Kuratani, Kimura, Takeda, & Aizawa, 1995). Heterozygous mutations
of Otx2 have also been identified in humans as the cause of various eye malformations ranging from
bilateral anophthalmia to retinal defects (Ragge et al., 2005).

1.1.2.2 Pax6
Pax6 is a member of the evolutionarily conserved paired domain containing TFs and is known as the
master regulator of eye development. During development, Pax6 expression is required for correct
patterning of the optic vesicle and cup and is also expressed in the lens and most other ocular
structures (Canto-Soler & Adler, 2006; Xu et al., 1999). In Xenopus ectopic eye formation
experiments, injection of Pax6 alone can induce expression of other EFTFs and a similar result in
Drosophila shows vertebrate Pax6 induces ectopic eye formation (R L Chow, Altmann, Lang, &
Hemmati-Brivanlou, 1999; Michael E. Zuber, 2010). In humans, mutation of one copy of Pax6 often
results in aniridia, a condition characterised by complete or partial absence of the iris (Cunha, Arno,
Corton, & Moosajee, 2019). More rarely, heterozygous mutation of Pax6 can cause microphthalmia
and other malformations. Homozygous loss of Pax6 results in anophthalmia as well as other severe
brain and craniofacial defects (Schedl et al., 1996). The regulation of Pax6 expression is tightly
regulated by multiple enhancer regions, many of which have been mapped due to the occurrence of
mutations in these regions affecting the expression of Pax6. Most of these enhancers control Pax6
expression in later eye development, the enhancers active earliest in development control expression
in the optic cup and neural retina (Cunha et al., 2019).

1.1.2.3 Rax
Rax is expressed within the eye field and other regions of the forebrain, and at later stages its
expression is limited to the developing retina (Furukawa, Kozak, & Cepko, 1997). Overexpression of
Rax in Xenopus by RNA microinjection results in hyper-proliferation of the retina and formation of
ectopic RPE (Mathers, Grinberg, Mahon, & Jamrich, 1997). Rax null alleles can cause anophthalmia
in humans and most other vertebrates along with other forebrain abnormalities (Lequeux et al., 2008).
The inability to form eyes becomes apparent at very early stages as Rax null zebrafish cannot undergo
the evagination required to produce optic vesicles (Loosli et al., 2003). Mutation of Rax decreases the
expression levels of most of the other EFTFs, specifically in the Rax null embryos expression of Otx2,
Six3 and Pax6 is normal in the majority of the neural plate but is not upregulated in the eye field (L.
Zhang, Jamrich, & Mathers, 2000).
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1.1.2.4 Lhx2
Lhx2 is expressed within the developing eye field and more widely through the CNS (Porter et al.,
1997). Conditional knockouts of Lhx2 in mice cause developmental arrest after formation of the optic
vesicle, but prior to lens induction (Hägglund, Dahl, & Carlsson, 2011; Roy et al., 2013). As well as
anophthalmia, Lhx2 null mice also show other forebrain abnormalities in line with its expression in
these areas. The ectopic eye induction experiments in Xenopus, show that although Lhx2 is required in
eye development, it is not involved in the initial specification of the eye field, and its expression can
be induced by the other EFTFs (M. E. Zuber, 2003). In humans, Lhx2 mutations are not found to be
the causative mutation in many cases of severe eye developmental defects (Desmaison et al., 2010;
Pérez et al., 2012).

1.1.2.5 Six3
Six3 is more broadly expressed through the developing brain in comparison to the other EFTFs
(excluding Otx2). Six3 is also activated earlier in development than some of the other EFTFs and is
important for the splitting of the eye field and the wider splitting of the prosencephalon into two
hemispheres. Accordingly, mutations in the homeodomain of human Six3 are associated with
holoprosencephaly in humans (Wallis et al., 1999). Knock-down experiments in medaka fish show
that loss of Six3 in other vertebrates results in similar phenotypes of a lack of forebrain and eyes (Carl,
Loosli, & Wittbrodt, 2002).

1.1.2.6 Six6
Another member of the six family of TF, Six6, is also required for eye development. Six6 is activated
at a later stage compared to the other EFTFs, and its expression is more limited to the eye field with
expression also seen in the hypothalamus and pituitary (López-Ríos, Gallardo, Rodríguez De Córdoba,
& Bovolenta, 1999). In Xenopus, overexpression of Six6 increases the size of the eye field, and
expands the expression domains of Rax, Pax6 and Tbx3, while interfering with Six6 function decreases
eye size (Michael E. Zuber, Perron, Philpott, Bang, & Harris, 1999). Loss of Six6 expression in
humans has been associated with bilateral anophthalmia and pituitary anomalies, but it is not a major
cause of these abnormalities (Gallardo et al., 1999).

1.1.2.7 Nr2e1
Nr2e1 is an orphan nuclear receptor that also functions as a transcriptional regulator, with crucial roles
in controlling differentiation of neural stem cells, particularly in the visual system (Wang & Xiong,
2016). In Xenopus Nr2e1 is one of the later TFs to be activated, with transcription not beginning until
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after definition of the eye field (M. E. Zuber, 2003). Its expression pattern shows that Nr2e1 is not
required for the original specification of the eye field, however its ability to regulate the other EFTFs
suggest that it is required later in development. Nr2e1 is expressed in the forebrain and midbrain as
well as in the eye and olfactory placode (Schmouth et al., 2012). Mutation of Nr2e1 has been
associated with eye abnormalities, although the eye phenotypes associated with Nr2e1 are not as
severe as malformations caused by the other EFTFs and mainly consist of reduced retinal size, optic
nerve degeneration and visual impairment (Kitambi & Hauptmann, 2007; Wang & Xiong, 2016;
Young et al., 2002).

1.1.2.8 Tbx3
Tbx3 was also shown in Xenopus to be required for eye morphogenesis due to its requirement for the
formation of ectopic eyes outside of the CNS (M. E. Zuber, 2003). No eye specific phenotypes are
associated with Tbx3 null mice, and in humans, Tbx3 mutations have been shown to cause various
phenotypes associated with ulnar-mammary syndrome (Bamshad et al., 1999), but even in these
individuals the eyes develop normally.

1.1.4 Sox2
Although Sox2 was not originally in the list of EFTFs, there is evidence to support its addition. Firstly,
Sox2 is expressed during early eye development, both in the optic vesicle and in the prospective lens
as well as more widely through neural stem cells and other cell types in the CNS (Papanayotou et al.,
2008). Secondly mutations within Sox2 cause very severe eye malformations. Homozygous Sox2 null
mouse embryos die shortly after implantation, indicating the essential roles of Sox2 in other tissues. In
humans, heterozygous Sox2 mutations are associated with more severe eye malformations including
bilateral anophthalmia and microphthalmia, with the severity of the malformation being associated
with the residual levels of Sox2 expression (Taranova et al., 2006). In addition to its roles in neural and
eye development, Sox2 is also essential for regulating transcription in pluripotent stem cells, and is one
of the Yamanaka factors identified for its role in reprogramming of somatic cells back to a pluripotent
state (Takahashi & Yamanaka, 2006; S. Zhang & Cui, 2014). Sox2 alone is not solely responsible for
these differing activities and is reliant on binding partners to stabilise its interaction with DNA and
confer spatial and temporal specificity in binding (Kondoh & Kamachi, 2010). Sox2 has been shown
to co-bind DNA with Pou5f1 (Oct3/4), Otx2 and Pax6 to regulate both early embryonic development
and eye development specifically expression of lens development genes respectively (Kamachi,
Uchikawa, Tanouchi, Sekido, & Kondoh, 2001; Yuan, Corbi, Basilico, & Dailey, 1995). Sox2 in

23

complex with these other TFs gives it further specificity and allows it to play very different roles
dependent on the availability of binding partners.

1.1.5 Phenotypes with Unidentified Causes
Genetic testing, either by targeted gene sequencing or whole exome sequencing, is now commonly
used for identifying the cause of the disease in affected individuals. Mutation detection rates for eye
malformations are increasing, however in many cases the molecular cause cannot be determined.
Previous research has identified genetic changes in genes other than the EFTFs, including SOX2,
STRA6, SMOC1, MAB21L2 and YAP1 which can cause ocular malformations. In cases which cannot
be assigned a molecular diagnosis, it is possible that the causative mutation lies outside of any known
genes either in regulatory regions or novel genes (Carss et al., 2017; Redin et al., 2016). There is a
wealth of knowledge about the expression pattern, mutation, and associated phenotypes of the EFTFs,
but how they are activated and the regulatory elements controlling the level of their expression during
early eye development is unknown. For these undiagnosed cases it is important that we improve our
understanding of the genes controlling eye development and their regulation, specifically by mapping
the regulatory elements of known eye genes.

1.2 Regulation of Gene Expression
1.2.1 Cis-Regulatory Elements
The precise location and timing of TF expression is crucial for normal development in all systems, not
only the eye. These intricate expression patterns are achieved through the action of cis-regulatory
elements (Sakabe, Savic, & Nobrega, 2012). Enhancers are one class of cis-regulatory element that
promote expression of their target gene. Typically, enhancers are a few hundred base pairs in length
and contain transcription factor binding sites which bind trans-activating and repressive factors in a
sequence specific manner (Sakabe et al., 2012). They can be located in introns, exons or intergenic
regions and can be very close to their target gene or hundreds of kb away and they often bypass the
most proximal gene to interact with their target gene (Schoenfelder & Fraser, 2019). Enhancers
associated with developmental genes are often conserved through species, like the genes themselves,
due to the essential roles they play in ensuring correct regulation of gene expression (Pennacchio et
al., 2006).
The importance of enhancers has prompted large scale research efforts, such as the ENCODE project,
aimed at mapping these sequences genome wide for a number of different cell types and organisms.
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These studies have mapped huge numbers of putative enhancers based on unique characteristics of
these sequences (Dunham et al., 2012). One typical feature of enhancers is the presence of clustered
TF binding sites and the binding of lineage-specific TFs. These TFs alone cannot activate transcription
so they must recruit co-activator proteins like histone modifiers and chromatin remodelers, and in their
active state will also be bound by general TFs and RNA polymerase II (Calo & Wysocka, 2013).
Binding of these TFs and co-factors results in regions of nucleosome depleted chromatin in
comparison to other regions of inactive heterochromatin. In order to activate a cell type specific
enhancer there needs to be an initial reorganisation of nucleosomes to allow TF binding. This
reorganisation can be accomplished by coordinated binding of multiple TFs or by the activity of socalled pioneer factors which can directly associate with nucleosome bound DNA and trigger their
repositioning (Zaret & Carroll, 2011).
These common features of chromatin and DNA sequence within enhancers makes it possible to
identify potential enhancer regions genome wide. The specificity of TF binding can determine which
TFs are acting at that enhancer, however linking an enhancer to its target gene is a more difficult
process. Since enhancers may not regulate the nearest gene to themselves this is not a simple process
and there are no computational methods to solve this puzzle. The only way to definitively assign an
enhancer to a target gene is through experimental work, which is not feasible to do for all potential
enhancers.

1.2.2 Gene Regulatory Network Controlling EFTF Expression
The set of genes expressed in an individual cell are specific to the type of cell and define its function
and behaviour. To maintain the gene expression profile in the cell, TFs often regulate one another and
themselves forming a network of interconnected genes. Within the EFTFs there is a multitude of
evidence demonstrating that these genes cross-regulate each other and very often are positive
transcriptional regulators of their own expression as well. Current data can be used to build a map of
the inter-regulation between the EFTFs. It has been shown that Otx2, expressed in the neural plate
before eye field specification may interact with Sox2 to induce expression of Rax in the presumptive
eye field (Sabine Fuhrmann, 2010; Heavner & Pevny, 2012; M. E. Zuber, 2003). Rax itself is then
involved in the control of Lhx2, Pax6 and Six3, which in turn activate expression of Six6 (Sabine
Fuhrmann, 2010). This small network of interactions is based on altering expression of one TF and
measuring the effect on transcription of the others. It is by no means a complete network and does not
begin to address the enhancers at which the TFs act to control expression of their targets.
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1.3 Optic Vesicle Organoids
1.3.1 Organoids as Model Systems
It is very difficult to study early eye development because of the inaccessibility of the tissue during
embryonic development. Advances in our understanding of stem cell maintenance and differentiation
have enabled the development of 3D in vitro culture methodologies for growing self-renewing, selforganising tissues from pluripotent stem cells. These cultures, termed organoids, mimic the cell-type
composition and tissue organisation seen in vivo (Lancaster & Knoblich, 2014). Organoids have
become a widely used system for studying normal embryonic development and the mechanistics of
disease that cannot easily be modelled in animals. There are many benefits to the use of organoids,
including the significant potential to reduce the numbers of animals used in research, and the ability to
generate organoids derived from induced pluripotent stem cells from a patient (Rossi, Manfrin, &
Lutolf, 2018). Although organoid cultures closely resemble differentiation of normal tissue, there are
some key differences that need to be kept in mind. One major limitation is the lack of vasculature and
blood circulation which limits the maximum size of organoids and the extent to which they can
develop (Qian, Song, & Ming, 2019). Another is the inability to generate complex tissues resulting
from the interaction of two different cells types. Although organoids can be grown from both human
and mouse stem cells, there are many advantages of using mouse cells that make up for the loss of
human specific data. Mouse organoids have much faster growth rates meaning differentiation can be
achieved in shorter time scales, and mouse cells are in general simpler to culture and don’t require
such specific and expensive reagents (Marshall & Mason, 2019).

1.3.2 Optic Vesicle Organoids
The default for vertebrate ESCs is to differentiate towards nerve cells in the absence of other signals
(Hemmati-Brivanlou & Meltont, 1997). This makes differentiation of brain and eye organoids in
mouse a simpler process than expected. Without the addition of numerous extrinsic signalling
molecules, ESCs can be aggregated into a 3D culture system and differentiated so that they develop
optic vesicle like structures that mimic in vivo differentiation and go on to form various other more
specialised eye cell types including RPE and photoreceptors (Eiraku et al., 2011; Gonzalez-Cordero et
al., 2013; Lane et al., 2014; Zhong et al., 2014). The serum-free floating culture of embryoid body-like
aggregates with quick reaggregation (SFEBq) technique can be used to generate organoids which
develop optic cups with self-organised populations of neural retina tissues (Figure 1.3) (Eiraku et al.,
2008; Wataya et al., 2008). These organoids rely on artificial extracellular matrices to facilitate their
self-organisation and formation of complex structures (Fujiwara et al., 2007). The SFEBq culture
system has up until now been used mainly with the aim of generating differentiated tissues for
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transplantation in human degenerative diseases such as retinitis pigmentosa (Assawachananont et al.,
2014). The optic vesicle organoid system is ideal for the study of early events in eye morphogenesis
due to the ease of producing cells of the early eye field. The SFEBq technique allows simultaneous
growth of hundreds of optic vesicle organoids thereby easily providing sufficient cells for various
“omic” analyses.

Figure 1.3 Schematic of optic cup formation from ES cell aggregates
Schematic illustrating the process of optic vesicle formation from ESCs, beginning with
aggregated ESCs on day 1 and producing Rax::GFP expressing cells by day 5 and optic cup like
structures at day 9. Adapted from Eiraku et al. (2011).

1.3.3 The Rx::GFP Cell Line
Optic vesicle like structures can be produced from any ES cell line, but the Sasai lab created a cell line
with a convenient read out of optic vesicle formation. They engineered mouse E14 derived cells
containing a GFP coding sequence knocked-in to the Rax locus (Figure 1.4) (Eiraku & Sasai, 2012;
Eiraku et al., 2011). One allele expresses wildtype Rax and the other encodes GFP, such that GFP
expression should precisely overlap with Rax expression. Since the allele encoding GFP does not
produce any Rax protein the cells only have one functional copy of Rax, however since there are no
reported phenotypes caused by heterozygous mutation of Rax in mouse this should not affect the cells
ability to grow normally (Graw, 1999). This cell line allows easy identification and quantification of
optic vesicle formation by imaging and fluorescence activated cell sorting (FACS) of the GFP positive
cells to obtain pure populations of eye field cells.

Figure 1.4 The Rax::GFP cell line
Schematic showing the two Rax alleles within the Rax::GFP cell line. A GFP coding sequence has
been introduced in place of the first two exons of Rax at one copy of the Rax gene.
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1.3.4 Modelling Eye Malformations in Optic Vesicle Organoids
The organoid model also enables genetic manipulation of the starting cell line to simulate disease
states. Most severe developmental defects manifest early in eye development, meaning that assaying
competency of the cells to form optic vesicles will give an indication of the effect of any mutation
introduced in the cells. There has already been work that validates the use of the organoid culture
system as a powerful resource to model disease states and identify candidate genes necessary for
normal differentiation. Six3 null induced pluripotent stem cells and conditional knockout ESCs have
been used along with the eye organoid culture system to identify targets of Six3 regulation (Takata et
al., 2017). Genes upregulated during the transition from optic vesicle to neuroretina indicated Rspondin 2 (Rspo2) as a candidate gene important for this process. Rspo2 is not expressed in early optic
vesicles and Six3 ChIP data shows an abundance of Six3 bound in the upstream regulatory region of
Rspo2 suggesting Six3 could be a direct negative regulator of Rspo2 in developing optic vesicles.
They also showed that the Six3 knockouts accurately recapitulated the phenotypes seen in knockout
embryos, both of which show arrested growth of the optic vesicle structures as they fail to fully
evaginate as compared to the WT organoids and embryos (Figure 1.5A). The Six3 knockouts
exhibited a decreased number of optic vesicle structures and a reduced size of the structures on
average (Figure 1.5B&C). The gene expression profiles of the Six3 mutant organoids in comparison to
WT, showed a reduction in the level of Rax, but no effect on Pax6 (Takata et al., 2017). In summary,
these results demonstrate that the 3D culture of optic vesicle organoids is a suitable tool for
elucidating the genetic control of optic differentiation and morphogenesis as it faithfully recapitulates
most aspects of in vivo eye development.
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Figure 1.5 Optic vesicle organoid formation is severely disrupted in Six3 knockout cells
(A) Images of Day 4 to 7 WT and conditional knockout ESC organoids. By day 6 formation of
optic vesicle like structures was disrupted in the mutant aggregates, and the disruption becomes
more evident by day 7. There are optic vesicles, but they are smaller and less structurally defined.
Arrows indicate optic vesicle-like structures. (B) Quantification of the number of optic vesicles
per organoid for WT and conditional knockout cells. (C) Quantification of optic vesicle area for
WT and conditional knockout organoids. Data from Takata et al. (2017).

1.4 PhD Aims
The genes and regulatory elements responsible for early eye development have not been studied
extensively partially due to the lack of available tissue to study. The advent of organoid technologies
has made access to eye field tissue a much simpler process such that it is now possible to study these
early events. This project aims to contribute to our understanding of eye field and optic vesicle
differentiation and to map the genomic elements that are involved. The specific aims of my PhD,
therefore, are to:
- define the gene expression changes associated with optic vesicle development
- map the cis-regulatory elements controlling these genes
- recapitulate a mutant phenotype in the organoid model system
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Chapter 2
Materials and Methods
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2.1 General Solutions
General solutions prepared by IGMM technical services (all solutions were made using ddH2O and
autoclaved or passed through a 0.22 µm filter (Millipore)) are listed below.
Penicillin/Streptomycin
7 g penicillin, 13 g streptomycin made up to 20 ml
Phosphate buffered saline (PBS)
135 mM NaCl, 2.7 mM KCl, 8 mM NA2HPO4 and 1.5 mM KH2PO4
TE
10 mM Tris in ddH2O pH 8.0, then 1 mM EDTA
TAE
242 g tris base, 57.1 ml glacial acetic acid, 0.5 M EDTA made up to final volume of 500 ml (prepared
as 50X stock)
TBE
216 g Tris base, 110 g boric acid, 0.5M EDTA made up to final volume of 500 ml (prepared as 20X
stock)
L-broth
10 g Tryptone, 5 g Yeast extract, 10 g NaCl, and 1 g Glucose made up to 1 l

2.2 Cell Culture
2.2.1 mESC Culture
Rx::GFP K/I EB5 mESCs (Wataya et al., 2008) obtained from the Riken BRC Cell Bank were grown
at 37°C with 5% CO2 in a humidified atmosphere. Cells were cultured on 0.1% gelatin (Sigma,
G2500) coated tissue culture flasks (Corning) in GMEM media (Gibco, 21710025) supplemented with
1X non-essential amino acids (Sigma, M7145), 1 mM Sodium pyruvate (Sigma, S8636), 10 µM 2Mercaptoethanol (Gibco, 21985-023), 10% knock out serum replacement (KOSR) (Gibco, 10828028), 1% Foetal Calf Serum (FCS) (Sigma, 12103C) and 500 U/ml leukaemia inhibitory factor (LIF)
(produced in house). Media was changed every 24 hours and cells were passaged every 48-72 hours
by first washing with PBS (Gibco, 10010023) and dissociating in 1X TryplE (Gibco, 12604013). Care
was taken to avoid over-confluency or undesirable differentiation of cells. Cells were frozen in FCS
supplemented with 10% Dimethyl Sulfoxide (DMSO) (Sigma, D2650) and stored in liquid nitrogen.
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2.2.2 Optic Vesicle Generation from Mouse ES Cells
For the culture of optic vesicle organoids using the modified SFEBq technique, mouse ES cells were
dissociated to single cells in TryplE and reaggregated in differentiation media at a concentration of
4500 cells per 100 µl per well of a Nunclon Sphera 96-well U-bottomed low cell adhesion plate
(Thermo Fisher Scientific, 174929). Differentiation media was made up of Iscove’s Modified
Dulbecco’s Medium (IMDM) GlutaMAXTM Supplement (Thermo, 31980022) and Ham’s F12
Nutrient Mix, GlutaMAXTM Supplement (Thermo, 31765027) mixed in a one-to-one ratio and
supplemented with 1x Chemically Defined Lipid Concentrate (Thermo, 11905031), 5 mg/ml Bovine
Serum Albumin (BSA) (Sigma, A3156-5G), 15 mg/ml bovine Apo-transferrin (Sigma, T1428) and
450 μM 1-Thioglycerol (Sigma, M6145). The day on which cells are aggregated and differentiation is
started was defined as day 0. On day 1, growth factor reduced Matrigel basement membrane matrix
(Corning, 354230) was added to a final concentration of 2% (v/v). Cells were then incubated at 37 °C
with 5 % CO2 and the aggregated cells differentiated to form optic vesicle like structures expressing
Rax::GFP by day 5.

2.2.3 Preparation of Cells for FACS
To prepare individual organoids for FACS, the organoid and media were transferred to a flat bottom
96 well plate, washed with PBS and dissociated to single cells in TryplE. When preparing multiple
organoids for FACS, the organoids were pooled in a 1.5ml Eppendorf tube in which they sink to the
bottom allowing easy washing and dissociation in TryplE. Once dissociated FACS buffer (PBS
supplemented with 5 % (vol/vol) FCS) was added before sorting the cells. Cells were sorted with the
BD FACS Aria cell sorter, with cells gated manually into GFP positive and negative cell populations.

2.3 RNA Sequencing
2.3.1 RNA Extraction, Quantification and Sequencing
24 organoids were pooled, and single cells were prepared for FACS as described in 2.2.3 and sorted
into differentiation media. Cells were pelleted at 1200 RPM for 4 minutes at 4 °C and then
resuspended in 150 μl trizol. RNA was either isolated immediately or the cells were stored at -80 °C
before RNA isolation. The Zymo Direct-zol RNA MicroPrep kit (Zymo, R2061) was used to prepare
RNA samples according to the manufacturer’s instructions including the optional DNaseI treatment.
Following RNA extraction, samples were sent to the Wellcome Trust Clinical Research Facility at the
Western General Hospital for quality and integrity analysis on the Agilent 2100 Bioanalyser using the
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RNA 6000 Nano chip. Samples were required to have an RNA Integrity Number of greater than 8.
Concentration was quantified using the Qubit RNA broad range assay kit according to instructions.
Illumina mRNA-seq libraries were prepared from 200ng of total RNA using the TruSeq kit or the
NEBNEXT Ultra II Directional RNA library prep kit for the initial RNA-seq and the Pax6 null RNAseq respectively. Libraries were pooled and sent for 75 bp paired end sequencing on the NextSeq 550
platform to generate around 40M reads per sample.

2.3.2 Pseudoalignment of RNA-seq Reads
RNA-seq reads for each library were pseudoaligned and quantified using the kallisto software (Bray,
Pimentel, Melsted, & Pachter, 2016). Coding regions of DNA and non-coding RNA from the mouse
genome build 38, downloaded from the Ensembl database, were used to create the transcriptome index
used by kallisto.

2.3.3 Differential Gene Expression Analysis
Transcript abundances from kallisto were imported and summarised to gene level for use with
Bioconductor packages using tximport (Soneson, Love, & Robinson, 2016). The DEseq2 package
(Love, Huber, & Anders, 2014) was used to conduct the Principal Component Analysis (PCA),
calculate sample-to-sample distances and identify differentially expressed genes between each day
following the suggested standard workflow. Biological process GO terms associated with the
differentially expressed genes were identified using ClusterProfilers (Yu, Wang, Han, & He, 2012)
enrichGO function.

2.4 ATAC-seq
2.4.1 Cell Lysis and Transposition Reaction
Cells from 48 organoids were pooled and prepared for FACS as described in Section 2.2.2 and 2.2.3
with the cells counted and sorted into GFP expressing and non-expressing populations where possible.
The ATAC-seq sample preparation was performed as described in Buenrostro et al (2015), with
modifications made to optimise the protocol for mESCs. Optimisation of the protocol was done by
Yatendra Kumar of the Bickmore lab. Cells were pelleted at 1200 RPM for 4 minutes at 4 °C and then
resuspended in ice cold PBS at a concentration of 100,000 cells per ml. 500 μl of cell suspension was
pelleted, resuspended in 100 μl and centrifuged again before the supernatant was removed. Cells were
then resuspended in 100 μl of cold ATAC lysis buffer (10 mM TrisCl, pH 7.4, 10 mM NaCl, 3 mM
MgCl2, 0.1% IGEPAL CA-630) and kept on ice for 15 minutes, with occasional gentle pipetting.
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Samples were pelleted at 1200 rpm for 5 minutes at 4 °C, supernatant discarded and resuspended in
transposition mix consisting of 50 μl ChIPmentation buffer (10 mM Tris pH8, 5 mM MgCl2, 10%
Dimethylformamide) and 2.5 μl Tn5 transposase enzyme (Illumina, 15027866) per sample. The
transposition reaction was carried out at 37 °C for 30 minutes. Samples were then purified using the
Qiagen MinElute Reaction Cleanup Kit (Qiagen, 28204) as per manufacturer’s instructions, eluting in
10 μl elution buffer.

2.4.2 PCR Amplification
PCR amplification of samples was conducted in a 32 μl reaction volume for each sample made up of
10 μl transposed DNA, 4.7 μl 10 μM custom barcoded nextera primer mix of universal forward primer
and one of the barcoded reverse primers, 1.3 μl 50x SYBR Green (Invitrogen, S7563) and 16 μl NEBNext 2x PCR master mix (NEB, M0541S). The primers are detailed in Table 2.1. Samples were cycled
as below:
1. 72 °C for 5 min
2. 98 °C for 30 sec
3. 98 °C for 10 sec
4. 63 °C for 30 sec
5. 72 °C for 1 min
6. Repeat steps 3-5 for 12 cycles
Following PCR amplification, 30 μl of PCR reaction was made up to 50 μl with nuclease free H2O.
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Table 2.1 Nextera PCR Primers
Ad1_noIndex
Ad2.1_TAAGGC
GA
Ad2.2_CGTACT
AG
Ad2.3_AGGCAG
AA
Ad2.4_TCCTGA
GC
Ad2.5_GGACTC
CT
Ad2.6_TAGGCA
TG
Ad2.7_CTCTCTA
C
Ad2.8_CAGAGA
GG

AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGAT
GTG
CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGG
AGATGT
CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGG
AGATGT
CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGG
AGATGT
CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCG
GAGATGT
CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCG
CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGG
AGATGT
CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCG
GAGATGT
CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGG
AGATGT

Nextera PCR primers used for ATAC-seq sample preparation. Ad1 was the forward primer common to all
samples, whereas barcoded primers 2.1-2.8 were unique to each sample.

2.4.3 Size Selection
To select against DNA over 1 kb and remove primers samples were purified using the AMPure XP
(Beckman Coulter, A63880) bead size selection. SPRI beads were brought to room temperature and
vortexed and 50 μl added to each sample at a 1x ratio. Samples were incubated at room temperature
for 5 minutes to allow fragment binding. Reactions were then placed in a magnetic stand and allowed
to separate for 5 minutes, the supernatant discarded, and the beads washed with 200 μl 80% ethanol
for 30 seconds twice. The samples were left to air dry for 10 minutes. 20 μl 1x TE buffer was added
for 30 seconds to elute DNA from the beads. Samples were returned to the magnetic stand to separate
the beads from the samples.

2.4.4 Quantification and Sequencing
Before sequencing DNA, the quality and quantity of samples was checked. The total amount of DNA
was measured using the Qubit dsDNS high-sensitivity assay as per manufacturer’s instructions. For
quality assessment ATAC-seq samples were then sent for high-sensitivity DNA bioanalysis at
Edinburgh Genomics. Bioanalysis showed that the libraries contained the expected fragment size
distribution, containing peaks corresponding to mononucleosomal, dinucleosomal and trinucleosomal
fragments as described in the published protocol (Figure 2.1A&B) (J. D. Buenrostro, Giresi, Zaba,
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Chang, & Greenleaf, 2013). ATAC-seq samples were sent for 75 bp paired end sequencing on the
Illumina Hi-seq platform at Edinburgh Genomics.

Figure 2.1 Bioanalyser traces of ATAC-seq samples
(A) Representative DNA profile from high-sensitivity bioanalysis of ATAC-seq samples. The X
axis shows fragment size in bp, and the Y axis fluorescent units. Mono, Di, Tri and Tetra relate
to the nucleosome number. (B) The published ATAC-seq profile of fragment sizes. The inset,
log-transformed histogram shows the periodicity persists to 6 nucleosomes.

2.4.5 Read Alignment and Filtering
Following sequencing, quality control assessment using Fastqc showed, for all samples, that there
were no sequences flagged as poor quality, the GC content was as expected and there were very few
uncalled bases across the reads. CutAdapt (Martin, 2011) was used to remove adapter sequences and
then reads were aligned to the mm10 mouse genome using bowtie2 paired-end alignment (Langmead
& Salzberg, 2012). After alignment, duplicate reads were removed along with unmapped reads, and
reads mapping to the mitochondrial genome using Samtools. After filtering, the reads were shifted +4
bp for the positive strand and -5 bp for the negative strand to show the centre of the transposition site.
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2.4.6 Peak Calling
Peaks were called using MACS2 (https://github.com/taoliu/MACS/) (Y. Zhang et al., 2008) from the
ATAC-seq data containing all reads and from a further filtered set of short reads only (<100 bp)
corresponding to TF binding sites rather than regions bound by nucleosomes. MACS2 callpeak was
run using the -f BAMPE, -g mm -B –SPMR and –nomodel options to call narrow peaks from paired
end bam files. Bedgraph files from MACS2 were converted to BigWig files for visualisation in the
UCSC genome browser.

2.4.7 Transcription Factor Footprinting
Transcription factor footprinting was performed using TOBIAS on the filtered reads
(https://github.com/loosolab/TOBIAS) (Bentsen et al., 2020). Firstly, the ATACorrect tool was used
to account for the bias in Tn5 insertion sites. Then ScoreBigwig was used to calculate a continuous
footprinting score for the peak regions, which is a function of the depletion of signal and the general
accessibility of the surrounding regions. Finally, the footprinting score is combined with locations of
TF binding motifs in the BINDetect tool which was used to estimate the bound or unbound status of
transcription factor binding sites as identified by scanning for matches to the motifs within the Jaspar
database. The proportions of bound sites within different regions of the genome were then calculated.

2.5 Genome Editing in mESCs
2.5.1 CRISPR Guide RNA for Introduction of Mutations into Pax6
Pax6 null mESCs and their WT counterparts were generated using CRISPR-Cas9 from the Rx::GFP
cell line. CRISPR guide RNAs were designed targeting the start codon of Pax6. Guide sequences
used:
CACCGACACTTACTGTTCTGCATGC
AAACGCATGCAGAACAGTAAGTGTC
Guides were annealed and cloned into the PX458 vector (Addgene, 48138) encoding WT Cas9 and
GFP. Resulting plasmid DNA was purified using the QIAprep Spin Miniprep Kit (Qiagen, 27104) as
per manufacturers instructions.

2.5.2 Transfections into mESCs
Rx::GFP mESCs were transfected with the resulting plasmid using FuGene HD transfection reagent
(Promega, E2311). Around 500,000 cells were transfected in a 6-well plate with 1 μg of plasmid DNA
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mixed with 94 μl Opti-MEM (ThermoFisher, 31985062) and 5 μ FuGene. Media was changed after 24
hours. After 48 hours transfected cells were sorted using FACS based on GFP expression. Cells were
plated at a density of >1000 cells per 10 cm dish and grown for around 10 days or until colonies began
to appear. Colonies were picked and plated in duplicate in a 96-well plate. One well was used to
extract genomic DNA from the cells. The region surrounding Pax6 was amplified and sequenced by
Sanger sequencing using the primers below:
Pax6 Genotyping Forward Primer
TCAGCAGGAGTACAGGCCTAC
Pax6 Genotyping Reverse Primer
CTTTTCCTCGCGGGCTACT
Cell lines with confirmed homozygous deletions in Pax6 and WT clones were expanded from the
duplicate 96-well and frozen for later use.

2.6 Imaging
Organoids were imaged on the Zeiss Observer Z1 at 20x magnification. Software used for imaging
was μManager (https://micro-manager.org) in conjunction with ImageJ (https://imagej.nih.gov/ij/).
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Chapter 3
Optimising Organoid Differentiation
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3.1 Introduction
Growing optic vesicle organoids relies on the self-organisation and differentiation of a small
number of embryonic stem cells, predictably this process can be very variable. The first aim
of my project was to culture Rax::GFP mESCs and successfully differentiate them into
organoids to produce cells corresponding to the early optic vesicle, and to make sure this
process was efficient and reproducible. In this chapter I will describe the in house
optimisation of the optic vesicle organoid differentiation protocol, and the alterations that I
made to the protocol as described by the Sasai laboratory (Eiraku & Sasai, 2012; Sakakura,
Eiraku, & Takata, 2016). The organoids are grown from Rax::GFP mESCs with two specific
features (Wataya et al., 2008) that were created by the Sasai laboratory and purchased from
the RIKEN BRC cell bank. These cells contain a GFP tag knocked in at the Rax locus to
identify eye progenitor cells as well as a blasticidin-S resistance cassette in the Oct-3/4 locus
for selecting Oct-3/4 expressing undifferentiated cells (Eiraku & Sasai, 2012). The Sasai lab
plate 3000 of these cells per well into low cell adhesion U bottom 96 well plates, in a
differentiation media. This is classed as the day 0 time point. On day 1 of differentiation the
media is supplemented with growth factor-reduced Matrigel to a final concentration of 2%
(vol/vol). Then on day 4 of differentiation the Wnt agonist CHIR99021 is added to the
growing organoids and by day 7 GFP is visible in the evaginated hemispherical optic vesicle
structures (Sakakura et al., 2016). This protocol was designed to differentiate stem cells,
through an optic vesicle state with the ultimate goal of producing retinal and cortical tissues
suitable for transplant into animal models of retinal degeneration. Since our aim was only to
recapitulate the initial steps of differentiation from stem cell to eye field cell, we simplified
the protocol to its most basic state and assayed formation of eye field and optic vesicle cells,
before altering conditions to optimise the number of optic vesicle cells produced by each
organoid.

3.2 Differentiation of Optic Vesicle Organoids
The Rax::GFP ESCs were maintained in an undifferentiated state, and from these cells,
organoids were seeded on 4 separate occasions. Matrigel was added to all organoids 24 hours

after seeding to provide the organoids with an extracellular matrix to support the formation of
complex 3D structures. The organoids were then incubated for a further 4 days. On days 5, 6
and 7, orgnaoids were transferred to a flat bottomed plate for imaging, to assess the
expression patterns of GFP and the formation of optic vesicle structures (Figure 3.1A). By
day 5 organoids already showed GFP expression that was localised to structures resembling
budding vesicles. This is in contrast to the original protocol which shows GFP is not
expressed until day 7.
I set up 4 separate organoid differentiation replicates over a period of 4 weeks to assess the
reproducibility of our protocol. I took images of organoids on day 5, 6 and 7 and counted the
number of GFP positive optic vesicle structures visible on each day. I imaged two organoids
per replicate every day and saw that the GFP expression seen in these organoids on day 5
persisted through to the day 7 time point, although imaging the organoids multiple times had
adverse effect on their growth most likely due to extended period of time in a less stable
microscope incubator. In the organoids that were imaged over multiple days, there were no
instances of new regions of GFP expression appearing after day 5, but the structure of the
existing GFP positive vesicles did become more defined. Of the 46, 45 and 41 organoids
imaged at days 5, 6 and 7 respectively, all showed regions of GFP expression by day 5. On
average over the 3 time points 11% of organoids had indistinct regions of GFP expressing
cells that were not localised to optic vesicle structures that could be distinguished from the
images taken. The maximum number of GFP positive optic vesicles on any one organoid was
7, with the average over the 3 time points studied being 2.2 GFP positive optic vesicles per
organoid. The organoids that showed distinct GFP positive optic vesicles also had regions of
GFP expression with no distinct structures, and most organoids have vesicle like structures
that show no GFP expression.
To further quantify the success of the differentiation after imaging I counted the total number
of live cells, and the percentage of those which are GFP positive, using FACS for organoids
from the third and fourth batches set up (Figure 3.1B&C). The number of cells recovered
from each organoid increased from day 5 to 7 but the increase was slower than expected from
cell doubling times. This is likely due to the difficulty in washing and dissociating a single
organoid. Due to the small size of the organoids at earlier time points day 5 was the first stage
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I could obtain cell count measurements of individual organoids for. Although the number of
cells continues increasing up to day 7, the percentage of those cells that were positive for GFP
expression decreased from day 5 to day 7. This may correlate with the change we see in the
organoids as their vesicle structures become more clear and the GFP expression becomes
more restricted to these regions.

A

Day 5

B

Day 6

Day 7

C

Figure 3.1. Differentiation of optic vesicle organoids.
A) Representative bright-field and fluorescence overlayed images of optic vesicle organoids at
day 5, 6 and 7 of differentiation. Organoids were grown in differentiation media supplemented
with Matrigel on day 1. Each image shows a different organoid. Scale bars are 100 µm B) Graph
showing the average number of live cells per organoid. The organoids were individually
dissociated and cells were counted using flow cytometry. Organoids were grown in four batches,
and outliers that were incompletely dissociated were excluded. C) Graph of the average percentage
of live single cells per organoid which are expressing GFP. Organoids were grown and sampled
as in B. Data shown represent the mean from 4 replicates +/- standard deviation.

3.3 Effect of CHIR99021 on Optic Vesicle Organoid Differentiation
Activation of the Wnt pathway by way of addition of CHIR99021, a Wnt agonist, has
previously been shown to dramatically increase the number of Rax positive optic vesicles
visible by day 7 of organoid differentiation (Sakakura et al., 2016). CHIR99021 is a potent
glycogen synthase kinase 3 inhibitor which itself is a key inhibitor of the Wnt pathway
(Pelletier et al., 2009). Since we had already seen differences in the time scale and level of
GFP expression in the organoids in our hands compared to the published results I tested the
effects of adding CHIR99021 and activating the Wnt pathway in our organoids. I set up two
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batches of 96 organoids and added CHIR99021 to half of the plate on day 4. The addition of
CHIR99021 did not change the morphology or level of GFP expression (Figure 3.2A).
Individual organoids from the second batch were dissociated and cells were counted using
FACS. In concurrence with the images there were few differences in the number of cells per
organoid or the percentage of those cells which were GFP positive (Figure 3.2 B&C). This is
in contrast to the published effects of CHIR99021 of increasing the number of GFP positive
OVs, which could suggest that the organoids in our hands already have higher levels of Wnt
activation, athough the possible reasons for this are unknown. For all future experiments I did
not add CHIR99021 to organoids.

A

Day 5
- CHIR

Day 6
- CHIR

Day 7
- CHIR

Day 5
+ CHIR

Day 6
+ CHIR

Day 7
+ CHIR

B

C

Figure 3.2. The effect of CHIR99021 on optic vesicle organoid differentiation.
A) Representative bright-field and fluorescence overlayed images of optic vesicle organoids at
day 5, 6 and 7 of differentiation. All organoids were grown in differentiation media supplemented
with Matrigel on day 1. The media of the organoids in the bottom panel was additionally
supplemented with the Wnt agonist CHIR99021. Each image shows a different organoid. B)
Graph of the average number of live cells per organoid. Organoids were individually dissociated
and counted using flow cytometry. The organoids measured by FACS were grown in one batch but
visually were comparable to other replicates of the experiment that were imaged but not analysed
by flow cytometry. CHIR99021 was added to half of the organoids on day 4. Error bars show
standard deviation. C) Graph of the average percentage of live single cells per organoid that are
positive for GFP expression. Organoids were the same as were grown and sampled in B. Error bars
show standard deviation.
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3.4 Effect of Hypoxia on Optic Vesicle Organoid Differentiation
The Sasai laboratory, who created the cell line that we use in our OV orgnaoids, grew the
ESCs and organoids at the standard O2 levels for cell culture of 20%. The concentration of O2
required differs for different cell types, for instance neurons are very hypoxia-intolerant
(Baburamani, Ek, Walker, & Castillo-Melendez, 2012). On the other hand hypoxia may have
beneficial effects on some stem cells, including neural stem cells, where it has been shown
that lower oxygen levels can promote proliferation, survival and differentiation (Morrison et
al., 2000; Studer et al., 2000). It is unclear from reading the published papers on OV organoid
differentiation if the differentiation was ever run in hypoxic conditions. Therefore we tested
how the organoids grew in normoxic conditions (20% O2) and in hypoxic conditions (5% O2).
I set up 2 plates of organoids, from cells grown as normal in 20% O2 and incubated 1 in the
normoxic incubator and the other in a hypoxic incubator. Matrigel was added at day 1 and the
organoids were imaged at days 5, 6 and 7. Both organoids in hypoxic and normoxic
conditions expressed similar levels of GFP by day 5 and had fully formed optic vesicle
structures by day 7 (Figure 3.3). Overall no major differences were observed between
organoids in the 2 conditions, showing that lower oxygen concentrations has no effect on
optic vesicle differentiation. The 3D structure of the organoids will affect the concentration of
O2 available to the inner most cells of the organoid so even in a normoxic incubator these
cells will still be in a hypoxic environment. This could account for the lack of differences
caused by using a hypoxic incubator, as could the fact that the organoids had to be removed
from the incubator at day 1 to add Matrigel thereby increasing the oxygen levels during key
time points for initial eye fate commitment. The hypoxic environment would also be
disrupted on day 5 to 7 when the organoids were removed from the incubator for imaging.
There was no way for us to mitigate these effects and keep the organoids in a hypoxic
environment even when adding Matrigel and imaging but incubating the ESCs in hypoxic
conditions before seeding organoids could mitigate some of the effects of exposing the
organoids to atmospheric O2 concentrations later in the differentiation. Due to a lack of any
indiction that hypoxia improved efficiency of OV differentiation I did not perform any of
these additional experiments.
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Day 5
20% O2
Normoxia

Day 6
20% O2
Normoxia

Day 7
20% O2
Normoxia

Day 5
5% O2
Hypoxia

Day 6
5% O2
Hypoxia

Day 7
5% O2
Hypoxia

Figure 3.3. The effect of hypoxia on optic vesicle organoid differentiation.
Representative bright-field and fluorescence overlayed images of optic vesicle organoids at day 5,
6 and 7 of differentiation. All organoids were grown in differentiation media supplemented with
Matrigel on day 1. The organoids in the top row were grown in standard cell culture conditions of
5% CO and 20% O2 at 37°C. The bottom panel of organoids were set up at the same time but
2

were incubated in an hypoxic incubator with 5% O to better mimic conditions in vivo. Each image
2

shows a different organoid.

3.5 Growth of Organoids During the First 5 Days of Differentiation
The aims of this thesis are to investigate the changes in gene regulation that control the early
events in eye formation specifically the definition of the eye field. The data above show that
by day 5 a high percentage of cells already express GFP, and optic vesicle like structures are
present. This means that to study the cells as they commit to an optic lineage we need to
sample the organoids before GFP expression becomes visible as well as after. We decided to
grow organoids and assay their growth every 24 hours up to day 5. The day 1 timepoint was
taken 24 hours after the cells were seeded and before Matrigel was added. The organoids were
imaged around 3 hours before collecting the cells for counting. Imaging the organoids showed
that there were structural changes visible every day, with GFP first becoming visible at day 4
(Figure 3.4A). The GFP at day 4 appears in less distinct structures, with OV like structures
not visible until day 5.
One row of organoids were left to differentiate for a further 3 days, and imaged again on day
8 to act as a control to ensure the organoids would continue to grow as expected. The day 8
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organoids all showed very distinct GFP positive OV structures. For any further experiments I
also wanted to include a timepoint to assay the cells before any differentiation occurred.
Rather than sampling the ESCs directly, and in order to account for any stress caused by the
experimental procedures, I seeded cells but kept them in media that would maintain their stem
state rather than switching them into a differentiation media. The cells aggregated and by day
1 looked similar to the cells in the differentiation media but were more uniform and round in
their structure (Figure 3.4B). To ensure that the cells would not differentiate I allowed them to
grow further and imaged them again on day 5. There was no GFP expression visible and very
little change in the structure of the cell aggregate which shows that the cells have not been
able to differentiate fully in the stem cell media. The cells at day 1 looked healthy and suitable
for use as a control, and by leaving them to grow for longer we know that it is unlikely they
have differentiated away from their stem cell state.
I also characterised the early stages of OV organoid growth in terms of numbers of cells per
organoid as done for days 5 to 7 (Chapter 3.2). I used FACS to count the number of live
single cells, and how many of these expressed GFP from day 1 to 5 (Figure 3.4 C,D&E). The
total number of live single cells increased over time, although the increase is not in proportion
to that expected from the growth rate of the mESCs. The smaller organoids were much harder
to see which made processing and dissociating them much harder and likely introduced more
variability into the cell counts that I obtained particularly for days 1 and 2. There largest
increase in cell number is from day 3 to day 4 (Figure 3.4D) which is also when GFP
expression and thus Rax expression is switched on (Figure 3.4E). On day 1 there are no cells
that express GFP, by day 2 an average of 43.3 cells per organoid express GFP, by day 3 the
number is up to 100 or 0.09% of cells. The percentage of GFP expressing cells then jumps to
43% at day 4 and continues to increase to 61% by day 5. This is slightly lower than the 7085% GFP positive values I saw in previous experiments looking at days 5, 6 and 7, but the
organoids looked very similar structurally. From this time course, we can see that the
switching on of Rax and so the definition of the eye field likely occurs between day 3 and day
4 of organoid growth.
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Figure 3.4 Organoid growth during the first 5 days of differentiation
A) Representative images of organoids on each day of differentiation from day 1, 24 hours after the
cells were seeded, to day 5. Cells were imaged as close to 24 hours apart as possible. Matrigel was
added to all organoids on day 1 after imaging. 8 of the organoids set up were left until day 8 and
imaged as a control to check the cells were still healthy at day 5 and would go on dividing. Each
image shows a different organoid. B) Images of cells grown for 1 day or 5 days as in A but kept in
the media used to culture ESCs instead of being switched to a differentiation media. C) Graph
showing the average number of GFP positive and GFP negative cells per organoid as calculated by
FACS for day 1 to day 5 samples. D) Graph showing the average number of live single cells per
organoids through time from day 1 to 5. E) Graph showing the average percentage of live single
cells that express GFP from day 1 to 5. Error bars show standard deviation.
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3.6 Discussion
The results presented in this chapter reveal the surprising robustness of optic vesicle
differentiation from ESCs. All differentiations carried out for this chapter produced organoids
with very similar structures and levels of GFP expression. Although there is some variability
in number of GFP positive OVs per organoid, all organoids that were grown expressed GFP
by day 5 although not always in a region that resembled an OV. This is in contrast to the
variability and batch efffects that are seen in other types of brain organoids (Marshall &
Mason, 2019). The reproducibility seen in our differentiations bodes well for future
experiments using these organoids and shows that data sets obtained from different batches of
organoids should be comparable, providing the structures and levels of GFP expression
remain consistent.
The differentiation of OV organoids in our hands does show some striking differences to the
differentiation described by the Sasai lab (Eiraku & Sasai, 2012; Eiraku et al., 2011; Takata,
Eiraku, & Sakakura, 2016). The main difference is that GFP expression begins around 2 days
earlier in a higher proportion of the cells in the organoids I have grown. Since we bought the
Rax::GFP tagged EB5 ESCs that were created by the Sasai lab, cultured them in the same
media and seeded them at similar densities the reasons for the differences in organoid
differentiation are hard to pinpoint. One possible explanation is that our cells are slightly
more primed for differentiation. The one difference in the culture conditions is that I did not
grow these cells in the presence of blasticidin; the cell line has a blasticidin-S resistance gene
at the Oct3/4 locus for the selection of Oct4 expressing undifferentiated stem cells. The
absence of this selection could have resulted in a lower level of Oct4 expression and cells that
were quicker to differentiate once they were placed in a permissive media. Even in the
absence of blasticidin, the cells had a stem cell like morphology which was maintained
through multiple passages.
The absence of any notable effect of CHIR99021 on the growth of organoids could have a
similar explanation. If our ESCs are in a slightly different ground state to the ESCs grown by
the Sasai lab, then it is possible that they also have increased levels of Wnt signalling without
addition of any Wnt pathway activators. Since we do not know the expression levels of genes
in the ESCs of the Sasai lab we have no way of comparing them other than by their
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appearance at day 7 of organoid growth. Since in my hands there seem to be no benefits of
adding CHIR, the protocol that I established for growing organoids for use in the rest of my
work omitted the addition of CHIR on day 4, but otherwise followed the same steps as the
published protocols from the Sasai lab.
The organoids that I grew and assayed from day 5 to 7 were not removed from the incubator
until they were imaged and cells collected, except for a short period to add Matrigel at day 1. I
did this to avoid stressing the cells, but it meant that I couldn’t see the various changes and
the timing of the switching on of GFP expression. By studying the organoids every 24 hours I
could see how the structure of the organoids changed albeit subtly at each time point. They
begin with a smother edge which becomes more bumpy, or raspberry like at day 2 and 3, and
then the first GFP becomes visible by day 4, with OV like structures forming at day 5. This
pattern of change was consistent for all of the differentiations I set up and studied over this
time course. I also saw from sorting and counting the cells that it should be possible to get cell
samples from day 1 to 5 that have sufficient cell number and quality to use for omic analyses
by pooling cells from multiple organoids. This would allow us to study the changes in cells
from ESC to eye field to optic vesicle, and sorting the samples at day 4 and 5 into GFP
positive and negative will provide a more uniform sample of cells that have committed to an
eye fate versus those that are differentiating into other neural cells types which do not express
Rax. This ability to sort the cells based on the expression of GFP should make bulk omic data
more informative on the specific changes needed to produce eye field and optic vesicle cells.
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Chapter 4
Transcriptomic Dynamics During Optic Vesicle
Organoid Differentiation
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4.1 Introduction
Human and mouse mutations and various experimental data from other species, most notably
Xenopus, have highlighted a number of genes that are essential for normal eye development.
The OV organoids allow us to study the early stages in eye development which are not
accessible in vivo so studying the gene expression changes associated with commitment to an
eye field lineage and then formation of an optic vesicle becomes possible in this system.
Using bulk RNA-seq over a time course through organoid differentiation we can first of all
confirm that the gene expression changes we see are consistent with differentiation from
ESCs to OVs, identify any known eye field genes whose expression pattern is not as expected
and identify the genes that are required in the mouse organoid system. As shown in Chapter 3
we can easily grow enough organoids to produce cell samples for bulk RNA-seq, including
for early days when organoids are small and for the later stages when we sort the cells
according to their Rax expression. By pooling 24 organoids, then dissociating and sorting
them using FACS, I could obtain sufficient cells. The experimental set up is shown in Figure
4.1. Organoids were seeded on day 0 and samples were collected in triplicate at each day,
sorted based on GFP expression and then RNA extracted and sequenced. The replicates were
seeded from different batches of cells, using separate media, but were all grown at the same
time to ensure that the time points sampled were consistent.

Figure 4.1 RNA-seq sample set up
Schematic showing how the organoid samples were set up and collected for RNA sequencing.
Organoids were sorted in the same manner at each day regardless of whether GFP was
expressed. GFP was first detected at day 3 but the GFP positive samples consisted of around
100 cells which were too few to extract RNA from using our protocol.

4.2 Expression Dynamics of Transcription Factors in the OV
Organoids
4.2.1 OV Organoid RNA-seq Sample Correlation
Before comparisons could be drawn from our time course RNA-seq data, the correlation
between biological replicates first had to be established to ensure that samples from each time
point resemble one another more closely than they resemble the samples from other time
points. To do this I conducted principal component analysis (PCA) (Lever, Krzywinski, &
Altman, 2017) using the DEseq2 (Love et al., 2014) package in R. The PCA analysis of the
RNA-seq samples revealed that the biological replicates from each time point displayed
higher levels of correlation and similarity to one another than to samples from the other time
points (Figure 4.2). The first two principal components account for 80% and 6% respectively,
of the total variation within the dataset. The first PC represents the length of time the cells
have been allowed to differentiate. The greatest difference is between the samples furthest
from one another in time, that is the day 0 and day 5 GFP positive samples, and samples from
consecutive days are more similar to one another. This is as expected due to the nature of the
experimental set up and shows that the cells are gradually changing their gene expression
profiles over time as they differentiate. Interestingly the samples for day 0 and day 1 are more
similar to each other than are the other time points, which may be due to the need for cells to
switch off pluripotency feedback loops that are keeping them in a stem cell state, and once
they are out of this state, they have been held in their differentiation proceeds more rapidly.
The greatest difference between consecutive time points is from day 3 to day 4 in the sample
which is positive for GFP. This is consistent with the drastic changes we see in the structure
of the organoids at this time as well as being the first time point where we are able to sort the
eye cells into a separate sample. One other observation that we can make from clustering and
similarity of the samples is that the GFP positive samples appear more similar to one another
than to their GFP negative sample taken at the same time. Once again this would seem to
show that the expression of Rax and being able to sort the cells enables us to study a much
more homogeneous set of cells that are committed to an eye fate.
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Figure 4.2 PCA plot of RNA-seq samples
A) Heatmap showing the sample correlation between the triplicate time course OV organoid
samples. B) Dotplot distribution of the PCA sample correlation between the triplicate time course
OV organoid RNA-seq samples.

4.2.2 Expression Dynamics of Genes with Known Functions
As a control to check that the changes in gene expression we see through time correlate with
the cells differentiating from a pluripotent state through the eye field and into optic vesicles, I
checked the expression patterns of a group of pluripotency genes, which should be turned off
as the cells exit the ground state and begin differentiating, as well as a number of
housekeeping genes whose expression I would not expect to change at all through
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differentiation. I used Kallisto (Bray et al., 2016) to quantify the abundance of transcripts, and
for genes with multiple transcripts the abundances were then summed to give a total
expression level for the gene.
Figure 4.3 shows the log2 transform of the gene level abundance plus a pseudocount of 1 for
some core pluripotency genes. These genes show a general decrease in expression through
time, except for Sox2, which maintains a fairly constant level of expression as it has other
roles as well as maintaining pluripotency, including in development of the eye. The overall
levels of expression differ for each gene, as does the time point at which their expression
begins to turn off, however all genes plotted here show lower levels of expression in the GFP
positive samples than in the GFP negative samples. The higher levels of expression in the
GFP negative sample suggests that these cells may be closer to a stem cell like fate than the
GFP positive samples which are more committed. The expression patterns of housekeeping
genes are shown in Figure 4.4. All of these genes show very little change in expression over
time, as would be expected from their classification as housekeeping genes which are
constitutively expressed and required for basic cell functions.

Figure 4.3 Expression of known pluripotency genes during OV organoid differentiation
Heatmap showing the pattern of expression over time for a set of genes necessary for maintaining
pluripotency in mouse. The 3 replicates for each time point are plotted separately.
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Figure 4.4 Expression of housekeeping genes during OV organoid differentiation
Heatmap showing the pattern of expression over time for a set of housekeeping genes

4.2.3 Expression Dynamics of Eye Field Transcription Factors
The EFTFs were identified in Xenopus, and there is literature from human and mouse to back
up the roles of many of these TFs. I used the transcriptomic time course data to look at the
expression of these genes which are expected to be essential for eye development to ensure
the OV organoids are indeed differentiating to an eye state as well as to identify any changes
in use of these genes and the temporal dynamics of when these genes switch on and in what
order. We would expect for the expression of the EFTFs to be very low in the ESCs at day 0,
then begin to switch on from day 3, and increase specifically in the GFP lineage. Since Sox2
is also essential for self-renewal in stem cells (S. Zhang & Cui, 2014), we expect levels of
Sox2 transcript to be high throughout all stages of organoid development. Levels of Otx2 are
also not expected to follow the trend of the other EFTFs since it is expressed as early as the
epiblast (Dario Acampora, Di Giovannantonio, & Simeone, 2013; S. H. Yang et al., 2014),
and plays a central role in neural development.
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The log2 transform of the gene level abundance plus a pseudocount of 1 for the 8 EFTFs plus
Sox2 from day 0 to day 5 of OV organoid differentiation are shown in Figure 4.5. This shows
that as expected, Sox2 and Otx2 transcript levels remain fairly constant over time and are the
most highly expressed of the EFTFs. Expression of most of the other EFTFs, namely Lhx2,
Nr2e1, Pax6, Rax, Six3 and Six6, increases over time, from very low or no expression at day 0
to higher levels by day 5, specifically in the GFP positive samples. The one exception to this
pattern is Tbx3 which follows a very different pattern and decreases from day 0 to its lowest
expression in the day 5 GFP positive samples, almost the complete opposite of the trend seen
for the other EFTFs.

Figure 4.5 Expression of mouse orthologs of the EFTFs defined in Xenopus during OV
organoid differentiation
Heatmap showing the 8 EFTFs as defined in Xenopus as well as Sox2 which we know to also
be involved in eye development.

4.2.4 The Tbx Family of Transcription Factors
Since the expression pattern of Tbx3 does not correlate with it playing a role in optic vesicle
differentiation in mouse organoids, I checked to see if any other members of the T-box (Tbx)
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gene family may be active in its place. In total there are 13 members of the Tbx family that
encode transcription factors containing a DNA binding motif known as the T-box domain
(Bollag et al., 1994). Figure 4.6 shows expression levels of the Tbx family through organoid
development. Most of the Tbx genes remain lowly expressed throughout organoid
differentiation and do not fit the expression pattern associated with a role in eye development.
Tbx2 is the only potential candidate, it is not expressed through days 0 to 4, then levels rise in
the day 5 GFP positive sample, which is very similar to the expression of Six6. From this data
I conclude that there are differences in the EFTFs between Xenopus and our mouse organoid
system, namely that the role played by Tbx3 in Xenopus may be fulfilled by Tbx2 in mouse.
The other possibility is that the gene annotated as Tbx3 in Xenopus is in fact the homolog of
the mouse Tbx2 and has been misannotated. From these expression patterns all of the other
EFTFs look to be playing similar roles in both model systems.

Figure 4.6 Expression of the Tbx family of genes during OV organoid differentiation
The heatmap shows the expression of the 13 members of the T-box family of
transcription factors.
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4.2.5 Expression of Other Transcription Factors
I have confirmed that the EFTFs expression in the organoids is consistent with their roles in
eye development, but there may be additional players necessary. In order to see if any other
TFs have an expression pattern consistent with a role in eye development, I took a subset of
the genes annotated as encoding TFs in mouse and clustered them based on their expression
over time. This is plotted in Figure 4.7A. Since Sox2 and Otx2 do not display an expression
pattern typical of an eye field gene, it is unlikely the genes clustering with them are relevant
in our system. Instead, I focussed on the other known EFTFs and found they fall into 3
clusters (Figure 4.7B). The first, and most striking, contains Lhx2, Rax, Six3, and Pax6. These
form a distinct cluster of their own and display the pattern of low expression at day 0 to 2,
beginning to turn on at day 3 and higher at day 4 and 5 in the GFP positive samples
specifically. The genes that cluster nearby do not share the specificity of being turned on in
the GFP positive samples only.
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Figure 4.7 Expression of mouse transcription factors clustered by their pattern over time through
OV organoid differentiation
Heatmaps showing the log2 tpm +1 of transcripts summed to gene level for mouse TFs. A) All mouse
TFs clustered based on Euclidean distance to link similar TFs by their expression pattern over time
during OV organoid differentiation. Dashed boxes highlight the clusters referred to in the text. B) The 3
highlighted regions from A) zoomed in to show the TFs that cluster together with various expression
patterns indicative of a role in OV differentiation.

The second cluster of note contains Six6 and Nr2e1 along with many other genes. These
genes all increase in expression over time, but the increase starts later than in the genes of the
first cluster and becomes noticeable by day 4 or 5 rather than day 3. Not all of the genes
within this cluster share the specificity of increasing only in the GFP positive samples. Of the
14 genes in the cluster there are 5 that are more highly expressed in the day 5 GFP positive
samples as compared to the GFP negative samples. These are the EFTFs Six6, and Nr2e1 as
well as Foxg1, Meis1 and Plagl1. It is worth noting that the increase in expression is much
more evident in Six6 and Foxg1. There is work published that ascribes a role in later stages of
eye development to Foxg1 (Smith et al., 2017), Meis1 (Marcos et al., 2015) and Plagl1
(Touahri et al., 2021) which provides an explanation for the signal we see in our data.
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The third cluster around Tbx2 is less defined and the only other gene that may be relevant
based on expression pattern is Vax2. In this cluster, expression only turns on at day 5, and is
at lower levels than clusters 1 and 2. Vax2 is expressed in the developing vertebrate eye
(Barbieri et al., 1999) at later stages than we are studying here, but the fact that we see Vax2
switching on is again encouraging that we have cells differentiating into eye progenitor cells,
and the clustering gives further evidence to the exchange of Tbx3 for Tbx2 in this system, as
Tbx3 des not cluster with any genes with a function relating to the eye.
There may well be other players involved in the specification of the eye field, but they are not
immediately evident from clustering TFs based on expression pattern. The genes under
investigation were purposefully restricted to TFs since they are controlling the gene regulation
driving differentiation. Repeating this clustering, including all genes could reveal other genes
that are expressed in the developing eye.

4.3 Differentially Expressed Genes Through Organoid Differentiation
4.3.1 Differentially Expressed Genes Between Each Timepoint
I conducted differential gene expression analysis between each sequential time point for the
GFP positive and negative lineages, and between the GFP positive and negative samples,
using DESeq2. For each time point comparison, a large number of genes were differentially
expressed (Table 4.1). There were higher numbers of downregulated genes and the
comparison that had the highest number of differentially expressed genes was day 3 to day 4
GFP which is in agreement with the major gene expression changes and the initiation of GFP
expression. Some genes were differentially expressed at multiple timepoint comparisons, but
the majority were unique to one transition (Figure 4.8). There were no genes that were
upregulated continually at every day and only 1, Tdgf1-ps1, that was downregulated. Tdgf1
encodes a growth factor related protein that plays a role in embryonic development and
tumour growth (Foley et al., 2003), and the Tdgf1 pseudogene is located just upstream of the
coding gene and both follow a similar trajectory of decreasing steadily through time in the
GFP positive lineage. Other genes that are downregulated across many days include Lefty1
and Nanog, both of which are also involved in growth of pluripotent cells. In contrast there
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are no genes that are upregulated through all days. Since there are cells differentiating through
different states and towards a variety of final cell types this is as expected, the loss of
pluripotency is shared by all cells, no matter what they are differentiating into. 135 genes are
differentially expressed both from day 3 to day 4 GFP positive and from day 4 GFP positive
to day 5 GFP positive. Among them are the EFTFs (excluding Sox2 and Otx2) and the genes
that share a similar expression pattern (as highlighted in Section 4.2.5).

Table 4.1 Differentially expressed genes at each stage of organoid differentiation
The number of genes whose transcript levels are significantly increasing or decreasing between
each sequential time point through organoid development.

Figure 4.8 Overlap of differentially expressed genes at each time point comparison
Venn diagrams showing the numbers of significantly up and down regulated genes for each
sequential time point comparison for the GFP positive lineage showing how many genes are
differentially expressed at more than one stage.
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To try and reduce the numbers of genes we are looking at so as only those more relevant to
the eye field are highlighted, I introduced a threshold of selecting genes with a 2-fold or
greater change in expression levels. Table 4.2 shows the number of genes that fulfilled this
criterion for each sequential time point comparison, and the overlap of these genes for the
GFP positive lineage is shown in Figure 4.9. This removes around three quarters of the genes
but continues to pick out the genes we know and hypothesise to be important for early eye
differentiation.

Table 4.2 Highly differentially expressed genes at each stage of organoid differentiation
The number of genes whose transcript levels are significantly increasing or decreasing, with a
fold change greater than 2, between each sequential time point through organoid development.

Figure 4.9 Overlap of highly differentially expressed genes at each time point comparison
Venn diagrams showing the numbers of significantly upregulated and downregulated genes with a
fold change of greater than 2 for each sequential time point comparison for the GFP positive lineage
showing how many genes are differentially expressed at more than one stage.
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The genes with the highest fold changes in expression between each day, and the effects of
my fold change threshold can be seen in Figure 4.10A-E. Further confirming the role of the
EFTFs in the differentiation process is the fact that Six3 is among the genes most upregulated
from day 2 to day 3, which is before any eye related genes switch on, so there may be an
initiatory role for the Six3 protein in specifying the eye field. The top 10 genes most
upregulated from day 3 to day 4 GFP positive include Lhx2 and Rax as well as Fezf2, Nr2f2,
Pcdh17, Aldh1a2, Edn1 and Arx, which suggests they may also have a role in eye
development in mouse organoids. Looking at the comparison of day 4 GFP to day 5 GFP
positive samples we see Six6 and Tbx2 among the top 10 upregulated genes. We also see
Mab21l1, which is important slightly later in eye development, and Nlgn1, Cyp4v3, Cntn6,
Cp and Foxe3.
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Figure 4.10 Volcano plots showing differentially expressed genes between various days
Differentially expressed genes between consecutive days from day 0 to day 5 for the GFP positive
lineage(A-E) as well as between day 0 and 3 (F), day 3 and 5 GFP positive (G) and day 0 and 5
GFP positive (H). Coloured dots represent genes which are significantly differentially expressed,
black dots are those with high p values. Pink dots show genes that are upregulated in the later time
point with a fold change in expression of less than 2, and red dots are those upregulated with over
a 2-fold change in expression, Light blue dots represent the genes downregulated in the later time
point as compared to the earlier, with a fold change in expression of less than 2 and the dark blue
dots show the downregulated genes with a greater than 2-fold change in expression. The 10 genes
with the highest fold changes in expression are circled and labelled for each comparison.
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Figure 4.10 F-H show volcano plots of comparisons between non-consecutive days to show
any genes that may change more gradually over time such that they are left out of our other
analyses. Figure 4.10 F shows the changes from day 0 to day 3, including downregulation of
Lefty1, and upregulation of Six3, and other genes that may have a role in exit from
pluripotency or formation of neural progenitor cells. The comparison of day 3 to day 5 GFP
(figure 4.10G) provides a similar picture to that seen in the consecutive day comparisons, and
finally figure 4.10H shows the genes with the greatest overall changes in expression which
include among others Six3 and Nr2e1.
I performed biological process GO enrichment on the genes up and down regulated between
day 0 and day 3 and between day 3 and day 5 GFP positive, as these time point comparisons
accounted for most of the genes we would expect to see and more. Figure 4.11 shows the GO
terms enriched for the differentially expressed genes with a 2-fold or greater change in
expression levels from day 0 to day 3. There are a variety of terms linked to the
downregulated genes, suggesting that genes involved in reproductive system development,
organ development and terms linked to development of vasculature are all turning off, as
would be expected as the cells commit to a neural fate (Figure 4.11A). The GO terms
associated with the upregulated genes from day 0 to 3 are similarly varied however there are
multiple terms relating to neural development such as forebrain development, neuron
projection guidance and central nervous system neuron differentiation (Figure 4.11B). Figure
4.12 shows the GO terms enriched for the DEGs from day 3 to day 5 GFP positive. The
downregulated genes once again show that all genes not needed for neural development are
turning off so there is a larger range of terms (Figure 4.12A). The genes upregulated from day
3 to 5 GFP show a much clearer picture (Figure 4.12B). The majority of terms have some link
to differentiation towards a neural fate, with the terms eye development, visual system
development and camera-type eye development all being enriched.
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Figure 4.11 GO term analysis of genes that are differentially expressed from day 0 to day 3
organoids
Dotplots of the top 20 GO terms enriched in gene sets that are downregulated (A) and
upregulated (B), with an overall change in expression of greater than 2-fold, from day 0 to day 3.
GO terms are shown on the Y-axis, and the X-axis shows the GeneRatio which is the percentage
of genes related to the GO term. Dot size is proportional to count, or the number of genes related
to the GO term in question. Dot colour shows the adjusted p-value.
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Figure 4.12 GO term analysis of genes that are differentially expressed from day 3 to day 5
GFP positive organoids
Dotplots of the top 20 GO terms enriched in gene sets that are downregulated (A) and upregulated
(B), with an overall change in expression of greater than 2-fold, from day 3 to day 5 GFP positive.
GO terms are shown on the Y-axis, and the X-axis shows the GeneRatio which is the percentage of
genes related to the GO term. Dot size is proportional to count, or the number of genes related to
the GO term in question. Dot colour shows the adjusted p-value.
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4.3.2 Defining Genes of Interest Based on Differential Expression
In order to select a set of genes of interest in relation to eye development, I set out a list of
criteria based on how we would hypothesise a gene involved specifically in eye development
to behave in terms of expression. To act as control gene sets, I also selected a list of genes that
had an expression pattern consistent with pluripotency and a set that behaved as housekeeping
genes. I used the list of differentially expressed genes as a starting point for the list of eye
genes, and aimed to reduce the number to 20-100 for further study. I required the genes to be
upregulated from day 3 to day 4 GFP, from day 4 to day 4 GFP positive and from day 5 to
day 5 GFP positive. Additionally, I used an expression fold change threshold of 1.5 or greater
to get a list of 51 genes linked to eye differentiation (Figure 4.13A). Using the cut-off of a 2fold change in expression for each transition gave far fewer genes. Including the requirement
for a large fold change in expression between day 4 GFP and day 5 GFP samples removed
Pax6, among others, from our list so we concluded other genes important for eye
development may also have been excluded. For the pluripotent gene list, I required a fold
change in expression of greater than 1.5 for genes downregulated between day 0 and day 1and
between day 1 and day 2. This gave a list of 41 genes whose expression implies they likely
play a role in maintaining pluripotency in these cells (Figure 4.13B). Finally, to find a list of
genes whose expression does not change through time to act as the housekeeping set, I took
the list of genes whose p-value suggested they were not differentially expressed between any
of the days tested. From these genes I selected those that had a fold change of lower than 0.15
in either direction for all step wise transitions, between day 0 and 1, day 1 and 2, day 2 and 3,
day 3 and 4 GFP, day 4 GFP and day 5 GFP, day 3 and day 4, day 4 and day 5, day 4 and 4
GFP and between day 5 and 5 GFP. I also required the genes to have a normalised expression
level of greater than 30. This gave a list of 58 genes whose expression does not change
through time as the organoids differentiate (Figure 4.13C). Further analysis of the 3 gene lists
and the associated GO terms revealed that there is enrichment for neural and eye related terms
in the eye gene list (Figure 4.14A), for terms relating to the SMAD proteins, which are
important for maintaining stem cells (J. Yang & Jiang, 2020), in the pluripotency gene list
(Figure 4.14B) and for terms relating to chromosome organisation and segregation and to
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transcription which are essential processes for all cells in the housekeeping gene set (Figure
4.14C).
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Figure 4.13 Expression of eye, pluripotency and housekeeping gene sets
Heatmap showing the expression of gene sets through each day of organoid differentiation. A)
Genes selected that match the expression pattern expected of a TF playing a role in eye
development. B) Genes that match the expected pattern of expression for a gene that maintains
pluripotency. C) Genes whose expression does not change overtime as would match a gene with
housekeeping functionality.
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Figure 4.14 GO term analysis of gene lists determined from organoid RNA-seq
Dotplots of the top 20 GO terms enriched in the eye (A), pluripotency (B) and housekeeping (C)
gene sets. GO terms are shown on the Y-axis. The X-axis shows the GeneRatio which is the
percentage of genes related to the GO term. Dot size is proportional to the count, or the number of
genes related to the GO term in question. Dot colour shows the adjusted p-value.

4.4 Discussion
The results presented here demonstrate that the transcriptome of the OV organoids is in
consensus with the gradual differentiation of cells away from a stem cell state and towards, in
the GFP positive lineage specifically, cells committed to an optic fate. From the principal
component analysis and from plotting expression levels of the 3 replicates for each time point
it is clear that as well as the cell number and structure of the organoids being highly
reproducible from batch to batch, the organoids are also very consistent in their gene
expression changes through time. There is activation of 7 of the EFTFs by day 5 and evidence
to show that the only EFTF that isn’t active, Tbx3, is actually turned off as cells differentiate.
In the organoid system, the function of Xenopus Tbx3 may be played by Tbx2 instead. Tbx2
and Tbx3 display overlapping expression patterns in many developing systems and recognise
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similar motifs in the DNA (Rowley, Grothey, & Couch, 2004). This combined with the fact
that their expression in this organoid system is inversely correlated could imply that their
targets are the same, but Tbx3 is acting as a negative regulator and Tbx2 as a positive
regulator of downstream eye genes.
The transcriptome of the organoids has shown that the cells are indeed gaining expression of
genes associated with eye development, as evidenced by the enrichment of GO terms relating
to the development of the eye in genes that increase in expression from day 3 to day 5 and to a
lesser extent from day 0 to day 3. This data has also allowed us to compile a list of genes that
follow this trend of expression changes and which may have undocumented functions in the
development of the eye. Mutating or deleting these genes and then prompting the cells to
differentiate into OV organoids is still necessary to confirm a function or a requirement for
these genes, but their expression patterns gives us an indication they are important in eye
development. In the same way the genes with opposite trends in expression, in other words
that switched off expression, were selected as a control group for any further analysis we
perform. The third set was selected as a control group that does not change. The commonly
used housekeeping genes which I initially selected were fairly constant in their expression but
selecting this control set based on the actual data gave a set of genes that were even less
variable.
The availability of this time course of transcriptomic data should allow assessment of
differentiation in alternative conditions, be they environmental effects or assessing where
differentiation can progress to in the absence of a TF. For instance, we observe that Six6
expression is activated later than the other EFTFs, so upon mutation of Six6 to render it nonfunctional this data would suggest that the organoids would differentiate normally up to day 4
and would begin to express GFP but would encounter problems at day 5 when Six6
expression is switched on. This could be tested by differentiating organoids and observing
their growth, and for a more in-depth analysis comparing the transcriptomic changes of the
mutant versus the wildtype condition. In this way the OV organoids could make a very
interesting and convenient system to study the temporal regulation of gene expression.
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All of this analysis is focussed on the GFP positive lineage, since this population of cells is
differentiating into eye tissues and this is the object of our studies. However, this leaves the
GFP negative lineage as a mystery. Many of the analyses conducted here could equally be
applied to the GFP negative cells of the organoids to try and identify the fate of these cells.
They are most likely neuroectodermal cells, but a thorough exploration of these cells could
reveal their fate and how varied or uniform this cell population is.
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Chapter 5
Dynamics of Open Chromatin through Optic
Vesicle Differentiation
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5.1 Introduction
Once I had detailed the gene expression associated with optic vesicle organoid differentiation
(Chapter 4), I sought to explain how these genes are regulated, and specifically look for new
enhancer elements activating the EFTFs and linking the genes into a network showing which
TFs regulate which genes. Much can be hypothesised from tracking the changes in RNA over
time, however, to address the question more directly I sought to profile the binding of TFs
specifically in open chromatin regions that may have enhancer activity and map them to their
target gene. The most common technique to profile protein interactions with DNA is to use
ChIP-seq (Chromatin Immunoprecipitation followed by sequencing), which relies on
crosslinking proteins to proximal DNA and using antibodies to a protein of interest to isolate
these regions of DNA for sequencing. The major problem that I faced when planning ChIP
experiments in this system is that data from other members of the Fitzpatrick lab has shown
that many antibodies, in particular those for Pax6, are unreliable. Since Pax6 is the master
regulator of eye development it is of particular interest in this organoid system so this was a
major setback. As a work around I tried to introduce a non-disruptive protein tag into the
Pax6 gene, among others, using CRISPR, but the mESCs proved very hard to edit
successfully. Other drawbacks of ChIP include that can only detect binding of a single TF.
Rather than looking directly at where individual TFs bind, it is possible to look for regions of
the genome that are active in general. Within the cell’s nucleus DNA is stored in a highly
organised manner. The DNA is wrapped around histone protein complexes to form a
nucleosome, and these are then compacted into chromatin (Kornberg, 1974). Any active
regions of the genome, including expressed genes, promoters, enhancers and other regulatory
regions need to be left accessible to transcription machinery and other proteins (Lai & Pugh,
2017). Assaying the regions of the genome that are open can therefore indicate the transcribed
genes and will also show the active regulatory regions which are controlling their expression.
There are multiple genome wide technologies that can be used to profile accessible chromatin
including FAIRE-seq (Formaldehyde Assisted Isolation of Regulatory Elements), DNase-seq
and ATAC-seq (Assay for Transposase Accessible Chromatin). FAIRE-seq relies on
enriching for nucleosome depleted regions of the genome (Giresi & Lieb, 2009), and DNaseseq uses the DNase I enzyme to specifically digest nucleosome depleted regions (Song &
Crawford, 2010). Both of these technologies rely on very large numbers of cells for efficient

library preparation. ATAC-seq on the other hand can be done on as few as 500 – 50,000
cells. ATAC-seq uses hyperactive Tn5 transposase to simultaneously fragment DNA and
insert an adaptor sequence into accessible chromatin. Due to steric hinderance in more tightly
packed chromatin, transposition by Tn5 is restricted to open regions only. The adaptors allow
amplification of the DNA surrounding the Tn5 insertion site which can then be sequenced and
then mapped back to the reference genome (Figure 5.1) (Adey et al., 2010; J. D. Buenrostro et
al., 2013; J. Buenrostro, Wu, Chang, & Greenleaf, 2016).

Figure 5.1 Experimental overview of the ATAC-seq protocol
(A) Schematic of the ATAC-seq protocol showing library generation. Tn5 transposase with
sequencing adaptors inserts only into regions of open chromatin to generate fragments of DNA
which can then be amplified and sequenced. (B) PCR cycling conditions for use on the transposed
DNA to generate libraries for sequencing. Figure taken from Buenrostro et al., 2013.

Due to the advantages of the ATAC-seq protocol over other methods I used ATAC-seq to
assess how DNA accessibility changes through optic vesicle organoid differentiation with the
aim of finding putative enhancers for eye genes.

5.2 Chromatin Dynamics Through Differentiation of Optic Vesicle
Organoids
To assay DNA accessibility through the course of organoid differentiation I created ATACseq libraries (described in Materials and Methods) from sequential time points, matching
those used for the RNA-seq (described in Chapter 4), excepting that they were not collected in
triplicate due to the prohibitive costs of the sequencing at the time. After sequencing and
alignment to the mm10 genome we had a picture of chromatin accessibility genome wide,
which shows all regions of open chromatin. The main aim for this data is to use it to look for
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enhancer regions bound by transcription factors. Regulatory regions account for much of the
open chromatin, but the other big contributor is DNA bound to single nucleosomes, and even
also longer stretches of DNA wrapped around multiple nucleosomes that were not separated
by Tn5 transposing in between. To specifically find chromatin that is open for binding of
smaller proteins, such as TFs, I imposed a size filter on the reads, keeping anything less than
120bp. This threshold was chosen to exclude the 146 bp stretches of DNA mapping to a
nucleosome and any longer regions.
I used the MACS2 peak calling algorithm (available at https://github.com/taoliu/MACS/) to
predict the peaks in the ATAC-seq signal. The alignment and peak data were then displayed
in the UCSC genome browser (https://genome.ucsc.edu/index.html). Figure 5.2 shows UCSC
browser views for regions around genes that show different expression patterns,
encompassing peaks displaying a variety of behaviours. The region around Pax6, a gene
whose expression turns on at day 4 only in the GFP positive lineage, has a peak
corresponding to the promoter which increases over time as well as many peaks which are
more consistently open across time (Figure 5.2A). There is a similar peak just upstream of
Sox2, however in accordance with the steady nature of Sox2 expression, this peak does not
show the same changes over time (Figure 5.2B). Upstream of the pluripotent TF Nanog there
is a region of open chromatin on day 0 that is closed as development progresses, as well as
another peak further upstream which could correspond to an enhancer region (Figure 5.2C).
Once again, the expression pattern of the nearest gene correlates with the accessibility
changes seen within many peaks. Finally, near a gene picked out in the set defined in the
RNA-seq as remaining at constant expression levels through time there are no similar changes
in the peak of open chromatin near its transcription start site (Figure 5.2D).
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Figure 5.2 ATAC-seq traces showing changes in chromatin accessibility through time
ATAC-seq traces showing chromatin accessibility for each time point of organoid differentiation for
the regions surrounding (A) Pax6, (B) Sox2, (C) Nanog and (D) Polr1c, taken as examples of genes
related to eye, pluripotency and housekeeping functions. The 2 GFP positive samples are shown in the
lighter colour. Dashed boxes highlight the peak regions referred to in the text.
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In contrast to the RNA-seq data there are few differences between the GFP positive and
negative lineages, in terms of chromatin accessibility. Contrary to what may be expected
around a gene such as Pax6 which is only expressed in the GFP positive lineage, there are no
peaks showing a similar difference in accessibility. At other regions of the genome there are
peaks that show clear differences between the GFP sorted populations, with examples of
peaks slightly higher in one sample compared to the other (Figure 5.3A), peaks present only
in the GFP negative samples (Figure 5.3B) and those present only in the GFP positive sample
(Figure 5.3C).
From this first evaluation of the ATAC-seq data I noticed there was a difference between the
samples from the day 4 time point and the other time points. The signal from the day 4 time
point was consistently reduced compared to that of the other days, regardless of the behaviour
of the peak. In hindsight this may have been expected. The day 4 GFP positive and negative
samples were prepared, collected and sequenced before the other time points. All other
samples were within the same batch. This likely accounts for the differences seen. Even
considering this the peaks, relative to one another, do display a similar pattern to that seen at
the other time points. Due to these presumed batch effects the day 4 samples are excluded
from much of the analysis when tracking changes in the peaks over time.
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Figure 5.3 ATAC-seq traces of showing accessibility changes between GFP lineages
ATAC-seq traces showing chromatin accessibility for each time point of organoid
differentiation for regions displaying differences between the GFP positive and negative
lineages. (A) Genomic region that opens at day 5 in both lineages, but to a higher degree in the
GFP positive sample. (B) Genomic region opening specifically in the GFP negative lineage. (C)
Genomic region opening specifically in the GFP negative lineage. Images are centred on the
peak of interest referred to in the text.
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There are no available data sets from similar cell types to compare my own data with for the
later time points, but as an extra control measure to check my data, I compared the day 0 and
day 1 time points to an ATAC-seq data set generated from E14 cells (Ramisch et al., 2019)
(Figure 5.4). I only included the first 2 days as anything later corresponds to cells that are no
longer stem cells. Encouragingly the E14 ATAC-seq data is highly similar to the data from
day 0 organoids, with the regions of open chromatin overlapping for all genomic positions
checked.

Figure 5.4 UCSC genome browser tracks of E14 ATAC-seq compared to the ATAC-seq
from the first two days of optic vesicle organoid differentiation
ATAC-seq traces showing chromatin accessibility of E14 ESCs (turquoise) and the open
chromatin regions in day 0 and day 1 (green) of organoid development for (A) a genomic region
around the Elp5 gene whose expression stays constant through differentiation and (B) a genomic
region not encoding any genes.

Focussing on the peaks that change through time in correlation with the pattern exhibited by
the expression of eye related TFs had seemed like an appropriate next step, until the lack of
difference between the GFP samples became apparent. At this point I looked further at the
EFTF loci. There were many peaks that I would have predicted should increase in
accessibility that appeared to show very little change. These included the peak near the Rax
transcription start site (Figure 5.5). This peak of open chromatin is evident from day 0 even
though expression of the gene only begins to switch on at day 3, as evidenced by the
transcriptome and the expression of GFP. Many other regions near Rax are also accessible at
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day 0 and remain that way throughout the whole time course. One explanation for this
observation is that these regions are open before Rax is expressed because the promoters and
enhancers controlling Rax are primed. They have already recruited TFs, cofactors and
transcription machinery meaning these regions appear open in the ATAC-seq, but they are
kept from activating gene expression by repressive machinery. The default programme for
these cells is to differentiate into neural cells and eye cells, so priming the regulatory elements
for the genes needed for this differentiation would provide a much quicker and directed
transition to these cell states. This observation of potential priming of regulatory elements
suggests that a strategy simply focussed on the dynamics of a particular region through time
will erroneously exclude many regions with important biological function.

Figure 5.5 UCSC genome browser tracks showing the region around Rax
ATAC-seq traces showing chromatin accessibility through the time course of organoid
development for the region around the Rax gene. The dashed box highlights the peak at the Rax
promoter.

5.3 Transcription Factor Footprinting to Predict Binding in Open
Chromatin Regions
5.3.1 Transcription Factor Footprinting
The ATAC-seq data has shown where TFs might be bound, but this data alone cannot tell us
which TFs are present or where exactly they bind. By applying a computational method
known as footprinting we can overcome some of these problems. In the same way as the Tn5
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transposase enzyme cannot insert into DNA wrapped around a nucleosome, it also cannot
cleave DNA when a TF is bound. The presence of a TF in an open linker region of DNA
between nucleosomes will produce a specific signal. The Tn5 will insert along the open
stretches of DNA between the nucleosomes and then there will be a smaller region of
decreased signal where the TF is bound and the Tn5 cannot access. This short inaccessible
region within a larger accessible peak is known as a footprint (Figure 5.6A) (Galas &
Schmitz, 1978). By interrogating the sequence of the footprint it is possible to match it to
known binding motifs of TFs and thus you can create genome wide binding profiles for
multiple TFs from this single data set. There are issues with doing such an analysis, the
foremost being that the Tn5 enzyme is biased in its insertion, and preferably inserts at certain
sequence compositions. The TOBIAS framework has been designed especially for ATAC-seq
with the aim of overcoming the problems introduced by the Tn5 bias and to improve
footprinting analyses (Bentsen et al., 2020). The tool is capable of detecting footprints within
ATAC-seq data for many different TFs and changes in binding can be tracked over time
(Figure 5.6B). I used TOBIAS (available at https://github.com/loosolab/TOBIAS) to firstly
correct the bias in the ATAC-seq signal and then to detect footprints for a variety of TFs, so
as I could investigate the dynamics of TF binding over time.

Figure 5.6 TOBIAS searches for footprints left by TF binding
(A) Example of the signal expected around a bound TF. The dotted lines show where the TF
binding motif will be found. (B) Data from Bentsen et al., 2020 showing how footprinting signals
created by different TFs can change through time. Plots show the bias corrected, aggregated
ATAC-seq signal, centred around binding motifs for the indicated TFs. The columns indicate
developmental stages progressing from left to right. Active binding of the TF causes a depletion of
the signal around the binding site, as in the plots highlighted in red. The blue plots show no signal
depletion which indicates no TF binding. Figure taken from Bentsen et al. 2020.
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The footprinting analyses is only performed on the peak regions already defined, but this is
still too many sites to make sense of in relation to our TFs of interest. One common approach
to narrow down the regions of interest is to assign each peak to its nearest gene, with the
assumption that that is the gene it is most likely regulating. This assumption does not take into
account that regulatory elements can be over 1 Mb away from their target gene, and often do
not have any interaction with the closest gene. In order to limit the number of peaks in a more
biologically relevant way we thought about genome organisation and in particular
Topologically Associating Domains or TADs. TADs are evolutionarily conserved chromatin
domains that partition the DNA and are defined by higher levels of interaction between loci
within the same TAD than with other regions (Figure 5.7A) (Remeseiro, Hörnblad, & Spitz,
2016). Disruption of TAD boundaries leads to developmental defects in human and mouse,
some of which are thought to be caused by a disruption of enhancer promoter interaction and
subsequent failure to switch on gene expression. The assumption that we make here is that
most regulatory elements for a specific gene will be contained within the same TAD as the
gene itself. If we reduce the peaks of open chromatin in consideration to only those within the
TADs of our genes of interest and provided there are no other genes within the TAD that are
differentially expressed, then we can assume that changes in TF binding in open chromatin
are related to the expression of our gene of interest. Crucially TAD boundaries are
independent of cell state so we would not expect them to alter as the organoids differentiate. I
used HiC data generated from mouse ESCs, and the TAD boundaries predicted from this data
(Bonev et al., 2017) to visualised TADs using the HiC data browser
(http://3dgenome.fsm.northwestern.edu/view.php). In the majority of cases the TAD
boundaries grouped together regions of DNA that had high frequencies of association,
however there are many regions of the genome that are not covered by a predicted TAD. For
the purposes of this thesis, I termed these inter-TADs. Two of the EFTFs, Rax and Six3, were
within regions predicted to be inter-TADs, but the HiC data showed there was still enrichment
of interactions between DNA within these regions (Figure 5.7B). One concern that may
impact the results when using these inter-TADs is that they are in general much smaller
sections of the genome, so it is more likely there may be regulatory regions excluded from the
analysis for genes in inter-TADs.
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Figure 5.7 Genome organisation in topologically associated domains
(A) Genome organisation of a hypothetical locus. The heatmap shows HiC data on the frequency of
interaction between different genomic regions. Contact between areas within the same TAD are more
frequent that contacts between areas in different TADs. TADs are represented by grey bars below the
heatmap and can be though of as shorter DNA domains that are folded closely together. Figure taken
from Remeseiro et al., 2016. (B) HiC data showing the association between regions of the genome
around Rax. Blue lines indicate the TAD boundaries, and the position of Rax in between 2 TADs is
shown by the arrow. Figure created using data from Bonev et al., 2017.

5.3.2 TF Footprints Change through Development in Line with Activity of TFs
My first step was to see if there were any detectable TF footprints within the ATAC-seq
dataset generated from the OV organoids, since not all TFs leave a detectable footprint.
Plotting the aggregated ATAC-seq signal from across multiple instances of a binding motifs
shows if there is any depletion due to binding of a TF. Starting with Pax6, I plotted the
aggregated ATAC-seq signal over binding motifs found throughout the whole genome, the
signal from motifs within the eye TADs and finally the aggregated signal from just the
instances of motifs within the eye TADs classed as being bound in the day 5 GFP positive
sample (Figure 5.8A). At the whole genome level there is very little difference from day to
day, but narrowing down the instances of the motifs, a pattern of lower binding at day 0
increasing by day 5, becomes visible. Especially when only looking at the signal from the
motifs bound at day 5 in the eye TADs, there is a clear change from no depletion in signal
over the binding site at day 0 to a strong depletion in signal resulting from the binding of a
TF, in this case likely the binding of Pax6.
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Footprints can be seen for other TFs that do not show the differential expression that Pax6
exhibits through the differentiation time course. Depletion of ATAC-seq signal is also evident
around Sox2 binding motifs both in peaks across the genome and restricted to the eye gene
TADs (Figure 5.8B). The genome wide signal shows that overall, there is less binding of
Sox2 as the organoids differentiate, in line with the role of Sox2 in maintaining pluripotency
and the slight decrease in Sox2 expression levels. The changes in binding at motifs in the eye
TADs shows a similar pattern but to a lesser extent and the signal is not so clear, likely due to
the more limited number of sites. Plotting the ATAC-seq signal only over the Sox2 binding
motifs that are classed as bound at day 5 in the eye TADs shows there is very little depletion
in signal for these sites at day 0, but a footprint emerges more clearly by day5. This would
indicate that there is a change in the usage of Sox2 binding sites over time, likely related to
the different roles played by Sox2. At day 0 Sox2 binds to promoters and enhancers for genes
needed to maintain self-renewal, and by day 5 Sox2 is regulating other genes including those
expressed in the developing eye.
There was also evidence of footprints for TFs with low transcript abundances that remain
constant though differentiation. One example of this is Myc (Figure 5.8C). The signal over the
Myc binding sites does not change as the cells differentiate, for any of the motif sets, showing
that the changes we see in footprints of other TFs are relevant. Even when we would not
expect there to be a surplus of Myc protein in the cell, there is a clear depletion of signal
around the binding site. This brings to light some more assumptions we make during this
analysis. Just because there is a depletion in signal at a specific TFs binding site that does not
mean it is necessarily that TF that is causing the depletion. The footprint indicates something
is bound and the motif gives an indication of what it might be based on sequence specificity
of TF binding. But many TFs have similar binding sites, and there aren’t well characterised
binding sites for all TFs. By taking into account the expression levels for any TFs we are
looking at we can at least determine that any footprints at stages in development when the TF
is not expressed is likely a spurious result.
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Figure 5.8 Bias corrected ATAC-seq footprints for selected TFs
Plots of the aggregated ATAC-seq signal, centred around binding motifs for (A) Pax6, (B) Sox2 and (C) Myc. Plots are shown for each day for all of
the TFs binding sites genome wide (GW), only those binding sites that are within an eye related genes TAD (EF) and for only the sites that have been
classed as bound within an eye related genes TAD on day 5 in the GFP positive sample (EF D5Bound).

5.3.3 TF Footprints in Different Areas of the Genome
In section 5.3.2 I observed that limiting motifs to a certain area of the genome can affect the
footprinting signals. Looking at all possible instances of a motif through the entire genome is
going to include a lot of motifs that are actually bound by another factor and reduce the signal
we are interested in. Also looking at all motifs is unnecessary for the purposes of
investigating eye development. I restricted the list of TFs to use in the footprinting analysis to
just the EFTFs and Sox2. All of these TFs had motifs available in the Jaspar database, some
had multiple, except for Tbx2 for which there was no mouse motif available. I then plotted the
proportion of motifs that TOBIAS predicts to be bound at each day. TOBIAS also outputs
other metrics which give an overall footprinting score for each locus and can give differential
binding scores to show how binding changes over time, but for our purposes classing
individual sites as bound or unbound was advantageous as it provided a clear cutoff for
limiting potential sites. The proportion of bound motifs for all EFTF motifs within open
chromatin genome wide is shown in Figure 5.9A. Surprisingly even at the whole genome
level there is a signal observable for Lhx2, Otx2, Pax6 and Rax motifs. The proportion of
these motifs that are bound increases over time in a pattern similar to that seen in the
expression of these TFs. When the motifs in question are restricted to only those found in
open chromatin regions in the EFTF TADs this trend is retained (Figure 5.9B) but for motifs
in open chromatin within the TADs containing the set of housekeeping genes (defined in
Chapter 4) there are no such changes. Since the EFTFs would not be hypothesised to regulate
these housekeeping genes it would be expected that there would be no changes in the number
of bound motifs over time near these genes. In actual fact there is a decrease in the proportion
of bound Six3, Six6 and Sox2 motifs, and a high proportion of the Lhx2, Nr2e1, Otx2, Pax6
and Rax sites are classed as bound throughout the time series (Figure 5.9C). This is contrary
to expectations, but the signal may have been generated by the binding of other TFs to motifs
similar to those of the EFTFs. When collating the housekeeping gene lists, I ensured that there
were no genes that were in the same TAD as the EFTFs or other genes that came up on the
list of genes likely involved in eye differentiation in this system, however this was by no
means a fully comprehensive examination. There may be other genes within these
housekeeping TADs that are temporally regulated and may account for the footprinting
signals detected. One takeaway from examining the binding of EFTFs near housekeeping
genes is that the regions flanking the EFTFs are enriched for the kind of differential binding
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that would be predicted for them being actively regulated by the EFTFs, and this enrichment
is confined to certain regions of the genome and is not a global phenomenon.
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Figure 5.9 Proportion of bound TF motif occurrences for different areas of the genome
Heatmaps indicating the proportion of motif occurrences that pass the threshold to be classed as
bound by a TF at each time point. Shown here are proportions of motifs within ATAC-seq peak
regions (A) genome wide, (B) in the eye genes TADs, (C) in the housekeeping gene TADs and in
the (D) eye gene TADs and (E) housekeeping TADs normalised in relation to the genome wide
binding levels.
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During other exploratory analysis of the data, my colleague Andrew Papanastasiou,
discovered that there is a genome wide increase in the per base accessibility scores as the cells
differentiate. There is a global opening of chromatin beginning once the cells leave the stem
cell state. This opening is evident up to day 5 and may proceed beyond, but this signal may
well introduce false negatives in our results since the footprinting is focussed only on open
regions and the footprinting score and designation of a bound or unbound state is affected by
the overall accessibility as well as signal depletion. Andrews finding prompted me to focus
not on overall accessibility and binding but rather on any binding that exceeds the trends
expected genome wide. I used the calculated genome wide binding levels to normalise the
data for the EFTF and housekeeping subsets (Figure 5.9D&E). Normalisation decreased the
difference in proportion of bound sites between the GFP positive and negative populations at
day 5, but a clear increase in the proportion of TF binding sites classed a bound remained for
Lhx2, Pax6 and Rax, and the change in proportion of bound sites was more evident for Six3,
Six6 and Sox2. There was very little change seen for Nr2e1, perhaps because its expression is
starting to be activated at day 5 and so would not be expected to be binding earlier in
differentiation when it is switched off.

5.3.4 TF Binding on an Individual TAD Level
Analysis of a group of TADs showed that there was real signal within the data but in order to
pick out some candidate regions with regulatory activity the analysis had to be specified even
further. I therefore calculated the proportion of bound motifs within open chromatin in each
TAD of the EFTFs for days 0, 3 and 5 GFP positive (Figure 5.10). The Pax6 and Rax TADs
show the greatest increase in the proportion of EFTF motifs bound from day 0 to 5. In
particular the gain of binding of Lhx2, Pax6 and Rax in the Rax TAD stands out as the largest
change. The Nr2e1 TAD and motif were excluded as there was no obvious signal in prior
analyses. This reduced the number of binding sites to between 0 and 40 depending on the
TAD. The number of sites was in part dependent on the size of the TAD. Rax and Six3 are
located in inter-TADs which are 120 kb and 80 kb respectively, as compared to an average
length of around 1 Mb for the other TADs, which is one reason why there are fewer motifs
found within these TADs. From the HiC map in Figure 5.7B it is clear that there are
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interactions between the Rax inter-TAD and the neighbouring TADs so reassigning TAD
boundaries to group the Rax inter-TAD with these TADs may introduce more regions into the
analysis that regulate Rax expression. The same thing could be done for the Six3 TAD.
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Figure 5.10 Proportion of bound motifs occurrences in individual TADs
Heatmaps for Day 0, 3 and 5 GFP positive samples showing the proportion of motifs classed as
bound within all peaks found in a TAD. The columns indicate TADs or inter-TADs containing the
genes indicated, the rows show the TF motif. White indicates there are no motifs for the TF found
in the TAD in question.
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Since the EFTFs are all expected to coregulate one another and auto-regulate themselves, I
needed to introduce a set of controls that would not be expected to regulate the EFTFs.
Unfortunately, the list of housekeeping genes defined from the transcriptome data in Chapter
4 are not all TFs. I created a new set of 20 TFs that were constantly expressed at low levels
and a set more highly expressed that I would not expect to have any role in regulating eye
development. I also included some other motifs of interest that may play a role in eye
development including a motif for the cobinding of Sox2 and Pou5f1. Extended heatmaps
showing the proportion of bound motifs at 3 time points over organoid differentiation for this
expanded motif set in the EFTF TADs is shown in Figure 5.11. Contrary to expectations the
proportion of bound control TFs also showed a marked rise in the Pax6, Rax and Six3 TADs.
I inspected the similarity of the control TF binding motifs to those of the EFTFs and but
except for a few instances of similarity the motifs were largely matching to different sites in
the genome. Extended opening of the chromatin in these TADs could be responsible for this
signal. Pax6, Rax and Six3 are among the first EFTFs to be switched on, so the associated
opening of nearby chromatin could reveal many other sites that are not biologically relevant
but rather a consequence of activation of these genes.

100

Figure 5.11 Proportion of bound sites for an expanded selection of TF motif occurrences in
individual TADs
Heatmaps for Day 0 (A), 3 (B) and 5 GFP positive (C)samples showing the proportion of motifs
classed as bound within all peaks found in a TAD. The columns indicate TADs or inter-TADs
containing the genes indicated, the rows show the TF motif. Rows show the TF motifs in question,
split into broad classes of EFTFs, eye related TFs, TFs expresses at a constant low level though
development and TFs that are more highly regulated.
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Other work, also performed by Andrew Papanastasiou, showed that accessibility in promoters
often followed significantly different patterns as compared to those seen in intronic regions.
Promoters showed higher levels of accessibility in comparison to intronic regions and again
this in conjunction with high levels of TF binding at these sites may also skew results. To
check for the effect of motifs within promoters, I excluded all open chromatin regions that are
located in gene promoters and reran the binding analysis (Figure 5.12). Excluding promoters
resulted in fewer instances of motifs such that more TADs had no matches for some of the TF
motifs, but it also increased signal for some of the larger TADs. For instance, the Sox2 TAD
showed an increase in binding at Lhx2, Pax6 and Rax motifs, and the proportion of sites
showing binding in the Pax6 TAD increased for all motifs, but specifically also at Lhx2, Pax6
and Rax binding sites. For the smaller inter-TADs this further reduction in the search space
may not be useful.
I also looked at the effects of adding a conservation filter to the regions of open chromatin
being interrogated for TF footprints. I required for an open chromatin peak to have a
maximum per base PHAST conservation score of greater than 0.5 to be included, along with
not mapping to a promoter. The addition of this filter did not reveal any other refinement in
signal (Figure 5.13), in fact much of the increase in proportion of bound motifs was no longer
evident as many more of the motif instances were removed.
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Figure 5.12 Proportion of bound motifs excluding motifs found in gene promoters
Heatmaps for Day 0, 3 and 5 GFP positive samples showing the proportion of motifs classed as
bound within peaks found in a TAD, but excluding motifs found in any peaks that overlap with
genomic regions known to be gene promoters. The columns indicate TADs or inter-TADs
containing the genes indicated, the rows show the TF motif.
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Figure 5.13 Proportion of bound motif occurrences in conserved peaks excluding motifs
found in gene promoters
Heatmaps for Day 0, 3 and 5 GFP positive samples showing the proportion of motifs classed as
bound within peaks that have a conservation score of >0.5 for at least one position within the
peak and excluding any peaks mapping to a promoter region. The columns indicate TADs or
inter-TADs containing the genes indicated, the rows show the TF motif.
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5.3.5 TF Binding in the Six6 TAD
In order to more closely study the regulation of individual genes I proceeded from the level of
multiple TADs to concentrating on a single TAD at a time. I first selected the Six6 TAD, due
to the exchange and then loss of binding at Six6 sites followed by a gain of binding at Lhx2
motifs (Figure 5.14A). There is also a decrease in the proportion of bound Sox2 motifs
between day 3 and day 5 GFP positive. Since Six6 is not expressed this early in development
the footprint in the ATAC-seq signal cannot be due to the presence of Six6 binding to DNA,
and instead there must be another TF bound at this site that shares a very similar binding
motif with Six6. The schematic in figure 5.14A shows how the binding sites are laid out in the
Six6 TAD, and how their binding status changes across the 3 timepoints. The loss of Sox2
binding signal is largely caused by the loss of binding at sites towards the 5’ end of the TAD,
and further interrogation of these sequences revealed they also had sequence similarity with a
Sox2-Pou5f1 motif. The loss of binding of this pluripotent related complex is more fitting
with the continuing differentiation of the samples.
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Figure 5.14 TF binding within the Six6 TAD
(A) Relevant sections of heatmap showing proportion of bound TF motifs in the Six6 TAD,
excluding those peaks that map to promoters, for days 0, 3 and 5 GFP positive. (B) Schematic of
the Six6 TAD. Genes are shown in blue boxes. TF binding sites are represented by a line of 3 of
the indicated shape, with the colour corresponding to occupancy of the site at the labelled time
point. Red fill indicates the site is bound, and yellow that there is nothing binding. Any motifs
found in peaks mapping to promoters have been excluded. (C) Heatmap of the log transform of
transcript abundance (from RNA-seq data discussed in Chapter 4) showing the expression
patterns of the Six family of TFs. (D) HiC data showing DNA interactions around the Six6 TAD
and the neighbouring TAD containing Six1 and Six4. TAD boundaries are shown by the grey and
beige bar, and locations of genes are indicated.

106

To try and identify the TF that may be the cause of the binding at a region of the genome that
matches the Six6 binding site, I first focussed on the other members of the Six family of TFs.
The expression patterns of both Six1 and Six4 are consistent with these TF being responsible
for the binding at day 0 and 3 (Figure 5.14C). In addition, Six1 and Six4 are both in the same
TAD, which is adjacent to the TAD containing Six6 (Figure 5.14D). The position weight
matrices of the binding sites for Six family TFs are highly similar (Figure 5.15) so it is
feasible to think that there would be overlap in target sequences. I repeated the TOBIAS
footprinting analysis, including the other Six family members motifs and the Six1/4 TAD.
Using the default p-value threshold in motif scanning of 1e-4 does not detect any Six1 or Six4
binding sites overlapping with the differentially bound sites matching a Six6 motif (Figure
5.16A). Lowering the p-value threshold for motif matching to 1e-3 reveals many more
potential binding sites. These include a Six4 binding site overlapping with the 5’ Six6 site and
a Six1 motif at the site of the other Six6 motif that loses binding (Figure 5.16B). This
provides an alternate explanation for the footprinting signal, showing that the supposed Six6
binding loss is actually a loss of Six1 and Six4 binding when these genes are switched off at
day 3 of organoid differentiation. In the Six1/4 TAD there are other binding sites whose
occupancy changes over time in a manner consistent with levels of gene expression. A Six6
motif gains binding at day 5, a site within the Six1 gene becomes bound on day 5 most likely
due to Six6 binding and there is loss of Six4 binding from day 0 to 3 at two sites near to Six4
(Figure 5.17). These data suggest that there is a regulatory network involving Six1, Six4 and
Six6, where Six1 and Six4 act as negative regulators of Six6 and positively regulate
themselves early in organoid differentiation, and at day 5 there is a switch, Six6 expression is
activated and Six1/4 turn off.

Figure 5.15 Images of position weight matrices for the Six family TFs
Position weight matrices showing the DNA sequences recognised and bound by members of the
Six family of TFs. Motifs were taken from the Jaspar mouse TF database. There are no motifs in
the Jaspar database for Six5. Two motifs are shown for Six6 which encompass the variety seen in
the 4 motifs included in the analysis.
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Figure 5.16 Six motifs in the Six6 TAD
(A) IGV browser view of the Six6 TAD showing the locations of Six1, Six2, Six4 and Six6 motifs as
detected by TOBIAS. (B) Lowering the p-value threshold for motif scanning (from 1e-4 to 1e-3) reveals
more binding sites. Boxed sites show where a Six6 motif of interest overlaps with a Six4 or Six1 motif.

Figure 5.17 Six binding sites in the Six6 and Six1/4 TADs
IGV browser view of the Six6 and Six1/4 TADs showing the locations of Six1, Six4 and Six6
motifs as detected by TOBIAS using a p-value threshold of 1e-3 for motif scanning. Boxed
sites show regions in the Six1/4 TAD where there is a loss or gain of binding consistent with
gene expression trends.
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5.3.6 TF Binding in the Pax6 TAD
I also selected the TAD containing Pax6 due to its central role in eye development and the
strong signals showing changing levels of binding at motifs in the Pax6 TAD (Figure 5.18A).
The main changes in the number of bound sites of the EFTFs in the Pax6 TAD are an
increase in Otx2, Lhx2, Pax6 and Rax binding. There is also a high proportion of Six6
binding sites that are occupied at days 0 and 3, but as described in the previous section, Six6
cannot be the protein that is bound at these sites because its expression has not yet been
turned on. Many of the sites that become bound on day 5, are clustered together at a site
downstream of Pax6 within an intron of Elp4 (Figure 5.18B). This site looks, based on TF
binding, to be a very strong candidate to be an enhancer maintaining Pax6 expression in the
GFP positive day 5 samples.

Figure 5.18 TF binding within the Pax6 TAD
(A) Relevant sections of heatmap showing the proportion of bound TF motifs in the Pax6 TAD,
excluding those peaks that map to promoters, for days 0, 3 and 5 GFP positive. (B) Schematic of
the Pax6 TAD. Genes are shown in blue boxes. TF binding sites are represented by a line of the
indicated shape, with the colour corresponding to occupancy of the site at the labelled time point.
Red fill indicates the site is bound, and yellow that there is nothing binding. Any motifs found in
peaks mapping to promoters have been excluded. Sox2 motifs have been excluded from this
diagram as there were too many to plot clearly.
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5.3.7 TF Binding in the Rax inter-TAD Region
Finally, I also looked in more detail at the Rax TAD, again due to the high degree of
differential binding, but also as an example of regulation within an inter-TAD region. Since
the region is small, I included footprints found in all open chromatin regions in the Rax TAD,
including in promoters. Within the inter-TAD there is a gain of binding of Lhx2, Pax6 and
Rax (Figure 5.19A). When the sites are viewed in the context of the TAD, there is again
clustering of the TF binding sites that become bound at day 5, in this case located on the other
side of the inter-TAD to Rax (Figure 5.19B). The high density of footprints showing binding
only at day 5 is again indicative of this region being a functional regulator of Rax, however
more experiments are needed to confirm a role for this region.

Figure 5.19 TF binding within the Rax inter-TAD
(A) Relevant sections of heatmap showing the proportion of bound TF binding sites in the Rax
inter-TAD genomic region, including motifs found in peaks that map to promoters, for days 0, 3
and 5 GFP positive. (B) Schematic of the Rax inter-TAD. Genes are shown in blue boxes. TF
binding sites are represented by a line of the indicated shape, with the colour corresponding to
occupancy of the site at the labelled time point. Red fill indicates the site is bound, and yellow that
there is nothing bound. Any motifs found in all peaks regardless of their genomic context have
been included.
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5.3.8 The Gene Regulatory Network Regulating EFTFs
In addition to the TAD based analysis I also used the capabilities of the TOBIAS software to
link genes that regulate one another using the more widely used method of assigning peaks to
the nearest gene. Each footprint was assigned to its nearest gene and the TF responsible for
creating that footprint, based on the motif at the centre of the footprint, was assumed to
regulate its assigned gene. In this manner I created a gene regulatory network linking the
EFTFs based on their binding at day 5 GFP positive (Figure 5.20). As this method relies only
on the presence of bound sites it is difficult to determine if the interactions are activating or
repressive. This network captures many of the features of the interplay between these TFs,
including the major role Sox2 plays, and Pax6 at the centre having its expression fine-tuned
by many signals. As previously mentioned, using this system of assigning a peak to its nearest
gene inaccurately assigns many peaks to a gene they are not regulating, but it is encouraging
that most of the TF-gene interactions predicted in the TAD based analysis are reflected in the
network created based on a more restricted space.

Figure 5.20 Gene regulatory network controlling early eye development
Network diagram showing TFs and their regulators based on the presence of bound motifs in
close proximity to a target gene. Arrows indicate which genes the TF may regulate.
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5.4 Discussion
In this chapter I have presented data showing the complex changes in accessibility and TF
binding that combine to control the temporal regulation of gene expression. Comparisons
between the ATAC-seq data for each day through organoid development and between the day
0 data and ATAC-seq data for E14 ESCs showed that the peaks were distributed as expected
and were consistent between adjacent time points, especially in the earlier stages of
differentiation. Peaks were also found at later stages in expected regions such as in the
promoters of highly expressed genes, and in many cases the expression pattern of a gene
correlated with the change in accessibility of these promoter peaks. It was only possible to
collect samples for a single replicate of this experiment due to issues with cell culture as will
be explained in Chapter 6. The time course nature of this data set, especially the split of GFP
lineages at day 4 and 5, allowed us to assess sample similarity, and to a degree accounted for
the lack of replicates. Even so I had aimed to collect replicate samples but due to ongoing
issues this was never possible.
The lack of clear differences in accessibility between the GFP positive and negative samples,
even near genes that showed large changes in expression between the two lineages, was an
unexpected trend, especially when the changes in gene expression between these samples
were so striking. This would suggest that, in the case of an EFTF gene, the genomic elements
controlling expression are open even when the gene is not being expressed in the GFP
negative population. This openness could be a factor of the cell sorting procedure, and the
cells in which chromatin is open have activated transcription of some of the EFTFs but are
just beginning to express GFP so it is not detectable yet or they are only expressing low
levels. These cells would be treated as GFP negative, but they may be on the cusp of the
becoming GFP positive.
This openness in the day 5 GFP negative sample could also be related to the observation that
in the organoids, chromatin becomes more accessible as the cells differentiate. It is unclear
whether this is a temporary change, and in later timepoints when cells are more terminally
differentiated, chromatin may become more closed again. This pattern of accessibility
changes is unique to the organoids grown here. Other studies show that chromatin in
pluripotent cell types is highly accessible, with lineage specific genes silenced by other
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regulators until differentiation is triggered and chromatin is then compacted following
differentiation (Meshorer & Misteli, 2006). This allows rapid changes in gene expression
when the cells receive the signal to differentiate (Gaspar-Maia, Alajem, Meshorer, &
Ramalho-Santos, 2011). The explanation for the opposite trend in open chromatin changes in
the organoids is unclear but it could be caused by our starting cells not being in the same state
as other ESCs for example those maintained in 2i media may be more like stem cells in vivo
and the cells from which organoids are grown may have already begun differentiating but
have maintained self-renewal. The opposite trends may also be caused by how open
chromatin is measured. In our case, the increase in open chromatin is an increase in the
average genome wide per base accessibility score. So, there may be many open regions with
lower scores in the early time points, changing to fewer open regions that have higher
accessibility scores, causing the overall mean score to increase even though the number of
open regions does not.
Combining accessibility with TF binding motifs to search for footprints left by the binding of
TFs adds an extra dimension to the information that can be gleaned from ATAC-seq data.
One obvious limitation is that footprinting will not work for TFs that do not have a welldefined binding site, and many TFs have similar sites, especially members of the same family.
Integrating the TOBIAS footprinting with RNA-seq from the same timepoints and thus
knowing how the TFs in question are expressed allows us to exclude binding patterns that
cannot be possible when they are not expressed, which adds extra power to this analysis. This
allowed us to find a link between Six6 and Six1/4 regulation which would have gone
unexplained without the inverse expression patterns of these genes. There are two other areas
from this analysis that presented themselves as prime candidates for being regulatory
elements that need further investigation, the cluster of TF sites that gain binding at day 5 in
the Pax6 TAD and in the Rax TAD. Now that these regions have been defined, we could
design guide RNAs for CRISPR to introduce deletions encompassing them. Differentiating
these cells and assaying their differentiation capability and their transcriptomes would show if
there were any effects on the expression of these genes which would be a good first step
towards defining the activity of these regions.
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Chapter 6
Pax6 Null Optic Vesicle Organoids
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6.1 Introduction
Once the normal developmental programme of the optic vesicle organoids had been
established, I sought to assess the changes in differentiation upon removal of Pax6 the key TF
controlling eye development. Specifically, how the absence of Pax6 affects the formation of
optic vesicles and the transcriptome of organoids over time. To do this I used CRISPR-Cas9,
with guides targeting the start of Pax6, to create cell lines with deletions encompassing the
start codon of Pax6 (detailed in Methods section). This resulted in a variety of deletions, from
which I selected a cell line with a homozygous 4 bp deletion of the start codon of Pax6 and
the first base of the second codon to use for transcriptomic analysis. I also selected a cell line
that had no changes to the sequence of Pax6 to act as a WT control that had also been through
the stress of genome editing.

6.2 Differentiation of Pax6 Null Cells
6.2.1 Failure of Differentiation of Optic Vesicle Organoids
In Chapter 3 I presented data showing how consistent the organoid differentiation is from
batch to batch. Every time I set up a differentiation, the organoids moved through a series of
small structural changes each day, that would have enabled me to recognise what day of
differentiation they were at by just looking at a brightfield image. After collecting the cells for
the RNA and ATAC-seq experiments the organoid differentiation became highly variable
with very few GFP positive cells and no clear optic vesicle-like structures. There was nothing
in the environment that I could identify as having changed but the organoids no longer
followed the same pattern of structural changes through time and they did not express GFP
even after 8 or more days in culture. At day 7, when I would expect there to be strong GFP
signal in defined optic vesicle structures, there was no GFP expression at all (Figure 6.1A). I
repeated the differentiation multiple times with different batches of cells and got the same
results. Matrigel, which is added on day 1 of organoid growth, can vary in concentration from
lot to lot which can affect the efficiency of optic vesicle formation (Eiraku & Sasai, 2012), so
even though the Matrigel had not changed I tried using higher concentrations and a different
batch and some without any Matrigel (Figure 6.1B). I then replaced all of the media
components with fresh stock and recovered another batch of cells that had been frozen a few

passages after they arrived from the Riken cell bank (Figure 6.1C) but the organoids still did
not differentiate as they had before.
I then began to think that there may be something in the cells environment that was affecting
their growth even as stem cells, although I could see no difference in their morphology or
growth rates. I grew a batch of cells in 2i media, rather than their usual serum plus LIF media,
to restore the cells to a naïve pluripotent ground state. After 5 days in 2i I seeded some cells
for organoids and transferred others back to their standard maintenance media for 3 days
before seeding organoids (Figure 6.1D). I grew the ESCs with and without Pen/Strep and with
blasticidin, I tried a different brand of low cell adhesion U-bottom plate and tried culturing the
cells in a different incubator. I used an incubator that only had the organoids in it, so as the
door would not be opened and they wouldn’t have fluctuating CO2 levels or temperatures, I
cultured the cells in higher CO2 conditions, and even tried culturing the cells in a completely
different building. None of these changes to protocol or environment prompted the cells to
differentiate as they had before. Around this point I noticed that there was the occasional
organoid that expressed low levels of GFP by day 7 (Figure 6.1E) but this was not associated
with anything I had changed. The next thing I tried was to go back to culturing the ESCs as
recommended by the papers from the Sasai laboratory who created this cell line, but adding
fresh LIF, beta-mercaptoethanol and blasticidin every time I changed the media on the cells. I
did this for at least two weeks and then seeded the cells for OV organoid differentiation.
There was no GFP at days 5 or 6 but the GFP expression and structure of the organoids by
day 7 indicated that the cells were back to differentiating into optic vesicle organoids (Figure
6.1F).
I then tried culturing these batches of cells as I had done initially, and they formed very
similar GFP positive organoids by day 7. I can think of no explanation for the problems that I
had differentiating these cells. I tried changing everything I could think of, but in the end, I
don’t know what caused the differentiation to stop working in the first place and I don’t know
what changed in the cells to allow them to differentiate successfully once again.
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Figure 6.1 Problems differentiating optic vesicle organoids
Representative images of organoids grown in different conditions taken on Day 7 unless labelled
otherwise. (A) Organoids grown in standard conditions. (B) Organoids grown with no Matrigel or
with 4% Matrigel, added on day 1. (C) Organoids cultured in media made up from fresh stocks of
all components. (D) Organoids grown from cells cultured in 2i for 5 days and then switched back
to their standard media (2i-MM) or grown directly from cells in 2i media (2i). (E) Organoids
grown in standard conditions in an incubator of their own. Of the 96 set up, 31 showed some GFP
expression in OV like structures, with these images showing the variation in levels of GFP. (F)
Organoids grown from cells grown in standard conditions, but with LIF, beta-mercaptoethanol and
blasticidin added fresh to the media each time it is changed. Cells were maintained in this way for
at least 2 weeks before differentiating. Scale bars 100 µm.
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6.2.2 Optic Vesicle Formation in Pax6 Null Cells
After the problems in culturing the cells described in Section 6.2.1, the timeline of
differentiation had changed slightly. Instead of GFP expression allowing the cell populations
to be sorted at day 4, the organoids only started to express GFP at day 5, and even then, not
many of the cells did. It appeared as though the organoids were around 2 days delayed in their
differentiation as compared to how they were before the problems. Figure 6.2A shows the WT
cells at each day of differentiation for this new time scale. The two images for the day 5 time
point show the range of organoid appearances, from virtually no GFP to GFP but no defined
optic vesicles. Leaving the organoids to day 8 shows that they do form organoids similar to
before the problems, and that all of the organoids are capable of forming GFP positive optic
vesicle structures.
In the Pax6 null cells there is no trace of GFP at any stage (Figure 6.2B) showing these cells
are unable to initiate expression of Rax. The organoids appear denser and do not go through
any of the slight structural changes indicative of each day in the WT organoids. I also cultured
and differentiated other cell lines from the CRISPR editing, which had different sized
deletions, all of which encompassed the start codon of Pax6. None of these showed any
expression of GFP and they were indistinguishable from one another in terms of their
structure. These were grown when the differentiation was still unstable, so these results are
inconclusive and not included here.
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Figure 6.2 Representative images of organoids grown from wildtype and Pax6 mutant cells
Representative images of organoids at each day of differentiation for WT (A) and Pax6 null (B)
cells. Images show organoids on day 1, 24 hours after the cells were seeded, up to day 5. Matrigel
was added to all organoids on day 1 after imaging. The two images for WT day 5 organoids show
the variation in GFP expression seen at this stage. 8 organoids were left until day 8 and imaged
again. The day 0 image shows cells grown for 1 day in the media used to culture ESCs instead of
in a differentiation media. Each image shows a different organoid, scale bars are 100 µm.
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6.3 Gene Expression in Pax6 Null Organoids
6.3.1 Expression of the EFTFs
From these images of organoid differentiation, it is clear that Pax6 is essential for eye
development in this organoid system and that it is required to turn on Rax expression. In order
to find other genes whose expression is regulated by Pax6, directly or indirectly, I prepared
cell samples from WT and Pax6 null organoids in the same way as for the previous RNA-seq
(detailed in Chapter 4 and Figure 4.1). The change in the time scale of organoid
differentiation meant that splitting the GFP positive and negative cells for days 4 and 5 was
impossible due to the low numbers of cells. Due to uncontrollable circumstances some of the
samples had to be grown and prepared at different times, more than 6 months apart, during
which time the conditions affecting organoid growth may have changed significantly. All
samples were sequenced together. PCA analysis shows that for the most part replicates cluster
together, and that the stage of differentiation is still responsible for explaining the majority of
the variation between the samples (Figure 6.3). The samples do not separate clearly based on
genotype.

Figure 6.3 Principal component analysis of RNA-seq samples
Dotplot distribution of the PCA sample correlation between the triplicate time course OV
organoid RNA-seq samples. The colour of the points shows the sample, and the shape indicates
when the samples were collected since there was a large time delay between collecting some of
the samples.

Due to the changes that had happened in the differentiation kinetics it was important to check
the WT was still differentiating as before as well as picking out transcriptomic changes
produced by the absence of Pax6. The activation of EFTFs was previously seen by day 4 GFP
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cells, and for Six3 as early as day 3. In the RNA-seq on the organoids with a delayed
differentiation time scale there is activation of the EFTFs by day 5 in the WT organoids
(Figure 6.4A). The order of activation is also consistent with the previous RNA-seq, with Six3
expression increasing first, followed by Lhx2, Pax6 and Rax the following day. After the
problems with differentiating the cells this is an important finding as it shows the cells are
still differentiating in the same way, it is just taking them longer. It does not however shed
any light on why there is now a delay to the differentiation. Since the differentiation is
delayed there is no evidence of activation of the later expressed EFTFs, Nr2e1, Six6 and Tbx2.
In the Pax6 null organoids most importantly the expression of Pax6 is disrupted. There are
still low levels of transcript mapping to Pax6, possibly created from a new transcription start
site, but there will not be any functional Pax6 protein. The absence of Pax6 is evident in the
trends in gene expression for the other EFTFs. Otx2 and Sox2 levels remain largely
unchanged, but the mutation of Pax6 prevents activation of Lhx2 and Rax and Six3 at day 5
(Figure 6.4B). There is an odd trend in the data showing that without Pax6, these TFs are able
to initiate expression at day 4, only to lose expression again by day 5. This could be an
artefact caused in data collection since all of the day 4 Pax6 null samples were collected in
the second batch of samples for this experiment. This short activation of TFs at day 4 in the
absence of Pax6 could suggest that there is another TF that initiates expression, and that Pax6
is essential for maintaining expression, but the activation would first need to be confirmed in
another set of organoids before any conclusions can be drawn.
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Figure 6.4 Expression of mouse orthologs of the EFTFs defined in Xenopus during OV
organoid differentiation
Heatmap showing the expression levels of the 8 EFTFs, as well as Sox2, for days 0 to 5 of
organoid development in organoids expressing WT Pax6 (A) and Pax6 null cells (B). The 3
replicates for each time point are plotted separately.
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6.3.2 Expression of Other Gene Sets
Extending the analysis beyond the core EFTFs, I used the gene lists created from the
transcriptome of the organoids in Chapter 4. These consist of a set of genes that were
upregulated specifically in the GFP positive lineage at days 4 and 5, consisting of genes likely
involved in optic vesicle development referred to as Eye genes, a set of genes whose
expression remains constant across all time points referred to as Housekeeping genes, and a
set that show decreasing expression during the first 2 days of differentiation called
Pluripotency genes. Expression patterns of the Eye genes in the WT organoids (Figure 6.5A)
showed very similar trends to previous transcriptomic data. The expression of the majority of
these genes increases by day 5, and many of the genes for which there is no obvious increase
in RNA levels were slightly later turning on, so due to the change in the differentiation time
frame the transcription of these genes is not detectable. In comparison the organoids with no
functional Pax6 protein did not show increased expression of the same genes on day 5 (Figure
6.5B). Similar to what was seen for the EFTFs, there was increased transcription of many of
the Eye genes at day 4 in the mutant. As previously mentioned, these Day 4 samples were all
collected at a different time, and knowing the organoids were not differentiating very stably
this could account for the large differences seen in this timepoint. The day 5 replicate plotted
in the first column of these heatmaps was also collected at this time, and its similarity to the
day 4 samples suggests there was indeed a change in organoid differentiation between sample
collections. Even taking into account differences in how the organoids differentiate, these
cells still do not have any functional Pax6, again suggesting that initial activation of these eye
genes may be possible without Pax6. Confirming first the absence of Pax6 in the null cells
and then the presence of these genes at day 4 by qPCR would be required to identify whether
this activation of eye genes is biologically relevant or just an artefact.
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Figure 6.5 Expression of genes with a potential role in eye development
Heatmap showing the expression of genes defined in the initial RNA-seq as likely to be playing a
role in eye development. Expression is shown for days 0 to 5 of organoid development in
organoids expressing WT Pax6 (A) and Pax6 null cells (B). The 3 replicates for each time point
are plotted separately.

The expression of Housekeeping genes stays constant in both WT and Pax6 null organoids
(Figure 6.6A&B). There is a difference in the expression level of Arcn1, although it remains
unchanged over time, the level of Arcn1 transcript, loss of function of which causes a
craniofacial disorder in humans (Izumi et al., 2016), is reduced in the mutant as compared to
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the WT. The expression of pluripotent genes between the WT and mutant organoids is also
very similar (Figure 6.7A&B), but in comparison to the previous RNA-seq data, pluripotent
genes are switching off at a later stage, showing the delay in differentiation comes from the
start of the transition from ESCs to optic vesicles which supports the hypothesis that there has
been a change in the state of the ESCs.

Figure 6.6 Expression of Housekeeping genes
Heatmap showing the expression of genes defined by their steady expression levels through
organoid growth that are likely to be housekeeping type genes. Expression is shown for days 0 to 5
of organoid development in organoids expressing WT Pax6 (A) and Pax6 null cells (B). The 3
replicates for each time point are plotted separately.
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Figure 6.7 Expression of Pluripotency related genes
Heatmap showing the expression of genes defined by their decreasing expression levels through
organoid growth that are likely to be required for maintaining pluripotency of cells. Expression is
shown for days 0 to 5 of organoid development in organoids expressing WT Pax6 (A) and Pax6
null cells (B). The 3 replicates for each time point are plotted separately.

None of these changes in gene expression explain the fate of the cells in the Pax6 null
organoids. To look into what might be happening in these cells I looked at the expression of
some other genes. Firstly, I looked at a set of genes involved in neurogenesis as curated by the
KEGG database. Overall, there are no striking differences between the WT and Pax6 null
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organoids at any time point (Figure 6.8A&B). The images of the Pax6 null organoids show
they appear denser and less healthy looking, which prompted me to check if there was
upregulation of apoptosis related genes in the mutants. As can be seen in Figure 6.9A&B
there is no significant upregulation of any of these apoptosis genes.

Figure 6.8 Expression of genes involved in neurogenesis
Heatmap showing the expression of genes related to neurogenesis taken from the KEGG
database. Expression is shown for days 0 to 5 of organoid development in organoids expressing
WT Pax6 (A) and Pax6 null cells (B). The 3 replicates for each time point are plotted separately.
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Figure 6.9 Expression of apoptosis genes
Heatmap showing the expression of genes related to apoptosis taken from the KEGG database.
Expression is shown for days 0 to 5 of organoid development in organoids expressing WT Pax6
(A) and Pax6 null cells (B). The 3 replicates for each time point are plotted separately.
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6.3.3 Genes that are Differentially Expressed between WT and Pax6 Null
Organoids
Differential gene expression analysis, using DESeq2, revealed that a moderate number of
genes were differentially expressed between WT and Pax6 mutant organoids. I focussed on
the differences between the two cell lines at day 5 when Pax6 expression is activated. I
excluded all non-coding transcripts from the analysis. There are 1357 significantly
upregulated and 839 downregulated genes in the Pax6 null organoids as compared to the WT
at day 5. The top 5 genes whose expression is decreased the most in the Pax6 mutant
organoids are Foxd4, Robo3, Rax, Cdkn1c and Six3. The GO terms relating to the
differentially expressed genes indicate that the genes whose expression is lost in the mutant
are predominantly associated with eye development (Figure 6.10A). In the terms enriched in
genes upregulated in the Pax6 null organoids there are 3 of the top 20 relating to apoptotic
processes (Figure 6.10B) indicating that there may be increased cell death in these organoids.
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Figure 6.10 GO term enrichment analysis of genes that are differentially expressed between
WT and Pax6 null organoids at Day 5
Dotplots of the top 20 GO terms enriched in gene sets that are upregulated in the WT cells (A) and
upregulated in the Pax6 null organoids (B), with an overall change in expression of greater than 1.5fold. GO terms are shown on the Y-axis, and the X-axis shows the GeneRatio which is the
percentage of genes related to the GO term. Dot size is proportional to count, or the number of genes
related to the GO term in question. Dot colour shows the adjusted p-value.
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6.4 Discussion
The data presented herein show that in OV organoids, as in other systems, functional Pax6 is
essential for normal eye development. There is not a great deal of literature on the early
development in these organoids, or of modelling human and mouse disease phenotype using
these cells. The inability of the Pax6 null cells to differentiate even into structures resembling
OVs shows this system will be useful for studying effects of gene knockouts as well as the
normal developmental programme. The main drawback of the organoids, aside from
difficulties in using homologous recombination to edit the genome, is that the differentiation
that once appeared to be very stable can fail.
The issues with failure of the organoids to differentiate as expected has meant that the
transcriptomic analysis on the Pax6 null cell line has been made more complicated. The
replicates for each time point are more variable, even when excluding the variation introduced
by the separation in sample collection times. This variation shows that even between
organoids grown at the same time, the differentiation progresses differently. I was never able
to pinpoint the cause of the problem, or the solution, because once the decision had been
made to investigate the cause at a more molecular level the organoids began expressing GFP
once again.
Even with the problems in sample collection, the data has shown that in the absence of Pax6,
expression of Lhx2, Rax and Six3 cannot be correctly regulated. Due to the delayed timescale
of the organoid differentiation the effects of Pax6 on the expression of other EFTFs that are
not activated by day 5 cannot be assessed, although I would hypothesise that Pax6 is also
required for Six6, Nr2e1 and Tbx2 expression. Providing this new timescale remains constant
collecting samples for days 6 and 7 of organoid growth would answer this question.
Outside of the eye, Pax6 is required for neurogenesis, olfactory and pancreatic development
(Dohrmann, Gruss, & Lemaire, 2000; Nomura, Haba, & Osumi, 2007). The differential gene
expression analysis presents multiple potential Pax6 target genes whose expression is altered
upon removal of Pax6. The gene that has the highest fold change in expression at day 5
between WT and Pax6 null is Foxd4. Foxd4 is a regulator of the transition from ESC to
neuroectodermal cells, and is also expressed in the olfactory placode (Sherman et al., 2017).
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Given the similar expression patterns of Pax6 and Foxd4 the data suggest that Pax6 is a
regulator of Foxd4 expression. Pax6 ChIP-seq would be invaluable here to directly show
where Pax6 is binding or using ATAC-seq footprinting on the mutant organoids to look for a
loss of binding near potential target genes in the mutant organoids. The data presented here
highlight that there are many genes regulated by Pax6, but more work is required to show if
that regulation is direct or indirect, and to find the important enhancer regions where Pax6
binds.
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Chapter 7
Concluding Remarks
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7.1 Summary of the Main Findings in this Thesis
Despite extensive research in the area, the sequence of events in early development
of the eye, and in particular the regulatory regions required for normal induction of
the EFTFs are as yet unclear. My project aimed to begin to address these questions
by utilising an organoid model that would enable access to large numbers of cells at
these early stages which is a major limiting factor to research in this area. In
particular my goals were to define the genes required for early eye development and
to begin mapping the regulatory sequences activating their expression, with an
eventual goal of constructing the gene regulatory network controlling eye
development.
I demonstrated that the EFTFs are activated in the organoids as would be expected,
with the exception of Tbx3, and showed the order in which these genes are turned on.
The transcriptomic data through time showed Sox2 and Otx2 were already active in
stem cells, but their expression levels changed subtly, suggesting that the first
definition of the eye field may be reliant on these two TFs. Six3 is next to turn on,
closely followed by Pax6, Rax and Lhx2. The chromatin accessibility of the regions
surrounding these genes changes in accordance with their expression, but there are
many other regions of open chromatin that do not correlate with the gene expression
dynamics. I established a TAD based system for assigning peaks to a target gene and
used TF footprinting to predict activity of TFs. There were two regions that stood out
due to the dense clustering of TF footprints, and the gain of binding that correlated
with a change in the expression of the target gene. Confirmation that these regions
have regulatory activity is still needed. I only thoroughly interrogated a small region
of the genome, meaning there may be many other regulatory elements that are
detectable using a similar approach. I was also able to identify a set of genes, in
addition to the EFTFs, whose expression is selectively activated in cells of the optic
vesicles. These genes may also play a role in early eye development and using the
footprinting method to detect TF binding could show they are part of a larger
regulatory network involving the core EFTFs.

In addition, I studied the effects of the loss of Pax6 on optic vesicle formation in
terms of their structural differentiation and gene expression profiles. This showed
that as in other vertebrates, Pax6 is essential for normal eye development, and has
revealed a set of genes that are differentially regulated in the absence of Pax6. This
list contains known and novel targets of Pax6 regulation.
To conclude we have performed bulk analysis on cells grown from an in vitro model
of early eye development and shown the changes in gene expression and chromatin
accessibility associated with the early stages of eye development.

7.2 Future Directions
The work presented herein is mainly exploratory analysis, and as such there remains
a lot of work needed to confirm the conclusions I have drawn. To begin with the
ATAC-seq presented in Chapter 5 is based on a single replicate so it must be
repeated to ensure reproducibility. The RNA-seq of the Pax6 null cells should also be
repeated, preferably with one of the other cell lines I created with a different length
of deletion. This would confirm the observations from the initial experiment and
prove it was not an artefact of that specific cell line. There are also many other
experiments I would like to have done to explore the regulation of eye development
further and to test some hypotheses made from the data collected.

7.2.1 ChIP-seq for Select TFs through OV Organoid Differentiation
From the beginning of this project, I had planned to use ChIP-seq to give a binding
profile for TFs through organoid differentiation, with the aim of identifying
regulatory regions through the binding sites of TFs. Footprinting analysis of the
ATAC-seq data gave an indication of binding of many TFs, however there are
numerous caveats, and direct profiling of when and where TFs bind would be a more
reliable assay. In the course of my thesis work I created a cell line encoding a flag
tagged copy of Otx2 and began work to also tag Sox2 and Pax6 so as we could
perform ChIP without relying on protein specific antibodies. Acquiring a ChIP
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dataset for one or more of these TFs would also be useful to evaluate the
performance of the ATAC-seq footprinting.

7.2.2 Single Cell RNA Sequencing
All the experiments described so far provide a view of the consensus of events in
multiple cells. The growth of optic vesicle organoids shows that a group of 4500
homogenous cells can produce multiple populations of self-organising heterogeneous
cells. The first changes that set up this difference will not be uncovered by using bulk
methods. Stochastic expression of transcription factors is a potential trigger for this
differentiation and Pax6 is one of the most likely candidates for this role. Sequencing
of single cells from the optic vesicles may allow us to uncover aspects of gene
expression that are not revealed by the bulk transcriptomic analysis already
completed. A similar kind of analysis has been performed by Liu et al. (2017). They
were able to distinguish molecularly distinct intermediate subpopulations of cells and
novel regulators of the transition from fibroblasts to induced cardiomyocytes. Similar
analysis has also been performed in B- and T-cell differentiation (Furchtgott, Melton,
Menon, & Ramanathan, 2017) and in early development of mouse ES cells (Jang et
al., 2017).

7.2.3 Deletion of Candidate Enhancer Regions near Pax6 and Rax
I proposed the existence of regulatory elements in the TADs of Pax6 and Rax based
on clusters of TF binding motifs that had a visible footprint due to TF binding at day
5 that was not present earlier in development. The logical next step to show that
these elements do play a role in regulation of the TF in question is to use guide
RNAs to target Cas9 to these regions and introduce deletions. Differentiation of cell
lines with a deletion encompassing the potential regulatory element will show the if
these regions are actively regulating their target genes and show the overall effects of
their loss on eye field induction.
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