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Abstract

Micro RNAs (miRNAs) are potent post-transcriptional regulators of gene expres-

sion, which play a myriad of roles throughout human development and are key reg-

ulators of retinal development, as well as being implicated in retinal disease. The

exact roles played by miRNAs in these processes are imperfectly understood. The

miR-182, 96, 183 Sensory Cluster is a sensory organ-specific miRNA family and

the most highly expressed miRNA family in the murine retina, yet the developmen-

tal roles it plays remain unclear. Whilst miRNA dysregulation is associated with

certain retinopathies, whether dysregulation is a disease marker or plays a causative

role in photoreceptor death, is unknown. This thesis investigated miRNA expression

and function in human retinal development and the genetic retinopathy Type I Usher

syndrome. Human pluripotent stem cell-derived retinal organoids provided a human

tissue model for this study. A CRISPR-Cas9 gene editing platform was applied to

modify the genome in hPSCs and investigate the effect on organoid development;

Sensory Cluster knockout hESC lines and both patient and isogenic control Type

I Usher patient-derived iPSC lines were generated and analysed. Sensory Cluster

function was interrogated using a gain and loss-of-function approach; overexpres-

sion by miRNA mimic treatment was shown to lead to an increase in expression

of certain photoreceptor maturation markers; Sensory Cluster knockout organoids

were analysed using morphological and transcriptomic analyses. The molecular

phenotype of Type I Usher in vitro was also interrogated using RNAseq. Type I

Usher patient organoids displayed reduced expression of photoreceptor-associated

genes, including the Sensory Cluster, but these findings were not recapitulated in

organoids generated from a wider panel of Type I hPSC lines. These studies pro-
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vide insight into the role of the Sensory Cluster in the human retina and the value

of gene edited hPSCs to analyse human gene function. It also highlighted the het-

erogeneity between organoid differentiations and hPSC lines.



Impact statement

In this thesis, the role played by micro RNAs (miRNAs) in human retinal develop-

ment and in the severe genetic retinopathy Type I Usher syndrome, was explored.

The importance of miRNAs has been increasingly recognised in recent years and

altered dysregulation of miRNAs has been implicated as playing a role in retinal

disease. Here retinal organoids were generated from iPSCs derived from Type I

Usher patients and transcriptomic analysis performed to interrogate their miRNA

expression profiles. Dysregulation of miR-153 was consistently observed in patient

organoids, therefore miR-153 represents an early disease marker. Whether miRNA

dysregulation plays a causative role in Type I Usher syndrome or is instead an early

disease marker, remains unknown. However, modulation of the expression level of

dysregulated miRNAs could represent a therapeutic avenue to treat Type I Usher

syndrome, for which no treatments currently exist.

The effect of loss of three specific miRNAs, the miR-182/96/183 Sensory

Cluster, on human retinal development was investigated by overexpression and

generation of Sensory Cluster knockout retinal organoids. Transcriptomic analy-

ses showed that both approaches resulted in altered expression of retinal genes,

thereby implicating the Sensory Cluster as playing a role in human retinal develop-

ment. Overexpression was found to increase expression of key retinal genes, which

suggests a potential use for Sensory Cluster overexpression in accelerating the de-

velopment of human photoreceptors in vitro. This could potentially facilitate the

generation of stem cell-derived human photoreceptors for use as a transplantable

cell population in cell replacement therapy to treat retinal degenerative conditions.

Overall, this study advances our understanding of the roles played by non-
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coding RNAs in human retinal development and disease, and highlights the value

of using patient iPSC-derived organoids for disease modeling, and gene editing in

organoids as a tool for interrogation of human development.
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Chapter 1

Introduction

1.1 Introduction to micro RNAs

For much of the 20th century RNA was regarded as having roles that were little

more than facilitatory to the central dogma of molecular biology; messenger RNA

acted as an intermediary in the expression of proteins, which were encoded by DNA;

and ribosomal and transfer RNAs had catalytic and structural roles in the synthesis

of these proteins, which were regarded as the definitive determinants of cellular

identity and function (Crick, 1970). This paradigm has shifted drastically in recent

decades in large part due to the discovery of post-transcriptional gene silencing in C.

elegans, mediated by small RNAs of endogenous (Lee et al., 1993; Reinhart et al.,

2000) and exogenous source (Fire et al., 1998).

One unexpected finding from the publication of the Human Genome Project

was that only 1-2% of the human genome encodes proteins (Collins et al., 2004;

Pheasant and Mattick, 2007). However, more recent work by Djebali et al. (2012)

showed that up to 74.7% of the genome was transcribed in any one of 15 human

cell lines analysed, with as much as 56.7% of the genome transcribed in one cell

line, and thus significant effort is being made to elucidate and ascribe function to

these non-coding RNAs, as reviewed by Palazzo and Lee (2015). The functions of

particular RNAs, for example ribosomal, transfer and certain small nuclear RNAs,

have long been known (Palade, 1955; Hoagland et al., 1958; Yang et al., 1981), but

other classes remained more enigmatic.
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Micro RNAs (miRNAs) are endogenous, non-coding single stranded RNA

molecules approximately 22 nucleotides (nt) in length, which act as potent regu-

lators of gene expression at the post-transcriptional level (Lau et al., 2001). This

regulation, in a process known as RNA interference (RNAi), occurs through the

binding of cognate mRNA sequences leading to either messenger destabilisation or

translational inhibition (Eichhorn et al., 2014).

The first miRNA discovered was the C. elegans gene lin-4, which was unex-

pectedly found not to encode a protein but instead short RNAs that affect develop-

mental timing by regulating expression of lin-14 through an antisense RNA:RNA

interaction (Lee et al., 1993). Such RNAs were thought to be restricted to nema-

tode worms until the discovery of lin-4 analogs in organisms of phyla as diverse as

molluscs, annelids (segmented worms), arthropods, hemichordates and vertebrates

(Pasquinelli et al., 2000). Thus the importance and evolutionary conservation of

such RNAs came to be recognised, and they were subsequently named miRNAs

(Lagos-Quintana et al., 2001; Lau et al., 2001). Now more than 30% of protein-

coding genes in mammals have been shown to be regulated by miRNAs (Kozomara

and Griffiths-Jones, 2011; Lewis et al., 2005), of which more than 2,300 have so far

been identified in humans (Alles et al., 2019).

1.1.1 miRNA biogenesis

The canonical miRNA biogenesis pathway, see figure 1.1, begins with transcription

of primary miRNAs (pri-miRNA), under the control of either their own promoter or

that of a parental gene, by RNA Polymerase II (Lee et al., 2004). Such pri-miRNAs,

which form hairpin structures and often contain several miRNA sequences (Altuvia,

2005), undergo substantial processing whilst in the nucleus by the microprocessor

complex containing the ribonuclease Drosha and its essential co-factor DiGeorge

syndrome critical region 8 (DGCR8). This processing generates hairpin miRNA

precursors (pre-miRNA) roughly 70nt in length with a characteristic 2nt 3’ over-

hang (Han et al., 2004). These hairpin pre-miRNAs are exported into the cytosol

by Exportin-5 (XPO5) in a GTP-dependent manner through recognition of this 3’
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overhang (Yi et al., 2003). Cytosolic pre-miRNAs are bound by the transactivation-

response RNA binding protein (TRBP) complexed with the ribonuclease Dicer1

(Chendrimada et al., 2005). Dicer1-mediated cleavage of the pre-miRNA results in

the generation of an imperfect RNA duplex approximately 22nt in length with 2nt

3’overhangs. Finally, one strand (the passenger strand) of this duplex is degraded

and the remaining strand (the guide strand) is bound by an Argonaute protein (AGO)

family member and loaded into the RNA induced silencing complex (RISC), which

thus becomes the miRISC (Gregory et al., 2005).

Several non-canonical miRNA biogenesis pathways have been identified, the

most prominent of which involves the generation of hairpin RNA Dicer substrates

from intronic sequences by the spliceosome, thus bypassing Drosha processing

(Ruby et al., 2007). Pre-miRNAs generated in such a manner are referred to as

mirtons, as reviewed by Ha and Kim (2014) and Westholm and Lai (2011).

1.1.2 miRNA function

1.1.2.1 Target recognition

The miRISC will be directed to target mRNAs by partial sequence homology be-

tween the mature miRNA guide sequence and cognate mRNAs. The rules govern-

ing mRNA target recognition are complex and often inconsistent across divergent

evolutionary space, as reviewed in Kim et al. (2017). Canonically, recognition re-

lies upon perfect complementarity of the 6-8nt miRNA ‘seed region’ (beginning

two nucleotides from the 5’ end) with a target sequence usually within the 3’ un-

translated region (UTR) of target mRNAs, with this association being stabilised by

imperfect pairing at the 5’ and 3’ ends (Kim et al., 2016). There are instances of per-

fect miRNA:mRNA complementarity being required for target suppression (Yekta

et al., 2004), but such examples are rare. Furthermore, in contravention of the usual

requirement of having perfect seed region complementarity, a class of miRNAs has

been identified which rely only on perfect homology between 11-12 contiguous nu-

cleotides at the centre of the miRNA, and do not require 5’ or 3’ compensatory

binding (Shin et al., 2010).
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Figure 1.1: Canonical miRNA biogenesis pathway. In animals, miRNAs are typically
transcribed by RNAPII as long primary miRNA transcripts (pri-miRNA),
which undergo significant processing by the microprocessor complex to form
precursor miRNAs (pre-miRNA). pre-miRNAs are exported into the cytosol by
Exportin 5 (XPO5) where they are further processed by Dicer. One strand of
the resultant mature miRNA (guide strand) is bound by AGO and loaded into
the miRISC. The passenger strand (miRNA*) is degraded.
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Whilst most miRNA target sites reside within the 3’UTR of target mRNAs,

this is not always the case. A significant proportion of binding sites appear to lie

within open reading frames and studies in a range of systems, for example Chi et al.

(2009a); Leung et al. (2011), have identified a large number of AGO-bound sites

in exons after CLIP assay (crosslinking and immunoprecipitation), a common tool

used to identify miRNA binding sites.

As many as 60% of human miRNA:mRNA interactions may involve non-

canonical binding, including nucleotide mismatches in the seed region (Helwak

et al., 2013). Whilst such interactions rarely appear to result in repression of tar-

get gene expression in mammals, this is not the case in other classes of organism

(Agarwal et al., 2015).

Computational prediction of miRNA:mRNA binding is a complex process

involving the analysis of miRNA-target interactions in experiments using high-

throughput sequencing, the identification of characteristic features of these inter-

actions and the use of machine learning approaches to predict other potential in-

teractions. Such tools have evolved rapidly over the years as our understanding of

the factors that underpin the process of miRNA-target interaction has expanded, as

reviewed in Rojo Arias and Busskamp (2019). The promiscuity of miRNA binding

means that miRNAs can often target hundreds of mRNAs, and similarly a single

mRNA can be targeted by a great many miRNAs, making functional analysis of

individual miRNAs difficult (Lim et al., 2005). Indeed, there is evidence to suggest

that there is a large false positive rate in miRNA target prediction, and many pre-

dicted interactions have little biological significance due to low dose-sensitivity of

target genes in experimental models (Pinzón et al., 2017).

1.1.2.2 Mechanisms of action

Early evidence indicated that miRNAs regulate gene expression through the re-

pression of target mRNA translation (Olsen and Ambros, 1999; Seggerson et al.,

2002). Two main mechanisms by which miRNAs promote the translational repres-

sion of target mRNAs have been described; either translation initiation is blocked

(Humphreys et al., 2005), or translation is later halted through the induction of ribo-
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somal drop-off (Maroney et al., 2006) or degradation of nascent peptides (Nottrott

et al., 2006).

However, much work has been done to investigate the mechanisms of miRNA-

mediated gene regulation, and destabilisation of target mRNAs is now known to

be the mechanism that accounts for most gene repression (Guo et al., 2010; Eich-

horn et al., 2014). Destabilisation principally involves recruitment of a CCR4-

NOT complex by miRISC member GW182 proteins (Behm-Ansmant et al., 2006).

This provides a docking platform by which deadenylases may gain access to tar-

get mRNA poly(A) tails, leading to deadenylation and subsequent exonucleolytic

digestion (Bagga et al., 2005; Wu et al., 2006; Eulalio et al., 2008; Braun et al.,

2011). Additionally, the recruited CCR4-NOT complex can also repress messenger

translation initiation.

Target repression by endonucleolytic cleavage by the RISC member protein

AGO2, is thought to be uncommon in mammals due to the requirement of having

full complementarity between the seed region and the cleavage site (Yekta et al.,

2004; Jung et al., 2017), which is rarely satisfied under non-experimental condi-

tions, as reviewed in Wilson and Doudna (2013). To complicate matters further,

there is some evidence to suggest that miRNA binding can actually promote target

translation in certain cases (Ørom et al., 2008; Mortensen et al., 2011; Vasudevan

et al., 2007), though such positive regulation of target expression is thought to be

exceedingly rare.

1.1.3 The myriad roles of miRNAs

The promiscuity of miRNA-mRNA targeting has a number of implications for

miRNA function. miRNAs often show a large degree of redundancy, which means

that depletion of individual miRNAs often results in no phenotypic consequence of

note. When miRNA depletion does result in an observable phenotype, it is often

difficult to identify the genes whose differential expression is responsible for this

phenotype as expression of many genes is often affected by a small amount, which

may not necessarily reach statistical significance (Vidigal and Ventura, 2015).
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However, the overall importance of miRNAs is confirmed by the fact that dele-

tion of Dicer1, Drosha, Dgcr8 or Ago2 results in murine embryonic lethality (Bern-

stein et al., 2003; Wang et al., 2007; Fukuda et al., 2007; Morita et al., 2007). A

growing number of in vivo miRNA knockout and overexpression studies have as-

cribed essential roles for miRNAs in myriad processes from the beginning to the end

of life, including developmental timing, organogenesis, terminal cell differentiation,

proliferation, homeostasis and apoptosis, (Giraldez et al., 2005; Rosa et al., 2009;

Wang et al., 2008; Alberti and Cochella, 2017). In section 1.4.2, I will describe in

detail the roles played by miRNAs in retinal development.

In addition, the role of miRNAs in disease aetiology and pathogenesis is being

increasingly recognised. Diseases in which miRNAs have been implicated include

many types of cancer, diabetes, cardiovascular disease, kidney and liver diseases, as

reviewed in Paul et al. (2018); Trionfini et al. (2015); Szabo and Bala (2013). Dys-

regulation of miRNA expression is associated with a number of retinal dystrophies,

which will be discussed further in section 1.5.1.

1.2 Structure and function of the human retina

Vision is the sense upon which humans rely most heavily and it depends upon the

correct morphology and functioning of a complex series of structures and tissues.

The retina is the light sensitive tissue which lines the inner surface of the back of

the eye and is responsible for the capture and transduction of light, focused onto the

retina by the cornea and lens, into neuronal impulses which are transmitted to the

visual cortex via the optic nerve (Kolb et al., 2019). Using the novel Golgi silver

stain method to visualise neurons, the pioneering work of Santiago Ramón y Cajal

provided the first modern histological examination and description of the vertebrate

retina and its cellular diversity (Ramon y Cajal S, 1888). In this section our current

understanding of the dazzling cellular diversity of the retina and how this tissue

functions, shall be summarised.
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1.2.1 Retinal structure

A recent census of retinal neurons described over 60 cell subtypes (Masland, 2012),

which can be classified into seven major cell types and which are arranged in a

highly ordered and conserved structure comprised of three layers of neurons sepa-

rated by two synaptic layers (Kolb et al., 2019). The outermost layer of the neural

retina is termed the outer nuclear layer (ONL) and is comprised of the cell bodies of

rod and cone photoreceptor cells (figure 1.2). Rod photoreceptors, which comprise

the second largest neuronal population in the body with approximately 92 million

rods in the human retina, are responsible for low-light or scotopic vision and pe-

ripheral vision (Curcio et al., 1990; Masland, 2012). Cone photoreceptors are out-

numbered by rods at a ratio of about 20:1 in humans and are predominatly localised

to the central retina where they are responsible for high-light or photopic vision,

colour and high acuity vision (Carroll, 2015). Together, photoreceptors make up

approximately 60% of all retinal cells in vertebrates (Li et al., 2015). Photoreceptor

cells share a common structure, but are morphologically and positionally distinct;

cone outer segments, modified cilia which extend apically from the cell body, are

appreciably shorter and thicker than rod outer segments and cone cell bodies lo-

calise to the most apical region of the outer nuclear layer (Fu et al., 1995).

The inner and outer nuclear layers are separated by the outer plexiform layer,

which is formed from the synaptic connections between the photoreceptors and

bipolar and horizontal cells. The inner nuclear layer (INL) is comprised of the

cell bodies of horizontal cells, amacrine cells, Müller glia and bipolar cells (Kolb

and Kissel, 2011). Bipolar cells are retinal interneurons which transmit infor-

mation from the photoreceptors to the inner retinal neurons. The other class of

retinal interneurons are the diverse amacrine cells, which have roles in mediat-

ing motion selectivity and modulating signal transmission from the photoreceptors

(Masland, 2012). The final population of cells in the inner nuclear layer are the

horizontal cells, which help mediate lateral inhibition of photoreceptors by provid-

ing inhibitory feedback to those photoreceptors around stimulated photoreceptors,

thereby increasing contrast and edge definition in vision (Masland, 2012). There
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Figure 1.2: Structure of the retina. RPE - retinal pigmented epithelium, OS - outer seg-
ments, IS - inner segments, OLM - outer limiting membrane, ONL - outer
nuclear layer, OPL - outer plexiform layer, INL - inner nuclear layer, IPL -
inner plexiform layer, GCL - ganglion cell layer, ILM - inner limiting mem-
brane. From left to right, cell types are as follows: RPE, Retinal ganglion
cell, Horizontal cell, Amacrine cell, Cone photoreceptor, Bipolar cell, Rod
photoreceptor, Muller cell. Figure modified from figure created by Ashwak
Alshehri.
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are numerous subtypes of the inner retinal neurons and their complex interplay and

functions in vision lie beyond the scope of this introduction.

The most basal retinal layer, which lies above the internal limiting membrane,

is comprised of the cell bodies of retinal ganglion cells and some displaced amacrine

cells. Information is transmitted to the retinal ganglion cells either directly by bipo-

lar cells, or by modulatory amacrine cells. The synapses between these cells form

the inner plexiform layer and the axons of the ganglion cells, along with brain-

derived glial cells (astrocytes), coalesce to form the optic nerve head which repre-

sents the terminal output of the retina (Kolb and Kissel, 2011).

Müller glia are the principal glial cells of the retina and play a number of sup-

portive roles for the neurons of the inner and outer nuclear layers and also help with

maintaining cellular architecture and mechanical tension across the retina (Iuvone,

2010). Whilst the cell bodies are found in the inner nuclear layer, these cells project

across the full thickness of the retina and contribute to the inner and outer limiting

membranes, which provide structural support (Kolb et al., 2019). The outer limit-

ing membrane forms at the base of photoreceptor inner segments and contains both

tight and adherens junctions (Omri et al., 2010).

The retinal pigmented epithelium (RPE) abuts the apical surface of the neu-

ral retina and partially interdigitate and envelop the photoreceptor outer segments.

These highly pigmented cells play a vital supportive role for the photoreceptors,

being responsible for phagocytosis of shed photoreceptor discs, the elimination of

metabolites and nutritional support (Kolb and Kissel, 2011).

The complexity of the eye is said to have given Darwin reason to doubt the

ability of natural selection to generate such structures. Whilst our current under-

standing of this complexity is now of course greatly increased, we are also aware of

a fascinating evolutionary quirk which would have given Darwin solace. The local-

isation of the photoreceptors to the apical surface of the retina necessitates that light

must pass through the full thickness of the retina before reaching the photosensitive

pigments and therefore the transmitted signal is attenuated to a certain degree. Fur-

thermore there is a great deal of molecular evidence linking structurally diverse eye
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forms to a common ancestor, such as the conserved functions of the PAX6 gene in

the development of the human, mouse, zebrafish and fruit fly eye (Callaerts et al.,

1997). This means that the structure of the retina could be considered somewhat

’imperfect’ and that these imperfections can be traced through evolutionary time,

providing strong evidence of evolution through natural selection.

1.2.2 Photoreceptor structure

As mentioned above, photoreceptors are responsible for visual transduction and

their complex cilliated structure, reflects this role. The G protein-coupled recep-

tor (GPCR) photopigments themselves (rhodopsin in rods and S, M and L-opsins

in cones) are housed in the plasma membrane disks stacked in photoreceptor outer

segments (figure 1.3). Some of the cells’ major organelles including Golgi appara-

tus and endoplasmic reticulum are housed in the inner segment, along with a large

number of mitochondria to satisfy the high energetic cost of phototransduction (Fu

et al., 1995).

Photoreceptor outer segments extend apically from the outer limiting mem-

brane into the sub-retinal space and the two segments are linked by a connecting

cillium through which significant protein trafficking occurs. A number of major

retinopathies, including Bardet-Biedl syndrome, Usher syndrome and certain forms

of Retinitis Pigmentosa, are caused by mutations in proteins associated with this

structure (Adams et al., 2007). Photoreceptor nuclei are contained within a cell

body located in the outer nuclear layer and their pedicles extend into the outer plex-

iform layer to synapse with bipolar and horizontal cells (Kolb et al., 2019).

Photoreceptors are extremely metabolically active cells and this fact, coupled

with their light exposure, highly oxygenated microenvironment and high concentra-

tion of lipids results in the generation of reactive oxygen species and the threat of ox-

idative stress (Mukherjee et al., 2007). Photoreceptor outer segments are continually

shed and renewed throughout life and it is believed that this shedding helps prevent

buildup of toxic compounds and reduce oxidative stress (Young, 1967; Wright et al.,

2010). This renewal process begins with nascent photopigment-laden disks being

synthesised at the basal tip of the segment and progressively displacing older disks



1.2. Structure and function of the human retina 36

towards the apical tip where disks are shed and phagocytosed by the enveloping

RPE cells (Young and Bok, 1969). In mature photoreceptors this process occurs at

a constant rate so that the outer segment length is maintained; mouse outer segment

disks are renewed at a rate of roughly 75 disks per day (Young, 1967). Discs are

synthesised through folding and invagination of the proximal outer segment plasma

membrane. In rods these structures are fully internalised as they move towards the

distal tip of the outer segment, but this is not the case in cones where they remain

continuous with the plasma membrane. The discs are laden with opsin proteins at

high and well conserved density, which improves the probability of light absorption.

Interestingly, deletion of opsins in mouse models results in failure of outer segment

formation, indicating that the opsins play a major structural role (Lem et al., 1999;

Greenwald et al., 2014).

1.2.3 Visual phototransduction

Visual phototransduction is the process by which visible electromagnetic radiation

is transformed into electrical impulses following light absorption by opsin proteins.

Four different opsin genes are found in human photoreceptors, which show peak

absorbance of different wavelengths of light. Rhodopsin shows peak absorbance

at 498nm whereas the cone opsins, S-opsin (OPN1SW), M-opsin (OPN1MW) and

L-opsin (OPN1LW), show peak absorbance at 420nm (blue light), 534nm (green

light), and 552nm (red light), respectively (Merbs and Nathans, 1992).

Photoreceptors have a high number of selective ion pumps and channels which

maintain a resting depolarised state in dark conditions, known as the ’dark current’

Hagins et al. (1970). This state is maintained by selective export of K+ ions, se-

lective import of Na+ ions through a cGMP-gated channel and the balancing action

of Na+/K+ ATPase pumps. This state of depolarisation stimulates voltage-gated Ca
2+ channels to open and the release of inhibitory glutamate into the synaptic cleft

shared with the bipolar cells of the inner nuclear layer (Kolb et al., 2019).

Phototransduction requires that opsin proteins, transported to photoreceptor

outer segment disks through the connecting cillium, be covalently bonded to the

chromophore 11-cis retinal, provided by the overlaying RPE. Absorption of a light
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Figure 1.3: Photoreceptor structure. Simplified schematic showing the structure of ma-
ture human rod and cone photoreceptor cells. The synaptic terminals are termed
spherules in rods and pedicles in cones.
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photon causes the isomerisation of 11-cis retinal into all-trans retinal and the re-

lease of the chromophore from the opsin, resulting in a conformational change into

the active form of the protein. This activation triggers a series of biochemical re-

actions which results in the hydrolysis of intracellular cGMP and the closure of

cGMP-gated Na+ channels. This in turn leads to hyperpolarisation of the cell and a

reduction in glutamate release (Arshavsky et al., 2002; Kolb et al., 2019).

All-trans retinal is re-isomerised into 11-cis retinal through a series of chemi-

cal reactions known as the ’visual cycle’ that take place in the RPE (Strauss, 2005).

Mutations in the genes involved in the process of all-trans retinal export and re-

isomerisation are often associated with RPE and photoreceptor degeneration, which

highlights the importance of RPE function in photoreceptor maintenance (Strauss,

2005; Wright et al., 2010).

1.3 Retinal development

1.3.1 Early eye development

The mammalian eye is formed from the complex interaction between the surface ec-

toderm, mesoderm and the neuroepithelium of the developing forebrain (Fuhrmann,

2010). Eye development begins with the specification, largely through the interplay

of overlapping Wnt and FGF gradients, of the eye field, a region of neuroepithe-

lium within the anterior neural plate. This region is separated into the bilateral

eye fields as a result of an Shh gradient emanating from the prechordal mesoderm;

failure of this process typically results in cyclopia (Chiang et al., 1996; England

et al., 2006). These signalling factors act synergistically with a number of cell-

intrinsic determinants, including prominent transcription factors RAX, SIX3, SIX6,

LHX2, TBX3 and PAX6 (Tucker et al., 2001; Hill et al., 1991; Fuhrmann, 2010).

Mutations in these genes are often associated with profound developmental defects

including micropthalmia, anopthalmia and coloboma, reviewed by Williamson and

FitzPatrick (2014) and Patel et al. (2020).

Following eye field specification, the neuroepithelium of the anterior neural

plate evaginates to form the optic vesicles (Müller and O’Rahilly, 1985). These
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Figure 1.4: Overview of eye development. (A)The optic vesicle is formed from an evagi-
nation of a region of the neuroepithelium specified as the presumptive eye field.
This comes into contact with the surface ectoderm to form the lens placode.
(B) The optic vesicle and lens placode invaginate concurrently to form the lens
vesicle and bilayered optic cup. (C) The outer layer of the optic cup develops
into the retinal pigmented epithelium whilst the inner layer develops into the
neural retina. Adapted from Ali and Sowden (2011).

structures will extend and make contact with the overlying surface ectoderm, an

interaction which is followed by the induction of the lens placode (figure 1.4). The

distal portion of the optic vesicle then invaginates with the lens placode to form the

lens vesicle and bilayered optic cup, the inner and outer layers of which will go

on to form the neural retina and retinal pigmented epithelium (RPE) respectively

(Viczian and Zuber, 2015). The lens itself is derived from the lens vesicle, after

it is pinched off and separates fully from the surface ectoderm. This invagination

process creates a hinge or marginal region in the distal optic cup, from which the

ciliary body and iris epithelium are later derived (Fuhrmann, 2010). The optic cup

fuses, leaving a small opening in the posterior, through which blood vessels pene-

trate the eye, termed the optic disk, before complete fissure closure is achieved later

in development (Patel and Sowden, 2019).

1.3.2 Retinogenesis

Neuronal cell birthing and specification in the vertebrate CNS proceeds in a stereo-

typed manner, with different neuronal subtypes being born in predictable temporal
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pattern (Angevine and Sidman, 1961; Butt et al., 2005). The retina has tradition-

ally served as a tractable model in which to study this process and the timetable of

retinal cell birthing is well characterised and well reviewed by Livesey and Cepko

(2001). A multipotent but heterogenous pool of PAX6+/VSX2+ Retinal Progeni-

tor Cells (RPCs) gives rise to distinct populations of early and late-born retinal cell

types (Liu et al., 1994; Marquardt et al., 2001). Retinal ganglion cells, horizontal

cells and cone photoreceptors comprise the early-born cell types whereas bipolar

cells, amacrine cells, rod photoreceptors as well as the Muller glia are born later in

retinal development (figure 1.6). RPC proliferation and multipotency depends upon

the continued expression of Notch pathway components, and inhibition of this path-

way leads to premature differentiation and depletion of the progenitor pool (Jadhav

et al., 2006a,b).

The multipotency of cycling RPCs was established in early in vivo lineage

tracing experiments (Turner and Cepko, 1988; Wetts and Fraser, 1988; Reese et al.,

1999). Co-culture of embryonic RPCs with postnatal rat retinal cells yielded re-

duced early-born cell types, and late stage RPCs co-cultured with embryonic retinal

cells did not give rise to early-born cells, indicating the changing competency of

RPCs over time (Belliveau and Cepko, 1999; Belliveau et al., 2000).

More recently, gene expression studies and further lineage-tracing experiments

have identified distinct sub-populations of RPCs with restricted competence and

varied expression of a number of transcription factors, including OLIG2, SOX9,

ASCL1 and PRDM1 (Trimarchi et al., 2008). Clonal analysis in mouse retinae

showed that Olig2+ and Prdm1+ RPCs were capable of generating all retinal cell

types except for Müller glia and ganglion cells (Hafler et al., 2012; Brzezinski et al.,

2013), and that Ascl1+ RPCs could give rise to all cell types except for ganglion

cells (Brzezinski et al., 2011). The Olig2+ population were shown to produce pre-

dominantly cones and horizontal cells in embryonic mice retinae, but predominantly

rods and amacrine cells in the postnatal mice (Hafler et al., 2012). Furthermore,

it has been shown that mouse RPCs from early developmental-stage retinae were

sensitive to epidermal growth factor, but that later RPCs were not (Lillien, 1995;
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Figure 1.5: Timeline of murine retinogenesis. Vertebrate retinogenesis proceeds in a
stereotyped and conserved manner, with the seven major retinal cell types be-
ing generated by multipotent progenitors. The area under the curve represents
the relative amount of cell birthing, determined by lineage tracing experiments
performed using BrdU. Adapted from Young (1985a).
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Anchan et al., 1991).

These experiments indicate that RPC cell fate commitment is governed by a dy-

namic combination of extrinsic factors such as signalling molecules which change

with temporal context, and intrinsic biases conferred by RPC developmental stage

and the expression of key genes, predominantly transcription factors. The exact in-

terplay of factors which govern this process remains unclear, and investigation into

human retinogenesis and the mechanisms that control developmental time and the

timing of cell birth has been hindered by the dearth of available research material.

1.3.3 Photoreceptor development

As with the other retinal cell types, photoreceptors are derived from cycling retinal

progenitor cells. During their terminal cell division key transcription factors control

the transition to post-mitotic photoreceptor precursor cells, and further genes acti-

vate photoreceptor sub-type-specific gene expression programs. Several key tran-

scription factors have been identified which influence the progressive fate restriction

during photoreceptor development, but our understanding of how these intrinsic fac-

tors interact to specify photoreceptor sub-types, and what roles extrinsic factors play

in this process, remain incomplete (Brzezinski and Reh, 2015).

In the developing human foetal retina, rod photoreceptors are first distinguish-

able by 10.5 weeks post conception (PCW), as determined by immunoreactivity for

rod-specific markers NRL and NR2E3 (Hendrickson et al., 2008a). By contrast,

to date no studies have been able to pinpoint when specification of human cones

begins, but cones are recognisable by 8 PCW in human foetal retinal sections and

an outer nuclear layer is observable from embryonic day 33 in rhesus monkeys, a

time point deemed equivalent to human 7.5 PCW (Hendrickson, 2016; la Vail et al.,

1991).

In terminally dividing retinal progenitor cells in which Notch signaling has

ceased (Jadhav et al., 2006a), expression of OTX2 is activated by the binding of

RAX protein to a key OTX2 upstream enhancer element. OTX2 expression is re-

pressed in mouse retinal progenitor cells through the regulation of an upstream

enhancer region by Notch-HES signaling (Muranishi et al., 2011), and transient
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inhibition of Notch signaling in cultured chick retinae increased OTX2 expression

and photoreceptor number (Nelson et al., 2007). Otx2 deletion results in mouse

retinae lacking both photoreceptors and bipolar cells, whereas overexpression leads

to an over abundance of photoreceptors (Nishida et al., 2003). OTX2 itself regu-

lates expression of other key determinants of photoreceptor fate, including PRDM1

(Nishida et al., 2003; Brzezinski IV et al., 2010). Prdm1 knockout mice generate

excess bipolar cells at the expense of photoreceptors (Brzezinski IV et al., 2010),

and these data indicate that OTX2 expression confers photoreceptor and bipolar cell

competence to terminally dividing retinal progenitor cells and that Prdm1 acts to

promote a photoreceptor identity in Otx2+ cells.

Another OTX2 target is Cone rod homeobox gene (CRX), which has been

shown to coordinate expression of large numbers of photoreceptor genes. Whilst

Crx-null mice do generate photoreceptors, these cells fail to upregulate key pho-

toreceptor markers or grow outer segments and exhibit progressive degeneration

(Furukawa et al., 1997; Corbo et al., 2010; Chen et al., 1997; Furukawa et al., 1999).

In humans, CRX mutations are associated with two retinopathies with different de-

generative photoreceptor phenotypes, cone-rod dystrophy 2 and Leber’s congenital

amaurosis 7 (Swain et al., 1997; Freund et al., 1997).

The process of photoreceptor sub-type specification is thought to largely take

place in post-mitotic OTX2+/CRX+ photoreceptor precursors. The RORβ gene is

expressed by retinal progenitor cells and photoreceptor precursors and, in conjunc-

tion with OTX2, is required for the expression of the Neural retina leucine zipper

(NRL) gene, which can be considered as the ultimate determinant of rod identity

(Akimoto et al., 2006; Kautzmann et al., 2011). Functional NRL is required for

the activation of NR2E3, which in turn is required for activation of key rod genes

including Rhodopsin (RHO), and the repression of cone genes including S-opsin

(OPN1SW) (Cheng et al., 2004, 2006). In mice loss of Nrl results in a retina dom-

inated by S-opsin-expressing pseudo-cones and a complete absence of rods (Mears

et al., 2001). Understanding of these pathways in human photoreceptor specification

is incomplete and has relied on human molecular genetic studies. Work to which
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Figure 1.6: Overview of photoreceptor specification. The transcriptional dominance
model of photoreceptor specification suggests that all photoreceptors are de-
rived from a common pool of bipotent post-mitotic precursors, that the default
photoreceptor sub-type is the S-cone and that expression of cell fate determi-
nants, such as NRL (rods) and THRβ (L/M cones) are required for sub-type
specification. Major transcription factors and markers are labelled in pink.
Adapted from Swaroop et al. (2010)

this author contributed used human pluripotent stem cell-derived retinal organoids

(also referred to as optic vesicles or OVs) to investigate NRL function is described

in Cuevas et al. (2021).

Less is known about cone specification than rod specification and understand-
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ing has been hindered by the fact that whilst human cones express one of three

opsins (S, M or L-opsin), mouse cones only express two opsins (S and M-opsin)

and both are typically expressed together, but at different levels in S and M-cones

(Applebury et al., 2000). Two important transcription factors have been implicated

in cone sub-type specification: THRβ2 and RXRγ . Mice lacking these genes exhibit

inverse phenotypes; Thrb knockout mice only generate S-cones and lack M-opsin

(Ng et al., 2001), and Rxrg knockout mice exhibit normal M-opsin expression but

increased S-opsin expression in all cones (Roberts et al., 2005). Additionally, in hu-

man retinal organoids lacking THRβ , all cones developed into S-cones and enzymes

responsible for the degradation of THRβ agonist Thyroid hormone, were expressed

early in development but not after S-cone specification (Eldred et al., 2018). These

phenotypes indicate that M-cones require the activity of both THRβ2 to support M-

cone identity, and RXRγ to suppress S-cone identity, and that neither of these genes

are required for cone specification.

The question of how cones are specified remains largely unanswered. It is pos-

sible that key cone determinants, which might perform the same role that NRL does

in rods, remain undiscovered, or alternatively that, as the transcriptional dominance

model suggests, cones represent the default photoreceptor pathway. Alternatively, it

is possible that cone specification depends on the combinatorial expression of sev-

eral non-lineage specific transcription factors such as OLIG2, NEUROD1, ASCL1

and ONECUT1, all of which are expressed in all, or a subset of OTX2+ cells (Tomita

et al., 1996; Emerson et al., 2013). Notably, disruption of these genes individually

does not result in loss of cones, although Onecut1 and Neurod1 deletion does lead

to reduced cone numbers and a lack of M-cones, respectively (Sapkota et al., 2014;

Liu et al., 2008).

In addition to the known genetic regulators of photoreceptor development, a

number of extrinsic factors have also been shown to influence differentiation, but

their mechanisms of action remain largely unclear. The amino acid taurine is known

to be present in the retina at high concentration (Cohen et al., 1973), and kittens

gestated in a taurine deficient mothers exhibit retinal defects (Sturman et al., 1985).
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Altshuler et al. (1993) showed that taurine increased rod cell numbers in cultured

neonatal rat retinae and Young and Cepko (2004) built on this work with a ele-

gant series of experiments to show that taurine appears to have both intracellular

and extracellular signaling functions which promote and preserve rod photorecep-

tor identity, and Gaucher et al. (2012) showed that taurine deficiency results in cone

dysfunction and degeneration. Furthermore, loss of the taurine-upregulated gene

TUG1 results in degeneration of photoreceptor outer segments and an increase in

the number of cones at the expense of rods (Young et al., 2005). Other extrin-

sic factors including Shh, retinoic acid, and activin have been shown to increase

photoreceptor number and marker expression in certain in vitro and in vivo mouse

models (Levine et al., 1997; Kelley et al., 1994, 1999; Davis et al., 2000; Bertacchi

et al., 2015).

1.4 Retinal miRNAs
miRNAs are known to play to important roles in a wide range of developmental pro-

cesses, from gastrulation to cardiogenesis (Rosa et al., 2009; Zhao et al., 2005), and

since the discovery that hundreds of miRNAs are dynamically expressed throughout

the retina (Lagos-Quintana et al., 2003; Xu et al., 2007; Karali et al., 2010), much

work has been done in recent years to elucidate the role of these miRNAs in retinal

development, homeostasis and disease.

1.4.1 miRNA requirement for retinal cell survival

A number of studies have illustrated the requirement for miRNA expression in the

maintenance and survival of retinal cells using mouse models in which miRNA bio-

genesis was blocked through conditional Cre/Lox-mediated Dicer ablation (cKO)

using different retinal cell-specific Cre drivers. For instance Dicer1 cKO using

a pan-RPC-expressed Dkk3-Cre (retinal progenitor cell), lead to micropthalmia

and severe morphological disruption in mice due to RPC death (Iida et al., 2011).

Micropthalmia was also observed in Xenopus laevis dicer morphants and Rx-Cre

Dicer1 cKO mice (Pinter and Hindges, 2010; Decembrini et al., 2008). These Rx-

Cre mice showed a milder phenotype than Dkk3-Cre mice, with the presence of a
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distinct retinal ganglion cell layer and an apparently unaffected optic disc and optic

nerve head, but aberrant ganglion cell axon projection, indicating miRNA involve-

ment in axon guidance.

Dicer cKO strategies have also been used to illustrate the requirement for

miRNA expression in photoreceptor survival. Sundermeier et al. (2014) gener-

ated Dicer1 cKO mice using a fragment of the mouse rod photoreceptor-specific

Rhodopsin promoter as a Cre driver and observed aggressive post natal photore-

ceptor death. Whether miRNAs are also needed for cone development and survival

was investigated using a similar approach to which this author contributed, and is

described in Aldunate et al. (2019).

Together these global miRNA KO studies indicate the general importance of

miRNAs in retinal development and cellular homeostasis, as well as the merit of

the cKO approach, but significant effort has also been made to elucidate the roles of

specific miRNAs in these processes. For instance, Wohl et al. (2017) interrogated

miRNA function in Müller glia using a tamoxifen-inducible Müller glia -specific

Rlbp1 promoter-Cre Dicer1 cKO mouse line. cKO mice exhibited a complex phe-

notype; initially numbers of Müller glia increased following Dicer1 ablation and

exhibited ectopic localisation, but after 6 months Müller glia were lost and also

formed large aggregates which severely disrupted retinal architecture and were ac-

companied by a loss in visual acuity and massive loss of photoreceptors. The most

highly upregulated gene in cKO was Bcan, a target of miR-9, which the authors

had previously identified as being specifically and highly expressed in Müller glia

in the postnatal murine retina (Wohl and Reh, 2016). MiR-9 treatment partially

rescued the cKO phenotype and reduced Bcan expression, indicating miR-9, and

possibly other undiscovered miRNAs, are required for Müller glia survival and for

maintenance of retinal architecture.

1.4.1.1 Apoptosis-related retinal miRNAs

One of the most well studied human miRNAs is miR-124, which is known to target

a number of pro-apoptotic genes and is expressed across the central nervous sys-

tem (Lagos-Quintana et al., 2002; Sun et al., 2013; Che et al., 2019). miR-124 is
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expression is observed throughout the neural retina but most strongly observed in

photoreceptors (Karali et al., 2010). Humans and mice have three miR-124 paralogs

which has hindered the generation of knockout models, but recently Kutsche et al.

(2018) generated a full miR-124-null human iPSC line and showed that KO iPSC-

derived neurons exhibited reduced viability. Furthermore, a mouse knockout model

of miR-124a-1, the paralog most highly expressed in the murine retina, exhibited

mislocalisation of cone nuclei within the outer nuclear layer, reduced expression of

cone gene expression, impaired elctroretinogram results and increased cone apop-

tosis (Sanuki et al., 2011). As mentioned above, conditional deletion of Dicer1 in

mouse cones lead to cone degeneration (Aldunate et al., 2019), but interestingly,

disruption of miRNA biogenesis in adult mouse cones through conditional ablation

of Dgcr8 did not lead to cone cell death (Busskamp et al., 2014). This indicates that

miR-124 activity is required during development but not thereafter.

Another example of anti-apoptotic miRNA activity in the developing retina is

miR-24a. Inhibition of this miR in Xenopus retinae resulted in micropthalmia as a

result of increased RPC apoptosis, which was likely due to increased expression of

miR-24a target genes and pro-apoptotic factors apaf-1 and caspase9 (Walker and

Harland, 2009). Dysregulation of miRNA expression is commonly associated with

retinopathies, and dysregulation of apoptosis-related miRNAs in retinal disease will

be discussed in section 1.5.1.

1.4.2 miRNAs in retinal development

1.4.2.1 miRNAs and the timing of retinal histogenesis

As described above in figure 1.6 retinal histogenesis proceeds in a stereotyped, con-

served and sequential manner from a multipotent pool of RPCs with varying and

restricted competence, and miRNAs have been implicated in this potency restric-

tion and in playing a role in controlling the timing of retinal histogenesis. Dicer

deletion using a Pax6-Cre lead to a disruption of the relative number of retinal cell

types, with an excess of early-born horizontal cells and retinal ganglion cells, and

a dearth of late progenitor cells leading to an absence of rod photoreceptors and

müller glia in postnatal mice (Georgi and Reh, 2010). La Torre et al. (2013) inter-
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rogated this phenotype and showed by miRNA array that expression of miR-125,

miR-9 and let-7 increases across progenitor maturation and that overexpression of

these miRs was sufficient to rescue the Dicer cKO phenotype, allowing the matu-

ration of Ascl1-expressing progenitor cells and the differentiation of late-born cell

types.

Bipolar cells are born from slowly-cycling late progenitor cells and their spec-

ification requires the activity of transcription factors Xotx2 and Xvsx1 in Xenopus.

Decembrini et al. (2009) demonstrated that translation, but not transcription, of

these genes was inhibited in early progenitor cells, indicating that translation of

these genes was regulated by miRNAs. The authors screened for highly expressed

miRNAs that were regulated through development and target Xotx2 and Xvsx1, and

showed that antisense oligonucleotide-based inactivation of four miRNAs identified

in this screen (miRs 155, 214, 222 and 129) resulted in increased bipolar cell num-

ber. These data implicate miRNAs as playing key roles in retinal progenitor cell

cycle length and competence.

1.4.2.2 miRNAs in early eye development

The first miRNA mutation identified to cause a human retinal clinical phenotype

was of miR-204. Conte et al. (2015) demonstrated that a mutation in the seed re-

gion of miR-204 caused coloboma and retinal dystrophy after analysis of a five-

generation pedigree, and that a miR-204-Meis2-Pax6 regulatory axis plays a key

role in the early patterning of the optic cup. Overexpression of this mutant form of

miR-204 in the Medaka fish recapitulated the human phenotype. miR-204 has been

shown to regulate expression of PAX6, a ‘master regulator’ of eye development,

through targeting of the MEIS2 transcription factor (Conte et al., 2010). Further-

more, miR-204 has recently been shown to play an important role in homeostasis of

murine and human RPE and photoreceptors through regulation of phagolysosomal

activity during outer segment shedding and phagocytosis (Zhang et al., 2019).
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1.4.3 miR-182/96/183 Sensory Cluster

The miR-182/96/183 Sensory Cluster miRNA family (hereafter the Sensory Cluster

), plays numerous roles in human development, cellular homeostasis and disease,

which are best reviewed by Dambal et al. (2015). There is evidence to suggest that

the Sensory Cluster is an important factor in photoreceptor development, which will

be described here. Chapter 5 details efforts to elucidate Sensory Cluster function in

human photoreceptor development.

The cluster is comprised of three separate miRNAs which are transcribed as

one large polycistronic 4kb pri-miRNA (Xu et al., 2007). These miRNAs were dis-

covered by different groups, with Lagos-Quintana et al. (2003) identifying miRs

182 and 183 in the developing murine retina, and miR-96 being identified in a

ribosomal-interacting RNA screen in HeLa cells (Mourelatos et al., 2002). Al-

though the chromosomal location and intergenic distance varies between species,

the relative order of the Sensory Cluster miRs, as well as the miRNA sequences

themselves, show a high degree of evolutionary conservation; orthologs are ex-

pressed in sensory tissues of organisms separated by roughly 600 million years of

evolutionary time, from mammals to protostomes, which highlights the importance

of these genes (Sempere et al., 2006; Pierce et al., 2008).

Expression of the Sensory Cluster is observed in numerous murine sensory

tissues, including the olfactory, cochlear and vestibular epithelia (Lagos-Quintana

et al., 2003; Weston et al., 2011; Fan et al., 2017), and neural retina, where ex-

pression is highest in photoreceptors but also observed in inner retinal neurons (Jin

et al., 2009; Krol et al., 2010). Indeed, Busskamp et al. (2014) used small RNA

sequencing to show that miR-182 comprised 64% of all miRNA transcripts in P60

mouse cone photoreceptors. The Sensory Cluster is known to play important sen-

sory roles in different tissues and also in disease contexts and cancer in particular;

these functions lie beyond the scope of this introduction and will not be discussed

here.

Sensory Cluster expression in the mouse retina increases across development,

with the sharpest increase observed perinatally (Xu et al., 2007; Fan et al., 2017).
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Disruption System Phenotype Reference

KD by tough decoy hiPSC-derived Expanded neuroepithelium Peskova et., 2020. Stem Cells
miR-182/96/183 retinal organoids Upregulation of neural and

retinal specific genes

Deletion by CRISPR Mus muculus Impaired ERG response Zhang et al,. 2020. Visual
miR-183 Neuroscience

Deletion by HR Mus muculus Impaired ERG response Wu et al,. 2019. IPVS
miR-182 Susceptibility to light damage

Reduced phototransduction gene
expression

Deletion by CRISPR Danio rerio No retinal phenotype observed Fogerty et al., 2019. Sci. rep
miR-182/96/183 Acute hair cell degeneration

Loss of mechanosensation

Deletion by HR Mus musculus Dislocated cone nuclei Xiang et al., 2017. PNAS
miR-96/183 Postnatal ONL thinning

Outer segment shortening
Impaired ERG response

Deletion by HR Mus musculus Sensory epithelial impairment Fan et al., 2017. PNAS
miR-182/96/183 Dislocated cone nuclei

Impaired photoreceptor maturation
Postnatal ONL thinning
Olfactory sensory neuron deficit

Gene trap Mus musculus Altered ERG response Lumayag et al., 2013. PNAS
miR-182/96/183 Postnatal ONL thinning

Susceptibility to light damage
Ribbon synapse defects

Transgenic sponge Mus musculus Susceptibility to light damage Zhu et al., 2011. JBC
miR-182/96/183

Morpholino Xenopus laevis Eye malformation Gessert et al., 2010. Dev. Bio
miR-96 Reduced Pax6 expression

Deletion by HR Mus musculus No significant phenotype observed Jin et al., 2009. Mol. Vision
miR-182

Table 1.1: Relevant Sensory Cluster KO models developed to date. A number of stud-
ies been published in which the effect of Sensory Cluster loss-of-function on
non-retinal tissues and in non-retinopathic disease contexts have been examined.
Only studies which investigated a retinal phenotype have been included in this
summary table. KD - knockdown. HR - homologous recombination.

This period coincides with period of late cone birthing, peak rod birthing and pho-

toreceptor maturation (Young, 1985b). This fact, coupled with the spatial expres-

sion pattern, suggests a role for the Sensory Cluster in retinal progenitor cell termi-

nal division and photoreceptor maturation. However, the role of the Sensory Cluster

in the retina is imperfectly understood, and a number of studies have utilised loss-

of-function strategies, to investigate Sensory Cluster function, with inconsistent re-

sults, as can be seen in table 1.1.

In Xenopus, miR-96 morphants exhibit gross eye malformation (Gessert et al.,
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2010), however miR-96 mutation does not give an eye phenotype in mice or hu-

mans, but instead causes non-syndromic hearing loss (Lewis et al., 2009; Mencı́a

et al., 2009; Soldà et al., 2012). Whilst deletion of miR-182 is not associated with

any morphological or apparent hisotological phenotype (Jin et al., 2009), it has been

shown to cause altered electroretinogram results, reduced expression of certain pho-

toreceptor genes and increased susceptibility to light damage (Wu et al., 2019).

Increased susceptibility to light damage was also observed in miR-182/96/183

transgenic sponge mice, which used sponge constructs containing multiple Sen-

sory Cluster binding sites to sequester the miRNAs (Zhu et al., 2011), and miR-

182/96/183 gene trap mice (Lumayag et al., 2013). Together these data suggest

a cytoprotective role for miR-182 and possibly the whole Sensory Cluster. Gene

trap mice also exhibited altered electroretinogram responses, progressive post natal

degeneration and decreased expression of photoreceptor ribbon synapse markers,

determined by immunohistochemistry (IHC). Furthermore, Gene Set Enrichment

Analysis (GSEA) of bulk RNA sequencing revealed enrichment of synapse-related

gene sets (Lumayag et al., 2013). Defects in photoreceptor ribbon synapses have not

been reported in other models, which suggests that this phenotype may be unique

to the genetic background used in this study.

A recent miR-183/96 double-KO mouse model exhibited a cone maturation

defect; cone nuclei localised to the inner region of the retinal outer nuclear layer

(ONL), to which photoreceptor nuclei localise, and had shortened outer segments

and the ONL thinned over time indicating loss of photoreceptors (Xiang et al.,

2017). Cone nuclear mislocalisation was also observed in a complete sensory clus-

ter KO mouse, but in addition, both rod and cone photoreceptors showed shortened

outer segments and reduced expression of maturation markers (Fan et al., 2017),

which preceded outer nuclear layer thinning, again suggesting roles for the Sensory

Cluster in photoreceptor maturation and homeostasis. Immunostaining for PKCα , a

marker of ON-bipolar cells and predicted Sensory Cluster target, was more intense

in knockout retinas, which indicates that Sensory Cluster loss may affect bipolar

cells. As well as the retinal phenotype, knockout mice also exhibited severe olfac-
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tory, vestibular and auditory deficits.

The requirement for Sensory Cluster expression in photoreceptor homeostasis

was perhaps most elegantly illustrated by Busskamp et al. (2014), who showed that

mouse cone cell-specific loss of all miRNA expression, through conditional knock-

out of essential miRNA biogenesis pathway component DGCR8, lead to loss of

cone genetic identity and shortening of cone outer segments. This phenotype was

rescued through the AAV-mediated selective reexpression of miRs 182 and 183,

which were also shown to be required and sufficient to promote photoreceptor seg-

ment growth, light responses and expression of outer segment-associated protein

Peripherin in mouse ESC-derived retinal organoids. Together, these data indicate

that in the mouse model the Sensory Cluster is required for photoreceptor mainte-

nance and involved in photoreceptor maturation, however the pathways by which

the Sensory Cluster exerts its influence remain unclear.

Another piece of evidence which points to the Sensory Cluster as playing in-

teresting roles in securing photoreceptor identity is provided by Davari et al. (2017),

who showed that ectopic expression of the Sensory Cluster in primary human RPE

cultures lead to significant transcriptional and translational upregulation of rod pho-

toreceptor markers NRL, OTX2, CRX and RHO.

There are also data to suggest that the Sensory Cluster plays an important role

in retinal morphogenesis. Krol and Roska (2015) demonstrated a role for the Sen-

sory Cluster in determining the relative thicknesses of the mouse inner and outer

nuclear layers by manipulating the timing of Sensory Cluster expression, and show-

ing that this phenotype was due to Sensory Cluster -mediated regulation of outer

limiting membrane component Crb1. The numbers of different retinal cell types

was unaffected, indicating a role for the Sensory Cluster in mouse retinal architec-

ture, but not cell specification.

1.5 Inherited Retinal Dystrophies
Inherited retinal dystrophies (IRDs) represent a broad and varied group of progres-

sive diseases which result in retinal or RPE cell death and blindness (Henderson,
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2020). IRDs are characterised by low incidence, with up to 1 in every 2-4000

people affected in Northern Europe (Krumpaszky et al., 1999; Haim, 2002; Har-

tong et al., 2006), and high genotypic and phenotypic heterogeneity, with a total of

271 causative genes having been identified to date (https://sph.uth.edu/retnet/sum-

dis.htm; accessed 29/6/20). Clinical classification criteria for IRDs include disease

progression and a number of IRDs, for example achromatopsia and congenital sta-

tionary night blindness typically present as stationary conditions, whereas Stargardt

disease, cone-rod dystrophy and retinitis pigmentosa (RP) are progressive (Cremers

et al., 2018). Primary affected cell type represents an additional classification crite-

rion. Cone-rod dystrophy and Stargardt disease are both characterised by progres-

sive loss of cones and subsequent loss of rod photoreceptors (Sahel et al., 2015),

resulting in loss of central vision progressing to the mid-periphery. Late-stage pro-

gressive IRDs are difficult to diagnose due to significant loss of both photoreceptor

types (Duncan et al., 2018). There are currently no effective treatments for IRDs.

The most common single IRD is RP, which affects between one in every

3000-5000 individuals globally (Hartong et al., 2006). The genetics of RP are

complex, with over 80 genes and loci having been implicated and with X-linked,

autosomal-dominant and autosomal-recessive forms recognised. Some of the most

genes which most commonly cause RP are rhodopsin (RHO), usherin (USH2A) and

retinitis pigmentosa GTPase regulator (RPGR) (Wright et al., 2010). RP is also ob-

served in several syndromic conditions, such as Usher, Bardet-Biedl and Alport’s

syndrome. Patients with RP typically present with tunnel vision and night blindness

due to rod photoreceptor death preceding cone death. In RP cone death is generally

indirect and secondary to rod degeneration, which results in a loss of essential sup-

portive factors such as rod-derived cone viability factor (RdCVF) (Krol and Roska,

2015).

RP, as is generally true with IRDs, is initially characterised by outer seg-

ment degeneration followed by photoreceptor death, generally through apoptosis

or necroptosis (Phelan and Bok, 2000; Chinskey et al., 2014). This pattern, despite

the high genetic heterogeneity of the disease, represents a common degenerative
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pathway and a potential common point of therapeutic intervention. Analysis of the

genes responsible for RP reveals that they generally encode proteins involved in di-

verse processes, including photoreceptor/RPE-specific processes such as the visual

cycle, cellular trafficking, phototransduction cascade and outer segment structure

(Hartong et al., 2006; Sancho-Pelluz et al., 2008; Sahel et al., 2015). Interestingly,

mutations in ubiquitously expressed genes can also cause RP, and in the case of pre-

mRNA splice factors PRPF31, PRPF31, and PRPF8, mutation only gives a retinal

phenotype (Martı́nez-Gimeno et al., 2003). It has been suggested that is due to the

fact that photoreceptors are inherently stressed cells due to their susceptibility to

oxidative stress, and are less resistant to perturbation than other cells types, which

highlights the complex nature of photoreceptor identity and function.

1.5.1 miRNA involvement in retinal dystrophies

Dysregulation of miRNA expression is associated with a number of retinal dystro-

phies. Loscher et al. (2008) examined miRNA expression in four different mouse

models of retinitis pigmentosa using qPCR and a miR microarray and observed a

common pattern of Sensory Cluster downregulation and upregulation of miRs-1,

-133 and -142 (Loscher et al., 2007). This study was limited however by the biased

nature of the investigation and the fact that only one time point was used. More

recently, Anasagasti et al. (2018) used miR microarrays to identify 150 miRNAs

which were dysregulated in rd10 retinitis pigmentosa model mice, at timepoints

that were pre-, peri- and post-onset of degeneration. MiRs which were dysregu-

lated before onset of photoreceptor degeneration are potentially involved in disease

aetiology, but it is probable that loss of certain miRNAs was just due to loss of pho-

toreceptors. MiRNA dysregulation has also been observed in four canine models of

retinitis pigmentosa (Genini et al., 2014). Although there was little overlap in the

miRNA species identified in the murine and canine models, these data do indicate

that miRNA dysregulation is a hallmark of genetic retinal degenerative disorders.

Additionally, dysregulation of miRNAs has also been observed in a range of other

retinopathies including retinoblastoma, age-related macular degeneration and dia-

betic retinopathy (Askou et al., 2018; Yang, 2015; Platania et al., 2019).
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In addition to the global disruption of miRNA expression observed in the stud-

ies described above, three miRNAs have been shown to cause human genetic sen-

sory diseases and which exhibit a simple Mendelian inheritance pattern; as de-

scribed above, a dominant mutation in the seed region of miR-204 was shown to

be responsible for coloboma and photoreceptor degeneration observed in a five-

generation British family (Conte et al., 2015), miR-184 mutation has been shown

to cause familial keratoconus (corneal thinning) and cataracts (Hughes et al., 2011;

Lechner et al., 2013; Abu-Amero et al., 2015), and mutations in the seed region

of miR-96 have been identified as causing non-syndromic progressive hearing loss

(Mencı́a et al., 2009).

1.6 Retinal organoid technology

The ability to generate retinal cells and tissue in vitro holds enormous value, both

as a tool to study retinal development, for disease modeling and as a potential cell

source for cell-replacement therapies to treat retinal degenerative disease. Animal

models have traditionally been used to dissect the mechanisms involved in retinal

development and disease (Kostic and Arsenijevic, 2016), but certain diseases evade

animal modeling and inter-species differences in eye size, photoreceptor morphol-

ogy and the relative abundance of retinal cell types (for example mice are nocturnal

and thus have a higher rod:cone ratio than humans) renders animal models insuffi-

cient.

Many protocols exist to generate retinal cells, including photoreceptors, RPE

and retinal ganglion cells, from both murine and human PSCs in two-dimensional

(2D) culture (Klimanskaya et al., 2004; Lamba et al., 2006; Osakada et al., 2008).

Differentiation protocols typically rely upon directing PSC differentiation in vitro

using a cocktail of small molecules or growth factors to mimic the known in vivo

retinogenic cues and recapitulate the normal path of development. The first step

is neural induction, which often involves allowing PSCs to form suspended aggre-

gates, termed embryoid bodies, which are dissociated and re-plated as a monolayer.

This is typically followed by the step-wise addition of retinogenic factors and is



1.6. Retinal organoid technology 57

exhaustively reviewed by Zhao et al. (2017).

As described in section 1.3.1, the development of the human eye is a complex

process involving reciprocal inductive cues from overlapping tissues and gross mor-

phological change. The prospect of such a process being recapitulated in vitro in

the absence of supportive tissues was once considered fantastical. In recent years

however, the rise of organoid technology has demonstrated the remarkable capac-

ity for three-dimensional (3D) self-organisation exhibited by pluripotent stem cells

(PSCs) during directed differentiation. Pioneering work from the Sasai lab ele-

gantly demonstrated the potential to generate self-organising retinal organoids from

mouse and human PSCs (Eiraku et al., 2011; Nakano et al., 2012). These organoids

recapitulate not only the major morphological events leading to the formation of

the bilayered optic cup, but also the stratification of the neural retina, the presence

of major retinal cell types (including RPE, rod and cone photoreceptors, and inner

retinal neurons amacrine, bipolar, horizontal and retinal ganglion cells) the relative

timing of retinal histogenesis and the orientation of the apical-basal polarity ob-

served in vivo. Mature photoreceptors with well-formed outer-segments, the most

desirable cell type from a therapeutic point of view, have proved difficult to generate

using 2D culture and thus it is hoped that the more complex cellular environment

and architecture present in 3D culture systems offer a more promising culture sys-

tem which can support advanced maturation.

The self-organised optic cups generated using human ESCs by the Sasai group

contained 40-78% photoreceptors with inner segments and connecting cilia, but

lacking well-defined outer segments, after 43 days of culture. This was achieved

by creating embryoid bodies from a defined number of hESCs (9000 cells), supple-

menting media with 10% foetal bovine serum (FBS) and extracellular matrix com-

ponent mix Matrigel, and treating, at the appropriate time, with Hedgehog pathway

agonist SAG and the Wnt agonist CHIR99021 (Nakano et al., 2012). As described

above, Wnt inhibition induces the anterior neural plate, but has also been shown to

be important for RPE formation (Capowski et al., 2016; Fuhrmann, 2008). Pho-

toreceptor differentiation was promoted by DAPT treatment and organoids were
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cultured in suspension throughout (Nakano et al., 2012).

A number of protocols have been published which improve organoid genera-

tion, notably Zhong et al. (2014) who were able to generate organoids with limited

photosensitivity. This protocol, building on work from the Gamm lab (Meyer et al.,

2009, 2011; Ohlemacher et al., 2015), used a hybrid 2D-3D culture system to gen-

erate optic vesicles containing photoreceptors featuring crude outer segment optic

disks. Initially embryoid bodies were formed from hiPSCs and cultured in suspen-

sion in media containing N2 pro-neural supplement. Embryoid bodies were then

seeded onto Matrigel-coated plates and after 4 weeks of culture 3D neural retinal

structures were manually excised and cultured in suspension in retinal-supportive

media containing 10% FBS and B27. Long-term differentiation was supported with

taurine and retinoic acid. This protocol increased efficiency of retinal differentia-

tion; up to 70% of organoids were shown to express retinal markers and 70% of

retinal organoid cells were shown to be VSX2+ RPCs before the addition of taurine

and retinoic acid (Zhong et al., 2014).

1.6.1 Disease modeling using retinal organoids

Human retinal organoids represent a potentially invaluable tool for use in disease

modeling. Organoids generated from patient-derived iPSCs are of particular interest

as they facilitate the dissection of the genetic aetiology of disease, pathogenesis and

treatment development. Alternatively, gene editing of ESC or iPSCs can be used

to introduce gene mutations or knockout gene function to mimic human genetic

disease. A number of retinal degenerative diseases have now been modeled in vitro

using retinal organoids, including Leber congenital amaurosis (LCA) and retinitis

pigmentosa (RP).

Parfitt et al. successfully generated a model of LCA, a leading cause of child-

hood blindness which can be caused by mutation of a number of genes, using retinal

organoids and RPE from patient-derived iPSCs carrying intronic mutations in the

CEP290 gene, causing defects in cilial trafficking (Parfitt et al., 2016). It was shown

that treatment with an antisense morpholino blocked aberrant CEP290 splicing and

rescued the cilial trafficking defect, thereby both providing mechanistic insight into
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CEP290-related LCA and suggesting a potential therapeutic strategy.

Tucker et al. (2013) were the first group to model RP in vitro using a 3D cul-

ture system when they used eye cup-like structures generated from iPSCs derived

from a Type II Usher syndrome patient to interrogate the aetiological mechanism

of pathogenic mutations in the USH2A gene (Tucker et al., 2013). Western blotting

was used to show that the genes GRP78 and GRP94 were upregulated, suggesting

a role for protein misfolding and ER stress in disease aetiology.

More recently, a slew of further studies modeling RP have been published in

which the in vitro phenotypes of RP have been interrogated using extensive tran-

scriptomic analyses and gene correction (Buskin et al., 2018; Deng et al., 2018;

Guo et al., 2019), small molecule treatments have been tested (Schwarz et al., 2017),

and new RP causative genes have been identified (Arno et al., 2016). Interestingly,

a number of studies have reported recapitulation of degenerative RP phenotypes

observed in vivo (Deng et al., 2018; Buskin et al., 2018; Guo et al., 2019). This

was most clearly shown by Lane et al. (2020), who demonstrated that iPSC-derived

retinal organoids generated from patients with X-linked RP (carrying loss of func-

tion mutations in the RP2 gene) underwent photoreceptor loss and thinning of the

organoid outer nuclear layer, which was rescued by AAV-mediated delivery of the

wild type RP2 sequence. Although conducting using a single control hPSC line, this

study validates the use of organoid models to study degenerative disease and, as Rp2

knockout mice exhibit a much milder phenotype than human patients, demonstrates

their great value as a complement to animal models.

Overall, retinal organoids demonstrate the remarkable capacity for self-

organisation of hPSCs undergoing directed differentiation, recapitulate major fea-

tures of human retinal development and serve as a useful tool for disease modeling

and therapy testing. The ability to introduce desired sequence changes into human

pluripotent stem cells is a powerful tool for researchers and clinicians alike and dif-

ferent gene editing strategies can be utilised to generate both knockout and knock-in

lines in order to directly examine gene function, generate reporter lines and mimic

or repair patient-found mutations for disease modeling.
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1.7 Aims and objectives
There is a growing body of evidence that implicates miRNAs as playing roles in

retinal development and in retinal degenerative diseases. Further elucidating the

identities and functions of these miRNAs could profoundly expand our understand-

ing of human retinogenesis and retinopathic aetiology and pathogenesis, as well

as suggest novel therapeutic strategies to tackle retinopathies. This thesis aimed to

investigate the hypotheses that the miR-182/96/183 Sensory Cluster plays an impor-

tant role in photoreceptor development and that perturbation of miRNA expression

levels, including the Sensory Cluster, play a role in the pathogenesis of the retinal

degenerative disease Type I Usher syndrome.

To address these hypotheses the following broad aims were set:

• To establish a platform to edit the genome of human pluripotent stem cells and

demonstrate the effectiveness of this platform to modify specific retinal genes,

thus providing an approach to explore gene function in retinal organoids

• To elucidate the function of the miR-182/96/183 Sensory Cluster in human

photoreceptor development using a gain and loss of function approach in

hESC-derived retinal organoids

• To identify and validate dysregulated miRNAs associated with Usher syn-

drome in hPSC-derived retinal organoids

The work of this thesis will be described in three results chapters, which are

summarised here:

1. Chapter 6 - Identifying dysregulated miRNAs in Type I Usher syndrome pa-

tient iPSC-derived retinal organoids

2. Chapter 4 - Establishing an hPSC gene editing platform and the different gene

editing strategies employed during this project

3. Chapter 5 - Elucidating the role of the miR-182/96/183 Sensory Cluster in

human photoreceptor development using a gain and loss of function approach



Chapter 2

Materials and Methods

2.1 RNA methods

2.1.1 RNA extraction

RNA extraction for all samples was performed using the Qiagen miRNeasy Micro

kit (217084) according to the manufacturer’s instructions. Genomic DNA was re-

moved with the inclusion in the protocol of the optional on-column DNase step, us-

ing the Qiagen RNase-free DNase kit (79254). RNA quantification was performed

on 1µl of eluted RNA using the NanoDrop1000 Spectrophotometer. Extracted RNA

was immediately stored at -80°C after quantification.

2.1.2 Quantitative Reverse Transcription PCR (qRT-PCR)

Quantification of both mRNA and mature miRNA was performed using the Qiagen

miScript PCR system in two steps: RNA was retrotranscribed into complementary

DNA (cDNA) before quantification by Real Time qPCR.

2.1.2.1 cDNA synthesis

cDNA synthesis was performed using the Qiagen miScript II RT kit (218161) ac-

cording to the manufacturer’s instructions. HiFlex buffer was used as it allows the

simultaneous generation of cDNA from all RNA species, including both mRNA

and mature miRNAs. As part of this reaction mature miRNAs undergo polyadeny-

lation by a poly(A) polymerase, allowing retrotranscription using oligo-dT primers.

These primers have a 3’ degenerate anchor and a 5’ universal tag sequence allowing
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amplification of such species in the subsequent qRT-PCR reaction.

Whenever RNA concentration allowed, 1µg of RNA was used for each cDNA

reaction. RNA was diluted to 12µl in RNase free dH2O, before 8µl of reaction

mix was added to each sample, to make a final reaction volume of 20µl (Table 2.1).

Each reaction was incubated at 37°C for 60 minutes and at 95°C for 5 minutes to

inactivate the reverse transcriptase. cDNA was kept at -20°C for long term storage.

Master Mix Per reaction

5x HiFlex Buffer 4µl
10x miScript nucleics mix 2µl
miScript RT mix 2µl
Diluted RNA 12µl

Final volume 20µl

Table 2.1: cDNA synthesis reaction mix

2.1.2.2 miRNA detection

Qiagen miScript Primers Assays were used for miRNA detection (Table 2.2).

Primer Assays were specific for the mature miRNA sequence and Hs-RNU6-2-11

small nuclear RNA (U6) used as an endogenous control. Technical triplicates were

used for each sample and primer assay combination, from which averages were

taken in order to control for technical variability. Wells containing dH2O in place

of cDNA were used as negative controls to ensure primer purity.

Primer assay Catalogue number

hsa-miR-182-5p MS00008855
hsa-miR-96-5p MS00003360
hsa-miR-183-5p MS00031507
hsa-miR-153-5p MS00008771
hs-RNU6-2-11 MS00033740

Table 2.2: Qiagen miSCript Primer assays used for qRT-PCR

3ng of cDNA was used per reaction, which was diluted to 5µl in dH2O and

added to 20µl of reaction mix, prepared as shown in table 2.3, for a final reaction

volume of 25µl.
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Master Mix Per reaction

2x quantitect Sybr 12.5µl
Universal primer 10x 2.5µl
Primer assay 2.5µl
RNase free water 2.5µl

Final volume 20µl

Table 2.3: Quantitative real time PCR reaction mix for mature miRNA detection

The thermocycling conditions, see table 2.4, were set exactly according to the

manufacturers recommendation, to ensure correct product amplification.

Stage Time Temperature

Hotstart 95 15min
Denaturation 94 15sec

40 cyclesAnnealing 55 30Sec
Extension 72 30Sec

Table 2.4: Real time PCR thermocycling conditions

2.1.2.3 miRNA copy number analysis

Sensory Cluster copy number analysis was performed by Eric Lee of miRagen Ther-

apeutics, Colorado USA. RT-PCR was performed using a standard curve of known

RNA concentrations using a GAPDH spike-in and using an assumed value for total

RNA mass per cell of 10pg.

2.1.2.4 mRNA detection

qRT-PCR for mRNA detection was performed as for miRNA detection, with

the following differences. Exon-spanning primer pairs were designed using the

NCBI primer design tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and

one primer in each pair was designed to cover an exon junction whenever possi-

ble. Temperature gradients were performed for each primer combination to identify

optimal primer annealing temperature, but primers were designed to have a Tm of

60-63°C. See table 2.5 for a list of primers used.
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Primer sequence (5’-3’)

Target or primer name Forward primer Reverse primer

NRL CATGGCTACTACCCAGGGAGC GTTTAGCTCCCGCACAGACATC
NR2E3 AGCAGCGGGAAGCACTATG CCTGGCACCTGTAGATGAGC
CRX GCCCCACTATTCTGTCAACG GTCTGGGTACTGGGTCTTGG
RHO ACAGGATGCAATTTGGAGGGC GCTCATGGGCTTACACACCA
OPN1SW CCTGGCTACCTGGACCATTG TAGGACTCGCTGCGGTATTTG
ARR3 CGGTGGAACCCATTGACGG TCCAAGTCATCACGGCCATAG
GAPDH CGCTTCGCTCTCTGCTCCTCCTGT GGTGACCAGGCGCCCAATACGA
ACTB ACTCTTCCAGCCTTCCTTC ATCTCCTTCTGCATCCTGTC
HES1 AAAAATTCCTCGTCCCCGGT ATGCCGCGAGCTATCTTTCT
SLC6A6 GAGGAGCTCCCAAACAAAGC CTGGTGAGGGCTTCAGGATG
OCT4 GGAGAAGGAGAAGCTGGAGCAA GAGCTTGGCAAATTGCTCGAGT
NANOG TGCTGAGATGCCTCACACGGA TGACCGGGACCTTGTCTTCCTT

Table 2.5: qRT-PCR primers used for mRNA detection

2.1.3 Bulk RNA sequencing

Two data sets were generated using bulk RNA sequencing in work which con-

tributed towards this thesis, which were generated using different methods.

2.1.3.1 Bulk RNA sequencing of Usher samples

RNA integrity and concentration was assessed using the Tapestation 4200 platform

(Agilent Technologies, Standard Total RNA Assay). 100ng of RNA with RIN val-

ues >8 was used for RNA sequencing and cDNA libraries prepared using the Illu-

mina TruSeq Stranded Total RNA LT Sample Prep Kit (Illumina, #20020596), ac-

cording to manufacturer’s instructions. 43bp paired-end reads were generated and

reads were aligned in fastq format to the hg38 reference genome using the RNA-

STAR tool (v2.5.2b, (Dobin et al., 2013)) and the FeatureCounts tool (v1.4.6.p5,

(Liao et al., 2014)) used to generate raw count values for all genes. The EdgeR func-

tion CPM was used to generate CPM values for each gene and genes with CPM ¿0.5

(equating to approximately 10 reads) in at least two samples were retained. Sam-

ples were then further normalised for library size by TMM normalisation using the

EdgeR calcNormFactors function. Differential expression analysis was performed

using the Voom function of the Limma package (Ritchie et al., 2015)(v. 3.16.0),

transforming read counts into logCPMs whilst accounting for mean-variance rela-

tionships in the data. The eBayes function was then used on Voom-transformed data

to perform Bayes shrinkage on the variances and generate t-statistics and p-values.
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Gene Set Enrichment Analysis (GSEA) was performed using the curated Hallmark,

C5 and C2 gene sets from Molecular Signature Database (MSigDB) and the Broad

Institute (Subramanian et al., 2005) with the CAMERA tool (Wu and Smyth, 2012).

Data were visualised using Principle Component Analyses (PCA) and heatmaps and

plotted using R (v. 4.0.3, 2020-10-10).

2.1.3.2 Bulk RNA sequencing of Sensory Cluster knockout samples

RNA integrity and concentration was assessed using the Tapestation 4200 platform

(Agilent Technologies, Standard Total RNA Assay). 100ng of RNA with RIN

values >8 was used for RNA sequencing and cDNA libraries prepared using the

KAPA mRNA HyperPrep Kit (Roche, #KK8580), according to manufacturer’s in-

structions.

Library quality control was performed on high yield (¿12nM) libraries using

the TapeStation 4200 platform (Agilent, High Sensitivity DNA 1000 assay). Li-

braries were pooled and the Normalase assay (Swift BioSciences, #66096) was

used to enzymatically normalise samples, according to the manufacturers instruc-

tions, resulting in a final sample concentration of 4nM. Denatured samples were

then sequenced using an S1 flow-cell on the NovaSeq 6000 platfrom (Illumina, San

Diego, US) using v1.5 SBS chemistry at o.8nM. 50bp paired-end reads, with 8bp

dual sample index and unique molecular index read, was used and an average read

depth of approximately 19 million reads per sample was achieved. Demultiplexing

and conversion to fastq files of run data was performed using the bcl2fastq Conver-

sion Software (Illumina, v2.20). Fastq files were tagged with UMI read (UMITools)

and the RNA-STAR tool (v2.5.2b, (Dobin et al., 2013)) used to align samples to a

human reference genome (UCSC hg38). JE-Suite (v1.2.1) was then used to UMI

deduplicate aligned reads. Analysis from this point onwards, including the use of

the SdgeR calcNormFactors, Limma package, eBayes function and CAMERA tool,

was performed as above (section 2.1.3.1).

2.1.3.3 miRNA sequencing

miRNA sequencing was performed by Exiqon (now defunct) and the NGS data

analysis pipeline used a combination of selected open-source software and propri-
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etary Exiqon software. RNA libraries used for miRNA sequencing were generated

using the NEBNext Multiplex Small RNA Library Prep Set for Illumina (New Eng-

land Biolabs, #E7330S). Sequenced reads were aligned to the sequences of ma-

ture miRNAs using Bowtie 2 (v. 2.2.6) (Langmead and Salzberg, 2012) and using

the human GRCh37 genome as a reference and using the mirbase 20 annotation

reference. Prediction of potentially novel microRNAs (putative microRNAs) was

performed using the miRPara program (v. 4.0) (Wu et al., 2011). Differential ex-

pression analysis was performed using EdgeR (v3.12.1) (Robinson et al., 2009).

Unsupervised analysis and data visualisation was performed using proprietary soft-

ware developed by Exiqon.

2.2 DNA methods

2.2.1 gDNA extraction and cleanup

Genomic DNA (gDNA) extraction was performed by suspending cell pellet or in-

dividual retinal organoid in 100µl of QuickExtract Solution (Cambio QE0905T).

Samples were then vortexed for 15 seconds and incubated for 15 minutes at 65°C

before a further 15 second vortex and incubation for 2 minutes at 98°C. Extracted

gDNA was then stored at -20°C or used directly as a PCR template.

gDNA was tested by running PCR products on a 1% agarose gel and band in-

tensity compared to that of DNA ladder (NEB 1Kb ladder, #B7025) in order to de-

termine approximate concentration. PCR products were then made ready for down-

stream use by degradation of excess dNTPs and primers with the ExoSAPITTM

reagent (ThermoFisher, #75001.200.UL). 2µl of ExoSAPITTM was added per 5µl

of PCR product and mixed by vortexing prior to incubation at 37°C for 4 minutes

to degrade excess dNTPs and primers and then incubation at 80°C for 1 minute to

inactivate the ExoSAPITTM reagent. Treated PCR products were then immediately

used for downstream use or kept at -20°C for long-term storage.

2.2.2 PCR

All PCR reactions were performed using the Bioline MyFi DNA Polymerase (BIO-

21117), according to the manufacturer’s instructions. Primers were designed us-
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ing the NCBI primer design tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)

and designed to have a Tm of 60-63°C. Temperature gradients were performed for

each primer pair to determine optimal annealing temperature. See table 2.6 for a list

of PCR primers used.

PCR products were typically resolved by gel electrophoresis using a 1%

agarose gel made with 1x TAE buffer. NEB Quickload 1Kb (N0468S) and 100bp

(N0467S) ladders were used to determine product sizes.

Primer sequence (5’-3’)

Target or primer name Forward primer Reverse primer

NRL Exon 1 CTCTGCAGTGAACAGAGCTGC TGGGAAGCACGAAGTCTTGAAAA
NRL mutation Checking primer TCCAGACCTCTCCTCCTCTTT ATGGCCTCGAATTCAGGACT
MYO7A T7 primers TAACCACATGGATGGGTGGG GGGCGGCCTCATCAAGTACA
MYO7A Exon45 sequencing primers CCCTGTCCTGTGCCGTATC TCAGGTGAGACCTGCCGGAT
USH1C T7 primers AGGTCTGAACAGCATGAGGG TTCACTTACCAGGCTCACAGC
Oazw sequencing primers AGAGAACAAAGTCTTCTCAGGCACT CAGACGCACCTCCTTCAGCTT
SCKO amplicon primers TGCTGGAGGCATAGAGGTCC CCAAAGTGCCTAGGAGCCTG
SCKO sequencing primer CCCTCACTCCTCGATTCAGAC
px459 sequencing primer CATATGCTTACCGTAACTTG
182 guide off-target 1 sequencing primer GTCCTGGAGACCAATGCAGAA CTGATATCGCCCTTGCTCAGT
182 guide off-target 2 sequencing primer TATTATTTCCTGGCTCTTGGGGCT AAATACCCCTCCCTTTCCCCA
182 guide off-target 3 sequencing primer GCATGAGTCAGGAGCTGAATTTT AAGGTCAACAAAACACACACCG
183 guide off-target 1 sequencing primer CAGACACTCTACATCTAAGGAACG AAAACACTTCCAGTCACCTCCT
183 guide off-target 2 sequencing primer AGAAAGCTTTGCTCTGTGCAT GGCATTTTCAGGCCCAGTTT
183 guide off-target 3 sequencing primer AATAGCTAAGCGGGGGACAT TGGAGAAGGAATGGATACTACTGC

Table 2.6: PCR primer list

PCR reactions were performed in 20µl volumes, including variable template

DNA and PCR primers at a final concentration of 0.5µM, see table 2.7 for details.

In addition to temperature gradients, PCRs were optimised, if required, primarily

by reducing the amount of template DNA used or lowering the final primer concen-

tration.

2.2.3 DNA sequencing

All DNA Sanger sequencing was performed using the Source Bioscience

Sanger Sequencing service (https://www.sourcebioscience.com/genomics/sanger-

sequencing)
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Master Mix Per reaction

5x MyFi reaction buffer 4µl
Forward primer 10µM 1µl
Reverse primer 10µM 1µl
Template DNA Variable
MyFi DNA polymerase 1µl
dH2O Up to 20µl

Final volume 20µl

Table 2.7: PCR reaction mix

Stage Temperature (°C) Time

Initial denaturation 95 1min
Denaturation 95 15sec

40 cyclesAnnealing Variable 15Sec
Extension 72 15Sec

Table 2.8: PCR thermocyling conditions

2.3 Tissue culture

2.3.1 hPSC lines used

Line (parental line) Type Source Disease type Gene

mShef10 ESC University of Sheffield Control
IMR90 ESC WiCell Control

NRL-GFPJS (mShef4) ESC Generated None NRL reporter
NRL-GFPDG (WA09) ESC Donated None NRL reporter

Xanu5 iPSC HipSci Control
Aiid1 iPSC HipSci Control

Oazw3 iPSC HipSci Type I Usher USH1C
Oazw4 iPSC HipSci Type I Usher USH1C
Fiwt3 iPSC HipSci Type I Usher MYO7A
Iogu6 iPSC HipSci Type I Usher MYO7A
Iool6 iPSC HipSci Type I Usher PCDH15

Youd6 iPSC HipSci Type I Usher MYO7A

Table 2.9: Summary of hPSC lines used
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2.3.2 hESC maintenance culture

Human embryonic stem cell lines Master Shef 10 (mShef10) and Master Shef 4

(mShef4; parental line of NRL-GFPJS) were obtained from Professor Peter An-

drews, University of Sheffield. NRL-GFPDG hESCs (parental line WA09) were ob-

tained from Professor David Gamm, University of Wisonsin (Phillips et al., 2018).

All hESC lines were cultured according to University of Sheffield Master

Shef guidelines. In brief, 6-well plates were coated with Laminin521 (Biolamina,

#LN521) at 5µg/ml in phosphate-buffered saline (+Mg2+/+Ca2+, Life Technologies,

#14190-091) for 2 hours at 37°C or at 4°C overnight. Ln521 solution was aspirated

and wells covered with 2mls of Nutristem media (Biological Industries, #05-100-

1A). Cells were plated at a density of 10,000 cells/cm2 and the media was fully

changed every day after the first 48 hours. Cells were passaged when 80% conflu-

ent, approximately every 5 days. To passage cells, cultures were washed twice with

PBS (-Mg22+/-Ca2+, Life Technologies, #14190144), and incubated with 0.5mM

EDTA (Life Technologies, #15575-020) in PBS-/- for 5 minutes at 37°C. Cells were

detached by gentle tapping, gently resuspended in Nutristem media, centrifuged for

5 minutes at 200xg and counted using a haemocytometer before replating at the de-

sired density. Replated cells were transferred to an incubator set to 37°C and 5%

CO2 and agitated gently to ensure an even distribution of cells.

2.3.3 iPSC lines used

iPSC lines used in this study were predominately obtained from the Human In-

duced Pluripotent Stem Cell consortium (HipSci;http://www.hipsci.org/). HipSci

lines used include Xanu5, Oazw3, Oazw4, Iogu6, Fiwt3, Aiid1 and Iool6. iPSC

lines were reprogrammed from skin fibroblasts using CytotuneTM 2 iPS Sendai Re-

programming kit.

IMR90 was obtained from WiCell (https://www.wicell.org/) and was repro-

grammed by lentiviral transfection (Oct4, Sox2, Nanog, Lin28) at the University

of Wisconsin (Yu et al., 2007). DF19 was also obtained from WiCell and was re-

programmed by non-integrative means (OCT4, SOX2, NANOG, LIN28, L-MYC,

KLF4, SV40LT) at the University of Wisconsin (Junying et al., 2009).
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N35 and N7 iPSC lines used by Valentina Di Foggia were reprogrammed using

the CytotuneTM iPS Sendai Reprogramming kit (Life Tech A1378001), prepared

at the NIHR Cambridge Biomedical Research Centre Human Induced Pluripotent

Stem Cells core facility.

2.3.4 iPSC maintenance culture

iPSC lines N7 and N35, cultured by Valentina Di Foggia (section 3.2) were main-

tained on irradiated mouse embryonic fibroblasts (MEFs) plated on 1% MatrigelTM

and cultured with conditioned medium. Cells were passaged every 6 to 7 days using

Collagenase IV (200 units/ml) and Dispase (1mg/ml) using mechanical removal of

colonies lacking pluripotent morphology.

All other iPSC lines were maintained according to the HipSci guidelines. In

brief, 6-well plates were coated with Vitronectin XFTM (Stemcell Technologies,

#07180) at 10 µg/ml in phosphate-buffered saline (-Mg2+/-Ca2+, Life Technologies,

#14190144) for 1 hour at RT and then stored for up to 3 days at 4°C. Vitronectin

solution was aspirated and wells covered with 2 mls of Essential 8TM media (Life

Technologies, A1517001). Cells were fed every 24 hours except for the 24 hour

period following passaging.

Cells were passaged 1:4-1:10 when approximately 70% confluent or when

colonies began to overgrow, approximately every 5 days. To passage cells, cultures

were washed twice with PBS -/- and 1ml of 0.5mM EDTA. Cells were incubated

for 4-8 minutes at RT, upon which time EDTA was aspirated and 2mls of Essential

8 media added. Wells were washed three times with Essential 8 and dislodged cells

collected. Collected cells were diluted according to the desired split ration and re-

plated before being transferred to an incubator set to 37°C and 5% CO2 and agitated

gently to ensure an even distribution of cells.

2.3.5 Retinal differentiation

All retinal organoid differentiations were performed using the protocol published

by (Gonzalez-Cordero et al., 2017). In brief, cells were cultured in pluripotency-

supportive media and were allowed to reach full confluency. Exit from pluripo-
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tency was encouraged through culturing in media lacking FGF and TGFβ for 48

hours. Neural Inductive Media (NIM) was added on day 3 to aid neural induc-

tion and promote a forebrain identity, and media changed every 48 hours. After

3 weeks, 3D neuroepithelial structures become visible which protrude from the

monolayer. These structures, termed optic vesicles (OVs), grow over a patch of

retinal pigmented epithelium (RPE). After 4-6 weeks OVs were manually excised

from the monolayer using a 12G needle, and cultured individually in 96-well low-

attachment plates in Retinal Differentiation Media (RDM). Long-term maturation

was supported through the addition of Taurine and Retinoic Acid.

RNA sequencing data generated by Valentina Di Foggia (section 3.2) was per-

formed using retinal organoids generated from iPSC lines N35 and N7 using the

protocol published by (Meyer et al., 2009).

2.3.6 miRNA mimic treatment

miRNA mimics were supplied by miRagen Therapeutics Inc, Colorado USA, resus-

pended in ddH2O to a 2mM stock concentration, aliquoted and stored at -20°C until

use. Concentration was measured spectrophotometrically and adjusted to desired

concentration.

Double-stranded mimics were annealed at 80°C for 30 minutes and then al-

lowed to return to RT before immediate use. OVs were treated by adding mimic

directly to culture media and then fed every 48 hours as per normal culture method

with media lacking mimic. For 5 day timepoints OVs were re-treated with mimic

on day 4, at the recommendation of mimic supplier.

2.4 Immunohistochemistry
Two to three OVs were fixed per sample. Samples were fixed in 4% paraformalde-

hyde (PFA) in PBS for 15 minutes at RT, and then washed 3 times in PBS for 5

minutes each time. Samples were then immersed in 30% sucrose in PBS for 1-2

hours at 4°C or until sunk, for cryopreservation. Cryopreserved samples were em-

bedded in Optimal Cutting Temperature (OCT) compound, frozen on dry ice and

transferred to -80°C for long-term storage.
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For immunohistochemistry 12µm cryosections were used and slides air dried

at RT for 15 minutes. Slides were then incubated in PBS for 15 minutes at 37C in

order to remove OCT. Blocking was performed for 1 hour using 0.1% Triton-X and

10% species-specific serum in PBS pH7.4 (blocking solution).

Primary antibodies were diluted to the appropriate concentration in blocking

solution (table 2.10) and added to slides at 4C overnight. Slides with no primary

antibody were used as negative controls.

Slides were washed 3 times with PBS at RT for 5 minutes each time (washing

step), and incubated with secondary antibody, diluted in blocking solution, for 2

hours at RT, in the dark. After a further washing step, nuclei were then counter-

stained with DAPI solution at 5µg/ml in PBS for 5 minutes at RT, in the dark. Slides

were then washed again and mounted with Hydromount (National Diagnostics HS-

106), sealed with nail polish and stored at 4C.

Protein target Species Cat. Number Concentration

CRX Mouse Abnova H000014-06-M02 1:800
Recoverin Rabbit Abcam AB5585 1:1000
Ki67 Rabbit Abcam AB15580 1:300
PAX6 Mouse DSHB PAX6 1:50
Brn3a Mouse MAB1585 1:200
NRL Goat AF 2945 1:100
ARR3 Goat NBP1-37003 1:100

Table 2.10: Primary antibody list

Antibody Antigen Cat. Number Concentration

Donkey 488 αRabbit A21206 1:1000
Donkey 594 αGoat A11058 1:1000
Donkey 647 αMouse A31571 1:1000

Table 2.11: Secondary antibody list

2.5 Microscopy
Confocal microscopy was performed using a LSM710 Zeiss confocal microscope

(Zen 2009, Zeiss software). Fluorescence and birghtfield images of developing
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organoids were taken using an Olympus IX73 inverted compound microscope (Ix-

plore software, Olympus). All image processing was performed using FIJI software

(Schindelin et al., 2012, 2015).

2.6 Flow cytometry

2.6.1 Single cell dissociation

Retinal organoids were dissociated into single cell suspension using the papain dis-

sociation kit (Worthington Biochemical, Lorne Laboratories, #LK003150), follow-

ing the manufacturer’s protocol. OVs were typically dissociated individually and

cells were resuspended in a final volume of 400µl for flow cytometry. Prior to flow

cytometry, cells were treated with 1µg/ml propidium iodide in PBS.

2.6.2 Flow Cytometry

All flow cytometry was performed using the CyAn flow cytomteter (CyAn ADP,

Beckman Coulter). Analysis of results was performed using FlowJo software

(FlowJo Software for Mac version 10.5.3 2019, Becton, Dickinson and Company).

2.7 miRNA target prediction
Venn diagrams generated using the Bioinformatics Evolutionary Genomics Venn

diagram tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).

miRNA target prediction was performed using the miRWalk3.0 targeting pre-

diction algorithm (Dweep and Gretz, 2015; Agarwal et al., 2015; Sticht et al., 2018).

In order to increase confidence in target predictions and reduce the number of false

positives and negatives, only targets with a prediction score >0.95 were included.

2.8 CRISPR-Cas9 gene editing

2.8.1 Plasmid cloning

Plasmids used for CRISPR-Cas9 gene editing were obtained from Addgene

(https://www.addgene.org/) and were deposited by Feng Zhang (Ran et al.,

2013). Plasmids used include pSpCas9(BB)-2A-Puro (PX459; 62988) V2.0 and

pSpCas9(BB)-2A-GFP (PX458;#48138). Both Px459 and Px458 were modified
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such that the CMV promoter was replaced with the EF1α promoter in order to

increase expression in hPSCs.

CRISPR sgRNA sequences (table 2.12 were cloned into the px459 Cas9 ex-

pression plasmid using a simultaneous digestion and ligation step. This involved

cleavage of the px459 plasmid with the BBSI endonuclease (NEB, #R3539) and the

re-ligation and inclusion of sgRNA oligonucleotides using T7 DNA ligase (NEB,

#M0318S). Oligonucleotides included the sgRNA sequence and cognate sticky ends

to allow ligation after BBSI digestion.

sgRNA name sgRNA sequence(5’-3’)

NRL sgRNA 2 CAGGCCTGGAGGAGCTGTAC
SCKO 182 guide 1 F TTGAGGACCTGTGACCTCAG
SCKO 183 guide 1 F AGAACAGGAGTCACACTCTG
USH1C Loss of Function TCTGCACCTGGAGCGCCGGG
USH1C Correction CTGCACCTGGAGCGCCGGGG
MYO7A sgRNA 1 AGGCTACCACAAGTGCACGC

Table 2.12: sgRNA olignucleotide sequences. Note that in order to make oligonucleotides
with sticky ends compatible for ligation in the Px459 plasmid after BBSI di-
gestion, CACCG must be added to the 5’ end of sgRNA oligos, and to cognate
oligos, a single C nucleotide must be added to the 3’ end and CAAA to the 5’
end.

Oligonucleotides were first phosphorylated and annealed using the reaction

detailed in table 2.13 and incubation at 37°C for 30 minutes and then 95°C for 5

minutes before ramping down to 25°C at 5°C per minute.

Reagent Volume (µl) Cat. no.

Oligo 1 (100µM) 1
Oligo 2 (100µM) 1
10x T4 ligation buffer 1 NEB #M0201S
ddH2O 6.5
T4 PNK 0.5 NEB #B0202S

Final volume 10

Table 2.13: Oligonucleotide phosphorylation reaction

Phosphorylated and annealed oligonucleotides were then diluted 1:250 and

used for the digestion-ligation reaction, as shown in tables 2.14 and 2.15.
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Reagent Volume (µl) Cat. no.

Px459 (100ng)
Oligo duplex (1:250 dilution) 2
10x Fast digest buffer 2 NEB #R0539S
DTT (10mM) 2 ThermoFisher Scientific #R0861
ATP (10mM) 2 ThermoFisher Scientific #R0441
BBSI 1 NEB #R0539S
T7 DNA ligase 0.5 NEB, #M0318S
ddH2O up to 20µl

Final volume 20

Table 2.14: Digestion-ligation reaction components

Temperature (°C) Time (minutes)

37 5
6 cycles

23 5
4 Hold

Table 2.15: Digestion-ligation reaction conditions

Products of the ligation reaction were treated with PlasmidSafe exonuclease to

remove unwanted recombination products. The reaction mixture (table 2.16) was

incubated at 37°C for 30 minutes.

Reagent Volume (µl) Cat. no.

Ligation product 11
10xPlasmidSafe buffer 1.5
ATP (10mM) 1.5 ThermoFisher Scientific #R0441
PlasmidSafe exonuclease 1 Cambio #E3101K

Final volume 15

Table 2.16: PlasmidSafe reaction components

2.8.2 Bacterial transformation

Plasmids were transformed into DH5α competent cells (ThermoFisher Scientific,

#18265017) according to the manufacturer’s direction. 1-2µl of ligation product

was used for transformation of 50µl of competent cells and following heat shock

cells were allowed to recover in SOC media (ThermoFisher Scientific #15544034).



2.8. CRISPR-Cas9 gene editing 76

20-100µl of cell suspension was spread onto agar plates containing ampicillin at

100µg/ml and incubated overnight at 37°C.

Colonies were picked and cultured in a shaker for 16-18 hours at 37°C in LB

broth inoculated with ampicillin at 100µg/ml and cultures used for minipreps.

Successful sgRNA cloning was confirmed by Sanger sequencing using the

miniprep cultures and the Px330 F PCR primer (table 2.6). Maxipreps were then

generated from successful cultures and used for hPSC electroporation .

2.8.3 hPSC electroporation

Both iPSC and ESC cultures were electroporated using the same protocol. Cultures

of roughly 80% confluency (approximately 1.5x106 cells per well of a 6-well plate)

were used for electroporation. Cells were lifted following the following protocol;

cells were washed twice with PBS (-Mg2+/-Ca2+, Life Technologies, 15575-020)

and incubated for 5 minutes with 1ml 0.5mM EDTA (Life Technologies, #15575-

020) in PBS -/- for 5 minutes at 37C, then EDTA was removed and cells were

detached by flushing with media (Nutristem or Essential 8 depending on whether

ESCs or iPSCs were being electroporated) three times.

Cells were then centrifuged for 5 minutes at 200xg and resuspended in Op-

tiMem (ThermoFisher #31985062) according to the expected cell yield. Desired

concentration for electroporation was 1x107 cells per ml. Resuspended cells were

then counted using a haemocytometer and the concentration of cells adjusted in

order to achieve the desired concentration.

DNA was added to 100µl of cell suspension (1x106 cells) and mixed gently

without tituration before transferring to an electroporation cuvette (BTX, #45-0135)

for electroporation using a BTX ECM 830 electroporator (100 V, 5 ms, 50 ms inter-

val, bipolar pulse). The presence of a white foam in the cuvette indicated successful

electroporation. 20µg of DNA was used for electroporations, if multiple plasmids

were electroporated, the amount of each plasmid used was adjusted downwards

proportionally.

Electroporated cells were transferred to a well of a 6-well plate (coated as

above with Laminin521 or Vitronection for ESCs and iPSCs, respectively) contain-
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ing media (as above, Nutristem and Essential 8 for ESCs and iPSCs, respectively)

and 10µM Rock inhibitor (Sigma Aldrich, SCM075). Plates were rocked gently to

allow even cell distribution and transferred to an incubator set to 37°C and 5% CO2.

24 hours after electroporation cells were subjected to 3 day puromycin selec-

tion (Thermo Fisher, A1113803). A puromycin kill curve was performed prior to

electroporation for every cell line used to ensure optimal selection conditions, but

typically 0.5µg/ml puromycin was used. Following selection, surviving colonies

were allowed to recover for approximately 5 days before being used for mutation

screening or expansion for banking.

All electroporations were performed using a negative selection control, in

which no puromycin resistance-carrying plasmid was used in order to assure that

the puromycin selection successfully killed all non-resistant cells, and a positive

electroporation control, in which a GFP expression plasmid (px458, figure 4.4) was

electroporated alone and which allowed visualisation of successfully electroporated

cells and estimation of electroporation efficiency.

2.8.4 T7 Assay

T7 assays were performed to determine the efficiency of indel mutation induction.

Cells to be tested were collected using a cell scraper, or flushed with a pipette,

centrifuged for 5 minutes at 200xg, the supernatant was aspirated and then the pellet

either processed immediately or stored at -20°C.

Genomic DNA was extracted from cell pellets as reported in section 2.2.1,

and PCR performed using the extracted gDNA as a template with primers flanking

the region predicted to have been targeted by Cas9. PCR primers for T7 assays

were typically designed to generate a product approximately 1kb in length, and

positioned asymmetrically relative to the predicted Cas9 target site. PCR products

were visualised by gel electrophoresis using a 1% agarose gel in order that DNA

concentration may be estimated by comparison to a known standard.

Excess dNTPs and primers were degraded using the ExoSAPIT reagent, as de-

scribed above in section 2.2.1, rendering PCR products suitable for downstream use.

ExoSAPIT precludes accurate measurement of DNA concentration by Nanodrop.
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The T7 reaction was then assembled (table 2.17) using 200ng of PCR product,

according to the manufacturer’s guidelines.

Component

DNA 200ng
10x NEB Buffer 2 1.9µl
dH2O Up to 19µl

Final volume 19µl

Table 2.17: T7 endonuclease reaction

Digested PCR products were then melted and slowly reannealed in a thermo-

cycler using the hybridisation conditions in table 2.18.

Step Temperature (°C) Ramp rate (%) Time (min)

1 95 100 1
2 95 50 10
3 85 8 1
4 75 8 1
5 65 8 1
6 55 8 1
7 45 8 1
8 35 8 1
9 25 8 45

10 22 8 Forever

Table 2.18: T7 assay hybridisation conditions

Annealed PCR products were then subjected to T7 endonuclease I digestion ac-

cording to the manufacturers guidelines. 1µl of T7 endonuclease I (NEB, M0302S)

was added to the 19µl annealed T7 reaction mixture (table 2.17) and incubated

at 37°C for 15 minutes. T7 activity was inhibited through the addition of 1µl of

0.5M EDTA, and the reaction products visualised through gel electrophoresis using

a 2.5% agarose gel.

sgRNA efficiency quantification was performed as described by (Guschin

et al., 2010). PCR products were separated by gel electrophoresis and the band

intensities quantified using the line tool of the FIJI image analysis software. The
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percentage of T7 endonuclease-specific cleavage products was determined using

the following formula:

• % gene modification = 100x(1-(1-fraction cleaved)1/2)

2.9 Figure creation
All schematic figures were created using the figure creation tool at BioRender.com.



Chapter 3

Investigating the role of miRNA

dysregulation in Usher syndrome

3.1 Introduction

The autosomal recessive genetic condition Usher syndrome represents the most

common cause of deaf-blindness, with a prevalence of 1-4 cases per 25,000 peo-

ple (Hartong et al., 2006; Kimberling et al., 2010). Thirteen genes (from sixteen

implicated loci) are associated with Usher syndrome, and patients are classified

into three clinical sub-types based upon clinical presentation (Toms et al., 2015).

Patients with Type I Usher syndrome, which is caused by mutations in the MYO7A,

USH1C, CHD23, PCDH15, USH1G and CIB2 genes as well as uncharacterised

genes from the USH1E, USH1H and USH1K loci (together these genes encode the

USH1 proteins) (Mathur and Yang, 2015), typically exhibit congenital profound

deafness, vestibular defects and RP onset during childhood, often leading to blind-

ness in early adulthood.

The retinal expression patterns of the USH1 proteins remain unresolved, but

there is some evidence from studies of the inner ear, where USH1 expression pat-

terns are more well established, that the USH1 proteins form a large complex which

is thought to have functions in structural support and protein trafficking (Grillet

et al., 2009; Grati and Kachar, 2011). The retinal functions of the USH1 proteins

are similarly obscured, but there is evidence from mouse and zebrafish knockout



3.1. Introduction 81

studies that MYO7A, the most studied Type I Usher protein and which is responsi-

ble for 40% of Type I Usher cases (Lentz et al., 2007), is involved in the trafficking

of rhodopsin and other proteins in photoreceptors, and the phagocytosis of outer

segments, and transport of phagosomes and RPE65 protein in RPE cells (Liu et al.,

1998, 1999; Gibbs et al., 2003; Lopes et al., 2011).

This lack of knowledge of USH1 gene expression and function has hindered

interrogation of the molecular basis and aetiology of Type I Usher syndrome. In-

creased oxidative stress, or impaired cellular stress response has been identified in

models of Age-related Macular Degeneration and the IRDs Best disease and retini-

tis pigmentosa, suggesting a common pathway of degeneration (Chang et al., 2014;

Singh et al., 2013; Jin et al., 2011; Komeima et al., 2006). Recently, Trouillet et al.

(2018) demonstrated that albino Ush1g-/- and Ush1c-/- mice exhibited cone dys-

function and degeneration under normal housing conditions, but that this was not

observed in normally pigmented knockout mice or mutant mice raised in the dark,

and was prevented by antioxidant treatment (Trouillet et al., 2018). These data im-

plicate photooxidative stress as a factor in Type I Usher syndrome pathogenesis.

It is notable that in these models an absence of retinal pigmentation is required in

order to increase vulnerability to oxidative stress due to light exposure.

A number of animal models exist which are used to model the aural phenotype

of Type I Usher syndrome, including the Shaker1 and Deaf Circler mice, which

carry mutations in the Myo7a and Ush1c genes, respectively. However, these mod-

els do not exhibit retinal degeneration or photoreceptor cell death, and with the

exception of the Picaud albino mice models, the Type I Usher retinal phenotype has

proved recalcitrant to modeling (Gibson et al., 1995; Johnson et al., 2003; Toms

et al., 2015). Even these models do not faithfully recreate the human phenotype as

they exhibit cone degeneration whereas human Type I Usher patients are generally

described as having RP, which is characterised by rod degeneration leading to cone

degeneration, although this has been disputed (Toms et al., 2015). This absence

of reliable animal models necessitates more faithful modelling to better understand

pathology and develop treatment, whether using species more anatomically similar
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to humans or using in vitro human PSC-derived retinal organoids (also referred to

as optic vesicles or OVs).

The difficulty in modeling Usher syndrome using animal models is most likely

due to inter-species differences in both Usher gene expression pattern and photore-

ceptor structure. Human and macaque photoreceptors feature a little-studied struc-

ture called the calyceal process, which is absent in murine photoreceptors (Cohen,

1963; Sahly et al., 2012). This structure is comprised of a series of axially-oriented

digitations which project from photoreceptor inner segments and encircle the base

of the outer segment, in a manner akin to the sepals of a flower. Approximately 10

such digitations are found per human rod photoreceptor and approximately 14 per

cone (Sahly et al., 2012).

In humans, USH1 proteins localise to both the connecting cilium between inner

and outer segments, and the calyceal processes. Evidence from Xenopus tropicalis

suggests that calyceal processes, replete with USH1 proteins, serve to control the

morphology of cone lamellae and rod disks (Schietroma et al., 2017). Petit et al.

propose that mutation of USH1 genes leads to disorganisation of the USH1 com-

plex and calyceal process dysfunction, which underpins the retinal degeneration

observed in Type I Usher patients (Sahly et al., 2012; Schietroma et al., 2017). It

is likely the absence of the murine calyceal process which precludes full animal

modelling of the retinal phenotype of Type I Usher syndrome.

Patient-specific retinal organoids have already been used to model Type II

Usher syndrome. Tucker et al. (2013) performed minimal analysis of adherent

eye cup-like cultures and identified upregulation of ER-stress markers GRP78 and

GRP94 in cultures derived from a patient with a novel USH2A mutation, but not

from controls or an additional retinitis pigmentosa patient. This indicated that ER-

stress may play a role in Type II Usher syndrome, however the low number of iPSC

lines used, the limitations of the culture system used, and the lack of isogenic con-

trols are major caveats to this conclusion.

A more recent study by Guo et al. (2019) used iPSCs generated from a patient

with compound heterozygous USH2A mutations to generate optic vesicles (OVs)
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which were reported to exhibit increased apoptosis, synaptic defects and abnormal

RPE. However, only one patient iPSC line was used and controls were not isogenic,

therefore the possibility that the findings were merely due to genetic background

differences between patient and control lines cannot be excluded. Furthermore, Guo

et al. (2019) used only early timepoints, with extremely few rhodopsin+ cells ob-

served. Thus the extent to which this study can be said to truly model Type II Usher

syndrome is limited. The knock-in of the patient-found mutation into a healthy

iPSC line and the use of later timepoints would have greatly improved confidence

in the findings of this study. To my knowledge no hPSC-derived retinal organoid

model of Type I Usher has been generated to date.

In all monogenic retinal degenerative conditions, the pathogenic mutation is

present at conception, but the age of onset of photoreceptor cell death and rate of

sight loss varies. Understanding the biological mechanisms that lead to vulnera-

bility of mutation-carrying cells is key to the long-term preservation of functional

photoreceptor cells (endogenous and transplanted). Dysregulation of miRNAs has

been observed in several models of retinal degeneration (Loscher et al., 2007,

2008; Sundermeier and Palczewski, 2016), however it is unclear whether early

dysregulation plays a causative role in later photoreceptor cell death, as per the

model depicted in figure 3.1. I aimed to tackle this question by studying miRNA

expression profiles in Type I Usher patient iPSC-derived retinal organoids, and pos-

tulate that miRNAs are dysregulated markers in photoreceptor dystrophies and that

miRNA dysregulation in photoreceptor cells may represent an early disease state in

Type I Usher syndrome.
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Figure 3.1: Progression of rod degeneration. Progression of a mutation-carrying rod pho-
toreceptor in Type I Usher syndrome. miRNA dysregulation is both associated
with retinal degeneration and has been shown to cause degeneration in certain
conditions, but it is not known when miRNA dysregulation is first observable,
nor what the relationship is between miRNA dysregulation and photoreceptor
degeneration.

3.1.1 Aims and objectives

The objective of this chapter was to use a retinal organoid culture system with

hESCs, to generate optic vesicles from a number of newly-generated induced

pluripotent stem cell lines from Type I Usher syndrome patients and unaffected

controls. These iPSC lines were generated by Sendai virus reprogramming by the

Human Induced Pluripotent Stem Cell Initiative (HipSci, http://www.hipsci.org/)

(Leha et al., 2016).

Questions

1. Do Type I Usher mutation-carrying retinal cells exhibit miRNA dysregulation

and do dysregulated miRNAs represent early disease markers?

2. Does inducing patient-found mutations in control hPSC lines cause miRNA

dysregulation? Does repairing patient iPSC lines abolish miRNA dysregula-

tion?
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I aimed to tackle these questions by achieving the following experimental ob-

jectives:

Experimental Objectives

1. Interrogate an existing RNA sequencing data set to examine miRNA ex-

pression profiles in control and Type I Usher retinal organoids, and identify

disease-associated miRNA dysregulation

2. Establish a retinal organoid culture system using a number of normal and

Type I Usher patient-derived iPSC lines to validate and expand on the previ-

ous results

3. Use CRISPR/Cas9 gene editing to generate a panel of isogenic iPSC lines

to investigate the relationship between Type I Usher mutations and miRNA

dysregulation

This study design aimed to accommodate for genetic background differences

and variable inter-line differentiation efficiencies. The use of isogenic control iPSC

lines would negate genetic background effects.
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3.2 Analysing the transcriptome of retinal organoids

carrying MYO7A mutations

I first sought to identify miRNAs that were associated with an Usher disease pheno-

type using an existing data set from an iPSC-derived retinal organoid model of Type

I Usher syndrome previously generated within the Sowden group (unpublished data,

Valentina Di Foggia). Results were to be validated and expanded upon in my own

sample set generated from a greater number of Type I Usher iPSC lines.

3.2.1 N35.1 Type I Usher OVs show impaired retinal maturation

Figure 3.2: N35.1 organoids show reduced photoreceptor maturation. (A) N7 control
14 week OVs exhibit CRX+/RECOVERIN+ photoreceptors localising to the
apical surface of the developing OVs. This is not observed in N35.1 MYO7A
OVs. At week 14 N7 OVs show a significantly higher percentage of CRX+
cells (B) and CRX+/RECOVERIN+ cells per OV (C). *** denotes p≤0.001,
Students T-test. Figure created using data from Dr V. Di Foggia.
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Previous immunohistochemical analysis performed by Dr Valentina Di Foggia

showed that OVs derived from a Type I Usher iPSC line (N35.1) exhibit a reduction

in the percentage of cells per OV expressing the early pan-photoreceptor marker

CRX, and in the percentage of CRX+ cells also expressing the photoreceptor matu-

ration marker RECOVERIN per OV by 14 weeks of culture, compared to a control

iPSC line (N7; figure 3.2). The N7 and N35.1 iPSC lines were previously created

using Sendai virus reprogramming and were maintained on mouse embryonic fi-

broblasts (MEFs) before retinal differentiation using a protocol published by the

Gamm group and previously used in our laboratory (Meyer et al., 2009; Lakowski

et al., 2018). Bulk RNA sequencing and miRNA sequencing were performed sepa-

rately using stem cell cultures (day 0), and 7 and 14-week OVs derived from a con-

trol (N7; two clones) and a Type I Usher (MYO7A) iPSC line (N35.1; one clone),

with three samples used for each timepoint and line (n= 27 data points, unpublished

data, Valentina Di Foggia).

RNAseq data was used to compare the expression of protein coding genes and

miRNAs in control N7 and Type I Usher N35.1 OVs at Day 0, Week 7 and Week 14.

Figure 3.3 shows expression of a selected set of markers of major retinal cell types,

generated from a literature search, which indicates that all organoids undergo retinal

differentiation (Deng et al., 2018; Lukowski et al., 2019; Orozco et al., 2020). The

list of markers used and the cell types they label, as well as their level differential

expression, can be found in table A.1. Hierarchical clustering shows that Day 0

samples cluster alone and show low expression of retinal genes, which increase in

week 7 and week 14 samples. Control week 14 samples cluster away from week 7

samples and show an increase, but Type I Usher week 14 samples do not. These data

indicate that Type I Usher N35.1 OVs fail to show the upregulation of selected genes

associated with retinal identity and function observed in control N7 OVs, which

represents impaired retinal differentiation and maturation and is in accordance with

the immunohistochemical data show in figure 3.2.

Gene Set Enrichment Analysis (GSEA) was performed using expression level

fold change genes between control and Type I Usher OVs at Week 14. Anal-
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ysis performed using the C5 curated MSigDB Collections (https://www.gsea-

msigdb.org/gsea/index.jsp) (Mootha et al., 2003; Subramanian et al., 2005). A sig-

nificance threshold of False Discovery Rate (FDR) ≤0.25 was used, as per Subra-

manian et al. (2005). A total of 139 gene sets were found to be significant, includ-

ing 12 retinal-related gene sets (table 3.1). The level of differential expression for

the genes in the GO PHOTORECEPTOR CELL DEVELOPMENT gene set can

be found in table A.2. This unbiased analysis further suggests impaired or delayed

retinal and photoreceptor differentiation in N35.1 OVs at week 14.
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Figure 3.3: Retinal marker expression across sample set. Heatmap showing how ex-
pression of a selected set of retinal marker genes varied across N7 (clones N7.1
and N7.2) and N35.1 samples at Day 0, Week 7 and Week 14. Purple - N7,
orange - N35.1. Selected genes are known markers of all the major retinal
cell types, based on published marker lists (Deng et al., 2018; Lukowski et al.,
2019; Orozco et al., 2020). Data generated from average log CPM values. N=3
for N35.1 (USH1) samples and N=12 for N7 (Control) at D0 (iPSC), week 7
and week 14 timepoints.
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GO term No. Genes Direction FDR

GO INNER MITOCHONDRIAL MEMBRANE
PROTEIN COMPLEX 104 Up 7.24E-06

GO NADH DEHYDROGENASE COMPLEX 42 UP 1.00E-05
GO NADH DEHYDROGENASE ACTIVITY 37 Up 1.00E-05
GO RESPIRATORY CHAIN 75 Up 2.25E-05
GO MITOCHONDRIAL ELECTRON TRANSPORT
NADH TO UBIQUINONE 41 Up 2.25E-05

GO OXIDOREDUCTASE ACTIVITY ACTING
ON NAD P H QUINONE OR SIMILAR COMPOUND
AS ACCEPTOR 50 Up 2.34E-05

GO OXIDATIVE PHOSPHORYLATION 82 Up 2.81E-05
GO MITOCHONDRIAL RESPIRATORY CHAIN
COMPLEX I BIOGENESIS 56 Up 4.05E-05

GO MITOCHONDRIAL RESPIRATORY CHAIN
COMPLEX I ASSEMBLY 56 Up 4.05E-05

GO NADH DEHYDROGENASE COMPLEX
ASSEMBLY 56 UP 4.05E-05

GO MITOCHONDRIAL PROTEIN COMPLEX 133 Up 5.09E-05
GO MITOCHONDRIAL RESPIRATORY CHAIN
COMPLEX ASSEMBLY 76 Up 5.42E-05

GO PROTON TRANSPORTING ATP SYNTHASE
COMPLEX 22 Up 6.67E-05

GO LARGE RIBOSOMAL SUBUNIT 93 Up 0.00052768
GO RIBOSOMAL SUBUNIT 160 Up 0.00067264
GO MITOCHONDRIAL ATP SYNTHESIS COUPLED
PROTON TRANSPORT 17 Up 0.00096547

GO MITOCHONDRIAL MEMBRANE PART 167 Up 0.00098625
GO CYTOSOLIC LARGE RIBOSOMAL SUBUNIT 59 Up 0.00098625
GO ELECTRON TRANSPORT CHAIN 92 Up 0.00103759
GO ORGANELLAR RIBOSOME 71 Up 0.00103759
GO TRANSLATIONAL TERMINATION 92 Up 0.00157549

GO PHOTOTRANSDUCTION 37 Down 0.014895524
GO PHOTOTRANSDUCTION VISIBLE LIGHT 17 Down 0.04331069
GO DETECTION OF LIGHT STIMULUS 51 Down 0.04513802
GO PHOTORECEPTOR OUTER SEGMENT 62 Down 0.07986208
GO DETECTION OF VISIBLE LIGHT 36 Down 0.0996055
GO SENSORY PERCEPTION OF LIGHT STIMULUS 197 Down 0.10196059
GO RHODOPSIN MEDIATED SIGNALING PATHWAY 11 Down 0.11831992
GO PHOTORECEPTOR CELL DEVELOPMENT 38 Down 0.14648106
GO EYE PHOTORECEPTOR CELL DEVELOPMENT 30 Down 0.18129402
GO EYE MORPHOGENESIS 133 Down 0.19475548
GO RETINA VASCULATURE DEVELOPMENT IN
CAMERA TYPE EYE 16 Down 0.20062361

GO PHOTORECEPTOR CELL DIFFERENTIATION 49 Down 0.2067745

Table 3.1: Most highly dysregulated GSEA gene sets. (Top) The top 20 most signif-
icantly dysregulated (ranked by FDR) gene sets at week 14 between N7 and
N35.1 OVs. (Bottom) Significantly dysregulated (FDR≤0.25) retinal-related
gene sets. No. Genes - number of genes in the indicated gene set. Direction -
indicates direction dysregulation, ’Down’ indicates lower expression in N35.1
samples. FDR - False Discovery Rate.



3.2. Analysing the transcriptome of retinal organoids carrying MYO7A mutations91

3.2.2 Analysing the miRnome of control and Type I Usher reti-

nal organoids

Micro RNA sequencing (miRNAseq) was performed to interrogate miRNA expres-

sion changes over retinal organoid development and to identify whether miRNA

profiles differed between USH1 patient-derived and control retinal organoids. As

above, control N7 and Type I Usher N35.1 iPSCs (D0), and derived retinal

organoids after 7 and 14 weeks of differentiation (Wk7 and Wk14), were sequenced,

with triplicate samples used at each timepoint. Samples were collected from two N7

clones and one N35.1 clone.

3.2.2.1 miRNAseq quality control

First the quality of miRNA sequencing was assessed. Library size varied across

samples, with an average read depth of 1.4 million reads per sample, deemed suffi-

cient for full miRnome coverage, but a range of 907726-1883635 reads (figure 3.4

A). The Quality Score (Q-score) is a measure of the reliability of base call, and all

samples had an average Q-score above 30, indicating high quality data. The average

mapping rate was 91.2% across all samples (figure 3.4 B), indicating that on average

this percentage of reads could be mapped to miRNAs, smallRNAs, other genomic

locations including RNAs of unknown identity, and outmapped reads which align

to abundant sequences including ribosomal RNAs and the mitochondrial chromo-

some. This range was within the expected typical range for such an experiment

and overall these quality control data indicated that the sequencing data was of high

quality and suitable for analysis.
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Figure 3.4: miRNA sequencing QC data. Summary of read depth and mapping results
for each sample. (A) Read depth per sample. (B) Shows the proportion of
reads mapping to known miRNAs, (miRNA), known small RNAs (smallRNA),
predicted but not formally identified miRNAs (Predicted), genomic regions,
abundant sequences such as ribosomal RNAs (Outmapped) and unrecognised
sequences (Unmapped).
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3.2.2.2 miRNA expression in developing retinal organoids

MiRNA expression was analysed at each timepoint to better understand the land-

scape of miRNA expression across retinal organoid development. Only miRNAs

with expression levels > 50 Transcripts Per Kilobase Million (TPKM) were in-

cluded. The TPKM measure was used because values are normalised by gene

length and then by sample library size, facilitating inter-sample comparison. At

every timepoint large numbers miRNAs were expressed in both genotypes (figure

3.5). Expression of certain miRNAs was timepoint-specific, however 163 and 108

miRNAs were consistently expressed at every timepoint in N7 and N35 samples,

respectively. No gross differences in the numbers of expressed miRNAs was ob-

served between tested genotypes at any timepoint. Overall these data indicate that

the miRnomic landscape of human retinal organoid development is both rich and

dynamic.

Next the identity of the most highly differentially expressed miRNAs between

timepoints in N7 samples was compared as these miRNAs are likely to play im-

portant developmental stage-specific roles. A false discovery rate (FDR) of ≤0.05

was used as a significance cutoff. Huge downregulation of known pluripotency-

associated miRs including miR-512, the miR-372 cluster and the miR-302 family,

was observed from Day 0 to Week 7 (figure 3.5 top table)(Maraghechi et al., 2013).

Upregulation of several retina-associated miRNAs is observed in the Wk7 to Wk14

comparison. As described in section 1.4.3, expression of miRs 182, 96 and 183

is known to increase across retinal development, Let7b and let7d are known to be

involved in promoting retinal progenitor cell neuronal differentiation (Zhang et al.,

2014), and miR 29a has been shown to be expressed in the adult human retina

(Jayaram et al., 2015). Interestingly, the direction of change for the most highly dif-

ferentially expressed miRNAs was different for the D0 vs Wk7 comparison and the

Wk7 vs Wk14 comparison; the top differentially expressed miRNAs were down-

regulated in Wk7 compared to D0 and upregulated in Wk14 compared to Wk7.

This could indicate higher requirement for expression of particular miRNAs during

pluripotency and during retinal differentiation.
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D0-Wk7

miRNA log2 Fold Change P-Value FDR
hsa-miR-302a-5p -11.709 5.87E-112 3.69E-109
hsa-miR-372-3p -10.056 5.19E-109 1.63E-106

hsa-miR-302d-3p -11.347 5.07E-105 1.06E-102
hsa-miR-302a-3p -11.701 1.66E-95 2.61E-93
hsa-miR-302c-3p -11.338 1.74E-89 2.19E-87
hsa-miR-302b-3p -12.369 3.65E-88 3.82E-86
hsa-miR-371a-5p -11.621 9.45E-87 8.49E-85
hsa-miR-512-3p -11.016 1.52E-74 1.19E-72
hsa-miR-302c-5p -11.152 6.77E-72 4.73E-70
hsa-miR-516b-5p -10.078 2.81E-65 1.77E-63

Wk7-Wk14

miRNA log2 Fold Change P-Value FDR
hsa-miR-96-5p 3.818 3.72E-16 2.05E-13

hsa-miR-183-5p 3.624 5.49E-14 1.51E-11
hsa-miR-182-5p 3.399 2.31E-13 4.24E-11

hsa-let-7b-5p 2.610 5.14E-12 7.06E-10
hsa-miR-372-3p -3.141 2.03E-10 2.24E-08

hsa-let-7d-3p 2.085 3.25E-09 2.98E-07
hsa-miR-29a-3p 1.829 8.72E-09 6.85E-07
hsa-miR-182-3p 4.061 1.15E-08 7.93E-07
hsa-miR-7978 3.188 1.98E-07 1.21E-05

hsa-miR-140-3p 2.177 3.34E-07 1.84E-05

Figure 3.5: miRNAs expressed in developing OVs. Overlap of miRNAs expressed in
iPSC maintenance culture (D0) and after 7 (Wk7) and 14 weeks (Wk14) of
differentiation in control N7 (A) and Type I Usher N35 (B) lines. Only miRNAs
with expression >50 TPKM included in this comparison. (Tables) Top ten
differentially expressed miRNAs in N7 samples ranked by false discovery rate
(FDR). A positive fold change implies higher expression in the second listed
timepoint.
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3.2.3 Identifying miR-153 as a potential early disease marker in

Type I Usher syndrome

Control vs Usher Wk 0 Control vs Usher Wk 7

Control vs Usher Wk 14

Figure 3.6: Differentially expressed miRNAs in Type I Usher N35.1 OVs. Comparison
of the number of miRNAs that are differentially expressed (FDR 0.05 and fold
expression change >1.5) between N35.1 Type I Usher optic vesicles and N7
control OVs at three timepoints; week 0 (iPSCs) and culture weeks 7 and 14.
Note the 55 miRNAs differentially expressed at all timepoints, which repre-
sent a list suspected to be unique to the particular lines used. 10 miRNAs are
differentially expressed at weeks 7 and 14.

A number of bioinformatic analyses were used to identify potential early miRNA

disease markers of Type I Usher syndrome. The miRNA profiles of control and

Type I Usher OVs were compared to identify dysregulated miRNAs. It was hypoth-

esised that miRNAs showing abnormal expression earlier than the onset of impaired

N35.1 differentiation and reduced retinal gene expression could play a role in this

phenotype. 10 such miRNAs were identified that were significantly differentially

expressed (FDR≤0.05) at week 7 and week 14 (figure 3.6). None of these miRNAs

have previously been linked to the retina, but several have been implicated in the
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aetiology of various cancers. Of these 10 miRNAs with significantly different ex-

pression between genotypes at week 7 and week 14, 6 were downregulated in Type I

Usher OVs, but only 3 were expressed at a meaningful level (>50 reads at any time-

point, table 3.2), miRs-376a, 205 and 155. Of the 4 miRNAs that were upregulated

in Type I Usher at both timepoints, only 1 miRNA, miR-153, had significant ex-

pression (11.6-fold increase in expression relative to iPSC expression level at week

7 and 10-fold increase at week 14). The miRNAs which were only dysregulated at

week 7 or week 14 can be found in tables A.3 and A.4, respectively.

Week 7 Week 14

Name Log2 fold change FDR Log fold change FDR

hsa-miR-376a-5p 6.18040468 0.00021292 5.08028832 0.00631612
hsa-miR-668-3p 5.0094416 7.60E-06 5.65809068 0.00052518
hsa-miR-539-5p 4.32783446 0.00040461 5.38467413 0.00174141
hsa-miR-205-5p 2.0998565 0.04396963 5.10716679 8.25E-08
hsa-miR-514a-3p 2.02108339 0.0177798 1.72114444 0.02482279
hsa-miR-155-5p 1.68087067 0.0097801 1.72119271 0.00830174
hsa-miR-1269a -2.9589802 1.12E-05 -4.7355618 4.71E-10
hsa-miR-153-3p -3.5451273 1.29E-05 -3.341972 2.77E-10
hsa-miR-1299 -6.2068313 2.03E-08 -5.5547735 5.68E-06
hsa-miR-6868-3p -6.39819 3.32E-09 -5.4004457 4.07E-09

Table 3.2: Differentially expressed miRNAs at Week 7 and Week 14 only in N7 vs
N35.1 comparison. A positive fold change denotes higher expression in con-
trol N7 samples, and a negative fold change denotes higher expression in Type I
Usher N35.1 samples. FDR - False Discovery Rate.

The MSigDB 7.2 GSEA database (https://www.gsea-msigdb.org/gsea/index.jsp)

provides gene sets that are targets of particular miRNAs. GSEA was performed to

identify which, if any, of these gene sets were dysregulated between control and

Type I Usher OVs at week 14. It was predicted that the direction of differential

expression would be opposite for any particular miRNA and the putative set of

genes targeted by that miRNA. No miRNA-regulated gene sets were found to be

upregulated in N35.1 samples, and so the 6 miRNAs which were downregulated

in Type I Usher OVs at weeks 7 and 14 were excluded from further analysis (table

3.2). 160 miRNA-regulated gene sets were significantly downregulated in N35.1

Type 1 samples (FDR≤0.25), including the set of genes targeted by miR-153 (FDR
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0.026), but not miRs-1269a, 1299 or 6868.

In addition, three miRNA target prediction tools (miRwalk, miRanda and Tar-

getscan) were used to generated a list of predicted miR-153 targets, which was com-

pared to the list of genes which were differentially expressed between control and

Type I Usher OVs at week 14, and 5 common genes were identified. These 5 genes

(ACTN4, ROCK1, LATS1, TLK1, RASA1; table 3.3) all showed reduced expression

level in N35.1 Type I Usher OVs at week 14, when miR-135 expression increases.

Of these 5 genes, TLK is the only gene for which there is direct experimental evi-

dence of regulation by miR-153 (Chi et al., 2009b). None of these 5 genes, of which

ACTN4 and ROCK1 have cytoskeletal-related functions, have been the subject of

much study in retinal contexts.

Gene Log2 fold change Adjusted P value

TLK1 1.01378714 0.00225751
ACTN4 0.69879699 0.00350266
LATS1 1.05913924 0.00714796
ROCK1 0.98871118 0.01036981
RASA1 0.58048547 0.02994928

Table 3.3: MiR-153 target genes downregulated in week 14 N35.1 Type I Usher OVs.
Expression of all genes significantly reduced by the indicated fold change and at
the indicated adjusted p value. Significance threshold of adjusted P<0.05 used
for this analysis. Note that a positive fold change denotes higher expression in
control N7 samples.

These findings suggest that miR-153 may affect the maturation of N35.1 Type

I Usher Ovs through targeting these 5 genes, and could represent an early disease

marker for Type I Usher syndrome. Up-regulation of miR-153 has been reported

to protect neurons against some stresses (Fragkouli and Doxakis, 2014). It is also

possible that the differential expression of other miRs at Week 7 is relevant to the

disease state and that they effect small changes to a large number of target genes,

rather than through large changes to a small number of targets. In conclusion, this

unbiased RNAseq analysis identified a single new candidate miRNA as a potential

early disease marker, whose differential expression could be identified in Type I

Usher mutation-carrying retinal organoids. This observation needed further valida-
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tion in additional, independent mutation-carrying retinal organoids.

3.2.4 Sensory Cluster expression is reduced in Type I Usher

N35.1 OVs

In addition to the unbiased approach to identifying miRNAs that might be early

retinal disease-state markers in Type I Usher syndrome, the expression profile of the

miR-182, 96, 183 Sensory Cluster in N7 control and N35.1 Type I Usher OVs was

also investigated using the miRNAseq data set (table 3.4). This miR family were

of interest because they had previously been shown to be downregulated in several

mouse models of retinitis pigmentosa (Loscher et al., 2007, 2008; Palfi et al., 2016).

Consistent with published data and data shown in section 5.2.1 and by Du et al.

(2013), Sensory Cluster expression was observed in iPSC cultures. This expression

fell in both N7 and N35.1 OVs at week 7 and a larger increase was observed in

week 14 N7 OVs. However, this large increase was not observed in n35.1 OVs

and all three Sensory Cluster members were significantly downregulated at week

14 relative to N7 OVs (figure 3.7). This Sensory Cluster downregulation is further

evidence of impaired N35.1 Type I Usher iPSC OV maturation.

In order to discern whether this reduction in retinal gene expression (sec-

tion 3.2) and miRNA dysregulation pattern (section 3.2.2) was the result of the

pathogenic MYO7A mutation found in the N35.1 Type I Usher line and not an inter-

line difference in differentiation, I sought to generate OVs from a greater number of

Type I Usher lines and test whether these observations could be reproduced.

Genotype miRNA D0 Wk7 Wk14

N7
miR-182 1928.27359 957.716251 7308.36363
miR-96 170.913727 64.1827863 658.914722

miR-183 1199.33886 738.573187 6655.95272

N35.1
miR-182 2808.17744 427.484321 1035.45749
miR-96 233.522575 33.9739383 101.874636

miR-183 1631.54523 396.463345 864.438649

Table 3.4: Sensory Cluster normalised read counts Sensory Cluster TPKM values from
miRNAseq data for both N7 and N35.1 OVs at Day 0, Week 7 and Week 14.
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Figure 3.7: Sensory Cluster expression in N7 and N35.1 OVs (D, E) Differential ex-
pression analysis using TPKM values from miRNAseq data shows the Sensory
Cluster expression profile in control (A) and Type I Usher OVs (B). Type I
Usher OVs fail to recapitulate the dramatic increase in Sensory Cluster expres-
sion seen in Control OVs from Wk7 to Wk14. All values are averages (n=6 for
control, n=3 for Type I Usher) of the TPKM values normalised to the Wk0 aver-
age for each miRNA. (C-E) Comparison of Sensory Cluster expression at each
indicated timepoint; Type I Usher syndrome OVs express the Sensory Cluster
at lower levels than control at Wk14. All values are averages (n=6 for control,
n=3 for Type I Usher) of the TPKM values normalised to the control average
for each miRNA. Error bars generated using standard error. * denotes p≤0.05.
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3.3 Establishing a Type I Usher retinal organoid cul-

ture system
I obtained four new Type I Usher patient iPSC lines and an unaffected control iPSC

line, and aimed to generate OVs from these new lines to validate the findings of the

RNAseq analysis performed above. This study structure was designed to accom-

modate for differences in genetic background and variable inter-line efficiencies in

OV generation. iPSC lines used were reprogrammed from patient fibroblasts using

Sendai virus as part of the Human Induced Pluripotent Stem Cell Initiative (HipSci;

http://www.hipsci.org/).

Line Type Gene Allele 1 Allele 2

Oazw3 Type I Usher USH1C c.[238dup] c.[238dup]
p.[Arg80Profs*69] p.[Arg80Profs*69]

Oazw4 Type I Usher USH1C c.[238dup] c.[238dup]
p.[Arg80Profs*69] p.[Arg80Profs*69]

Fiwt3 Type I Usher MYO7A c.[6070C>T] c.[223G>C]
p.[Arg2024*] p.[Asp75His]

Iogu6 Type I Usher MYO7A c.[3504-1G>C] c.[5573T>C]
p.[?] p.[Leu1858Pro]

Xanu5 Control

Table 3.5: iPSC line details. Lines used were all reprogrammed from patient fibroblasts
by Sendai virus reprogramming as part of the Human Induced Pluripotent Stem
Cell Initiative.
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3.3.1 HipSci iPSC lines passed quality control and showed char-

acteristic pluripotent morphology

Before retinal organoid differentiation was attempted using the HipSci iPSC lines,

their quality control performance and iPSC morphology was first analysed. Pluripo-

tency of two clones of each iPSC line was confirmed by assessing expression of

pluripotency-associated genes using the DNA-microarray-based PluriTest (figure

3.8)) (Müller, 2014). Chromosomal integrity during reprogramming was monitored

by a copy number variant check (figure 3.9). All iPSC lines used passed both qual-

ity control checks, although a number of copy number variants were observed in

Oazw clones, these were present in the primary fibroblasts and therefore were not

artefacts introduced by reprogramming (figure 3.9 D). Additionally, all lines could

be stably maintained with morphology typical of pluripotent iPSCs (figure 3.10),

including tight colonies with clear boundaries (Orozco-Fuentes et al., 2019; Wakui

et al., 2017).
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Xanu – Unaffected control Iogu – MYO7A

Fiwt – MYO7A Oazw – USH1C

A B

C D

Figure 3.8: HipSci pluriTest results. Expression of genes associated with pluripotency in
two derived iPSC clones is compared to primary cells (first data point), show-
ing that all clones have expression profiles typical of pluripotent cells. Pluripo-
tency scores generated by the PluriTest algorithm using expression data from
the Illumina HumanHT-12 v4 beadchip array. Name of line and affected gene
indicated above plots.
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Xanu – Unaffected control Iogu – MYO7A

Fiwt – MYO7A Oazw – USH1C

A B

C D

Figure 3.9: HipSci copy number variant check. Genomic integrity of two derived iPSC
clones (blue and green) is investigated by comparison of copy number variants
with primary cells (red). Copy Number Variant checks performed using Illu-
mina HumanCoreExome-12 v1 beadchip array. Name of line and affected gene
indicated below plots.
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Figure 3.10: HipSci iPSC morphology. Brightfield images of HipSci iPSC maintenance
cultures. Imaged cultures are of the following lines: (A) Xanu5, (B) Iogu6,
(C) Fiwt3, (D) Oazw3, (E) Oazw4. Colonies exhibit stereotypical iPSC mor-
phology indicative of pluripotency, including tight colonies with well defined
borders.

3.3.2 HipSci iPSC lines show limited potential to generate reti-

nal organoids

The ability of control and Type I Usher patient-derived HipSci iPSCs to generate

OVs was investigated. Differentiations were initiated using a recently published

protocol which has been shown to achieve advanced maturation of photoreceptors
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exhibiting nascent outer segments, and the proportion of differentiations which gen-

erated OVs was compared between lines (Gonzalez-Cordero et al., 2017). Inter-line

and inter-clone variations in differentiation efficiency were observed, with very few

differentiations generating OVs at all. Differentiations were started using three Type

I Usher iPSC lines; single clones of lines carrying homozygous MYO7A mutations

(Fiwt3 and Iogu6) and two clones of a line with homozygous USH1C mutation

(Oazw3 and 4). One clone of the unaffected control line Xanu5 was also used (ta-

ble 3.5). Organoids were only successfully generated from the control line Xanu5

and Type I Usher line Oazw4 with 4 out of 12 differentiations and 2 out of 2 differ-

entiations being successful, respectively (table 3.6). No OVs were generated from

Type I Usher iPSC lines Iogu6, Oazw3 or Fiwt3, from 6, 8 and 5 differentiations

respectively. Typically, failed differentiations resulted in significant cell death and

cell lifting, starting at week 2 and pronounced by week 4 of differentiation, and

complete lack of any optic vesicle morphogenesis, as shown in figure 3.11. As a

control, mShef10 hESCs (MasterShef10, University of Sheffield) were cultured in

parallel (Canham et al., 2015), and OVs were successfully generated from 3 out of

3 differentiations (as discussed below in section 3.4). Why these iPSC lines fail to

form OVs is unclear, but could be due in large part to epigenetic artefacts incurred

during reprogramming or retention of epigenetic marks from the somatic cell source

which preclude retinal differentiation.

Line Type No. differentiations No. successful No. OVs

Oazw3 Type I Usher 8 0
Oazw4 Type I Usher 4 4 39, 18, 10, 20
Fiwt3 Type I Usher 5 0
Iogu6 Type I Usher 6 0
Xanu5 Control 12 4 30, 11, 15, 7

Table 3.6: Type I Usher iPSC retinal organoid differentiation. Significant variability in
terms of differentiation success was observed using HipSci lines, with very few
differentiations successfully generating OVs. The protocol used was expected to
successfully generate OVs in 50% of differentiations (Gonzalez-Cordero et al.,
2017). A full 6-well plate was used for each differentiation.
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Figure 3.11: Failed HipSci Type I Usher iPSC retinal differentiations. Representative
images of differentiations using the indicated HipSci iPSC lines. No con-
sistent inter-line variation is observed in the first two weeks of differentia-
tion, with all variation being attributable to stem cell confluency at the onset
of differentiation. Successful differentiations result in the formation of optic
vesicle-like structures after three to four weeks (white arrow), whereas a high
degree of cell death and cell lifting is seen in failed retinal differentiations.
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The number of OVs produced per differentiation was also compared. The high-

est number of OVs generated from any iPSC line was 39 per 6-well plate, using con-

trol iPSC line Xanu5 (see materials and methods, section 2.3.5; table 3.6). These

data indicate that the tested HipSci iPSC lines did not reliably generate OVs and

thus were unsuitable for further use. By contrast, successful differentiations using

control and gene-edited hESC lines typically gave 100-120 organoids per 6-well

plate (chapter 5). Whilst the proportion of successful differentiations from Type I

Usher lines was much lower than the proportion of control Xanu5 differentiations,

the high inter-line and inter-clone variability precludes any conclusions about the

effect of genotype on differentiation efficiency.

3.4 Generating hPSC-derived retinal organoids

In light of the difficulty in generating OVs from the HipSci lines, the capacity of the

Gonzalez-Cordero protocol to generate high-quality OVs was tested using mShef10

hESCs and the few OVs generated using Xanu5 HipSci iPSCs. This protocol, which

is described in detail in section 2.3.5 and for which an overview is given in figure

3.12, relied to a large degree on self organisation of differentiating retinal cells into

neural retinal epithelia and the manual excision of these structures, termed optic

vesicles (OVs), from the 2D surface upon which they form and their long term cul-

ture thereafter in suspension, during which time their maturation is supported by

treatment with retinoic acid and taurine (Gonzalez-Cordero et al., 2017). The or-

ganisation and expression pattern of a range of retinal markers was investigated by

immunohistochemistry in week 12 Xanu5 iPSC-derived OVs (figure 3.13). OVs

demonstrated an organised, polarised neural epithelium and expression of key mat-

uration markers including PAX6 (inner retinal cells and retinal progenitor cells), Rx

(retinal progenitor cells and photoreceptor precursors) and BRN3a (retinal ganglion

cells). Localisation of early pan-photoreceptor marker CRX and RCVRN, a later

pan-photoreceptor, is restricted primarily to the apical surface of the epithelium,

corresponding to the presumptive outer nuclear layer of the retina. A low number

of cycling cells were observed, determined by KI67 immunoreactivity.
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Figure 3.12: Overview of OV generation protocol. hPSCs are maintained in 6-well plates
until 95% confluent, when FGF is withdrawn to promote exit from pluripo-
tency. Neural inductive media containing N2 pro-neural supplement is added
for 4-6 weeks. 3D structures showing presumptive epithelia and patches of
nascent RPE emerge over time. 3D structures (indicated by white arrows)
are manually excised before week 6 and cultured individually in suspension
thereafter. From week 6 pro-retinal media including B27, FBS and taurine is
used, and later supplemented with retinoic acid and N2 to promote long-term
differentiation (Gonzalez-Cordero et al., 2013).
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Figure 3.13: Characterisation of control iPSC-derived OVs. Week 12 Xanu5 iPSC-
derived OVs exhibit well-laminated polarised epithelia. CRX+/RCVRN+
photoreceptors localise to the apical surface of the epithelia (A), whereas
PAX6+ inner retinal neurons are restricted to the sub-apical region (B) and
BRN3a+ Retinal Ganglion cells are observed in the OV centre (C). Cells pos-
itive for eye field transcription factor RAX and Ki67+ cycling cells are found
throughout the epithelia (B, C). Scale bar 50µm. Apical surface of the neu-
roepithelium positioned at the top of each image.
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The quality of the generated hESC-derived OVs generated using this protocol

was assessed by immunohistochemistry on week 18 mShef10 hESC-derived OVs

(figure 3.14). These OVs similarly exhibited organised polarised neuroepithelia

with a presumptive outer nuclear layer present above inner retinal cells. Photore-

ceptor cells, identified by RCVRN, CRX, NRL (rod-specific) and ARR3 (cone-

specific) immunoreactivity, are localised to the apical surface of the OV, with inner

retinal cells including retinal ganglion cells, identified by BRN3a immunoreactivity,

being localised to the sub-apical region. At week 18 low numbers of Ki67+ cycling

cells are identifiable, and are predominantly localised to the sub-apical region.The

clear OV organisation and presence of major retinal cell types indicate that the dif-

ferentiation protocol used is able to generate good quality OVs from iPSCs and

hESCs and thus was suitable for use. Furthermore this indicates that the difficulty

in generating OVs from HipSci iPSC lines was not due to the protocol used.
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Figure 3.14: hESC-derived retinal organoids recapitulate foetal retinal development.
Week 18 mShef10 hESC-derived OVs exhibit extensive, well-laminated neu-
roepithelia. Expression of pan-photoreceptor markers (CRX and RCVRN)
and rod (NRL) and cone (ARR3) markers, are restricted to the apical surface
of the neuroepithelia (A and B). BRN3a+ Retinal Ganglion Cells are restricted
to the sub-apical region (C). Low numbers of Ki67+ cycling cells are observed
throughout the neuroepithelium (C). Scale bars represent 200µm in panel A,
and 50µm in panels B and C.
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The starting population for this OV generation protocol is 95% confluent hP-

Scs, but in reality there was variation in this starting population due to variable hPSC

proliferation across and between plates and in initial seeding density. In order to see

if standardising the hPSC starting population affected OV yield and increased the

proportion of successful differentiations, three differentiations were performed us-

ing mShef10 hESCs of successive passages. hESCs were either seeded as normal

and allowed to reach 95% confluency before starting the OV generation protocol, or

were seeded at 1 million cells per well of a 6-well plate and the differentiation pro-

tocol started 24 hours later. All three differentiations successfully produced OVs,

and there was no statistically significant difference in the number of OVs produced

(student’s T-test, p≤0.05; table 3.7). Although the number of differentiations used

for comparison was low, it was concluded that standardising hESC density before

differentiation did not affect OV yield.

Protocol Wells OVs picked OVs per well Mean

Standard 3 25 8.33
14.1Standard 3 54 18

Standard 3 48 16

Modified 3 23 7.67
13.22Modified 3 46 15.33

Modified 3 50 16.67

Table 3.7: Standardising OV generation starting density. Three differentiations were
performed using hESCs initially seeded at a uniform density and then allowed
to reach full confluency (standard protocol), or seeded at 1 million cells per
well of a 6-well plate and then differentiation started after 24 hours (modified
protocol). No significant difference in OV generation was observed.

3.5 Generating a panel of isogenic iPSC lines with

Usher type I mutations
Based on the difficulty of differentiating the patient-derived lines and the need for

better matched controls I aimed to use gene editing to generate a panel of isogenic

control iPSC lines in order to control for genetic background differences between

lines and thereby ensure that any observed phenotype was caused by the presence
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of Type I Usher-causing mutations alone. Efforts to generate this panel of isogenic

control lines are detailed in section 4.4.1.

3.6 Validating expression of miRNAs of interest in

newly-generated Type I Usher OVs
Although the Type I Usher lines detailed in section 3.3.2 failed to reliably generate

OVs, further work by Dr YC Leong of the Sowden group using different Type I

Usher and control iPSC lines did reliably yield retinal organoid cultures. I used

RNA from this set of OVs to test whether the findings from section 3.2.2 could be

reproduced in an independent set of samples.

3.6.1 miR-153 expression is significantly increased in newly-

generated Type I Usher OVs

To validate the finding that miR-153 expression was increased in Type I Usher OVs

and therefore a potential disease marker (section 3.2.3), miR-153 expression was

determined in newly-generated Type I Usher OVs. qPCR was used to determine

miR-153 expression in 14 and 21 Week OVs from a panel of Type I Usher iPSC

lines; RNA for analysis provided by YC Leong, Sowden lab. Data from two iPSC

control lines, Aiid1 (HipSci) and IMR90 (WiCell), were pooled for this analysis.

Three Type I Usher lines were used; Youd6 (MYO7A, HipSci), Iool6 (PCDH15,

HipSci) and N35.1 (MYO7A). Iool6 cells had been treated with Sodium Butyrate, a

small molecule histone deacetylase inhibitor which has been shown to increase ex-

pression of pluripotency-associated genes in iPSCs through epigenetic remodelling,

prior to Sodium Butyrate treatment OVs could not be generated using Iool6 (per-

sonal communication YC Leong) (Mali et al., 2010). N35.1 is the same line used

for the analyses described in section 3.2, however iPSCs transitioned from feeder to

feeder-free conditions for this analysis. All differentiations were performed using

the same protocol as above (Gonzalez-Cordero et al., 2017).

Whilst no significant difference in miR-153 expression was observed in week

14 OVs, expression was significantly higher in all three Type I Usher samples tested
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at 21 weeks (average of 2.2 log2 fold change across USH1 samples; figure 3.15).

This finding, although observed at week 21 and not at week 14 as previously ob-

served (section 3.2), is consistent with previous results and indicates that miR-153

upregulation is a disease marker for Type I Usher syndrome that is independent of

genetic background and is associated with mutations in both MYO7A and PCDH15.

Figure 3.15: miR-153 expression in newly-generated Type I Usher OVs Pooled con-
trols comprise samples from unaffected control lines Aiid1 and IMR90 pooled
for analysis. Youd6, N35.1 and Iool6 carry mutations in the MYO7A and
PCDH15 genes, respectively. Values are averages of single OVs taken from
three independent passages. ** denotes p<0.001, single-factor ANOVA.
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3.6.2 Sensory Cluster expression is significantly increased in

newly-generated Type I Usher OVs

Figure 3.16: Sensory Cluster expression in newly-generated Type I Usher OVs. Pooled
controls comprise samples from unaffected control lines Aiid1 and IMR90
pooled for analysis. Youd6, N35.1 and Iool6 carry mutations in the MYO7A
and PCDH15 genes, respectively. Significant differences in Sensory Clus-
ter cluster expression are observed at week 21 but not week 14. Values are
averages of single OVs taken from three independent passages. *** denotes
p<0.001, * denotes p<0.05, single-factor ANOVA. Error bars generated by
SEM.

In order to determine whether the downregulation of the Sensory Cluster miRNAs

observed in previous N35.1 Type I Usher samples was also observed in an inde-

pendent sample set, Sensory Cluster expression was also determined in the same
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newly-generated OVs by qPCR. The Sensory Cluster was found to be not signifi-

cantly downregulated compared to pooled controls in any of the Type I Usher lines

tested after 14 weeks of differentiation, although a downward trend was observed

(figure 3.16 A). This finding is in opposition to the analysis described above in

section 3.2.4, but the number of lines used gives greater confidence to these re-

sults. Surprisingly, expression of Sensory Cluster miRs was significantly increased

in Youd6 and N35.1 week 21 OVs, but not Iool6 (figure 3.16 B). Both Youd6 and

N35.1 carry pathogenic MYO7A mutations and it is possible that mutations in this

gene lead to increased Sensory Cluster expression at the week 21 timepoint but not

week 14. These data indicate that increased Sensory Cluster expression is associ-

ated with MYO7A mutation, but not necessarily Type I Usher syndrome. Alterna-

tively, difference in Sensory Cluster expression level could indicate variability in

the stage of OV differentiation.

3.7 Discussion
In this chapter:

• I identified the profile of miRNA expression in 7 and 14 week retinal

organoids compared to undifferentiated iPSCs

• I identified miR-153 as a potential disease marker upregulated in two inde-

pendent OV sample sets grown from Type I Usher patient-derived iPSCs

• I attempted, unsuccessfully, to generate OVs from four HipSci control and

Type I Usher iPSC lines

• I showed that expression of the miR-182/96/183 Sensory Cluster was upreg-

ulated in week 21 Type I Usher OVs

In conclusion, using a retinal organoid culture system I have shown that some

dysregulation of miRNAs may be associated with Type I Usher syndrome in vitro. I

have identified miR-153 as a common disease marker in three sets of Type I Usher

iPSC-derived OVs, carrying pathogenic mutations in the MYO7A and PCDH15
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genes. miRNA dysregulation has been observed in several retinitis pigmentosa

models, but to my knowledge has not before been investigated in Type I Usher syn-

drome. The difficulties encountered in inducing newly generated HipSci iPSC lines

to differentiate into retinal organoids precluded their usefulness for further investi-

gation into the role that miRNAs play in Type I Usher aetiology. However, this work

demonstrates the potential value of using human iPSC-derived retinal organoids

in disease modelling and in the interrogation of disease aetiology, particularly in

conditions for which animal models are insufficient. Longer term cultures will be

needed to assess whether retinal organoids can mimic a Type I Usher degenerative

phenotype. This is likely to need the completion of photoreceptor maturation, in-

cluding generation of outer segments and completion of synaptic connections with

inner nuclear layer inter neurons, in culture in order to form functional light de-

tecting photoreceptor cells, which has not yet been reliably achieved in organoid

culture systems (Hallam et al., 2018; Cowan et al., 2020). Some of the principal

achievements and challenges faced during this chapter will be discussed below.

3.7.1 miR-153 in Type I Usher syndrome

Since it’s discovery in 2002, where it was shown by northern blotting to be ex-

pressed at low level in the murine midbrain, study of miR-153 has largely focused

on roles it plays in various oncological contexts, but it has also been shown to be

dysregulated in a subset of Alzheimer’s disease patients (Lagos-Quintana et al.,

2002; Long et al., 2012). miR-153 has never before, to my knowledge, been studied

in the retina, let alone in the context of an inherited retinal dystrophy. As is the

case with many miRNAs, miR-153 appears to play a variety of roles in different

contexts. This makes predicting it’s function in the retina and the role it may play,

if indeed it does play a role, in Type I Usher aetiology, difficult. That miR-153

has not been implicated in IRD before is of interest however as it implies that its

dysregulation is not part of a common path of degeneration and is instead likely to

be specific to Type I Usher syndrome. Follow up gain- and loss-of-function studies

will be required to elucidate the function of miR-153 in the retina and in Type I

Usher syndrome, as will investigation into its spatiotemporal expression pattern.
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3.7.2 Challenges in optic vesicle generation

A major challenge in the field of organoid technology is the issue of inter-line

and inter-batch variability in differentiation efficiency (Ovando-Roche et al., 2017).

This was also a major challenge during this study. All differentiations started using

the Gonzalez-Cordero protocol with NRL-GFP hESCs (chapter 5.4.2.3) success-

fully resulted in organoids being generated, a proportion which was higher than

expected as the authors of the protocol claimed that approximate differentiation ef-

ficiency of 50% (Gonzalez-Cordero et al., 2017). A number of iPSC lines used,

which passed transcriptomic and genome integrity quality checks performed by a

major international stem cell consortium, HipSci, failed to reliably generate retinal

organoids (section 3.3.2), and even successful differentiations typically gave fewer

OVs than hESC differentiations. The reasons for this failure are unclear, but given

the ability of the tested hESC lines to generate OVs with the same protocol, are

likely not to include technical failure or an inadequate protocol, but instead may

be a lack of pluripotency, retention of tissue-specific epigenetic marks following

reprogramming which resist retinal differentiation, or differences in hPSC culture

conditions (Volpato and Webber, 2020).

All HipSci lines used passed the PluriTest QC check. The PluriTest can be used

to identify cells which have transcriptomes which are divergent from a pool of cells

with demonstrated pluripotency, but is not itself a direct measure of pluripotency

(Müller, 2014). Therefore further assaying of pluripotency could have been em-

ployed in this study in order to definitely demonstrate pluripotency of these lines.

Assays which could have been used include the in vivo teratoma assay, often de-

scribed as the ’gold standard’ in the assessment of pluripotency (Wesselschmidt,

2011), or a point-based assessment of spontaneous and directed embryoid body tri-

lineage differentiation (Bock et al., 2011; International Stem Cell Initiative, 2018).

Retention of epigenetic marks from the tissue of origin following reprogram-

ming has been shown to affect the differentiative capacity of iPSCs (Kim et al.,

2010; Noguchi et al., 2018). Two large studies have demonstrated that retention

of donor-specific epigenetic marks is responsible for a large degree of the vari-
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ation observed between iPSC lines (Kilpinen et al., 2017; Carcamo-Orive et al.,

2017). Whether incomplete erasure of epigenetic marks during iPSC reprogram-

ming played a role in the failure of most of the HipSci lines to reliably generate

OVs is unclear. The idea is supported however, by the fact that the Iool6 OVs used

in section 3.6 were generated from iPSCs which had been treated with epigentic

remodelling agent Sodium Butyrate (Mali et al., 2010), and that prior to treatment

this line did not generate OVs (personal communication YC Leong). Furthermore,

high Oazw inter-clone variability in OV generation was observed, with all 4 dif-

ferentiations using Oazw4 generating OVs, but all 8 differentiations using Oazw3

being unsuccessful (table 3.6). This suggests that variant epigenetic artefacts in-

completely removed, or introduced, during the reprogramming process or indeed

carried over from the somatic cell source for each line heavily contributed to the

variable differentiation efficiency of the HipSci iPSC lines.

Another possible factor is maintenance culture system. HipSci iPSCs were

cultured in feeder-free conditions on Vitronectin-coated 6-well plates in E8 media

according to their protocol (section 2.3.4). The Gonzalez-Cordero protocol specifies

culturing hPSCs on Geltrex-coated plates in E8 and the hESC lines used in chapter 5

were cultured on Laminin-521 in Nutristem media (Gonzalez-Cordero et al., 2017).

However, the developers of the Gonzalez-Cordero protocol observed no difference

in OV generation using Vitronectin-coated plates (personal communication Dr. A.

Gonzalez-Cordero) and subsequent adaptation of the iPSC lines onto alternative

substrates, as well as the use of an alternative differentiation protocol (data not

shown) (Meyer et al., 2009) did not improve OV formation efficiency. This suggests

that additional factors may be required to optimise neural induction in these lines.

3.7.3 Experimental design

The investigation into the in vitro phenotype of Type I Usher syndrome started with

the interrogation of an existing RNA sequencing data set which was generated using

data from two clones of a control iPSC line, N7, and one clone of a Type I Usher

iPSC line, N35.1 (section 3.2). These N35.1 samples had been shown to exhibit

impaired expression of key photoreceptor genes and a reduction in the number of
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CRX+ photoreceptors expressing Recoverin. Longer term retinal differentiations

have since been conducted using an improved culture protocol and additional Type I

Usher lines, including N35.1, having been cultured in feeder-free rather than feeder

conditions. These studies are ongoing, but to date immunohistochemistry and qRT-

PCR analyses indicate that all lines are able to differentiate into photoreceptors with

variation between OVs and no further evidence has supported delayed expression

of genes with the ”Sensory perception of light” GO annotation being associated

with USH1 mutation. This suggests that the observed impaired maturation and

failure to upregulate genes associated with retinal function (section 3.2) was not

due to the effect of pathogenic mutation or genetic background, but was instead

more likely to be due to delayed differentiation of the particular cultures. These

studies using organoids highlight the importance of reproducing data in multiple

independent iPSC lines in order to avoid incorrectly attributing differences in OV

differentiation between experiments and lines to the effect of a mutation.

The use of isogenic control lines, in which the pathogenic mutation has been

either introduced or repaired by gene editing, controls for many of the potential

sources of variability in iPSC experiments and this approach been used in other re-

tinitis pigmentosa in vitro models (Lane et al., 2020). In the next chapter I describe

my efforts to develop an hPSC gene editing platform to investigate gene function. I

aimed to generate a panel of isogenic control lines to isolate the pathogenic mutation

as the principal source of variation between lines and eliminate genetic background

differences and inter-clonal variation in epigenetic marks introduced or retained af-

ter reprogramming. The process of gene editing is of course not without risk, and it

is advisory to screen for potential off-target mutations to ensure that any observed

phenotype is due to the desired sequence change and not undesired mutations intro-

duced during the editing process.



Chapter 4

Establishing a gene editing platform

in human pluripotent stem cells

4.1 Introduction

The ability to introduce DNA desired sequence changes into the genome of human

pluripotent stem cells is a powerful tool for researchers and clinicians alike. Differ-

ent gene editing strategies can be utilised to generate both knockout and knock-in

lines in order to directly examine gene function, generate reporter lines and mimic

or repair patient-found mutations for disease modelling. In this chapter I will de-

scribe the establishment of a gene editing platform and the generation of a number

of edited hPSC lines to be used to interrogate miRNA function in human retinal

organoids, will be described in this chapter. First, progress in the development of

gene editing strategies and technologies, and in our understanding of the DNA re-

pair pathways upon which they depend, will be reviewed.

Early genetic studies relied upon the emergence of spontaneous mutations to

allow analysis of observable phenotypes. The work of Muller (1927) and later,

Auerbach et al. (1947), showed that it was possible to induce random mutations

using radiation or chemical treatment, respectively. However, it was not possible

to engineer desired sequence changes in eukaryotic cells until the development of

homologous repair-based protocols in the 1970’s and 1980’s (Scherer and Davis,

1979; Thomas et al., 1986). The 2007 Nobel prize in physiology or medicine was
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awarded to Capecchi, Evans and Smithies for their discoveries of principles for in-

troducing specific gene modifications in mice using gene targeting in embryonic

stem cells. Such strategies, which relied upon cells’ endogenous DNA repair ma-

chinery, greatly facilitated interrogation of gene function and disease aetiology but

were nonetheless labour intensive and inefficient, and necessitated significant selec-

tion and subsequent characterisation of induced mutations.

The current generation of gene editing techniques involve inducing DNA single

or double strand breaks (SSB or DSB) through the direction to desired locations in

the genome of one of three effector endonucleases; zinc-finger nucleases (ZFNs),

transcription activator-like effector nucleases (TALENs) and the most commonly

used CRISPR-Cas9, as reviewed by Carroll (2014). Induction of a DNA break

stimulates DNA repair mechanisms which can be manipulated to achieve desired

genetic sequence alterations. CRISPR-Cas9, has emerged as a powerful and flexible

gene editing tool and is, in large part due to the low cost and relative ease of system

design and use, the dominant targeted nuclease system currently in use around the

world, and thus shall be the focus of further discussion in section 4.1.2.1.

4.1.1 DNA repair in human cells

A number of diverse and overlapping DNA repair mechanisms are employed by eu-

karyotic cells to resolve the damage arising from a constant stream of insults which

include ionising radiation, errors in DNA replication such as collapsed replication

forks, and metabolic products including reactive oxygen species (De Bont and van

Larebeke, 2004). Damage to the DNA phosphodiester backbone often results in

single or double strand breaks (Cannan and Pederson, 2016). DNA DSBs are re-

paired through two different pathways: non-homologous end joining (NHEJ; and

the related microhomology-mediated end joining pathway), a process which often

results in small insertions or deletions (indels) but by which broken DNA ends are

re-ligated (Chang et al., 2017), and homology-directed repair, which requires the

presence of an homologous DNA sequence to serve as a template for break repair

(Marini et al., 2019). These processes are summarised in figure 4.1.

In humans, the most commonly activated DNA repair pathway in response to
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DSB is the NHEJ pathway (Mao et al., 2008). This is in contrast to yeast and other

unicellular eukaryotes, traditionally the principal model organisms in the field of

DNA repair research, which favour HDR (Clikeman et al., 2001). NHEJ is more

commonly observed in humans than HDR for two main reasons: firstly, NHEJ is a

significantly shorter process, taking approximately 30 minutes to complete whereas

HDR can take up to 7 hours (Mao et al., 2008); secondly, NHEJ pathway component

proteins are active throughout the cell cycle (Shao et al., 2012), whereas the HDR

pathway is only active during the S and G2-phases, when the sister chromatids can

act as an homologous repair template for DNA DSB repair (Kadyk and Hartwell,

1992; Sonoda et al., 2006).

Variable deletions

Variable insertions

NHEJ HDR

Homologous regions

Desired modification

DSB

Figure 4.1: Prominent DNA repair mechanisms. DNA double strand breaks must be re-
paired. In humans, the error-prone non-homologous end joining (NHEJ) path-
way is active throughout the cell cycle but does result in the introduction of
unpredictable insertions and deletions, so-called indel mutations, which can
be deleterious. The homology directed repair (HDR) pathway relies upon the
presence of a homologous sequence, usually a sister chromatid present during
the S and M phases of the cell cycle, to effect error-free DNA repair. HDR can
be manipulated to introduce desired sequence modifications.
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4.1.1.1 Non-homologous end joining

The NHEJ process can be divided into three steps: DNA DSB recognition and

assembly of NHEJ complex component proteins; the processing of broken DNA

strand ends if required; and strand re-ligation and NHEJ complex disassembly. Bro-

ken DNA ends are rapidly bound by the ring-shaped Ku heterodimer which serve

as a scaffold to which NHEJ complex component proteins are recruited (Mimori

et al., 1986; Walker et al., 2001). The process of NHEJ complex assembly remains

imperfectly understood and appears to vary with the type and complexity of DNA

damage (Reynolds P, 2012).

Which DNA end-processing proteins are then recruited to the stabilised NHEJ

complex depends on the nature of the DSB. These can include proteins involved

in: DNA resection, most notably Artemis (DCLRE1C) which complexes tightly

with DNA-PKcs and has both endo and exonuclease activity to cleave ss overhangs

(Moshous et al., 2001; Povirk et al., 2007); DNA Polymerases µ and λ , which

can polymerise free deoxyribose triphosphate (dNTPs) in both a template strand-

dependent and independent manner to repair resected DNA duplexes and fill in gaps

(Ramadan et al., 2004; McElhinny et al., 2005); and the preparation of DNA ends

for ligation, which can be performed by a number of proteins depending on if and

how exposed bases are damaged. Processed DNA ends are finally ligated, stabilised

and stimulated.

It is common for the processing of DNA ends to result in the addition or loss of

nucleotides, so-called indel mutations, which can lead to frame shifts and disruption

of gene open reading frames. This negative to NHEJ utilisation is balanced by the

rapidity of the process and the fact that repair can occur throughout the cell cycle.

4.1.1.2 Homology directed repair

Several HDR pathways have been described, including canonical homologous re-

combination (HR), single strand annealing (SSA), synthesis-dependent strand an-

nealing (SDSA) and break-induced replication (BIR). These are characterised by

extensive resection of DNA broken ends, often on the order of a kilobase or more,

and then by the use of a sequence homologous to the exposed single strand as a re-
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pair template. Long distance 5’-3’ resection exposes the long regions of homology

between the nascent single-stranded DNA (ssDNA) and the repair template, and

allows Replication Protein A (RPA) to dynamically bind and stabilise the ssDNA

(Chen et al., 2014; Wold, 1997).

In humans, the search for homologous sequences is mediated by RAD51 and

a number of paralogous binding partners which mediate ssDNA invasion of homol-

ogous dsDNA and the formation of a D-loop structure comprised of the invading

ssDNA annealed to the cognate homologous sequence and the displaced and un-

bound second strand of the targeted dsDNA (Renkawitz et al., 2013; Chun et al.,

2013; Hilario et al., 2009; Wright et al., 2018). The resolution of this D-loop struc-

ture differs between the HDR pathways, but for all pathways the invading ssDNA

serves as a primer for DNA polymerases, primarily DNA Polδ , to synthesise new

DNA and repair the DSB and restore chromosomal integrity (Fabre et al., 1991;

McVey et al., 2016). The exact mechanisms by which the different HDR pathways

act are complex and varied; the mechanisms as currently understood are reviewed

in depth by Wright et al. (2018).

4.1.1.3 Manipulating DNA repair for gene editing

Many attempts have been made to increase the efficiency of HDR through small

molecule inhibition of the NHEJ pathway, thereby forcing HDR-mediated DSB re-

pair. NHEJ pathway components which have been successfully inhibited in human

cells include DNA Ligase IV (Maruyama et al., 2015; Trung Chu et al., 2015) and

DNA-PKcs (Roberts et al., 2006; Riesenberg and Maricic, 2018). Additionally,

siRNA and shRNA-mediated knockdown of Ku70, Ku80 and DNA Ligase IV have

also been shown to increase HDR efficiency in human cells (Trung Chu et al., 2015).

NHEJ pathway inhibition is not routinely included in HDR-based gene editing pro-

tocols, but may well yet become common practice.

Ensuring that Cas9 activity is restricted to HDR-permissive cell cycle stages

has been shown to greatly increase HDR efficiency. Aphidicolin treatment inhibits

S-phase checkpoint progression and halts cell cycle progression, capturing target

cells in S-phase, when HDR is the preferred DSB repair mechanism (Lin et al.,
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2014). Additionally, restricting Cas9 expression to S and G2 phase by using a Cas9-

Geminin fusion protein also increases HDR efficiency. Geminin is degraded in G1

and thus Cas9 activity is restricted to HDR-permissive cell cycle stages (Gutschner

et al., 2016).

4.1.2 CRISPR-Cas

Clustered regularly interspaced short palindromic repeat (CRISPR) -Cas systems

constitute a common prokaryotic adaptive immune system widely found across the

bacterial and archaean kingdoms. As a component of an adaptive immune system

the role of CRISPR-Cas9 is the long-term storage of memories of prior infections,

and deployment of RNA-guided nucleases for the specific cleavage of recognised

DNA sequences after reinfection by mobile genetic elements such as phages, well

reviewed by Hille et al. (2018).

The defining feature of these systems is the CRISPR array, which is comprised

of alternating repeated DNA sequences and unique spacer sequences, the retained

fragments of mobile genetic elements from previous infections (Ishino et al., 1987;

Jansen et al., 2002). The other components of the CRISPR-Cas system are the

CRISPR associated, or cas, genes. These are a diverse group of genes which are

required for the processing and insertion of foreign DNA into the CRISPR arrays,

the transcription of such arrays to make guide crRNAs (CRISPR RNA), the forma-

tion of effector ribonucleoproteins and the targeting and endonucleolytic cleavage

of cognate foreign nucleic acid species, well reviewed by Makarova and Koonin

(2015) and Wiedenheft et al. (2012).

4.1.2.1 CRISPR-Cas9 gene editing

Whilst many variations exist, the use of CRISPR-Cas systems as research and clin-

ical tools typically involves the heterologous co-expression or co-delivery to the

cells or tissue of interest, of human codon-optimised Cas9, the effector nuclease of

the Streptococcus pyogenes CRISPR adaptive immune system (SpCas9), and a sin-

gle guide RNA (sgRNA or ’guide’), a chimaeric fusion of the trans-activating RNA

(tracrRNA) and pre-crRNAs found in nature (Zhang et al., 2014; Mali et al., 2013).
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Target DNA binding is dependent on Watson-Crick base pairing between the

sgRNA and the 20nt target sequence and requires the presence of a 5’-NGG motif

immediately 3’ adjacent to the target (Jinek et al., 2012), dubbed the protospacer

adjacent motif (PAM). Cas9 orthologs require different PAM sequences (Zhang

et al., 2013; Gasiunas et al., 2012). The enormous frequency with which the Cas9

PAM sequence occurs in a genome, it is found on average every 10nt in the human

genome (Hsu et al., 2013), allows Cas9 to be directed to almost any locus of in-

terest. SpCas9 generates blunt-ended double-stranded DNA breaks 3bp 5’ of the

PAM through the highly conserved HNH and RuvC catalytic domains which cleave

the target and non-target strands respectively (Nishimasu et al., 2014), as shown in

figure 4.2. DNA double-strand break repair systems can then be manipulated to

engineer desired sequence alterations.

HNH

RuvC

sgRNA

Cas9 Non-target

Target

5'

5'

3'

3'

PAM

Figure 4.2: CRISPR mechanism. The Cas9 endonuclease is guided to a target site by
an sgRNA, dependent on the presence of an 5’-NGG-3’ PAM sequence. The
sgRNA is engineered to have a 5’ end which is complementary to the target
strand. Upon sgRNA binding, the DNA is cut by the Cas9 HNH and RuvC
domains, at a position three nucleotides upstream of the PAM sequence. Fol-
lowing cleavage, the ribonucleoprotein dissociates from the target DNA.
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Figure 4.3: T7 assay. Genomic DNA is extracted from a pool of targeted cells. Region of
interest is amplified by PCR and amplicons denatured and slowly reannealed.
Heteroduplexes are cleaved by T7 endonuclease I and cleavage products re-
solved by gel electrophoresis.

4.1.3 Guide validation

The current generation of directed nucleases are powerful gene editing tools which

allow for efficient targeting of desired loci. However targeting efficiency is highly

variable across the genome and different strategies, even targeting the same locus,

will also vary in efficiency. Thus it is often necessary to assess the targeting effi-

ciency of a particular gene editing strategy. The most commonly used method for

assessing targeting efficiency is the endonucleolytic cleavage of heteroduplex PCR
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amplicons following amplification of the targeted region. The first such method

published was the surveyor assay (Guschin et al., 2010), but the most popular en-

zyme now used for mismatch detection assays is the T7 endonuclease I due to in-

creased enzyme sensitivity (Vouillot et al., 2015).

The T7 assay, outlined in figure 4.3, allows quantification of the proportion of

alleles carrying indel mutations in a pool of genomic DNA, extracted from a clonal

or polyclonal pool of targeted cells. The targeted region is amplified by PCR, ideally

using PCR primers which are asymmetric relative to the predicted cut site. The PCR

products are denatured and allowed to slowly reanneal using a reducing temperature

gradient, which allows the formation of heteroduplex PCR amplicons from alleles

carrying the wild type sequence or indel mutations. Mismatched nucleotides in

heteroduplex amplicons are cleaved by the T7 endonuclease I and resolved by gel

electrophoresis. Wild type and mutant alleles are identifiable and distinguishable by

the size of DNA products. Approximate targeting efficiency can then be calculated

from the band intensity.
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4.1.4 Aims and objectives

To investigate the role of miRNAs in human retinal development and disease using

retinal organoids, I aimed to generate a number of genetically modified hPSC lines

to both interrogate miRNA function and act as isogenic controls for patient-derived

iPSC lines, and thus it was essential that a robust gene editing pipeline were es-

tablished. Based on my review of existing literature different CRISPR/Cas9 gene

editing strategies were tested and utilised.

The following experimental objectives were set:

• Establish a gene editing platform and pipeline which could be used to gener-

ate multiple genetically modified hPSC lines

• Test the relative efficacy and utility of different gene editing strategies

Attempts were made to generate the following hPSC lines using different gene

editing strategies, which will be described in detail below:

• A MYO7A hESC knockout line using a NHEJ-based single sgRNA strategy

• A panel of USH1C isogenic control lines using an HDR-based single-

stranded-oligodeoxynucleotide strategy

• A NRL knockout hESC line using an HDR-based single-stranded-

oligodeoxynucleotide strategy

The techniques and gene editing pipeline developed during this chapter were

used to generate two hESC lines in which the entire miR-182/96/183 Sensory Clus-

ter was genetically ablated using a dual sgRNA approach. The generation of and

experiments conducted with these lines will be discussed in 5.

4.2 Establishing a gene editing platform
Establishing the gene editing pipeline required the optimisation of several steps.

Several different sgRNAs were used during these stages, including sgRNAs target-

ing the NRL and MYO7A genes. NRL encodes an important transcription factor
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necessary for the specification of murine and human rod photoreceptor cells (Mears

et al., 2001), whilst MYO7A encodes an unconventional myosin which causes Type

I Usher syndrome (section 3.1).

4.2.1 Optimising sgRNA and Cas9 expression

Electroporation can be used for the efficient transformation of hPSCs, and was

therefore tested for use in this gene editing pipeline (Blair et al., 2016). Electropora-

tion conditions were optimised by Drs E. Cuevas and J. Lakowski; mShef10 hESCs

cells were electroporated with the px458 GFP reporter plasmid (figure 4.4A) and

conditions optimised on the basis of the proportion of approximate GFP+ cells vis-

ible 24 hours after electroporation. Electroporation resulted in approximately 30%

of mShef10 cells expressing GFP after 24 hours (data not shown) and was deemed

acceptable for use.

In order to identify the most effective promoter to control sgRNA and Cas9

expression in hESCs, mShef10 hESCs were separately electroporated with one of

three px459 plasmids which carried a sgRNA scaffold, Cas9 and puromycin resis-

tance gene (figure 4.4B) under the control of either the chicken β -actin (Cbh), hu-

man cytomegalovirus (CMV) or eukaryotic translation elongation factor 1α (EF1α)

promoter. The sgRNA used was a previously published sgRNA which had been

shown to effectively induce indel mutations in hPSCs cells, the so-called Mali guide

which targets the AAVS1 safe harbour locus (Mali et al., 2013). Cells were sub-

jected to a three day puromycin selection after the optimal puromycin conditions

had been established using a kill curve of a range of concentrations. Surviving cells

were collected and sgRNA efficacy determined by T7 assay. In order to allow quan-

titative comparison of sgRNA efficiency, the relative intensities of wild-type and

T7-cleaved bands was assessed. This was achieved using the line tool in the FIJI

image analysis software, using a protocol established by Guschin et al. (2010). The

CMV and EF1α promoters were both found to be effective, with 35.9% and 38.6%

of amplicons exhibiting T7 endonuclease sensitivity respectively, but the Cbh pro-

moter was not (figure 4.5 right hand side and table). The EF1α promoter was used

hereafter.
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Figure 4.4: Plasmid structures. Structures of the two plasmids used in the developed gene
editing pipeline. (A) GFP reporter plasmid in which eGFP is driven by expres-
sion of the EF1α promoter. (B) px459 plasmid carrying puromycin resistance
to aid selection, Cas9 driven by the EF1α promoter and sgRNA scaffold.
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Guide Amplicon (bp) Expected (bp) Fraction cleaved % Gene modification

NRL sgRNA1 973 773+200 0.45 25.7
NRL sgRNA2 973 722+251 0.67 42.7
NRL sgRNA3 973 572+401 0.67 42.9

Mali empty 900 900 0 0
Mali Cbh 900 700+200 0 0

Mali CMV 900 700+200 0.59 35.9
Mali EF1 900 700+200 0.62 38.6

Figure 4.5: Testing sgRNA efficacy. Three sgRNAs targeting exon 2 of the NRL gene were
tested in mShef10 hESCs and shown to induce indel mutations by T7 assay. A
published sgRNA, here dubbed Mali, was used as a positive control, with Cas9
expression under the control of different commonly-used promoters. A px459
plasmid with no sgRNA sequence was used as a negative control. Note that
smaller bands could not be visualised.

4.2.2 Inducing indel mutations using designed sgRNAs

A large number of online tools have been developed to aid researchers in de-

signing CRISPR experiments. In order to test the capability of one such

tool, the Wellcome Sanger Institute Genome Editing CRISPR browser tool

(https://wge.stemcell.sanger.ac.uk/) was used to design three sgRNAs targeting

exon 2 of the human NRL gene (figure 4.6) (Hodgkins et al., 2015). Exon 2 was

chosen because it is the first coding exon and therefore indel mutations are likely
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to induce loss-of-function frame shift mutations. sgRNAs were chosen with con-

sideration of the predicted off-target effects; guides with predicted exonic off-target

binding sites with one mismatch with the full sgRNA sequence were disregarded

due to the higher risk of an off-target cleavage event affecting gene expression.

To determine the efficacy of designed sgRNAs, mShef10 cells were electropo-

rated with the px459 plasmid into which NRL sgRNAs 1, 2 or 3 had been cloned.

Electroporated cells were subjected to a three day puromycin selection and allowed

to recover before colonies were harvested and screened for indel mutations by T7 as-

say as a pool (figure 4.3). All three guides gave T7 endonuclease digestion patterns

indicative of successful indel mutation induction at the desired locations (figure 4.5

left hand side). Gene editing efficiency for all tested sgRNAs was reasonably high,

with the lowest efficiency observed with NRL sgRNA 1 (25.7% amplicons con-

taining indels) and the highest observed with NRL sgRNA 3 (42.9% of amplicons

containing indels; figure 4.5 table). Interestingly, NRL sgRNAs 2 and 3 performed

better than the previously published Mali sgRNA.

Together, these data indicated that designed sgRNAs could be cloned into the

px459 plasmid, and that after electroporation into hESCS, these plasmids would

allow selection of electroporated cells providing puromycin resistance and induce

Cas9-mediated DNA cleavage and introduction of indel mutations at the desired

loci which could be demonstrated by T7 assay. These steps formed the basis of

the gene editing pipeline which was used in the generation of gene-edited hPSC

lines throughout this study (figure 4.7). The quantification of the proportion of

amplicons exhibiting T7 endonuclease sensitivity does allow precise comparison of

sgRNA efficiency, but was not used in guide selection hereafter as it was deemed

superfluous to visual assessment of band intensities. The CRISPR Browser tool was

used hereafter for all sgRNA design due to its ease of use, the number of sgRNAs

available, the proven efficacy of designed guides and its comprehensive off-target

prediction analysis.
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Predicted off-target sites

Name Position Exonic Intronic

NRL sgRNA1 14:24082801-24082823 1:0, 2:1, 3:2, 4:4 1:0, 2:0, 3:12, 4:102
NRL sgRNA2 14:24082773-24082795 1:0, 2:0, 3:2, 4:11 1:0, 2:0, 3:7, 4:71
NRL sgRNA3 14:24082627-24082649 1:0, 2:1, 3:2, 4:29 1:0, 2:1, 3:7, 4:110

Figure 4.6: NRL gene structure and sgRNA locations and off-target sites. (Top)
schematic of the human NRL gene. Coding exons indicated by solid blue bars.
(Bottom) NRL chromosomal location, nucleotide and amino acid sequence,
with three sgRNAs designed to target exon 2 at the indicated locations. (Ta-
ble) sgRNAs designed using the Wellcome Sanger Institute CRISPR browser
tool. Position indicates the chromosomal location of the sgRNA sequence.
Predicted off-target sites described as follows: ’mismatches with full sgRNA
sequence:number of sites predicted in the genome’.
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Figure 4.7: Gene editing pipeline. Overview of the general gene editing pipeline used

throughout this study. hPSCs were cultured and expanded in 6-well plates be-
fore electroporation with a px459 plasmid encoding i) the Cas9 enzyme under
the control of the EF1a promoter, known to drive strong expression in hPSCs,
ii) a guide RNA scaffold, iii) a gene conferring puromycin resistance. Depend-
ing upon the experiment being conducted, cells could also be co-electroporated
with an single-stranded-oligodeoxynucleotide to trigger HDR or a second plas-
mid with a different guide scaffold to excise a target region. Successfully elec-
troporated cells were selected for using 3-day puromycin treatment, and surviv-
ing colonies allowed to grow for 4 days before being picked into sister 48 and
96-well plates in a clonal fashion. Clones were maintained in 48-well plates
whilst PCR-based screening for successful gene editing was performed using
gDNA extracted from confluent wells in the 96-well plates.
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4.3 Engineering gene knockouts by utilising the

NHEJ pathway
The gene editing pipeline described above was used to investigate function of the

human MYO7A gene in Type I Usher syndrome pathogenesis and to investigate the

feasibility of using a single sgRNA-based approach to generating hPSC lines carry-

ing loss-of-function mutations, as well as the ease of screening clones generated in

this way. mShef10 hESCs were electroporated with a px459 plasmid carrying the

MYO7A sgRNA 1 sequence (AGGCTACCACAAGTGCACGC). This sgRNA was

designed to target a location in exon 45 of the MYO7A gene at which homozygous

mutations (Type I Usher syndrome is a recessive genetic condition) are known to be

pathogenic in Type I Usher syndrome patients. Introduction of homozygous dele-

terious mutations such as frame shifts and premature stop codons near this location

are therefore likely to be pathogenic.

Predicted off-target sites

Name Position Exonic Intronic

MYO7A sgRNA1 11:77211172-77211194 1:0, 2:0, 3:1, 4:4 1:0, 2:0, 3:1, 4:17

Table 4.1: MYO7A sgRNAs predicted off-target sites sgRNAs designed using the Well-
come Sanger Institute CRISPR browser tool. Position indicates the chromo-
somal location of the sgRNA sequence. Predicted off-target sites described as
follows: ’mismatches with full sgRNA sequence:number of sites predicted in
the genome’.

Electroporated cells were subjected to puromycin selection and 32 surviving

clones were picked into sister 96 and 48-well plates, for mutation screening and

maintenance respectively. Sanger sequencing was performed for all clones and

computational deconstruction of chromatograms was attempted using the CRISP-

ID online tool (using the wild type MYO7A sequence as a reference, figure 4.8),

in order to try and characterise the observed indel mutations (Dehairs et al., 2016).

Of the 32 sequenced clones, no clone was found to carry bi-allelic indel mutations

which were predicted to cause frame shifts, but 27 clones were found to carry an

indel mutation on at least one allele.
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The single sgRNA-based gene editing strategy was not successful for two rea-

sons: firstly, the difficulty and labour intensive process of screening using Sanger

sequencing and computational chromatogram deconstruction; secondly, the unpre-

dictability of indel mutations meant that the chance of generating a gene edited

clone carrying the desired frame shift mutations on both alleles was too low. For

these reasons, only gene editing strategies that allowed for easy screening of edited

clones were used hereafter.
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Figure 4.8: MYO7A knockout screening. (A) T7 assay for MYO7A sgRNA 1. Lanes one
and two show a 950bp amplicon of the region around the MYO7A sgRNA 1
target site with and without T7 endonuclease, respectively. Predicted digestion
products were 573bp and 377bp. (B) Screenshot of a typical chromatogram of
a screened mShef10 clone after electroporation of MYO7A sgRNA 1 aligned
to a reference unedited sequence using the Benchling online tool. This chro-
matogram shows indel mutations, with mismatches with the reference sequence
highlighted in red and deleted bases represented by dashes. Note that chro-
matogram runs from right to left (C) Screenshot of the same chromatogram
analysed using the CRISP-ID online tool, showing the wild type sequence be-
fore the predicted Cas9 cut site (yellow line) and base calls of the mixed chro-
matogram thereafter. This software predicts allelic sequences after indel muta-
tion based on chromatogram traces.
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4.4 Introducing desired sequence alterations by ma-

nipulating the HDR pathway
The efficiency of HDR-mediated gene editing can be improved through the use

of single-stranded-oligodeoxynucleotides (ssODN) (Richardson et al., 2016). A

common, ssODN-based strategy was employed to generate a number of hPSC

gene-edited lines with desired small sequence changes. This was an advance-

ment on the single guide RNA based strategy described above as it relies upon

HDR rather than NHEJ to effect to desired gene editing. The ssODN strategy used

was based upon a strategy described by Richardson et al. (2016), whereby a single

stranded DNA polynucleotide is co-introduced to the cells to be edited along with

the CRISPR/Cas9 machinery and guide RNA. Following DSB induction, the arm

of the cleaved non-target strand which is distal (in a 5’ direction) to the PAM site is

preferentially released from the Cas9-sgRNA-DNA complex. This strand is bound

by the ssODN, triggering HDR and allowing the introduction of small sequence

changes at precise, and guide RNA-directed, locations in the genome without the

need for large regions of homology as with traditional HDR-based editing strate-

gies.

Richardson et al. (2016) demonstrated effective editing using a 127nt ssODN

with asymmetrical homology relative to the Cas9 cleavage site (figure 4.9). This

ssODN exhibits 36 nucleotides (nt) of homology to the distal non guide RNA target

strand and 91nt to the proximal strand, where the proximal strand is deemed that in

the 3’ direction relative to the cut site. Small sequence alterations were incorporated

into the ssODN sequences to achieve the following aims: firstly, to effect the desired

alteration and alter protein function; secondly, to disrupt the sgRNA target or PAM

site to block repeated Cas9 cleavage; and thirdly, to introduce a novel restriction

enzyme recognition site to facilitate screening of edited clones. An ssODN-based

strategy offered two main advantages over a simple single sgRNA-based strategy;

firstly, screening of edited clones is greatly facilitated by the novel restriction site

and did not require Sanger sequencing of multiple edited clones; and secondly, it

will reliably induce the desired sequence changes without the unpredictability of
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indel mutations which necessarily mean that many edited clones will not possess

the desired sequence changes, for example in frame deletions.

sgRNA
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5'

3'

3'

PAM

ProximalDistal

ssODN

36nt 91nt

Cas9

Figure 4.9: Single-stranded-oligodeoxynucleotide binding. Schematic of the interaction
between the Cas9-sgRNA ribonucleoprotein complex and cleaved target DNA
substrate including ssODN binding to the preferentially released non-target
strand distal to the PAM site.

4.4.1 Generating USH1C isogenic controls

As part of an investigation into the role of miRNAs in the aetiology of Type I

Usher syndrome (chapter 6), I applied an ssODN approach to design a panel of iso-

genic control lines in order to control for genetic background effects and inter-line

and clonal variability in differentiation efficiency. The use of matched mutation-

carrying and mutation-free isogenic lines ensure that any observed phenotype is

caused by the presence of the pathogenic mutation alone, and not by genetic back-

ground differences.

The Oazw4 line (HipSci) was chosen for this isogenic control panel for two

reasons; firstly, all differentiations started with this line successfully generated OVs

(table 3.6), and secondly, of all the Type I Usher lines available, Oazw4 carries

pathogenic mutations which were the most tractable for gene editing. This line

carried a homozygous duplication of a single cytosine nucleotide in exon 3 of the

USH1C, causing a frame shift and resulting in the generation of a premature stop
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codon in exon 5, USH1C c.[238dup p.Arg81Pro fs*69]. Type I Usher is a recessive

condition and thus restoration of protein function requires the repair of only one al-

lele; targeting a simple homozygous mutation increases the odds of successful gene

editing compared to the compound heterozygous mutations found in the alternative

lines.

Thus the isogenic control panel, as seen in figure 4.10, was to consist of:

1. Oazw4 iPSC - patient iPSC line carrying homozygous USH1C mutation

2. Oazw4USH1C Corrected iPSC - in which the pathogenic USH1C mutation is cor-

rected to the wild type sequence

3. mShef10 hESC - control hESC line

4. mShef10USH1C LOF ESC - control ESC line featuring knock-in of the USH1C

mutation

Efforts to create this panel were partially successful. Whilst the mShef10USH1C LOF

line was successfully generated, Oazw4USH1C corrected was not.

Figure 4.10: Isogenic control panel generation strategy. Isogenic control lines were to
be generated using ssODN-mediated repair of Cas9-induced DNA cleavage.
Donor insertion was designed to disrupt the sgRNA or PAM sequence, intro-
duce the desired sequence change and introduce a novel restriction site, either
SgrAI or SacII.

mShef10 ESC and Oazw4 iPSC cells were targeted as per the gene edit-

ing pipeline outlined above, and co-electroporated with the USH1C Loss of

Function sgRNA (5’TCTGCACCTGGAGCGCCGGG) and ssODN (mShef10) or

the USH1C Correction sgRNA (5’CTGCACCTGGAGCGCCGGGG) and ssODN
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(Oazw4). sgRNAs were chosen due to their low predicted off-target activity and

proximity to the pathogenic mutation (table 4.2). Efficacy of the sgRNAs was con-

firmed by T7 assay, and the USH1C Correction sgRNA showed significantly less

activity than the USH1C Loss of Function sgRNA, as determined by intensity of the

T7 digestion fragments (figure 4.11C). After puromycin selection 24 Oazw4 clones

and 37 mShef10 clones were picked and screened for donor inclusion by SacII or

SgrAI digestion. No Oazw4 clones gave SacII digestion patterns indicative of donor

inclusion. Of the 37 mShef10 clones picked, 3 (clones 1-3) showed SgrAI digestion

patterns indicating monoallelic donor inclusion, i.e. both the uncut amplicon and

the predicted digestion fragments were observed (figure 4.12A). These clones were

then screened by T7 assay and all three showed T7 digestion patterns indicating

monoallelic indel mutations (figure 4.12B). Clone 3 showed a surprising digestion

pattern suggesting a possible large insertion. The genotype of clones 1 and 2 was de-

termined using the online CRISP-ID tool and chromatograms generated by Sanger

sequencing (figure 4.12C); the genotype of clone 3 could not be resolved com-

putationally and is likely not-clonal. Clone 1 was found to have monoallelic donor

inclusion and an 8bp deletion on the other allele, generating frame shifts and prema-

ture stop codons and therefore likely to mimic the patient-observed loss-of-function,

USH1C c.[236C>A; 238dup];[237 245del] p.[Arg81Pro fs*69]; [Pro80 Leu83del

fs*3]. Clone 2 was found to have monoallelic donor inclusion and an in-frame 9bp

deletion on the other allele, the effect of which is less likely to be deleterious. As

the presence of uncut amplicons in both the SgrAI digestion and T7 assay could be

due to a non-clonal cell population including unedited cells, Clone 1 was subcloned

and all subclones were shown to have the same genotype by Sanger sequencing,

therefore mShef10USH1C LOF clone 1 was expanded and frozen down.

The reason for the failure to generate a Oazw4USH1C Corrected line is most likely

the poor sgRNA activity. ssODN-mediated repair is most efficient when the non-

homologous sequence, i.e. the sequence to be introduced, is positioned close to the

Cas9 cleavage site, and is rapidly reduced with increased distance from the cleavage

site. Due to this fact, there were only a limited number of possible sgRNA designs
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which could have been used to generate the isogenic lines. The USH1C Correction

sgRNA was chosen because the Cas9 cleavage site perfectly overlapped with the

c.238dup mutation to be corrected, and because of low predicted off-target effects.

The success in generating the mShef10USH1C LOF line does however, validate the

use of the ssODN and restriction enzyme-based selection strategy, even if donor

integration was monoallelic. This gene edited line can be used with the unedited

parental line as an isogenic control pair to interrogate type I Usher syndrome in

vitro.

Predicted off-target sites

Name Position Exonic Intronic

USH1C Loss of Function sgRNA 11:17531392-17531414 1:0, 2:0, 3:8, 4:24 1:0, 2:0, 3:6, 4:58
USH1C Correction sgRNA 11:17531392-17531414 1:0, 2:0, 3:4, 4:25 1:0, 2:0, 3:3, 4:93

Table 4.2: Isogenic control sgRNA off-target sites sgRNAs designed using the Wellcome
Sanger Institute CRISPR browser tool. Position indicates the chromosomal lo-
cation of the sgRNA sequence. Predicted off-target sites described as follows -
mismatches with full sgRNA sequence:number of sites predicted in the genome.
Note that the USH1C correction sgRNA targets the stated chromosomal loca-
tion, but only in the Oazw4 iPSC line due to the pathogenic duplication at coding
position 238.
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Figure 4.11: Isogenic control ssODN structures. (A) Wild type mShef10 sequence and
the USH1C Loss of Function ssODN used to introduce the c.238dup mutation
found in the Oazw4 line. Cas9 cleavage site marked by red arrows. Donor
introduces a C nucleotide, in red, and silent C>A mutation in Pro 79 to create
an sgrAI site. (B) Oazw4 sequence and USH1C Correction ssODN used to
correct the pathogenic USH1C Oazw4 mutation. Donor causes deletion of the
duplicated C nucleotide and creates a SacII site through a silent C>G mutation
in Pro79. (C) T7 assay confirming activity of the USH1C Loss of Function
sgRNA and USH1C Correction sgRNA. (-) Negative control - mShef10 cells
electroporated with px459 plasmid lacking an sgRNA. (+) Positive control -
mShef10 cells electroporated with the Mali sgRNA. Expected T7 fragments
- 699bp, 299bp. (1) Amplicon from mShef10 hESCs after targeting with the
USH1C Loss of Function sgRNA. Expected T7 fragments - 867bp, 559bp.
(2) Amplicon from Oazw4 iPSCs after targeting with the USH1C Correction
sgRNA. Expected T7 fragments - 867bp, 559bp.
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Figure 4.12: mShef10USH1C LOFscreening. (A) SgrAI screening of mShef10USH1C LOF

clones with and without SgrAI digestion. Amplicon of 1426bp and expected
digestion fragments of roughly 559bp and 867bp. Lanes 1-3 show candidate
clones; clones 1 and 2 show digestion patterns indicative of monoallelic donor
inclusion (and some non-specific bands) whilst clone 3 shows an unexpected
digestion pattern. Negative control - amplicon from unedited Xanu5 iPSCs.
(B) T7 assay of the same samples and negative control, indicating that clones
1 and 2 carry indel mutations on one allele and donor inclusion on the other.
(C) Screenshot of chromatogram from Clone 1 showing the heterozygous mu-
tations induced by the USH1C Loss of Function ssODN. USH1C Loss of
Function sgRNA position indicated by green dashed bar.
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4.4.2 Generating an NRL-/- hESC line

The ssODN strategy was also used to insert a premature stop codon into the first

coding exon, exon 2, of the NRL gene, in the human ESC line mShef10 (Mas-

ter Sheff, University of Sheffield). Editing was achieved using a single-stranded

127 nucleotide (nt) donor DNA oligo to trigger HDR (figure 4.13A). Donor in-

sertion caused the introduction of five bases (AATTC) into the NRL open reading

frame, thereby generating a premature stop codon at coding position 221, and a

novel EcoRI restriction site to facilitate screening of successfully targeted clones,

c.[221 222insAATTC] p.[Trp74*]. The insertion of this premature stop codon is

predicted to yield truncated NRL protein, comprising the first 73 amino acids of

the minimal transactivation domain and lacking the functional basic leucine-zipper

DNA binding domain. Editing was performed using the pipeline described in figure

4.7. Stem cells were co-electroporated with the ssODN and the px459 plasmid con-

taining the NRL sgRNA 2 sequence (5’CAGGCCTGGAGGAGCTGTAC). NRL

sgRNA 2 was chosen because it gave strong T7 digestion bands indicating efficient

indel induction and had the fewest predicted off-target sites of the three sgRNAs

designed to target the NRL gene, with no predicted exonic or intronic binding sites

with one or two mismatched bases (table 4.5).

Following puromycin selection 36 surviving clones were screened for donor

inclusion by EcoRI digestion of PCR products amplified from the region of interest.

Three clones were shown to have EcoRI digestion patterns suggestive of successful

bi-allelic donor insertion (12.5% efficiency), with a further 9 clones with proba-

ble mono-allelic donor insertion. Sanger sequencing was used to confirm bi-allelic

donor insertion in one clone, which was used for downstream experiments (figure

4.13B and C). Cells were expanded and banked, and displayed normal pluripotent

ESC morphology and growth rate, indicating that no gross chromosomal rearrange-

ments had occurred. Experiments conducted to investigate human NRL function

using this line were recently published and can be seen in appendix D (Cuevas

et al., 2021). The success in generating the NRL KO line demonstrated that an

ssODN-based gene editing strategy was a viable, low-cost and efficient method for
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generating hPSC lines with specific, desired sequence alterations.
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Figure 4.13: NRL knockout generation. (A) Schematic depicting the 127nt ssODN struc-
ture compared to the wild type sequence. sgRNA target sequence marked by
grey bar, Cas9 cleavage site by red arrows and PAM site by green bar. Donor-
mediated repair results in the insertion of an AATTC sequence and generates
a novel EcoRI site and stop codon, marked in blue and red, respectively. (B)
Targeted mShef10 clones were screened for donor inclusion by PCR ampli-
fication of the targeted region and EcoRI digestion. The wild type amplicon
(995bp) contained one EcoRI site and gave fragments of 785bp and 211bp
after digestion. Knockout alleles gave fragments of 462bp, 328bp and 211bp.
+/- indicates whether amplicons were digested with EcoRI. Lanes 1-5 show
screened mShef10 clones with lanes 1 and 2 showing monoallelic donor in-
tegration, lanes 3 and 4 showing no donor integration and lane 5 showing
biallelic integration. Lanes 6 and 7 show control wild type amplicons with
and without EcoRI digestion. (C) Sanger sequencing of clone 5 confirming
insertion of the AATTC sequence.
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4.5 Discussion
In this chapter:

• A gene editing platform was developed with which sgRNAs were designed

to target specific genetic loci and their efficacy tested by T7 assay and indel

mutations characterised using the CRISP-ID tool

• A mShef10 USH1C LOF line was generated using an ssODN gene editing strat-

egy

• A mShef10 hESC NRL knockout line generated using a similar ssODN-based

strategy

In summary, in this chapter a gene editing pipeline was successfully developed

and was used to generate several hESC lines with gene knockouts to be used in

the interrogation human retinal development and disease. The use of ssODN-based

editing strategies was found to be a powerful tool in the generation of isogenic

control lines and specific edits to coding sequences, and the introduction of novel

restriction sites made screening of edited clones significantly more easy. This edit-

ing pipeline can be used going forward to create further isogenic control or gene

knockout lines.

4.5.1 Off-target effects

Off-target effects are a major concern in the creation of any gene edited line and

should be reduced as much as possible. The induction of unwanted genetic changes

can make it difficult to determine whether any phenotypic change is a result of the

desired or undesired sequence change. The predicted off-target binding sites were

calculated for all sgRNAs used in this thesis, and sgRNAs with exonic or intronic

binding sites with fewer than three mismatches were disregarded. Binding sites with

more than three mismatches are unlikely to be targeted (Fu et al., 2013; Dong et al.,

2019), and the risk of a potential phenotype arising from mutation in an inter-genic

region is also much lower than a mutation in an exonic or intronic region. Never-

theless, it is important to screen for off-target mutations. This has been performed
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by PCR amplification and Sanger sequencing of the three most probable off-target

sites, as predicted by the Sanger CRISPR Browser online tool, for the sgRNAs used

in the generation of the Sensory Cluster knockout hESC lines (chapter 5), and by

single nucleotide polymorphism (SNP) array for the NRL knockout mShef10 line,

as described in appendix D, and no off-target effects identified.

A number of genome-wide mutation detection tools exist for screening for

off-target effects, all of which have their own limitations (Manghwar et al., 2020).

For example, whole genome sequencing generally has low sensitivity, whole exome

sequencing offers incomplete genome coverage, HTGTS (high throughput genome-

wide translocation sequencing) and GUIDE-seq (GUIDE-seq enables genome-wide

profiling of off-target cleavage by CRISPR-Cas nucleases) are associated with high

false-negative rates, and deep sequencing is expensive and biased towards certain

predicted sites (Dong et al., 2019; Tsai et al., 2015; Frock et al., 2015; Manghwar

et al., 2020).

The promiscuity of Cas9 target binding has been the topic of much research,

and there is significant data to suggest that off-target effects are rare when Cas9

is used with a well-designed sgRNA in human systems (Kuscu et al., 2014; Duan

et al., 2014; Wu et al., 2014). Furthermore, Duan et al. (2014) demonstrated that

interaction of Cas9 with off-target sites, identified by Chromatin immunoprecipita-

tion and sequencing (ChIP-Seq), did not result in efficient DNA cleavage. Thus, the

methods used for off-target screening were deemed to provide sufficient coverage

of probable off-target effects.

4.5.2 Improving editing efficiency

Efforts to generate the Oazw4USCH1C Corrected line were unsuccessful. This could

have been because of low ssODN-mediated repair efficiency, but is most likely due

to low activity of the USH1C Correction sgRNA. sgRNA choice was limited by the

need to induce a DNA DSB as close to the pathogenic mutation as possible, as well

the need to use an sgRNA with few predicted off-target sites. Given that the USH1C

Correction sgRNA did induce indel mutations (figure 4.11), it is likely that repeated

electroporation and screening of a greater number of clones would have lead to the
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generation of the Oazw4USCH1C Corrected line. A number of different Cas9 deliv-

ery systems have been developed, including viral delivery systems, micro-injection,

transfection using lipid-based vectors and nucleofection, which can be used to de-

liver Cas9 protein or RNA (Yip, 2020). However, techniques like micro-injection

are technically challenging, and whilst introduction of Cas9 protein has been shown

to increase editing efficiency, it also has higher costs, as do viral vectors (Zhang

et al., 2020). In summary, alternative Cas9 delivery strategies could have been em-

ployed, but these would have necessitated optimisation and major changes to the

editing pipeline, as well as potentially higher costs.

4.5.3 NRL in rod photoreceptor specification

Several models have been proposed to explain photoreceptor specification; the ’tran-

scriptional dominance’ model (figure 1.6) suggests that bipotent photoreceptor pre-

cursors can respond to NRL expression and adopt rod identity, with S-cones rep-

resenting the ’default’ photoreceptor sub-type (Swaroop et al., 2010). This is sup-

ported by the fact that Nrl-null murine retinae exhibit a complete absence of rod

photoreceptors, replaced by S-cone-like photoreceptors (Mears et al., 2001; Daniele

et al., 2005); the partial conversion of rods to S-opsin+ cells after Nrl deletion in

adult mice (Montana et al., 2013); and that the ectopic expression of Nrl in devel-

oping mouse cones results in generation of rods (Oh et al., 2007). A NRL knockout

hESC line was therefore desired for three reasons: i) to interrogate the function of

the human NRL gene in rod photoreceptor specification, ii) to investigate the possi-

bility of using NRL knockout OVs, with their predicted supernumerary S-cone-like

population, as a cell source for transplantation studies looking at developing a cell

replacement strategy to treat retinal degenerative conditions, and iii) to validate the

use of ssODNs to trigger HDR as a gene editing strategy.

The NRL knockout hESC line generated here was used to investigate the hu-

man phenotype of NRL loss (appendix D). NRL-/- were found to largely recapitulate

the mouse knockout phenotype in that OVs exhibited a complete lack of rod pho-

toreceptors and an overabundance of S-opsin+ cone-like cells (Cuevas et al., 2021).

During the course of this thesis another group analysed a patient-derived Nrl-null
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iPSC line and generated similar rod-less retinal organoids. Kallman et al. (2020)

used single cell RNA sequencing (scRNAseq) to demonstrate that Nrl-null iPSC-

derived S-opsin+ pseudo-cones comprise a distinct cell population distinguishable

from true S-cones. This has implications for the Swaroop transcriptional dominance

model and indicates that other factors beside NRL govern rod specification.



Chapter 5

Investigating the role of the

miR-182/96/183 in human retinal

organoid development

5.1 Introduction
As discussed in chapter 1, the miR-182/96/183 Sensory Cluster has been implicated

in having an important role in retinal development, and thus is of great interest.

The extent to which the Sensory Cluster influences human retinal development, and

by what mechanism this influence is exerted, are unclear. Efforts to elucidate this

function will be here described.

5.1.1 Sensory Cluster function in the developing human retina

The Sensory Cluster is likely involved in myriad cellular processes through the

targeting of huge numbers of cognate mRNAs. Interrogation of these targets can

give insight into Sensory Cluster function. However, the number of targets which

have been experimentally verified, either by reporter assay, qPCR or Western blot,

are but a fraction of the total number of predicted targets. These verified targets

can be viewed using the miRTarBase tool (Huang et al., 2019). Significant target

redundancy is observed between the Sensory Cluster miRs, due to the similarities

of their seed regions (figure 5.1), the 51 genes which are predicted to be targeted

by all three Sensory Cluster members can be found in table C.1. This redundancy,
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Figure 5.1: Predicted Sensory Cluster targets. Target prediction using the miRwalk3.0
algorithms, only targets with a confidence score over 0.95 are included.

and the high evolutionary conservation of the Sensory Cluster sequences highlights

its importance. The major cellular pathways and processes in which the Sensory

Cluster is thought to play a role, mainly due to work in non-retinal disease contexts

and predicted and experimentally validated Sensory Cluster -mRNA interaction,

include apoptosis, DNA repair and energy metabolism (Dambal et al., 2015).

Table 5.1 shows two Sensory Cluster target genes, SLC6A6 and HES1, that

have been experimentally verified and that may be relevant for the function of

the Sensory Cluster in the retina. Modulation of SLC6A6 expression is a possi-

ble mechanism by which the sensory cluster might be involved in photoreceptor
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maintenance. SLC6A6 has been shown by luciferase assay to be a direct target of

miR-183 and miR-96 (Xiang et al., 2017). SLC6A6 knock out mice exhibit severe

photoreceptor degeneration 2-4 weeks after birth (Warskulat et al., 2007), and up-

take of the free amino acid taurine in the retina is mediated by the SLC6A6 (TauT)

transporter (Kubo et al., 2016). Taurine is found at high concentration in the mam-

malian retina (Cohen et al., 1973), is required to prevent retinal dystrophy and plays

a number of distinct and poorly understood roles in photoreceptor development and

maintenance (section 1.3.3).

There are several strands of evidence to suggest that the Sensory Cluster may

play a role in rod photoreceptor specification. NRL is an early marker of commit-

ment to a rod photoreceptor fate and is first expressed in post mitotic immature rods

and this expression continues throughout the life of a rod cell (Mitton et al., 2000;

Mears et al., 2001; Kim et al., 2016). Throughout this thesis NRL expression is

therefore used as an indication of rod specification.

As discussed in section 1.3.2, the Notch signalling pathway regulates retinal

progenitor cell cycle exit and specification of nascent photoreceptor cells (Jad-

hav et al., 2006a), and expression of Notch pathway genes including Notch1 and

Hes1 inhibits induction of a rod photoreceptor cell fate in mouse (Mizeracka et al.,

2013). Both NOTCH1 and HES1 are predicted to be direct targets of the human

Sensory Cluster (predicted by the miRNA target prediction algorithm miRwalk3.0),

and HES1 has been shown to be a direct target of miR-182 by luciferase assay

(Spitschak et al., 2017). Furthermore, Fan et al. (2017) showed that Sensory Clus-

ter expression increases across and peaks towards the end of the period of rod cell

birthing in mice (P2-P6), which coincides with a period of cone cell maturation.

Lastly, Hermreck et al. (2017) showed that treatment of primary rat retinal cultures

with Sensory Cluster mimic compounds lead to increased expression of rod specific

markers NRL and RHO. However, the authors did not investigate whether this in-

crease was accompanied by an increase in cell number. Together these data suggest

that Sensory Cluster expression may influence photoreceptor cell fate choice and

maturation.
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Target prediction Experimental evidence

Target Targetscan miRWalk miRanda Method System Reference

SLC6A6 183/96 183/96 183/96 Luciferase (96/183) HEK293 (Xiang et al., 2017)
HES1 96/182 96/182 96/182 Luciferase (182) NThy-ori3.1 (Spitschak et al., 2017)

Table 5.1: Sensory Cluster direct targets SlC6A6 and HES1 are known Sensory Cluster
target genes. HEK293 - Immortalised human embryonic kidney cell line. NThy-
ori3.1 - Immortalised normal human primary thyroid follicular epithelial cells

5.1.2 miRNA overexpression

Overexpression experiments offer one approach to investigate miRNA function.

Overexpression of both miRNAs and siRNAs, whether performed for therapeutic

or research purposes, is hindered by the fact that RNAs typically have short half

lives as they are readily digested by endogenous nucleases (Marzi et al., 2016).

Furthermore, passage of naked siRNAs or miRNAs through the phospholipid bi-

layer of cell membranes is hindered by RNA polarity. A range of strategies have

been developed to allow overexpression in cell types of interest, including the use of

viral and non-viral vectors and RNA modification to facilitate cell membrane transit

and resistance to degradation, which will be briefly discussed here.

5.1.2.1 Vector or mimic delivery systems for overexpression studies

Viral vectors allow the efficient delivery of exogenous genes to target tissues and

cells, and have been used to transduce PSC-derived retinal organoids and mediate

RNA interference (Welby et al., 2017; Gonzalez-Cordero et al., 2018; Busskamp

et al., 2014). A number of different viral vectors exist, including adenoviruses,

adeno-associated viruses (AAV), lentiviruses and retroviruses. Choosing the right

vector is an important part of study design, with major considerations for vector

choice including viral immunogenicity, viral loading capacity, whether the virus

mediates integration into the host genome or not, expression level, viral uptake by

dividing and non-dividing cells, serotype tropism and viral titer required for efficient

transduction (Lundstrom, 2018). Whilst viral vectors offer great advantages, their

relatively low loading capacities, the elicitation of an immune response and the high

cost and difficulty of manufacture are significant disadvantages to their use.

Alternative vector delivery systems include lipid-based systems and inorganic
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nanoparticles such as gold and graphene oxide. These can offer increased cellu-

lar uptake, low immunogenicity, low toxicity, low cost and can easily be mod-

ified through the conjugation of fluorophores or targeting moieties (Wang et al.,

2018; Lee et al., 2019). Interestingly, gold nanoparticles have been used to deliver

miR-182 systemically to investigate miR-182 function in a gliobastoma xenograft

model (Kouri et al., 2015). The efficacy of lipid-based RNA delivery strategies has

of course been emphatically demonstrated by the recent success of the Covid-19

mRNA vaccine developed by Pfizer-BioNTech (Walsh et al., 2020; Mahase, 2020).

Chemical modification of miRNAs can greatly increase RNA stability and im-

prove cellular uptake of naked miRNAs, making it suitable for in vitro experimental

work, but not provide stable expression or mitigate uptake into undesired tissues,

reducing suitability for many in vivo applications. A great number of chemical

modifications have been used, which are well reviewed by Fu et al. (2019), the most

prominent of which are described here. RNA analog locked nucleic acid oligori-

bonucleotides contain a bicyclic nucleotide formed from a 2’, 4’ methylene bridge

in a ribose, which protects from nucleolytic degradation (Ørom et al., 2006; Naguib-

neva et al., 2006). The replacement of a phosphate group with a sulphur, boron

or methyl group also increases stability (Deleavey and Damha, 2012), as does the

introduction of 2-O-methyl or 2-O-methoxyethyl groups to the ribose of phospho-

rothioate oligoribonucleotides (Fabani and Gait, 2008). The addition of cholesterol

groups to terminal nucleotides greatly increases trans-membrane transport, and the

addition of fluorophores like FITC or Cy3 allows compound tracing (Haftmann

et al., 2015). Multiple modifications used simultaneously can provide overlapping

and complementary benefits to stability and cellular uptake.
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5.1.3 Aims and objectives

I aimed to investigate the requirement for Sensory Cluster gene expression during

human retinal development using a gain- and loss-of-function approach in hESC-

derived retinal organoids.

I hypothesised that:

1. The Sensory Cluster is required for coordinating the timing of rod photore-

ceptor specification

2. The Sensory Cluster plays an important role in photoreceptor differentiation

and maturation

To test these hypotheses, I set the following specific experimental objectives:

1. Determine the Sensory Cluster expression pattern across retinal organoid de-

velopment and human foetal development.

2. Establish a Sensory Cluster overexpression system using dsDNA miRNA

mimics.

3. Use CRISPR/Cas9 gene editing to generate two new Sensory Cluster knock-

out hESC lines using a double sgRNA CRISPR approach.

4. Analyse the molecular phenotypes of Sensory Cluster loss and overexpres-

sion, focusing on markers of photoreceptor differentiation by qPCR and by

an unbiased analysis using bulk RNA sequencing.

5.2 Generating baseline gene expression data
Before determining the effect of the modulation of Sensory Cluster expression on

human retinal development, I first sought to establish baseline expression profiles

across development for each of the three Sensory Cluster miRs, and the two iden-

tified direct Sensory Cluster target genes, HES1 and SLC6A6. Thus OVs were
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generated from mShef10 hESCs using the Gonzalez-Cordero protocol (figure 3.12)

and collected at a series of timepoints which spanned early hESC-derived retinal

organoid and human foetal retinal development. In this protocol retinal organoids

are manually dissected from adherent cultures as 3D optic vesicle (OV) structures

between culture week 4-6, and then cultured individually in suspension.

5.2.1 Profiling Sensory Cluster expression in organoids and in

human foetal retina

Absolute quantification of Sensory Cluster copy number per cell was performed

by qRT-PCR with mShef10 hESC-derived OV samples using a standard curve of

known cDNA concentrations, in collaboration with miRagen Therapeutics, Col-

orado USA (figure 5.2.2A). All three members of the Sensory Cluster are expressed

in maintenance hESC cultures (Day 0), but very little expression is observed in the

early stages of organoid development, weeks 7-8. Expression rises rapidly there-

after with the rate of expression increase slowing between weeks 14 and 25. miR-

182 is the most highly expressed member of the Sensory Cluster at all timepoints

and reaches approximately 1012 copies per cell in Week 14 OVs, compared to ap-

proximately 103 to 104 at week 7 (figure 5.2.2A). This finding is in accordance with

published data from the mouse, where a number of studies have shown miR-182 to

be the most highly expressed Sensory Cluster member (Busskamp et al., 2014; Fan

et al., 2017; Wu et al., 2019).

The Sensory Cluster expression profile across retinal organoid development

broadly mimics that seen in human foetal retinal development (figure 5.2.2B), as

determined by qRT-PCR on a series of retinal samples (n=1 at each timepoint)

dissected from human embryonic and foetal eyes. Relatively high expression in

pluripotent cells is dramatically reduced in early differentiation before significant

upregulation is observed beginning at week 10-12, which correlates with a period

of high photoreceptor birthing and early maturation (Hendrickson et al., 2008b).
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5.2.2 Profiling expression of direct Sensory Cluster target genes

The baseline expression profiles across retinal organoid development of two genes

which have been shown to be direct targets of the Sensory Cluster by luciferase

assay in human cell lines, SLC6A6 (Xiang et al., 2017) and HES1 (Spitschak et al.,

2017), was determined by qRT-PCR (figure 5.3). The two genes showed similar

expression profiles across mid stage organoid development (weeks 10-14), but be-

haved differently in young organoids (week 7). Furthermore, whereas HES1 showed

similar levels of expression in an adult retinal sample relative to D0 samples (figure

5.3A), SLC6A6 expression was markedly higher in the adult sample (figure 5.3B).

These data indicate that HES1 and SLC6A6 are expressed during mid OV develop-

ment, but no evidence was found of target downregulation coinciding with onset of

Sensory Cluster expression.
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Figure 5.2: Sensory Cluster expression across retinal development. (A) qPCR data
showing expression for all three members of the Sensory Cluster across
mShef10 OV development at the culture weeks indicated, presented as copy
number per cell. Each data point is the average of samples from 3 independent
differentiations with each sample consisting of pooled RNA from 2 OVs, ex-
cept D0 samples. D0 samples taken from mShef10 hESC maintenance cultures.
(B) qPCR data tracking Sensory Cluster expression through human foetal de-
velopment. N=1 for all samples except D0 samples. D0 samples (n=3) taken
from Xanu5 control iPSC and mShef10 hESC maintenance culture. Data are
presented as miRNA expression relative to that of the small nuclear RNA U6,
used as an endogenous control (2-∆∆CT). Error bars represent standard devia-
tion.
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5.3 Sensory Cluster overexpression
I next sought to examine the effect of Sensory Cluster overexpression on reti-

nal organoid development and photoreceptor maturation. Sensory Cluster overex-

pression was achieved using mShef10 hESC-derived OVs treated with a miRNA

mimetic system developed by and used in collaboration with miRagen Therapeu-

tics Inc (European patent no. EP3271464A1, 2016; www.miragen.com/). This

mimic system, which was of proprietary design, was comprised of 22-26 ribonu-

cleotide dsRNAs containing the mature sequence of human miR-182, 96 or 183 and

a cholesterol-conjugated second strand, which facilitated cellular uptake without the

need for electroporation or lipid transfection. This mimic system also circumnavi-

gated the serotype selection required when using certain viral vectors like AAV in

order to achieve efficient human photoreceptor tropism, and also did not require the

lengthy manufacture process.

Three phases of Sensory Cluster overexpression experiments were performed:

• OVs were initially treated with FITC-tagged mimics of different backbone

chemistries in order to determine whether OV transfection was possible

• Mimic-treated OVs were analysed by qRT-PCR to assess the effect of Sensory

Cluster overexpression on direct and indirect target expression

• The most effective conditions identified in phase ii were used with OVs from

two rod photoreceptor reporter hESC lines, NRL-GFPJS and NRL-GFPDG.

The effect of mimic treatment on OV development and photoreceptor mat-

uration was assessed by qRT-PCR and by quantification of GFP+ rod cell

number by flow cytometry

The NRL-GFPJS reporter line was generated within the Sowden lab and was

formed by the insertion of an eGFP transgene under the control of a 3Kb fragment

of the NRL promoter into the AAVS1 safe harbour site of the mShef4 hESC line (fig-

ure C.1, Dr E. Cuevas). The NRL-GFPDG reporter was kindly donated by Professor

David Gamm (University of Wisconsin). This line was generated within the Gamm

group by the replacement of one allele of the NRL gene with an eGFP transgene in
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the WA09 hESC line (Phillips et al., 2018). Note that this line is named NRL+/eGFP

in this original publication. The use of these reporter lines allows quantification of

rod number, determined by GFP expression.

5.3.1 Assessing miRNA mimic transfection efficiency in retinal

organoids

It was confirmed by flow cytometric analysis that OVs readily take up naked mim-

ics, without the need for lipid transfection agents or electroporation, which persist

for a number of days. Week 17 mShef10 hESC-derived OVs were treated with

two FITC-tagged miR-96 mimics with different backbone chemistries (compounds

#4 and #6) at three concentrations (1µM, 5µM and 10µM), and the percentage of

FITC-positive cells assessed by flow cytometry at three different timepoints (1, 3,

and 5 days post treatment). OVs were treated with mimics on day 0 and then me-

dia was subsequently changed as normal on alternate days; i.e. day 2 and day 4.

Collected OVs were dissociated into single cells and analysed by flow cytometry.

Gating conditions can be found in figure C.2.

It was found that whilst both compounds #4 or #6 were taken up by OVs, and

that transfection efficiency was dose and treatment length-dependent, a greater pro-

portion of cells from OVs treated with compound #4 were FITC+ (figure 5.4). Both

the 5µM and 10µM compound #4 treatments resulted in roughly 90% of cells be-

ing FITC labelled after 3 and 5 days of treatment (figure 5.5 A), which suggests

that this figure is near the maximum proportion of cells which could be successfully

transfected. However, the median fluorescence intensity of FITC+ cells was signif-

icantly higher after 10µM treatment than after 5µM treatment, indicating a higher

mimic concentration per cell (figure 5.5 B).

Together, these data indicate that cholesterol tagged miRNA mimics were read-

ily taken up by OVs and that mimics persisted in cells for a number of days, vali-

dating the use of such mimics in the organoid culture system. Compound #6 was

not effective and thus all subsequent overexpression experiments were performed

with mimics with the same backbone chemistry as compound #4. 1µM treatment

did not appear to result in effective transfection and was thus was also not used in
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subsequent experiments. Although it was not directly confirmed that FITC-tagged

mimics entered the cells rather than adhering to the cell surface, efforts were made

to minimise the risk of this possibility by the inclusion of several washing steps

during dissociation, which would have likely removed any extracellular mimic. Cu-

riously, MFI of FITC+ cells was higher at the D5 timepoint than the D3 timepoint

for both 5 and 10µM compound #4 treatment, suggesting that more FITC-tagged

mimics entered the cells over time, despite washing 2 and 4 days after treatment.
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Figure 5.4: Flow cytometric analysis of miRNA mimic-treated OVs. Histograms show-
ing FITC+ cells after Week17 mShef10 OVs were treated with FITC-tagged
miRNA mimics at the indicated concentrations and collected at the indicated
timepoints. Compound no. 4 shown to be taken up much more readily than
compound no. 6 and little difference is observed in the proportion of FITC+
cells after 5 and 10µM treatments in the D5 timepoint.
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Figure 5.5: Analysis of FITC+ cells following FITC tagged miRNA mimic treatment.
(A) Percentage of FITC+ cells from week 10 mShef10 OVs treated with FITC-
tagged miR-96 mimics for 1, 3 or 5 days. Values plotted as the percentage of
FITC+ treated cells minus the percentage of FITC+ untreated cells. (B) Median
fluorescence intensity (MFI) of treated cells. Samples consist of 1 treated OV
after dissociation into single cells. n=2 for 1 and 5µM treatments, and n=1 for
10µM treatment.
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5.3.2 Assessment of Sensory Cluster target engagement

I next tested whether Sensory Cluster mimics affected gene expression of target

genes. Genes whose expression is predicted to be affected by direct mRNA:Sensory

Cluster miRNA association are termed ’direct targets’, whereas genes whose ex-

pression is altered as a downstream result of Sensory Cluster expression are dubbed

’indirect targets’. Putative indirect targets selected here include markers of photore-

ceptor identity and maturation.

Week 10 mShef10 hESC-derived OVs were treated with mimics of miR-182,

96 and 183, both individually and as a pooled treatment (whereby each individ-

ual mimic was used at the indicated concentration, so the total mimic concentration

was three times higher than the concentration of each individual mimic) at 2µM and

5µM concentrations and collected at two timepoints: 3 and 5 days post treatment.

Week 10 organoids were chosen as this is a period during which Sensory Cluster

expression is rapidly increasing, and it was therefore hypothesised that overexpres-

sion at this timepoint would accelerate the effect of Sensory Cluster expression

and result in a observable phenotype. 5µM treatment had been shown to lead to

transfection of the same proportion of OV cells as 10µM treatment, and was thus

considered effective whilst carrying a reduced risk of long term toxicity relative to

10µM treatment. 1µM treatment had previously been shown to be significantly less

effective than higher mimic concentrations and thus a 2µM treatment was included

in hope that a dose response might be observed, which would improve confidence in

the results. There is a significant degree of redundancy in predicted targets of each

Sensory Cluster member thus all three miRNAs were overexpressed individually, as

well as in combination, in order to determine the relative efficacy of each miRNA.

Week 10 OVs were used because overexpression at this point was thought likely

to exert a significant effect, due to the fact that it was prior to the stage at which

Sensory Cluster expression had been shown to be rapidly increasing (figure 5.3 A).
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Figure 5.6: qRT-PCR analysis of Sensory Cluster overexpression on direct targets.
Three OVs from the same passage were treated with the indicated miRNA
mimic at 2µM or 5µM and collected after 3 of 5 days. Data are presented
as mRNA expression relative to control untreated samples and normalised to
expression of the endogenous control GAPDH (2-∆∆CT). Error bars represent
standard deviation. * denotes p≤0.05, one-way ANOVA.
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5.3.2.1 Direct Sensory Cluster target gene expression shows small

increase in expression after mimic treatment

Expression of direct Sensory Cluster targets, which was predicted to decrease,

was largely unaffected by mimic treatment and surprisingly showed a significant

(p≥0.05) increase in a number of tested conditions (figure 5.6). No significant

difference in HES1 or SLC6A6 expression was observed after treatment with the

miR-182 mimic in isolation or as part of a pooled treatment at either concentration

or timepoint tested (figure 5.6 A-B’). Whilst little consistency between timepoints

and little apparent dose response was observed, a significant increase in direct tar-

get expression was observed after miR-96 and miR-183 mimic treatment (figure 5.6

C-D’).

This unexpected finding could be due to a number of causes, the first of which

is that the Sensory Cluster in fact does not regulate these targets in the retina at the

timepoints tested. Alternatively, direct Sensory Cluster target mRNA level could

be unaffected by mimic treatment under the tested experimental conditions and it

is possible that a stronger effect would be observed with the use of a higher con-

centration or longer treatment period. The increase in direct target expression could

also be due to an increase in cell number or in direct target transcription, due to

the change in expression of an unknown upstream gene, which is not overcome

by mimic interaction. Finally, low sample numbers were used for this experiment

and thus the possibility that any effects seen were merely due to stochastic inter-

organoid variation in differentiation rate, cannot be excluded.

5.3.2.2 Indirect Sensory Cluster target genes exhibit increase in ex-

pression following miRNA mimic treatment

Expression of photoreceptor-associated genes was significantly higher in Week 10

mShef10 hESC-derived OVs treated with individual Sensory Cluster miRNA mim-

ics (figure 5.7). Expression of rod-specific transcription factor NR2E3, a down-

stream target of definitive rod marker NRL, and early pan-photoreceptor marker

CRX, increased after miR-96 and miR-183 mimic treatment with both 2µM and



5.3. Sensory Cluster overexpression 172

5µM treatment and at both D3 and D5 timepoints (figure 5.7 C-D’). This effect was

only observed at the D5 timepoint after miR-182 mimic treatment (figure 5.7 B’).

Furthermore, expression of the rod and S-cone opsin genes, RHO and OPN1SW

respectively, also showed a dramatic, if inconsistent, increase in expression in the

same conditions. Together, these data suggest that Sensory Cluster mimic treatment

effects an acceleration in photoreceptor differentiation.

Interestingly, NRL expression was either unchanged or significantly reduced

in single mimic-treated OVs whilst expression of downstream gene NR2E3 was

increased (figure 5.7 B-D’). One possible explanation for this is that the number of

rod photoreceptors in miR-96 and miR-183-treated OVs was reduced compared to

control and the number of cones increased, which is corroborated by the concurrent

increase in expression of cone-specific ARR3. In retinal development cones are born

earlier than rods. The increase in NR2E3 suggests that enhanced rod differentiation

occurred in treated OVs than in control OVs.

Pooled mimic treatment resulted in variable indirect target expression change

at the D3 timepoint; CRX showed a modest increase but NRL was unaffected and

both ARR3 and NR2E3 were decreased. However, expression of all indirect tar-

gets was reduced at the D5 timepoint. This finding is suggestive of mimic toxicity

at high concentration and treatment length, however no morphological differences

were observed between treated and untreated OVs and no significant difference was

found in OV cell number (data not shown).

Whilst the increase in Sensory Cluster indirect target gene expression was gen-

erally greater at the D5 timepoint, this was not always the case and no clear dose

response was observed. It is probable that this would not be the case if a greater

number of samples were used. It must also be considered that expression of some

of the chosen indirect target genes is low at the chosen timepoint, therefore a large

fold change in expression may be due to a small change in mRNA copy number.
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Figure 5.7: qRT-PCR analysis of Sensory Cluster overexpression on indirect target
expression. Three OVs from the same passage were treated with the indi-
cated miRNA mimic at 2µM or 5µM and collected after 3 of 5 days. Data are
presented as mRNA expression relative to control untreated samples and nor-
malised to expression of the endogenous control GAPDH (2-∆∆CT). Error bars
represent standard deviation. * denotes p≤0.05, ** denotes p≤0.01, one-way
ANOVA.
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5.4 Sensory Cluster knockout
I next sought to examine how loss of Sensory Cluster miRNA expression af-

fected retinal organoid development. As detailed in table 1.1, in studies using ge-

netic mouse models the most profound Sensory Cluster phenotypes are observed

with complete genetic ablation of the entire Cluster and incomplete knockouts and

knockdowns have yielded variable and less severe phenotypes. I therefore decided

to perform complete genetic ablation of the human Sensory Cluster using a double

sgRNA CRISPR approach to investigate Sensory Cluster function, and not an miR-

specific alternative approach. An alternative to gene editing would have been to

suppress Sensory Cluster expression using a knockdown approach using, for exam-

ple, miRNA sponges or antagomirs. Transfection of miRNA sponge plasmids leads

to high expression of RNAs with multiple miRNA recognition sites which act as

to titrate out miRNAs of interest (Kluiver et al., 2012). Antagomirs are chemically

modified and stabilised ssRNA species which can be transfected and also act as

competitive inhibitors to miRNA:mRNA interaction (Krützfeldt et al., 2005). How-

ever, a gene editing approach ensures a more reliable and consistent loss of miRNA

expression than any knockdown approach, ensuring no expression of the genes of

interest and also not requiring any repeated treatment, and for these reasons was

selected as the experimental design in this thesis.

Both hESC NRL-GFP rod photoreceptor reporter lines, NRL-GFPJS and NRL-

GFPDG , were selected for Sensory Cluster knockout (SCKO) in order that rod

photoreceptor number might be tracked and the effect of Sensory Cluster deletion

on rod number might be assessed by flow cytometry.

5.4.1 Generating Sensory Cluster knockout hESC lines

In order to genetically ablate the entire miR-182/96/183 Sensory Cluster , NRL-

GFPJS and NRL-GFPDG hESCs were co-electroporated with two px459 Cas9 ex-

pression plasmids (4.4) including guide RNA constructs targeting a 4775bp region

of chromosome 7 containing all three Sensory Cluster miRNA sequences (figure 5.8

A). Also contained within the targeted region were three regions of high evolution-

ary conservation, suggestive of important structural or regulatory roles. This gene
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editing strategy was used, as opposed to introducing indel mutations in the miRNA

seed regions by sequential targeting using individual guides, because of the relative

ease of clone screening and the desire to preclude the transcription of any miRNA

from this locus.

The editing pipeline used was that established earlier and discussed in chapter

4. Clones were screened for loss of the Sensory Cluster locus by PCR using primers

flanking the region of interest; the presence of a smaller 1Kb band and absence

of the wild type 6Kb band after PCR amplicon visualisation by gel electrophore-

sis, was indicative of successful dual guide targeting. Of 28 NRL-GFPJS clones

screened, 3 clones with homozygous loss of the targeted region (∆/∆) and 5 clones

with heterozygous loss (∆/+) were identified (figure 5.8 B, B’). Of 36 NRL-GFPDG

clones screened, 4 ∆/∆ and 8 ∆/+ clones were identified (figure 5.8 C, C’). The suc-

cess of this screening strategy rendered the assessment of relative guide efficacy by

T7 assay superfluous and also contrasted favourably with the single guide strategy

utilised in the attempted generation of a MYO7A knockout line (section 4.3). It was

not deemed necessary to quantify the number of Sensory Cluster knockout clones

with induced indel mutations but it is assumed that were a similar dual guide strat-

egy employed to generate a MYO7A knockout line, then a similar efficacy would

have been observed as 27 of the 32 MYO7A knockout clones screened carried indel

mutations on at least one allele (section 4.3).
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Figure 5.8: Generating Sensory Cluster knockout hESC lines. (B, N’) Screening of
NRL-GFPJS Sensory Cluster KO clones. (C, C’) NRL-GFPDG Sensory Cluster
KO screening. Green arrows indicate the wild type and knockout amplicons in
heterozygous clones, red arrows indicate the knockout amplicons in homozy-
gous clones.
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5.4.2 Knockout clone validation

5.4.2.1 Knockout clones show reduced Sensory Cluster expression

In order to confirm successful Sensory Cluster ablation, qRT-PCR was used to de-

termine Sensory Cluster expression in suspected knockout clones identified by PCR

screening. As seen in figure 5.2.2 A, Sensory Cluster expression is observed in em-

bryonic stem cells and thus three passages of hESC maintenance cultures of each

clone and both parental lines, were collected for analysis. Expression of miRs 182,

96 and 183 was significantly downregulated in all clones tested (figure 5.9), indicat-

ing successful Sensory Cluster ablation. However, loss of expression was not com-

plete and was variable between screened clones. Four Sensory Cluster knockout

clones were selected for further experimentation: NRL-GFPJS A4 and B2, NRL-

GFPDG B4 and F1. NRL-GFPJS clone D2 was not selected for further use, de-

spite showing the greatest reduction in Sensory Cluster expression, on account of

colonies exhibiting atypical embryonic stem cell morphology over two successive

passages at the time at which chosen clones were being selected for downstream use.

Sanger sequencing of genomic DNA amplified using primers flanking the deleted

region was used to characterise the Sensory Cluster deletion in edited clones; all

four clones exhibited perfect loss of the region between the two Cas9 cleavage sites

(figure 5.9).

The low residual Sensory Cluster expression observed in knockout clones, in

particular NRL-GFPDG C1 and E2, may be due to selected clones not being fully

clonal and containing multiple genotypes with the Sensory Cluster locus intact in at

least one. However, NRL-GFPDG clone B4 gave a clean Sanger sequencing chro-

matogram which was not indicative of a polyclonal population. Alternatively it is

possible that the proprietary qRT-PCR primers used (Qiagen miScript primer as-

says) show promiscuous binding with undesired RNA species or contamination of

the PCR reaction, or indeed that Sensory Cluster paralogs exist within the human

genome, although none have thus far been reported.
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Figure 5.9: Knockout clone validation. Significant downregulation of Sensory Cluster
miRNAs was observed in all clones, but residual expression was also observed.
Data expressed as relative to the unedited parental line, * denotes p≤0.05,
** denotes p≤0.01 and *** denotes p≤0.001, one-way ANOVA. hESCs from
three passages collected for each data point, N=3.
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Figure 5.10: Confirming Sensory Cluster knockout. Sanger sequencing of Sensory Clus-
ter knockout clones showing deletion of the region between the two Cas9
cleavage sites. Reference annotation shows SCKO 182 guide 1 sequence 5’ to
the Cas9 cleavage site (brown), and the SCKO 183 guide 1 sequence 3’ to the
Cas9 cleavage site (blue) and PAM sequence (yellow).

5.4.2.2 Loss of the Sensory Cluster does not affect expression of

pluripotency factors

As Sensory Cluster expression is observed in human pluripotent stem cells (fig-

ure 5.2.2), the effect of Sensory Cluster loss on expression of pluripotency factors

NANOG (Mitsui et al., 2003; Chambers et al., 2003) and POU5F1 (OCT4; (Nichols

et al., 1998)) in selected Sensory Cluster knockout clones was investigated by qRT-

PCR. No significant difference in pluripotency factor expression was observed be-

tween parental NRL-GFPJS and NRL-GFPDG samples and knockout clones (figure

5.11).
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Figure 5.11: Pluripotency factor expression in knockout clones. qPCR data expressed
as an average of hESCs from three passages, relative to the parental line
and normalised to GAPDH. Error bars generated using standard deviation.
cDNA from a 20 post-conception week (PCW) foetal retina used as a nega-
tive control. No significant difference observed between parental and knock-
out clones, one-way ANOVA p≤0.05.
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5.4.2.3 Sensory Cluster loss does not affect organoid-forming po-

tential

Next the ability of Sensory Cluster knockout clones to form retinal organoids, was

investigated by tracking OV formation over time using the Gonzalez-Cordero pro-

tocol (Gonzalez-Cordero et al., 2017). No great differences in terms of OV number

or size were noticed between differentiations from all lines tested (table 5.2, figure

5.13). From these data it was concluded that knockout clones behaved compara-

bly to their parental lines in terms of OV forming potential and thus that Sensory

Cluster loss did not preclude normal early organoid formation.

Line No. differentiations Total No. OVs No. OVs per well St Dev. per well

NRL-GFPDG 3 134 14.9 1.9
NRL-GFPDG SCKO B4 3 94 10.4 2.7
NRL-GFPDG SCKO F1 3 81 9 3

NRL-GFPJS 3 126 14 2
NRL-GFPJS SCKO A4 3 73 8.1 1.8
NRL-GFPJS SCKO B2 3 91 10.1 2.2

Table 5.2: Sensory Cluster KO OV generation. Retinal organoid differentiations started
using Sensory Cluster knockout lines. All differentiations started using 3 wells
of a 6-well plate and OV number compared after 6 weeks of culture. All differ-
entiations were successful. ’St Dev per well’ refers to the standard deviation of
OV number generated per well per differentiation.

5.4.3 Loss of Sensory Cluster expression is not associated with

increased cell death in developing OVs

Complete Sensory Cluster knockout is associated with progressive retinal degen-

eration in mice (Xiang et al., 2017; Fan et al., 2017). Although retinal organoids

represent an early stage of human retinal development not equivalent to the postna-

tal mouse retina at 1 and 5 months, the timepoints investigated by Fan et al. (2017)

and Xiang et al. (2017), I first sought to investigate whether any atypical cell death

was observed after loss of Sensory Cluster expression in developing human retinal

organoids. The level of cell death in week 10 and week 14 wild type and Sensory

Cluster knockout OVs (NRL-GFPJS OVs only tested at week 14) was determined

by dissociating OVs and comparing the proportion of PI+ cells by flow cytome-
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try. Very few PI+ cells were detected in any OVs and no significant difference in

the proportion of PI+ cells was observed between unedited and knockout clones

(5.12), indicating that loss of Sensory Cluster did not cause increased cell death in

developing human OVs at the ages tested.

Figure 5.12: Proportion of dead cells in Sensory Cluster knockout OVs. Cell death de-
termined by propidium iodide staining. Each data point represents an individ-
ual OV. No significant differences were observed, p≤0.05 one-way ANOVA.
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5.4.4 Rod photoreceptor specification is not affected by loss of

the Sensory Cluster

The effect of Sensory Cluster loss on rod photoreceptor specification was investi-

gated by tracking GFP expression in wild type and Sensory Cluster knockout OVs

over time. GFP expression was monitored by fluorescence microscopy during OV

development. GFP expression was observed in all lines in week 10 OVs, and expres-

sion was appreciably stronger by week 14 (figure 5.13). Expression in NRL-GFPJS

and derived KO lines was first observed in week 10 OVs, whereas NRL-GFPDG

lines first showed GFP expression in week 9. No difference in the timing of re-

porter onset was observed between either parental line and their derived Sensory

Cluster knockout lines.

To further investigate whether rod specification was affected, the proportion

of GFP+ cells between wild type and Sensory Cluster knockout OVs was analysed

by flow cytometry at differentiation week 10 and week 14 (NRL-GFPJS lines only

analysed at week 14). Samples consisted of cells from individual dissociated OVs

and OVs which failed to show >0.5% GFP+ cells at week 14 were deemed to be

failed retinal differentiation events and discounted. Of the 32 organoids tested at

week 10, 2 failed to pass this threshold (6.25%) and 2 organoids from the 40 tested

at week 14 fell beneath this threshold (0.025%).

NRL-GFPDG SCKO B4 OVs had a significantly higher proportion of GFP+

cells than the parental line and other knockout clone at week 10 (no significant

difference observed between NRL-GFPDG and SCKO F1 OVs), however by week

14 no significant differences were observed between either parental and derived

knockout lines (figure 5.14). Together these data indicate that rod photoreceptor

specification is unaffected by genetic ablation of the Sensory Cluster , and also show

the variability in the proportion of GFP+ cells between organoids. This variability

suggests that week 10 may have been too early to analyse GFP expression and

that variation at this stage is most likely to be more affected by subtle variation in

differentiation state than at later timepoints.
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Figure 5.13: Reporter onset in NRL-GFP unedited and Sensory Cluster knockout
OVs. Brightfield (BF) and fluorescence (GFP) images of developing OVs
of the indicated genotypes. Images show the same OVs imaged after 10 and
14 weeks in culture. A small degree of GFP expression is observed at week
10 in NRL-GFPJS and derived knockout OVs, which increases by week 14.
GFP expression is only observed in NRL-GFPDG and derived knockout OVs
at week 14. White arrows indicate areas of GFP expression. Scale bar 200µm.
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Figure 5.14: Percentage of GFP+ cells in Sensory Cluster knockout OVs. GFP cell
number determined by flow cytometry. Each data point represents an in-
dividual OV. Bars indicate mean and SEM. *** denotes p≤0.001, one-way
ANOVA.
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5.4.5 Effect of Sensory Cluster loss on photoreceptor differenti-

ation

The effect of Sensory Cluster deletion on retinal development was interrogated us-

ing bulk RNA sequencing of week 10 and week 14 OVs from NRL-GFPJS NRL-

GFPDG knockout lines and their isogenic parental lines. Two knockout NRL-GFPJS

clones (A4 and B2) were used and one NRL-GFPDG clone (F1), with three sam-

ples for each genotype and timepoint, giving a total sample number of 30 with 6

wild type and 9 knockout samples per timepoint (table 5.3). OVs were taken from

different passages and RNA from one OV was used per sample. It was hoped that

the use of paired ESC lines and isogenic controls would provide a robust sample

set in which to interrogate the effect of Sensory Cluster deletion whilst recognising

that each OV represents an independent differentiation event which would allow for

assessment of inter-OV variability.

No. OVs
Genotype Wk10 Wk14

NRL-GFPJS 3 3
JS SCKO A4 3 3
JS SCKO B2 3 3

NRL-GFPDG 3 3
DG SCKO F1 3 3

Table 5.3: RNAseq samples. 30 samples, each consisting of RNA from one OV were used
for sequencing. SCKO - Sensory Cluster knockout

5.4.5.1 RNAseq quality control

First the quality of sequenced RNA and of RNA sequencing was assessed. The

integrity of all RNA samples was assessed by Tapestation and all were found to

have RNA Integrity Numbers (RIN) between 9.3 and 9.8. High and consistent read

depth was observed across the sequenced samples, with an average library size of

roughly 19 millions reads per sample (figure 5.15). The Quality score (Q-score)

is an indication of the probability that sequenced bases are misidentified, and all

samples had Q-scores>30 (indicating high quality base calls) in >96% of reads,
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with >97% of reads passing filtering (table 5.4). Read alignment was consistent

across samples, with an average of 86% of reads being mapped to unique sites in

the human reference genome and an average of 61.77% of reads mapping to mRNA

UTRs and coding regions. Together, these quality control assessments indicated

that the sequencing data was of good quality and worthy of analysis.

Sample Name rRNA mRNA Mapped >Q30 Passing filter

NRL-GFP-JS Wk10 P29 0.80% 59.20% 86.60% 96.20% 98.40%
NRL-GFP-JS Wk10 P29 0.40% 61.00% 88.20% 96.20% 98.50%
NRL-GFP-JS Wk10 P30 1.00% 62.40% 85.60% 96.20% 98.90%
NRL-GFP-JS Wk14 P29 1.60% 60.80% 83.80% 96.20% 98.60%
NRL-GFP-JS Wk14 P29 1.90% 57.50% 82.50% 96.30% 99.10%
NRL-GFP-JS Wk14 P30 0.80% 63.50% 86.70% 96.40% 98.90%

NRL-GFP-JS SCKO B2 Wk10 P33 1.20% 58.50% 84.60% 96.20% 99.10%
NRL-GFP-JS SCKO B2 Wk10 P33 0.50% 66.00% 88.50% 96.40% 99.10%
NRL-GFP-JS SCKO B2 Wk10 P36 1.20% 61.60% 85.30% 96.30% 99.00%
NRL-GFP-JS SCKO B2 Wk14 P33 1.00% 66.00% 86.50% 96.20% 99.00%
NRL-GFP-JS SCKO B2 Wk14 P33 0.20% 66.40% 89.80% 96.30% 98.90%
NRL-GFP-JS SCKO B2 Wk14 P36 0.40% 66.40% 89.00% 96.30% 99.00%
NRL-GFP-JS SCKO A4 Wk10 P40 0.50% 62.30% 87.30% 96.30% 99.10%
NRL-GFP-JS SCKO A4 Wk10 P40 1.00% 60.90% 85.90% 96.40% 98.80%
NRL-GFP-JS SCKO A4 Wk10 P44 1.20% 56.10% 84.40% 96.30% 99.10%
NRL-GFP-JS SCKO A4 Wk14 P40 1.00% 63.50% 86.40% 96.20% 99.20%
NRL-GFP-JS SCKO A4 Wk14 P40 1.40% 63.40% 84.80% 96.40% 99.00%
NRL-GFP-JS SCKO A4 Wk14 P44 1.60% 63.90% 84.60% 96.30% 98.80%

NRL-GFP-DG Wk10 P50 1.20% 59.40% 84.60% 96.30% 98.90%
NRL-GFP-DG Wk10 P50 0.70% 64.10% 86.70% 96.20% 98.40%
NRL-GFP-DG Wk10 P51 1.60% 61.70% 83.70% 96.20% 97.70%
NRL-GFP-DG Wk14 P50 1.20% 59.40% 84.80% 96.20% 98.00%
NRL-GFP-DG Wk14 P50 0.80% 59.20% 86.20% 96.20% 98.00%
NRL-GFP-DG Wk14 P51 0.90% 62.10% 86.90% 96.30% 99.30%

NRL-GFP-DG SCKO F1 Wk10 P55 0.80% 62.00% 86.50% 96.30% 99.20%
NRL-GFP-DG SCKO F1 Wk10 P55 0.20% 58.60% 88.20% 96.20% 98.30%
NRL-GFP-DG SCKO F1 Wk10 P56 1.40% 59.80% 84.00% 96.40% 98.80%
NRL-GFP-DG SCKO F1 Wk14 P55 1.20% 62.30% 85.40% 96.30% 98.60%
NRL-GFP-DG SCKO F1 Wk14 P55 0.90% 64.60% 86.50% 96.30% 98.90%
NRL-GFP-DG SCKO F1 Wk14 P56 0.90% 60.60% 86.00% 96.20% 98.50%

Table 5.4: RNAseq QC data. Read quality was strong in all samples. rRNA - percentage
of reads which map to ribosomal RNAs, which should be low due to poly(A)
selection during library preparation. mRNA - percentage of reads mapping to
mature mRNA sequences. Mapped - percentage of reads mapping to unique
sites within the human genome. >Q30 - percentage of reads showing Q scores
above 30, indicating high quality base calls. Passing filter - percentage of reads
passing selection criteria. SCKO - Sensory Cluster knockout. P indicates pas-
sage number.
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Figure 5.15: RNA sequencing library sizes. High read depth was observed in all samples.

5.4.5.2 Samples separate on the basis of genetic background

The inter-sample variation was assessed at week 10 and week 14 by PCA plot.

Neither the first or second principal components could be directly attributable to

either genetic background or Sensory Cluster expression, but samples nonetheless

clearly separated on the basis of genetic background (figure 5.16). Higher inter-

sample variation was observed in the NRL-GFPJS sample set than in the NRL-

GFPDG sample set, at both week 10 and week 14. Neither samples set at either

timepoint separated on the basis of Sensory Cluster expression. This indicates that

Sensory Cluster expression accounts for a lower proportion of the total variation

than general inter-sample difference.
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Figure 5.16: Variability in RNAseq samples. At both week 10 and week 14 samples nei-
ther samples are not separated by dimensions 1 or 2 on the basis of genetic
background or Sensory Cluster expression when assessed by PCA plot, indi-
cating inter-OV variability.
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5.4.5.3 Differential gene expression due to Sensory Cluster deletion

is more pronounced at week 14 than week 10

The effect of Sensory Cluster loss on gene expression was assessed by differen-

tial gene expression analysis comparing wild type and knockout OVs at week 10

and week 14 both within the isogenic sample sets, and by pooling the genotypes.

As miRNAs typically exert their influence through small changes to expression of

large numbers of genes, differentially expressed genes (DEGs) were identified on

the basis of adjusted p-value (p≥0.05) and no fold-change cutoff was used. At week

14 1027 DEGs were identified in the NRL-GFPJS WT vs KO comparison, but only

29 at week 10 (figure 5.17). Fewer DEGs were identified in the NRL-GFPDG WT

vs KO comparison at each timepoint, with 6 at week 14 and none at week 10. This

lack of DEGs in the NRL-GFPDG comparison was reflected in the DEG number

when both parental genotypes were pooled for analysis; only 20 DEGs were iden-

tified at week 14 and none at week 10. Fewer DEGs were identified at week 10

than at week 14 for all comparisons, which would be expected if the function of

the Sensory Cluster increases as it is upregulated during development (figure 5.2.2).

Alternatively, OV differentiation may be simply less coordinated at the earlier time-

point, resulting in more variable gene expression.

A large number of genes were found to show marginally sub-significance cut-

off adjusted p-values; relaxing the DEG significance boundary to p≥0.075 resulted

in the identification of a further 153 (total of 173) DEGs in the combined parental

genotype WT vs KO week 14 comparison and a further 1299 DEGs in the NRL-

GFPJS WT vs KO week 14 comparison. The top 200 DEG lists for each comparison

can be found in tables B.1, B.2 and B.3. Interestingly, at p≥0.075 there were 13

DEGs (1 gene at p≥0.05) unique to the combined WT vs KO week 14 comparison

which were not differentially expressed in either of the single isogenic comparisons.

This also highlights the fact that different genes are being differentially expressed

in the NRL-GFPJs and NRL-GFPDG parental and edited lines.
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DEG no.

Genotype Adj. P-value Week 10 Week 14

All
0.05 0 20

0.075 0 173

NRL-GFPJS 0.05 29 1013
0.075 105 2312

NRL-GFPDG 0.05 0 6
0.075 0 6

Figure 5.17: Comparison of DEG numbers. Observed overlap in differentially expressed
genes at week 14 in edited (KO) vs unedited (WT) comparisons, when sig-
nificance threshold is set to adjusted p-value of ≤0.05 (A) or ≤0.075 (B).
Table shows the number of DEGs per timepoint at the indicated adjusted p-
value cutoffs. All - pooled NRL-GFPJS and NRL-GFPDG comparisons, JS -
NRL-GFPJS comparison only, NRL-GFPDG only.
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5.4.5.4 Genes upregulated following Sensory Cluster deletion

In order to further interrogate inter-sample variability and the effect of Sensory

Cluster deletion, the top 100 DEGs from the week 14 pooled (i.e. both NRL-GFPJS

and NRL-GFPDG sample sets) unedited vs Sensory Cluster knockout comparison

were analysed. No adjusted p-value cutoff was used for this analysis, but 20 DEGs

had adjusted p-values >0.05 and all were > 0.057. Hierarchical clustering showed

that parental and Sensory Cluster knockout samples cluster away from each other,

and that the majority of DEGs (88 of 100) were downregulated in knockout sam-

ples (figure 5.18). Of the 12 genes upregulated in the knockout samples, MAP2

and NECAP1 are predicted Sensory Cluster targets (top 100 DEGs can be seen

in table B.1). MAP2 is associated with retinal ganglion cell neurite outgrowth

and also localises to photoreceptor inner segments in adult rat retinae (Lin et al.,

2018; Tucker and Matus, 1988), whilst NECAP1 is involved in endocytosis at neu-

ronal synapses and causes progressive retinal atrophy in dogs (Alazami et al., 2014;

Hitti et al., 2019). Other upregulated retinal degenerative disease-related genes

include CCDC28B, a cilia-associated gene which causes Bardet-Biedl syndrome

(OMIM 209900), and MTTP, a lipid transport protein which causes Abetalipopro-

teinemia and atypical retinitis pigmentosa (OMIM 200100) (Cardenas-Rodriguez

et al., 2013; Ohashi et al., 2000). Dysregulation of NECAP1 and MAP2 implicates

the Sensory Cluster in human retinal neurite outgrowth and synapse function.

It was expected that expression of Sensory Cluster target genes would be up-

regulated following the removal of the repressive effect of Sensory Cluster expres-

sion. To test this, the percentage of up and downregulated genes which were pre-

dicted Sensory Cluster targets was compared in week 14 unedited vs NRL-GFPJS

Sensory Cluster knockout comparisons. Sensory Cluster targets were found to be

significantly over represented (p=0.0003, χ2 test) in the genes upregulated in NRL-

GFPJS knockout OVs (adj. p≤0.05), with 64 of 251 upregulated genes being pre-

dicted targets (25.5%) compared to 115 of 776 downregulated genes (14.8%). There

are 3526 predicted Sensory Cluster targets in the genome (predicted by miRwalk2.0,

miRanda and Targetscan algorithms) and an average of 18522 genes pass the expres-
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sion level cut off for NRL-GFPJS unedited and edited samples, so we might expect

roughly 19% of upregulated and downregulated DEGs to be predicted targets if

Sensory Cluster deletion had no effect, and assuming that the number of predicted

targets is accurate.
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Figure 5.18: Week 14 pooled unedited vs knockout top 100 DEGs. Heatmap shows
the top 100 DEGs between unedited and Sensory Cluster knockout samples.
Arrows indicate the 12 genes upregulated in knockout samples, which are
listed in the table below. A negative fold change (FC) implies upregulation in
knockout samples.
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5.4.5.5 Identifying a common core of dysregulated gene sets

In order to identify dysregulated pathways in Sensory Cluster knockout Gene Set

Enrichment Analysis (GSEA) was performed using the Hallmark, C2 and C5 gene

set lists from the curated MSigDB Collections (Mootha et al., 2003; Subramanian

et al., 2005). Gene sets were deemed significant at false discovery rate (FDR)

≤0.25, as per Subramanian et al. (2005). A core of 24 gene gene sets were sig-

nificantly enriched in week 14 NRL-GFPJS, NRL-GFPDG and combined wild type

vs knockout comparisons, with all gene sets showing the same direction of change

in every comparison. This indicates there was a consistent effect of Sensory Cluster

loss (figure 5.19). Full lists of significantly dysregulated gene sets for all compar-

isons can be found in tables B.4, B.5 and B.6.

Dysregulated gene sets can inform about Sensory Cluster function. The com-

mon core of dysregulated gene sets contain a number of gene sets involved in

the processes of protein localisation, ribosomal function and mRNA processing,

including translation and nonsense-mediated decay (figure 5.19). In opposition

to data which suggest roles for the Sensory Cluster in DNA repair and apoptosis

(Dambal et al., 2015), no gene sets related these processes were significant in all

three comparisons. However, three gene sets related to DNA replication (REAC-

TOME DNA STRAND ELONGATION, REACTOME UNWINDING OF DNA

and KEGG DNA REPLICATION) were significantly upregulated in week 14 NRL-

GFPJS knockout OVs.
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FDR
Gene set No. Direction Combined JS DG

GO CYTOSOLIC LARGE RIBOSOMAL SUBUNIT 57 Up 2.87E-08 0.0007453 4.70E-05
GO CYTOSOLIC RIBOSOME 103 Up 4.20E-08 0.0007453 0.00011157
GO CYTOSOLIC SMALL RIBOSOMAL SUBUNIT 40 Up 1.91E-06 0.00240825 0.00158865
GO RIBOSOMAL SUBUNIT 155 Up 0.00060314 0.20906102 0.06631361
GO LARGE RIBOSOMAL SUBUNIT 103 Up 0.0002958 0.12973143 0.06644785
KEGG RIBOSOME 85 Up 6.01E-12 2.51E-06 7.74E-07

REACTOME TRANSLATION 143 Up 6.04E-06 0.01029666 0.00044334
GO NUCLEAR TRANSCRIBED MRNA
CATABOLIC PROCESS
NONSENSE MEDIATED DECAY 117 Up 2.70E-05 0.03775392 0.00158865

GO TRANSLATIONAL INITIATION 142 Up 0.00023295 0.06185498 0.00351832
REACTOME 3 UTR MEDIATED TRANSLATIONAL
REGULATION 103 Up 1.34E-09 3.22E-05 7.77E-06

REACTOME ACTIVATION OF THE MRNA UPON
BINDING OF THE CAP BINDING COMPLEX AND
EIFS AND SUBSEQUENT BINDING TO 43S 56 Up 3.20E-05 0.00535487 0.0031291

REACTOME FORMATION OF THE TERNARY
COMPLEX AND
SUBSEQUENTLY THE 43S COMPLEX 49 Up 3.18E-06 0.00104414 0.00194795

REACTOME PEPTIDE CHAIN ELONGATION 84 Up 3.38E-12 1.08E-06 7.74E-07
REACTOME INFLUENZA VIRAL RNA
TRANSCRIPTION AND
REPLICATION 101 Up 2.34E-08 0.0003354 6.54E-05

REACTOME NONSENSE MEDIATED DECAY
ENHANCED BY THE
EXON JUNCTION COMPLEX 106 Up 1.72E-06 0.00332776 0.00038221

GO PROTEIN LOCALIZATION TO ENDOPLASMIC
RETICULUM 122 Up 7.35E-06 0.03775392 0.00043559

GO ESTABLISHMENT OF PROTEIN LOCALIZATION
TO ENDOPLASMIC RETICULUM 103 Up 5.75E-08 0.00240825 4.70E-05

REACTOME SRP DEPENDENT COTRANSLATIONAL
PROTEIN TARGETING TO MEMBRANE 108 Up 1.10E-08 0.0003354 1.79E-05

BILANGES SERUM AND RAPAMYCIN SENSITIVE
GENES 67 Up 2.12E-08 0.0003354 7.97E-06

BILANGES SERUM RESPONSE TRANSLATION 31 Up 0.00415137 0.10937537 0.01028822
CHNG MULTIPLE MYELOMA HYPERPLOID UP 51 Up 7.93E-05 0.03832352 0.00569722
GO MULTI ORGANISM METABOLIC PROCESS 137 Up 0.00013973 0.03915172 0.02462261
HOLLEMAN ASPARAGINASE RESISTANCE
B ALL UP 25 Up 0.00151112 0.10805013 0.01086297

REACTOME INFLUENZA LIFE CYCLE 135 Up 0.00034015 0.08171509 0.01086297

Figure 5.19: Overlap of significant gene sets at week 14. C2 and C5 GSEA gene sets
deemed significant at FDR ≤0.25. All comparisons are wild type vs Sensory
Cluster knockout at week 14. (Top) JS - NRL-GFPJS, DG - NRL-GFPDG,
Combined - pooled wild type and knockout. (Bottom) List of 24 gene sets
common to each comparison and divided into groups of related annotation in-
cluding ribosome, mRNA processing and translation, and protein localisation.
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5.4.5.6 Sensory Cluster knockout OVs show downregulation of

synapse and photoreceptor-related gene sets

In addition, a number of synapse and photoreceptor-related gene sets were signifi-

cantly dysregulated in week 14 NRL-GFPJS and NRL-GFPDG wild type vs knock-

out comparisons (table 5.5). NRL-GFPJS knockout exhibited significant downreg-

ulation of two synapse related gene sets and NRL-GFPDG knockout OVs showed

downregulation of eight gene sets related to photoreceptor maturation, phototrans-

duction and light detection. Downregulation of these photoreceptor-related gene

sets implicates the Sensory Cluster in playing a role in supporting maturation of

both cone and rod photoreceptors. Interestingly, photoreceptor and synapse-related

gene set downregulation were restricted to NRL-GFPDG and NRL-GFPJS knockout

OVs, respectively. This mutual exclusivity could simply be due to differentiation

variability, or could indicate a variable effect of the Sensory Cluster in different

genetic hESC lines, or the effect not passing the selected significance threshold.

NRL-GFPJS NRL-GFPDG

Gene set No. Direction FDR Direction FDR

GO NEURONAL POSTSYNAPTIC
DENSITY 53 Down 0.24831355 Down 0.9996756

GO REGULATION OF NEURONAL
SYNAPTIC PLASTICITY 49 Down 0.227047124 Down 0.9996756

PID RHODOPSIN PATHWAY 23 Down 0.99894035 Down 0.0001206
PID CONE PATHWAY 22 Down 0.99894035 Down 0.00569722
GO PHOTORECEPTOR DISC
MEMBRANE 17 Down 0.99936948 Down 0.01090898

GO RHODOPSIN MEDIATED
SIGNALING PATHWAY 13 Down 0.99936948 Down 0.02462261

GO PHOTOTRANSDUCTION
VISIBLE LIGHT 19 Down 0.99936948 Down 0.06631361

GO PHOTOTRANSDUCTION 42 Down 0.99936948 Down 0.06644785
GO DETECTION OF LIGHT
STIMULUS 56 Down 0.99936948 Down 0.14946462

GO DETECTION OF VISIBLE
LIGHT 41 Down 0.99936948 Down 0.22749218

Table 5.5: Significant photoreceptor-related gene sets. Two neuronal synapse gene
sets are significantly dysregulated (FDR ≤0.25) in NRL-GFPJS OVs and 8
photoreceptor-related gene sets are significantly dysregulated in NRL-GFPDG

OVs. NO. - the number of genes in the gene set. Direction - the direction of
expression change in Sensory Cluster knockout OVs compared to controls.
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5.4.5.7 Inter-species differences

A number of mouse studies have investigated the effect of partial and complete Sen-

sory Cluster loss using RNA sequencing (Fan et al., 2017; Xiang et al., 2017; Wu

et al., 2019). In order to examine the variable function of the Sensory Cluster in

human and mouse, the expression of a number of genes of interest identified from

knockout mouse studies was investigated at week 14. These genes of interest were

all significantly upregulated in early post-natal knockout mouse retinae and were a

combination of predicted and confirmed Sensory Cluster targets and human retinal

disease genes (figure 5.20). Wu et al. (2019) found predicted Sensory Cluster target

genes Gpm6, Nyx, Trpm1, Cdh3, Cfh, Mkks, Mfrp and human retinal disease genes

Arrdc3, Ezr, Gja3, Fign, Stard13 to be upregulated in knockout retinae at post-natal

day 7. Xiang et al. (2017) found confirmed Sensory Cluster targets Slc6a6, Dmxl1,

Med1 and Rnf217 to be upregulated at the same timepoint. Fan et al. (2017) found

predicted Sensory Cluster targets Mak and Cep250, and gene of interest Ezh2, to

be upregulated in p5 knockout retinae. None of these genes were significantly dif-

ferentially expressed (adjusted p=≤ 0.05) in my human samples and hierarchical

clustering did not indicate a trend in expression towards the knockout samples (fig-

ure 5.20). This suggests a species or culture system-specific difference between

hESC-derived OVs and the early post-natal mouse retina, which could be either due

to differing Sensory Cluster function or differing temporal expression of these genes

of interest.
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Figure 5.20: Expression of mouse genes of interest in human OVs. All genes were sig-
nificantly upregulated in Sensory Cluster knockout mouse retinae but none of
these genes show significant differential expression at adjusted p≤0.05 in hu-
man OVs. Unedited samples highlighted in blue and Sensory Cluster knock-
out samples highlighted in red.
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5.5 Assessing the effect of miR-183 overexpression on

human photoreceptor development

Having established the new Sensory Cluster knockout lines and shown that they

formed OVs containing rod photoreceptors, I sought to repeat the Sensory Clus-

ter mimic overexpression experiments using these new cell lines. In section 5.3

I showed that miRagen miRNA mimics readily transfect mShef10 hESC-derived

OVs and affect expression of putative direct and indirect target genes. A further

overexpression experiment was performed to expand on the previous findings and

investigate the effect of Sensory Cluster overexpression on photoreceptor specifi-

cation and maturation, as well as to assess mimic toxicity. Week 10 OVs from the

NRL-GFPDG and NRL-GFPJS hESC lines, were treated with a miR-183 mimic at

5µM concentration and collected after 5 days of treatment. Collected OVs were

then analysed by qPCR and flow cytometry. These experimental conditions were

chosen because they were previously found to have the strongest effect on indirect

Sensory Cluster target gene expression, as discussed in section 5.3.2.

5.5.0.1 Indirect Sensory Cluster target gene expression unaffected

by miR-183 mimic treatment in NRL-GFPJS and NRL-

GFPDG OVs

That the effect of mimic overexpression on indirect Sensory Cluster target gene ex-

pression might be determined, treated OVs were analysed by qPCR. No significant

difference in gene expression was observed following mimic treatment in either

line tested (figure 5.21). Thus the increase in indirect target expression observed

in mShef10 OVs was not recapitulated in NRL-GFPJS or NRL-GFPDG OVs. How-

ever, a significantly higher standard deviation in gene expression between OVs was

observed than previously, which is likely to obscure any meaningful result. This

could be due to experimental inconsistency or inter-line variability.
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Figure 5.21: Indirect Sensory Cluster target gene expression unaffected by miR-183
mimic treatment in additional OVs. No significant differences observed
between control and treated OVs, Students T-test P<0.05. Samples consist of
averages from 3 NRL-GFP reporter hESC-derived OVs from the same passage
treated and analysed individually. Data are presented as mRNA expression
relative to that of the untreated control sample and normalised to the endoge-
nous control GAPDH (2-∆∆CT). Error bars represent standard deviation.
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5.5.0.2 GFP+ rod photoreceptor number is not affected by miR-183

overexpression

Next the effect of miR-183 mimic treatment on rod photoreceptor specification was

investigated by analysing GFP+ rod photoreceptor number by flow cytometry. No

significant difference in GFP+ cell number was observed for either genotype (fig-

ure 5.22), indicating that rod cell specification was unaffected by miR-183 mimic

treatment. It is of note that extremely few GFP+ cells were isolated from NRL-

GFPJS OVs with or without treatment and it is possible that a difference may have

been observed if OVs had been treated at a later timepoint when NRL-GFPJS OVs

contained a greater proportion of GFP+ cells. These data are in concordance with

the finding that rod photoreceptor-specific marker (NRL, NR2E3) expression was

unaffected by miR-183 mimic treatment.

Figure 5.22: Flow cytometric analysis of GFP+ rod photoreceptor number following
miR-183 overexpression. ’DG’ refers to NRL-GFPDG OVs and ’JS’ to NRL-
GFPJS OVs. N=12 for ’DG untreated’ and N=6 for all other conditions. Each
sample consisted of cells from one dissociated OV. No significant differences
between treated and untreated OVs of the same genotype were observed, two-
tailed students T-test p=≤ 0.05. Error bars generated using standard error of
the mean.
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5.5.0.3 miR-183 mimic treatment is associated with a mild degree

of toxicity

The possible toxicity of Sensory Cluster mimic treatment was assessed by treat-

ing dissociated OV cells with 1µg/ml propidium iodide (PI), an intercalating agent

not permeant to live cells, prior to assessment by flow cytometry. The proportion

of both NRL-GFPDG and NRL-GFPJS propidium iodide-positive cells was signif-

icantly higher following miR-183 mimic treatment, thus mimic treatment was as-

sociated with a degree of toxicity (figure 5.23). Extremely few untreated cells of

either genotype were found to be PI+, <1%, but an average of 6% of treated NRL-

GFPDG and 3% of treated NRL-GFPJS cells were PI+. This degree of toxicity was

not thought high enough to skew the results of this series of mimic experiments,

especially as the proportion of PI+ cells in the GFP+ and GFP- fractions were not

significantly different (data not shown) and thus GFP+ photoreceptors were not

found more vulnerable to mimic toxicity than other cell types.

Figure 5.23: Flow cytometric analysis of miR-183 mimic toxicity. ’DG’ refers to NRL-
GFPDG OVs and ’JS’ to NRL-GFPJS OVs. N=6 for each passage and all sam-
ples were collected from the same passage, dappled markers indicate indicate
OVs from a separate passage to black markers. No significant differences
between treated and untreated OVs of the same genotype were observed, two-
tailed students T-test p=≤ 0.05. Error bars generated using standard error of
the mean.
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5.5.1 Sensory Cluster overexpression does not affect Sensory

Cluster knockout OVs

Finally, in order to determine whether Sensory Cluster reexpression following Sen-

sory Cluster knockout affected expression of the key retinal genes which showed

altered expression in mimic overexpression experiments (section 5.3.2), both clones

of NRL-GFPJS SCKO were treated with miR-183 mimic at 5µm for 5 days at week

10 of differentiation. These conditions were chosen as they elicited the strongest re-

sponse in previous experiments (figure 5.3.2.2). No significant differences in gene

expression were observed between treated OVs and control untreated OVs, which

were collected at the same time. It is note worthy that high standard deviations were

observed with some genes, indicating high inter-replicate variability or technical er-

ror, which reduces the reliability of these results.
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Figure 5.24: miR-183 mimic treatment in Sensory Cluster knockout OVs. Wk10 NRL-
GFPJS SCKO A4 (A) and NRL-GFPJS SCKO B2 (B) OVs treated with miR-
183 mimic at 5µm for 5 days. No significant differences were observed be-
tween control and treated samples, Students T-test P<0.05. Data normalised
to control expression level for each gene, GAPDH used as an endogenous
control (2-∆∆CT). N=3 for each genotype, where each sample consists of 1
individually treated OV.
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5.6 Interrogating expression of the Sensory Cluster

in photoreceptor sub-types
OVs generated from NRL-/- hESCs (generated by CRISPR/Cas9 gene editing as de-

scribed in chapter 3) exhibit a superabundance of S-cone-like cells and a complete

absence of rod photoreceptors (Kallman et al., 2020; Cuevas et al., 2021). This

presented an opportunity to investigate Sensory Cluster expression in OVs with dif-

ferent relative numbers of rods. Therefore qPCR was used to assess Sensory Cluster

expression in week 14 and 25 NRL knockout OVs and OVs from their parental line,

mShef10. Interestingly expression of all three Sensory Cluster members was re-

duced in NRL KO OVs at week 14 (figure 5.25 A), but this difference had been

lost by week 25 and miR-183 was even significantly higher at this timepoint as well

(figure 5.25 B). There are a number of explanations for this result, one of which

is that this finding reflects variations in line differentiation rather than the effect of

loss of NRL on Sensory Cluster expression. Alternatively, it is possible that the S-

cone-like cells present in NRL KO OVs initially express reduced levels of Sensory

Cluster miRs, but that their expression reaches rod-level during cell maturation. It

is noteworthy that loss of NRL is not associated with a reduction in photoreceptor

number in mice and although certain NRL mutations are associated with autosomal

dominant retinitis pigmentosa in humans (Bessant et al., 1999), this is not a devel-

opmental phenotype and therefore the week 14 result is very unlikely to be merely

a result of loss of Sensory Cluster -expressing cells (Mears et al., 2001; Kallman

et al., 2020; Cuevas et al., 2021). Interrogating the photoreceptor sub-type-specific

expression levels of the Sensory Cluster miRs will require repetition of this exper-

iment and further investigation. One tool which could be used to achieve this is

is single cell miRNA sequencing (sc miRNAseq), which, if performed at multiple

time points, would allow precise quantification of Sensory Cluster expression in

developing photoreceptor sub-types and address the question of to what level the

Sensory Cluster is expressed in retinal progenitor cells.
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Figure 5.25: Sensory Cluster expression in NRL KO OVs. Data normalised to mShef10
expression level for each gene, small nuclear RNA U6 expression used as
endogenous control. N=3 for each genotype, where each sample consists of
3 pooled OVs from different passages. Significance determined by Students
T-test P<0.05.
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5.7 Discussion
In this chapter:

• I established the expression profile of the miR-182/96/183 Sensory Cluster

through development of hESC-derived retinal organoids and of the human

foetal retina

• I demonstrated that overexpression of the Sensory Cluster using miRNA

mimics leads to increased expression of key retinal genes in mShef10 hESC-

derived retinal organoids

• I generated two new Sensory Cluster knockout hESC lines and showed by

bulk RNA sequencing that expression of Sensory Cluster target genes was

significantly upregulated in knockout samples

• I showed that Sensory Cluster loss did not affect rod photoreceptor spec-

ification but did lead to reduced expression of neuronal synapse and

photoreceptor-related gene sets

• I identified a clear difference in the effect of Sensory Cluster deletion on gene

expression between hESC-derived OVs and published mouse models

In conclusion, a gain- and loss-of-function approach was used to investigate

whether the Sensory Cluster affects expression of retinal genes and to implicate

the Sensory Cluster as playing a role in human photoreceptor and retinal develop-

ment. This finding is in accordance with findings from mouse knockout studies,

but interestingly the most highly dysregulated genes identified from RNA sequenc-

ing data in these mouse studies show no clear pattern of dysregulation in knockout

OVs. Expression of the Sensory Cluster has been profiled across murine retinal

development and during early development (weeks 0-12) of human iPSC-derived

OV development, but to my knowledge has never before been profiled across hu-

man foetal retinal development (Fan et al., 2017; Peskova et al., 2020). Overall this

work highlights the value of hPSC-derived retinal organoids as a tool to study hu-
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man retinal development. Some of the principal achievements and challenges faced

during this chapter will be discussed below.

5.7.1 The role of the Sensory Cluster in human retinal develop-

ment

To my knowledge only one study has investigated the role of the Sensory Cluster in

human retinal development. Peskova et al. (2020) recently used an inducible tough

decoy (RNA constructs which bind and sequester cognate miRNAs) approach to

knock down Sensory Cluster expression in hPSC-derived retinal organoids and ob-

served that day 10 and day 21 organoids exhibited a ’bulged’ morphology due to

an expansion of the neuroepithelium, and an upregulation of early retinal mark-

ers PAX6, a confirmed direct Sensory Cluster target, RAX, VSX2 and SOX2 at day

25. Peskova et al. (2020) generated retinal organoids using a recently published

protocol based on seeding U-bottomed 96-well plates with hPSCs and were there-

fore able to monitor early differentiation of individual organoids, which was not

possible using the Gonzalez-Cordero protocol as OVs were not cultured individ-

ually until week 4-6. This ’bulged’ neuroepithelial phenotype was not examined

after day 21 and it is possible that it would disappear in older OVs, but whilst not

specifically examined, no such phenotype was observed in Sensory Cluster knock-

out OVs. Furthermore, no difference in cell number per OV was observed following

Sensory Cluster deletion and none of the early retinal markers used by Peskova et al.

(2020), including PAX6, were significantly differentially expressed in week 10 or

week 14 Sensory Cluster knockout OVs. It is also of note that neither altered retinal

cell number nor gross retinal morphology have been reported in Sensory Cluster

knockout mouse models (Xiang et al., 2017; Fan et al., 2017; Wu et al., 2019). Du

et al. (2013) demonstrated that repression of the Sensory Cluster in hESCs using a

miRNA sponge construct lead to increased neural induction, and it is therefore pos-

sible that the expanded neurepithelial phenotype observed by Peskova et al. (2020)

is a result of increased neural induction and that this is an artefact of the particular

culture system used.

The exact role played by the Sensory Cluster in human retinal development is
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unclear. The common core of gene sets identified by GSEA as dysregulated in NRL-

GFPJS , NRL-GFPDG and combined analyses implies that the Sensory Cluster has

roles in the ubiquitous cellular processes of mRNA processing, translation and pro-

tein localisation, which are known functions in non-retinal contexts (Dambal et al.,

2015). Dysregulation of these processes in post-natal Sensory Cluster knockout

mouse retinae could contribute towards the observed photoreceptor degeneration

(Xiang et al., 2017; Fan et al., 2017; Wu et al., 2019), as photoreceptor cells are un-

usually vulnerable to cellular perturbation due to their high metabolic activity and

exposure to oxidative stress, as evidenced by the number of ubiquitously expressed

human genes which cause photoreceptor phenotypes when mutated (Wright et al.,

2010; Nash et al., 2015). It is likely that the Sensory Cluster affects retinal develop-

ment through targeting of key intermediary genes and identification of these genes

will require further interrogation of genes and gene sets found to be dysregulated

in RNAseq data in Sensory Cluster knockout OVs, and validation of any identified

genes by qPCR.

Lumayag et al. (2013) observed disruption of photoreceptor synapses and re-

duced expression of photoreceptor synapse-related genes in 5 week old Sensory

Cluster gene trap mice. Two neuronal synapse-related gene sets were significantly

downregulated in week 14 NRL-GFPJS knockout OVs, which supports the find-

ings of Lumayag et al. (2013) and implies a role for the Sensory Cluster in retinal

synapse development (table 5.5). However, to my knowledge synapse defects have

not been reported in any other studies investigating Sensory Cluster function in

the retina. Interrogating this phenotype would require further gene expression, im-

munohistochemical or ultrasctructural analysis of photoreceptor synapses in later-

stage hPSC-derived OVs.

5.7.2 Sensory Cluster regulation

Temporal and spatial expression of the Sensory Cluster is tightly controlled, and

despite the fact that all three Sensory Cluster miRNAs are generally transcribed to-

gether as a single pri-miRNA, there is a great deal of evidence that the separate ma-

ture miRNAs are expressed at different levels, including data shown in figure 5.2.2,
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and therefore likely undergo significant post-transcriptional regulation (Busskamp

et al., 2014; Fan et al., 2017).

The human Sensory Cluster is known to be regulated by both DNA methylation

and transcription factors in oncological contexts, but little is known about Sensory

Cluster regulation in developmental contexts. In a range of human cancer cell lines,

transcription factors including TGFβ , CTNNB1 and FOXP3 have been shown by

Chip-Seq to bind to promoter regions 11.5kb, 6kb and 400bp, respectively, upstream

of miR-182 and promote expression (Liu and Chang, 2012; Song et al., 2012; Tang

et al., 2014). In human melanoma cells demethylation of a CpG island roughly 10kb

upstream of miR-182 lead to an increase in miR-182 expression, but not miR-183

or miR-96, (Liu et al., 2013).

Non-coding RNAs have also been shown to regulate Sensory Cluster expres-

sion. Krol and Roska (2015) showed that the murine Sensory Cluster is part of a

regulatory mechanism whereby processing of pri-miR-182/96/183 is inhibited by

Sensory Cluster target Ddx3x, which is in turn modulated by long non-coding RNA

(lncRNA) Rncr4, a gene only expressed in maturing photoreceptors. This same

group had also previously demonstrated that in adult mice a number of retinal miR-

NAs, including the Sensory Cluster , were upregulated during light adaptation and

rapidly degraded during dark adaptation, through an unknown mechanism (Krol

et al., 2010). This finding has obvious potential implications for in vitro studies,

where retinal organoids are typically cultured in the dark but periodically exposed

to light during media changes and therefore result in fluctuating Sensory Cluster

expression. It is however unknown whether expression of the human Sensory Clus-

ter is modulated by light exposure and indeed whether the genes mediating this

modulation are expressed during human foetal or retinal organoid development.

5.7.3 NRL-GFP reporters

The timing of GFP reporter onset varied between OVs generated from the two re-

porter hESC lines used; GFP expression was first observed at very low levels in

week 10 NRL-GFPJS and in week 9 in NRL-GFPDG OVs (figure 5.13). This dis-

crepancy could be due genetic background effects but is most likely due to differ-



5.7. Discussion 212

ences in reporter construction, with the NRL-GFPDG line probably reflecting the

true onset of NRL expression due to insertion of eGFP into the endogenous NRL

locus. Phillips et al. (2018) report that at day 70 of differentiation 0.3% of cells

were GFP+, as determined by immunocytochemistry on dissociated OVs, whereas

an average 7.9% of NRL-GFPDG OVs were found to be GFP+ after flow cytometric

analysis (figure 5.14). This could be due to increased sensitivity of flow cytometry

compared to immunocytochemistry, or accelerated differentiation of OVs using the

Gonzalez-Cordero protocol compared to the protocol used by (Phillips et al., 2018).

5.7.4 Bulk RNA sequencing of Sensory Cluster knockout OVs

A high degree of inter-sample variability is observed in unedited and Sensory

Cluster knockout NRL-GFP OVs, particularly in NRL-GFPJS -derived OVs (fig-

ure 5.16). Each OV represents an independent differentiation event and comparison

of single OVs allows the degree of inter-OV variation, and therefore the reprodu-

cability of the Gonzalez-Cordero protocol, to be examined. However, as general

inter-OV variation accounts for a greater proportion of inter-sample variation than

loss of Sensory Cluster expression, as determined by principal component analy-

sis, the effect of Sensory Cluster deletion may be masked to a certain degree. An

alternative strategy would have been to pool multiple OVs for each sample, in or-

der to partially mitigate inter-sample variability, and to perform analysis at later

time points when retinal histogenesis is complete in the OVs and variation may be

reduced so the effect on cell maturation may be better assessed.

Furthermore, the percentage of GFP+ rod photoreceptors varied highly in both

unedited and Sensory Cluster knockout OVs (figure 5.14), and this inter-OV hetero-

geneity in cell population could have further masked the effect of Sensory Cluster

deletion. Isolating the GFP+ population from OVs by Fluorescence-Activated Cell

Sorting (FACS) would remove the effect of inter-OV heterogeneity and allow spe-

cific interrogation of developing Sensory Cluster knockout rod photoreceptors.



5.7. Discussion 213

5.7.5 Sensory Cluster overexpression

Overexpression of Sensory Cluster miRs caused increased expression of key pho-

toreceptor genes in OVs derived from mShef hESCs but not NRL-GFPJS or NRL-

GFPDG or derived Sensory Cluster knockout hESCs (figure 5.21). This could be due

to a number of factors, including inter-line differences in Sensory Cluster response,

low N-numbers and technical error. Very high standard deviation was observed in

the qPCR data, which is suggestive of technical error. Furthermore, a long period

of time separated mShef10 and reporter hESC overexpression experiments which

could have allowed mimic degradation. Repetition of mimic overexpression and

the use of OVs at additional timepoints using methods for longer term delivery of

miRNAs and analysing the effect on isolated GFP labelled rods could help resolve

these findings.



Chapter 6

Final discussion

6.1 Summary of findings
• miR-153 was identified as a potential early disease marker in Type I Usher

syndrome based on interrogation of an RNA sequencing data set generated

from one control and one Type I Usher iPSC line, and then verified in inde-

pendent differentiations using three further Type I Usher iPSC lines.

• A gene editing platform was established and used to generate four

knockout hESC lines. Generation of the NRL knockout line, and the

mShef10USH1C LOF, carrying patient-found loss-of-function mutations in the

USH1C gene and to be used as an isogenic control, was achieved through

manipulating the HDR DNA repair pathway to introduce specific genetic

sequence alterations using ssODNs. A dual sgRNA approach was then used

to ablate the Sensory Cluster in two NRL-GFP hESC reporter lines.

• The role of the Sensory Cluster in retinal organoid development was inves-

tigated using a gain- and loss-of-function approach. Overexpression of the

Sensory Cluster using miRNA mimics lead to an increase in expression of

key retinal genes in one hESC line, and loss of Sensory Cluster expression

lead to down regulation of neuronal synapse and photoreceptor-related gene

sets.
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Micro RNAs are known to play key roles in retinal development and have been

implicated in human retinal disease. However, whether miRNA dysregulation di-

rectly contributes towards photoreceptor death, is unclear. Here I have interrogated

the miRNA expression profiles in control and Type I Usher iPSC-derived OVs and

identified consistent upregulation of miR-153 in patient-derived lines, confirming

that miRNA dysregulation is a feature of Type I Usher syndrome in vitro. miR-153

dysregulation therefore represents an early disease marker and further work using a

gain- and loss-of-function approach will be required to determine whether miR-153

dysregulation plays a causative role in Type I Usher pathogenesis, or is merely in-

cidental. If shown to play a causative role, then early knockdown of miR-153 could

potentially ameliorate the Type I Usher retinal phenotype.

The Sensory Cluster is required for proper development of the murine retina

and survival of photoreceptors. Here I used miRNA mimics and CRISPR-Cas9 gene

editing to show that the Sensory Cluster affects expression of photoreceptor genes

in hESC-derived retinal organoids. That overexpression of the Sensory Cluster lead

to increased photoreceptor gene expression in mShef10-derived OVs implies that

the Sensory Cluster functions to support maturation of these cells. Sensory Clus-

ter overexpression could therefore potentially be used to accelerate differentiation

of photoreceptors in vitro, which could facilitate the generation of transplantable

photoreceptor populations, as well as the study of photoreceptor development. This

is supported by the finding that the Sensory Cluster is sufficient to promote outer

segment growth in mESC-derived OVs (Busskamp et al., 2014). Furthermore, sup-

porting expression of key photoreceptor genes through Sensory Cluster overexpres-

sion could potentially ameliorate photoreceptor degeneration in certain conditions.

These studies provide insight into the role of the Sensory Cluster in the human retina

and the value of gene edited hPSCs to analyse human gene function.

6.2 Interrogating miRNA function in the retina

With the rise of RNA sequencing technologies the miRNA expression profiles of

the entire retina and different retinal cell types have been established (Sundermeier
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et al., 2014; Busskamp et al., 2014; Aldunate et al., 2019; La Torre et al., 2013; Kar-

ali et al., 2016). However, elucidating the genes and pathways which are regulated

by retinal miRNAs in order to ascribe function, has been more difficult. Identi-

fying miRNA targets has largely been performed using in silico target prediction

tools, complemented by in vitro and in vivo experimentation. While in silico algo-

rithms are improving, the number of false-positives and negatives remains a major

problem (Dweep et al., 2014; Sticht et al., 2018; Karali et al., 2010). Traditionally

reporter knockdown assays have been used to demonstrate miRNA:mRNA inter-

action. These typically involve the co-transfection of a suitable cell line with the

miRNA of interest and a reporter construct in which the 3’ UTR of a predicted tar-

get gene is inserted downstream of the reporter; miRNA-mediated knockdown will

reduce reporter activity. However, this labour intensive approach is not suitable for

validating large numbers of targets.

Several higher throughput technologies have been developed which are based

on the cross-linking of miRNAs and cognate mRNA targets, which allows the iden-

tification of these interacting species by RNAseq after pull down of either RISC

component proteins, by immunoprecipitation as with CLIP-seq (Cross-linking im-

munoprecipitation sequencing)(Boudreau et al., 2014), or of the target mRNA of

interest, by biotinylated oligos complementary to the mRNA target, as with miR-

CATCH (miRNA capture affinity technology)(Vencken et al., 2015). RNAseq data

following miRNA:mRNA cross-linking are regarded as the gold standard of evi-

dence of miRNA:mRNA targeting (Chou et al., 2018).

Cross-linking-based technologies have been used to interrogate miRNA targets

in the retina (Sundermeier et al., 2014). One relevant example of the power of cross

linking-based technologies as a complement to in silico approaches to interrogating

miRNA function is provided by Palfi et al. (2016). This group compared protein

expression data from retinae of a mouse model of retinitis pigmentosa, in which

the miR-182/96/183 Sensory Cluster had been shown to be downregulated, to a

list of predicted Sensory Cluster targets compiled using target prediction software.

The small GTPase Rac1 was identified as a dysregulated predicted Sensory Cluster
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target and confirmation of this targeting was confirmed by miR-CATCH. More than

30 miRNAs were also shown to target Rac1, many of which were not predicted to

do so.

In summary, greater use of high throughput miRNA target validation technolo-

gies can help elucidate miRNA function through revealing biologically relevant

miRNA:mRNA interactions and give better understanding of miRNA regulatory

networks.

6.3 hPSC genomic integrity

Genomic integrity is a crucial consideration for all stem cell culture as somatic mu-

tations can arise during cell proliferation and increase in frequency in a population

due to positive selection. This process drives oncogenesis in vivo and can lead to a

restriction of the differentiative potential of cultured stem cells (Zhou et al., 2017;

Tomasetti et al., 2017). One major factor which influences genomic integrity is the

length of time a cell population spends in culture, i.e the passage number, and there

is a strong positive correlation between passage number and the acquisition of so-

matic mutations in cultured PSCs (Gore et al., 2011; Amps et al., 2011). Merkle

et al. (2017) performed whole exome sequencing on 140 independent hESC lines

and identified 5 lines with dominant negative TP53 mutations at allelic frequencies

ranging from 7-40%, and showed (for the two lines tested) that this allelic frequency

increased with passage number, indicating that mutation conferred a selective ad-

vantage. Notably, mShef10, which has been used extensively throughout this thesis,

was one of these 5 lines.

There is also a need for culture methods which help reduce the incidence of

somatic mutation and preserve genomic integrity. Interestingly, it has been shown

that seeding culture plates with single cells after enzymatic passaging can increase

the frequency of DNA double strand break induction compared to seeding small

clumps of cells (Mitalipova et al., 2005), and that manual passaging was associ-

ated with reduced risk of mutation than enzymatic passaging (Garitaonandia et al.,

2015).
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Loss of genomic integrity is problematic for disease modeling because the ac-

quisition of somatic mutations in culture could result in the misattribution of an

observed phenotype to a pathogenic mutation in patient iPSC-derived organoids.

It is therefore important that experiments are conducted with low passage number

PSCs in order to reduce this risk. Single cell cloning, as performed in the gene edit-

ing pipeline established in chapter 4, represents an extreme genetic bottleneck. It is

advisable therefore that screening for mutations in TP53 and other mutational hot

spots in the genome, be performed before and after such events and perhaps rou-

tinely when culturing PSCs (Merkle et al., 2017; Amps et al., 2011). Such screening

should be facilitated by the development and reduction in price of diagnostic tools

such as whole exome or whole genome sequencing, but could be performed by

Sanger sequencing.

6.4 Challenges in the field of retinal organoid tech-

nology
The advent of retinal organoid technologies has revolutionised human retinal re-

search and provided a novel tool for disease modeling, pharmaceutical develop-

ment and for the study of human retinal development and physiology. Furthermore,

retinal organoid-derived photoreceptors represent a promising cell source for cell

replacement therapies to treat retinal degenerative disorders. However, organoids

remain an imperfect model of the in vivo human retina and many challenges to the

use of organoids remain.

6.4.1 Anatomical and functional challenges

Whilst retinal organoids do recapitulate the approximate timing of retinal histogen-

esis and maturation, this means that the generation of populations of relatively ma-

ture retinal cells is extremely time consuming, which slows research and precludes

rapid organoid-derived retinal cell transplantation (Cowan et al., 2020).

Major anatomical features of the human retina are recapitulated in vitro. But

whilst retinal organoids do exhibit a polarised laminated structure, evidence of a
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clear 5-layered structure including the distinct three nuclear layers of the neural

retina (outer nuclear layer, inner nuclear layer and ganglion cell layer) separated

by two synaptic layers (outer plexiform layer and inner plexiform layer), is rare.

But Cowan et al. (2020) recently showed that 8 of 23 iPSC lines formed organoids

exhibiting a well laminated structure and that after 100 days in culture a distinct

5-layered structure was observed with 4.

Retinal organoids containing photosensitive photoreceptors and limited modu-

lation of bipolar cell activity in response to light exposure had been reported before,

in week 27 OVs by (Zhong et al., 2014), and in week 22 OVs by Hallam et al.

(2018). Recently however, Cowan et al. (2020) generated the first five-layered reti-

nal organoids with functional synaptic connections and were able to show activa-

tion of second order bipolar cells and third order retinal ganglion cells in response

to light stimulation of photoreceptors. Another challenge in the generation of func-

tional retinal circuitry is the fact that degeneration of retinal ganglion cells has been

reported in organoids, most likely due to poor penetration of metabolites to the

organoid core or to the lack of connection to the brain (Zhong et al., 2014; Sluch

et al., 2015; Langer et al., 2018).

Generation of retinal organoids with improved photosensitivity and synap-

tic connections will aid functional investigation into disorders affecting the retina

(Martemyanov and Sampath, 2017).

It is notable that the photosensitivity observed by Cowan et al. (2020) was pos-

sible without the close association of RPE cells with photoreceptor outer segments,

which is required for the proper functioning of the visual cycle (Kolb and Kissel,

2011). More pronounced light responses will most likely require closer association

of these two cell types in vitro. Typically RPE cells present in organoids are not

positioned adjacently to apical surface of photoreceptors as in the bi-layered op-

tic cup during human development (Zhong et al., 2014; Gonzalez-Cordero et al.,

2017; Meyer et al., 2009). RPE cells are required to protect neural retinal lami-

nation in the late-foetal murine retina (Raymond and Jackson, 1995), and provide

neurotrophic support for photoreceptors. The lack of en face orientation between
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RPE and photoreceptors in retinal organoids may hinder development. Co-culture

of mouse primary RPE with hiPSC-derived retinal organoids generated using the

retinal organoid protocol from (Zhong et al., 2014), has recently been shown to ac-

celerate photoreceptor development (Akhtar et al., 2019). Therefore, development

of retinal organoids with juxtaposed RPE and photoreceptors or of further co-culture

protocols, may improve photoreceptor maturation in vitro and allow more faithful

modeling of retinal diseases involving these cell types. Analysis of later stage func-

tional organoids generated for the gene edited Sensory Cluster knockout hESCs

described in chapter 5 may provide new information on the role of the Sensory

Cluster in the developing retina.

Additionally, retinal organoids lack cell types found in the in vivo human retina

of extra-retinal developmental origin, including vascular endothelial cells and brain-

derived microglia, which have roles in retinal development, homeostasis and disease

(Silverman and Wong, 2018; Artero Castro et al., 2018). Further development of

organoid systems and tissue engineering advances are needed to generate tissue that

more closely resembles the mature human retina. hPSC-derived retinal cells grown

in co-culture with RPE, endothelial cells or microglia could be made to be GMP-

compliant and could therefore be suitable for transplantation if xeno-free culture

conditions were used, perhaps using patient iPSC-derived cells.

6.4.2 Variability and scale of retinal organoid generation

Protocols to generate retinal organoids are typically labour intensive, often requir-

ing changes from adherent to suspension culture and manual isolation of individual

developing organoids (Nakano et al., 2012; Meyer et al., 2009; Gonzalez-Cordero

et al., 2017; Zhong et al., 2014; Wahlin et al., 2017). Numerous modifications have

been made to existing protocols in order to increase the efficiency of organoid gener-

ation, for example by Cowan et al. (2020) who used an unbiased simultaneous man-

ual dissociation of developing adherent cultures to isolate organoids rather than the

more usual microdissection and isolation of individual organoids. However, there

remains a great need for higher throughput retinal organoid generation to reduce the

labour required in organoid culture and also to reduce the heterogeneity in organoid
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size commonly associated with current protocol. This could be achieved using sys-

tems whereby agarose or hydrogel microwells are seeded with defined numbers of

hPSCs and cultured at high density. Such a protocol was recently published for

the generation of standardised murine ESC-derived retinal organoids (Decembrini

et al., 2020).

Inter-line and inter-clone differences in organoid generation efficiency repre-

sent another major challenge to the field (as discussed in section 3.7.2), and selec-

tion of hPSC lines which efficiently generate retinal organoids is highly important

(Capowski et al., 2019; Cowan et al., 2020). The use of multiple and ideally isogenic

hPSC lines can prevent misattribution of the cause of an observed phenotype to, for

example, a pathogenic mutation present instead of inter-line variability in organoid

generation. Furthermore a great range of hPSC lines and retinal organoid protocols

are used across the field, which results in great variability in terms of developmental

timing, marker expression and transcriptomics, thus making comparison of results

from different studies difficult.

The use of standard, well-characterised control hPSC lines as in different stud-

ies as benchmarkers is one way in which comparison of different studies can be

facilitated. Another strategy is to use so-called ’staging’ systems to objectively or

semi-objectively determine the developmental stage of organoids and avoid com-

parison merely on the basis of time in culture. Recently, Capowski et al. (2019)

developed a simple and practical light microscopy-based staging system whereby

organoids were classified into different developmental stages on the basis of gross

morphological features, and these stages characterised by immunohistochemistry.

The morphological features used for staging were i) a clear phase-bright outer neu-

roepithelial layer, ii) an expanded vacuolar structure and increased central opaque-

ness, and iii) the emergence of a distinct outer ’brush layer’ comprised of nascent

photoreceptor outer segments. Another strategy, which requires considerably more

effort and analysis, is to compare the transcriptomic profile of developing retinal

organoids to profiles established in human foetal retinae in order to accurately as-

sess developmental state (Hoshino et al., 2017; Cowan et al., 2019; Kaya et al.,
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2019; Welby et al., 2017).

6.5 Modeling retinal degeneration using human reti-

nal organoids
The power of retinal organoids to model human disease in vitro and provide insight

into disease mechanisms, has in recent years been made clear. A number of studies

have successfully modeled elements of certain retinal diseases in vitro, including

Leber’s congenital amaurosis and retinitis pigmentosa, as discussed in section 1.6.1.

Remarkably, degenerative aspects of retinitis pigmentosa, for which patients

typically do not exhibit symptoms before adolescence (O’Neal and Luther, 2021),

have also been modeled in vitro using retinal organoids, which represent a devel-

oping system and which lack the environmental stresses to which the native retina

is exposed (Buskin et al., 2018; Lane et al., 2020; Guo et al., 2019). Buskin et al.

(2018) observed increased numbers of apoptotic cells (recognised by nuclear py-

knosis) and cells with stress vacuoles in transmission electron microscopy images

of week 21 PRPF31-/- patient iPSC-derived OVs, although no statistical compari-

son was performed. Guo et al. (2019) showed that retinal organoids generated from

iPSCs derived from a patient with USH2A mutation exhibited increased expression

of apoptosis-related genes after just 34 days in culture. (Lane et al., 2020) observed

increased numbers of apoptotic cells (TUNEL-positive) in RP2 knockout and RP2-

patient iPSC-derived OVs at day 150 and thinning of the presumptive outer nuclear

layer at day 180.

The great genetic heterogeneity of RP, leads to variable pathogenesis and it

remains to be seen whether degenerative aspects of Type I Usher syndrome can be

modeled in vitro. No evidence of photoreceptor degeneration was observed in the

Type I Usher OVs used for this thesis, with OVs being cultured up to week 25 and

with a photoreceptor ’brush layer’ being observable from roughly week 21. It is

of course possible that degeneration may have been observable in OVs which had

been cultured for longer. Observable signs of degeneration might include thinning

of the OV presumptive ONL, increased numbers of apoptotic cells or photoreceptor
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outer segment shortening. However, the pathogenic mechanism of Type I Usher

syndrome remains unclear and thus it is possible that organoids which better re-

capitulate the human in vivo retina, including fully developed photoreceptor outer

segments and en face association with RPE, and even light exposure, may be re-

quired to recapitulate the degeneration observed in vivo, if it is possible at all.

6.5.1 The ’One hit’ model of photoreceptor death

The kinetics of cell death in degenerative neuronal conditions can inform about the

mechanism of cell death, as different mechanisms confer different risks of death and

therefore result in different rates of cell death. A mechanism involving accumula-

tion of damage to key macro molecules, for instance as a result of photooxidative

stress due to light exposure, would result in the risk of death increasing over time

and a sigmoidal reduction in the number of surviving cells. In contrast, a mecha-

nism by which the risk of death is constant would result in an exponential reduction

in the number of cells over time, akin to the number of remaining nuclei in a sam-

ple of a radioactive element. There is evidence that both photoreceptor number in

several animal models of retinitis pigmentosa and maximal scores in several assess-

ments of visual function in patients with retinitis pigmentosa, exhibit an exponential

decrease over time, thus implying a constant risk of cell death (Clarke et al., 2000).

According to the ’one hit’ model proposed by Clarke et al. (2000) to explain

the kinetics of cell death in degenerative neuronal conditions, a constant risk of

damage is conferred through the presence of certain ’mutant response genes’ whose

activity is affected by expression of the gene carrying the pathogenic mutation, and

thereby inducing a ’mutant steady state’. These ’mutant response genes’ reduce a

cell’s ability to respond to a cellular insult or ’one hit’, which may be stochastic

fluctuations in the environment such as nutrient concentration, and which results

in cell death. miRNAs represent excellent candidates for being ’mutant response

genes’ due to their ability to affect expression of large numbers of other genes and

therefore affect a cell’s ability to respond to a wide range of insults. Thus dys-

regulation of particular miRNAs may represent the ’mutant steady state’ in retinal

degenerative conditions such as certain forms of retinitis pigmentosa.
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Establishment of the kinetics of cell death in Type I Usher syndrome would

suggest a mechanism for Type I Usher pathogenesis and would have implications

for in vitro modeling. Due to the lack of faithful animal models, this could poten-

tially be achieved through study of the decline in visual function of Type I Usher

patients. An exponential decline over time in maximal score on visual function tests

would indicate a constant risk of cell death and suggest that dysregulated ’mutant

response genes’ would be identifiable in Type I Usher retinal organoids and that

photoreceptor degeneration may be modeled in vitro, if OVs of suitable develop-

mental stage can be generated.

Alternatively, if the rate of vision loss implies a sigmoidal decline in cell num-

ber over time, this would indicate that Type I Usher pathogenic mutations confer a

susceptibility to the accumulation of damage. Therefore successfully modeling this

in vitro would require mimicking of the environmental stresses to which patients

are exposed, possibly through exposing OVs to high light levels to induce photoox-

idative stress. This itself will probably require photoreceptors with well developed

outer segments and high expression of phototransduction genes. The potential re-

quirement for light exposure to trigger photoreceptor degeneration in Type I Usher

syndrome is supported by data from the Ush1g-/- and Ush1c-/- mouse models gen-

erated by Trouillet et al. (2018), who showed that albino mice, and not normally

pigmented mice, exhibited cone degeneration only in response to high light expo-

sure, which was rescued by antioxidant treatment.

6.6 Therapies for inherited retinal disease

There are currently no effective treatments available for inherited retinal diseases

(IRDs). Several potential therapeutic approaches are showing promise for the treat-

ment of IRDs, including neuroprotective factors and gene therapy and a number of

gene therapies have reached clinical trial, most notably a trial performed by Russell

et al. (2017) which resulted in the regulatory approval of an RPE65 gene therapy

using an AAV2 vector to treat LCA. Two alternative therapeutic avenues to treat

IRDs, which have relevance to the work presented in this thesis, are miRNA-based
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therapeutics and cell replacement therapies. An overview of these strategies, and a

forward perspective, will be given in this section.

6.6.1 Cell therapy

IRDs are characterised by extreme genetic heterogeneity, but retinal degenerative

conditions primarily affect RPE and photoreceptors. Cell replacement therapies

represent a potential ’one size fits all’ to the treatment of such conditions (Nom-

miste et al., 2017; Sahel et al., 2015). Such approaches aim to restore retinal func-

tion through transplantation of healthy retinal cells or sheets of cells of exogenous

source. Significant progress has been made in recent years in the transplantation

of hPSC-derived RPE sheets to treat IRDs (Schwartz et al., 2012; Da Cruz et al.,

2018). But less success has been found with transplantation of photoreceptor cells.

Early transplantation studies indicated that photoreceptor precursors isolated

from the postnatal mouse retina and from mESC-derived retinal organoids would

integrate into the native retinal architecture of mouse models of retinal disease, ap-

parently forming synapses with inner retinal cells which lead to some improvement

of visual function (MacLaren et al., 2006; Pearson et al., 2012; Gonzalez-Cordero

et al., 2013). Similar results have also been observed in transplantations using pho-

toreceptor precursors derived from hPSCs (Barnea-Cramer et al., 2016).

Interestingly, a number of studies have demonstrated the transferal of material,

assumed to be RNA, from transplanted cells to surviving endogenous photorecep-

tors, suggesting this is a mechanism for restoring visual function rather than synap-

tic connection of transplanted cells (Pearson et al., 2016; Santos-Ferreira et al.,

2016). These findings have necessitated the reinterpretation of data from previ-

ous transplantation studies (Ortin-Martinez et al., 2017). The mechanism of ma-

terial transfer during transplantations remains unclear, but the phenomenon does

nonetheless present a novel potential therapeutic avenue. miRNAs are known to be

trafficked between cells and tissues, including the Sensory Cluster which has been

identified in exosomes released from retinal progenitor cells (Zhang et al., 2017;

Zhou et al., 2018; Wooff et al., 2020). Ectopic expression of the Sensory Cluster

has been shown to cause human bone marrow-derived mesenchymal stem cells to
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differentiate, and for human RPE to trans-differentiate in vitro into photoreceptor-

like cells (Davari et al., 2017; Mahmoudian-Sani et al., 2019). It would therefore be

interesting to investigate whether miRNAs including the Sensory Cluster are trans-

ferred between transplanted and native retinal cells.

Human photopic vision relies upon cone cell function, and therefore trans-

plantation of cone-enriched photoreceptor population is likely to have the biggest

impact on patient vision. Human PSCs lacking NRL can be used to generate retinal

organoids lacking rod photoreceptors and with a supernumerary OPN1SW+ cone

cell population (Cuevas et al., 2021; Kallman et al., 2020). Although transcrip-

tomic differences have been identified between true S-cones and the supernumerary

cone-like cells in NRL-null human retinal organoids, these differences are not likely

to preclude light responsiveness as mouse Nrl-/- cone-like cells are functional (Kall-

man et al., 2020; Mears et al., 2001). Furthermore, (Yu et al., 2017) were able to

prevent photoreceptor degeneration in a mouse model of retinitis pigmentosa by

knockout of Nrl using AAV-mediated delivery of CRISPR-Cas9 machinery. There-

fore, the NRL knockout hESC line generated as part of this thesis could be very

useful in transplantation studies and a similar NRL knockout approach could po-

tentially be used to provide autologous cone cells derived from patient iPSCs for

transplantations.

Alternative strategies to generate cone or rod-enriched populations of trans-

plantable cells from retinal organoids include using cone-specific reporter or CD

marker-based cell sorting. Combinations of CD markers has been used to generate

a transplantable cell proportion which is significantly enriched in cone or rod cells

(Welby et al., 2017; Lakowski et al., 2018).

Numerous obstacles block the therapeutic use of transplanted hPSC-derived

retinal photoreceptors, these include uncertainty over long-term cell survival, in-

tegration into the host retina and improvement of visual function. Crucially, the

optimal developmental stage at which photoreceptors or photoreceptor precursors

should be transplanted remains unclear. It is also unclear whether transplanta-

tion would be most effective before the native photoreceptor population is lost, or
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whether a partially degenerated outer nuclear layer would hinder donor cell integra-

tion.

6.6.2 RNA-based therapeutics

Micro RNAs are attractive potential therapeutic agents because of their low im-

munogenicity and their ability to target several target genes simultaneously, which

can allow suppression of entire signaling networks. Development of miRNA-based

therapies relies initially upon the profiling of disrupted miRNA profiles in disease

contexts and the validation of the roles of identified miRNAs through gain- and loss-

of-function studies. Most research and development of miRNA-based therapies has

occurred in oncological contexts and a number of therapies have been brought to

clinical trial, including trials of both miRNA mimics and inhibitors (Hanna et al.,

2019). These include a trial for the use of miR-155 mimics to treat T-cell lymphoma

(clinical trial identifier: NCT03713320). Knockdown of this pro-inflammatory

miRNA, which has been implicated as playing a role in bipolar cell development

(Decembrini et al., 2009), has recently been shown to protect retinal function in a

mouse model of photo-oxidative damage through amelioration of the inflammatory

response (Aggio-Bruce et al., 2021).

The results discussed in chapter 6 implicate miR-153 as an early disease

marker in Type I Usher syndrome. Studies such as this are needed in order to

identify disease-associated and disease-causing miRNA dysregulation in order that

therapeutic interventions can be developed to rectify this imbalance and halt disease

progression.

Whilst miRNAs target large numbers of genes, the RNA interference pathway

can also be utilised to knockdown expression of single target mRNAs through the

use of short-interfering RNAs (siRNAs), which are RNA species 20-24nt in length

of exogenous origin (Dana et al., 2017). Although utilising the endogenous RNAi

machinery to achieve interference, well designed siRNAs target only one mRNA

and careful experimentation has yielded stringent siRNA design criteria Fakhr et al.

(2016). A large number of siRNA therapies are in development, including notably

several siRNAs designed to target VEGF to treat diseases of ocular neovasculari-
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sation including retinopathy of prematurity and age-related macular degeneration

(Supe et al., 2021).

There is massive potential therapeutic value in being able to regulate multiple

genes and pathways, through the use of miRNA mimics or inhibitors, or knockdown

expression of individual target genes, through siRNA therapy. The progress made in

the field of RNA therapeutics, and the promise it holds for the treatment of human

disease, is demonstrated by the fact that the first siRNA therapy was recently given

regulatory approval (Kristen et al., 2019). This siRNA targets the TTR gene to treat

the rare polyneuropathy hereditary transthyretin-mediated amyloidosis.
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Type I Usher miRNAseq analyses

Cell type Gene Log2FC Adj. P-value

Pan-PR RCVRN 2.93772001 0.00855324

CRX 2.65507928 0.00622718

Cones RS1 1.79328549 0.00776703

GNGT2 3.30433455 0.03455641

GNAT2 3.2247504 0.0208276

PDE6H 3.39580257 0.01715393

ARR3

PDE6C 2.38595673 0.02544349

OPN1SW

GUCA1C 2.7738249 0.01332384

Rods PDE6A 2.94881458 0.00577818

PDE6B 1.26637165 0.00064824

NRL 3.66301699 0.00460057

NR2E3 3.59058939 0.00748872

GNAT1 4.36227809 0.00471398

CNGA1 3.01524937 0.00973149

PDE6A 2.94881458 0.00577818

RPCs OTX2 1.37248281 0.022844

VSX2

ONECUT1

HES1

(Continued)
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Cell type Gene Log2FC Adj. P-value

Horizontal ONECUT2

PTN

RGCs NEFL

SNCG

SLC17A6

GAP43 -0.81402 0.0258764

RPE TRPM3

BEST1

RLBP1

RPE65

GFAP

Muller glia VIM

AQP4

Amacrine GAD1

SLC6A9

CALB1

GAD2

CHAT

Bipolar GRIK1

TRPM1

GRM6 3.18362925 0.01154881

VSX1

LRTM1

Table A.1: Differential expression of retinal markers List of retinal markers identified
using publications by Deng et al. (2018), Lukowski et al. (2019) and Orozco
et al. (2020). Log2FC and Adj. P-value only shown for genes showing signifi-
cant (Adj. P-value ≤0.05) differential expression between control N7 and Type
I Usher N35.1 14 week OVs. FC - fold change, Adj. p-value - adjusted P-value.
A positive fold change indicates higher expression in contro N7 OVs.
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Entrez ID Gene Log2 FC adj.P.Val

388939 PCARE 4.07247245 0.00087462

7287 TULP1 3.43029307 0.00165816

1258 CNGB1 2.57885769 0.00207507

54806 AHI1 0.69075836 0.00222863

1641 DCX -1.7071193 0.00315023

4901 NRL 3.66301699 0.00460057

2779 GNAT1 4.36227809 0.00471398

4647 MYO7A 1.64851235 0.00555432

10002 NR2E3 3.59058939 0.00748872

92211 CDHR1 1.56994837 0.00750739

94137 RP1L1 3.61039301 0.00888674

6101 RP1 5.20088052 0.00913644

9742 IFT140 0.44047529 0.01087595

639 PRDM1 3.16516854 0.01966043

7068 THRB 2.62124821 0.01992203

348980 HCN1 1.31650945 0.02027058

2780 GNAT2 3.2247504 0.0208276

157657 C8orf37 0.91746064 0.02155971

5146 PDE6C 2.38595673 0.02544349

84879 MFSD2A -0.7342501 0.02576752

57096 RPGRIP1 2.28477468 0.02895025

2792 GNGT1 2.3284712 0.03051397

25794 FSCN2 0.9283315 0.03114905

403 ARL3 -0.4747555 0.03225956

7070 THY1 -0.6636731 0.06037009

6096 RORB 1.52307324 0.08204586

57010 CABP4 1.7852442 0.09398936

10210 TOPORS 0.38946649 0.10828341

10083 USH1C 1.38267181 0.1287719

118427 OLFM3 0.83153032 0.20381319

261734 NPHP4 0.26395064 0.22338039

5080 PAX6 0.57518734 0.22946983

5584 PRKCI 0.22617601 0.35801386

(Continued)
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Entrez ID Gene Log2 FC adj.P.Val

112724 RDH13 0.55420857 0.38704756

90410 IFT20 -0.2133608 0.39582384

1735 DIO3 0.88338748 0.40335168

55000 TUG1 0.14436724 0.50559343

4308 TRPM1 0.46393426 0.56987526

585 BBS4 -0.091868 0.6034649

23322 RPGRIP1L 0.11958854 0.64946956

23418 CRB1 0.2808308 0.68746386

4669 NAGLU 0.10155352 0.69761988

7054 TH -0.2159375 0.77471744

7422 VEGFA -0.1114979 0.80959513

4915 NTRK2 -0.1785928 0.83067739

80184 CEP290 -0.042471 0.89859791

6121 RPE65 -0.0374742 0.94459493

Table A.2: Differential expression of genes from the ’GO Photoreceptor cell develop-
ment’ gene set (Top) Genes from the ’GO Photoreceptor cell development’
gene set which are significantly differentially expressed (Adj. P-value ≤0.05)
between N7 control and N35.1 Type I Usher week 14 OVs. (Bottom) Not sig-
nificantly expressed members of this gene set. FC - fold change, Adj. p-value -
adjusted P-value. A positive fold change indicates higher expression in control
N7 OVs.
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Week 7

Name Log2 fold change P-value FDR

hsa-miR-142-3p 3.44165981 0.00752983 0.04246205
hsa-miR-133a-3p 1.955483159 0.00094966 0.00674627
hsa-miR-329-5p 3.223492993 0.00591341 0.03554545
hsa-miR-584-5p -1.224105175 0.00661672 0.03809838
hsa-miR-652-3p -1.373927575 0.00014544 0.00110495
hsa-miR-215-5p 3.197803775 0.00631926 0.03722897

hsa-miR-376b-5p 5.118264328 0.00099545 0.0069809
hsa-miR-1245a 2.774039065 0.0063296 0.03722897
hsa-miR-29b-3p 1.864863595 0.00355587 0.02161176
hsa-miR-450a-5p 2.031325144 0.0085319 0.04620743
hsa-miR-146a-5p 2.666266326 2.60E-05 0.00021262
hsa-miR-541-3p 5.407508135 0.00020457 0.00153285
hsa-miR-433-5p 4.802744284 0.00284165 0.01766343
hsa-miR-152-5p 1.971839244 0.00741023 0.04222286

hsa-miR-6842-3p 2.346629216 0.00156388 0.01030655
hsa-miR-506-3p 2.941097204 0.00231746 0.01478427

hsa-miR-496 5.221594803 0.00046971 0.00342577
hsa-miR-142-5p 5.755795668 0.00049844 0.00358747

hsa-miR-487b-5p 5.468219447 0.00013773 0.00106112

Table A.3: Wk7 N7 vs N35.1 Differentially expressed miRNAs. Only miRNAs differen-
tially expressed at week 7 alone included. miRNAs with False Discovery Rate
(FDR) ≤0.05 deemed significant. A negative fold change denotes upregulation
in N35.1 Type I Usher samples.
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Week 14

Name Log2 fold change P-value FDR

hsa-miR-203a 4.161377258 2.05E-07 2.16E-06
hsa-miR-302b-3p -1.617899542 0.00280518 0.01631518
hsa-miR-96-5p 2.686887385 0.00082922 0.00567008
hsa-miR-184 1.637860248 0.00271283 0.01599022

hsa-miR-183-5p 2.956828919 0.0008755 0.0059067
hsa-miR-891a-5p -1.407333491 0.00485003 0.0261076
hsa-miR-146b-5p 1.545783838 0.00172002 0.01061381
hsa-miR-21-5p 1.167556246 0.00594782 0.03134997

hsa-miR-182-3p 2.825876161 0.00046127 0.00319732
hsa-miR-21-3p 1.331975856 0.00537404 0.02862381
hsa-let-7b-3p -1.63088872 0.0022108 0.0134779

hsa-miR-143-5p 2.2444015 0.00156683 0.00978787
hsa-miR-365a-3p 1.607163355 0.00271771 0.01599022
hsa-miR-27a-3p 1.214428134 0.0062191 0.03244188
hsa-miR-190b 2.15891552 0.00027362 0.00197787

Table A.4: Wk14 N7 vs N35.1 Differentially expressed miRNAs. Only miRNAs differ-
entially expressed at week 14 alone included. miRNAs with False Discovery
Rate (FDR) ≤0.05 deemed significant. A negative fold change denotes upregu-
lation in N35.1 Type I Usher samples.



Appendix B

Sensory Cluster knockout RNAseq

analyses

Entrez ID Symbol log2 FC P.Value adj.P.Val

100132074 FOXO6 0.69386784 1.15E-07 0.0021516

79734 KCTD17 1.34614776 1.14E-05 0.03310003

728343 NXF2B 2.9118587 1.23E-05 0.03310003

286753 TRARG1 2.91672585 5.65E-06 0.03310003

56001 NXF2 2.91749104 1.24E-05 0.03310003

101927120 LINC02735 3.54510114 1.06E-05 0.03310003

100996631 TCP11X1 3.82905597 9.11E-06 0.03310003

6154 RPL26 0.45496168 1.82E-05 0.03774196

7015 TERT 3.19106058 1.94E-05 0.03774196

100996648 TCP11X2 3.69586042 2.02E-05 0.03774196

10449 ACAA2 0.62243078 2.26E-05 0.0384653

147991 DPY19L3 0.43784458 2.47E-05 0.03848322

641516 KC6 1.32745994 2.68E-05 0.03856448

9045 RPL14 0.47085931 3.57E-05 0.04488939

10232 MSLN 2.22071301 3.60E-05 0.04488939

25977 NECAP1 -0.5708727 5.14E-05 0.04809987

6133 RPL9 0.48384204 4.49E-05 0.04809987

6164 RPL34 0.56552256 4.62E-05 0.04809987

6125 RPL5 0.6216373 5.07E-05 0.04809987

100287616 LOXL1-AS1 2.10163088 4.81E-05 0.04809987

(Continued)
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Entrez ID Symbol log2 FC P.Value adj.P.Val

6147 RPL23A 0.47414125 5.62E-05 0.05011067

375612 LHFPL3 -2.105891 0.00013208 0.05071481

56936 CCDC177 -1.6777477 8.54E-05 0.05071481

7143 TNR -0.9329607 0.00014427 0.05071481

11194 ABCB8 -0.4917805 0.00018084 0.05071481

4750 NEK1 -0.4332509 0.00013426 0.05071481

79140 CCDC28B -0.3921415 0.00016274 0.05071481

317648 NOP14-AS1 -0.3548575 0.00017582 0.05071481

689 BTF3 0.28746959 0.00020116 0.05071481

26286 ARFGAP3 0.33677826 0.00013824 0.05071481

166647 ADGRA3 0.35838929 6.33E-05 0.05071481

3033 HADH 0.38445867 0.00020472 0.05071481

80306 MED28 0.40051484 8.93E-05 0.05071481

8665 EIF3F 0.41504308 0.00019029 0.05071481

6233 RPS27A 0.43007315 0.00018495 0.05071481

6161 RPL32 0.44803994 7.74E-05 0.05071481

26146 TRAF3IP1 0.4548078 0.00010121 0.05071481

6152 RPL24 0.45734157 0.00012786 0.05071481

10399 RACK1 0.46822969 0.00017798 0.05071481

6208 RPS14 0.47638744 0.0001986 0.05071481

101243545 LINC02067 0.47680576 7.92E-05 0.05071481

6167 RPL37 0.48346685 6.79E-05 0.05071481

100131205 RPL21P28 0.48842829 0.00014532 0.05071481

6202 RPS8 0.49126059 0.00013979 0.05071481

6170 RPL39 0.4927033 0.00015712 0.05071481

6207 RPS13 0.4967538 9.04E-05 0.05071481

7486 WRN 0.499178 0.00013363 0.05071481

6218 RPS17 0.50629014 0.00018828 0.05071481

6130 RPL7A 0.51632632 0.00015375 0.05071481

6160 RPL31 0.51900411 0.00013975 0.05071481

6156 RPL30 0.54867164 0.00010477 0.05071481

6135 RPL11 0.55459436 0.00010937 0.05071481

6235 RPS29 0.56911447 0.00020594 0.05071481

9349 RPL23 0.57630286 0.0001303 0.05071481

(Continued)
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Entrez ID Symbol log2 FC P.Value adj.P.Val

54961 SSH3 0.60850254 0.00010283 0.05071481

6189 RPS3A 0.60940464 0.00017555 0.05071481

81629 TSSK3 0.61066196 0.00017114 0.05071481

6210 RPS15A 0.61630682 0.00017597 0.05071481

6165 RPL35A 0.62099879 0.00015616 0.05071481

653583 PHLDB3 0.62465116 7.74E-05 0.05071481

3646 EIF3E 0.7822758 9.63E-05 0.05071481

100130581 LINC00910 0.81146753 0.00016287 0.05071481

283464 GXYLT1 0.84259343 0.00018423 0.05071481

3718 JAK3 0.96098872 0.00012912 0.05071481

100862704 RB1-DT 1.05515836 6.69E-05 0.05071481

200844 CFAP20DC 1.08575137 0.00018646 0.05071481

132671 SPATA18 1.33497279 0.0001871 0.05071481

51673 TPPP3 1.44169329 0.00016961 0.05071481

2564 GABRE 1.49955473 0.00018357 0.05071481

283576 ZDHHC22 1.72816208 0.00020517 0.05071481

3375 IAPP 1.87388386 0.00013319 0.05071481

55998 NXF5 2.36190161 9.28E-05 0.05071481

54830 NUP62CL 2.41542168 7.88E-05 0.05071481

51214 IGF2-AS 2.50009965 0.00019849 0.05071481

339145 CIBAR2 2.90339241 0.00014414 0.05071481

146336 SSTR5-AS1 3.96737358 0.00017394 0.05071481

6531 SLC6A3 2.45686341 0.00020897 0.05079363

9427 ECEL1 2.84282213 0.00021643 0.05193213

4133 MAP2 -1.2203724 0.00024508 0.05212347

6299 SALL1 -0.7439878 0.000237 0.05212347

6146 RPL22 0.41751646 0.00023962 0.05212347

6124 RPL4 0.4732297 0.00022686 0.05212347

6144 RPL21 0.51311588 0.00023666 0.05212347

6228 RPS23 0.52667237 0.00024397 0.05212347

55768 NGLY1 0.64098631 0.00022589 0.05212347

728658 RPL13AP5 0.65612158 0.00024222 0.05212347

90102 PHLDB2 1.2501155 0.00024091 0.05212347

348932 SLC6A18 3.37580321 0.00024362 0.05212347

(Continued)
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Entrez ID Symbol log2 FC P.Value adj.P.Val

7161 TP73 1.22587625 0.00025196 0.0529852

6230 RPS25 0.46803401 0.00025909 0.05313839

6143 RPL19 0.47162548 0.00026121 0.05313839

3198 HOXA1 2.09317778 0.0002609 0.05313839

1101 CHAD 1.31484609 0.00026981 0.05372086

6755 SSTR5 2.35163957 0.00026735 0.05372086

3691 ITGB4 -2.0493179 0.00027648 0.05447039

4666 NACA 0.31178352 0.0002796 0.0545099

4547 MTTP -1.4306394 0.00028675 0.0553283

4357 MPST 0.64894972 0.0002972 0.05620501

100506433 LINC00648 2.05599781 0.0002973 0.05620501

865 CBFB 0.37440489 0.00030435 0.05639893

6224 RPS20 0.5274407 0.00030345 0.05639893

54088 LINC00113 3.31894454 0.00033193 0.06090546

288 ANK3 -1.2849461 0.00035487 0.06292485

55605 KIF21A -0.6728181 0.00036475 0.06292485

6155 RPL27 0.41968804 0.00036647 0.06292485

6134 RPL10 0.55416779 0.00036091 0.06292485

6128 RPL6 0.56170968 0.00035463 0.06292485

6205 RPS11 0.56855215 0.00036392 0.06292485

51176 LEF1 1.04431051 0.00036314 0.06292485

9508 ADAMTS3 -1.1431701 0.00037152 0.06321207

9167 COX7A2L 0.3414631 0.00037944 0.06340779

10945 KDELR1 0.61540567 0.00037928 0.06340779

152110 NEK10 -0.8291071 0.00041405 0.0647281

192683 SCAMP5 -0.5651241 0.00042193 0.0647281

118 ADD1 -0.3394772 0.00041 0.0647281

8409 UXT 0.474936 0.00041013 0.0647281

6141 RPL18 0.50075312 0.00041237 0.0647281

26133 TRPC4AP 0.521176 0.00041595 0.0647281

57045 TWSG1 0.52560023 0.00042181 0.0647281

653073 GOLGA8J 0.77467446 0.00041407 0.0647281

10549 PRDX4 0.85516052 0.00039673 0.0647281

2696 GIPR 0.90264347 0.00042184 0.0647281

(Continued)
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Entrez ID Symbol log2 FC P.Value adj.P.Val

6139 RPL17 0.52957212 0.00043758 0.06499768

387841 RPL13AP20 0.78816052 0.00043069 0.06499768

161514 TBC1D21 2.14834635 0.00042972 0.06499768

9496 TBX4 3.31392642 0.00043647 0.06499768

81539 SLC38A1 -0.4983931 0.00044483 0.06555398

56935 SMCO4 1.2136395 0.0004556 0.06608799

6875 TAF4B 1.29805515 0.00045382 0.06608799

2695 GIP 3.36888837 0.00045904 0.06608799

1809 DPYSL3 -1.2813013 0.00047003 0.06684875

57192 MCOLN1 -0.5501676 0.00047504 0.06684875

54535 CCHCR1 0.44059449 0.00047216 0.06684875

128338 DRAM2 0.58630731 0.00047966 0.06699442

4909 NTF4 1.43420399 0.0004927 0.06830681

64218 SEMA4A -0.9139778 0.00050159 0.0690278

8503 PIK3R3 -0.8877028 0.00056556 0.06963785

55915 LANCL2 -0.7856321 0.00053583 0.06963785

100129034 LOC100129034 -0.7605449 0.00053981 0.06963785

79751 SLC25A22 -0.3420635 0.00055984 0.06963785

57534 MIB1 0.2941223 0.0005484 0.06963785

1937 EEF1G 0.33566385 0.00056214 0.06963785

6159 RPL29 0.47683461 0.00053894 0.06963785

55698 RADIL 0.50236343 0.00055908 0.06963785

6142 RPL18A 0.56452153 0.00055993 0.06963785

23521 RPL13A 0.60328165 0.00054322 0.06963785

387066 SNHG5 0.64003593 0.00052516 0.06963785

100144602 EPHA5-AS1 0.80121566 0.00051956 0.06963785

114043 TSPEAR-AS2 0.9049758 0.00055788 0.06963785

101929206 NA 0.97278666 0.0005459 0.06963785

200162 SPAG17 1.66332196 0.0005134 0.06963785

132430 PABPC4L 2.25333989 0.00052122 0.06963785

6168 RPL37A 0.37916722 0.00057755 0.07046504

6181 RPLP2 0.51074291 0.00058357 0.07046504

23780 APOL2 0.93340303 0.0005799 0.07046504

8153 RND2 0.72093833 0.00059108 0.07091451

(Continued)



240

Entrez ID Symbol log2 FC P.Value adj.P.Val

55262 MAP11 -0.5648969 0.00064402 0.07217706

80154 GOLGA2P10 0.2934599 0.00061559 0.07217706

7029 TFDP2 0.55098656 0.00062271 0.07217706

5859 QARS1 0.5650729 0.00064304 0.07217706

23677 SH3BP4 0.61867493 0.00061024 0.07217706

81542 TMX1 0.76096638 0.00063913 0.07217706

102724385 NA 0.78810116 0.0006437 0.07217706

11095 ADAMTS8 0.92953174 0.00061739 0.07217706

431705 ASTL 1.73682698 0.00063771 0.07217706

6374 CXCL5 1.88512514 0.00062743 0.07217706

4016 LOXL1 2.10378429 0.00061172 0.07217706

9732 DOCK4 -0.7234544 0.00065648 0.07227475

951 CD37 0.89319611 0.00065408 0.07227475

219623 TMEM26 2.01591522 0.00065643 0.07227475

6217 RPS16 0.59011652 0.00066289 0.07255397

283860 LINC00304 -1.6361203 0.00067689 0.07337135

4736 RPL10A 0.61318999 0.0006782 0.07337135

84142 ABRAXAS1 0.76676965 0.00069665 0.07493352

55057 CRYBG2 -1.4625094 0.00071045 0.07553221

388152 GOLGA2P7 0.33580301 0.00072239 0.07553221

51478 HSD17B7 0.46955244 0.0007164 0.07553221

159686 CFAP58 1.51723684 0.00071492 0.07553221

2831 NPBWR1 2.30695071 0.00072016 0.07553221

80221 ACSF2 0.96732524 0.00072793 0.07568875

2787 GNG5 0.60813615 0.00073428 0.07592666

23255 MTCL1 -0.603464 0.0007533 0.07594937

7178 TPT1 0.44571833 0.0007512 0.07594937

119392 SFR1 0.60080475 0.0007588 0.07594937

644919 LINC02315 0.90649419 0.0007419 0.07594937

55561 CDC42BPG 1.18027742 0.00075065 0.07594937

164656 TMPRSS6 2.33526287 0.00075884 0.07594937

10861 SLC26A1 -0.5584368 0.00077588 0.07683283

113791 PIK3IP1 0.51964626 0.00077286 0.07683283

100500804 MIR3654 0.30144293 0.00078514 0.07734062

(Continued)
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Entrez ID Symbol log2 FC P.Value adj.P.Val

4957 ODF2 0.39660938 0.00079163 0.07757163

27233 SULT1C4 1.06222992 0.00079712 0.07770251

1869 E2F1 1.15314055 0.00080782 0.07797236

100131289 LOC100131289 1.77360966 0.00080822 0.07797236

1850 DUSP8 -0.5568267 0.00085014 0.07879834

201627 DENND6A 0.32179616 0.00084948 0.07879834

4287 ATXN3 0.36161867 0.00086052 0.07879834

54107 POLE3 0.36762981 0.00086573 0.07879834

84293 PRXL2A 0.40086686 0.00084349 0.07879834

6229 RPS24 0.42608812 0.00085646 0.07879834

Table B.1: Week 14 pooled unedited vs Sensory Cluster knockout top 200 DEG list.
No significance threshold was used for this analysis. A negative fold change
(FC) implies upregulation in knockout samples. Pooled - both NRL-GFPJS and
NRL-GFPDG.
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Entrez ID Symbol log2 FC P.Value adj.P.Val

1869 E2F1 1.65315348 2.31E-06 0.01729978

81832 NETO1 -3.6522108 2.44E-06 0.01729978

121643 FOXN4 2.74128504 3.73E-06 0.01729978

440823 MIAT 1.26960431 5.23E-06 0.01729978

51176 LEF1 1.61662378 5.91E-06 0.01729978

169200 TMEM64 0.94882507 7.61E-06 0.01729978

101929378 LINC01876 1.62207976 9.19E-06 0.01729978

85449 KIAA1755 3.17498641 1.03E-05 0.01729978

129804 FBLN7 1.74107908 1.07E-05 0.01729978

390205 LRRC10B 1.24337353 1.17E-05 0.01729978

55502 HES6 1.9826081 1.25E-05 0.01729978

195828 ZNF367 1.32771616 1.33E-05 0.01729978

79734 KCTD17 1.22521669 1.39E-05 0.01729978

8945 BTRC -0.6171591 1.63E-05 0.01729978

147011 PROCA1 1.22669319 1.73E-05 0.01729978

54830 NUP62CL 3.36125201 1.76E-05 0.01729978

101929374 LINC01659 2.9524158 1.77E-05 0.01729978

83659 TEKT1 3.0134268 1.78E-05 0.01729978

339535 LINC01139 4.10038591 1.86E-05 0.01729978

1943 EFNA2 0.85190135 2.00E-05 0.01729978

5872 RAB13 0.87769963 2.19E-05 0.01729978

63901 FAM111A 1.65214791 2.27E-05 0.01729978

55215 FANCI 0.95842208 2.31E-05 0.01729978

2882 GPX7 1.32194274 2.54E-05 0.01729978

54058 C21orf58 1.20108614 2.61E-05 0.01729978

4670 HNRNPM -0.6615028 2.63E-05 0.01729978

90102 PHLDB2 1.84330662 2.63E-05 0.01729978

92092 ZC3HAV1L 0.88806736 2.71E-05 0.01729978

112476 PRRT2 0.69475693 2.76E-05 0.01729978

159686 CFAP58 2.23479255 3.05E-05 0.0185025

10146 G3BP1 0.53240304 3.34E-05 0.01952935

1806 DPYD 1.53325137 3.44E-05 0.01952935

84570 COL25A1 2.1442684 3.62E-05 0.01993877

28968 SLC6A16 1.5527791 3.90E-05 0.02021914

(Continued)
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Entrez ID Symbol log2 FC P.Value adj.P.Val

767 CA8 1.83753881 3.99E-05 0.02021914

2254 FGF9 0.57441041 4.12E-05 0.02021914

653125 GOLGA8K 1.0974813 4.21E-05 0.02021914

286753 TRARG1 3.23394617 4.23E-05 0.02021914

79747 ADGB 4.88988571 4.87E-05 0.02161987

283731 LOC283731 2.37215869 5.05E-05 0.02161987

653075 GOLGA8T 1.10278783 5.20E-05 0.02161987

661 POLR3D 0.71548983 5.24E-05 0.02161987

7029 TFDP2 0.84882758 5.35E-05 0.02161987

84939 PWWP3A 1.31836387 5.47E-05 0.02161987

339145 CIBAR2 3.32985545 5.48E-05 0.02161987

1101 CHAD 1.88901828 5.51E-05 0.02161987

5074 PAWR 1.0039836 5.65E-05 0.02161987

728498 GOLGA8H 1.08699646 5.71E-05 0.02161987

441172 FLJ46906 2.24162972 6.27E-05 0.0229978

7374 UNG 0.64236645 6.54E-05 0.0229978

2298 FOXD4 -1.839733 6.72E-05 0.0229978

200162 SPAG17 1.99671281 6.76E-05 0.0229978

5366 PMAIP1 1.31888546 6.78E-05 0.0229978

653073 GOLGA8J 1.17995215 6.83E-05 0.0229978

100131289 LOC100131289 2.73421044 7.13E-05 0.02306374

6579 SLCO1A2 2.54297297 7.22E-05 0.02306374

7024 TFCP2 -0.5474645 7.23E-05 0.02306374

7263 TST 1.29439464 7.41E-05 0.0232175

92689 FAM114A1 0.87691686 7.67E-05 0.02331096

951 CD37 1.41452369 7.69E-05 0.02331096

54107 POLE3 0.52055399 7.84E-05 0.02337075

200844 CFAP20DC 1.5543942 8.59E-05 0.02508951

55930 MYO5C 1.84186426 8.83E-05 0.02508951

10541 ANP32B 0.84207917 8.83E-05 0.02508951

55289 ACOXL 1.34436583 9.28E-05 0.02557566

146956 EME1 0.94742847 9.37E-05 0.02557566

158035 LINC00032 1.71076404 9.42E-05 0.02557566

8091 HMGA2 1.19223597 9.75E-05 0.02579858

(Continued)
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Entrez ID Symbol log2 FC P.Value adj.P.Val

51386 EIF3L 0.51485342 0.00010034 0.02579858

395 ARHGAP6 2.15718721 0.00010102 0.02579858

3718 JAK3 1.31100457 0.00010179 0.02579858

50865 HEBP1 1.08661172 0.00010328 0.02579858

10412 NSA2 0.50762159 0.00010357 0.02579858

57148 RALGAPB -0.5376846 0.00010697 0.02628444

59352 LGR6 4.01573933 0.00011257 0.02713264

649264 CES5AP1 1.96068881 0.00011417 0.02713264

100133545 MRPL23-AS1 0.8627873 0.00011683 0.02713264

3320 HSP90AA1 -0.4976661 0.00011873 0.02713264

84978 FRMD5 -0.5731613 0.00012076 0.02713264

151313 FAHD2B 0.5037682 0.00012199 0.02713264

57088 PLSCR4 1.53403686 0.00012233 0.02713264

8527 DGKD -0.5991313 0.00012236 0.02713264

9938 ARHGAP25 2.68833164 0.00012409 0.02718553

3033 HADH 0.55590917 0.00012672 0.02743075

100130581 LINC00910 1.01469491 0.00012915 0.02760371

339942 H1-10-AS1 1.17172567 0.00013182 0.02760371

400961 PAIP2B 0.52331101 0.00013296 0.02760371

3312 HSPA8 -1.1988031 0.00013359 0.02760371

27285 TEKT2 0.95210354 0.00014108 0.02803848

8458 TTF2 1.56089087 0.00014485 0.02803848

29941 PKN3 1.09662622 0.00014622 0.02803848

100093630 SNHG8 1.13764122 0.0001469 0.02803848

6885 MAP3K7 0.51831355 0.00014824 0.02803848

1305 COL13A1 3.81816868 0.00014888 0.02803848

51384 WNT16 3.04965202 0.00014899 0.02803848

1421 CRYGD 4.77155265 0.00015121 0.02803848

101928323 LOC101928323 1.0469972 0.00015448 0.02803848

93233 CCDC114 1.31710464 0.00015471 0.02803848

2564 GABRE 2.04297938 0.00015583 0.02803848

117854 TRIM6 1.96095594 0.00015875 0.02803848

30845 EHD3 -0.7176762 0.00015891 0.02803848

348093 RBPMS2 1.35887393 0.00016071 0.02803848
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53942 CNTN5 2.5548978 0.00016607 0.02803848

3198 HOXA1 2.85485429 0.00016827 0.02803848

55703 POLR3B -0.7575227 0.00017109 0.02803848

51477 ISYNA1 0.9180329 0.0001732 0.02803848

352909 DNAAF3 2.30613353 0.00017676 0.02803848

9744 ACAP1 1.12008059 0.00017972 0.02803848

11031 RAB31 0.97752379 0.00017983 0.02803848

91057 CCDC34 1.49225374 0.00018285 0.02803848

414149 ACBD7 1.39276035 0.00018346 0.02803848

100131827 ZNF717 5.3541826 0.00018478 0.02803848

100507057 MELTF-AS1 0.85386532 0.00018504 0.02803848

55001 TTC22 2.27944621 0.00018656 0.02803848

127544 RNF19B -0.6784981 0.00018716 0.02803848

554235 ASPDH 1.32396129 0.00018839 0.02803848

19 ABCA1 -0.7813853 0.00018897 0.02803848

81620 CDT1 1.18937623 0.00018942 0.02803848

9633 TESMIN 1.44807875 0.0001906 0.02803848

388428 PVALEF 1.24223232 0.00019142 0.02803848

7298 TYMS 1.10629792 0.00019148 0.02803848

9783 RIMS3 0.80670784 0.00019434 0.02803848

101928205 LINC02097 1.55436273 0.00019436 0.02803848

54088 LINC00113 4.71224427 0.00020048 0.02803848

1209 CLPTM1 -0.457078 0.00020144 0.02803848

9870 AREL1 -0.5459922 0.00020504 0.02803848

1017 CDK2 0.67649655 0.00020505 0.02803848

3148 HMGB2 1.24609076 0.00020796 0.02803848

3857 KRT9 3.89642261 0.00021064 0.02803848

4603 MYBL1 1.56197369 0.00021151 0.02803848

554226 ANKRD30BL 4.24755474 0.00021185 0.02803848

9910 RABGAP1L -0.5452315 0.00021262 0.02803848

5129 CDK18 1.40106891 0.0002129 0.02803848

1465 CSRP1 0.80666239 0.00021362 0.02803848

100216545 KMT2E-AS1 0.95387309 0.0002137 0.02803848

51364 ZMYND10 1.33616052 0.00021451 0.02803848

(Continued)
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283349 RASSF3 1.56348267 0.00021731 0.02803848

2042 EPHA3 0.50925008 0.00021768 0.02803848

283576 ZDHHC22 1.66590784 0.00021834 0.02803848

54930 HAUS4 0.8159835 0.0002184 0.02803848

114043 TSPEAR-AS2 0.98952037 0.00021864 0.02803848

51673 TPPP3 1.96368099 0.00021897 0.02803848

155435 RBM33 0.49513787 0.00022423 0.02851169

283464 GXYLT1 1.18589837 0.00022866 0.02855861

2782 GNB1 -0.9318543 0.00022937 0.02855861

132430 PABPC4L 3.11745726 0.00022998 0.02855861

9045 RPL14 0.59399411 0.00023683 0.02855861

79940 LINC00472 0.82846476 0.0002373 0.02855861

341676 NEK5 1.28605805 0.0002379 0.02855861

146212 KCTD19 2.02163264 0.00023871 0.02855861

285154 CYP1B1-AS1 3.87046962 0.00023899 0.02855861

3615 IMPDH2 0.68861641 0.00024063 0.02855861

374443 LOC374443 1.04365874 0.00024326 0.02855861

54876 DCAF16 0.61638438 0.00024429 0.02855861

51765 STK26 1.50704462 0.00024948 0.02855861

132671 SPATA18 1.6311648 0.00024992 0.02855861

25977 NECAP1 -0.7546942 0.00025008 0.02855861

79730 NSUN7 1.44488098 0.00025059 0.02855861

89832 CHRFAM7A 0.81545001 0.00025111 0.02855861

164656 TMPRSS6 2.79018331 0.00025425 0.02855861

102724814 LOC102724814 0.91404953 0.00025431 0.02855861

91319 DERL3 2.16272119 0.00025444 0.02855861

57118 CAMK1D -0.8281795 0.00026632 0.02936163

7704 ZBTB16 2.28945885 0.00026965 0.02936163

840 CASP7 1.29460297 0.00026966 0.02936163

121227 LRIG3 1.23088019 0.00027036 0.02936163

83394 PITPNM3 -1.0438734 0.00027112 0.02936163

286411 LINC00632 0.549298 0.00027177 0.02936163

84669 USP32 -0.4093181 0.00027537 0.02936163

105369834 NA 3.79634072 0.00027575 0.02936163
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9496 TBX4 4.29280731 0.00027613 0.02936163

3638 INSIG1 0.85637807 0.0002811 0.029566

3015 H2AZ1 0.50579667 0.00028339 0.029566

80221 ACSF2 1.40826933 0.00028392 0.029566

1777 DNASE2 0.74332752 0.00028891 0.029566

29937 NENF 0.73268873 0.00029049 0.029566

100874028 SGO1-AS1 1.90639165 0.00029169 0.029566

5118 PCOLCE 1.02458803 0.00029487 0.029566

389941 C1QL3 -1.7304343 0.00029505 0.029566

22949 PTGR1 0.89401589 0.00029544 0.029566

642402 GOLGA6L17P 0.46201664 0.00029618 0.029566

5555 PRH2 1.09295525 0.0002963 0.029566

79980 DSN1 0.69212517 0.00029756 0.029566

23345 SYNE1 -0.9698741 0.00030253 0.02981476

4673 NAP1L1 0.62918799 0.00030335 0.02981476

388566 ZNF470 -0.5538965 0.00030869 0.02983664

4357 MPST 0.87964417 0.00030962 0.02983664

400084 LINC00939 1.84831583 0.00030985 0.02983664

100132074 FOXO6 0.60761771 0.00031133 0.02983664

6167 RPL37 0.56564258 0.00031258 0.02983664

10449 ACAA2 0.65279886 0.0003151 0.02983664

55187 VPS13D -0.6482918 0.00031675 0.02983664

101243545 LINC02067 0.58876059 0.0003173 0.02983664

29121 CLEC2D 0.80154845 0.0003195 0.02983664

57828 CATSPERG 0.57546416 0.00031998 0.02983664

23522 KAT6B -0.7836574 0.00032568 0.03021359

641516 KC6 1.45987211 0.00033158 0.03043281

9455 HOMER2 1.08439433 0.00033214 0.03043281

10232 MSLN 2.6599319 0.0003346 0.03043281

8473 OGT 0.47798003 0.00033813 0.03043281

Table B.2: Week 14 NRL-GFPJS unedited vs Sensory Cluster knockout top 200 DEG
list. No significance threshold was used for this analysis. A negative fold change
(FC) implies upregulation in knockout samples.
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Entrez ID Symbol log2 FC P.Value adj.P.Val

407053 MIR96 9.56441999 1.15E-06 0.02040669

440279 UNC13C -6.7764277 5.62E-06 0.04180766

406959 MIR183 8.98398543 7.31E-06 0.04180766

406958 MIR182 6.42604721 9.41E-06 0.04180766

144742 LINC00934 2.11351189 1.48E-05 0.04827803

91392 ZNF502 -7.0573058 1.63E-05 0.04827803

Table B.3: Week 14 NRL-GFPDG unedited vs Sensory Cluster knockout top DEG list.
No significance threshold was used for this analysis. A negative fold change
(FC) implies upregulation in knockout samples.
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Gene set No. genes Direction FDR

REACTOME PEPTIDE CHAIN ELONGATION 85 Up 3.38E-12

KEGG RIBOSOME 85 Up 6.01E-12

REACTOME 3 UTR MEDIATED

TRANSLATIONAL REGULATION 104 Up 1.34E-09

REACTOME SRP DEPENDENT

COTRANSLATIONAL PROTEIN

TARGETING TO MEMBRANE 108 Up 1.10E-08

BILANGES SERUM AND RAPAMYCIN

SENSITIVE GENES 67 Up 2.12E-08

REACTOME INFLUENZA VIRAL RNA

TRANSCRIPTION AND REPLICATION 101 Up 2.34E-08

GO CYTOSOLIC LARGE RIBOSOMAL

SUBUNIT 57 Up 2.87E-08

GO CYTOSOLIC RIBOSOME 103 Up 4.20E-08

GO ESTABLISHMENT OF PROTEIN

LOCALIZATION TO ENDOPLASMIC

RETICULUM 103 Up 5.75E-08

REACTOME NONSENSE MEDIATED

DECAY ENHANCED BY THE EXON

JUNCTION COMPLEX 106 Up 1.72E-06

GO CYTOSOLIC SMALL RIBOSOMAL

SUBUNIT 40 Up 1.91E-06

REACTOME FORMATION OF THE

TERNARY COMPLEX AND

SUBSEQUENTLY THE 43S

COMPLEX 49 Up 3.18E-06

REACTOME TRANSLATION 144 Up 6.04E-06

GO PROTEIN LOCALIZATION TO

ENDOPLASMIC RETICULUM 122 Up 7.35E-06

(Continued)
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GO NUCLEAR TRANSCRIBED MRNA

CATABOLIC PROCESS NONSENSE

MEDIATED DECAY 117 Up 2.70E-05

REACTOME ACTIVATION OF THE MRNA

UPON BINDING OF THE CAP BINDING

COMPLEX AND EIFS AND SUBSEQUENT

BINDING TO 43S 56 Up 3.20E-05

CHNG MULTIPLE MYELOMA

HYPERPLOID UP 51 Up 7.93E-05

GO MULTI ORGANISM METABOLIC

PROCESS 137 Up 0.00013973

GO TRANSLATIONAL INITIATION 143 Up 0.00023295

GO LARGE RIBOSOMAL SUBUNIT 91 Up 0.0002958

REACTOME INFLUENZA LIFE CYCLE 135 Up 0.00034015

GO RIBOSOMAL SUBUNIT 155 Up 0.00060314

HOLLEMAN ASPARAGINASE

RESISTANCE B ALL UP 25 Up 0.00151112

CASORELLI APL SECONDARY VS

DE NOVO DN 9 Up 0.00281

BILANGES SERUM RESPONSE

TRANSLATION 32 Up 0.00415137

GO PROTEIN TARGETING TO MEMBRANE 153 Up 0.0086747

GO SMALL RIBOSOMAL SUBUNIT 64 Up 0.02949111

REACTOME TRAFFICKING OF AMPA

RECEPTORS 27 Down 0.06805497

GO CYTOPLASMIC TRANSLATION 40 Up 0.0684281

FLOTHO PEDIATRIC ALL THERAPY

RESPONSE UP 50 Up 0.08222631

(Continued)
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REACTOME TRAFFICKING OF GLUR2

CONTAINING AMPA

RECEPTORS 15 Down 0.08319953

GO STRUCTURAL CONSTITUENT OF

RIBOSOME 202 Up 0.09160307

GO RIBOSOME 213 Up 0.09819531

YAMASHITA LIVER CANCER WITH EPCAM UP 49 Up 0.10582547

GO REGULATION OF NFAT PROTEIN IMPORT

INTO NUCLEUS 15 Down 0.17079244

GO NEURONAL POSTSYNAPTIC DENSITY 53 Down 0.17079244

GO NEURON CELL CELL ADHESION 16 Down 0.17079244

GO POSITIVE REGULATION OF NFAT

PROTEIN IMPORT INTO NUCLEUS 9 Down 0.17079244

GO REGULATION OF RESPIRATORY

SYSTEM PROCESS 13 Down 0.21385437

GO FORMATION OF TRANSLATION

PREINITIATION COMPLEX 21 Up 0.22704712

GO REGULATION OF RESPIRATORY

GASEOUS EXCHANGE BY

NEUROLOGICAL SYSTEM PROCESS 10 Down 0.22704712

GO BETA CATENIN DESTRUCTION COMPLEX 14 Down 0.22704712

GO REGULATION OF NEURONAL SYNAPTIC

PLASTICITY 49 Down 0.22704712

Table B.4: Week 14 pooled unedited vs Sensory cluster knockout GSEA. Significant
C2 and C5 GSEA gene sets. Pooled - both NRL-GFPJS and NRL-GFPDG . No.
genes - number of genes contained within the gene set. Direction - UP denotes
higher expression of gene set in Sensory Cluster knockout samples. FDR - False
discovery rate. FDR cutoff of 0.25 used for this analysis.
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Gene set No. genes Direction FDR

REACTOME PEPTIDE CHAIN ELONGATION 84 Up 1.08E-06

KEGG RIBOSOME 85 Up 2.51E-06

REACTOME 3 UTR MEDIATED

TRANSLATIONAL REGULATION 103 Up 3.22E-05

REACTOME SRP DEPENDENT

COTRANSLATIONAL PROTEIN TARGETING

TO MEMBRANE 107 Up 0.0003354

REACTOME INFLUENZA VIRAL

RNA TRANSCRIPTION AND REPLICATION 100 Up 0.0003354

BILANGES SERUM AND RAPAMYCIN

SENSITIVE GENES 67 Up 0.0003354

GO CYTOSOLIC LARGE RIBOSOMAL

SUBUNIT 57 Up 0.0007453

GO CYTOSOLIC RIBOSOME 103 Up 0.0007453

REACTOME FORMATION OF THE

TERNARY COMPLEX AND

SUBSEQUENTLY THE 43S

COMPLEX 49 Up 0.00104414

GO ESTABLISHMENT OF PROTEIN

LOCALIZATION TO ENDOPLASMIC

RETICULUM 103 Up 0.00240825

GO CYTOSOLIC SMALL RIBOSOMAL

SUBUNIT 40 Up 0.00240825

REACTOME NONSENSE MEDIATED DECAY

ENHANCED BY THE EXON JUNCTION

COMPLEX 105 Up 0.00332776

REACTOME ACTIVATION OF THE MRNA

UPON BINDING OF THE CAP

BINDING COMPLEX AND EIFS AND SUBSEQUENT

(Continued)
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BINDING TO 43S 56 Up 0.00535487

REACTOME TRANSLATION 143 Up 0.01029666

GO PROTEIN LOCALIZATION TO

ENDOPLASMIC RETICULUM 122 Up 0.03775392

GO NUCLEAR TRANSCRIBED MRNA

CATABOLIC PROCESS NONSENSE

MEDIATED DECAY 117 Up 0.03775392

CHNG MULTIPLE MYELOMA

HYPERPLOID UP 51 Up 0.03832352

GO MULTI ORGANISM METABOLIC

PROCESS 137 Up 0.03915172

GO TRANSLATIONAL INITIATION 143 Up 0.06185498

REACTOME DNA STRAND ELONGATION 30 Up 0.08121905

REACTOME INFLUENZA LIFE CYCLE 134 Up 0.08171509

REACTOME UNWINDING OF DNA 11 Up 0.08171509

REACTOME TRAFFICKING OF

AMPA RECEPTORS 27 Down 0.09405882

CASORELLI APL SECONDARY

VS DE NOVO DN 9 Up 0.10196127

HOLLEMAN ASPARAGINASE

RESISTANCE B ALL UP 25 Up 0.10805013

BILANGES SERUM RESPONSE

TRANSLATION 32 Up 0.10937537

BIOCARTA NOS1 PATHWAY 20 Down 0.11435482

KALMA E2F1 TARGETS 11 Up 0.11435482

BIOCARTA P35ALZHEIMERS

PATHWAY 10 Down 0.11435482

MYLLYKANGAS AMPLIFICATION

(Continued)
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HOT SPOT 22 11 Down 0.11435482

GO LARGE RIBOSOMAL SUBUNIT 91 Up 0.12973143

ELVIDGE HIF1A TARGETS UP 66 Down 0.14001995

LU AGING BRAIN DN 151 Down 0.14456814

LEIN LOCALIZED TO PROXIMAL

DENDRITES 36 Down 0.1551864

ELVIDGE HIF1A AND HIF2A

TARGETS UP 41 Down 0.1551864

REACTOME DARPP 32 EVENTS 23 Down 0.1935866

REACTOME TRAFFICKING OF GLUR2

CONTAINING AMPA RECEPTORS 15 Down 0.19427751

BOYERINAS ONCOFETAL TARGETS

OF LET7A1 12 Up 0.19427751

REACTOME REGULATION OF BETA

CELL DEVELOPMENT 18 Up 0.19427751

GO RIBOSOMAL SUBUNIT 155 Up 0.20906102

GO REGULATION OF CLATHRIN

MEDIATED ENDOCYTOSIS 16 Down 0.20906102

GO POSITIVE REGULATION OF

NFAT PROTEIN IMPORT INTO

NUCLEUS 9 Down 0.20906102

LEIN NEURON MARKERS 69 Down 0.21026705

STARK HYPPOCAMPUS 22Q11

DELETION UP 53 Down 0.21076486

GO REGULATION OF NFAT PROTEIN

IMPORT INTO NUCLEUS 15 Down 0.21532278

BIOCARTA SALMONELLA PATHWAY 13 Down 0.22422916

KEGG DNA REPLICATION 35 Up 0.22422916

(Continued)
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KIM ALL DISORDERS DURATION

CORR UP 9 Down 0.22422916

REACTOME THE ROLE OF NEF

IN HIV1 REPLICATION AND

DISEASE PATHOGENESIS 21 Down 0.23389085

EGUCHI CELL CYCLE RB1

TARGETS 23 Up 0.23389085

BIOCARTA AGPCR PATHWAY 12 Down 0.24815255

GO NEURONAL POSTSYNAPTIC

DENSITY 53 Down 0.24831355

Table B.5: Week 14 NRL-GFPJS unedited vs Sensory cluster knockout GSEA. Signifi-
cant C2 and C5 GSEA gene sets. Pooled - both NRL-GFPJS and NRL-GFPDG .
No. genes - number of genes contained within the gene set. Direction - UP de-
notes higher expression of gene set in Sensory Cluster knockout samples. FDR
- False discovery rate. FDR cutoff of 0.25 used for this analysis.
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GO ESTABLISHMENT OF PROTEIN

LOCALIZATION TO ENDOPLASMIC

RETICULUM 103 Up 4.70E-05

GO CYTOSOLIC LARGE RIBOSOMAL

SUBUNIT 57 Up 4.70E-05

REACTOME PEPTIDE CHAIN

ELONGATION 85 Up 7.74E-07

KEGG RIBOSOME 85 Up 7.74E-07

REACTOME 3 UTR MEDIATED

TRANSLATIONAL REGULATION 104 Up 7.77E-06

BILANGES SERUM AND RAPAMYCIN

SENSITIVE GENES 67 Up 7.97E-06

REACTOME SRP DEPENDENT

COTRANSLATIONAL PROTEIN TARGETING

TO MEMBRANE 108 Up 1.79E-05

REACTOME INFLUENZA VIRAL

RNA TRANSCRIPTION AND

REPLICATION 101 Up 6.54E-05

GO CYTOSOLIC RIBOSOME 103 Up 0.00011157

PID RHODOPSIN PATHWAY 23 Down 0.0001206

REACTOME NONSENSE MEDIATED

DECAY ENHANCED BY THE EXON

JUNCTION COMPLEX 106 Up 0.00038221

GO PROTEIN LOCALIZATION TO

ENDOPLASMIC RETICULUM 122 Up 0.00043559

REACTOME TRANSLATION 144 Up 0.00044334

GO NUCLEAR TRANSCRIBED MRNA

CATABOLIC PROCESS NONSENSE

MEDIATED DECAY 117 Up 0.00158865

(Continued)
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GO CYTOSOLIC SMALL RIBOSOMAL

SUBUNIT 40 Up 0.00158865

REACTOME FORMATION OF THE

TERNARY COMPLEX AND

SUBSEQUENTLY THE 43S

COMPLEX 49 Up 0.00194795

DELASERNA TARGETS OF MYOD

AND SMARCA4 9 Down 0.00234419

REACTOME ACTIVATION OF THE

MRNA UPON BINDING OF THE CAP

BINDING COMPLEX AND EIFS AND

SUBSEQUENT BINDING TO 43S 56 Up 0.0031291

GO TRANSLATIONAL INITIATION 142 Up 0.00351832

HUMMERICH BENIGN SKIN

TUMOR DN 10 Down 0.00417431

CHNG MULTIPLE MYELOMA

HYPERPLOID UP 51 Up 0.00569722

PID CONE PATHWAY 22 Down 0.00569722

BILANGES SERUM RESPONSE

TRANSLATION 31 Up 0.01028822

REACTOME INFLUENZA LIFE

CYCLE 135 Up 0.01086297

HOLLEMAN ASPARAGINASE

RESISTANCE B ALL UP 25 Up 0.01086297

GO PHOTORECEPTOR DISC

MEMBRANE 17 Down 0.01090898

NIKOLSKY BREAST CANCER

20Q11 AMPLICON 30 Up 0.01670284

GO RHODOPSIN MEDIATED

(Continued)
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SIGNALING PATHWAY 13 Down 0.02462261

GO MULTI ORGANISM

METABOLIC PROCESS 137 Up 0.02462261

GO RIBOSOMAL SUBUNIT 155 Up 0.06631361

GO PHOTOTRANSDUCTION VISIBLE

LIGHT 19 Down 0.06631361

GO LARGE RIBOSOMAL SUBUNIT 91 Up 0.06644785

GO PROTEIN TARGETING TO

MEMBRANE 152 Up 0.06644785

GO PHOTOTRANSDUCTION 42 Down 0.06644785

GO CYTOPLASMIC TRANSLATION 40 Up 0.07874222

GO ACTIN MYOSIN FILAMENT

SLIDING 29 Down 0.08069467

GO MUSCLE FILAMENT SLIDING 29 Down 0.08069467

FLOTHO PEDIATRIC ALL

THERAPY RESPONSE UP 49 Up 0.10127525

RICKMAN HEAD AND NECK

CANCER F 40 Down 0.12245221

GO SODIUM ION BINDING 14 Down 0.14946462

GO DETECTION OF LIGHT

STIMULUS 56 Down 0.14946462

REACTOME STRIATED MUSCLE

CONTRACTION 22 Down 0.17417706

GO SMALL RIBOSOMAL SUBUNIT 64 Up 0.18575327

GO DETECTION OF VISIBLE

LIGHT 41 Down 0.22749218

LUI THYROID CANCER CLUSTER 3 28 Up 0.23857869

HUMMERICH MALIGNANT SKIN

(Continued)



259

Gene set No. genes Direction FDR

TUMOR DN 13 Down 0.2403732

Table B.6: Week 14 NRL-GFPDG unedited vs Sensory cluster knockout GSEA. Signif-
icant C2 and C5 GSEA gene sets. Pooled - both NRL-GFPJS and NRL-GFPDG

. No. genes - number of genes contained within the gene set. Direction - UP de-
notes higher expression of gene set in Sensory Cluster knockout samples. FDR
- False discovery rate. FDR cutoff of 0.25 used for this analysis.
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Gene name

ACER3 GSPT1 PHF3
ADGRF1 HMG20A RAB5B
AFF3 HOXA13 RAD51D
AHCYL2 IFT22 RAP2B
AMIGO1 IRAG1 RIC3
ANKFN1 ITGB1BP1 RIMS2
ARIH1 JMY SCN1A
ARSA KCNK3 SEC24A
CALU KLHL42 SHTN1
CCNT1 LNPK SLC4A4
CCNY MAGT1 SLITRK4
CELF1 MCC SMAD2
CEP89 MGAT4C SP1
CLCN5 MOGAT2 SPN
EIF3F MRPL19 STEAP2
EIF4E3 MTERF4 SYNPO
FAM117B NUP93 TCF4
FBXO32 OGFRL1 TFEC
FILIP1 OPCML TMED10
FOXJ3 OPRM1 TPM3
GLG1 OR2A5 XKR4
GOLGA3 OSTN ZFX
GOSR2 PAX7 ZNF207
GPR37L1 PCDHA10 ZNF449
GRAMD1B PGR ZNF577

ZNF766

Table C.1: Genes predicted to be targeted by all three Sensory Cluster miRNAs. Tar-
get prediction using the miRwalk3.0 algorithms, only targets with a confidence
score of 0.95areincluded.
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Figure C.1: GNRL-GFPJS reporter construction. (A) Comparison of the structures of
the human and mouse NRL genes, showing the location of the promoter and
known enhancer regions. (B) A 3kb fragment of the human NRL promoter
was cloned into a vector containing eGFP and 1kb homology arms specific to
the AAVS1 ’safe harbour’ locus. (C) Electroporation of reporter construct into
human retinal explants resulted in GFP expression after 1 week in culture. (D)
GFP expression co-localised with NRL and NR2E3 expression, but not with
S-OPSIN or RXRG, indicating rod-specific expression. Reporter construction
and evaluation and figure creation performed by Dr. E. Cuevas.
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Figure C.2: Flow cytometry gating. Gating performed using mShef10 hESCs lacking
any GFP reporter. Gates collecting single cells only, omitting debris (A) and
doublets (B) (C) GFP and PI gating.
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Abstract

Organoid cultures represent a unique tool to investigate the developmental complexity

of tissues like the human retina. NRL is a transcription factor required for the specifica-

tion and homeostasis of mammalian rod photoreceptors. In Nrl-deficient mice, photore-

ceptor precursor cells do not differentiate into rods, and instead follow a default

photoreceptor specification pathway to generate S-cone-like cells. To investigate

whether this genetic switch mechanism is conserved in humans, we used CRISPR/Cas9

gene editing to engineer an NRL-deficient embryonic stem cell (ESC) line (NRL−/−), and

differentiated it into retinal organoids. Retinal organoids self-organize and resemble

embryonic optic vesicles (OVs) that recapitulate the natural histogenesis of rods and cone

photoreceptors. NRL−/− OVs develop comparably to controls, and exhibit a laminated,

organized retinal structure with markers of photoreceptor synaptogenesis. Using immu-

nohistochemistry and quantitative polymerase chain reaction (qPCR), we observed that

NRL−/− OVs do not express NRL, or other rod photoreceptor markers directly or indi-

rectly regulated by NRL. On the contrary, they show an abnormal number of photorecep-

tors positive for S-OPSIN, which define a primordial subtype of cone, and overexpress

other cone genes indicating a conserved molecular switch in mammals. This study repre-

sents the first evidence in a human in vitro ESC-derived organoid system that NRL is

required to define rod identity, and that in its absence S-cone-like cells develop as the

default photoreceptor cell type. It shows how gene edited retinal organoids provide a

useful system to investigate human photoreceptor specification, relevant for efforts to

generate cells for transplantation in retinal degenerative diseases.

K E YWORD S

cone photoreceptor, NRL, optic vesicles, retinal organoids, stem cells

1 | INTRODUCTION

During retinal histogenesis, the different cell types of the neural ret-

ina, including the photoreceptor cells, are each born within definedDaniel Holder and Ashwak Alshehri contributed equally to this study.
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developmental time periods from multipotential retinal progenitor

cells.1 Rod photoreceptors are generated later and in greater numbers,

than the cone photoreceptors needed for daylight vision. The NRL

gene encodes the neural retina leucine zipper protein,2 a conserved

bZIP transcription factor that in mouse is initially expressed in nascent

rod photoreceptor precursor cells after the terminal progenitor divi-

sion, and persists in rod photoreceptors thereafter.3 Genetic studies

have shown that Nrl is required for the acquisition of rod identity, dif-

ferentiation and homeostasis, acting via upregulation of downstream

rod target genes, such as the Rhodopsin gene, Rho, or Nr2e3, which

plays a complementary role in the repression of cone specification

genes.4-8 Nrl acts synergistically with the cone rod homeobox tran-

scription factor, Crx to regulate Rho transcription7 whereas ectopic

expression of Nrl under the control of the Crx promoter leads to a

rod-only retina.9 From an evolutionary perspective, the emergence of

the Nrl gene is thought to have facilitated the evolution of mammalian

rod photoreceptors from short wavelength-sensitive, S-cone photore-

ceptors (also known as blue cones), which are considered to represent

an ancient photoreceptor fate.10 Conversely, in the retina of Nrl−/−

mice, rods are absent and photoreceptors appear cone-like; Nrl−/− ani-

mals exhibit super-normal cone function mediated by S-cones, with

atypically elevated patterns of blue light detection, concomitant with

deficient scotopic vision caused by rod absence.7,11-14 Expression of

several key molecular markers are altered in Nrl−/− retinae, which sup-

ports the hypothesized model that progenitors generate S-cones by a

default pathway, and that Nrl acts like a master regulator required to

induce the rod differentiation pathway and suppress the cone fate.6,10

In humans, heterozygous missense mutations in the NRL gene are

associated with dominant retinitis pigmentosa phenotypes15-19; gain-

of-function mutations (at codons 49, 50, 51, 56 in the NRL trans-

activation domain) lead to reduced NRL phosphorylation and

enhanced activation of the rhodopsin promoter.20 Such patients pre-

sent with scotopic vision deficits at a young ages, progressing to loss

of photopic response with age; clinical signs that point towards a pat-

tern of early loss of rod photoreceptors, followed by subsequent cone

cell death later in life.19 By contrast, homozygous and compound het-

erozygous loss-of-function NRL mutations cause recessive enhanced

S-cone syndrome (ESCS). ESCS is characterized by an abnormally

increased perception of blue light stimuli, coincident with night blind-

ness and abnormal pigmentation patterns.21,22 The recessive NRL

mutations reported in ESCS patients are often nonsense or frameshift

mutations.23-26 Unaffected relatives carrying such mutations indicate

that heterozygous NRL loss-of-function is not pathogenic.24-26 ESCS

has also been frequently associated with NR2E3 mutation. Histologi-

cal analysis performed on a postmortem retina from a 77-year-old

individual with ESCS, caused by recessive NR2E3 mutation (previously

diagnosed as retinitis pigmentosa) showed degeneration, lack of rods,

and increased numbers of S-opsin positive cells and reduced L/M-

opsin positive cells.27 Similar analysis of NRL-deficient human retina

has not been performed.

Because of its apparent importance in rod generation, models to

study NRL function in human development are needed. Retinal

organoids generated from human pluripotent stem cells represent an

invaluable tool to model human retinal development and pathologies,

as they are able to recapitulate typical features of retinogenesis such

as an organized multilayered tissue structure, and long human devel-

opmental differentiation times.28-32 In the present study, we gener-

ated a homozygous human embryonic stem cell (ESC) line deficient

for NRL, taking advantage of CRISPR/Cas9 gene editing to design and

introduce a biallelic nonsense mutation into the NRL gene. To address

whether NRL has a conserved role in the establishment of the human

rod photoreceptor fate, and if the S-cone pathway represents a

default photoreceptor differentiation pathway as it is in mouse,

NRL−/− ESCs were differentiated to form retinal organoids. We ana-

lyzed cell identity at different time points, using immunohistochemis-

try and gene expression via quantitative PCR. We find that NRL−/−

optic vesicles (OVs) exhibit a drastic reduction in expression at the

RNA and protein level, not only of NRL, but also of known NRL-target

genes and characteristic rod markers, particularly at late differentia-

tion time points. Additionally, cone markers are highly upregulated,

particularly S-OPSIN, defining an increased number of S-cone-like

cells. Our results suggest that the rod photoreceptor identity-defining

function of NRL is conserved in this human in vitro model system, and

that in the absence of NRL, human photoreceptor precursors are

directed toward a default S-cone-like cell fate.

2 | RESULTS

2.1 | Generation of NRL−/− ESCs and retinal
organoid in vitro differentiation

To generate a pluripotent ESC line deficient in NRL, we took advan-

tage of CRISPR/Cas9 technology to target exon number 2, the first

coding exon of the NRL gene. We designed a small 127 bp single-

stranded donor oligonucleotide (ssODN)33 to introduce a stop codon

at a.a. position 74, as well as an EcoRI restriction site to facilitate

screening (Figure 1A). This mutation, c.221_222insAATTC p.(Trp74*)

is predicted to yield a truncated version of the NRL N-terminus,

Significance statement

Photoreceptor cells located in the retina are essential for

vision and their degeneration leads to a large proportion of

global blindness. Rod photoreceptors needed for night

vision are prevalent, whereas cone photoreceptors needed

for high acuity day light vision are rare. This study has

engineered a human pluripotent embryonic stem cell line

that lacks NRL gene function. When differentiated in vitro

into 3D retinal organoids, the engineered organoids contain

cone cells, but no rods. This study shows that NRL is

required to differentiate rod photoreceptors, and represents

a powerful tool to generate enriched populations of cone

photoreceptor cells in the laboratory.
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F IGURE 1 A, The human NRL gene comprises three exons, with the translation initiation codon located in the second exon (blue bars).
Schematic shows the gene editing strategy using a 127 nucleotide single strand oligonucleotide donor to introduce a nonsense mutation in exon
2 at amino acid position 74 and a new EcoRI restriction site (in blue), 221 bp downstream of the translational start site; a specific guide RNA (gray
bar) directed a simultaneous, Cas9-double strand break. B, Targeted ESCs clones were analyzed by gDNA extraction and PCR-amplification of the

targeted area (indicated by arrows in A), followed by EcoRI digestion to identify donor integration. C, Sanger sequencing confirmed the correct
NRL gene sequence editing. D, CRISPR-edited NRL−/− ESCs maintained a healthy morphology and growth rate, and expressed pluripotency
markers OCT4, SOX2, TRA-1-60 and NANOG, similar to the parental embryonic stem cell line (not shown). DAPI, blue. Scale bar = 100 μm. E,
Parental isogenic (wild type [WT]) and NRL−/− ESCs were directed toward retinal differentiation in vitro. Week 1 to 4: Optic vesicles (OVs)
displayed a round 3D neuroepithelial structure over a patch of immature retinal pigmented epithelium (arrowheads). Week 4 to 7 OVs were
excised and transferred to 96 well plates, to allow maturation as floating organoids. Week 7 to 14: OVs grew in size over time. Week 14 to 25:
Lamination was evident from week 15 onward. Scale bar = 200 μm. ESC, embryonic stem cell. DAPI, 4',6-diamidino-2-phenylindole; gDNA,
genomic DNA; PCR, polymerase chain reaction
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containing only 73 a.a. of the minimal 96 a.a. transactivation domain,

while the functional basic Leucine-zipper DNA binding domain is elim-

inated. Human ESCs (MShef10; University of Sheffield34) were elec-

troporated with a plasmid containing spCas9, a puromycin resistance

gene and a single-guide RNA (sgRNA) scaffold sequence35, together

with the ssODN; cells were selected and recovered colonies screened

using PCR amplification of the targeted region followed by EcoRI

digestion, to identify the de novo restriction site (Figure 1B). We iden-

tified one clone homozygous for the vector insertion, and confirmed

its genotype by subcloning and Sanger sequencing analysis (Figure

1C). Off target effects were not detected at three predicted off-target

sites for the sgRNA and the edited line retained a normal karyotype

(Figure S1). Targeted cells were expanded, and displayed a normal

growth rate and morphology and maintained pluripotency marker

expression as determined by immunocytochemistry analysis (Fig-

ure 1D).

The NRL−/− ESCs and the parental ESC line (referred to as wild

type [WT]) were differentiated toward three-dimensional retinal

organoids using a previously published protocol.28 Briefly, ESCs were

expanded until confluent, then deprived of pluripotency-supporting

factors fibroblast growth factor (FGF) and transforming growth factor

beta (TGFB), followed by a period of neural induction to promote

forebrain identity. After 3 weeks, round structures of organized neu-

roepithelium started to be visible, and were termed OVs. OVs were

harvested between week 4 and week 7 and cultured individually in

nonadherent 96-well plates, in retinal differentiation medium (RDM)

supplemented with taurine and retinoic acid (see Supporting Informa-

tion Methods). Using this protocol, we previously showed NRL local-

ized in rod precursors by OV culture week 10, which closely mimics

human fetal retinal development.28,36,37

No obvious differences were detected between the WT and the

NRL−/− lines in terms of ability to generate OVs, vesicle number, or

size of vesicles (Figure S2). OVs displayed neuroepithelial morphology

as early as differentiation week 3, often growing over a patch of pre-

sumptive retinal pigmented epithelium (RPE) (Figure 1E, arrowheads).

After isolation, the RPE tissue typically formed a small bundle of

pigmented cells at the proximal end of the OVs (arrow). The vesicles

continued to grow over several weeks, and in some cases developed

additional lobes of neuroepithelium; sometimes more than one orga-

nized layer was visible under the light microscope (Figure 1E,

brackets).

2.2 | Characterization of early and mid-stage
NRL−/− OVs

We harvested OVs at week 7 and 14 of differentiation, and per-

formed immunohistological analysis on OV sections to compare the

course of differentiation. Both WT and NRL−/− OVs displayed regions

of laminated neuroepithelium (WT: n = 96 individual OVs obtained

from one independent differentiation passage; NRL−/−: n > 400 OVs,

from five independent differentiation passages), with an apical outer

nuclear layer (ONL)-like layer. At week 7, the outer layer of cells

showed colocalization of the retinal progenitor marker VSX2 and the

proliferation maker Ki67 (Figure 2A,A0). The early marker for commit-

ted photoreceptor cells CRX was also detectable at this stage, col-

abeling cells positive for Recoverin (RCVRN), a protein involved in the

visual phototransduction cascade (Figure 2B,B0). Some RXRγ-positive

cells were identified, indicating the presence of cone precursors at a

comparable stage to that of human fetal development38 (Figure 2C,

C0). We used ZO-1 staining to label adherens junctions that revealed

apical polarization of the OVs at the presumptive photoreceptor layer

(Figure 2D,D0). As expected, no NRL protein was detected at week 7

of differentiation (Figure S2), consistent with OV formation occurring

similarly in both WT and NRL−/−.

VSX2 is also a marker for bipolar cells that connect with rod pho-

toreceptors and arise later during retinogenesis. Notably, at 14 weeks

of differentiation, the Ki67 and VSX2 labeling became more promi-

nent in the layer of cells located immediately underneath the pre-

sumptive ONL (Figure 2E,E0). This pattern of expression was

consistent with the development of an inner nuclear layer containing

bipolar cells. A more organized ONL was apparent by week 14, with

CRX and RCVRN staining present in the defined outer layer

(Figure 2F,F0). Similarly, RXRγ cone precursor cells continued to orga-

nize on the outermost layer of cells, apically labeled with ZO-1

(Figure 2G,G0 ,H,H0). Taken together, these immunohistological data

support the ability of our gene edited and parental cell lines to form

OVs, that display lamination and retinal markers consistent with the

human retinogenesis time frame.36-38

At week 14, NRL was evident in rod precursor cells in the pre-

sumptive ONL of the control vesicles, as well as its direct target

NR2E3, also expressed in rod photoreceptors and their immature pre-

cursors (Figure 2I,J). Strikingly, the NRL−/− retinal organoids showed a

downregulation of NRL and NR2E3 immunoreactivity, with a com-

plete absence in the ONL or elsewhere of NRL-positive cells. Similarly,

NR2E3, whose expression is directly regulated by NRL, was not

detected in the NRL−/− OVs (Figures 2I0 ,J0). This indicates the effi-

ciency of the gene editing knockout approach to eliminate functional

NRL from retinal three-dimensional organoids.

2.3 | Late stage NRL−/− OVs lack rod
photoreceptors and generate S-like cones instead

To characterize the long-term differentiation of retinal organoids,

some of the markers used in early samples were tested in OV cultures

at week 25 of differentiation. Very few, Ki67-positive dividing cells

were observed, and VSX2, which labels both retinal progenitor cells

and bipolar cells, was at this stage restricted to cells under the ONL,

which are presumed to be the latter cell type (Figure 3A,A0).

Costaining with ON bipolar cell marker PKCα, confirmed the presence

of VSX2+ PKCα+ double positive cells in both WT and NRL−/− OVs

(Figure 3B,B0). Virtually all cells within the presumptive ONL

expressed the pan-photoreceptor markers CRX and Recoverin

(Figure 3C,C0). OVs showed a distinct organization, with a defined

ONL-like structure of more tightly packed cells at the outermost layer,

4 NRL−/− RETINAL ORGANOIDS OVEREXPRESS S-CONES
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typically 4 to 6 cells thick. The tight junction marker ZO-1 remained

labeling the apical side of the OVs, indicating the exterior of the lami-

nated structure (Figure 3D,D0).

We analyzed the proportion of VSX2-positive and Ki67 VSX2

double positive cells within organoids at weeks 14 and

25 (Figure S3A,B). There was no significant difference between the

percentage of VSX2-positive cells between WT and NRL-deficient

OVs at either time point (Figure S3A). The proportion of proliferating

Ki67 VSX2-positive progenitors at 14 weeks (18.50% ± 14.66;

16.44% ± 14.68, mean% ± SE, for WT and NRL−/−, respectively)

decreased to negligible levels in both lines by week 25 (Figure S3B),

suggesting the OVs comprised postmitotic cells by this stage. Variance

between samples likely reflected lamination heterogeneity within, and

between, organoids.

Because NRL is proposed as a crucial player in the establishment

and homeostasis of rod photoreceptor identity7 we explored how lack

of functional protein affected rod and cone photoreceptor differentia-

tion (Figure 3E-J). As expected, control OVs expressed retinal markers

characteristic of rod and cone photoreceptor cell types; cells through-

out the ONL showed positive nuclear staining for the rod factors NRL

and NR2E3 (Figure 3E,F), indicating the presence of large numbers of

rods. Rod-specific opsin, Rhodopsin (RHO), and cone arrestin (ARR3),

expressed in cone photoreceptors, also labeled the cells of the ONL,

following a mutually exclusive pattern (Figure 3G). Mature cone

markers for cone cell subtypes, L/M-OPSIN or S-OPSIN, labeled a

proportion of cells in the ONL (Figure 3H,I). The OVs differentiated

from NRL−/− ESCs, despite displaying organization with an external

ONL formed by closely packed cell bodies, as seen in the controls,

showed a drastic change in their protein distribution pattern. Most

notable was the disappearance of NRL-positive cells from the ONL

and across the entire OV structure, demonstrating the effective gene

knockout strategy (Figure 3E0). Accordingly, NR2E3 labeling dis-

appeared, suggesting loss due to the lack of functional NRL, which is

required to activate its expression7,12,39 (Figure 3F0). Consistent with

the deficiency of rod photoreceptor transcription factors (NRL,

NR2E3), the expression of Rhodopsin was undetectable in the NRL-

deficient samples, whereas ARR3-positive cells were present in both

WT and NRL−/− samples (Figure 3G,G0).

L/M-OPSIN labels a subtype of cone cells regulated by pathway

components different to that of S-cones.40,41 The immunohistochemi-

cal analysis of NRL−/− OVs showed comparable expression of L/M-

OPSIN to the controls (Figure 3H,H0), suggesting that cone genesis

and specification of L/M-opsin cones is not affected by the loss of

NRL. Strikingly, the number of S-OPSIN- positive cells in the NRL−/−

OVs increased dramatically compared to the control ones, with abun-

dant positive cells found in most areas that present a retinal

neuroepithelial ONL structure (Figure 3I0). The quantification of

S-OPSIN-positive cells at week 25 is shown in Figure 3J. While some

OV areas did not develop an ONL and therefore did not have any pos-

itive cells, those that generated a laminated retinal structure con-

tained higher numbers of S-OPSIN-positive cells in NRL−/− samples

compared to those from the WT controls.

2.4 | Gene expression confirms a tendency to cone
gene overexpression at expense of rod markers in
NRL−/− OVs

To quantify the transcriptional changes caused by the lack of func-

tional NRL, we analyzed the gene expression of a number of retinal

genes by quantitative quantitative real time PCR (qRT-PCR) at weeks

7, 14 and 25 of differentiation (Figure 4). VSX2 is expressed in retinal

progenitor cells at early developmental stages. In our OVs, no differ-

ences in VSX2 expression were observed at week 7. VSX2 then

becomes restricted over time to the bipolar and Müller cell

populations in the mature retina.42-44 Coincident with the temporal

acquisition of bipolar cell identity,45 VSX2 expression was significantly

reduced in the NRL−/− samples at weeks 14 and 25. The early pan-

photoreceptor marker CRX was markedly downregulated at week 7 in

the NRL-deficient samples, but not at later time points.

The reduction in VSX2 gene expression in NRL−/− OVs at later

stages was not expected as VSX2 expression in progenitors precedes

NRL expression in post mitotic rods, crosstalk between these genes

has not been reported, and we showed that the number of

VSX2-positive cells was similar between WT and NRL −/− OVs at

14 and 25 weeks (Figure S3). As VSX2-positive cells are postmitotic

(Ki67-negative) at later stages (Figure S3B) together these data sug-

gest that VSX2 gene expression levels are reduced in differentiating

cells (bipolar or Müller glia) in the post mitotic NRL-deficient retina,

while the number of VSX2-positive cells appears unchanged.

We then studied the expression of a panel of genes involved in

rod development and function. NRL, as expected, showed a clear

downregulation at week 14 in NRL−/− OVs, with expression showing

a 10-fold reduction relative to control by week 25, most likely due to

F IGURE 2 Immunostaining of OV sections using retinal markers showed recapitulation of human retinal development in both WT and NRL−/−

OVs. Markers used at week 7 include the retinal progenitor cell marker VSX2, proliferation marker Ki67 (A, A0), early photoreceptor markers CRX
and Recoverin (RCVRN) (B, B0), and cone photoreceptor precursor cell marker RXRγ (C, C0). ZO-1 staining revealed the apical surface and
polarization of the OV neuroepithelium (D, D0). At week 14 of differentiation, OVs showed more complex organization with Ki67+ cells, and the
localization of VSX2+ cells in a deeper layer, consistent with a transition from retinal progenitors to bipolar cells (E, E0). Pan-photoreceptor
markers CRX and RCVRN stained cells on the outermost layer of the organoids, the presumptive outer nuclear layer (F, F0). RXRγ was used to
stain cone-precursor cells (G, G0) and ZO-1 to reveal the apical neuroepithelium (H, H0). At week 14 of differentiation, specific markers for rod
photoreceptor were used. NRL (I, I0) and NR2E3 (J, J0) are located in the outermost layer corresponding to the photoreceptors in WT control
samples, and undetectable in the NRL−/− OVs (N = 2; n = 4). Scale bar = 50 μm. DAPI, blue. DAPI, 4',6-diamidino-2-phenylindole; OV, optic
vesicles; WT, wild type
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F IGURE 3 Immunostaining of OV sections at retinal differentiation week 25. OVs present defined lamination and organization of cellular
layers, and a differential marker expression between WT and NRL−/− OVs. A,A0 , VSX2 was restricted to the cells underlying the ONL, suggesting a
presence of bipolar cells that connect with photoreceptors, whereas the proliferation marker Ki67 was undetectable, for both the control and
NRL−/− samples. B, B’, VSX2+ population contains a subset of double positive cells for the rod bipolar cell marker PKCa. C, C0 , CRX and Recoverin
stained the photoreceptor cells populating the ONL of both types of OVs. D, D0, ZO-1 labeled the apical surface indicating polarization of the OV
neuroepithelium. E, NRL localized in the nuclei of the presumptive ONL only in WT OVs. E0, Lack of NRL detected in the NRL−/− line. F, The NRL
downstream target NR2E3 localized across the WT OV external cell layer (presumptive ONL) but is absent in the NRL−/− OV (F0). G, Cone
photoreceptor marker Cone Arrestin (ARR3) is present in both WT and NRL−/− OVs, which show typical morphology of developing cones cells;
but rod-specific marker Rhodopsin (RHO) was present only in developing photoreceptor cell outer segments in WT OVs and could not be
detected in NRL−/− OVs (G0). H, H0, L/M-OPSIN labels the red and green cone subtypes, and distribution of positive cells is comparable in WT and
NRL−/− OVs. I, WT OVs develop a few S-cones, labeled with S-OPSIN, in line with human retinal development. I0, Strikingly, NRL−/− OVs present a
high proportion of S-opsin-positive cells, suggesting a shift in the genetic specification of newly generated photoreceptor cells. Scale bar = 50 μm.
DAPI, blue. NRL−/− differentiations, N = 3, n = 4 to 10 samples; WT, N = 2, n = 4. J, Quantification of S-OPSIN- positive cells (mean ± SD,
8.24% ± 1.45 in NRL−/−, n = 21 fields from nine samples, three experiments, compared with 0.49% ± 0.15 in WT OVs, n = 10 from three samples,
one experiment). ONL, outer nuclear layer; OV, optic vesicles; WT, wild type. DAPI, 4',6-diamidino-2-phenylindole
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F IGURE 4 qRT-PCR analysis of expression of a panel of photoreceptor genes and the neural retinal marker VSX2 in WT and NRL−/− OVs at
three time points, week 7, 14, and 25. Markers used were the pan-photoreceptor marker cone/rod-homeobox CRX, the rod markers NRL and
NR2E3 and cone markers THRB, RXRγ, OPN1MW, OPN1SW, and ARR3 (NRL−/− N = 4 differentiations w7, n = 6; w14, n = 4; w25 n = 6. WT, N = 3
differentiations; n = 4 for each time point). Other genes analyzed were GNGT1, expressed in rod outer segments, GRK7, involved in the cone
photoresponse, cone-specific phosphodiesterase PDE6H and MEF2C, putative regulator of rod to cone identity (NRL−/− N = 2 differentiations w7,
n = 4; w14, n = 4; w25 n = 4. WT, N = 2 differentiations; n = 4 for each time point). Samples were normalized to GAPDH and d0 (undifferentiated
stem cells), plot mean ± SD. **P < .01, ***P < .001, ****P < .0001. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; OV, optic vesicles;
qRT-PCR, quantitative real time PCR; WT, wild type
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nonsense mediated decay caused by the introduced mutation. The

NRL target and rod-specific transcription factor gene NR2E3 followed

a similar trend, with low, nondifferential expression at week 7, and a

drastic reduction in expression in NRL−/− OVs at week 14, falling to a

100-fold difference in samples by week 25. Finally, this same trend in

differential expression between samples was also observed with the

rod-specific photopigment gene RHO, whose expression is regulated

synergistically by NRL and CRX5,46; expression in NRL−/− OVs was

reduced relative to controls at week 14, and this difference was highly

significant by week 25.

A panel of cone markers was used to investigate whether the

increase in the number of cells positive for S-OPSIN in NRL−/− OVs

observed by immunohistochemistry, was coincident with an increase

in cone marker expression at the RNA level. By weeks 14 and

25, ARR3 expression in the edited NRL−/− line was significantly higher

than in controls. Similarly, expression of RXRγ, which is expressed by

cone precursor cells and cooperates with Thyroid Hormone Receptor

Beta (THRB) to suppress S-cone fate and promote M-cone generation

in mouse,40 is comparable between mutants and controls at week 7,

but significantly upregulated in NRL−/− OVs at later time points. THRB,

F IGURE 5 Immunostained OVs at retinal differentiation week 25 from WT and NRL−/− ESCs. A,A0, Synaptic markers Synaptophysin (SYN,
green) and PSD95 (magenta) define the putative plexiform layer between presumptive ONL and inner nuclear layer cells. B,B0, Synaptic markers
Synaptophysin (green) and calcium channel subunit CACNA1F (magenta) appear adjacent in the processes of the photoreceptor cells. C,C0 , Cone
marker cone arrestin (ARR3, magenta) and the synaptic protein RIBEYE (green) label photoreceptor layer and underlying synaptic ribbon. Panels
to the right are high magnification insets outlined by dotted line. D,D0, Glial marker GFAP (green) with nuclei in blue was used as a marker for
stress resulting in gliosis across the OV structure (N = 1, n = 2). E,E0, Müller glia marker SOX9 (green) together with GFAP (magenta) labeling cells
of the inner layer. Scale bars = 50 μm. ESC, embryonic stem cell; qRT-PCR, quantitative real time PCR; ONL, outer nuclear layer; OV, optic
vesicles; WT, wild type
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on the contrary, displays an inverted, but weaker pattern, with a

reduction in NRL−/− OVs relative to controls at every time point

analyzed.

Expression of the cone photopigment genes for S-OPSIN

(OPN1SW) and L/M-OPSIN (OPN1MW), which define the cone subtype

populations, were analyzed. In line with the protein observations,

S-OPSIN displayed a progressive and marked trend of upregulation

upon the loss of NRL, significant from week 14 and reaching 100-fold

difference at week 25. L/M-OPSIN showed a significant upregulation

at week 25, pointing to a possible influence of NRL loss in the genera-

tion of these cone subtypes.

Finally, we examined expression of four genes that were recently

reported to be altered in OVs derived from an induced pluripotent

stem cell (iPSC) line from a patient with an NRL mutation47: GNGT1

(G Protein Subunit Gamma Transducin 1), the gamma subunit of

transducin, found in rod outer segments,48 was downregulated in the

edited NRL−/− line at differentiation week 25; GRK7, a retina-specific G

protein-coupled receptor kinase involved in the cone photoresponse,49

was slightly upregulated, at week 25 in the NRL−/− line; MEF2C, mem-

ber of the MADS (MCM1-agamous-deficiens serum response factor)

family of transcription factors, did not show significant differential

expression at any stage; PDE6H, a cone-specific phosphodiesterase,

was downregulated in the NRL−/− samples at week 14 and 25.

2.5 | NRL−/− OVs establish comparable synaptic
connections and show similar glial marker expression
at late stages of differentiation compared to WT

Previous studies in the Nrl−/− mouse showed that in the absence of

rod photoreceptors, the rod bipolar cells form synaptic connections

with cones.14 As OVs represent a complex three-dimensional in vitro

retinal culture, capable of developing stratified layers of different cell

types50 we investigated the ability of the NRL−/− cells to establish

interlayer connectivity. We explored the potential for synaptic gener-

ation using immunostaining for various synaptic markers on 25-week-

old OV samples. We detected colocalization of the synaptic vesicle

protein Synaptophysin (SYN) and the postsynaptic marker PSD95

basally to the photoreceptor layer, between the ONL and the inner

layer of cells, defining a presumptive outer plexiform layer. Both con-

trol and NRL-deficient sections displayed positive staining of these

markers in a comparable fashion (Figure 5A,A0). We also used

CACNA1F, a calcium channel subunit expressed in photoreceptor

cells, and detected positive signal colocalization with Synaptophysin.

The pattern of expression for these synaptic markers was indistin-

guishable between control and NRL−/− sections (Figure 5B,B0). In addi-

tion, we used cone arrestin together with RIBEYE, the main

component of the synaptic ribbon,51 to visualize the cone photorecep-

tor cell synapses organized in the presumptive outer plexiform layer

underlying the polarized photoreceptor cell bodies (Figure 5C,C0).

To investigate whether the lack of NRL might have a detrimental

effect on OV integrity, resulting in reactive gliosis, a common feature

of retinal dystrophies,52 we stained mature retinal organoids sections

for activated retinal Müller glia cell marker, glial fibrillary acidic protein

(GFAP).53 The staining pattern was similar across the two genotypes,

being mostly evident beneath the ONL and throughout the core of

the organoids. No evidence of enhanced gliosis was observed in the

presumptive ONL of NRL-deficient organoids compared to WT

(Figure 5D,D0). To further characterize the inner cell layer of the OVs,

we used SOX9, a marker of Müller glia cells, in addition to GFAP.53,54

In both WT and NRL−/− samples, the SOX9 positive cells were located

internal to the presumptive ONL, consistent with the native retinal

organization of Müller glial cells (Figure 5E,E0).

3 | CONCLUSION

Mammalian retinogenesis is a highly conserved biological process,55

although striking differences remain between humans and the mouse

models available. The recent expansion of CRISPR/Cas9-gene editing,

human iPSCs and organoid technologies has opened up an extensive

platform for researchers to model a myriad of developmental and

pathological processes.56-59 Here we report the first NRL-deficient

human ESC line, which has been used to investigate the role of NRL

in human photoreceptor development and show that human rods

share a highly conserved developmental pathway, where NRL is

required to form rod photoreceptors, and in its absence increased

numbers of photoreceptor precursors acquire an S-cone-like pheno-

type instead. This work allows the future exploration of preclinical

potential therapeutic strategies using these supernumerary human

cones-like cells.60

4 | DISCUSSION

By generating a human ESC line with an NRL homozygous null muta-

tion, we were able to directly study its effect on retinogenesis in vitro.

We introduced a mutation creating a nonsense mutation p.(Trp74*),

close to the predicted null NRL allele, p.(L75fs), previously reported in

ESCS cases with signs of retinal degeneration, clumped pigmentary

retinopathy, and preservation of blue cone function.24,25 We

observed in the organoid model that the loss of functional NRL

increases the number of S-OPSIN positive cells and abolishes NR2E3

expression, which mimics the molecular mechanism behind ESCS;

generation of OVs was not affected, consistent with no published

reports of disruption of embryonic eye development in ESCS cases.

The lack of NRL did not appear to affect directly the viability of retinal

organoids, since we did not observe an increase in degeneration at

early or later culture stages, and NRL−/− OVs have been maintained

up to 30 weeks in culture regardless of the cell line genotype

(Figure 1 and data not shown). No increase of gliosis was observed in

GFAP-stained OVs, suggesting that the lack of functional NRL in

human photoreceptors drives a change of fate in these cells, without

compromising the integrity of the retinal organoids (Figure 5D,D0).

The OVs mimic neural retinal tissue and include Müller glia cells

labeled with SOX954,61 (Figure 5E,E0). ESCS patients often present
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with clumped pigmentary retinal degeneration, characterized by large

clumped pigmented deposits in the RPE of the fundus. Such cases

have been described in individuals with recessive mutations in NR2E3

or NRL, suggesting a common genetic basis.22,24,26,62,63 The protocol

used in our study recapitulates the formation of the neural retina,

which lacks a juxtaposed RPE layer, making it not very suitable to

address RPE phenotypes like clumped pigmentary retinal degenera-

tion, nevertheless we did not observe any abnormal pigmentation

arising within the NRL−/− OV structures.

In mouse, the rodless Nrl−/− retina transiently develops whorls or

“rosettes” in the ONL and the photoreceptor outer segments were

shorter than those of the WT.7,11 These structural changes may result

from a conformational alteration due to the loss of rods, leaving super-

numerary cones lacking organization and RPE contact, causing degener-

ation, although in a time-restricted manner, before stabilization.11,64,65

Similar structural abnormalities were described in retinal tissue from a

patient affected by NR2E3 mutations, and attributed to the excessive

number of cones produced instead of rods, which pushes the tissue and

produces convex folds.11,27 In the organoid model, the loss of NRL did

not cause an abnormal histological organization of the ESC-derived OVs,

nor did it have an effect on epithelial polarity compared to the controls,

as seen in the histological analysis using apical marker ZO-1 (Figure 3C,

C0). By week 25, both NRL-deficient and control organoids lacked

mature outer segment formation, but show clear evidence of nascent

segment structures extending beyond the ONL (Figure 3G-I0). Occasion-

ally, OVs presented “rosette-like” structures, with round doughnut-like

organization of neuroepithelium inside of the organoid; however, we

observed this phenomenon in several lines (control, edited, and other

PSCs, data not shown) and therefore attributed it to the variability of

the OV organization, not the NRLmutation.

We report the consequences of edited NRL loss-of-function muta-

tion in organoids on the expression profile of several retinal genes and

markers of cell fate. VSX2, expressed by bipolar cells at later tim-

e points, is reduced relative to controls. This is noteworthy for several

reasons: development of bipolar cells and rod photoreceptors are

closely related in mammals66; a direct relationship between VSX2 and

NRL has not been described, although it has been previously proposed

that VSX2 represses photoreceptor differentiation in mouse.66,67 Our

human data suggest a feedback loop, whereby absence of NRL at later

stages leads to reduced VSX2 gene expression. The cone rod homeo-

box gene, CRX, that interacts with NRL,46 shows comparable levels of

expression by week 14 and 25. The dramatically reduced expression of

the NRL targets NR2E3 and RHO in the NRL-deficient organoids rela-

tive to controls indicating loss of differentiated rod cells is consistent

with NRL acting as a key regulator for rod specification. Consequently,

cone photoreceptor genes showed an elevated expression in NRL−/−

OVs compared to controls. ARR3, RXR, and THRB are expressed earlier

in development, and the latter two are known to be involved in cone

specification in mouse.68 Expression of ARR3 and RXR is higher in NRL-

deficient OVs than controls at the RNA level, which is consistent with

an enhanced cone identity of cells in the NRL-deficient samples. Nota-

bly, in contrast to the direct regulation of the Mef2c promoter activity

by Nrl in mice suggesting its role in rod development,69 we found no

evidence supporting NRL regulation of MEF2C. MEF2C expression was

unchanged in the human NRL−/− OVs organoids and Kallman et al47

showed MEF2C was enriched in cone photoreceptors, suggesting

MEF2C may play a different role, and is differently regulated, in

humans and mice.

Nrl is known to interact with cone-specific genes to repress their

activity, and has been shown to bind the promoter region of ThrB,

responsible for M-cone specification9; this de-repression effect might

explain the results of reduced THRB gene expression in NRL−/−

organoid samples. Previous studies in mouse have reported variable

impact of Nrl loss on expression of M-cone specific marker Opn1mw;

earlier studies indicate no changes in Opn1mw protein expression,7,64

whereas others report a slight increase in gene expression levels27,70

and the presence of both S and M-OPSIN pigment in the physiological

responses of Nrl−/− photoreceptors.11,13 Here, we observed a large

increase in OPN1SW expression and a modest increase in OPN1MW

gene expression in late time point NRL−/− OVs (Figure 4), although

L/M-OPSIN protein distribution appeared equivalent (Figure 3H,H0).

These data suggest a role for NRL, whether direct or indirect, in

influencing L/M-cone specification in mammals, in addition to the

established repression of S-cone identity.

Assessment of the ultrastructural, molecular, and electrophysio-

logical features of photoreceptors cells from Nrl−/− mice showed

remarkable similarity to bona-fide cones, while other studies suggested

the generation of intermediates between rods and cones.11,13,70 A

study on retinal organoids derived from a patient iPSC line with an

NRLmutation similar to that engineered here in ESC was recently pub-

lished.47 This study characterized cone and rod photoreceptors using

immunostaining and single cell RNA sequencing techniques. Consis-

tent with our work, an increase in S-OPSIN+ cells was observed in the

iPSC line, which lacks expression of rod proteins. Interestingly, the sin-

gle cell analysis revealed two S-OPSIN+ populations, one similar to

WT S-cones, and a second one that displays some rod photoreceptor

features. Consistent with mouse studies, these results point to the

existence of a hybrid population termed “cods” and indicate aspects

of human rod photoreceptor specification are independent of NRL.

Most features measured in Nrl−/− cells in the mouse model sug-

gest they are healthy and functional,11 and they connect to rod bipo-

lar cells, implying that the type of photoreceptor connections is not

pre-established based on cell type.14 We observed that NRL−/− OVs

form organized layers that express synaptic markers, similar to control

organoids, and therefore it appears that the main consequence of los-

ing functional NRL is the change in photoreceptor identity, without

compromising cellular homeostasis. Our system therefore represents

an in vitro human model that generates supernumerary S-cone-like

cells and L/M-cones, but not rods, rather than a human retinitis

pigmentosa model, associated with harmful gain of function mutations

and characterized by degenerative features.

Several groups have recently explored tampering with Nrl as a

therapeutic approach to stimulate the endogenous generation of

cones capable of rescuing degeneration and cone-specific visual

function. Using various methods to repress, eliminate or generate a

loss-of-function Nrl mutation in mouse models of retinal degeneration,
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retinal degeneration was prevented by reprogramming rods to cones,

accompanied by a recovery of ONL architecture and an increase in

cone marker expression.71-74 Nrl-deficient cone-like mouse photo-

receptors have also been transplanted subretinally in a model of

retinal dystrophy and shown to restore some photopic vision.75

The culture of human cells as organoids presents an opportunity to

generate virtually unlimited specific cells for transplantation therapy,

provided that these are physiologically functional. Photoreceptors must

be capable of establishing synapses with second order retinal cells in

order to be a relevant product for cell therapy. Previously, a study using

Nrl−/− mice reported that expression of the synaptic calcium channel

component CACNA1F is altered in the mutant adult, but not newborn

retinas, suggesting a role for Nrl in its maturation.67 By contrast, Nrl

overexpression in mouse results in cone-deficient retinas that maintain

synaptic organization with expression of the postsynaptic protein

PSD95.9 In the present work, we showed that OVs at 25 weeks, equi-

valent to a mid-gestational stage develop distinct layers of cells that

organize in a comparable manner to the human retina. The photorecep-

tor cells in the NRL−/− OVs showed evidence of synaptic connections by

organized distribution of several key human synaptic markers

(PSD98,29,32 synaptophysin,50 and RIBEYE51 in a presumptive plexiform

layer, suggesting the generation of cone cells capable of establishing

connectivity across cell layers; Figure 5A,A0 ,B,B0 ,C,C0). We did not detect

differences in synaptic marker distribution in control and NRL-deficient

OVs suggesting capacity for photoreceptor connectivity was not dimin-

ished at this stage in the cone-rich human organoids, although specific

markers for human cone synapses are not available.

In summary, our study indicates the value of using genetically

modified cell lines to characterize the retinal developmental events in

humans and to generate new disease models for in vitro study. Modi-

fied OVs also represent a potential source of abundant cone photore-

ceptor cells for use in generating a cell product suitable for cone cell

replacement transplantation therapy. However, clinical application

would be contingent upon regulatory approval of such genetically

modified human ESCs.

5 | METHODS

Additional details are provided in Supporting Information Methods.

5.1 | ESC culture

Human ESCs were routinely maintained on Laminin-coated 6 well

plates on NutriStem medium. When at 80% to 90% confluence, cells

were lifted using EDTA 0.5 mM and replated at 10 000 cells/cm2.

5.2 | CRISPR/Cas9 gene ablation of NRL

To generate an NRL-deficient ESC line, we designed a small asymmet-

ric ssODN33 to insert a STOP codon at the a.a. position 74 of NRL.

We electroporated the ssODN donor together with a plasmid con-

taining the NRL sgRNA and a Cas9 sequence in ESCs; selected colo-

nies were screened for the insertion of the donor sequence, and one

clone homozygous for the designed mutation (NRL−/−) was identified.

5.3 | Retinal differentiation

Both parental MShef10 and NRL−/− ESCs were subjected to retinal

differentiation using a previously published protocol.28 Briefly, cells

were cultured to confluence and cultured in Neural Inductive Media

until beginning to form three-dimensional OVs. These are picked

before week 7 of differentiation and further cultured in RDM.

5.4 | Immunohistochemistry

OVs were fixed in a 4% paraformaldehyde (PFA) solution, and

cryopreserved to generate 12 μm sections. Slides were incubated with

the primary antibody O/N at 4�C, followed by secondary antibody

incubation 2 hours at R/T and 4',6-diamidino-2-phenylindole (DAPI)

counterstaining. Antibodies used are listed in Table S1.

5.5 | Quantitative PCR

Triplicate samples of independently cultured OVs were isolated at

week 7, 14, and 25; undifferentiated ESCs were used as control. RNA

was extracted using the RNeasy Micro Kit and cDNA was synthesized

using the RevertAid H Minus First Strand cDNA Synthesis Kit.

qRT-PCR was performed using Glyceraldehyde 3-phosphate dehydro-

genase (GAPDH) as reference gene and Ct values were analyzed as pre-

viously described.76 Primers sequences are in Table S2.
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Conditional Dicer1 depletion using 
Chrnb4-Cre leads to cone cell death 
and impaired photopic vision
eduardo Zabala Aldunate1, Valentina Di Foggia1, Fabiana Di Marco1, Laura Abelleira Hervas3, 
Joana Claudio Ribeiro3, Daniel L. Holder1, Aara patel1, tommaso B. Jannini1, 
Dorothy A. thompson4, Juan pedro Martinez-Barbera2, Rachael A. pearson3, Robin R. Ali3 & 
Jane C. sowden1

Irreversible photoreceptor cell death is a major cause of blindness in many retinal dystrophies. A 
better understanding of the molecular mechanisms underlying the progressive loss of photoreceptor 
cells remains therefore crucial. Abnormal expression of microRNAs (miRNAs) has been linked with 
the aetiology of a number of retinal dystrophies. However, their role during the degenerative process 
remains poorly understood. Loss of cone photoreceptors in the human macula has the greatest impact 
on sight as these cells provide high acuity vision. Using a Chrnb4-cre; Dicerflox/flox conditional knockout 
mouse (Dicer CKo) to delete Dicer1 from cone cells, we show that cone photoreceptor cells degenerate 
and die in the Dicer-deleted retina. embryonic eye morphogenesis appeared normal in Dicer CKo 
mice. Cone photoreceptor abnormalities were apparent by 3 weeks of age, displaying either very 
short or absent outer segments. By 4 months 50% of cones were lost and cone function was impaired 
as assessed by electroretinography (eRG). RNAseq analysis of the Dicer CKo retina revealed altered 
expression of genes involved in the visual perception pathway. these data show that loss of Dicer1 
leads to early-onset cone cell degeneration and suggest that Dicer1 is essential for cone photoreceptor 
survival and homeostasis.

Vision relies on the proper function of two types of light-sensitive photoreceptor cells: rods and cones. Although 
in mammals cone photoreceptors are considerably less abundant than rods, they are critical for daylight colour 
vision and visual acuity. Photoreceptor cells are metabolically highly active, needing high rates of protein synthe-
sis and trafficking from the inner to the outer segments via the connecting cilium to maintain visual cycle func-
tion1. They are constantly under photo-oxidative stress and their lipid-enriched outer segments are vulnerable to 
oxidative stress. These characteristics are thought to make photoreceptors especially susceptible to degeneration2. 
While many genes have been associated with photoreceptor degeneration1 (RetNet http://www.sph.uth.tmc.edu/
RetNet/), the molecular mechanisms leading to outer segment impairment and cell death are still poorly under-
stood. In most conditions leading to photoreceptor degeneration, whether genetic-based or injury-induced, outer 
segment defects precede photoreceptor cell death3,4.

MicroRNAs (miRNAs) are small post-transcriptional regulators of gene expression5,6 shown to be important 
in cells that undergo cellular stress7. Primary miRNAs are first processed in the nucleus into precursor miRNAs 
by a DROSHA/DGCR8 complex and then in the cytoplasm into mature functional miRNAs by DICER1, an 
RNase type III endonuclease that is essential for generating mature functional miRNAs8. More than 250 miRNAs 
have been identified in the mouse neural retina9–13, with some fluctuating significantly in different models of 
photoreceptor degeneration14,15. For instance, the miR-183 cluster (miR-183; -182 and -96), which is the most 
abundant miRNA family in the retina and highly enriched in both cones and rods9,12,16,17 was downregulated in 
four models of retinitis pigmentosa14,15. Other studies have shown that inactivation of the miR-183 cluster results 

1Stem Cells and Regenerative Medicine Section, UCL Great Ormond Street Institute of Child Health, 30 Guilford 
Street, London, WC1N 1EH, UK. 2Developmental Biology of Birth Defects Section, UcL Great Ormond Street 
Institute of Child Health, 30 Guilford Street, London, WC1N 1EH, UK. 3UcL institute of Ophthalmology, 
Department of Genetics, London, 11-43 Bath Street, London, EC1V 9EL, UK. 4clinical and Academic Department of 
Ophthalmology Great Ormond Street Hospital for Children NHS Foundation Trust, London, UK. Correspondence and 
requests for materials should be addressed to J.c.S. (email: j.sowden@ucl.ac.uk)

Received: 30 October 2017

Accepted: 3 December 2018

Published: xx xx xxxx

opeN



www.nature.com/scientificreports/

2Scientific RepoRts |          (2019) 9:2314  | https://doi.org/10.1038/s41598-018-38294-9

in photoreceptor degeneration upon light-induced damage18, or electroretinography (ERG) defects first, followed 
by age-induced photoreceptor degeneration19. Several targets of the miR-183 cluster have been recently identified, 
notably Rac120, whose upregulation leads to specific rod photoreceptor degeneration21 and knockout promotes 
rod survival against photo-oxidative stress22. In addition, knockout of Rncr3, the main source of miR-124a, causes 
apoptosis of newly differentiated cones, together with severe CNS abnormalities23.

During retinal histogenesis, cone photoreceptor cells are one of five main types of retinal neuron generated 
from multipotential retinal progenitor cells (RPCs)24. Cre-mediated loss of Dicer1 in RPCs leads to widespread 
ocular defects (using Chx10-, αPax6- Dkk3- and, Rx- cre-drivers), including microphthalmia, abnormal develop-
mental timing of generation of retinal cell types, apoptosis of retinal progenitors and progressive retinal degener-
ation25–28. Less is known however, about the specific requirement for DICER1 function in individual postmitotic 
retinal cell types. Dicer1 knockout (i7 Rho cre-driver) in postmitotic rods led to rod outer segment impairment by 
2 months of age and loss of rods by 3.5 months of age29, along with downregulation of the miR-183 cluster (miR-
183, miR-182, miR-96). miRNAs depletion from adult cones via Dgcr8 knockout (D4opsin- cre-driver), led to 
outer segment loss by 2 months of age, accompanied by loss of cone function, but cone death was not reported16. 
Delivery of exogenous miR-183 and miR-182 stopped outer segment loss, but cone photoreceptor survival was 
not affected and there is some evidence that miRNAs can by-pass Drosha processing30.

In this study we investigated the effect of conditional Dicer1 knockout in developing cones using a neuronal 
acetylcholine receptor subunit beta-4 (Chrnb4)-cre driver to elucidate directly whether DICER processing of 
miRNAs is needed for cone photoreceptor survival. We show that Dicer1-depleted cone photoreceptor cells 
quickly degenerate and die, thus demonstrating a role for DICER1 in cone survival. Cone ERGs were abnormal 
and RNAseq transcriptome analysis of the Dicer1 CKO retina revealed gene dysregulation. These data suggest that 
loss of Dicer1 function in cones leads to cone cell degeneration in a process that is reminiscent of a cone dystro-
phy, in which cones are primarily affected and rods remain unaffected.

Results
Chrnb4-cre drives recombination in developing cones. Using Chrnb4-GFP BAC transgenic mice31, we 
confirmed the previously reported expression of the Chrnb4-GFP transgene specifically in cone photoreceptors 
of the adult retina32 (Fig. 1A). Chrnb4-GFP expression co-labelled with cone markers RxRγ and cone arrestin 
(CA) (Fig. 1B,C) by postnatal day P8, indicating that Chrnb4-GFP is also a marker of postnatal developing cones 
(Fig. 1). A recent paper also reported expression in a sub-population of early retinal progenitors that is progres-
sively restricted to maturing cones33. Together these data indicate that a Chrnb4-cre driver may be useful for 
cone conditional ablation studies. Next, we crossed a Chrnb4-cre BAC transgenic mouse line generated using the 
same BAC clone as Chrnb4-GFP mice31 with R26YFP mice34 in order to assess the recombination profile of the Cre 
recombinase driven by the Chrnb4 promoter. By E17 in Chrnb4-cre; R26YFP retinas, YFP expression was detected 
in a few RxRg-positive (Fig. 1E, white arrows) and OTX2-positive cells (Fig. 1F, white arrows), markers for cone 
precursor and photoreceptor progenitor cells respectively. Some patchy distribution of YFP was also observed 
extending across the full thickness of the retina indicative of clonal descendants of single recombined progenitors 
(Fig. 1E,F). By 6 weeks of age, Chrnb4-cre-mediated recombination had occurred in most cone arrestin-express-
ing cones (Fig. 1G, white arrows) consistent with Chrnb4-cre activity in cone photoreceptor cells. YFP expression 
was also detected in a number of Pax6-expressing inner retinal cells (Fig. 1H, white arrow heads), but was not 
detected in CHX10-positive bipolar cells (Fig. 1I, asterisks). Analysis of earlier embryonic stages showed that at 
E12, when the retina is mainly comprised of retinal progenitor cells (RPCs), a small subset of CHX10-positive, 
YFP-positive RPCs was observed (Fig. 1J, white arrows) with a variable distribution between embryos, suggesting 
that the YFP positive inner retinal cells observed in adult mice derive from these RPCs, as Chrnb4GFP expression 
was not detected in adult INL cells (Fig. 1A). No YFP expression was detected in RPE cells (Fig. 1F, blue arrows). 
This analysis demonstrated that Chrnb4-cre drives recombination mostly in cones, with additional Cre activity in 
some progenitor cells leading to labelled progeny cells in the INL and GCL.

Normal retinal histogenesis and cone birthing in Dicer CKo. To assess the in vivo physiological 
impact of the conditional loss of Dicer using the Chrnb4-cre driver, crosses with Dicerflox/flox knock-in mice were 
made to generate Chrnb4-cre; Dicerflox/flox conditional knockout mice (referred to as Dicer CKO). Recombination 
of the Dicer locus in Dicer CKO retina was confirmed by genomic PCR and Reverse transcription (RT) PCR; 
deletion of the region encoding the essential Dicer RNaseIII domain (exons 20 and 21) was detected in retinal 
DNA and Dicer mRNA (Supplementary Fig. 1). By E17 the eye morphology of Dicer CKO was not different from 
control mice and no signs of microphthalmia were detected (Fig. 2A,B). Like in control mice, the forming retinal 
ganglion cell layer was visible (Fig. 2A,B) and the neuroblastic layer (NBL) displayed no significant thickness 
difference (Fig. 2C), suggesting Dicer CKO mice did not display embryonic apoptotic, or proliferative defects, 
despite the low level of Cre activity in RPCs.

As depletion of Dicer in Pax6-expressing RPCs was previously reported to cause an increased number of 
peripheral early born cell types by E1626, we carried out an analysis of the NBL to assess whether low levels of 
RPC recombination by E17 could have led to a similar early phenotype. No significant difference was observed in 
the number of peripheral or central BRN3A+ve ganglion cells (Fig. 2D–F), OTX2-expressing photoreceptor pro-
genitors (Fig. 2G–I), and AP2+ve horizontal and amacrine cells (Fig. 2J–L) between Dicer CKO and control mice. 
Moreover, no significant difference was detected in the number of cleaved caspase 3-expressing cells (Fig. 2M–O). 
These results show that, in line with earlier studies25 (using Chx10-Cre; Dicerflox/flox mice), mosaic recombination 
observed in a few RPCs did not lead to any early major morphological defect.

To assess if cone birthing was affected, we counted the number of peripheral and central RxRg+ve cone precur-
sors35 and found no significant differences between control and Dicer CKO retinas (Fig. 2P–R). Considering that 
under normal conditions all cones in the central retina and most cones in the peripheral retina are already born 
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Figure 1. Chrnb4-GFP and Chrnb4-cre expression in developing and adult cone photoreceptor cells. (A) 
Immunostaining of adult (6 week old) Chrnb4-GFP retinas. Chrnb4-GFP expression co-labels with the 
expression of cone marker CA in the ONL. (B–D) Immunostaining of P8 Chrnb4-GFP retinas. Chrnb4-GFP 
expression co-labels with the expression of cone markers RxRγ (B) and CA (C) but not with the expression 
of rod marker RHO (D). See Supplementary Figs 3 and 4 for the separate channels of the data shown in 
the merged images in A & B. (E,F) Immunostaining on E17 Chrnb4-cre; R26YFP retinas using an anti-GFP 
antibody to amplify the YFP signal intensity. YFP expression is detected in some RxRγ+ve cones (white arrows), 
while most cones remain YFP-ve (E, yellow arrows). YFP expression is also seen in some OTX2-expressing 
photoreceptor progenitors (F, white arrows). Yellow arrows indicate OTX2+ve cells that are not YFP+ve. OTX2+ve 
RPE cells do not express YFP (blue arrows). (G–I) Immunostaining on adult (6 weeks old) Chrnb4-cre; R26YFP 
retinas. YFP expression was detected in CA+ve cones (G, white arrows) and in a few inner retinal cells including 
some PAX6+ve cells (H, white arrowheads). Most Pax6+ve cells in the inner retina remained YFP-ve (H, yellow 
arrowheads). CHX10+ve bipolar cells were mainly YFP-ve (I, asterisks). (J) Immunostaining on E12 Chrnb4-cre; 
R26YFP retinas was also performed. YFP expression was detected in a subset of CHX10+ve RPCs (white arrows). 
CA: cone arrestin. RxRγ: retinoid x receptor gamma. RHO: rhodopsin. RPE: retinal pigment epithelium. ONL: 
outer nuclear layer. INL: inner nuclear layer. GCL: ganglion cell layer. RPC: retinal progenitor cells. Scale bars: 
30 μm. Scale bars of insets: 10 μm.
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Figure 2. Retinal histogenesis and cone birthing not affected in Chrnb4-cre; Dicerflox/flox mice at E17. 
(A,B) Reconstruction of E17 control (A) and Dicer CKO (B) retinas. (C) Measurement of the NBL. 
Immunohistochemistry and quantification of cells were carried out for BRN3A+ve ganglion cells (D–F), 
OTX2+ve photoreceptor progenitors (G–I), AP2+ve amacrine and horizontal cells (J–L), CC-3+ve apoptotic cells 
(M–O) and RxRγ+ve cone precursors (P–R) in control and Dicer CKO E17 retinas. See Supplementary Figs 5–8 
for the separate channels of the data shown in the merged images. Error bars indicate standard error of the 
mean. NBL: neuroblastic layer. GCL: ganglion cell layer. RPE: retinal pigment epithelium. CKO: conditional 
knockout (Chrnb4-cre; Dicerflox/flox). Controls: Dicerflox/+ and Dicerflox/flox littermates of Dicer CKO. Scale bars of A 
and B: 100 μm. Scale bars of D-Q: 30 μm. Scale bars of insets: 10 μm.
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by E1736, these data suggest that cone photoreceptor precursor cell genesis is not perturbed in Dicer CKO mice. 
Together these data indicate that Dicer CKO mice display normal early eye formation and early retinal develop-
ment and retinogenesis, with all cone precursor cells being born.

Cone and inner retinal abnormalities by P21 in Dicer CKO. By postnatal day (P) 21, wild type cone 
photoreceptors display inner and outer segments; both cell bodies and segments were immuno-labelled by cone 
arrestin (CA) (Fig. 3A,C, white arrows). In Dicer CKO mice impaired or absent cone inner/outer segments were 
readily apparent (Fig. 3B,D, yellow arrows) compared to controls. Counting of CA+ve cones showed a 15.7% and 
an 18.8% decrease in the number of cones in Dicer CKO peripheral (165.1 ± 12.2 CA+ve cells/mm in control 

Figure 3. Cone abnormalities by P21 in Dicer CKO mice. (A–D) Immunostaining for CA of P21 control (A,C) 
and Dicer CKO (B,D) peripheral and central retinas. White arrows indicate normal wild type segments. Yellow 
arrows indicate abnormal short segments (E) Quantification of CA+ve cone photoreceptors. (F) Measurement 
of the ONL thickness. (G) Average length of CA+ve segments (IS + OS). (H) Graph showing the percentage of 
cones displaying long (>20 μm), medium (10–19.99 μm) and short segments (<10 μm) in control and Dicer 
CKO peripheral and central retinas. (I–L) Immunostaining for the cone outer segment marker LM OPSIN. OS: 
outer segments. IS: inner segments. ONL: outer nuclear layer. INL: inner nuclear layer. OPL: outer plexiform 
layer. GCL: ganglion cell layer. CA: cone arrestin. *Indicates p-value < 0.05. Mann-Whitney non parametric test 
was used. Error bars indicate standard error of the mean. Scale bar: 30 μm. Scale bar of insets: 10 μm.



www.nature.com/scientificreports/

6Scientific RepoRts |          (2019) 9:2314  | https://doi.org/10.1038/s41598-018-38294-9

and 139.1 ± 5.1 CA+ve cells/mm in Dicer CKO; p = 0.1508) and central retinas (179.6 ± 10.9 CA+ve cells/mm 
in control and 145.9 ± 6.0 CA+ve cells/mm in mutant; p = 0.0317), respectively (Fig. 3E). Conversely, when the 
thickness of the ONL was measured no apparent size difference was observed, suggesting that rod survival was 
not significantly affected (Fig. 3F). The CA staining also revealed the strikingly shortened segments of the remain-
ing cones (Fig. 3A–D, yellow arrows) and the abnormal outer segments in Dicer1 CKO mice were confirmed by 
LM opsin staining (Fig. 3I-L). Dicer-depleted cones displayed much shorter segments on average (19.7 ± 0.5 μm 
vs 8.8 ± 1.2 μm in the periphery, p = 0.0286 and 21.7 ± 2.2 μm vs 10.6 ± 1.9 μm in the central retina, p = 0.0286) 
(Fig. 3G); with over 50% of cones (61.6% in the periphery vs 52% in the central retina) displaying very short or 
absent segments (<10 μm), compared to less than 12% in the control retinas (9.8% in the periphery vs 12% in the 
central retina) (Fig. 3H).

By contrast to the observed effect on cone cells, INL thickness was not significantly different between control 
and Dicer CKO retinas (Fig. 4 and data not shown). Counting CHX10+ve bipolar (Fig. 4A–C) and AP2+ve amac-
rine cells (Fig. 4D–G) revealed no significant differences. However, BRN3A-expressing ganglion cells (Fig. 4H–J) 
and OC1-expressing horizontal cells (Fig. 4K–M) were partially depleted in Dicer CKO retinas, consistent with 
the Chrnb4-cre; R26YFP expression observed in a subset of these cells (Fig. 1H). The number of BRN3A+ve gan-
glion cells was significantly decreased, by 37%, in the periphery of Dicer CKO retinas when compared to con-
trols (34.8 ± 3.1 cells/mm in Dicer CKO vs 54.9 ± 2.8 cells/mm in controls, p = 0.0286), whereas the effect in the 
central retina was non-significant (13% reduction; 64.3 ± 9.7 cells/mm in Dicer CKO vs 73.9 ± 4.1 cells/mm in 
controls, p = 0.4857) (Fig. 4J). Conversely, a significant 28% decrease in the number of central OC1-expressing 
horizontal cells was observed in Dicer CKO (19.3 ± 0.37 cells/mm, p = 0.0286) when compared to control retinas 
(26.7 ± 1.8 cells/mm) but differences were not observed in the peripheral retina (18.3 ± 0.78 cells/mm in Dicer 
mice vs 20.7 ± 1.7 cells/mm in controls, p = 0.6571) (Fig. 4M). These results suggest loss of Dicer negatively 
affected the maturation and/or survival of ganglion and horizontal cells, in addition to cone cells. As neither 
horizontal cell ablation in mice37 nor ganglion cells loss in monkey eyes led to cone cell death38, it appears unlikely 
that the loss of horizontal and ganglion cells observed in Dicer CKO retina led to cone cell loss and suggests that 
the cone loss was cell autonomous.

Cone photoreceptor degeneration. To address whether cone cells exhibiting impaired segment structure 
by P21 showed progressive degeneration, we analysed the Dicer CKO retinas at both 3.5 and 6 months of age. 
Immunohistochemical analysis for cone arrestin (Fig. 5) revealed a further significant severe reduction in the 
number of cones by 3.5 months in both the peripheral (54.4% decrease: 141.1 ± 3.8 CA+ve cones/mm in control 
vs 64.3 ± 13.4 CA+ve cones/mm in CKO, p = 0.0286) and central Dicer CKO retinas (46.74% decrease: 167.6 ± 4.1 
CA+ve cones/mm in control vs 89.3 ± 10.5 CA+ve cones/mm in CKO, p = 0.0286) (Fig. 5A–E). Analysis of 6 month 
old Dicer CKO retinas also displayed a significant reduction in cone cell numbers compared to age-matched con-
trols (52.7% decrease in the periphery: 125.8 ± 4.5 CA+ve cones/mm in control vs 60.3 ± 5.5 CA+ve cones/mm in 
CKO and 58.5% decrease in the central retina: 161.6 ± 7.0 CA+ve cones/mm in control vs 67.0 ± 7.6 CA+ve cones/
mm in CKO, p < 0.05) with the level of cell loss at this time point similar to that at 3.5 months (Fig. 5F–H). Like 
at P21, the segments of the remaining cone photoreceptors at 3.5 months of age were shorter on average in Dicer 
CKO in both the periphery (20.1 ± 0.3 μm in control and 11.2 ± 1.6 μm in CKO, p = 0.0286) and central retinas 
(21.6 ± 0.8 μm in control and 14.8 ± 0.9 μm in CKO, p = 0.0286), with most of the remaining cones having very 
short or absent segments (Fig. 5I,J).

The thickness of the ONL remained unchanged compared to control, indicating rod survival was not affected 
(Fig. 5A–L). As Muller glial cell GFAP reactivity is a common indicator of glial hypertrophy and activation in 
retinal degeneration we compared GFAP immuno-staining between the control and Dicer CKO retina. Some 
increased GFAP reactivity was apparent in the Dicer CKO retina, while laminar retinal architecture was main-
tained (Supplementary Fig. 2). In addition, toluidine blue staining on 4 month old retinas revealed no differences 
in the length and orientation of rod segments between control and Dicer CKO mice (Fig. 5M,N). Furthermore, 
rhodopsin staining was still visible in 6 month Dicer knockout retinas (Fig. 5K,L). Together these data indicate 
that loss of cone photoreceptors did not affect rod survival and morphology. As toluidine blue staining distin-
guishes the nuclear morphology of cone photoreceptors based on their heterochromatin (Fig. 5M,N, green dashed 
lines), we found that control retinas could be readily differentiated from mutant retinas (less cones) (Fig. 5M,N), 
further demonstrating the cone survival defects observed by immunohistochemistry. The morphology of the INL 
appeared normal by 3.5 months (Fig. 5M,N) and no difference in its thickness was observed between control and 
Dicer CKO retinas (data not shown). In addition, 3.5 month old Chrnb4-cre control retinas displayed normal 
cone morphology (Fig. 5O), indicating the cre recombinase did not have cytotoxic effects.

Impaired retinal function in Dicer CKo. Electroretinography (ERGs) was performed to assess the effect 
of Dicer1 loss on retinal function in Dicer CKO mice. In line with the observed 50% loss of cones, photopic 
a-wave amplitudes, which reflect photoreceptor function, were significantly reduced in 4 month Dicer CKO when 
compared to controls (Fig. 6A,C). a-wave peak times were not significantly different between the two groups 
(data not shown). The photopic b-wave amplitudes, which depend on the presence of the a-wave and reflect 
photoreceptor function, synaptic transmission from photoreceptors to bipolar cells and bipolar cell function39 
were also reduced (Fig. 6A,D). These data indicate the overall function of cone photoreceptors within the Dicer 
CKO retina was impaired when compared to control. Conversely, scotopic a-wave amplitudes were not signifi-
cantly affected, indicating that rod function was not significantly affected (Fig. 6B,E). A trend of reduced scotopic 
a-wave amplitudes was however observed at high flashes (10, 31.6 and 75.28 cd.s/m2) (Fig. 6E), which could be 
due to the mixed cone/rod response obtained at these higher light intensities40. To isolate the rod component 
of the a-wave at these intensities, the scotopic a-wave amplitudes at 8 ms were plotted at 10, 31.6 and 75.25 cd.s/
m2 (Fig. 6G). Again, no significant difference was observed between control and Dicer CKO retinas, indicative 
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of normal rod function and consistent with our histochemical observations. Scotopic b-waves were however 
significantly reduced in Dicer CKO retinas (Fig. 6F), which may be attributable to the impaired cone function, or 
could possibly reflect the horizontal cell loss in the Dicer CKO retina, as has been previously described in a study 
ablating horizontal cells37.

Figure 4. Abnormalities in some inner retinal cells by P21 in Dicer CKO. Immunostaining and quantification 
of CHX10+ve bipolar cells (A–C), AP2+ve amacrine and displaced amacrine cells (D–G), BRN3A+ve ganglion 
cells (H–J), and OC1+ve horizontal cells (K–M), for control and Dicer CKO peripheral and central retinas. See 
Supplementary Figs 9–11 for the separate channels of the data shown in the merged images in A, B, H, I, K, L. 
ONL: outer nuclear layer. INL: inner nuclear layer. GCL: ganglion cell layer *indicates p-value < 0.05. Mann-
Whitney non parametric test was used. Error bars indicate standard error of the mean. Scale bar: 30 μm. Scale 
bar of insets: 10 μm.
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Figure 5. Progressive cone photoreceptor degeneration. (A–D) Immunostaining with CA of 3.5 month 
old control (A,C) and Dicer CKO (B,D) peripheral and central retinas. (E) Quantification of CA+ve cone 
photoreceptors in 3.5 month old retinas. (F–G) Immunostaining for CA of 6 month old control (F) and Dicer 
CKO (G) retinas. (H) Quantification of CA+ve cone photoreceptors in 6 month old retinas. (I) Average length 
of CA+ve segments (IS + OS) in 3.5 month old retinas. (J) Graph showing the percentage of cones displaying 
long (>20 μm), medium (10–19.99 μm) and short segments (<10 μm) in control and Dicer CKO peripheral 
and central 3.5 month old retinas. (M,N) Toluidine blue staining of 4 month old control and Dicer CKO retinas. 
Green dashed circle indicate cone nuclei. White dashed circles indicate rod nuclei. (O) CA staining on Chrnb4-
cre 4 month old retinas. OS: outer segments. IS: inner segments. ONL: outer nuclear layer. INL: inner nuclear 
layer. OPL: outer plexiform layer. GCL: ganglion cell layer. CA: cone arrestin. *Indicates p-value < 0.05. Mann-
Whitney non parametric test was used. Error bars indicate standard error of the mean. Scale bar: 30 μm. Scale 
bar of insets: 10 μm.
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We also examined the oscillatory potentials (OPs), which are dependent upon spiking neurons, amacrine and 
ganglion cells in the inner retina (Fig. 6H,I). The Fourier power of photopic OPs centred around 57 Hz, compared 
to 107 Hz for the scotopic OPs. In the time domain the individual OP of highest amplitude (op2) produced by the 
strongest flash was 11 ms slower photopically, than scotopically. There was, however, no difference in time to peak 
of rod, or cone, OPs between wild type and Dicer CKO extracted with 40–300 Hz or 60–300 Hz (Fig. 6I,H); mean 
values fell within +/− 2 ms. By contrast, cone, but not rod, OP amplitudes from Dicer CKO were smaller than 
controls (Fig. 6H). This was noted especially to the higher flash strengths.

Figure 6. Impaired retinal function in Dicer CKO. (A) Photopic waveforms of 4 month old control (black) 
and Dicer CKO (red) retinas at 72.25 cd.s/m2. (B) Scotopic waveforms of 4 month old control (black) and 
Dicer CKO (red) retinas at 72.25 cd.s/m2. (C,D) Light adapted photopic a- and b-wave amplitudes plotted at 
different light intensities for both control and Dicer CKO retinas. (E,F) Dark adapted scotopic a- and b-wave 
amplitudes plotted at different light intensities for both control and Dicer CKO retinas. (G) Scotopic 8 ms 
a-wave amplitudes for control and Dicer CKO retinas. (H) Fourrier analysis of photopic OPs at 72.25 cd.s/m2. 
(I) Fourrier analysis of scotopic OPs at 72.25 cd.s/m2. Cd: candela. OPs: Oscillatory potentials. Multiple T-test 
was performed. Sidak-Bonferroni was applied to correct for multiple testing. Adjusted p-value < 0.05 (*) was 
considered as significant. Error bars indicate standard error of the mean.
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transcriptome analysis of Dicer CKo shows impairment of visual perception gene expression.  
To determine which gene networks and pathways are affected upon Dicer depletion that lead to a progressive early 
onset cone degeneration and retinal dysfunction, the whole retinal transcriptome of Dicer CKO mice was com-
pared to controls at P21 (when an initial small reduction in cone cell numbers was observed). We first investigated 
whether ablation of Dicer directly affected levels of known markers of cone cells (Fig. 7A) and other specific cell 
types (Fig. 7B,C). By plotting the expression levels of a set of genes previously reported to be enriched in cones41,42, 
we observed that the majority of these genes were downregulated in Dicer CKO when compared to controls, with 
Opn1sw (S-opsin) (fold change downregulation of 1.73, adjusted p < 0.0085), Gulo (fold change downregulation 
of 1.61, adjusted p < 0.0085) and Kcne2 (fold change downregulation of 1.47, adjusted p < 0.0085) being signifi-
cant (Fig. 7A). These reductions in cone gene expression were larger than would be expected from a 17% reduc-
tion in cone cell numbers at P21 and suggest dysregulation of cone transcripts. By contrast, Agr2 was significantly 
upregulated by almost two fold in Dicer CKO retinas (adjusted p = 0.0470) and three other cone transcripts also 
displayed a pattern of upregulation (Olfr1372-ps1, Mogat1, Krt18) (Fig. 7A), indicating these genes could be direct 
targets of miRNAs that are depleted by loss of Dicer function.

We also examined levels of rod-enriched transcripts (Fig. 7B) as well as transcripts for amacrine, bipolar, gan-
glion and horizontal cell markers41,42 (Fig. 7C). Contrary to cone markers, rod transcripts were not significantly 
different between control and mutant and, in most cases, displayed a slight pattern of upregulation (Fig. 7B). 
Furthermore, pan photoreceptor markers Crx and Rcvrn (Recoverin) were not significantly different (Fig. 7B). 
Together these data suggest that Dicer depletion affected the cone transcriptome and not the rod transcriptome, 
consistent with our previous observations. There were no differences between Dicer CKO and control retinas 
when comparing known bipolar and amacrine cell markers (Fig. 7C), consistent with the survival of these cell 
types. On the other hand, Pou4f1 (Brn3A) showed a non-significant 38.5% decrease, concomitant with the 25.5% 
decrease in immuno-positive cells in the whole retina (Fig. 7C). Likewise, Onecut1 transcript displayed a 23% 
decrease (Fig. 7C).

Next, we performed an unbiased analysis of the RNAseq data. In total, 111 genes were significantly differen-
tially expressed between control and Dicer CKO (Fig. 7D). Among these, 72 were downregulated in Dicer CKO 
(Supplementary Table 1), while 39 were upregulated (Supplementary Table 2). We checked which of these genes 
were normally expressed in cones by cross referencing with cone transcriptome data generated from RNAseq 
analysis of FACS-isolated wild type P8 and P42 Chrnb4-GFP+ve cells (Fig. 7E). 11 of the upregulated genes 
(Fig. 7F) and 19 of the downregulated genes (Fig. 7G) were expressed in wild type cone cells from RNAseq anal-
ysis, including several that are uncharacterised (Fig. 7F,G).

Gene ontology enrichment analysis of the 111 differentially expressed genes (Supplementarys Tables 3 and 4)  
showed sensory perception of light stimulus (combined score of 37.7) being the top biological process term 
(Supplementary Table 3) and structural constituent of eye lens (combined score 95.8) being the top molecular 
function term (Supplementary Table 3), respectively. More than half (56 genes) had a fold change difference 
higher than 2 (log2 FC < 1). Notable genes that were significantly downregulated in the Dicer CKO retinas were: 
Dio2 (fold change of 1.59, adjusted p < 0.0085), which is needed for the catalysis of T4 into T3 and its inhibition 
has been recently linked with promoting cone survival43; Ptgds, prostaglandin-D2 (fold change of 1.69), which is 
a ciliary protein that interacts with TOPORS; mutations in the latter being associated with retinitis pigmentosa44. 
Other dysregulated genes were enriched for GO terms involved with the extracellular matrix organisation and 
structure (Col18a1, Ttr, Abi3bp, Col8a2, Itgb8, Col8a1, Fbln1, Fmod, Olfml2a, Thbs1, combined score of 18.4) 
(Supplementary Table 3), transmembrane transporter activity (Oca2, Slc26a8, Slc6a13, Slc17a6, Slc38a2, com-
bined score 8.42) (Supplementary Table 4), and for lipase activity (Cckbr, Pla2g4e, Enpp2, Pnpla3, combined 
score 6.2) (Supplementary Table 4). Notably, a recent study also reported upregulation of other lipid metabolism 
related genes in miRNA depleted cones16 (Dhcr24, Insig1, Npc2). Gene set enrichment analysis (GSEA) was also 
performed to analyse changes of gene sets rather than individual genes. Using the differentially expressed genes 
ranked by fold change one negatively correlated and seven positively correlated gene sets were identified in the 
Dicer CKO (see Supplementary Table 5). The latter upregulated gene sets included apoptosis, which may be rele-
vant for the cone loss, as well as TGF-β-signalling and Wnt-β-catenin signalling.

Upregulated predicted targets and miRNA sequencing in Dicer CKo. Finally, to investigate the 
molecular networks directly affected by the lack of Dicer we sought to identify changes in specific miRNAs in 
the Dicer CKO retina by RNAseq analysis at P21 and 3.5 months of age. We found that the seven miRNAs previ-
ously described as being most highly expressed in cones16 (miR-182-5p, miR-181a-5p, miR-183-5p, miR-181b-5p, 
miR-let-7f, miR-26a-5p and miR-191-5p) were amongst the most highly expressed in the whole retina for both 
control and mutant P21 and 3.5 months old retinas. However, these did not show significantly altered expression 
in the Dicer CKO retina. qPCR analysis for miR-182; miR-181a; miR-183, reported as the top three cone miR-
NAs16 indicated a non-significant trend of downregulation (0.75 cf. control; n = 3, p > 0.05) for all three miRNAs 
when compared to wild type controls.

Unsupervised clustering analysis of the miRNAseq data showed P21 control and Dicer CKO samples cluster-
ing together away from the 3.5 month-old control and Dicer CKO sample, which also clustered together (Fig. 7H). 
103 and 72 miRNAs were significantly differentially expressed between control P21 and 3.5-month samples and 
between mutant P21 and 3.5 month samples, respectively. While 57 miRNAs overlapped, we found that 25 were 
only upregulated in controls from P21 to 3.5 months, including miR-96-5p from the sensory cluster. Conversely, 
9 miRNAs were exclusively downregulated in the CKO retina from P21 to 3.5 months, including miR-182-5p 
from the sensory cluster. Consequently, these miRNAs could be contributing to the observed phenotype and 
are potential candidates for promoting cone survival. However, when expression levels were compared directly 
between P21 control and CKO samples no miRNAs showed significantly different levels and between 3.5 months 
old control and CKO samples, only miR-184-3p was significantly upregulated (fold change of 2.72).
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Figure 7. Transcriptome analysis of control and Dicer CKO P21 retinas. (A–C) RNAseq analysis of control 
and Dicer CKO P21 retinas. Relative expression of a set of cone-enriched (A), rod-enriched (B), amacrine cell, 
bipolar cell, ganglion cell and horizontal cell-enriched (C) genes normalised to the control, using FPKM values. 
(D) Volcano plot displaying the differentially expressed genes between control and Dicer CKO retinas at P21. 
In red, 111 genes were significantly differentially expressed, 72 downregulated and 39 upregulated in Dicer 
CKO retinas. (E) Relative expression 11 upregulated (F) and 19 downregulated (G) genes expressed in cones, 
normalised to the control using FPKM values (H) Heatmap of a two-way hierarchical clustering based on 50 
known miRNAs that displayed the highest coefficient of variation across all 12 samples. Each row represents 
a miRNA and each column represents a sample. The colour indicates the relative expression level of the given 
miRNA; with red representing an expression above the mean and green below the mean. Cntl: control. CKO: 
conditional knockout (Dicer CKO mice Cuffdiff was used to identify significantly differentially expressed genes 
from the entire RNAseq dataset. p-values were adjusted using the Benjamini-Hochberg False Discovery Rate 
(FDR) approach to correct for multiple testing. Corrected p-value < 0.05 (*) was considered as significant. Error 
bars indicate standard error of the mean. PR: photoreceptors.
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We also performed target predictions for miR-182-5p, miR-181a-5p, miR-183-5p, miR-181b-5p, miR-let-7f, 
miR-26a-5p and miR-191-5p using three prediction algorithms (miRWalk, miRanda and Targetscan). Only 
upregulated targets predicted by all three were considered, since miRNAs are generally considered to be negative 
regulators of gene expression. We found that 13 of the upregulated genes (Table 1) were predicted targets of these 
miRNAs. Considering only the 11 genes that were significantly upregulated in Dicer CKO retinas and that were 
expressed in cones (from our cone RNAseq data) (Fig. 7E), Cckbr, which encodes a cholecystokinin receptor 
group G-protein coupled receptor was found to be a predicted target of miR-183 (Table 1) and has been previ-
ously reported to be expressed in cones32,42.

Discussion
In the present study we present data indicating that Dicer1 is needed for the survival of postmitotic cone pho-
toreceptors. We were not able to detect Dicer protein with cell specific resolution in wild type retina in order to 
evaluate whether the conditional Cre mediated disruption of the Dicer1 locus removes Dicer protein from cones. 
However, as we were able to show clear deletion of the viable Dicer1 allele in retina as detected by genomic and RT 
PCR in the Dicer CKO retina and not in control retina we reasoned that the observed phenotypes are due to loss 
of Dicer1 function. Dicer1 conditional knockout retinas appear to develop properly but undergo early onset cone 
degeneration. This cone degeneration is characterised by initial segment impairment and progressive cone loss, 
and is accompanied by defective cone function. However, loss of cone photoreceptors did not affect rod survival 
or function, and therefore the degeneration described here is reminiscent of a cone dystrophy. These findings 
suggest that miRNAs are involved in the survival of cone photoreceptors. Of interest is the idea that miRNA dys-
regulation may also contribute to the pathologies described in other inherited cone dystrophies.

The Dicer CKO mice also displayed some loss of inner retinal neurons, in particular ganglion and horizontal 
cells. Our observation of early Chrnb4-cre activity in embryonic RPCs is in line with a recent study in which 
Chrnb4-GFP expression was reported in new born cones and early RPCs33, and suggests that lack of Dicer may 
affect descendants of these progenitors, namely early born cell types such as ganglion and horizontal cells. The 
fact that retinal laminar organisation was generally unaffected in the Dicer CKO, apart from the severe effect on 
cones, suggests that the observed phenotype was due to the cell autonomous effect of loss of Dicer in specific cone 
cells. Nevertheless, the Chrnb4-cre driver activity was not sufficient to lead to loss of all cones within the time 
period investigated (up to 6 months). In future studies to confirm that the cone effects are due to cell autonomous 
loss of Dicer, either a cone-specific Cre allele is needed, or rescue of the phenotype with a cone-specific construct 
that expresses Dicer is required.

The role of miRNAs in rod survival has already been demonstrated in some studies, whether it was caused 
by the constitutive loss of the miR-183 cluster18,19 or by the global loss of miRNAs in postmitotic rods29. On the 
other hand, how miRNAs are involved in cone survival remains unclear. Knockout of miR-124a during reti-
nal development led to some premature cone cell death at early postnatal stages and loss of M-opsin in adult 
mice23. Knockout of miR-21, one of the most abundant miRNAs in the eye, caused a reduction in cone density 
to 50% of controls by 18 months45. However, global miRNA loss in cones via DGCR8 knockout led to outer 
segment impairment, but not to survival defects16. In this latter study, complete recombination only occurred 
after 2 months and retinas older than 3 month old were not analysed16. In our study, we observe Cre recombi-
nation activity in some newly born cone precursors and it is therefore possible that miRNAs are needed for the 
maturation and survival of immature cones. In this study we could not distinguish between the delayed effect of 
early loss of Dicer from delayed recombination, or whether there was disrupted maturation of some segments. 
Single cell analysis of cone maturation markers and recombination could help resolve this question. Two recent 
studies46,47 showed that depletion of miR-183/9647, or the miR-183 cluster46, in mice resulted in cone and rod 
postnatal maturation abnormalities and ERG defects, accompanied by an early progressive rod degeneration and 
followed by later cone survival defects. Our study showed early onset cone cell death, independent of rod survival, 
and suggests that additional miRNAs to the cluster family may be involved in maintaining cone homeostasis and 
promoting their survival.

Loss of DICER1 and DGCR8 in RPE cells led to survival and functional defects of the RPE48 and subsequent 
photoreceptor outer segment impairment49. In our study Cre activity was not detected in RPE cells, suggest-
ing that the observed cone loss and outer segment defects was not due to RPE defects. RPE defects have also 
been attributed to the accumulation of toxic Alu RNA50,51, although accumulation of these Alu elements was 

miRNAs Predicted targets upregulated in Dicer KCO

miR-182-5p Fam110a, Wisp1, Kif19a, Eif3j2

miR-183-5p Cckbr

miR-181a-5p Cd8a, Tm7sf3, Fzd10, Wisp1, Eif3j2

miR-181b-5p Cd8a, Tm7sf3, Fzd10, Wisp1, Eif3j2

Let-7f-5p Wnt9a

miR-26a-5p Inhbb, Chst3

miR-191-5p none

TOTAL 11 unique targets including one also expressed in cones

Table 1. miRNA target prediction miRNA target prediction. Predicted targets for the seven most highly  
expressed miRNAs in cone photoreceptors that are upregulated in Dicer CKO P21 whole retinas. Only Cckbr is 
also expressed in cones. Predicted targets of selected miRNAs that are upregulated in Dicer CKO retinas.



www.nature.com/scientificreports/

13Scientific RepoRts |          (2019) 9:2314  | https://doi.org/10.1038/s41598-018-38294-9

not reported in rods after Dicer knockout29, or in some Dicer RPE knockout models48,49 and we did not detect 
increased Alu RNA in RNAseq analyses.

ERG analysis revealed impaired photopic function, consistent with the loss of cones. While rod scotopic 
a-wave amplitudes did not seem to be affected, reduced scotopic b-waves were observed. This could be due par-
tially to the loss of cones and could also reflect abnormalities in inner cells. The peak frequency of the rod OPs in 
this study was 107 Hz, which agrees with the range 100–120 Hz described in wild-type C57BL/6J mouse by Lei 
et al.52. The amplitudes and peak times of the scotopic OPs were broadly similar when overlaid (Fig. 6I) which 
suggests that the Dicer CKO does not impair rod signaling pathways to the spiking neurons of the inner retina. 
The photopic OPs peak frequency occurred at 57 Hz in both control Dicerflox/flox or Dicerflox/+ and Dicer CKO mice. 
This is similar to that reported by Yu and Peachey53 and earlier than 70–85 Hz reported in wild-type C57BL/6J 
mouse52. The cone OP amplitudes were 40–50% smaller in the Dicer CKO mice, but peak times were similar 
(Fig. 6H). This likely reflects a proportional loss of cone driven signals. The unchanged OP timing in the Dicer 
CKO mice suggests the cone signalling pathways in the inner retina are relatively unimpaired.

Transcriptome analysis of whole retinas at P21 revealed some changes between control and Dicer CKO mice 
in line with the modest changes reported in a rod-specific Dicer knockout mice29. As cones only account for 3% 
of the whole retina36 some changes in gene expression occurring between control and mutant could be masked 
and/or under represented if the genes in question were also expressed in other more abundant cell types such 
as rods, amacrine or bipolar cells. Technically it proved not possible to consistently isolate sufficient quantities 
of high quality RNA from isolated Dicer CKO cones sufficient to perform mRNA or miRNA sequence analysis, 
due to small litter sizes, and low cell and RNA yields after sorting. Nevertheless, in total neural retina analysis 
we observed downregulation of cone genes such as Opn1sw, Kcne2 and Gulo, as well as other genes expressed in 
cones. In DGCR8 knockout mice, a loss of a cone signature was previously reported prior to outer segment loss16. 
Surprisingly significant changes were observed in groups of genes associated with expression in the RPE or the 
lens, rather than cone cells. These included, four downregulated genes involved in the retinoid cycle (Rgr, Rpe65, 
Lrat and Ttr). In Rpe65−/− and Lrat−/− mice, the retinoid cycle is arrested, leading to the specific loss of cone pho-
toreceptors, where cone opsins and cone phototransduction proteins are unable to translocate properly into the 
outer segments54. Seven crystallin transcripts were also amongst the set of downregulated genes (with Crybb2 and 
Crybb3 mRNA detected in cones); crystallins have been shown to be upregulated in many retinal degeneration 
models55 be exacerbated by the lack of α-crystallins and attenuated by their overexpression56, suggesting they may 
have a protective role during retinal degeneration against oxidative stress.

We found that 11 of the 39 significantly upregulated genes in Dicer CKO retina were expressed in cone pho-
toreceptors and are therefore candidates of being directly regulated by cone-expressed miRNAs. Of these, Cckbr 
is a predicted target of miR-183 (fold change of 1.71). Another upregulated gene of interest expressed in cones, is 
Agr2 (fold change of 1.96) (Anterior gradient 2), which has been previously shown to be activated by NeuroD157. 
This gene encodes for a protein disulfide isomerase (PDI), which has been shown to be critical for protein folding 
in the endoplasmic reticulum (ER)58. Proteins of this family have been shown to be upregulated in neurodegen-
erative processes as an adaptive response to ER induced stress and thus conferring protection against neuronal 
cell death59,60.

In an attempt to elucidate those cone-expressed miRNAs that could be contributing to the observed cone 
dystrophy phenotype, miRNA sequencing analysis was performed on neural retina from P21 and 3.5 month old 
mice. At the read depth used no miRNAs were found significantly downregulated in Dicer CKO retinas at either 
timepoint. However, miR-184 was significantly upregulated in Dicer CKO. Overexpression of miR-184 in neu-
roblastoma lines has been linked with increased apoptosis61. In addition its downregulated expression has been 
reported in the RPE of AMD patients62. Inhibition of miR-184 in ARPE-19 cells led to a decrease in the ability of 
these cells to uptake photoreceptor outer segments via phagocytosis partially due to increased levels of its target 
ezrin62. Downregulation of miR-184 and subsequent upregulation of its target frizzled-7 from the Wnt pathway 
was also reported in mouse models of oxygen induced retinopathy63. The lack of significantly downregulated 
cone-enriched miRNAs, such as the sensory cluster, in Dicer CKO retinas, may be due to their pan-retinal expres-
sion masking changes specifically in cone cells; as these miRNAs are also expressed in the more abundant rod 
cells16,17. Or the phenotype may be due to the effect of depletion of multiple low abundance miRNAs. By exten-
sion, these data suggest that there are no very highly expressed cone-specific miRNAs whose depletion causes 
the observed phenotype. These data also indicate that the observed cone dystrophy following conditional Dicer 
ablation did not lead to a major dysregulation of the pan-retinal miRnome.

These findings demonstrate that Dicer1 activity is essential for the survival of cone photoreceptors and suggest 
that miRNAs may play an important role in the pathology of cone photoreceptor dystrophies via a number of 
pathways. Further profiling of miRNAs in models of photoreceptor degeneration may provide important mark-
ers of retinal disease. Elucidating which miRNA-mRNA networks promote cone survival will be important for 
developing miRNA-based therapies to ameliorate sight loss.

Materials and Methods
Animals. Chrnb4-cre; Dicerflox/flox conditional knockout mice (CKO) were generated by crossing Chrnb4-cre, 
C57BL/6 transgenic mice (generated by Nathaniel Heinz as part of the Gensat project31; Stock # 0362303-UCD; 
Tg(Chrnb4-cre)OL57Gsat/Mmucd), with Dicerflox, C57BL/6, mice (obtained as a kind gift from Prof Matthias 
Merkenschlager64 and Prof John Wood; with Dicer exons 20–21 flanked by LoxP sites). Specifically, Chrnb4-
cre mice were crossed with Dicerflox/+ mice in order to obtain Chrnb4-cre; Dicerflox/+. The mice used for analysis 
were obtained by crossing Chrnb4-cre; Dicerflox/+ females with Dicerflox/flox males, obtaining control Dicerflox/flox or 
Dicerflox/+ control mice as well as Dicer CKO Chrnb4-cre; Dicerflox/flox mice.
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Chrnb4-cre; R26YFP/+ were obtained by crossing Chrnb4-cre female mice with R26YFP/+ C57BL/6 males34. All 
mice were housed at University College London animal facilities and all experiments were conducted in agree-
ment with the Animals (Scientific Procedures) Act 1986 after UCL Ethics Review and UK Home Office licencing 
and all experiments were performed in accordance with these regulations.

For each timepoint and genotype, at least n > 3 mice were used for analysis. Dicerflox/+/Dicerflox/flox littermates 
of Dicer CKO mice (Chrnb4-cre; Dicerflox/flox mice) were used as controls throughout (Figures 2–7). Genotyping 
PCRs were performed from ear biopsies, using Taq DNA Polymerase from Qiagen (201203) according to manu-
facturer’s instructions. PCR to show recombination of Dicer1 locus was performed on DNA extracted from neural 
retina and tail of Dicerflox/flox and Chrnb4-cre; Dicerflox/flox mice; the 309 bp KO band was only detected in neural 
retina of the latter. The following primers were used for genotyping:

Immunohistochemistry. Enucleated mouse eyes were fixed in 4% paraformaldehyde. Embryonic tissue was 
fixed for 45 minutes at room temperature. Postnatal eyes were fixed for one hour at room temperature. Washes 
were performed in Phosphate-buffered saline (PBS), three times for 5 minutes at 4 °C. The anterior segment of 
postnatal eyes was then removed. Eyes were then incubated in 30% sucrose for 2 h at room temperature for 
cryo-protection, embedded in optimal cutting temperature (OCT) compound (RA Lamb), frozen in dry ice and 
stored at −80 °C. Serial tissue sections were prepared using a cryostat (Leica CM1900 UV), with a thickness of 
10–14 μm and collected on SuperfrostTM plus glass slides (VWR). Slides were kept at −80 °C.

For immunohistochemistry, tissue slides were air dried for 15 minutes at room temperature, OCT compound 
was removed in PBS for 15 minutes at 37 °C. Tissue sections were blocked in blocking solution consisting of 1% 
bovine serum albumin (BSA) in PBS pH7.4 containing 0.1% Triton X-100; for one hour at room temperature 
before proceeding to primary antibody incubation. Primary antibodies were diluted in blocking solution to the 
desired concentration. The following primary antibodies were used: Cone arrestin (Millipore AB15282, 1:5000) 
as a marker of cones65, RxRg (Abcam AB15518, 1:200) as a marker of cones35, BRN3A (Millipore MAB1585, 
1:300) as a marker of ganglion cells66, AP-2 (DSHB 3B5-S, 1:200) as a marker of amacrine and horizontal cells67, 
RHO (Sigma 04886, 1:1000) for rods68, CHX10 (Chemicon AB9016, 1:200) as a marker of RPCs69 and bipolar 
cells70, ONECUT1 (Santa Cruz sc-13050, 1:400) for horizontal cells71, PAX6 (Covane PRB278P, 1:300) for inner 
retinal cells72, OTX2 (Abcam AB21990, 1:100) for photoreceptor progenitors26, LM OPSIN (Chemicon AB5405, 
1:500) for adult cones65, Cleave caspase 3 (Cell signalling technologies 9661S, 1:300) for apoptotic cells73 and Glial 
Fibrillary Acidic Protein (GFAP) (Millipore AB5804, 1:500). Primary antibodies were incubated overnight at 
4 °C. Slides with no primary antibody were used as negative control. After incubation, tissue slides were washed in 
PBS at 4 °C, three times for 5 minutes. The corresponding secondary antibody, diluted 1:800 in blocking solution, 
was then added for 1 hour at room temperature (Goat anti-rabbit AlexaFluor 488, Invitrogen A31556 and 594, 
Invitrogen A11037; and the Goat anti-mouse AlexaFluor 488, Invitrogen A1080, and 594, Invitrogen A21044). 
For GFP/YFP staining, conjugated goat anti-GFP (FITC) antibody was used (Abcam AB6662, 1:200) at this stage. 
Tissue slides were then washed in PBS at 4 °C, three times for 5 minutes, incubated for 5 minutes at room temper-
ature in DAPI (1:3000, Sigma-Aldrich) for nuclear staining and washed in PBS at 4 °C, three times for 5 minutes 
prior to cover-slipping with Hydromount medium (National Diagnostics HS-106).

For toluidine blue staining eyes were fixed overnight in Karnovsky’s medium (2% PFA and 2.5% 
Glutaraldehyde in 0.1 M sodium cacodylate buffer). After fixation samples were washed in PB (phosphate buffer) 
and fixed again for one hour in 1% osmium tetroxide in 0.1 M phosphate buffer. A series of dehydration steps 
was then carried out: 50% ethanol for 15 minutes, 70% Ethanol for 15 minutes, 95% Ethanol for 15 minutes, 100% 
Ethanol 2 × 15 minutes, 100% Propylene oxide for 5 minutes, 100% Propylene oxide for 5 minutes and 100% 
Propylene oxide for 10 minutes. Samples were then incubated overnight in resin and propylene oxide in a 1:1 
ratio and then in resin for seven hours. Samples were then embedded in beam capsules and baked overnight at 
60 °C. Sections were then cut semithins with 700 nm thickness and stained with toluidine blue for two minutes 
and washed in distilled water.

Microscopy. Confocal images were acquired as using a Zeiss LSM710 (Zen2009, Zeiss) and processed using 
FIJI, Photoshop CS6 (Adobe) and Illustrator CS6 (Adobe). Double labelling analysis was performed on FIJI.

Cell counting and measurements. Cell counting was performed on images acquired using confocal 
microscopy using a X20 objective. For each genotype and each cell type (labelled with specific antibody), three 
different sections were analysed (sagittal section with the optic nerve visible, and parasagittal sections before and 
after the optic nerve) per eye. From each tissue section, 2 or 3 images of peripheral retina and 2 images of central 

Genotyping Primers Primer sequence (5′-3′) Amplicon size

GFP Fw: CTACGGCGTGCAGTGCTTCA
Rv: TTCTGCTGGTAGTGGTCGGC GFP band: 500bp

Dicer (x & z) 31831: AGTGTAGCCTTAGCCATTTGC
32050AS: CTGGTGGCTTGAGGACAAGAC

Wt band: 259bp
Lox band: 390bp

Dicer KO (y & z) 28290: AGTAATGTGAGCAATAGTCCCAG
32050AS: CTGGTGGCTTGAGGACAAGAC KO band: 309bp

R26YFP
R1: AAAGTCGCTCTGAGTTGTTAT
R2: GCGAAGAGTTTGTCCTCAACC
R3: GGAGCGGGAGAAATGGATATG

Wt band: 500bp
YFP band: 250bp

Cre CreA: GATGCAACGAGTGATGAGGTTCGC 
CreB: ACCCTGATCCTGGCAATTTCGGC Cre band: 500bp
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retina were acquired for counting using FIJI. The number of cells counted per mm of retinal length was averaged 
for all 3 sections for each mouse, distinguishing peripheral and central retinas. At E17, the number of positive 
cells was normalised per mm length of the neuroblastic layer (NBL) (measured with FIJI). Cleaved caspase-3 cells 
were normalised to the whole counted section (due to its very low presence). For P21, the number of counted 
cells was normalised relative to the length of either the outer nuclear layer (ONL) (for cone arrestin cells), or the 
inner nuclear layer (INL) (for Onecut1, AP-2 and Chx10 cells), or the ganglion cell layer (GCL) (for Brn3A cells). 
Measurements of the thickness of the NBL, ONL and INL were taken on DAPI stained images. For each mouse, 
3 tissue sections were analysed. From each tissue section 2–3 peripheral images and 2 central retina images were 
analysed. For each image, 6 measurements were averaged for the NBL, ONL and INL (36–54 measurements per 
eye for the periphery and 36 for the central respectively per eye). Measurements of the segment length of cone 
cells were acquired from CA stained sagittal sections. From one tissue section, 60–200 cells were analysed per 
animal. For each field of view, the segments (inner and outer segments) of all visible cones in the captured image 
were measured from the basal side of the inner segment (IS) to the apical side of the outer segment (OS). If no 
segments were detected for a given CA+ve cell body, the segment length was recorded as 0 μm.

Statistical analysis on cell counts was performed using a non-parametric unpaired Mann Whitney test with 
Prism (GraphPad software). Data is represented as mean ± SEM, comparing control and Dicer CKO.

qRt-pCR. Total RNA was extracted from neural retinas using the miRNeasy Micro Kit from Qiagen (217084) 
following manufacturer’s instructions. The optional DNase treatment was also included to remove genomic 
DNA traces from each sample. The eluted total RNA was retrotranscribed into cDNA using the miScript II 
RT Kit (Qiagen 218160). Expression of mmu-miR-183-5p; mmu-miR-182-5p and mmu-miR-181a-5p was 
assessed using miScript Primer assays (Qiagen) together with the miScript SYBR Green Kit (Qiagen 218073) 
on a 7500 Real-Time PCR System according to manufacturer’s recommendations. Relative miRNA expres-
sion data was normalised using RNU6 as an endogenous reference. The Livak 2∆∆Ct method was used74, nor-
malising the expression levels to control wild type samples. Statistical analysis on the relative fold expression 
was performed using a non-parametric unpaired Mann Whitney test with Prism (GraphPad software). Data 
is represented as mean ± SEM, comparing control and Dicer CKO. Expression of Dicer mRNA was assessed 
using cDNA prepared using the miScript II RT Kit (Qiagen 218160) and PCR performed using the MyFi 
DNA Polymerase kit (Bioline Bio-21117) and primers: 5′ GAGAAGCCTGCCCTGGAGTTTA (exon 16), 5′ 
TCAACGGCTTTGCTAGGATCCA (exon 23) for Dicer and 5′ ATG ACA TCA AGA AGG TGG T (exon 6), 5′ 
CAT ACC AGG AAA TGA GCT T (exon 6) for Gapdh. PCR products were run on a 1% agarose gel and visual-
ised by SYBR Safe. Expected amplicons are 1007 bp for Dicer ∆20–21 and 177 bp for Gapdh.

RNA-seq. For each control (n = 3) and each Dicer CKO (n = 3), the neural retinas of the right eye were dis-
sected excluding RPE, optic nerve, lens and anterior segment tissue. Total RNA was then extracted using the 
miRNeasy Micro Kit from Qiagen (217084) following manufacturer’s instructions and including DNase treat-
ment. RNA quality and concentration was measured using the TapeStation (Agilent). RNA library preparations 
were generated using the Illumina TruSeq Stranded mRNA Library Prep Kit (RS-122-2103). Sequencing was 
pair-ended, 75 bp, with 15 million read depth and an Illumina TruSeq4000 was used. The sequenced files were 
processed for data analysis using the XploreRNA tool from Exiqon, whose NGS pipeline is based in the Tuxedo 
software package and includes the following component: Bowtie2 (v2.2.2), Tophat (v2.0.11) and Cufflinks 
(v2.2.1). Transcript assembly was performed using Cufflinks and Cuffquant. Normalization and supervised dif-
ferential expression analysis was performed using Cuffnorm and Cuffdiff. Normalised gene expression levels 
are shown as Fragments per Kilobase of transcript per Million mapped reads (FPKM). FPKM were averaged 
for all three controls and all three mutants. q-value below 0.05 was considered as significant. q-values represent 
p-values adjusted using the Benjamini-Hochberg False Discovery Rate (FDR) approach to correct for multiple 
testing. Enrichr75,76 was used for gene ontology (GO) enrichment of significantly upregulated and downregulated 
genes. For Gene Set Enrichment Analysis (GSEA), genes were ranked according to log2 Fold Change (Mutant vs 
WT), genes were converted to their human orthologues and pre-ranked GSEA was run using the 50 Hallmark 
curated gene sets from the Molecular Signature Database77 and a False Discovery rate threshold of FDR < 0.25 as 
recommended78.

Chrnb4-GFP neural retinas were dissected in EBSS and dissociated using the Papain Dissociation System 
(Worthington Biochemical) following manufacturer’s instructions and as previously described79. Dissociations 
were carried for Chrnb4-GFP retinas at postnatal stages P8 and P42 and up to eight retinas were pooled per dis-
sociation. Following retinal dissociation and before FACS sorting, rods were stained for CD73-PE (eBioscience 
clone TY/11.8) as previously described79. After incubation, cells were resuspended in cold PBS, 1% FBS prior to 
FACS sorting. Cell sorting was carried out for the isolation of Chrnb4-GFP+ve cones and CD73-PE+ve rods using 
a BD FACS Aria III. Gating for CD73-PE and Chrnb4-GFP were determined for each experiment using the cor-
responding controls. For the P8 stage, only the Chrnb4-GFPHigh population was isolated. The SMARTer-seq low 
input RNA kit from Clonetech (High Vol-cat 634828) was used for library prepping and input sample was nor-
malised to the limiting sample. An Illumina HiSeq4000 sequencer was used and the parameters were 75 bp, pair 
ended and 15 million read depth. Analysis was also performed using the XploreRNA tool (Exiqon) as described 
above. Venn diagrams were performed using the Bioinformatics & Evolutionary Genomics online tool (http://
bioinformatics.psb.ugent.be/webtools/Venn/). Genes with normalised FPKM values higher than 5 (FPKM > 5) in 
P8 and P42 cone samples were selected to define a cone transcriptome of 7797 unique genes. Accession number 
for the RNAseq data reported in this paper is ArrayExpress: E-MTAB-6133.

small RNAseq. Small RNA sequencing was performed on whole neural retinas. For all 12 samples, the neu-
ral retinas of the right eye were dissected. Total RNA was then extracted using the miRNeasy Micro Kit from 
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Qiagen (217084) following manufacturer’s instructions and including DNase treatment. Library preparation was 
carried out using the NEBNext Multiplex Small RNA Library Prep Set for Illumina. An Illumina Miseq sequencer 
was used, with single reads. FASTQ files were then uploaded to the XploreRNA tool from Exiqon for automated 
analysis. Sequenced reads were aligned to the sequences of mature miRNAs and to the reference genome using 
Bowtie 2 (version 2.2.6). The differential expression analysis was performed using EdgeR. Unsupervised cluster-
ing and all visualisations were performed by Exiqon. Accession number for the small RNAseq data reported in 
this paper is ArrayExpress: E-MTAB-6132.

electroretinogram. ERGs of 4 months old mice were recorded using an Epsion E2 system with a 
ColourDome simulator (Diagnosis LLC, Lowell, MA) as described in Pearson et al.45. Both eyes of four control 
mice (Dicerflox/flox or Dicerflox/+) (n = 4) and three Dicer CKO mice (n = 3) were tested. A masked protocol was 
employed so that the person performing the ERGs and the analysis did not know which mice were control and 
Dicer CKO. Scotopic and photopic ERGs were carried for each animal. Animals were dark-adapted overnight 
and the scotopic ERG tests were performed first for every animal under dim red light followed by photopic tests. 
Animals were anaesthetised and kept warm with a thermostatically controlled heat wrap. Pupils were dilated 
using Tropicamide 1%. Corneal contact electrodes as well as midline subdermal reference and ground electrodes 
were placed. Viscotears were then placed on each cornea to keep them moist during testing. ERG responses were 
obtained simultaneously from both eyes. For scotopic assessments, continuous flash recordings were obtained 
at light intensities of 0.000001, 0.00001 and 0.0001 cds/m2 and single flash recordings were obtained at light 
intensities of 0.001, 0.01, 0.1, 1, 10, 31.6, 75.28 cds/m2 using a sampling frequency of 5 kHz, a pulse period of 
4 ms, and a decreasing frequency stimulus of 2 to 0.04 Hz. Data were recorded from 10 ms before stimulus onset 
to 400 ms post-stimulus. The background intensity was 0 cds/m2. For photopic assessments, animals were light 
adapted (~30 cds/m2) and continuous flash recordings were obtained at a light intensity of 3 cds/m2 using a sam-
pling frequency of 5 kHz, a pulse period of 0 ms, and a pulse frequency of 0.5, 2, 5, 10, 15 and 30 Hz. Data were 
recorded from 100 ms before stimulus onset to 400 ms post-stimulus. The background intensity was 10 cds/m2. 
For analysis, the a and b wave amplitudes (a wave trough to b wave peak were measured. Due to restriction of 
animal movements between sites, animals could only be assessed on a single occasion. The frequency spectrum 
of these ERGs was analysed offline using fast fourier transform Neuroscan Scan 4.5 software (Compumedics 
Neuroscan, Charlotte, NC 28269, US). Photopic and scotopic oscillatory potentials (OPs) were isolated by digital 
12 dB bandpass filtering. Bandpass 40–300 Hz and 60–300 Hz with zero phase shift were assessed. The trough to 
peak amplitudes of OP1, OP2, OP3 and OP4, when evident, were measured and the time to peaks noted.

experimental design. E17 immunostainings and countings. n = 3 Dicerflox/flox control mice and n = 4 
Chrnb4-cre; Dicerflox/flox CKO mice were used for analysis. For each animal, three central sections were analysed, 
representing 3mm-5mm of retina. For the measurements of the NBL, two central sections were analysed (30 
measurements for each section). Using GraphPad, a non-parametric two-tailed Mann-Whitney Test was used as 
a statistical test. p value < 0.05 was considered as significant.

P21 immunostainings and countings. For the number of CA+ve cells, n = 5 control Dicerflox/flox mice and n = 5 
Chrnb4-cre; Dicerflox/flox CKO mice were used for analysis. For the number of other cell types and measurements 
of the thickness of the ONL and INL, n = 4 control Dicerflox/flox mice and n = 4 Chrnb4-cre; Dicerflox/flox CKO mice 
were used for analysis. For each animal, three central sections were analysed, representing 3mm-5mm of retina 
length. Measurements of the length of CA+ve segments, only the cones in the central section containing the optic 
nerve head were analysed (60–200 cones analysed per animal). qPCR analysis for miR-183, miR-183 and miR-
181a were performed on n = 3 control Dicerflox/flox and n = 3 Chrnb4-cre; Dicerflox/flox CKO whole retinas. Using 
GraphPad, a non-parametric two-tailed Mann-Whitney Test was used as a statistical test. p value < 0.05 was 
considered as significant.

3.5/4 month old analysis. For the number of CA+ve cells, n = 4 control Dicerflox/flox or Dicerflox/+ mice and 
n = 4 Chrnb4-cre; Dicerflox/flox CKO mice were used for analysis. ONL and INL measurements were performed 
on n = 4 control Dicerflox/flox or Dicerflox/+ mice and n = 4 Chrnb4-cre; Dicerflox/flox CKO mice. Using GraphPad, 
a non-parametric two-tailed Mann-Whitney Test was used as a statistical test. p value < 0.05 was considered as 
significant. ERG analysis was performed on n = 4 control Dicerflox/flox or Dicerflox/+ mice and n = 3 Chrnb4-cre; 
Dicerflox/flox CKO mice. A multiple t-test was performed as a statistical test to determine significance. Multiple 
comparisons were adjusted using the Sidak-Bonferroni correction. Adjusted p value < 0.05 was considered as 
significant.

6 month old analysis. For the number of CA+ve cells, n = 3 control Dicerflox/flox or Dicerflox/+ mice and n = 4 
Chrnb4-cre; Dicerflox/flox CKO mice were used for analysis. Using GraphPad, a non-parametric two-tailed 
Mann-Whitney Test was used as a statistical test. p value < 0.05 was considered as significant.

Significance Statement. The degeneration of cone and rod photoreceptor cells, which are essential for 
vision, leads to irreversible blindness. Although cone photoreceptors are considerably less abundant than rods, 
their loss has detrimental consequences for colour vision and visual acuity. microRNAs, which regulate gene 
expression at the post-transcriptional level, have been linked to the aetiology of many retinal diseases, but their 
role in cone photoreceptor cell death remains unclear. This study indicates that DICER-mediated microRNA 
biogenesis is essential for cone photoreceptor survival and homeostasis.
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Data Availability
The data generated or analysed during this study are included in this published article. The RNAseq datasets gen-
erated during and/or analysed during the current study are deposited in the ArrayExpress repository.

References
 1. Wright, A. F., Chakarova, C. F., Abd El-Aziz, M. M. & Bhattacharya, S. S. Photoreceptor degeneration: genetic and mechanistic 

dissection of a complex trait. Nature Reviews. Genetics 11, 273–284 (2010).
 2. Sundermeier, T. R. & Palczewski, K. The impact of microRNA gene regulation on the survival and function of mature cell types in 

the eye. FASEB journal: official publication of the Federation of American Societies for Experimental Biology 30, 23–33 (2016).
 3. Fisher, S. K., Lewis, G. P., Linberg, K. A. & Verardo, M. R. Cellular remodeling in mammalian retina: results from studies of 

experimental retinal detachment. Progress in Retinal and Eye Research 24, 395–431 (2005).
 4. Marc, R. E., Jones, B. W., Watt, C. B. & Strettoi, E. Neural remodeling in retinal degeneration. Progress in Retinal and Eye Research 

22, 607–655 (2003).
 5. Friedman, R. C., Farh, K. K.-H., Burge, C. B. & Bartel, D. P. Most mammalian mRNAs are conserved targets of microRNAs. Genome 

Research 19, 92–105 (2009).
 6. Lee, R. C., Feinbaum, R. L. & Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense 

complementarity to lin-14. Cell 75, 843–854 (1993).
 7. Mendell, J. T. & Olson Eric N. MicroRNAs in Stress Signaling and Human Disease. Cell 148, 1172–1187 (2012).
 8. Bartel, D. P. MicroRNAs: Genomics, Biogenesis, Mechanism, and Function. Cell 116, 281–297 (2004).
 9. Xu, S., Witmer, P. D., Lumayag, S., Kovacs, B. & Valle, D. MicroRNA (miRNA) transcriptome of mouse retina and identification of a 

sensory organ-specific miRNA cluster. The Journal of biological chemistry 282, 25053–25066 (2007).
 10. Arora, A., McKay, G. J. & Simpson, D. A. C. Prediction and verification of miRNA expression in human and rat retinas. Investigative 

ophthalmology & visual science 48, 3962–3967 (2007).
 11. Hackler, L., Wan, J., Swaroop, A., Qian, J. & Zack, D. J. MicroRNA Profile of the Developing Mouse Retina. Investigative 

Ophthalmology & Visual Science 51, 1823–1831 (2010).
 12. Karali, M., Peluso, I., Marigo, V. & Banfi, S. Identification and Characterization of MicroRNAs Expressed in the Mouse Eye. 

Investigative Ophthalmology & Visual Science 48, 509–515 (2007).
 13. Karali, M. et al. miRNeye: a microRNA expression atlas of the mouse eye. BMC Genomics 11, 715 (2010).
 14. Loscher, C. J. et al. Altered retinal microRNA expression profile in a mouse model of retinitis pigmentosa. Genome Biology 8, R248 

(2007).
 15. Loscher, C. J. et al. A common microRNA signature in mouse models of retinal degeneration. Experimental Eye Research 87, 

529–534 (2008).
 16. Busskamp, V. et al. miRNAs 182 and 183 Are Necessary to Maintain Adult Cone Photoreceptor Outer Segments and Visual 

Function. Neuron 83, 586–600 (2014).
 17. Sundermeier, T. R. et al. DICER1 is essential for survival of postmitotic rod photoreceptor cells in mice. FASEB journal: official 

publication of the Federation of American Societies for Experimental Biology (2014).
 18. Zhu, Q. et al. Sponge Transgenic Mouse Model Reveals Important Roles for the MicroRNA-183 (miR-183)/96/182 Cluster in 

Postmitotic Photoreceptors of the Retina. Journal of Biological Chemistry 286, 31749–31760 (2011).
 19. Lumayag, S. et al. Inactivation of the microRNA-183/96/182 cluster results in syndromic retinal degeneration. Proceedings of the 

National Academy of Sciences of the United States of America 110, E507–516 (2013).
 20. Palfi, A. et al. microRNA regulatory circuits in a mouse model of inherited retinal degeneration. Scientific Reports 6, 31431 (2016).
 21. Song, H. et al. Transgenic Expression of Constitutively Active RAC1 Disrupts Mouse Rod Morphogenesis. Investigative 

Opthalmology & Visual Science 55, 2659 (2014).
 22. Haruta, M. et al. Depleting Rac1 in mouse rod photoreceptors protects them from photo-oxidative stress without affecting their 

structure or function. Proceedings of the National Academy of Sciences 106, 9397–9402 (2009).
 23. Sanuki, R. et al. miR-124a is required for hippocampal axogenesis and retinal cone survival through Lhx2 suppression. Nature 

Neuroscience 14, 1125–1134 (2011).
 24. Cepko, C. L., Austin, C. P., Yang, X., Alexiades, M. & Ezzeddine, D. Cell fate determination in the vertebrate retina. Proceedings of the 

National Academy of Sciences of the United States of America 93, 589–595 (1996).
 25. Damiani, D. et al. Dicer Inactivation Leads to Progressive Functional and Structural Degeneration of the Mouse Retina. The Journal 

of Neuroscience 28, 4878–4887 (2008).
 26. Georgi, S. A. & Reh, T. A. Dicer Is Required for the Transition from Early to Late Progenitor State in the Developing Mouse Retina. 

The Journal of Neuroscience 30, 4048–4061 (2010).
 27. Iida, A., Shinoe, T., Baba, Y., Mano, H. & Watanabe, S. Dicer Plays Essential Roles for Retinal Development by Regulation of Survival 

and Differentiation. Investigative Ophthalmology & Visual Science 52, 3008–3017 (2011).
 28. Pinter, R. & Hindges, R. Perturbations of MicroRNA Function in Mouse Dicer Mutants Produce Retinal Defects and Lead to 

Aberrant Axon Pathfinding at the Optic Chiasm. PLoS ONE 5, e10021 (2010).
 29. Sundermeier, T. R. et al. Argonaute High-Throughput Sequencing of RNAs Isolated by Cross-Linking Immunoprecipitation Reveals 

a Snapshot of miRNA Gene Regulation in the Mammalian Retina. Biochemistry 53, 5831–5833 (2014).
 30. Ruby, J. G., Jan, C. H. & Bartel, D. P. Intronic microRNA precursors that bypass Drosha processing. Nature 448, 83–86 (2007).
 31. Gong, S. et al. A gene expression atlas of the central nervous system based on bacterial artificial chromosomes. Nature 425, 917–925 

(2003).
 32. Siegert, S. et al. Genetic address book for retinal cell types. Nature Neuroscience 12, (1197–1204 (2009).
 33. Decembrini, S. et al. Cone Genesis Tracing by the Chrnb4-EGFP Mouse Line: Evidences of Cellular Material Fusion after Cone 

Precursor Transplantation. Molecular Therapy 25, 634–653 (2017).
 34. Srinivas, S. et al. Cre reporter strains produced by targeted insertion of EYFP and ECFP into the ROSA26 locus. BMC Developmental 

Biology 1, 4 (2001).
 35. Lakowski, J. et al. Cone and rod photoreceptor transplantation in models of the childhood retinopathy Leber congenital amaurosis 

using flow-sorted Crx-positive donor cells. Human molecular genetics 19, 4545–4559 (2010).
 36. Young, R. W. Cell differentiation in the retina of the mouse. The Anatomical Record 212, 199–205 (1985).
 37. Sonntag, S. et al. Ablation of Retinal Horizontal Cells from Adult Mice Leads to Rod Degeneration and Remodeling in the Outer 

Retina. Journal of Neuroscience 32, 10713–10724 (2012).
 38. Wygnanski, T., Desatnik, H., Quigley, H. A. & Glovinsky, Y. Comparison of ganglion cell loss and cone loss in experimental 

glaucoma. American Journal of Ophthalmology 120, 184–189 (1995).
 39. Stockton, R. A. & Slaughter, M. M. B-wave of the electroretinogram. A reflection of ON bipolar cell activity. The Journal of General 

Physiology 93, 101–122 (1989).
 40. Jamison, J. A., Bush, R. A., Lei, B. & Sieving, P. A. Characterization of the rod photoresponse isolated from the dark-adapted primate 

ERG. Visual Neuroscience 18, 445–455 (2001).
 41. Corbo, J. C., Myers, C. A., Lawrence, K. A., Jadhav, A. P. & Cepko, C. L. A typology of photoreceptor gene expression patterns in the 

mouse. Proceedings of the National Academy of Sciences of the United States of America 104, 12069–12074 (2007).



www.nature.com/scientificreports/

1 8Scientific RepoRts |          (2019) 9:2314  | https://doi.org/10.1038/s41598-018-38294-9

 42. Siegert, S. et al. Transcriptional code and disease map for adult retinal cell types. Nature Neuroscience 15, 487–495 (2012).
 43. Yang, F. et al. Targeting iodothyronine deiodinases locally in the retina is a therapeutic strategy for retinal degeneration. FASEB 

journal: official publication of the Federation of American Societies for Experimental Biology 30, 4313–4325 (2016).
 44. Czub, B. et al. Prostaglandin-D2 synthase localises to centrioles and primary cilium, and interacts with TOPORS, implicated in 

retinal ciliopathy. Cilia 4, 1–1 (2015).
 45. Pearson, R. A. et al. Restoration of vision after transplantation of photoreceptors. Nature 485, 99–103 (2012).
 46. Fan, J. et al. Maturation arrest in early postnatal sensory receptors by deletion of the miR-183/96/182 cluster in mouse. Proceedings 

of the National Academy of Sciences 114, E4271–E4280 (2017).
 47. Xiang, L. et al. miR-183/96 plays a pivotal regulatory role in mouse photoreceptor maturation and maintenance. Proceedings of the 

National Academy of Sciences of the United States of America (2017).
 48. Sundermeier, T. R. et al. microRNA-processing Enzymes Are Essential for Survival and Function of Mature Retinal Pigmented 

Epithelial Cells in Mice. The Journal of Biological Chemistry (2017).
 49. Ohana, R. et al. MicroRNAs are essential for differentiation of the retinal pigmented epithelium and maturation of adjacent 

photoreceptors. Development 142, 2487–2498 (2015).
 50. Kaneko, H. et al. DICER1 deficit induces Alu RNA toxicity in age-related macular degeneration. Nature 471, 325–330 (2011).
 51. Tarallo, V. et al. DICER1 loss and Alu RNA induce age-related macular degeneration via the NLRP3 inflammasome and MyD88. Cell 

149, 847–859 (2012).
 52. Lei, B., Yao, G., Zhang, K., Hofeldt, K. J. & Chang, B. Study of Rod- and Cone-Driven Oscillatory Potentials in Mice. Investigative 

Ophthalmology & Visual Science 47, 2732–2738 (2006).
 53. Yu, M. & Peachey, N. S. Attenuation of oscillatory potentials in nob2 mice. Documenta Ophthalmologica. Advances in Ophthalmology 

115, 173–186 (2007).
 54. Zhang, H. et al. Trafficking of Membrane-Associated Proteins to Cone Photoreceptor Outer Segments Requires the Chromophore 

11-cis-Retinal. The Journal of neuroscience: the official journal of the Society for Neuroscience 28, 4008–4014 (2008).
 55. Murakami, Y. et al. Photoreceptor cell death and rescue in retinal detachment and degenerations. Progress in Retinal and Eye 

Research 37, 114–140 (2013).
 56. Yaung, J. et al. Crystallin distribution in retinal pigment epithelium and effect of gene knockouts on sensitivity to oxidative stress. 

Molecular Vision 13, 566–577 (2007).
 57. Ochocinska, M. J. et al. NeuroD1 is required for survival of photoreceptors but not pinealocytes: Results from targeted gene deletion 

studies. Journal of neurochemistry 123, 44–59 (2012).
 58. Park, S.-W. et al. The protein disulfide isomerase AGR2 is essential for production of intestinal mucus. Proceedings of the National 

Academy of Sciences of the United States of America 106, 6950–6955 (2009).
 59. Ko, H. S., Uehara, T. & Nomura, Y. Role of ubiquilin associated with protein-disulfide isomerase in the endoplasmic reticulum in 

stress-induced apoptotic cell death. The Journal of Biological Chemistry 277, 35386–35392 (2002).
 60. Tanaka, S., Uehara, T. & Nomura, Y. Up-regulation of protein-disulfide isomerase in response to hypoxia/brain ischemia and its 

protective effect against apoptotic cell death. The Journal of Biological Chemistry 275, 10388–10393 (2000).
 61. Chen, Y. & Stallings, R. L. Differential patterns of microRNA expression in neuroblastoma are correlated with prognosis, 

differentiation, and apoptosis. Cancer Research 67, 976–983 (2007).
 62. Murad, N. et al. miR-184 regulates ezrin, LAMP-1 expression, affects phagocytosis in human retinal pigment epithelium and is 

downregulated in age-related macular degeneration. The FEBS journal 281, 5251–5264 (2014).
 63. Takahashi, Y., Chen, Q., Rajala, R. V. S. & Ma, J.-X. MicroRNA-184 modulates canonical Wnt signaling through the regulation of 

frizzled-7 expression in the retina with ischemia-induced neovascularization. FEBS letters 589, 1143–1149 (2015).
 64. Cobb, B. S. et al. T cell lineage choice and differentiation in the absence of the RNase III enzyme Dicer. The Journal of Experimental 

Medicine 201, 1367–1373 (2005).
 65. Akimoto, M. et al. Transgenic mice expressing Cre-recombinase specifically in M- or S-cone photoreceptors. Investigative 

Ophthalmology & Visual Science 45, 42–47 (2004).
 66. Nadal-Nicolás, F. M. et al. Brn3a as a marker of retinal ganglion cells: qualitative and quantitative time course studies in naive and 

optic nerve-injured retinas. Investigative Ophthalmology & Visual Science 50, 3860–3868 (2009).
 67. Li, X., Glubrecht, D. D. & Godbout, R. AP2 transcription factor induces apoptosis in retinoblastoma cells. Genes, Chromosomes and 

Cancer 49, 819–830 (2010).
 68. Fekete, D. M. & Barnstable, C. J. The subcellular localization of rat photoreceptor-specific antigens. Journal of Neurocytology 12, 

785–803 (1983).
 69. Liu, I. S. et al. Developmental expression of a novel murine homeobox gene (Chx10): evidence for roles in determination of the 

neuroretina and inner nuclear layer. Neuron 13, 377–393 (1994).
 70. Rowan, S. & Cepko, C. L. Genetic analysis of the homeodomain transcription factor Chx10 in the retina using a novel 

multifunctional BAC transgenic mouse reporter. Developmental Biology 271, 388–402 (2004).
 71. Wu, F., Sapkota, D., Li, R. & Mu, X. Onecut 1 and Onecut 2 are potential regulators of mouse retinal development. The Journal of 

Comparative Neurology 520, 952–969 (2012).
 72. Davis, J. A. & Reed, R. R. Role of Olf-1 and Pax-6 Transcription Factors in Neurodevelopment. Journal of Neuroscience 16, 

5082–5094 (1996).
 73. Gown, A. M. & Willingham, M. C. Improved detection of apoptotic cells in archival paraffin sections: immunohistochemistry using 

antibodies to cleaved caspase 3. The Journal of Histochemistry and Cytochemistry: Official Journal of the Histochemistry Society 50, 
449–454 (2002).

 74. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method. Methods (San Diego, Calif.) 25, 402–408 (2001).

 75. Chen, E. Y. et al. Enrichr: interactive and collaborative HTML5 gene list enrichment analysis tool. BMC bioinformatics 14, 128 
(2013).

 76. Kuleshov, M. V. et al. Enrichr: a comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Research 44, 
W90–97 (2016).

 77. Liberzon, A. et al. The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst 1, 417–425 (2015).
 78. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. 

Proceedings of the National Academy of Sciences of the United States of America 102, 15545–15550 (2005).
 79. Lakowski, J. et al. Transplantation of Photoreceptor Precursors Isolated via a Cell Surface Biomarker Panel From Embryonic Stem 

Cell-Derived Self-Forming Retina. Stem Cells (Dayton, Ohio) 33, 2469-2482 (2015).

Acknowledgements
We thank Tony Brooks at UCL Genomics, Ayad Eddaoudi and Stephany Canning from the Flow Cytometry 
Core Facility and Dale Moulding from the Imaging Facility at the UCL Great Ormond Street Institute of Child 
Health, and the Wellcome Trust Genomics Unit at Oxford University for technical support. We are grateful 
to Profs John Wood and Matthias Merkenschlager for provision of Dicerflox mice. This work was supported by 
the Great Ormond Street Hospital Children’s Charity (GOSHCC/V1292), by a UCL Impact Award and by the 



www.nature.com/scientificreports/

1 9Scientific RepoRts |          (2019) 9:2314  | https://doi.org/10.1038/s41598-018-38294-9

Medical Research Council UK (MR/M015688/1 and MR/J004553/1); Fight for Sight (1351/2); the Wellcome 
Trust (109053/Z/15/Z); (NIHR) National Institute for Health Research Biomedical Research Centre at Great 
Ormond Street Hospital for Children and UCL; NIHR Biomedical Research Centre at Moorfields Eye Hospital 
and UCL. R.A.P. is a Royal Society University Research Fellow. J.C.S. is funded by the Great Ormond Street 
Hospital Children’s Charity.

Author Contributions
E.Z.A.: conception and design, collection and/or assembly of data, data analysis and interpretation, manuscript 
writing; V.D.F.: conception and design, collection and/or assembly of data, data analysis and interpretation; 
F.D.M.: collection and/or assembly of data; L.A.H.: collection and/or assembly of data; J.C.R.: collection and/
or assembly of data; A.P.: collection and/or assembly of data; D.L.H.: collection and/or assembly of data; T.B.J.: 
collection and/or assembly of data; D.A.T.: data analysis and interpretation, manuscript writing; J.P.M.: data 
analysis and interpretation; R.A.P.: data analysis and interpretation, manuscript writing, financial support; 
R.A.A.: data analysis and interpretation, manuscript writing, financial support; J.C.S.: conception and design, 
data analysis and interpretation, manuscript writing, final approval of manuscript, financial support.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-38294-9.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019



Bibliography

Abu-Amero, K. K., Helwa, I., Al-Muammar, A., Strickland, S., Hauser, M. A.,

Allingham, R. R., and Liu, Y. (2015). Screening of the seed region of MIR184 in

Keratoconus patients from Saudi Arabia. BioMed Research International, 2015.

Adams, N. A., Awadein, A., and Toma, H. S. (2007). The retinal ciliopathies.

Agarwal, V., Bell, G. W., Nam, J. W., and Bartel, D. P. (2015). Predicting effective

microRNA target sites in mammalian mRNAs. eLife, 4(AUGUST2015).

Aggio-Bruce, R., Chu-Tan, J. A., Wooff, Y., Cioanca, A. V., Schumann, U., and Na-

toli, R. (2021). Inhibition of microRNA-155 Protects Retinal Function Through

Attenuation of Inflammation in Retinal Degeneration. Molecular Neurobiology,

58(2).

Akhtar, T., Xie, H., Khan, M. I., Zhao, H., Bao, J., Zhang, M., and Xue, T. (2019).

Accelerated photoreceptor differentiation of hiPSC-derived retinal organoids by

contact co-culture with retinal pigment epithelium. Stem Cell Research, 39.

Akimoto, M., Cheng, H., Zhu, D., Brzezinski, J. a., Khanna, R., Filippova, E.,

Oh, E. C. T., Jing, Y., Linares, J.-L., Brooks, M., Zareparsi, S., Mears, A. J.,

Hero, A., Glaser, T., and Swaroop, A. (2006). Targeting of GFP to newborn rods

by Nrl promoter and temporal expression profiling of flow-sorted photoreceptors.

Proceedings of the National Academy of Sciences of the United States of America,

103(10):3890–3895.

Alazami, A. M., Hijazi, H., Kentab, A. Y., and Alkuraya, F. S. (2014). NECAP1



BIBLIOGRAPHY 301

loss of function leads to a severe infantile epileptic encephalopathy. Journal of

Medical Genetics, 51(4).

Alberti, C. and Cochella, L. (2017). A framework for understanding the roles of

miRNAs in animal development.

Aldunate, E. Z., Di Foggia, V., Di Marco, F., Hervas, L. A., Ribeiro, J. C., Holder,

D. L., Patel, A., Jannini, T. B., Thompson, D. A., Martinez-Barbera, J. P., Pear-

son, R. A., Ali, R. R., and Sowden, J. C. (2019). Conditional Dicer1 depletion

using Chrnb4-Cre leads to cone cell death and impaired photopic vision. Scien-

tific Reports, 9(1):2314.

Ali, R. R. and Sowden, J. C. (2011). Regenerative medicine: DIY eye. Nature,

472(7341):42–43.

Alles, J., Fehlmann, T., Fischer, U., Backes, C., Galata, V., Minet, M., Hart, M.,
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Dherbécourt, D., Degardin, J., Simonutti, M., Fouquet, S., Benahmed, M. A.,

Elbayed, K., Namer, I. J., Massin, P., Sahel, J. A., and Picaud, S. (2012). Taurine

deficiency damages retinal neurones: Cone photoreceptors and retinal ganglion

cells. Amino Acids, 43(5).

Genini, S., Guziewicz, K. E., Beltran, W. A., and Aguirre, G. D. (2014). Altered

miRNA expression in canine retinas during normal development and in models

of retinal degeneration. BMC Genomics, 15(1).

Georgi, S. A. and Reh, T. A. (2010). Dicer is required for the transition from early to

late progenitor state in the developing mouse retina. The Journal of neuroscience

: the official journal of the Society for Neuroscience, 30(11):4048–61.



BIBLIOGRAPHY 318

Gessert, S., Bugner, V., Tecza, A., Pinker, M., and Kühl, M. (2010). FMR1/FXR1
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synthesis by human DNA polymerase λ , DNA polymerase µ and terminal de-

oxyribonucleotidyl transferase. Journal of Molecular Biology, 339(2):395–404.

Ramon y Cajal S (1888). Morphologia y conexiones de los elementos de la retina

de las aves. Rev Trim Histol Normal Patol, 1(1):11–16.

Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., and Zhang, F.

(2013). Genome engineering using the CRISPR-Cas9 system. Nature Protocols,

8(11):2281.

Raymond, S. M. and Jackson, I. J. (1995). The retinal pigmented epithelium is

required for development and maintenance of the mouse neural retina. Current

Biology, 5(11):1286–1295.



BIBLIOGRAPHY 346

Reese, B. E., Necessary, B. D., Tam, P. P., Faulkner-Jones, B., and Tan, S. S. (1999).

Clonal expansion and cell dispersion in the developing mouse retina. European

Journal of Neuroscience, 11(8).

Reinhart, B. J., Slack, F. J., Basson, M., Pasquinelli, A. E., Bettinger, J. C., Rougvie,

A. E., Horvitz, H. R., and Ruvkun, G. (2000). The 21-nucleotide let-7 RNA reg-

ulates developmental timing in Caenorhabditis elegans. Nature, 403(6772):901–

906.

Renkawitz, J., Lademann, C. A., Kalocsay, M., and Jentsch, S. (2013). Monitoring

Homology Search during DNA Double-Strand Break Repair In Vivo. Molecular

Cell, 50(2):261–272.

Reynolds P, Anderson JA, H. J. H. M. B. S. P. A. O. P. (2012). The dynamics of

Ku70/80 and DNA-PKcs at DSBs induced by ionizing radiation is dependent on

the complexity of damage.

Richardson, C. D., Ray, G. J., DeWitt, M. A., Curie, G. L., and Corn, J. E. (2016).

Enhancing homology-directed genome editing by catalytically active and inactive

CRISPR-Cas9 using asymmetric donor DNA. Nature biotechnology, 34(3):339–

44.

Riesenberg, S. and Maricic, T. (2018). Targeting repair pathways with small

molecules increases precise genome editing in pluripotent stem cells. Nature

Communications, 9(1):1–9.

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., and Smyth, G. K.

(2015). Limma powers differential expression analyses for RNA-sequencing and

microarray studies. Nucleic Acids Research, 43(7):e47.

Roberts, M. R., Hendrickson, A., McGuire, C. R., and Reh, T. A. (2005). Retinoid

X receptor γ is necessary to establish the S-opsin gradient in cone photoreceptors

of the developing mouse retina. Investigative Ophthalmology and Visual Science,

46(8):2897–2904.



BIBLIOGRAPHY 347

Roberts, M. R., Srinivas, M., Forrest, D., Morreale de Escobar, G., and Reh, T. A.

(2006). Making the gradient: Thyroid hormone regulates cone opsin expression

in the developing mouse retina. Proceedings of the National Academy of Sci-

ences, 103(16):6218–6223.

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2009). edgeR: A Bioconduc-

tor package for differential expression analysis of digital gene expression data.

Bioinformatics, 26(1).

Rojo Arias, J. E. and Busskamp, V. (2019). Challenges in microRNAs’ targetome.

Neural Regeneration Research.

Rosa, A., Spagnoli, F. M., and Brivanlou, A. H. (2009). The miR-430/427/302

Family Controls Mesendodermal Fate Specification via Species-Specific Target

Selection. Developmental Cell, 16(4):517–527.

Ruby, J. G., Jan, C. H., and Bartel, D. P. (2007). Intronic microRNA precursors that

bypass Drosha processing. Nature, 448(7149):83–86.

Russell, S., Bennett, J., Wellman, J. A., Chung, D. C., Yu, Z. F., Tillman, A., Wittes,

J., Pappas, J., Elci, O., McCague, S., Cross, D., Marshall, K. A., Walshire, J.,

Kehoe, T. L., Reichert, H., Davis, M., Raffini, L., George, L. A., Hudson, F. P.,

Dingfield, L., Zhu, X., Haller, J. A., Sohn, E. H., Mahajan, V. B., Pfeifer, W.,

Weckmann, M., Johnson, C., Gewaily, D., Drack, A., Stone, E., Wachtel, K.,

Simonelli, F., Leroy, B. P., Wright, J. F., High, K. A., and Maguire, A. M. (2017).

Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in patients with

RPE65-mediated inherited retinal dystrophy: a randomised, controlled, open-

label, phase 3 trial. The Lancet, 390(10097).

Sahel, J. A., Marazova, K., and Audo, I. (2015). Clinical characteristics and current

therapies for inherited retinal degenerations. Cold Spring Harbor Perspectives in

Medicine, 5(2).

Sahly, I., Dufour, E., Schietroma, C., Michel, V., Bahloul, A., Perfettini, I., Peper-

mans, E., Estivalet, A., Carette, D., Aghaie, A., Ebermann, I., Lelli, A., Iribarne,



BIBLIOGRAPHY 348

M., Hardelin, J.-P., Weil, D., Sahel, J.-A., El-Amraoui, A., and Petit, C. (2012).

Localization of Usher 1 proteins to the photoreceptor calyceal processes, which

are absent from mice. The Journal of cell biology, 199(2):381–99.

Sancho-Pelluz, J., Arango-Gonzalez, B., Kustermann, S., Romero, F. J., Van Veen,

T., Zrenner, E., Ekström, P., and Paquet-Durand, F. (2008). Photoreceptor cell

death mechanisms in inherited retinal degeneration.

Santos-Ferreira, T., Llonch, S., Borsch, O., Postel, K., Haas, J., Ader, M., Pear-

son, R. A., Barber, A. C., Santos-Ferreira, T., MacLaren, R. E., Bartsch, U.,

Eberle, D., Schubert, S., Postel, K., Corbeil, D., Ader, M., Terada, N., Ying, Q.-

L., Nichols, J., Evans, E. P., Smith, A. G., Alvarez-Dolado, M., Ogle, B. M.,

Cascalho, M., Platt, J. L., Gerdes, H.-H., Rustom, A., Wang, X., Inaba, M.,

Buszczak, M., Yamashita, Y. M., Conner, S. D., Schmid, S. L., Akimoto, M.,

Vintersten, K., Madisen, L., Le, Y.-Z., Warre-Cornish, K., Barber, A. C., Sow-

den, J. C., Ali, R. R., Pearson, R. A., Czekaj, M., Eberle, D., Singh, M. S.,

West, E. L., Corish, P., Tyler-Smith, C., Kemp, K., Wilkins, A., Scolding, N.,

Sanges, D., Cusulin, C., Sullivan, S., Eggan, K., Eberle, D., Santos-Ferreira, T.,

Grahl, S., and Ader, M. (2016). Retinal transplantation of photoreceptors results

in donor–host cytoplasmic exchange. Nature Communications, 7:13028.

Sanuki, R., Onishi, A., Koike, C., Muramatsu, R., Watanabe, S., Muranishi, Y.,

Irie, S., Uneo, S., Koyasu, T., Matsui, R., Chérasse, Y., Urade, Y., Watanabe,
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