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Abstract

Biallelic DRAM2 mutations cause an autosomal recessive cone-rod dystrophy manifesting in the
third decade of life. DRAM2 is known to be expressed in the lysosomes of photoreceptors (PRs) and
retinal pigment epithelium (RPE), however it remains unclear how this protein contributes to retinal
disease. Induced pluripotent stem cells (iPSCs) reprogrammed from somatic tissue are successfully
used for disease modelling of retinal dystrophies. Herein, we detail the generation and
characterisation of retinal organoids (ROs) and RPE from two patient-specific iPSCs carrying biallelic
mutations in DRAM2. To control for genetic background variation, we generated isogenic controls
using CRISPR-Cas9 and differentiated them to ROs and RPE alongside wild-type controls. Preliminary
data showed a fundamental difference in the ability of both iPSC-derived patient ROs to initiate
autophagic processes. Complete loss of DRAM2 in ROs resulted in a failure to initiate autophagy, as
opposed to minimal DRAM?2 expression, which was sufficient to maintain basal levels of autophagic
activity. Characterisation of ROs by immunofluorescence did not show a reduction in either rods or
cones consistent with an adult-onset of the disease. Patient ROs and RPE, however, presented with
a marked accumulation of lipid deposits on electron microscopy suggesting inefficient degradation
of cellular waste. A combined proteomics and western blot approach revealed a cytosolic reduction
and increased media expression of key lysosomal degradative enzymes in both cell models. A
significant decrease in lysosomal enzyme activity corroborated a putative lysosomal deficiency.
Altered lipid composition of ROs indicated that aberrant membrane dynamics may exacerbate the
vesicular trafficking defect. Co-expression of DRAM2 with AP-1 (Adaptor Related Protein Complex
1) and AP-3 (Adaptor Related Protein Complex 3) provided further evidence for a role in clathrin-
mediated transport. Collectively, these data suggest an indispensable role for DRAM2 in the

maintenance of PRs and RPE in overseeing the proper transport of lysosomal enzymes.
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and does not reflect on the presence or absence of such between the WT control and the rest

of the samples examined.
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Chapter 1: Introduction



1. Introduction.

1.1. The Retina as a central tissue of visual perception

1.1.1. Structural organization of the retina

Eyesight arises from the ability of the eye to convert light from the surrounding environment and
translate it into neural impulses that are processed by the brain. Visual perception begins in the
anterior cavity of the eye, where the lens, cornea, iris, and the ciliary body refract and focus light
onto the retina. The retina is the innermost, sensory component of the eye, which facilitates vision
via the transduction of light photons into graded membrane potentials. It is an intricately laminated
tissue comprising several layers of highly specialized retinal cells. Electrochemical impulses
generated by cones and rods, the two types of photoreceptors, which can be found in the outer
nuclear layer (ONL), feed into a circuit of bipolar cells residing in the inner nuclear layer (INL).
Communication between photoreceptor presynaptic termini and the postsynaptic processes of
bipolar and horizontal cells is established in the outer plexiform layer (OPL), the site of synaptic
contact. Second- order interneurons such as horizontal and amacrine cells, also located within the
INL, mediate lateral inhibitory responses to fine-tune the excitatory firing of photoreceptors and
bipolar cells, respectively. An additional type of retinal cell, known as Miiller glia, that can also be
found in the INL, provides structural and homeostatic support by enabling neurotransmitter
recycling as well as the regulation of extracellular pH and ion concentration. The neurons of the INL
relay information of the OPL to the inner plexiform layer (IPL), where bipolar cells synapse with the
dendrites of ganglion cells. Synaptic contacts in the IPL are formed between amacrine and bipolar
cells, ganglion cells or interneurons. Visual signals subsequently converge on ganglion cells in the
ganglion cell layer and are further relayed to the visual cortex of the brain. Separating the overlying
receptors from the choroid is a monolayer of retinal pigment epithelium (RPE), which is
indispensable for the long-term viability and function of the photoreceptors (Demb and Singer,

2015) (Figure 1).
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Figure 1 Cellular architecture of the retina. The retina is the innermost light sensitive tissue of the
eye which enables the conversion of light into electrical signals that is then forwarded to the brain
in the form of visual input. The main cells responsible for detecting light are the photoreceptor cells.
Important for the phagocytosis of photoreceptor outer segments and the regeneration of visual
pigment is a single postmitotic layer of RPE cells which lies between the sensory part of the retina
and the choroid. The mammalian retina is characterized by three main layers - the outer nuclear
layer (ONL), the inner nuclear layer (INL), and the ganglion cell layer (GCL), functionally defined by
the presence of six types of neurons and one type of glial cells. Rod and cone photoreceptor cell
bodies present in the outer nuclear layer (ONL) transmit signals across a variety of interneurons -
bipolar (BC), amacrine (AC) and horizontal cells (HC) residing within the inner nuclear layer (INL).
Muller glia (MG), which are also native to the INL extend from the outer to the inner limiting
membranes (OLM and ILM). The processes of photoreceptor cells synapse with interneurons in the
outer plexiform layer (OPL). In turn, interneurons of the INL extend their processes into the inner
plexiform layer (IPL) where they establish communication with ganglion cells (GC) of the ganglion
cell layer (GCL). Ganglion cells (GC), ultimately feed visual input to the optic nerve across the nerve
fiber layer (NFL). Image taken from Salman;McClements and MacLaren (2021). (PL- photoreceptor
layer).
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1.1.2. Photoreceptors and RPE.

The two primary photoreceptor types in the retina are cones and rods. The latter have evolved
different functional characteristics to enable visual perception. Rods are the most prevalent
photoreceptor type and enable night- time vision. Rods are located around the periphery of the
retina and are heavily distributed within the region surrounding the fovea, an area within the
macula, which exhibits the highest visual acuity. The fovea itself is devoid of rods but is highly
enriched in cone photoreceptors. Cones are essential for perceiving daylight and color. Cones can
singularly contribute to higher levels of visual acuity, whereas rods demonstrate a much higher level
of photon sensitivity. Other functional discrepancies between the two main types of photoreceptors
pertain to differences in saturation levels as well as recovery response following light exposure

(Wang and Kefalov, 2011).

Trichromatic color vision, which is an evolutionary feature of primates, is characterized by
allelic diversity of the opsin gene, giving rise to three types of cone pigment, which enable the full
discrimination of the color spectrum (Bowmaker and Hunt, 2006). L cones and M cones respond to
long -and middle-wavelength light frequencies (Amax~565 nm and Amax~537 nm), respectively,
whereas S cones are sensitive to short-wavelengths of the electromagnetic spectrum (Amax~430
nm) (Mustafi;Engel and Palczewski, 2009). Rhodopsin is the rod-specific opsin, which is required for
phototransduction of low-light monochromatic vision. Intrinsically photosensitive ganglion cells
express a melanopsin pigment, which governs circadian rhythm responses as well as the constriction

of the pupil in response to light adaptation (Do, 2019).

Both rods and cones possess a synaptic terminus, a nuclear region, outer (OS) and inner
segments (IS) interconnected by a cilium. Photopigments, which endow the retina with the ability
to absorb light photons, are retained in the OS of the photoreceptors, which is a specialized type of
sensory cilium. The outer segments of rods comprise a mass of rhodopsin -loaded discs enclosed by
a ciliary membrane. By contrast, the OSs of cones entail multiple projections in continuation with
the OS membrane (Goldberg;Moritz and Williams, 2016). Being exposed to the milieu of the
extracellular environment, cone OSs are subject to more rapid bursts of phototransduction (Yau,
1994). Photoreceptor outer segments (POSs) exhibit a high dynamic turnover, so much so that up
to 10% of their discs are being synthesized and approximately the same amount is being

phagocytosed by the RPE daily (Young and Bok, 1969).
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The RPE is a single postmitotic layer of specialized neuroepithelium found between the light-
sensory part of neural retina and the choroid. It is a highly polarized structure of hexagonally
arranged cells, which assemble into tight junctions. Basolaterally, RPE forms a firm contact with the
Bruch’s membrane and the adjacently located choriocapillaris while their apical side envelop their
microvilli towards the photoreceptor layer (Klettner and Dithmar, 2020). In addition to serving as an
outer blood-retinal barrier, the tight monolayer of RPE enables the directed exchange of waste and
nutrients, the re-isomerization of visual pigment, the internalization and degradation of POS as well
as the release of extracellular factors, which contribute mechanical cohesion to the retina (Klettner
and Dithmar, 2020). Failure in the ability of RPE to fully degrade damaged POS by their lysosomes
leads to the accumulation of autofluorescent lipofuscin granules in the RPE - a heterogenous mix of
oxidized cell debris, lipid, protein and chromophore metabolites (Kennedy;Rakoczy and Constable,
1995). The autofluorescent properties of lipofuscin are largely due to the presence of bisretinoid

fluorophores, which are metabolites of vitamin A and other visual related processes.

The high metabolic rates and the abundance of polyunsaturated phospholipids in the
membranes of POS contribute acute susceptibility to oxidative stress (Bazan, 2006). Compromised
RPE integrity often leads to secondary irreversible damage to the overlying layer of photoreceptors
and has been implicated in the development of multiple retinal diseases, including dry and wet age-
related macular degeneration (AMD) (Klettner and Dithmar, 2020). Damage to the RPE due to
continued metabolic stress has been linked to the natural processes of ageing, dysfunctional
autophagy as well as abnormal Nrf2 antioxidant signaling in the RPE (Mitter et al., 2014; Handa,
2012). Chronic oxidative stress can therefore lead to the excessive accumulation of oxidized
epitopes in the macula leading to the overt induction of innate immunity, which may induce RPE

cell apoptosis and the deposition of drusen onto the Bruch’s membrane (Handa, 2012).

1.1.3. Initiation of the phototransduction cascade

The conversion of a photon light into electrical signal of the retina is termed phototransduction. The
process of phototransduction originates with photon detection by the opsin family of G protein-
coupled receptors. The chromophore, 11-cis retinal bound to the opsin, is isomerized by photons to
become all-trans retinal. The photoisomerization of retinal causes a conformational change of the
opsin protein, which, once activated, initiates a signal transduction cascade. The activated form of
the opsin, Meta ll, activates the trimeric G protein, transducin. Activation of transducin catalyzes

the dissociation of GDP bound to its a-subunit in favor of binding GTP. As GTP is bound, the a-
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subunit dissociates from the B- and y-subunits, this GTP-bound a-subunit then facilitates the
activation of phosphodiesterase (PDE6). PDEG6 is a tetramer consisting of an a-subunit, a B-subunit,
and two y-subunits. It is one of the y-subunits of PDE6 that is activated by the GTP-bound complex,
inciting the hydrolysis of cGMP into GMP. As the sodium ion (Na*) channels of the photoreceptor
are gated by cGMP, a reduction in intracellular cGMP results in closure of these channels preventing
the influx of Na*. This is what provokes the hyperpolarization of the photoreceptor cell, as
potassium ions (K*) are still transported out of the cell. Hyperpolarization of the photoreceptor cell
causes closure of voltage-gated calcium ion (Ca?*) channels decreasing the level of intracellular Ca?*,
as the ion is no longer flowing into the cell but is still being extruded from the outer segments by

Na*/Ca*, K* exchangers such as NCKX1 (Tsin;Betts-Obregon and Grigsby, 2018).

1.1.3.1 Visual cycle

Upon light excitation a classical visual cycle cascade is triggered that enables the activation of opsin
photoreceptors and the recycling of visual pigment by the RPE. In the meantime, renewed pigment
is supplied to both cones and rods in a competitive manner. An additional cone-specific visual
phototransduction cascade exists which recycles and provides chromophore specifically to cones in
an RPE-independent manner. Both pathways are briefly summarized here (Wang and Kefalov,

2011).

1.1.3.2 Canonical visual cycle and cone-specific visual cycle

The classical visual cycle is initiated by the isomerization of 11-cis retinal to all-trans- retinal upon
activation of the opsin GPCR by light photons. This leads to a conformational change of the opsin
receptor resulting in hyperpolarization. Retinol dehydrogenases such as RDH8 and RDH12 enable
the conversion of all trans-retinal to all-trans-retinol. The latter molecule associates with IRBP
protein once it enters the interphotoreceptor matrix and is transported to the RPE in a CRBP1-
dependent manner. Once in the RPE, it is modified to all-trans-retinyl ester by the lecithin retinol
acyl transferase. RPE65 protein then enables the catalysis of esterified all-trans-retinol to 11-
cis-retinol, which is then oxidized to 11-cis-retinal allowing it to be reused by opsins receptors

(Tsin;Betts-Obregon and Grigsby, 2018; Wang and Kefalov, 2011) (Figure 2).

The cone visual cycle undergoes analogous stages but is further facilitated by isomerase Il,
dihydroceramide desaturase 1 (DES1), and multifunction O-acyltransferase (MFAT) proteins within

Midller glia cells. Consequent to the reduction of all-trans-retinal to all- trans-retinol by retinol
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dehydrogenase, the latter chromophore is delivered to Miller glia cells, where it associates with
CRBP to be converted to 11-cis-retinol by Isomerase Il (DES1) and to be esterified by MFAT (Kaylor
et al., 2013). Subsequently, 11-cis-retinal is returned to the cone outer segments and oxidized to
11-cis-retinal which can then be reused by cone opsins (Tsin;Betts-Obregon and Grigsby; Wang and

Kefalov, 2011).
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Figure 2 Schematic depiction of the canonical and cone visual cycle pathways. Image taken from
Tsin;Brandi and Grigsby, 2018.

1.2 Blindness

A systematic review on the global population has reported that retinal degenerative disorders
account for a significant number of visual impairment cases worldwide (Flaxman et al., 2017) (Figure

3). Even though an overall reduction in blindness and visual impairment cases has been reported
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globally, the prevalence of preventable visual impairment has continued to increase within the
ageing population with the improvement of life expectancy (Flaxman et al,, 2017). The current
classification of the World Health Organization only takes into record blinding conditions of public
health significance, which can be prevented. However, when multiple co-existing conditions are
encountered in the same individual, vision loss is ascribed to the ‘most readily curable cause’, which
has been associated with an overestimation of curable vision impairment. This calls for an unbiased
approach to determine the prevalence of debilitating eyesight conditions and the development of

reliable treatments for diseases leading to the irreversible loss of vision.
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Figure 3. Prevalence of moderate to serious visual impairment 2 50 years of age. Data was
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1.3. Inherited retinal degeneration.

Inherited retinal dystrophies (IRDs) comprise a group of genetically and phenotypically
heterogeneous disorders with an overall incidence of 1:2000 (Sohocki et al., 2001; Rein et al., 2006;
Cremers et al., 2018). IRDs are characterized by severe visual impairment with disease presentation
varying greatly across the age spectrum (Georgiou; Fujinami and Michaelides, 2021). T herapeutic
options are limited, however, recent developments in next generation sequencing have prompted
the discovery of novel pathogenic variants and causative genes associated with IRDs (Georgiou;
Fujinami and Michaelides, 2021). Significant genetic and allelic heterogeneity can be observed but
the primary etiology is attributed to dysfunctional photoreceptors and/or RPE with clinical severity
being dependent on the affected retinal cell type ( Georgiou;Fujinami and Michaelides, 2021). Leber
congenital amaurosis, cone- rod/rod-cone dystrophies and retinitis pigmentosa (RP) are some
examples of common hereditary retinal degenerative disorders (Scholl et al., 2016). Furthermore,
progressive atrophy of the macula is associated with the development of Stargardt disease (STGD),
Sorsby fundus dystrophy (SFD), X-linked retinoschisis (XLRS), Best disease (BD) and autosomal
dominant drusen (ADD) (Rahman et al., 2020).

1.4. Contribution of DRAM2 to retinal degeneration

DRAM?2 encodes a 266-amino-acid protein containing six transmembrane domains (Yoon et al.,
2012; Zeng et al., 2014). The protein localizes to lysosomal membranes where it may initiate the
lipidation of endogenous LC3-I (microtubule- associated protein light chain 3) to LC3-Il during
autophagosome formation (Zeng, et al., 2014; Kim, et al. 2017) Kim, et al. (2017) recently demonstrated
that DRAM2 is able to physically interact with key autophagy proteins BECN1 and displace RUBCN
from the BECN1 complex to initiate phagofore formation in human macrophages. Furthermore,
DRAM2 was also shown to bind to both LAMP1 and LAMP2, which may be important for
endolysosomal maturation (Kim, et al. 2017). Collectively, these data suggests that DRAM2 may have

a crucial role in the maintenance of photoreceptor and RPE cells.

Biallelic mutations in the novel lysosome and autophagy regulator DNA Damage Regulated
Autophagy Modulator 2 (DRAMZ2) are associated with an autosomal recessive form of retinal
dystrophy, affecting both cones and rods (El-Asrag et al., 2015; Sergouniotis et al., 2015; Kuniyoshi
et al., 2020; Abad-Morales et al., 2019). A recent study reported lower DRAM?2 expression in AMD
eyes and the loss of cones in DRAM2 knockout mice, which supports a primary macular involvement

(Jones et al., 2023). Most DRAM?2 patients present with macular involvement and loss of cone
32



photoreceptors by the third decade of life. At advanced stages of the disease, clinical presentation
is often also accompanied by peripheral retinal degeneration which undermines one’s ability to see
in dimly lit conditions (El-Asrag et al., 2015; Sergouniotis et al., 2015; Kuniyoshi et al., 2020; Abad-
Morales et al., 2019). The classic DRAM2 clinical diagnosis entails central vision loss with early
funduscopic findings of a granular macular appearance and white/yellow dots. On fundus
autofluorescence (FAF) patients may exhibit regions of hypoautofluorescence pertaining to areas of
significant macular cell loss. The presence of hyperautofluorescent rings surrounding these regions
of hypoautofluorescence has been associated with sites of photoreceptor loss where RPE is still
functional, but likely subjected to a significant lipofuscin burden (Sergouniotis et al., 2015; Krasovec
et al., 2022). The central atrophic area is seen to enlarge over time, leading to peripheral
degeneration and the presence of bone-spicule pigmentation. Consistent with these data, optical
coherence tomography (OCT) findings from a pre-symptomatic patient showing the loss of
photoreceptor cells appear to suggest a primary photoreceptor etiology (Sergouniotis et al., 2015).
Studies have shown that the onset and the severity of the disease is largely dependent on the type
of DRAM2 mutation in patients. The two pilot studies on DRAM2 dystrophy demonstrated that loss-
of-function DRAM2 mutations are associated with an earlier disease onset and a more severe
disease progression compared to missense mutations or in-frame deletion variants (Sergouniotis et
al., 2015; El-Asrag et al., 2015). This is in keeping with the observation that certain missense variants
may contribute to a significantly delayed disease presentation which could be mistaken for AMD in
the sixth decade of life (c.3G > A/, c.737T > C) (Krasovec et al., 2022). The slowly progressing macular
dysfunction reported in this patient, is likely to be due to the presence of the mild missense ¢.737T
> C variant, which could lead to the retention of some residual DRAM2 function. By contrast, in a
homozygous state, the null variant ¢.3G > A (loss of start codon), presents with a severe CRD at the
age of 35, concurrent with intraretinal cysts, an autoimmune response, completely ablated rod, and

significantly delayed cone responses.

Further investigation into the clinical impact of homozygous frameshift and alternative
splicing variants, revealed that individuals carrying frameshift mutations exhibited a relatively
milder phenotype in terms of peripheral retinal degeneration which was also contingent on the level
of transcript degradation and the location of the premature termination codon in the genetic
sequence of DRAM?2. By contrast alternative splicing mutations were associated with more
pervasive peripheral retinal damage and associated RPE abnormalities (Abad-Morales et al., 2019).

A comprehensive analysis of all clinical electroretinogram (ERG) data revealed that the majority of
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DRAM?2 cases have been diagnosed as CRD, 29% as macular dystrophy and 21% pertain to rod-cone
dystrophy (RCD) (Krasovec et al., 2022). As becomes evident from clinical data, both cones and rods
are affected, however, in spite of ERG findings, RCD never presents as a typical RCD due to the strong
macular involvement seen in patients (Kuniyoshi et al., 2020; Krasovec et al., 2022). RCD DRAM2
patients displaying night blindness and dark adaptation difficulties upon presentation, subsequently

also develop a significant macular impairment.

Two major isoforms have been reported for DRAM2 — a ubiquitously expressed isoform
(DRAM2a) and a retinal-specific one (DRAM2c) as inferred by RT PCR analyses in a set of human
tissues (Abad-Morales et al., 2019). The DRAM2c isoform is defined by the skipping of exon 5 and is
expected to produce protein half the size of ubiquitously expressed DRAM2a (~30kDa). Hence
DRAM2c (exons 6-9) represents a shortened version of the DRAM2a isoform (exons 3-9) (Abad-
Morales et al., 2019). The Abad-Morales study has shown that RPE disturbances leading to a more
severe disease progression are particularly apparent in the patients carrying alternative splicing
mutations which affect the expression of both isoforms (e.g., ¢.693+2T>A). So far, all literature data
derives from a total of 19 DRAM2 variants associated with the degeneration of both PR and RPE
cells, but the contribution of the two major isoforms to the loss of either retinal cell type demands

further investigation.

1.5. Lysosomal contribution to neurodegeneration.

The ageing lysosome poses a significant vulnerability to the long-term maintenance of neuronal
tissue. Due to being long-lived post-mitotic cells not able to carry exocytosis, a substantial
proportion of neuronal cells are subjected to the growing burden of lysosomal clearance during the
course of ageing. The specific dependance of neuronal tissue on lysosomal function is demonstrated
by the numerous congenital disorders associated with aberrant lysosomal function (Fraldi et al.,
2016; Llyod-Evans and Haslett, 2016). Common deficits leading to Lysosomal Storage Disorders
(LSDs) are linked to reduced lysosomal hydrolase activities due to aberrant lysosomal transport or
acidification, the deposition of lipofuscin, oxidative damage to lysosomal components as well as
reduced autophagic clearance over time (Colacurcio and Nixon, 2016, Cuervo and Wong, 2014;
Nixon, 2016). The list of genes shown in Table 1 are widely associated with lysosomal acidification,
the degradative function and trafficking of lysosomal hydrolases, the functioning of lysosomal ion

transporters, and vesicular trafficking.
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Whether lysosomal dysfunction manifests as a congenital disorder or an age-related
condition is dependent on the type and the severity of the mutation. Table 1 provides a
comprehensive summary of the different type of LSDs gene mutations associated with
neurodegenerative decline. Gene dosage effects are shown by the association of homozygous
mutations with severe congenital LSDs, in contrast to LSD gene haploinsufficiency which often leads
to the development of late-onset neurodegenerative disease. Such is the case for Progranulin (GRN)
mutations, which could either lead to childhood Neurounal Ceroid Lipofuscinosis (NCL) when
biallelic, or to Frontotemporal Dementia when heterozygous (Ward et al., 2017). Similarly,
glucocerebrosidase (GBA) mutations can cause congenital Gaucher’s disease in the biallelic state
and late-onset Parkinson’s disease as monoallelic mutations (Riboldi and Di Fonzo, 2019).
Furthermore, homozygous GBA and compound heterozygous mutations can lead to earlier and
more severe Parkinson’s presentation (Thaler et al., 2017). Gene dosage effects in presenilin (PSEN1)
which affects lysosomal acidification can also modify the onset of Alzheimer’s depending on the

location of the mutation and its impact on the gene (Bagaria;Bagyinszky and An, 2022).

Lysosomes are the endpoint of convergence for autophagic and endocytic routes of
degradation (Nixon;Yang and Lee, 2008) (Figure 4). Autophagy is an umbrella term for a variety of
lysosome-dependent degradative processes responsible for the clearance of intracellular waste and
the recycling of cellular components. Macroautophagy facilitates the processing of cellular waste
and even entire organelles such as mitochondria via the fusion of autophagosomes with lysosomes,
whereby hydrolases native to the lysosome carry out waste degradation. Alternatively, chaperone
molecules can deliver the cargo directly to the lysosome in a process known as chaperone-mediated
autophagy. Indeed, waning chaperone-mediated autophagy (CMA) function due to the loss of
LAMP2a has been outlined as a major predicament for age-related neurodegeneration (Cuervo and
Dice, 2000), Lysosomes can additionally directly engulf cellular waste by selective or non-selective
microautophagy. Last but not least lysosomes can receive endocytosed waste cargo via the stepwise
maturation of endosomes (Figure 4). The widely accepted lysosomal definition pertains to a single-

membrane degradative structure that exhibits acidic pH (4.5-5) and is highly concentrated in

35



lysosomal hydrolases and membrane receptors whilst at the same time being devoid of the

mannose-6-phosphate receptors (M6PR), that have trafficked them (Saftig and Klumperman, 2009).
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Figure 4. Simplified schematic showing the main routes of lysosomal waste entry. The
macroautophagy pathway can deliver lysosomal cargo for degradation by merging double-
membrane enclosed autophagosomes with the lysosome. Cellular waste also can be delivered to
the lysosome by chaperone molecules via the recognition of the lysosomal LAMP2a receptor.
Furthermore, endocytosed cargo can be sequestered to the lysosome by the sequential maturation
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Image taken from Nixon, 2020.

36


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6381838/#R126

Table 1. List of genes associated with Lysosomal Storage Disorders. Adapted from Lie and Nixon,

2019.
Gene Protein Known/proposed role in Associated disease (s) References
lysosomal function
Lysosomal hydrolases
and their delivery
CTSD Cathepsin D Proteolysis MNCL, INCL, AD (Vidoni et al ., 2016)
CTSA Protective protein-cathepsin A [Proteolysis Galactosialidosis [Caciotti et al ., 2013
IDUA a-L-iduronidase Glycosaminoglycan Mucopolysaccharidosis type | [(Campos and
metabolism Monaga, 2012)
DS ldurenate 2-sulfatase Glycosaminoglycan Mucopeolysaccharidosis type || |(Kosuga et al., 2016)
metabolism
NAGLL MN-c-acetylglucosaminidase Glycosaminoglycan Mucopolysaceharidesis type 111, | (Ohmi et al., 2009;
metabolism PD Winder Rhodes et
al., 2012)
SMIPD1 Sphingormyelin Sphingolipid metabolism Miemann-Pick disease type A, |(Gan-Or et al. , 2015
phosphodiesterase 1 PD
GBA Glucosyleeramidase B Glyeolipid metabolism PD, Gaucher's disease (Westbroek et al. ,
2011)
GLB1 B-Galactosidase Ganglioside metabolism GM1 - gangliosidosis (Sandhoff and
Harzer, 2013)
HEXB B-Hexosaminidase Ganglioside metabolism GM2-gangliosidosis [Sandhoff and
Harzer, 2013)
VPS35 VPS35 Hydrolase receptor sorting |PD (Vilarino-Guell et
al., 2011)
SCARB2 LIMP2 Receptor for GBA Diffuse Lewy body disease, PD |(Bras et al. , 2014;
Michelakakis et al .,
LYSET Lysosomal trafficking factor Golgi retention of GNPTAB  |Skeletal dysplasia (Pechincha et al .,

2022; Richards et
al., 2022; Zhang et
al ., 2022; Qjao et

Lysosomal acidification

ATPEVIB1

ATPase H+ transporting VI
subunit B1 (V1B1)

vATPase subunit

Renal tubular acidosis

(Karet et al., 1999)

Elycoprotein

ATPEVIB2 ATPase H+ transporting VI vATPase subunit Dominant deafness- [Kortum et al .,
subunit B2 (VIB2) onyechodystrophy syndrome, 2015; Yuan et al .,
Zimmermann-Laband 2014)
syndrome
ATPEVDA2 ATPase H+ transporting VO wATPase subunit Autosomal recessive cutis laxa |(Kornak et al. , 2008)
subunit A2 (V0a2) type 1l
TCIRG1 ATPase H+ transporting VO wATPase subunit Autosomal recessive [Kornak et al. , 2000)
subunit A3 (V0a3) osteopetrosis with
neurcdegeneration
ATPEV0A4 ATPase H+ transporting VO vATPase subunit Renal tubular acidosis [Stover et al ., 2002)
subunit A4 (V0a4d)
ATPBAP2 ATPase H+ transporting Coordination of vATPase PD [Korvatska et al .,
accessory protein 2 assembly 2013)
ATP13A2 ATPase 13A2 Heavy metal transport; lipid |PD, NCL (Braset al., 2012;
flippase Ramirez et al. ,
PSENI Presenilin 1 Chaperone for delivery of AD [Lee et al ., 2010)
wATPase VOal subunit to
lysosomes
PPT1 Palmitoyl-protein thioesterase 1 (Palmitoylation of vATPase INCL (Bagh et al., 2017)
[CLMN1) VOal subunit for delivery to
WFs1 Woalframin ER transmembrane  [Stabilization of vATPase V1A §Waolfram syndrome (Gharaneiet al .,

2013)

Lysosamal ion channels

or transporters

MCOLNT Mucolipin 1 (TRPML1) Lysosormal Ca+channel Mucolipidosis type IV [Bargal et al ., 2000)

TMENMI175 Transmembrane protein 175 Lysosomal K+channel PD {Jinn et al ., 2017)

CLCN7 Chloride voltage-gated channel |Lysosormal Cl-channel Osteopetrosis [Kasper et al., 2005)
7 |CLCT)

NPC1 Niemann-Pick Cl Cholesterol export Miemann-Pick disease type C  |(Vanier, 2010)

NFPC2 Niemann-Pick type C2 protein Cholesterol export Miemann-Pick disease type C  |(Vanier, 2010)
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Other functions
LYST Lysosomal trafficking regulator  [Lysosomal fission; secretory |Chediak-Higashi syndrome, PD | (Durchfort et al. ,
lysosome exocytosis 2012; Sepulveda et
al., 2015; Weisfeld-
Adams et al ., 2013)
ZFYVE26 Spastizin (SPG15) Autophagic lysosorme Hereditary spastic paraplegia |(Chang et al., 2014)
reformation
SPG11 Spatacsin Autophagic lysosome Hereditary spastic paraplegia |(Chang et al., 2014)
reformation
TARDBFP TAR DNA binding protein (TDP- |Regulation of TFEB ALS, FTD [Xia et al. , 2016)
43) translocation and dynactin
expression
C90RF72 C90RF72 Regulation of mTORC1 ALS, FTD [Amick et al ., 2016)
signaling
FIG 4 FIG 4 Regulation of ALS, Charcot-Marie-Tooth [Chow et al ., 2009;
phosphoinositide signaling disease type 4] Chow et al. , 2007)
GRN Progranulin Unclear; enhances lysosome |FTD, NCL [Tanaka et al., 2017
acidification
SYT11 Synaptotagmin 11 Unclear; required for proper (PD (Bento et al ., 2016)
lysosomal acidification
TMEMI1068 Transmembrane protein 1068 |Unclear; upregulation FTD (Brady et al ., 2013;
induces lysosome Van Deerlinet al .,
enlargement 2010)
Lysosomal substrates
MAPT Microtubule associated protein |CMA substrate; mutants PD, FTD (Wang et al., 2009)
tau block CMA
SNCA a-Synuclein CMA substrate; mutants PD, FTD (Bougea et al .,
block CMA 2017; Cuervo et al. ,
LRRKZ Leucine rich repeat kinase 2 CMA substrate; mutants PD, FTD |Dachsel et al .,
block CWIA 2007; Orenstein et
UCHL1 Ubiquitin C-terminal hydrolase  [CMA substrate; mutants PD (Kabuta et al ., 2008)
L1 block CMA

Legend: AD (Alzheimer’s disease), ALS (Amyotrophic Lateral Sclerosis), FTD (Frontotemporal
Dementia), iNCL (infantile Neuronal Ceroid Lipofuscinosis); NCL (infantile Neuronal Ceroid
Lipofuscinosis).PD (Parkinson’s disease).

1.6. Macroautophagy pathway

The maintenance of cellular homeostasis is critical for cellular survival and is achieved through the
continuous recycling and degradation of damaged cellular components. Autophagy is a major
catabolic process, which facilitates the intracellular degradation in a lysosome-dependent manner
(Levine and Klionsky, 2004). Furthermore, autophagy also enables the adaptation to metabolic
stress, the clearance of pathogens and provides the only cellular mechanism for the disposal of
entire organelles. This section is going to focus on the most thoroughly characterized pathway,
macroautophagy, commonly known as autophagy. The latter is often referred to as a non-selective
process, however more specialized forms of macroautophagy have been described based on the
cargo that is being targeted (Lamb;Yoshimori and Tooze, 2013). Macroautophagy can be

distinguished from other modes of autophagy by the assembly of specialized cytosolic vesicles
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known as autophagosomes, which enable cargo transport to lysosomes over the course of 5 stages
- initiation, nucleation, elongation, fusion, and degradation (Figure 5) (Feng et al., 2014). The
process is initiated as cytoplasmic material begins to be enveloped by the double membrane of the
phagophore. The membrane sac then stretches to accommodate damaged debris and upon sealing
an autophagosome is formed. The autophagosome merges with lysosomes to give rise to an
autolysosome, whereby cytoplasmic cargo is hydrolyzed by lysosomal proteases, and released
into the cytoplasm (Lamb;Yoshimori and Tooze, 2013). Autophagosome formation is initiated in
response to signals of nutrient deprivation or stress, whereby the Ser/Thr kinases ULK1 and ULK2
are released from the inhibitory action of mMTORCL1. The following occurs following the activation of
the RALB GTPase, which induces the recruitment of an EXO84- vesicle complex (Bodemann et al.,
2011). The EXO84- vesicle complex sequesters mTORC1, bringing ULK1 and the PI3K complex closer
to each other and to the site of phagofore assembly (PAS), the omegasome (Lamb;Yoshimori and

Tooze, 2013).

The omegasome is an extension of the endoplasmic reticulum (ER) marked by the presence
of PtdIns(3)P-binding protein DFCP1 (Axe et al., 2008). At the omegasome ULK1 and ULK2 attach to
the membrane via their conserved C- terminal domains to facilitate the recruitment and
phosphorylation of Atg13, FIP200 and Atg101, comprising the ULK1 complex (Chan et al., 2009). A
crucial step for the nucleation of the autophagosome is the activation of the phosphatidylinositol 3-
OH kinase (PI3K) complex via the phosphorylation of Beclinl at Ser15 and the lipid kinase VPS34 at
Ser249 by ULK1 (Egan et al., 2015; Russell et al., 2013). Activation of VPS34 enables PtdIns(3)P
synthesis at the isolation membrane of the autophagosome (Dooley et al., 2014) and promotes
further autophagosome maturation by mobilizing WIPI and the Atgl2-Atg5-Atgl6 complex. WIPI
facilitates the recruitment of ATG16 (Fujita et al., 2008) and the subsequent assembly of the
ATG5/12/16L1 complex (Dooley et al., 2014). The latter carries out lipidation and attachment of
microtubule-associated protein 1A/1B-light chain 3 (LC3) to the autophagosomal membrane, which
is a major prerequisite for the elongation of the autophagosome (Tanida;Ueno and Kominami, 2008;
Kabeya et al., 2004). The process of lipidation entails the conjugation of cytosolic LC3 (LC3-l) to
phosphatidylethanolamine (PE) (Sou et al., 2006; Ohsumi, 2001) which is catalyzed by the E1 enzyme
Atg7 and subsequently converted to LC3Il via the E2 enzyme Atg3 (fig.4) (Tanida et al., 2001; Tanida
et al., 2002; Tanida;Ueno and Kominami, 2004). Atg5—Atg12/Atg16 has been reported to bind to the
isolation membrane and mediate a more efficient recruitment of Atg3 to autophagosomes,
ultimately accelerating LC3 conjugation to PE (Romanov et al.,, 2012). Furthermore, the highly

conserved Atg9 core autophagy protein has been implicated in the transport of Atg proteins as well
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as the delivery of membrane constituents (Suzuki et al., 2001; Reggiori et al., 2004; Reggiori and
Klionsky, 2006; Yen et al., 2007). Once the isolation membrane has fully enclosed around cellular
cargo, the autophagosome can be trafficked to lysosomes. Atg proteins disengage from the mature
autophagosome and LC3Il can interact with p62 inside the autophagosome to facilitate the
degradation of ubiquitinated cargo (Pankiv et al., 2007; Rogov et al., 2014). As a result, p62 is
continuously degraded (Klionsky et al., 2008). The localization of SNARE protein syntaxin 17 (Stx17)
to the outer membrane of the autophagosome marks the completion of autophagosome
maturation. Of note, the interaction of Stx17 with Synaptosomal-associated protein 29 (SNAP29)
and Vesicle-associated membrane protein 8 (VAMPS8) on lysosomes is considered to be critical for
autophagosome-lysosomal fusion to occur (ltakura; Kishi-ltakura and Mizushima, 2012). Finally,

autolysosomal cargo is degraded by lysosomal proteases (Figure 5).
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Figure 5. Macroautophagy process. Autophagosome formation is initiated at the site of phagofore
assembly following inhibition of mTOR and the consequent activation of the ULK1 complex, which
activates PI3K synthesis. The PI3K complex encompasses proteins such as BECN1, VPS34, VPS15 and
Atgl14. Recruitment of WIPI and assembly of the Atg5-Atgl12/Atgl6 complex sets the scene for
phagofore nucleation and double membrane expansion of the nascent autophagosome. Elongation
of the isolation membrane is facilitated by consecutive ubiquitin-like reactions mediated by Atgd
and Atg3. The function of Atg4 and Atg3 enable the conjugation of LC3 to PE and conversion to
LC3Il, respectively. The maturing autophagosome then fuses with the lysosome to form an
autolysosome. Within the autolysosome, cargo is degraded and recycled constituents are made
available for the cell to reuse. Image is taken from Hansen et al. 2018.
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1.7 Lysosomes as key effectors of metabolic adaptation.

Apart from carrying out an indispensable role in cellular degradation, lysosomes act as crucial
responders to environmental stress. Recent evidence suggests that lysosomes are able to integrate
key signals regarding nutrient abundance and instigate an appropriate metabolic response which is
orchestrated by the continuous cellular repositioning of lysosomes. During anabolic conditions
when nutrients are replete, the transcription factor EB (TFEB) remains cytosolic due to
phosphorylation by mTORC1 present on the lysosomal surface. By contrast, conditions of nutrient
starvation result in the inactivation of mTORC1 leading to TFEB dephosphorylation and its
localization to the nucleus where it can induce the expression of CLEAR genes (Coordinated
Lysosomal Expression And Regulation) to initiate autophagy and upregulate lysosomal biogenesis

(Napolitano and Ballabio, 2016) (Figure 6).

The vATPase-SLC38A9-Ragulator-Rag complex enables the sensing of nutrients and relays
information regarding nutrient availability. The vATPase pump is a lysosomal protein which carries
out lysosomal acidification but also enables the activation of mTORC1 based on a mechanism of
amino acid detection in the lysosomal lumen (Zoncu et al., 2011). Similarly, the transmembrane
lysosomal protein SLC38A9 allows for the detection of amino acids and cholesterol in addition to
also carrying out roles as an amino acid transporter (Wang et al., 2015a; Castellano et al., 2017).
Together, these two protein nutrient sensors stimulate Ragulator GEF activity towards Raga proteins
to promote the lysosomal anchoring of mTORC1 and its activation by Rheb during anabolic growth
(Bar-Peled et al., 2012; Long et al., 2005). This culminates in the cytosolic sequestration of TFEB.
Conversely, nutrient deprivation triggers a catabolic switch leading to the disassociation of mTORC1
from the lysosomal membrane, the dephosphorylation of TFEB and TFEB nuclear translocation
(Zoncu et al., 2011; Castellano et al.,, 2017; Wang et al., 2015a). A crucial step leading to the
displacement of mTORC1 from the lysosomal membrane is deemed to be the coupling of vATPase

and Ragulator with Axin resulting in AMPK activation (Zhang et al., 2014).

The lysosomal response to nutrient availability and metabolic stress also encompasses a
change in the lysosome Ca** (Figure 6). Lysosomes are now being increasingly recognized as
prominent stores of Ca** which could pertain to the frequent ion exchange between lysosomes and
the ER (Waller-Evans and Lloyd-Evans, 2015). Indeed, studies have shown that aberrant Ca**
lysosomal levels are important contributing factors to the development of Niemann-Pick disease

type C, juvenile Neuronal Ceroid Lipofuscinosis (CLN3), Alzheimer’s and Parkinson’s disease and
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Frontotemporal dementia (FTD) (Waller-Evans and Lloyd-Evans, 2015). Emerging lysosomal
regulators of calcium efflux appear to be the TRPML and TPC Ca** pore receptors which can be
rendered active by Pl (3,5) P2 (phosphatidylinositol 3,5-bisphosphate). Furthermore, the activity of
TPC can be induced by NAADP (nicotinic acid adenine dinucleotide phosphate) (Morgan et al.,
2011; Patel and Cai, 2015; Waller-Evans and Lloyd-Evans, 2015). Upon nutrient starvation (Medina
et al., 2015) or elevated lysosomal pH (Raychowdhury et al., 2004), Ca** release by TRPML may cause
lysosomes to localize perinuclearly, TFEB to translocate and to initiate gene transcription in the
nucleus. Closer proximity to the nucleus is also associated with the higher incidence of autophagy
due to the enhanced fusogenic potential of lysosomes following lysosomal Ca** release (Medina et
al., 2015; Li et al., 2016) (Figure 6). The TPC1 receptor has also been implicated in trafficking of
endolysosomal material however there is an ongoing debate as to what ion selectivity and mode of

activation is truly characteristic of this ion pore channel (Cang et al., 2013; Morgan et al., 2011).
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Figure 6. Lysosome signaling during anabolic and catabolic metabolic states. Top panel shows that
during growth favorable conditions, mTORC1 is retained at lysosomal surface by the Rheb GTPase
following initial recruitment by the vATPase-SLC38A9-Ragulator-Rag GTPase complex. This results in
the phosphorylation of TFEB by active mTORC1 and its retention at the cytosol. In the meantime,
BORC is free to interact with ArI8/SKIP to facilitate kinesin-mediated positioning of the lysosome in
the cellular periphery where it can respond to growth factor signaling. Furthermore, when nutrient
conditions are replete, Ca*™ and Na* lysosomal release from the TRPML1 and TPC lysosomal
receptors is blocked, respectively. Bottom panel depicts the dynein-mediated lysosomal movement
toward the nucleus following mTORC1 and Rheb inactivation in the absence of nutrient signaling. As
a result, TFEB is dephosphorylated by the release of lysosomal Ca** and Na*and is relocated to the
nucleus where it can initiate the transcription of autophagy and lysosomal genes of the CLEAR
pathway. The efflux of lysosomal Ca** further stimulates dynein-associated microtubule movement
by ALG2, to enable relative lysosomal proximity to both the cell nucleus and incoming vesicles from
the Golgi. Na* lysosomal release, on the other hand, contributes to the function of the vATPase and
may promote lysosomal fusogenic potential. (Wang et al., 2012) Image taken from Lie and Nixon,
2019.

As outline in Figure 6, the change in lysosomal positioning can have a significant impact on
lysosomal function (Pu et al., 2016). Lysosome motility along the plus and minus poles of
microtubules is facilitated by kinesin (perinuclear) (Hollenbeck and Swanson, 1990) and dynein (cell
periphery) (Harada et al., 1998). The perinuclear localization of lysosomes, which can be induced by
starvation (Korolchuk et al., 2011). increases the probability of autophagic clearance due to the
higher concentration of endosomes and early autophagic vesicles in this cellular location (Jongsma
et al., 2016; Willett et al., 2017). This may also result in the higher efficiency of endosome
acidification due to the more straightforward transport of newly synthesized lysosomal hydrolases
from the Golgi (Johnson et al., 2016). By contrast, lysosomal movement towards the cell periphery
during anabolism is promoted by the association of BORC and ARL8 with kinesin microtubules
(Filipek et al., 2017; Pu;Keren-Kaplan and Bonifacino, 2017), as well as the interaction with ER-
derived kinesin via FYCO and protrudin 1 (Hong et al., 2017) (Figure 6). The repositioning of
lysosomes towards the cell periphery ultimately facilitates an encounter between lysosomal
mTORC1 and PM-associated growth factor receptors which provide instructions for anabolic growth

(Korolchuk et al., 2011) (Figure 6).

As mentioned previously, post-mitotic neurons are highly susceptible to cell death due to an
overburdening of the lysosomal system with ageing. An important disease factor is neuronal
asymmetry i.e., the long distances degradative vesicles must travel in neurons to carry out efficient
waste clearance. Fully acidified lysosomes are only located in the cell body of neuronal cells (Overly

et al., 1995) and the stepwise maturation of endocytic vesicles along the retrograde axonal transport
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follows a decreasing pH gradient (Overly and Hollenbeck, 1996). Studies have shown that
autophagosomes starting out from the distal axon begin to merge with late endosomes via syntaxin
17 forming amphisomes as evident by the acquisition of LAMP1 and Rab7. The presence of these
late endosomal proteins on the surface of newly formed amphisomes enables movement along
microtubules thereby facilitating long-distance transport (Lee;Sato and Nixon, 2011; Cheng at al.,
2015). Analogously, access to long-range means of transportation is rendered to early endosomes
following the replacement of Rab5 with late endosomal marker Rab7 (Deinhardt et al., 2006). Along
the retrograde axonal transport pathway, amphisomes and late endosomes are subjected to
increasingly more acidic pH prior to finally fusing with fully acidified lysosomes of the neuronal cell
body (Cheng et al., 2015; Lee;Sato and Nixon, 2011; Maday;Wallace and Holzbaur, 2012; Overly et
al., 1995) (Figure 7).

Their delivery to the cell body is facilitated by the activity of microtubule motor, dynein, and
an interaction with a cargo adaptor and the dynein multiunit co-factor dynactin (McKenney et al.,
2014). The challenges posed by long-range transport are hence emerging as a significant caveat to
the maintenance of neuronal tissue. Further research in favor of impaired axonal retrograde
trafficking has demonstrated a close relationship between aberrant microtubule function and the
development of Alzheimer’s disease (Vicario-Orri;Opazo and Munoz, 2015; Igbal et al., 2010).
Moreover, Gowrishankar et al., (2015) have reported an endolysosomal trafficking defect associated
with a protease deficiency due to the stalling of immature degradative structures in the axons of
mice suffering from Alzheimer’s disease. These studies provide evidence in support of the

underappreciated role of tubular transport in neurodegeneration.
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Figure 7. Retrograde transport of maturing degradative vesicles is enabled by microtubule-
transport along a decreasing pH gradient. Image taken from Lie and Nixon, 2019.
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Lysosomes are also important for the maintenance of neuronal synapses. Studies have
shown that aberrant lysosomal activity can have profound effects on synaptic connectivity as
demonstrated by the increased proteasomal clearance of the presynaptic cysteine string protein a
(Sambri et al., 2017). Importantly, Presenilin-1 (PSEN1) and Palmitoyl-protein thioesterase 1 (PPT1)
which regulate lysosomal acidification via the lysosomal targeting of vATPase (Lee et al., 2010; Bagh
et al., 2017), have been shown to be essential for neurotransmitter release and the effective
turnover of synaptic vesicles (Kim et al., 2008; Zhang et al., 2009). Lysosomal degradation in
response to synaptic activity appears to also be important for the maintenance of dendritic spines
(Goo et al., 2017). Further to this, enhanced synaptic activity has been shown to ameliorate
Alzheimer’s and FTD pathology by inducing increased autophagic clearance of pathological tau
oligomers (Akwa et al., 2018). Collectively, these data underscore the importance of lysosomal

function in the dynamic maintenance of synaptic termini and neuronal connectivity.

1.8. Stem cells.

Stem cells are unique in that they can give rise to mature cells of multiple cell lineages whilst also
retaining their capacity to self-renew. They represent undifferentiated cell types whose
differentiation potential can be broadly characterized based on their degree of cell fate commitment
or the stage of embryonic development (Zakrzewski et al., 2019). A totipotent stem cell, such as the
zygote, can give rise to cells of the three germ layers as well as extra-embryonic tissue. Embryonic
stem cells, derived from the inner cell mass of the blastocyst, can differentiate into all three germ
layers as well as give rise to extra-embryonic tissues of the trophoectoderm (Nosi et al., 2017).
Multipotent stem cells represent a specialized type of niche stem cell able to give rise to multiple
cell types of the same tissue. Unipotent stem cells are most restricted due to their ability to

differentiate into a single cell type (Zakrzewski et al., 2019).

The long-term replenishment of cycling adult stem cells in any one tissue is governed by
dynamic stochastic cell fate decisions. These underlie the ability of stem cells to divide in a symmetric
or asymmetric fashion. Symmetric division is proposed to be regulated at the level of the cell
population via achieving a type of ‘population asymmetry’. Conversely, asymmetric stem cell
division, which is essential for maintaining the balance between differentiated and stem cells, may
be controlled at the level of the single cell (Klein and Simons, 2011). The delicate balance between
asymmetric and symmetric stem cell division is of utmost importance to the maintenance of stem

cell niches in the body.
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1.8.1. Induced Pluripotent stem cells.

A breakthrough discovery by Takahashi and Yamanaka in 2006 (Takahashi and Yamanaka, 2006)
demonstrated that mouse embryonic and adult fibroblasts can be reprogrammed to an ESC-like
state via the introduction of four transcription factors - Oct3/4, Sox2, c- Myc, and KIf4. A year later,
an analogous experiment was carried out, showing that induced pluripotent stem cells (iPSCs),
resembling the gene expression of embryonic cells, can be derived from reprogrammed human
dermal fibroblasts (Takahashi et al., 2007). This milestone discovery in the stem cell field was
preceded by major scientific developments in somatic cell transfer, such as the generation of viable
tadpoles using the nuclei of intestinal epithelium cells (Gurdon, 1962), and the cloning of the Dolly

the sheep from adult mammary gland cells (Wilmut et al., 1997).

1.8.1.1. Retinal differentiation from pluripotent stem cells.

The permanent loss of photoreceptors is a common feature of debilitating retinal conditions.
Transplantation of photoreceptor precursors has led to the restoration of vision in murine models
(Garita-Hernandez et al., 2019), however, a similar approach in humans has been hindered by
ethical concerns with regards to the derivation and the culturing of fetal retinal explants (Zheng,
2016). The inability of mouse retinal models to fully recapitulate retinal function is largely due to
evolutionary differences in photoreceptor development between humans and mice. These
differences pertain to the fact that mice lack a strictly defined ‘macula’ - the differences between
the central retina and the peripheral retina are less pronounced in the mouse, despite the increased
thinness of the Bruch’s membrane of the central murine retina and enhanced phagocytic load due
to the higher concentration of photoreceptors in this region (Volland et al., 2015). This calls into
guestion the applicability of murine models for the study of diseases which occur as a result of an
insult to the macula such as AMD. The advent of iPSC technology has successfully mitigated issues
associated with the use of animal cell models by facilitating the generation of patient-derived 2D
and 3D retinal models, which are more representative of human retinal biology (Bellapianta et al.,

2022).

1.8.1.1.2. 2D Retinal differentiation.

Initial attempts at generating retinal cells were carried out using human embryonic stem cells (ESCs)
in adherent conditions (Osakada et al., 2009; Osakada et al., 2008; Lamba et al., 2006). Application
of WNT and BMP inhibitors in conjunction with insulin-like growth factor-1 (IGF-1) could direct ESCs
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into becoming Pax6* and Chx10* retinal progenitors (Lamba et al., 2006). Furthermore, the
combined use of retinoic acid (RA) and taurine in the presence of NOTCH inhibitor led to the
enrichment of photoreceptor-like cells (Osakada et al., 2008). Heparin and N2 supplementation
further induced the formation of neurospheres under adherent conditions (Meyer et al., 2009).
Collectively, the outcome of these protocols did not enable the efficient derivation of
photoreceptors cells highlighting the need for methods that would more faithfully recapitulate the
endogenous mechanisms of photoreceptor differentiation. Although studies based on the
generation of photoreceptors in 2D conditions have been successful in restoring some visual
function upon transplantation in animals, these were met with considerably low rates of host
engraftment, suggesting that proper retinal specification may require additional cues from the

three-dimensional environment (Lund et al., 2006; Lamba;Gust and Reh, 2009).

1.8.1.1.3. 3D Retinal Organoids.

Morphogenesis of the retina follows the emergence of an optic vesicle from induced neural
epithelium, which develops into the optic cup by invagination. The outer lining of the optic cup is
further specified into RPE, whereas the inner part gives rise to the neural retina. The neural retina
and the RPE thus derive from the same neuroepithelial progenitors expressing Pax2, Pax6 and Mitf
(Baumer et al., 2003). Pioneering research by the Sasai group set the scene for retinal differentiation
following the generation of neuronal cells from mouse ESC cells (Eiraku et al., 2008; Watanabe et
al., 2005). Two subsequent studies on mouse and human ESCs (Eiraku et al., 2011; Nakano et al.,
2012) served as the basis for future 3D retinal organoid (RO) differentiation (Zhong et al., 2014;
Wahlin et al., 2017; Wang et al., 2015; Zhou et al., 2015).The Sasai mouse ESC protocol entailed the
self-organization of an optic-cup followed by the step-wise specification and invagination of the
Rx*/Sox1™ neuroepithelium possessing basal-apical polarity. A crucial step for the self-autonomous
organization of the optic cup and the subsequent derivation of stratified neural retina was the use
of non-adherent 3D suspension culture and Matrigel (Eiraku et al., 2011). These ROs were consistent
with the expression of all retinal cell types (photoreceptors (Rhodopsin*, Recoverin*), bipolar
(Chx10*Pax67), horizontal (Calbindin*, Calretinin’), amacrine (Pax6*, calretinin*) and Miiller glia cells
(CRALBP*), ganglion cells (Brn3*Pax6*Calretinin*), RPE (Rx*Pax6*Mitf*)) and the presence of inner
and outer nuclear layers. The improved Nakano et al. (2012) protocol using human ESCs was based
on the combined use of WNT inhibition, Matrigel, FBS supplementation and Hedgehog activation
for the differentiation of neural retina. Major differences between the mouse and the human study

were the thicker neuroepithelium and apically convex curvature of the neural retina in human ROs
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(Nakano et al., 2012). It was observed that the derivation of rod (NRL*) and cone (RXRy *) precursors
could be improved upon Notch inhibition. Furthermore, the photoreceptor layer contained
primitive connecting cilia but no POS. This study was able to demonstrate for the first time the in

vitro generation of human neural retina and RPE (Table 2).
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Table 2. Key developments in the differentiation of 3D Retinal Organoids: Table taken from

Bellapianta et al., 2022. Main protocol differences are outlined in bold.
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Legend: hiPSC (human induced pluripotent stem cells); ESCs (embryonic stem cells); PR
(photoreceptors); NR (neural retina); NRVs (neuroretinal vesicles); EB (embryoid bodies); KSR (knock-
out serum replacement); CC (connecting cilium); OV (optical vesicle); OC (optic cups); OF (optic
fibers); d (days); w (weeks); m (months).

1.8.1.1.4. 2D/3D Retinal Differentiation.

The first 3D to 2D protocol to report the generation of light responsive organoids was described by
Zhong et al. (2014). This was achieved by building on the observations made by Meyer et al., (2009).
that retinal cells can arise under 3D conditions without the need for extrinsic signaling factors.
Crucial for the generation of photoreceptor cells was the timely exposure of RA which was deemed
to promote photoreceptor outer segment maturation. The reverse approach of initially culturing
neuroepithelial structures under adherent conditions and transitioning them to suspension culture
following excision was also demonstrated (Reichman et al., 2014). Despite being able to produce
photoreceptor cells, this protocol failed in generating neural retina lamination characteristic of
protocols based on the initial formation of embryoid bodies (Reichman et al., 2014). An adapted
2D/3D protocol by Gonzalez-Cordero et al., (2017), succeeded in generating photoreceptors with
primitive outer segments in the presence of neural supplementation (N2, B27, taurine, FBS and RA).
The generation of somewhat mature photoreceptors was also demonstrated by the formation of

epithelial cysts from floating hESC culture (Lowe et al., 2016).

1.8.1.1.5. Further protocol development.

Research by various groups over time revealed stepwise optimization steps by which RO derivation
could be improved. For instance, the application of ROCKi (Rho-associated kinase) inhibitor can
significantly enhance the survival of pluripotent stem cells in protocols relying on the initial
dissociation and subsequent aggregation of the starting pluripotent cells (Osakada et al., 2009;
Shirai et al., 2016; Compagnucci et al., 2015). Implementation of BMP4 was proven to have a
neuroepithelial induction effect as demonstrated by the reproducible derivation of 3D ROs leading
to a significant reduction of the inconsistencies associated with retinal differentiation (Capowski et
al., 2019; Kuwahara et al., 2015). The combined approach of a Bmp4- neuroepithelium induction
and an induction-reversal by FGFR inhibition resulted in the generation of ROs of a higher
neuroepithelial integrity (Kuwahara et al., 2015). The formation of a stem cell niche at the neural
retina - RPE boundary reported in this study greatly facilitated the specification and expansion of
the neural retina. Moreover, research conducted by the Lako group, has shown that the application

of IGF-1 significantly improves RO lamination and supports photoreceptor development (Mellough
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etal., 2019; Zerti et al., 2021). An adaptation of the Kuwahara protocol by the Lako group was able
to generate light-responsive ROs from hiPSCs and additionally show that the induction of
neuroepithelium by BMP4 and IGF-1 is cell line specific (Hallam et al., 2018). The application of 9-
cis-retinal and thyroid hormone by different groups promoted for the development of rods and
cones, respectively (Eldred et al., 2018; Kaya et al., 2019). Further methods employing Matrigel
embryoid body encapsulation and agarose supported the maintenance of retinal ganglion cells and
the overall efficiency of the differentiation procedure (Wagstaff et al., 2021; Cowan et al., 2020).
More recently, a paper by West et al., (2022) reported that the use of antioxidants and BSA-bound
fatty acids dramatically improves the formation of photoreceptor outer segments and disc
formation in both cones and rods. Major problems encountered with 3D RO culture still are the high
levels of batch-to-batch variability (Volkner et al., 2016), the differential differentiation capacity of
iPSC lines (Hallam et al., 2018), the inaccurate representation of neurons residing in the inner
nuclear layer (Llonch; Carido and Ader, 2018). Future work using automated platforms may hold
promise for reducing some of variability seen with 3D RO generation (Kegeles;Perepelkina and

Baranov, 2020).

1.8.1.1.6. RPE differentiation

RPE represents a single postmitotic layer of pigmented cells responsible for the recycling of
photoreceptor outer segments. RPE-differentiated cells exhibit visible pigmentation, a hexagonal
morphology, the polarized secretion of VEGF and PEDF as well as the ability to phagocytose
photoreceptor OS in vitro (Idelson et al., 2009; Rowland et al., 2013; Buchholz et al., 2013). In view
of the significant health repercussions associated with visual decline, efforts have been directed

towards the derivation of transplantable RPE tissue.

Observations made by the pioneering work of the Sasai group suggested that pluripotent
stem cells may exhibit an inherent propensity for retinal differentiation as their ‘default’
developmental programme in the absence of additional stimuli (Eiraku et al., 2011; Nakano et al.,
2012). Indeed, one of the very first accounts of RPE generation was following the spontaneous in
vitro differentiation of hESCs (Klimanskaya et al., 2004). Early protocols for RPE differentiation
entailed the use of morphogens during early neuroectoderm specification as well as the late stages
of RPE differentiation (Rowland; Buchholz and Clegg, 2012; Meyer et al., 2011; Zahabi et al., 2012).
Considerable improvement of the RPE yield was observed upon introduction of nicotinamide to

suspension culture which was further augmented by Activin A (ldelson et al., 2009). RPE
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differentiation with more than 50% percent of Mitf positive cells after two-months of differentiation
was reported following the sequential addition of noggin, bFGF, RA, and Shh (Zahabi et al., 2012). A
significant increase in pigmented cells (80%) was demonstrated through the combined use of IGF1,
Noggin, Dkk1, bFGF, nicotinamide, Activin A, SU5402, and VIP (Buchholz et al., 2013). An even higher
efficiency of RPE derivation from mouse iPSCs was observed following activation of Wnt by
CHIR99021 in combination with MERK/ERK (SU5402) and ROCK inhibitors (Y27632). This led to
acquisition of apical-basal polarity, the expression of tight junction markers as well as the ability of
these RPE cells to phagocytose outer segments (Iwasaki et al., 2016). An adaptation of this protocol

led to the rapid derivation of RPE cells in two weeks (Foltz and Clegg, 2017).

Despite the significant success in differentiating RPE cells from iPSCs, considerable effort is
still being directed at generating RPE in a high-throughput manner. Similarly, to what has been
observed with RO differentiation, the efficiency of the procedure is largely influenced by ESC and
iPSC line variability (Rowland et al., 2013; Zhu et al., 2013). Moreover, most of the protocols relied
on the manual excision of pigmented differentiated cells from non-pigmented cells. Choudhary et
al. (2017) first published a protocol, which describes efficient RPE monolayer differentiation in xeno-
free conditions, without the need for manual dissection and re-plating of the RPE patches. More
recently, a ‘directed differentiation protocol’ has been devised based on the sequential application
of Nicotinamide, Activin A and Chir99021. This method allowed for a significant improvement in RPE
yield over the course of two months, leading to the efficient derivation of a highly enriched RPE
population. The study was based on an automated robot system allowing for large-scale RPE cell
production which circumvented the need for manual cell enrichment. (Regent et al., 2019). Future
continued effort in the high-throughput production of RPE cells will significantly increase the

translational value of RPE research (Truong et al., 2021; Matsumoto et al., 2019).

1.9. CRISPR-Cas genome editing.

The CRISPR-Cas9 system is a genome editing technique that has gained increasing popularity for its
ease of manipulation and high target specificity. A CRISPR endonuclease Cas9 derived from
Streptococcus pyogenes and a single-guide RNA (sgRNA) can be utilized to form a ribonucleoprotein
(RNP) complex, which can be targeted to genomic DNA (Ran et al., 2013). The targeting specificity
of the Cas9 complex is defined by the 20 nucleotides of base pairing between the crRNA region of
the gRNA and the target DNA strand. Once targeted to the site of genomic interest via sequence

complementarity of the gRNA, wild-type Cas9 can cleave the DNA target by recognizing a conserved
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NGG PAM (protospacer-adjacent motif) motif. This in turn, leads to the activation of the double
strand break (DSB) repair machinery (Figure 8). Once formed in genomic DNA, DSBs can either be
repaired by the error-prone Non-Homologous End Joining (NHEJ) pathway, leading to the
introduction of insertions and/or deletions (indels), or the homology-directed repair (HDR) pathway
which allows for more precise gene editing (knock-in). Although CRISPR/Cas9 can be used to
produce gene knockouts by employing NHEJ with relative ease (Cong et al., 2013; Dow et al., 2015;
Platt et al., 2014; Wang et al., 2013), introduction of single nucleotide corrections by HDR remains
relatively inefficient and can be corrupted by the presence of additional indels (Inui, et al., 2014). A
downside to HDR is its limitation to the S/G2 cycle, hence its efficiency is often negligible compared
to NHEJ (Heyer; Ehmsen and Liu, 2010; Lin et al., 2014; Cong et al., 2013; Mali et al., 2013). Recent
studies in the field have successfully demonstrated that the delivery of Cas9 as an RNP molecule,
the design of the gRNA and donor DNA template as well as the use of a DNA ligase IV inhibitor can
significantly improve HDR efficiency in human cells. (Maruyama et al., 2015; Liang et al., 2017; Liu
et al., 2019; Paquet et al., 2016; Richardson et al., 2016; Okamoto et al., 2019). A publication by
Quadros et al., (2017) further described the generation of Easi-CRISPR (Efficient additions with
ssDNA inserts-CRISPR) which enables the manipulation of conditional insertions using a long ssDNA

template.
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Figure 8. CRISPR-Cas9 mechanism of gene editing. sgRNA forms a complex with Cas9 protein and
targets genomic DNA via sequence complementarity of the sgRNA. Cas9-mediated cleavage can
occur 3 nucleotides upstream of the PAM motif in genomic DNA. This results in the generation of
double strand breaks which can be resolved through the Non-Homologous End Joining pathway
which often results in insertions or deletions. Alternatively, double strand breaks can be repaired at
a single nucleotide by the high-fidelity Homology Directed Repair pathway by using a donor DNA
template. Image taken from Sundaresan et al., 2023.

Despite the ongoing adaptations of the standard CRISPR-Cas9 system, gene editing still
posed challenges associated with low editing efficiency, precision, and high off-targeting rates. This
prompted the scientific community to devise novel ways of optimizing and diversifying the already

available CRISPR editing toolbox, starting off with the type of CRISPR-Cas enzyme being used. Other
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than Cas9 the most commonly used Cas enzyme is Cas12a, which is endogenous to Acidaminococcus
and Lachnospiraceae bacteria. Cas12a is a gRNA-dependent endonuclease which recognizes T-rich
PAM sequences (Zetsche et al., 2015). Furthermore, a modified ‘dead’ Cas9 (dCas9), which is devoid
of cleavage activity has been used for targeted gene disruption. This method is known as CRISPR
interference (CRISPRi) and has been particularly useful for the silencing of DNA transcription (Qi et
al., 2013). By contrast, Cas13 enzyme represents an alternative to siRNA knockdown which can be
used to block the mRNA translation (Abudayyeh et al., 2017). Further to the development of dCas9
and nCas9 (single strand cleavage activity, ‘nickase’), which avoid the introduction of DSBs and
therefore the high risk of unwanted indels, inversions or translocations, CRISPR base editing has
facilitated the implementation of single base-pair corrections in the absence of template donor DNA
in both dividing and non-dividing cells (Gaudelli et al., 2017; Komor et al., 2016; Porto et al., 2020;
Anzalone;Koblan and Liu, 2020). Between cytosine base editors (CBEs) and adenine based editors
(ABEs), four base pair conversions are possible (Cto T, T to C, A to G, G to A), however, some
prominent shortcomings of this method are the constraints of the editing window, off-target
deamination of cytosine to uracil and the occurrence of bystander mutations (Jeong;Song and Bae,
2020). A state-of-the-art CRISPR Prime Editing technique holds great promise for enabling the next
generation of CRISPR-Cas editing. Prime Editing entails the use of a nCas9, murine leukemia virus
reverse transcriptase and a prime editing RNA (pegRNA) and can carry out all 12 possible base pair
conversions. This promising technique can be manipulated for a larger scope of genetic
manipulations with higher precision (no DSBs or exogenous template needed) and fewer off-

targeting effects (Sen;Sarkar and Mukhopadhyay, 2023; Huang and Liu, 2023).

1.9.1. CRISPR-Cas application for the treatment of visual impairment.

A decade since its original inception as a genetic engineering tool, CRISPR can now be used for a
range of applications including single-nucleotide gene corrections, DNA transcriptional and RNA
translational modifications (Li et al., 2023). Despite many of the challenges associated with CRISPR
techniques, significant progress has been made towards their application for the treatment of visual
impairment (Sundaresan et al., 2023). Due to representing an isolated immune-privileged location
which has an easy access and requires minimal injection volumes for therapeutics, the eye
represents an ideal experimental target for CRISPR-Cas9. Jain et al. (2017) was the first study to
demonstrate the reversal of ocular phenotype using CRISPR-Cas in an ex vivo cultured human model.
In this study they were able to show the targeted disruption of the dominant-negative MYOC gene

associated with glaucoma both in vitro and in vivo. A combined AAV and CRISPR-Cas9 approach
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knocking out aguaporin 1 (AQP1) also led to the amelioration of glaucoma related phenotype (Wu
et al., 2020). Further studies have demonstrated the successful targeting of VEGFA using Cas9
ribonucleoproteins in an AMD mouse model (Kim et al., 2017). A CEP290 cryptic splice site which is
associated with Leber Congenital Amaurosis 10 (LCA) was successfully targeted by SpCas9 in an in
vitro proof-of-principal cellular model (Ruan et al., 2017). The authors of the study went on to also
delete this pathogenic intronic variant in mice by using a dual AAV approach. Considering the
success of CRISPR in the removal of mutant alternatively spliced CEP290 variants, a pioneering
clinical trial enabled the restoration of vision in LCA patients carrying the pathogenic intronic variant
using a similar approach (NCT03872479). This success demonstrated that CRISPR-Cas editing can be
particularly useful for the treatment of dominant negative traits and can be superior to AAV in the
case of large genes such as CEP290 (Hernandez-Juarez;Rodriguez-Uribe and Borooah, 2021).
Analogously, the targeting of dominant retinitis pigmentosa (RP)-associated variants has also been
reported in murine models (Giannelli et al., 2018; Patrizi et al., 2021). CRISPR-Cas9 has furthermore
been used to restore the WT expression of RPE65 in the RPE of an LCA rd12 mice model (Jo et al.,
2019). As RPE65 mutations affect cone expression, adenine base editing (ABE) in mice was able to
significantly improve LCA cone-related phenotype (Choi et al., 2022). Furthermore, HDR-based
approaches have also been successfully demonstrated for the treatment of RP in animal models (Cai
et al., 2019; Wu et al., 2016). Collectively, these recent developments have uncovered the great
potential of CRISPR-Cas for the treatment of deleterious eye conditions. Consistent improvements
in the field affecting the precision of CRISPR-Cas editing will facilitate more clinical trials in the not

so distant future.
1.10. Aims and objectives.

It was the aim of this study to gain an in-depth understanding of how DRAMZ2 mutations may
contribute to disease mechanisms in patient-derived 3D Retinal Organoids and RPE. Key objectives

included:

v" The generation of isogenic CORD21 iPSC controls and their characterization for
pluripotency, genomic stability, Sendai virus clearance and off-target sequencing.
This entailed the characterization of CORD21-P1c and the generation of CORD21-P2c
(Chapter 3: CRISPR-Cas9 correction of the CORD21-P2 line).

v' The differentiation of patient-derived iPSCs alongside isogenic and wild-type controls

to 3D Retinal Organoids and RPE. To this end we have successfully generated Retinal
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Organoids and RPE from two patient (CORD21-P1 and -P2) and two isogenic
(CORD21-P1c and -P2c) iPSC lines alongside a WT control (Chapter 4: Assessment of

lysosomal activity in CORD21 Retinal Organoids).

To understand the impact of DRAM2 mutations on retinal tissues using a combination
of molecular assays. For the purposes of DRAM2 antibody validation we have
conducted siRNA knockdown, gPCR, Immunofluorescence and Western blot
analyses. To characterize the mechanisms of CORD21 disease in Retinal Organoids
and RPE we have performed a combination of experimental approaches including
Autophagy flux, Immunofluorescence, TEM, TEER, ELISA, Western Blot, Enzymatic
activity, Proteomics and Lipidomics analyses (Chapter 5: Assessment of lysosomal

activity in CORD21 Retinal Pigment Epithelial cells).
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Chapter 2: Materials and Methods



2. Materials and methods.

2.1. iPSC culture.

iPSCs were maintained under standard incubator conditions at 37°C, 95% humidity and 5% CO,.
Routine cell maintenance was carried out in a laminar flow hood cabinet using an aseptic technique.
All patient-derived iPSCs (Table 3) were grown and expanded on 6-well Matrigel-coated plates
(Corning, USA) using mTeSR™ Plus cell culture media (STEMCELL Technologies) supplemented with
1% penicillin-streptomycin (Thermo Fisher Scientific, UK). Cells were passaged at a 1: 6 ratio once

every 4-5 days using 0.02% Versene- EDTA (Lonza, UK).
2.1.1. Preparation of Matrigel-coated cultureware.

Patient-derived iPSCs were routinely maintained and expanded on 6-well plates coated with
Corning® Matrigel® Growth Factor Reduced (GFR) Basement Membrane Matrix (cat No. 354230,
Corning USA). Preparation of Matrigel- coated plates entailed the dissolution of a frozen 1mg aliquot
stock of Matrigel in 24 mL pre-chilled DMEMF12 (cat. No 11320033, Thermo Fisher Scientific, USA).
Plates were coated with cold Matrigel at 4.33-4.39 pug/cm? and allowed to set for 1 hour at room
temperature (RT) or overnight at 4 ° C. Cultureware was sealed with parafilm and stored at 4 ° C for

up to one week.

2.1.2. Preparation of iPSC culture media.

iPSC media was prepared by adding 100mL mTeSR Plus 5x supplement (cat. No 05827, STEMCELL
Technologies) to 400mL mTeSR Plus Basal media supplemented with 5mL of Penicillin-Streptomycin
(5,000 U/mL) (cat. No 15070063, Thermo Fisher Scientific, USA). Prior to seeding with iPSCs, Matrigel

on plates was replaced with 1mL/well mTeSR plus.

2.1.3. Passaging of iPSCs.

iPSCs colonies were split upon reaching approximately 80% confluency. To passage colonies, cells
were briefly washed with 2 mL Versene/EDTA (cat. No 15040066, Thermo Fisher Scientific) and
incubated for 3-5 min at RT. Following incubation, the Versene was aspirated and 6mL of mTeSR
plus was added to each well. To allow gentle detachment of the colonies, care was taken to not
break up the colonies too much by pipetting excessively. As mentioned above, iPSCs were seeded
in a 1:6 ratio onto 6-well Matrigel-coated plates. iPSC lines were cryopreserved in 10% DMSO —90%

Foetal Bovine Serum (FBS) supplemented with 10 uM Rock inhibitor (cat. No CD0141, Y-27632,
60



Chemdea, Fischer scientific,c, Hampton, New Hampshire, USA) using cryovials tubes (cat. No

11787939, Thermo Fisher Scientific).
2.2. Mycoplasma detection.

All human iPSC as well as retinal organoid and retinal pigment epithelium cell cultures were
routinely tested for the presence of mycoplasma infection. The following was carried by a monthly
service available at the Institute of Biosciences at Newcastle University by using a MycoAlert®

Mycoplasma Detection Kit (cat. No., LTO7-118 Lonza) following the manufacturer’s instructions.

2.3. CORD21 cell lines used in the project.

Dermal skin fibroblasts were obtained in collaboration with Mr. Martin MCkibbin and Dr. Jacqueline
Bond (Leeds Teaching Hospital NHS Trust). The fibroblasts were converted to iPSCs using a non-
integrative RNA- based Sendai virus by Dr. Dean Hallam. The mutation and clinical phenotype of the
patient-derived iPSC lines are outlined in (Table 3). Heterozygous correction of the CORD21-P1 (045-
016 c6) cell line, which is homozygous for the ¢.140delG deletion, was successfully carried out using
CRISPR/Cas9 by the MRes student Edvinas Cerniauskas. Analogously, CRISPR-Cas9 editing of the
CORD21-P2 iPSC line was carried out as described in Chapter 3. Assessment of Sendai virus
clearance, pluripotency and genomic stability was performed by a combined RT PCR, gPCR and
Pluritest (Thermo Fisher Scientific) approaches by undergraduate students Gabrielle Chai Jia Min
and Sam Steel under the supervision of Mr. Cerniauskas. Full characterization of the WT1 (Ad2) and
WT3 (Ad4) cell lines for Sendai virus clearance, expression of pluripotency markers, chromosome
integrity and fibroblast parent identity were completed by Dr. Adriana Buskin 2°7. The patient-
derived cell lines will hereafter be referred to as CORD21-P1, CORD21-P1c, CORD21-P2 and CORD21-
P2c, in line with the DRAM2 disease nomenclature of CORD21, whereby ‘c’ delineates the respective
CRISPR/Cas9 isogenic control. Throughout this thesis both WT1 and WT3 were used as wild-type

controls, so wild-type controls will hereafter be collectively referred to as ‘WT’.
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Table 3 iPSC lines used during the PhD project.

iPSCs Cell . . Predicted effect . Sendai virus | Pluripotency | Genomic
Abbrev. . Gene mutation Mutation status Phenotype Disorder DOB/sex .
line on DRAM2 clearance | Assessment | stability
WT1 WT1 (Ad2) | Wild-type no NA Unaffected NA 51 male v v v
WT3 WT3 (Ad4) [ Wild-type no NA Unaffected NA 68 male v v v
P .
rogres§|ve Inherited
DRAM?, loss of visual 1/24/91
CORD21-P1 | 045-016 Homozygous NMD or PTC ) ) macular v v v
c.140delG acuity, retinal male
dystrophy
dystrophy
NMD or PTC for
DRAM2, No phenotype 1/24/91
CORD21-P1c| 045c-016 Heterozygous |mutated c.140delG NA v v v
c.140delG expected male
allele
. Blurred vision, .
DRAM2, missense . Inherited
Compound progressive loss 12/24/67
CORD21-P2 | 17-07610T | c.131G>A, change/NMD or i . macular N4 N v
heterozygous of visual acuity, female
€.494 G>A PTC dystrophy
maculopathy
DRAM2, c.494 NMD or PTC for | No phenotype 12/24/67
CORD21-P2c| 72-07610T Heterozygous P P NA 124/ X v v
G>A c.494G>A allele expected female

*NMD — non-sense mediated decay; PTC —premature truncation of protein.




2.4. Modelling of DRAM2 structure.

The amino acid sequence of DRAM2 was submitted into the Zhang lab online platform L-
Tasser software for the modelling of protein structure. 3D modelling of protein structure is
facilitated by alignment of the AA sequence to existing super-secondary structures available
within the PDB (Protein Data Bank) database using a LOMETS algorithm approach. In
subsequent steps of the analysis, residue fragments are amassed into full-length models and
further refined for low-energy conformations and spatial constraints by running a clustering
SPICKER algorithm as well as structural alignments using TM-Align. In addition, assessment of
structural identity between the protein of interest and existing libraries enabled
comprehensive insight into protein function via the assignment of GO terms and ligand-
binding sites. Analysis returned a .pdb file format which was finally annotated using PyMOL

software (Python, Schrédinger, Inc.).

2.5. CRISPR/Cas9 genome editing in iPSCs.

The experiment aimed to create an isogenic control for CORD21-P2, a compound
heterozygous patient-derived cell line with inherited macular dystrophy (Table 3). Previous
success in correcting the ¢.140delG mutation on the CORD21-P1 patient prompted the need
for a similar approach in CORD21-P2 (131G>A [p. Ser44Asn], c.494G>A [p. Trp165*]) using an
optimised method of CRISPR/Cas9 genome editing. The aim was to introduce a single
nucleotide correction at the c. 131A site utilizing CRISPR/Cas9-mediated homology directed
repair (HDR). To achieve this, a target gRNA sequence was designed using the Benchling
CRISPR tool (https://www.benchling.com/crispr). The selection of the gRNA was based on the
following criteria: proximity of the PAM to mutation site, ability to abrogate the PAM
(Protospacer adjacent motif) without disrupting the reading frame, GC% content as well as

on-and off-target scoring (Table 4 and Table 5).

A suitable gRNA was identified which has its cut site 15 nucleotides away from the
mutation site (Figure 9 and Figure 10). This was the only gRNA design that could have its PAM
recognition site changed post-modification, with a cut site in sufficient proximity, considering
the significant limitations posed by distance relative to PAM. The gRNA also showed

satisfactory values for GC% content (~40%), on- target efficiency and off-target specificity

63



(above >60) (Table 4). After establishing the CRISPR-Cas9 blueprint for gRNA and ssODN
design, the experiment progressed through various stages, including gRNA synthesis and
purification, in vitro validation of gRNA activity, nucleofection of CORD21-P2 iPSCs, and
screening for positive Alu I clones by PCR and restriction digest analysis. Selected clones were

then further sequenced to assess mutation status.

Figure 9. Schematic showing annotated gRNA (A) and ssODN sequences (B). Design of gRNA
on mutant DNA of the compound heterozygous CORD21-P2 cell line.

a) gRNA
20-nt target PAM
I : 1 1
5 ACTTGAT&TMGGTMA;GCC GGG ¥ + strand
cut site
b) ssODN
5 mutated PAM
GGACATCTGCTGCTTTCATATTTTCATACATTACTGCAGTAACACTC _strand
CACCATATAGATCC TTACCTTATATCAGGTAAGTGAAATGTAT
TCTTIG 3 corrected mutation
legend:

mutated PAM
5'-GACCCG-3' » 5'-GATCCG-3' D—P->-D—P

131 A>G DRAM2 correction
5 -AAGT-3'> 5'-AGGT-3"

Table 4. List of all gRNAs spanning 130bp of the DRAM2 mutation site in mutant CORD21-
P2 DNA. Outlined in bold is the gRNA design used in the project, including PAM site, on- and
off-target scores, absolute position, and strand coordinates. High-scoring gRNAs exhibit GC%
content between 40-80%, on-and off-target values above >60 and >50, respectively.

Position [Strand gRNA sequence PAM|GC% | Efficiency (on- target score) | Specificity (off-target score)
111131403 - GTGAAATGTATTCTTTGTAT |AGG| 25 42.9 45.1
111131429 + CATTTCACTTACTTGATATA | AGG| 25 44.3 59.9
111131438 + TACTTGATATAAGGTAAAGC | CGG| 30 56.4 68.9
111131439| + ACTTGATATAAGGTAAAGCC |GGG| 35 60.9 72.2
111131446 - AACACTCCACCATATAGACC | CGG| 45 66.3 76.9
111131448 + AAGGTAAAGCCGGGTCTATA | TGG | 45 39.8 90.9
111131451 + GTAAAGCCGGGTCTATATGG | TGG | 64 64.6 91.4
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AMAGAGTCTCCTATACAAAGAATACATTTCACT TACKCTGATATAAGGTAAA CTATATGGTGGAGTGTTACTGCAGTAATGTA

TTTCTCAGAGGATATGTTTCTTATGTAAAGTGAATHGRCTATATTCCATTT GATATACCACCTCACAATGACGTCATTACAT
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Figure 10. Graphic shows DNA sequence following hypothetical recombination of ssODN template
into CORD21-P2 genomic DNA via CRISPR/Cas9-mediated editing. Outlined in blue, orange, and
green, respectively, are the corrected mutation c.131 A>G, introduced Alu | restriction site (G>A)
and PAM mutation (C>T). Following ssODN-facilitated HDR, a single Alu | site is present within the
region of interest. Subsequent digestion with Alu | of amplified region would generate PCR
fragments of about 216 and 192 base pairs.

Table 5. Sequence summary of gRNA DNA template, gRNA target, target-specific gRNA primers
and ssODN used to edit the c.131G>A mutation in CORD21-P2 cells. ssODN design outlined in the
last column details the corrected site (blue) alongside the two additional synonymous mutations
marking abrogated PAM (green) and Alu | site introduction (orange).

gRNA DNA template gRNA target sequence | Target-specific gRNA primers ssODN sequence
(+ strand) (+strand) (- strand)
Forward primer
S'TAATACGACTCACTATA |5’ACTTGATATAAGGTAAA 5'TGGACATCTGCTGCTTTCATATTTTCATACATT
GACTTGATATAAGGTAAA/ //GCC3’ S'TAATACGACTCACTATAG |ACTGCAGTAACACTCCACCATATAGATCCAGCT
/GCCGTTTTAGAGCTAGAA ACTTGATATAAGGTAA3 TTACCTTATATCAGGTAAGTGAAATGTATTCTTT
ATAGCAAGTTAAAATAAG // denotes cut site G3
GCTAGTCCGTTATCAACTT Reverse primer
GAAAAAGTGGCACCGAGT
CGGTGCTTTT 3 5'TTCTAGCTCTAAAACGGCT
TTACCTTATATCAAG 3’
* 131 A>G DRAM2 correction
5’-AAGT-3’>5-AGGT-3’

2.5.1 gRNA synthesis

gRNA DNA template was assembled under sterile conditions using the GeneArt™ Precision

gRNA Synthesis Kit (cat. No A29377, Thermo Fisher Scientific, USA). Detailed explanation of

gRNA DNA assembly is provided below (Figure 11). In brief, gRNA DNA containing a T7

promoter and a crRNA/tracr RNA fragment is generated by PCR using a combination of
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custom-made oligonucleotides overlapping the sequence of interest and a pair of universal
primers (T7 primer mix and Tracr Fragment). The assembled DNA template is used for the in
vitro transcription of a functional gRNA composed of target-specific and auxiliary trans-

activating crRNA (tracrRNA) domains.

a) crRNA/tracrRNA i 8 =9
T7 promoter Target (20 nt) constant region (80 nt) 2 3 )Z,

r T T 1 o =
>80
% —_TAATACGAC?CACTATAG_A‘{?.‘}.‘).‘N.“:T;f‘::\‘?:‘\'f\‘}:r;?v.‘.‘l.‘».‘.‘{:‘.'F.'GTTTTAGAGCTAGAA. . .GTCGGTGCTTTT-3’ |8 @ )Z>
: : H : J .
: 80-bp crRNA/tracrRNA fragment 3 g

(NNRRRNRRRRRRRRRRRRRRNRNRRRRRnRRnnRninng 3

Universal forward ¢ ’ 5 + E
primer : B T — 2 «
Universal reverse z 3
primer =x A

(=]
' 227
Target F1 primer X 25> 5
(34-38 nt) g & 3
Target R1 primer gg_ 3
oS

(34-38 nt) J &

b)

5’ - TAATACGACTCACTATAG ACTTGATATAAGGTAAAGCC GTTTTAGAGCTAGAA . . .GTCGGTGCTTTT - 3’

| t—

Universal forward I : : : Universal reverse

primer Pl : primer

Target Forward primer x
(34nt) -

Target Reverse primer
(34 nt)

Target forward primer

5 TAATACGACTCACTATAGACTIGATATAAGGTAA 3

Target reverse primer

5 TTCTAGCTCTAAAACGGCTTTACCTTATATCAAG 3’

Figure 11. Schematic illustrates the principles of gRNA DNA assembly. (A) gRNA DNA was
synthesized using target-specific and universal primers according to the template described in
the GeneArt ™ Precision gRNA Synthesis Kit (image is adapted from the handbook manual).
gRNA DNA contains a T7 promoter sequence, the target gRNA sequence, and an 80bp
crRNA/Tracr RNA fragment. (B) Image shows sequence of 34 nucleotides- long forward and
reverse target-specific primers, overlapping the DNA target. Target-specific sequence to be
transcribed from gRNA DNA template is coloured in red. Image taken from the GeneArt™
Precision gRNA Synthesis Kit manual.
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For the purposes of the procedure, RNAase free tubes were pre- treated under UV light for
30 minutes under a laminar flow hood. 0.3M Target oligonucleotide mix was prepared for
forward and reverse primers (forward primer 5 -
TAATACGACTCACTATAGACTTGATATAAGGTAA-3; reverse primer 5 -
TTCTAGCTCTAAAACGGCTTTACCTTATATCAAG- 3’) and the gRNA DNA template was

assembled in the following PCR reaction:

Phusion High-Fidelity PCR mix (2x) 12.5uL
Tracr Fragment + T7 Primer Mix 1ul
0.3M Target F1/R1 oligonucleotide mix |1 puL
Nuclease- Free Water 10.5 uL
Initial denaturation| 98° C 10sec 1x
Denaturation 98° C 5 sec
Annealing 55°C 15sec | 32x
Extension 72°C 60 sec
Final extension 72°C 3 min
Hold 4°C oo

gRNA was transcribed at 37° C for 4h in the following reaction mix:

NTP mix 8uL

gRNA DNA template 6 uL

5X TranscriptAid™ Reaction Buffer | 4 ul
TranscriptAid™ Enzyme Mix 2uL

The resulting mix was then incubated with 1uL of DNAse | mix for an additional 15 min at 37°
C to degrade any residual DNA contamination. A gRNA purification procedure was performed

according to the manufacturer’s instructions.
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2.5.2. Nucleic acid concentration measurement

Concentration of the synthesized gRNA was determined using the protocol outlined for the
Qubit® RNA BR (Broad range) Assay Kit (cat No. Q10210, Molecular Probes, Thermo Fisher
Scientific, USA) by following the manufacturer’s instructions. An analogous procedure was
performed when measuring DNA concentration using the Qubit™ dsDNA BR Assay Kit (cat.
No Q32850, Thermo Fisher Scientific). DNA quality ratios for Azso/Azs0 falling within ranges of

1.5-2.0 were considered acceptable following re-measurement on Nanodrop.

2.5.3. Genomic cleavage detection.

Following gRNA synthesis, the ability of the gRNAs to direct Cas9 cutting on mutant CORD21-
P2 DNA was evaluated by performing an in vitro digest in the presence of a Cas9/RNP complex

(Figure 12).

20-nt target PAM

I : 1 1
5" ACTTGATATAAGGTAAAIGCC GGG 3’
cutgswte

reverse 193 bp forward

DRAM2-001 Exon 3
DRAM2

111, 131, 300 111, 131, 400 & 111, 131, 500 111, 131, 600

Figure 12. Diagram shows theoretical Cas9-mediated cleavage of 408 bp DNA fragment
produced by PCR amplification. gRNA complementarity guides Cas9 to cut DNA 3 nucleotides
upstream of PAM recognition site (outlined in red). This results in the formation of two
fragments of similar size - one of 215 bp and another one of 193 bp. Primers used are
summarized in Table 2.6.5.1.

Table 6. Primers used for genomic cleavage detection for the CORD21-P2 iPSC line.

Gene Forward primer Reverse Primer PCR product (bp)

DRAM2| 5’ GGCTAAAGTAGGATGAGGAAACS’ | 5" ACTGAATCTTATTGGGCTG 3’ 408bp

Mutant DNA template was first amplified by PCR using primers shown in Table 6. In vitro

digestion was then carried out in a total volume of 30 L following the schematic below:
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NFW 20 uL

NEBuffer3.1 3L
300 nM sgRNA 3 uL (30 nMfinal)
1M Cas9 Nuclease, S. 1L (~30 nM final)
pyogenes (M0386S)
10 min at 25°C
30 nM DNA | 3 ul (3nMfinal)
37° Cfor 1 hour

Following digestion, samples were treated with 1 uL Proteinase K (cat. No P8107S, NEB) for

an additional 10 min prior to analysis by gel electrophoresis.

2.5.4. Gel electrophoresis.

Digests were run on a 2% agarose gel (Melford Laboratories, UK) at 100V for 1h. Gel images

were visualized on a GelDoc-it Imaging system (Analytik Jena AG, Jena, Germany).

2.5.5. Nucleofection.

The patient-derived CORD21-P2 iPSC line was propagated in culture for at least 4 passages
prior to nucleofection. The procedure was performed using P3 Primary Cell 4D-
NucleofectorTM X Kit according to the manual’s instructions (cat. No V4XP-3024, Lonza,
Basel, Switzerland). To boost the efficiency of HDR recombination ~ 1 million cells were
treated with 10 uM of NHEJ inhibitor SRC-7 (cat. No SML1546, Sigma Aldrich, St. Louis,
Missouri, USA) approximately 8 hours prior to nucleofection. 200pM gRNA and 100pM
TrueCut™ Cas9 Protein v2 enzyme (cat. No A36497, Invitrogen, Thermo Fisher Scientific) were
incubated together at RT for 10 min to allow for the formation of ribonucleoprotein
complexes (RNPs). In the meantime, iPSCs were detached using 1mL Accutase for 5min at 37°
C (cat. No 07922, STEMCELL Technologies, Vancouver, Canada). The single-cell suspension of
iPSCs was centrifuged in the presence of 10uM Rock inhibitor at 1000 rpm for 2 min (cat. No
CD0141, Y-27632, Chemdea, Fischer scientific, Hampton, New Hampshire, USA). Cells were
reconstituted in 100 uL of 4D nucleofector solution P3 supplemented with 10uM Rock
inhibitor. A premixed solution containing gRNA and Cas9 was added to the single-cell
suspension alongside 200pM ssODN and transferred to a nucleofection cuvette using a
Pasteur pipette. The nucleofection reaction was performed on a 4D-Nucleofector™ system at

the following settings x->A2, hES9, CB150 (Lonza, Basel, Switzerland). Matrigel-coated 10mm
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Petri dishes were individually seeded with 0.1 mL, 0.2 mL, 0.3 mL and 0.4 mL of nucleofected
solution in the presence of 10uM SRC-7 and 10uM Rock inhibitor. Rock inhibitor was removed
24h post-nucleofection and the mTeSR media was replenished every two days. Colony growth
from single cells was allowed to ensue over the course of 10 days, whereby cluster growth

was monitored daily.

2.5.6. Colony picking and maintenance of single cell derived iPSCs colonies following

nucleofection.

Upon single colony expansion, 96 clones were picked from Petri-dishes containing 0.1 mL
and 0.2 mL of the nucleofected solution. Clones were seeded on 24 well-plates in the presence
of 10 uM Rock inhibitor for a period of 24h. Within approximately 10 days, most single
colonies were ready to be passaged. The expanded colonies were again re-plated on new
Matrigel-coated 24 well plates in the presence of 10uM Rock inhibitor. After 24 hours Rock
inhibitor was removed by changing the media. Subsequent passaging of colonies was enabled
via routine detachment with 1x Versene/EDTA, whereby 50 pL was used to continue the
passaging of individual colonies. The remainder of cells was pelleted and stored at -80 ° C until

at least 96 clone pellets were available for DNA extraction.

2.5.7. DNA extraction of nucleofected cells.

DNA extraction for a total of 107 colonies was performed using the Wizard® SV 96 Genomic
DNA Purification System (cat. No A2371, Madison, Wisconsin, USA). In brief, pellets were
lysed and loaded onto a binding plate, which was positioned inside on a vacuum manifold
provided with the kit. DNA was bound onto 96 individual columns and washed with ethanol-
enriched column wash buffer twice under vacuum pressure. Vacuum pressure was applied
for an additional 15 minutes to enable complete flow- through of buffer. The binding plate
was dried by repeatedly tapping it against a clean, dry roll paper. DNA was eluted in 100 pL
of NFW (nuclease-free water) and DNA concentration was determined using a NanoDrop™
2000 spectrophotometer (cat. No ND- 2000, Thermo Fisher Scientific). A brief schematic

outlining the procedure is available below (Figure 13):
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Figure 13. Schematic illustrates the principle of DNA extraction using the Wizard® SV 96
Genomic DNA Purification System. Pellets are lysed and applied to binding column, washed
twice, and eluted with the help of a vacuum manifold. Image is adapted from the user manual
of the kit. Image taken from the manual of the kit.

2.5.8. PCR amplification of CRISPR clones

PCR amplification was performed on a PCR thermocycler (Geneflow, UK) using the same
primer pair used in the genome cleavage assay (5" GGCTAAAGTAGGATGAGGAAAC 3’ and 5’
ACTGAATCTTATTGGGCTG 3’). For every clone at least 150ng of DNA template was amplified:

Reagent Total volume 25 pl
dNTPs 10mM 0.5pL
Forward primer 10 uM 0.5uL
Reverse primer 10 uM 0.5 pL
GoTaq Reaction buffer (5x) 5puL
GoTaq G2 DNA polymerase 0.125 pL
Template DNA variable
Nuclease-Free water up to 20 uL

The reaction was performed using the following PCR conditions:
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Initial denaturation| 95°C | 2:00 min 1x
Denaturation 95°C 15sec
Annealing 60° C 30sec 35x
Extension 72°C 60 sec
Final extension 72°C | 5:00 min 1x
Hold 4°C oo

2.5.9. Restriction digest

A total of 17.5 L of PCR product was incubated for an hour with 0.5 uL of Alu I restriction
enzyme (cat. No R0137S, NEB) and 2 pL CutSmart® Buffer (10x) (cat. No B7204S, NEB) at 37°

C. The digestion products were analyzed by gel electrophoresis.

2.5.10. DNA extraction, PCR amplification and sample preparation for Sanger sequencing.

The QlAamp DNA Mini Kit was used to obtain high-quality DNA from Alu | positive clones
(cat. No 51304, QIAGEN, Hilden, Germany). The procedure was in accordance with the
guidance manual. To prevent ethanol contamination, shortly prior to DNA elution, columns
were centrifuged an additional three times at full speed (20 000 x g) and transferred to new
collection tubes. DNA was finally eluted in 40 puL AE buffer at 6000 x g for 60 sec. 36 uL of
DNA was amplified for each clone in a 50 uL PCR reaction by using the same pair of primers
outlined in the genome cleavage and CRISPR screening assays (Table 6). In the PCR reaction,
Colourless GoTaq buffer was used to generate dye-free product. PCR products were subjected
to a clean-up procedure using the QIAquick PCR purification kit according to the
manufacturer’s instructions (cat. No 28104, QIAGEN). DNA concentration was determined
using the Qubit™ dsDNA BR Assay Kit. Sequencing samples reactions were prepared by adding
1 pL of 10uM forward or reverse primers to 15 pL of DNA (5-100ng/uL) extract. Sanger
sequencing was performed in-house by the Joris Veltman group using BigDye Terminator v3.1
Cycle Sequencing and BigDye XTerminator™ Purification Kits or by a commercial sequencing

platform (www.eurofinsgenomics.eu).

2.5.11. CRISPR-Cas9 Off-target analyses.

The online platform http://www.rgenome.net/cas-offinder/ was used to identify genomic
regions bearing high sequence homology to the sites of CRISPR/Cas9 correction. Query

sequences were allowed a maximum of up to three mismatches. Top 10 sequences with
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highest homology were selected and primers were designed for the desired genomic regions.
Primers used for off-target sequencing of CORD21-P1c and P2c iPSCs are shown in Table
7.DNA was isolated from CORD21-P1c and CORD21-P2c iPSCs using a QlAamp DNA Mini Kit.
DNA concentration was measured by the Qubit™ dsDNA BR. Subsequently, DNA was PCR
amplified (GoTag® G2 DNA Polymerase) and cleaned up using a QlAquick Gel Extraction Kit.
Samples for sequencing were prepared as per above (see section 2.5.10) and processed by
the Veltman group. Sequencing reads were aligned to a reference human genome to
corroborate the absence of unwanted genetic alterations (Appendix B). Off-target
sequencing for the CORD21-P1c iPSC line was carried out under supervision with the help of

MRes student Eldo Galo.

Table 7. Primers used for the CRISPR-Cas9 off-targeting analysis of the CORD21-P1c and
CORD21-P2c iPSC lines.

iPSC line Target Sequence Locus Gene Forward Primer Reverse Primer
CORD21-Plc| TGGGGCAATGCTAAATATTGCGG | chrl:-111126239 DRAM2 5' GATAAGAGGTTTGAATTAACTCCTG 3' 5' TACTGTAGCAATTTGGCTATTATC 3'
CORD21-Pic| AGTGGCAATGCTAAATACTGGGG | chr4:+98112904 STPG2 5' AGTCGTCTGCTATGTCCAAGT 3' 5' CGCAAACCCAGTTGACAGAA 3'
CORD21-Plc| TGGCAATGCTAAATACTGGG chr21:+14242055 ABCC13 5' GCCCTAACATTCTGTCAGAGC 3' 5' GCTAATAGGACGCTCATGAATCT 3'
CORD21-Plc GCAATGCTAAATACTGGGG chr13:23518575 ENSG00000289688 5' TGACATGTTTCTGTAAGCGTTCA 3' 5' TAATACCGCGCTGCCAGATA 3'
CORD21-Plc| TAGGGAAATGCTAGATATTGGGG | chrl7:+410978967 NA 5' TGGTTTGGGATTGGCAATGG 3' 5' TGTATTGCTGCTCTCTGGCT 3'
CORD21-Plc| TGGGGCAGCTCTAAATATTGAGGR | chr9:-109805627 PALM2AKAP2 5' TGCTCACCATCCCATGAAGT 3' 5' TCCCCGAAATTCCAGTCTGA 3'
CORD21-Plc| TGTGGCAATGCAGAATATTGGGG | chr6:-20328875 ENSG00000286590 5' CACCCAGGAGAGAGGAGAAA 3' 5' GCACTGTCTCACACCCCTAT 3'
CORD21-Plc GCAATGCAGAATATTGGG chr3:+197784824 FYTTD1 5' GGCGGGAGAATTGCTTGAAT 3' 5' CCACATGCAAGTCTTGAAAACA 3'
CORD21-P1c| TCCGGCAATGCTAAATATGGAGG |chrl1:+134742411 LINC02714 5' GTTGTGTAGCCAGCAGTGAG 3' 5' GCATGTGGTAAGGCTGTGAG 3'
CORD21-Plc| TGGGTGAATGCTCAATAATGGGG | chr3:+47891747 MAP4 5' CTCATGGACTGATTATGGACAGGAC 3' | 5' GCAGGTCAGCAAAGAACTTATAGCC 3'
CORD21-P2c ACCTGATATAAGGTAAAGCC chrl:+111131421 DRAM2 5' GGCTAAAGTAGGATGAGGAAAC 3' 5' ACTGAATCTTATTGGGCTG 3'
CORD21-P2c ATTTGATATAGGGTAAAGCC chrl:-184362081 NA 5' CCAGGATACCTAACTTGGTGCT 3' 5' TAGCCAGACTGGACCCACAA 3'
CORD21-P2c AATTGGTATAAGGTAAAGTC chr20: -4407165 NA 5' TAGCTGCTAGGATGCAGGACT 3' 5' AAGTGGTAGCAAGGGAAGAGG 3'
CORD21-P2c| GCCTAGATATAATGTAAAGCC chr8:-110241689 NA 5' GCACTACAAAATACGGTGGTGG 3' 5' GATGAGCAGACCTTCTCAGCAT 3'
CORD21-P2c| ACCTGATAGAAGGTAAAGGC chr7:+137551003 DGKI 5' CAGCAAACCCTTGGTCCATT 3' 5' GGTGGCACATGTTGGTTGAG 3'
CORD21-P2c| CACTAGTCATAAGGTAAAGCC chr5:-74308619 | LINC01335, LINCO1331 5' ATCCAGGCAGCTGGTACAAAT 3' 5' TCCCCCTACCCCACACAGAT 3'
CORD21-P2c TCTTAATATGAGGTAAAGCC chr2:-12850715 ENSG00000225649 5' TGTAACTGGAGTTAAAAGGGGCT 3' 5' TCTGAAGCCTTTTGTGACATGA 3'
CORD21-P2c TTTTGATATAAGGTAAAGCA chr3:+139919673 NA 5' TCCAATTATCCCAGCACAATT 3' 5' TGACTAGAGATACCAAGTTA 3'
CORD21-P2c ACTTGAAATAAGGTAAAACA chrl:+15332224 FHAD1-AS1, FHAD1 5' CCTCCAGAGAGCCTGCATCA 3' 5' AGGGGACAGTGCACACGTA 3'
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2.6. Generation of Retinal Organoids (ROs).

Patient-derived iPSCs were differentiated to ROs following a protocol outlined by Kuwahara
et al. (2015) with minor modifications by the Lako group (Hallam et al. 2018) (Figure 14, Table
8). Briefly, iPSCs were washed with PBS and dissociated into a single cell suspension by
Accutase (Gibco, Thermo Fisher Scientific) and plated at 7000 cells/well density onto U-
bottom Lipidure pre-coated 96-well plates (AMSbio, UK). iPSCs were seeded using a
multichannel pipette and grown in mTeSR ™ PLUS in the presence of 10 uM Y-27632 ROCK
inhibitor (Chemdea, USA) for the first 48 hours. Upon formation of spheroids the latter were
fed by half-media changes (100 pL mTeSR per well) every other day. On day 6 of
differentiation, the medium was supplemented once with 2.25nM BMP4. Half-media changes
were undertaken every three days until day 18. From day 18 onwards, organoids were grown
in maintenance media until the end of the differentiation procedure (d220), whereby retinoic
acid (RA) was added fresh at 0.5 uM to organoids until d120 of the differentiation procedure.
Development of the organoids was monitored for the emergence of a transparent bright
phase neuroepithelium layer, which is a reliable sign of the differentiating retinal tissue.
Organoids presenting with a thick neuroepithelial layer were thus collected for western blot,

immunofluorescence, proteomics, lipidomics and enzymatic activity analyses at d150 and

d220.
Day -2 Day 0 Day 6 Day 18 Day 120 Day 1507200
>0 o O [®) O O
DM MM
plated

Figure 14. Schematic shows a simplified timeline of the optimized Sasai method used for RO
differentiations. iPSCs were plated on 96-well lipidure coated plates in mTeSR media. From
dO to d18, ROs were cultured in Differentiation media, whereby the emergence of retinal
neuroepithelium was induced by the key addition of BMP4 at d6. From d18 onwards, ROs
were grown in Maintenance media in the presence of freshly added retinoic acid. Retinoic
acid was later withdrawn at d120, and samples were collected at d150 and d220. Image was
taken from Dorgau et al., 2022.
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Table 8. Timeline of differentiation and media composition.

Media Time-span of differentiation Media composition

41% IMDM, 41% HAM's F12, 15% KOSR,
1% Glutamax, 1% Chemically defined lipid
concentrate, 1% Penicillin/Streptomycin,
225 pM 1-Thioglycerol

2. BMP4 addition [Feed on d6 and change media every three days until d18 2.25 nM BMP4 in Differentiation media
DMEM/F12 with L-Glutamine, 10% FBS, 1%
On d18 change to maintenance media and feed every two days. |Glutamax, 1% N2, 0.1mM Taurine, 1%
0.5 UM retinoic acid is added fresh until d120. Differentiation  |Penicillin/Streptomycin, 0.25 pg/mL
procedure is maintained until d220 when samples are collected. [fungizone and freshly thawed 0.5 uM
retinoic acid

Add 200 puL per well on d0 and grow newly formed spheroids in
differentiation media until d6. Media is changed every two days
(100 pL per well d2 onwards).

1. Differentiation
media

3.Maintenance
media

2.6.1. Embedding and cryosectioning of ROs.

ROs were transferred one by one from a 96-lipidure coated well plate to a 1.5 mL Eppendorf
tube and carefully washed with PBS (Thermo Fisher Scientific). The organoid material was first
fixed for 30 min with 4% PFA (Paraformaldehyde, Santa Cruz Biotechnology, USA). To preserve
their structural integrity, ROs were immersed in sucrose solutions of increasing
concentrations. Dehydration by sucrose exposure enables a stronger preservation of outer
segment structure upon cryopreservation. This was followed by successive 1-hour
incubations in sucrose solutions of 6.25% and 12.5% at 4°C, respectively. The material was
then incubated overnight at 4°C in a 25% sucrose solution. 24hrs later, ROs were gently
transferred to a 10mm petri dish containing OCT embedding matrix (CellPath, UK) and any
remaining sucrose was washed off by swirling the dish. Finally, the organoids were embedded
in OCT (CellPath, UK) onto plastic DISPOMOLD containers (10x10xx5mm, CellPath) through a
brief incubation on dry ice and then frozen at -20°C. The embedded samples were cut into
sections of 10-20 um thickness and collected onto SuperFrost glass slides (Menzel, USA) using
a Leica Biosystems cryostat system (CM1860, Germany). Until further processing by

immunofluorescence, slides were stored long term at - 20°C.

2.6.2. Immunofluorescence analysis (IF) of ROs.

The organoid sections were left to dry at RT for an hour. Afterward, they were washed 3x5
min with PBS (Thermo Fisher Scientific) to remove any remaining OCT. Typically, a set of six
sections was partitioned two by two using a liquid repellent pen (Super PAP pen, Thermo

Fisher Scientific). To minimize non-specific binding, sections were blocked for 1 hour at RT
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with a solution of PBS containing 10% goat serum and 0.3% Triton-X100. Sections were then
double stained overnight at 4 °C in a humidifier chamber using primary antibodies diluted in
AD (Antibody diluent) buffer (0.001% BSA-PBS and 0.3% Triton-X, Sigma Aldrich, USA) (Table
9). Following incubation overnight, RO sections were washed 3x 10 minutes with AD buffer.
Secondary antibodies diluted in PBS (1:1000) (Table 9) were applied to the sections and
incubated for 2 hours at RT. Finally, the sections were washed three times with PBS for 15
min. Nuclei were counterstained with a 1:1000 dilution of Hoechst (cat. No. 33342, Thermo
Fisher Scientific) in Vectashield (cat. No. H-1000-10, Vector Laboratories, CA). The slides were
then covered with 24x60 mm coverslips, sealed on each side with nail polish, and stored at 4
°Cin the short term. For quality control, sections stained only with a secondary antibody were

analysed for each staining to ensure the specificity of the fluorescent antibody signal.

Table 9. Primary and secondary antibodies used for the characterization of WT and DRAM2-
patient retinal organoids by IF.

Antibody Species Catalogue number Supplier Concentration Type
APly Mouse 610385 BD Biosciences 1in 50 primary Ab
AP2a Mouse SC-12726 Santa Cruz Biotechnology 1in 200 primary Ab
AP3% Mouse SC- 136277 Santa Cruz Biotechnology 1in 50 primary Ab

CERAMIDE Mouse ALX-804-196-T050 Enzo Life Sciences 1in10 primary Ab

CLATHRIN Mouse ab2731 Abcam 1in 50 primary Ab

CRX Mouse H00001406-M02 Abnova 1in 200 primary Ab
DRAM2 Rabbit 15701651 Fisher Scientific 1in 50 primary Ab
GM130 Mouse NA gift from Wenke Seifert 1in 500 primary Ab
GM130 Rabbit AB52649 Abcam 1in 100 primary Ab

OPN1L/MW Rabbit AB5405 Millipore 1in 200 primary Ab
OPN1SW Rabbit AB5407 Millipore 1in 200 primary Ab
PROX1 Rabbit AB5475 Millipore 1in 1500 primary Ab

Recoverin Rabbit AB5585 Millipore 1in 1000 primary Ab

Rhodopsin Mouse MAB5356 Millipore 1in 200 primary Ab
SNCG Mouse H00006623-MO01A Abnova 1in 500 primary Ab

TOMM20 Mouse AB56783 Abcam 1in 100 primary Ab

Vimentin Rabbit AB92547 Abcam 1in 400 primary Ab

anti-Rabbit Cy3 Goat 111-165-003-JIR  |Jackson Immuno Research 1in 800 secondary Ab
anti-Mouse 488 Goat 115-545-146-JIR Jackson Immuno Research|  1in 1000 secondary Ab
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2.6.3. Microscopy and image analysis.

Images were obtained using an Axio Imager fluorescence microscope (Zeiss, Germany). High-
resolution Z-stack imaging was facilitated through Apotome optical sectioning, whereby Z
stacks was between 10 to 15 um thick. For each staining, 5-10 representative images were
captured at either the 20x objective or at 63x and subsequently processed as maximum
intensity projections. To correct for background signal, LUT values were adjusted across the
whole dataset based on the LUT values of the secondary antibody only control (per staining).
Subsequently, the maximum projection images were adjusted for brightness and contrast
using Adobe Photoshop software (San Hose, California). Quantification of retinal cell marker
expression was conducted using MATLAB software (Mathworks, MA) based on a previously
established protocol developed by the Lako research group (Dorgau et al., 2019). The MATLAB
algorithm enabled the quantification of retinal marker expression relative to the total number
of Hoechst-stained nuclei normalised to the cell surface area. Documentation of ROs
development entailed brightfield imaging at various time-points of RO development using
AxioVert (Zeiss, Germany). Measurement of neuroepithelial thickness was performed using
Imagel software, as described in a previous study (Felemban et al., 2018). Statistical analysis

was carried out using Prism software (GraphPad, USA).

2.7. Generation of Retinal pigment epithelium (RPE) cells.

RPE cells were differentiated from iPSC cell lines using a directed differentiation protocol
outlined by Regent et al. (2019). The protocol allows for scaling up of the process of efficient
and rapid RPE differentiation within the course of two months (Table 10). The differentiation
procedure is commenced upon iPSCs reaching 80% confluency. During the initial 7 days (DO-
D7), the cells are cultured in a medium containing DMEM/F12 + GLUTAMAXTM (cat. No.
10565018, ThermoFisher Scientific), B-mercaptoethanol (cat. No. M3148, Sigma-Aldrich),
MEM NEAA (cat. No. 11140068, Thermo Fisher Scientific), KnockOut Serum Replacement
(KOSR, cat. No 10828028, ThermoFisher Scientific) and nicotinamide (cat. No. N0636, Sigma-
Aldrich). From day 7 to day 14 (D7-D14), nicotinamide is replaced by Activin A (cat. No.
12014E-250UG, Preprotech). Between the second week up until day 42 (D14-D42), Activin A
is substituted by the CHIR99021 compound (cat. No SML1046, Sigma-Aldrich) which allows

for further maturation of RPE and development by pigmentation. By D42 nascent patches are
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excised with a stainless-steel surgical scalpel (Thermo Fisher Scientific) and passed through a
40 um cell strainer (Thermo Fisher Scientific). The RPE cells were then either propagated for
an additional passage as a pure pigmented population at 4.5x10° per cm? or directly seeded
onto Matrigel-coated 12-well or 24-well plate (cat. No. 665640; 665641; 662641; 662640 12-
well and 24-well translucent and transparent Thincerts™ 0.4 um pore, Greiner Bio-One,
Austria) transwell inserts at 200 000 or 400 000/per well, respectively. At this stage of the
differentiation procedure, (D42-84), CHIR99021 supplementation was withdrawn and
maturing RPE cultures were maintained in the basal media at a reduced KOSR (4%)
concentration. Medium was replaced by carrying out partial media changes (2/3 of the

volume removed twice a week).

Table 10. Detailed summary of media used during the sequential stages of RPE directed cell
differentiation.
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Media Component Concentration/Volume
DMEM/F12 Glutamax + 1%
- . 388.435 mL
penicillin-streptomycin
D0-D7 Media 50 uM B-mercaptoethanol| 0.455 mL of 55 mM
1 x MEM NEAA 5 mL of 100x
20% KOSR 100 mL
10 mM Nicotinamide 6.11 mL of 818.9 mM
DMEM/F12 Glutamax + 1%
- . 394.045 mL
penicillin-streptomycin
D7-D14 Media 50 uM B-mercaptoethanol| 0.455 mL of 55 mM
1 x MEM NEAA 5 mL of 100x
20% KOSR 100 mL

100 ng/ml Activin A

0.5 mL of 100 pg/mL

D14-D42 Media

DMEM/F12 Glutamax + 1%
penicillin-streptomycin

394.196 mL

50 uM B-mercaptoethanol

0.455 mL of 55 mM

1 x MEM NEAA

5 mL of 100x

20% KOSR

100 mL

3 pM CHIR99021

0.349 mL of 4.298 mM

D42-D84 Media

DMEM/F12 Glutamax + 1%
penicillin-streptomycin

474.545 mL

50 uM B-mercaptoethanol

0.455 mL of 55 mM

1x MEM NEAA

5 mL of 100x

4% KOSR

20 mL




The derivation of RPE cells was also performed from RPE spheres growing on retinal
organoids (ca™~ d90). Briefly, RPE spheres were excised from retinal organoids lacking neural
epithelium and transferred onto Matrigel-coated 24-well plates. The culture media combined
the use of Advanced RPMI 1640 Medium (cat. No. 12633012, Thermo Fisher Scientific), B-
27™ supplement (50x) (cat. No. 17504001, Thermo Fisher Scientific), KOSR, GlutaMAX™ (cat.

No. 35050061, Thermo Fisher Scientific) and penicillin-streptomycin.  Following

approximately two months of RPE maturation in the presence of B27™, RPE cells were seeded
onto 12- or 24-transwell inserts (Greiner Bio-One) and maintained in the same media.

Detailed media composition can be seen in Table 11.

Table 11. Media composition of RO-derived RPE cells.

Media component

86% Advanced RPMI
1640 Medium

10% KOSR
2% B-27™ Supplement
1% GlutaMAX
1% Pen/Strep

2.7.1. Dissociation of Retinal pigment epithelial cells for passaging.

RPE cells were washed with PBS to remove residual media and incubated with TrypLE™ Select
Enzyme (10x) for no more than 20 min at 37° Cto allow cells to dissociate. Cells were detached
by pipetting and passed through a 100 um cell strainer. TrypLE™ solution was then
deactivated by adding media to the suspension of sieved RPE cells and spun down at 1000
rpm for 5 min. The cells were washed with 1x PBS and either pelleted (stored at -80°C) or
seeded onto Matrigel-coated 12- or 24 hanging inserts (Greiner Bio-One) at a density of

200,000 or 400 000 cells per well, respectively.
2.7.2. Immunofluorescence staining of RPE cells.

IF analyses of RPE cells were performed as qualitative experiments (n=3) by Dr. Rodrigo Cerna-
Chavez and Dr. Maria Georgiou. In short, transwells were rinsed in PBS and incubated with

4% PFA for 30 min. The tissue was subsequently washed 3x5 min with PBS and flat RPE sheets
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were cut into multiple pieces. Additional fixation by methanol was performed at 4°C for 20
min when staining for tight junctions (ZO-1) and Collagen IV. To remove melanin pigment from
the RPE a bleaching procedure was carried out using a Melanin Bleach kit (cat. No 24883,
Polysciences), following the manufacturer’s instructions. To minimize non-specific binding,
RPE were then blocked and permeabilized simultaneously for 1h in PBS containing 10%
Donkey Serum (cat. No. 7332100-LAM, Stratech) and 0.3% Triton-X-100. Primary antibodies
were diluted in PBS containing 0.1% Triton-X-100 and 1% Donkey Serum-PBS and applied at
4°C overnight. The tissue was subsequently rinsed with PBS (3x5 min). Secondary antibodies
diluted in PBS were incubated for 1h at RT. RPE sections were washed 3x5 min in PBS and
counterstained for nuclei using Hoechst (1:1000 in PBS) for approximately 20 min. After an
additional PBS wash, RPE sections were mounted on slides using Vectashield®. A secondary
antibody only control was included in each set of experiments. For all antibody details used

in RPE IF please refer to Table 12 below.

Table 12. List of all primary and secondary antibodies used for RPE IF analyses.

Antibody Species | Catalogue number Supplier Concentration Type
Collagen IV Rabbit AB65586 Abcam 1in 200 primary Ab
Ezrin Mouse E8897-100UL Sigma-Aldrich 1in 100 primary Ab
Z0-1 Goat STJ140055 John's Laboratory Ltd 1in50 primary Ab
Anti-Goat Alexa Fluor 488 | Rabbit A11078 Life Technologies 1in 1000 |secondary Ab
Anti-Mouse Alexa Fluor 488 | Goat | 115-545-146-JIR | Jackson Immuno Research | 1in 1000 |secondary Ab
Anti-Rabbit Cy3 Goat | 111-165-003-JIR |Jackson Immuno Research 2in 1000 |secondary Ab

2.7.3. Transepithelial Electrical Resistance measurement of RPE cells.

Transepithelial electrical resistance measurement (TEER) informs on the integrity and barrier
function characteristic of epithelial tissues. The RPE cells were first equilibrated to RT and the
electrode was sterilized for 15 min in 70% ethanol. The use of a volt-ohm meter (cat. No.
MERS00002, Millipore) used in this experiment allows for electrodes to be placed on either
side of the transwell membrane. Measurement of transepithelial resistance is facilitated by
an electrical current applied to the transwell inserts (Resistance = Voltage/Current). To
determine unit area resistance (Q - cm2), blank values from inserts not seeded with cells
containing RPE media alone were subtracted from the sample readings. Obtained values were

further multiplied by the surface area of the insert (0.33 cm?for a 24-well plate inserts). RPE
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culture was deemed mature at TEER > 250 Q cm?2. Measurements were taken in triplicates

and routinely conducted with the supervised assistance of MRes student Eldo Galo.

2.7.4. Phagocytosis assay.

2.7.4.1. Labelling of photoreceptor outer segments (POS) with fluorescein isothiocyanate.

Bovine rod POSs (cat. No. 98740, InVision BioResources, Seattle United States) were treated
with 0.4mg/mL fluorescein isothiocyanate (FITC, cat. No. F7367, Sigma Aldrich). POSs were
spun down at 3000 RCF for 5 min and diluted in 10 mL of D42-D84 RPE medium. The light-
sensitive POS solution was placed on a shaking incubator for 1h at RT shielded from light. This
was followed by an additional centrifugation step and 3x5 min washes with PBS. POSs were
counted using a haemocytometer. The POS concentration was adjusted to a previously
established desired concentration of 10° POSs/mL and the Axio Imager fluorescent
microscope was used to corroborate POS labelling. For long term storage POSs were
resuspended and maintained at - 80°C in a PBS solution containing 73mM sucrose (cat. No.

S0389 Sigma Aldrich).

2.7.4.2. Flow cytometry analysis of phagocytic activity.

Thawed POS-FITC were resuspended in RPE media containing 10% FBS. Each transwell was
treated with a 75 uL FITC enriched POS suspension at 37°C for 4 h (including a control sample
kept at 4°C). Following incubation with FITC-labelled POS, RPE cells were rinsed with PBS and
dissociated into a single-cell suspension using TrypLE™ Select Enzyme (10X). Upon removal of
the TrypLE™ enzyme DRAQ5™ (cat. No. ab108410, Abcam) was diluted at 1:40 in 200 pL of
flow buffer (2% FBS in PBS) and added to the dissociated cells, which were then transferred
toa 1.5 mL Eppendorf tube. The DRAQ5™ dye was incubated with the cells for 10 mins at 37°C
to enable the staining of live cells. To quench residual FITC fluorescence 0.2% Trypan Blue
(cat. No. 93595, Sigma Aldrich) was added to the cells for an additional 10 min. Samples were
centrifuged and rinsed with 2% FBS- PBS to remove all traces of Trypan Blue. Flow cytometry
analysis was conducted using a BD™ LSR Il flow cytometer (BD Biosciences; Franklin Lakes,
United States) with 10,000 events acquired for each sample. All phagocytosis work was

performed by MRes student Eldo Galo with the assistance of my supervision.
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2.7.5. POS treatment of RPE.

RPE were fed 20 POS per cell every day for a period of 2 weeks and sent for transmission

electron microscopy analysis. An untreated control was included in the analysis for each

group.
2.7.6. ELISA Detection of VEGF and PEDF secretion by RPE cells.

The levels of VEGF in the basal compartment of RPE cells were determined using a Human
VEGF DuoSet ELISA kit (cat. No. DY293B, Biotechne) following the manufacturer’s instructions.
In short, the procedure entailed a preparation step by coating a 96-well microplate with
diluted Capture Antibody overnight. Unbound antibodies were removed by washing and plate
was blocked for non-specific binding using Reagent Diluent at RT. Following a round of
washing, 100 uL of basal RPE media samples and standards were applied to the wells and
incubated at RT for another 2 h. Following another wash, the wells are treated with 100 pL
Streptavidin-HRP is for 20 min at RT in the dark. The plate was rinsed further to remove
unbound HRP molecules. To facilitate detection substrate solution was added to the samples
for approximately 20 min. Upon termination of the reaction with the addition of a Stop
Solution and the optical density was measured at 450 nm using a Varioskan LUX Multimode
Microplate ELISA reader (Thermo Fisher Scientific). An analogous procedure was carried to
determine levels of PEDF secretion in the apical compartment of RPE cells (insert media) using
a Human Serpin F1/PEDF DuoSet ELISA kit (cat.No. DY1177-05, Biotechne) in accordance with
the guidance manual. All ELISA work on VEGF and PEDF was carried by Dr. Rob Atkinson.

2.8. PCR

2.8.1. RNA extraction.

RNA extraction from pellets was performed under sterile and RNase-free conditions in a
laminal flow hood. The hood was UV sterilized and decontaminated from RNA nucleases using
RNaseZap™ (cat. No AM9780, Thermo Fisher Scientific). RNA was extracted using the
ReliaPrep™ RNA Cell Miniprep System (cat. No Z6012, Promega), following the manual

instructions. A detailed outline of the procedure can be found below:
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Component Description

Prepare 32.5ul 1-Thioglycerol (TG) in 3.25mL BL buffer < 10samples
Add 250 pL TG+ BL mix to cell pellet 5x105- 2x 106 cells
Mix and add 85 uL100% isopropanol Vortex
Apply to Reliaprep minicolumns Spinat 14 000x g at RT for 30sec
Add 500 pL RNA Wash solution Spinat 14 000x g at RT for 30sec

Add 30 uL DNAase | solution to column (24 pL Yellow core buffer, 3
uL 0.09M MnCl2, 3 uL DNAse | enzyme)

Incubate at RT for 15 min

Add 200 pL ethanol- enriched Column wash Centrifuge at 14000x g for 15 sec
Add 500 pL RNA Wash solution Spinat 14 000x g at RT for 30sec

300 pL RNA Wash solution in new collection tube Centrifuge at 14 000x g for 2min
Elute 30 uL NFWin 1.5 mL tube Centrifuge at 14 000x g for 1 min

Store at-80° C

2.8.2. cDNA synthesis.

For conversion of total RNA to cDNA, the GoScript™ Reverse Transcription System was used
(cat. No. A5001, Promega). First strand cDNA synthesis was initiated by preparing a 5uL total
volume reaction containing the maximum amount of RNA present in the sample of the lowest
RNA concentration (up to 5 pg of RNA/per reaction), primer Oligo(dT)is and Nuclease-Free
Water (NFW). Samples were placed onto a pre-heated block at 70°C for 5 min and
subsequently pre-chilled at 4°C for another 5 min. Each of the samples was briefly centrifuged
to remove lid condensation and stored on ice. A reverse transcriptase mix was prepared using
GoScript™ 5X Reaction buffer, MgCl,, dNTPs, RNasin Ribonuclease Inhibitor and GoScript
Reverse Transcriptase in accordance with the guidance manual. 5uL RNA and 15puL of the mix

were then carefully mixed and the RNA was converted to cDNA at the following thermocycler

conditions:
Annealing 25°C | 5min
Extension 42°C | 60min

Reverse transcriptase| 70°C | 15 min

Samples were then processed by PCR.

2.8.3. RT PCR

Pluripotency assessment and Sendai virus clearance were performed by undergraduate
students Gabrielle Chai Jia Min and Sam Steel by carrying out a standard PCR procedure using
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cDNA template. Primers used for GAPDH, and Klf4, C-myc, SeV, (Sendai clearance) and Oct4,

Sox2, Nanog (pluripotency assessment) are shown in Table 13.

Table 13. Summary of primers used RT-PCR for Sendai virus clearance, pluripotency analysis.

Target Gene Forward Primer Reverse Primer PCR fragment size
OCT4 5' CTTGAATCCCGAATGGAAAGGG 3' 5' GTGTATATCCCAGGGTGATCCTC 3' 164 bp
Sox2 5' GGCAGCTACAGCATGATGCAGGAGC 3' 5' CTGGTCATGGAGTTGTACTGCAGG 3' 131 bp
KLF4 5' GCGCTGCTCCCATCTTTCT 3' 5' TGCTTGACGCAGTGTCTTCTC 3' 69 bp

NANOG 5' AGAAGGCCTCAGCACCTAC 3' 5' GGCCTGATTGTTCCAGGATT 3' 206 bp
GAPDH 5' TGCACCACCAACTGCTTAGC 3' 5' GGCATGGACTGTGGTCATGAG 3' 87 bp
KLF4 5' TTCCTGCATGCCAGAGGAGCCC 3 5' AATGTATCGAAGGTGCTCAA 3' 410 bp
KOS 5' ATGCACCGCTACGACGTGAGCGC 3' 5' ACCTTGACAATCCTGATGTGG 3' 528 bp
SeV 5' GGATCACTAGGTGATATCGAGC 3' 5' ACCAGACAAGAGTTTAAGAGATATGTATC 3' 181 bp
c-Myc 5' GAGAAGAGGATGGCTACAGAGA 3' 5' GACGTGCAACTGTGCTATC 3' 237 bp

2.8.4. qRT-PCR.

To determine DRAMZ2a isoform expression by RT-qPCR, RNA was cleared from DNA
contamination using a TURBO DNA-free™ kit (cat. No. AM1907, Thermo Fisher Scientific).
Briefly, 0.3X TURBO™ DNase buffer and 3uL of DNase were added to the RNA and incubated
at 37 ° Cfor 30 minutes before adding 3uL of inactivation reagent. Following cDNA conversion,

the following reaction was set up on a 384-well plate using a GoTag qPCR Master mix kit (cat.

No. A6002, Promega), whereby equal amounts of cDNA were used from each sample:

Reagent Volume
cDNA Template 1pul
COX reference dye 0.1 puL
Nuclease free water 0.9 pL
GoTaq qPCR master mix 5uL
Forward and Reverse primer mix | 3 pulL
Final volume 10 pL

gPCR was performed on the Quantstudio™ 7 Flex Real-time instrument (Applied Biosystems).
Data were normalized to the expression of the housekeeping gene GAPDH. Gene expression
was calculated using the 2”*(-AACy) method. Samples were run in triplicates and all data was

presented as means + SEM. Statistical analysis was carried using GraphPad Prism version 9.5.0

84


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2959222/

(GraphPad Software, USA). gRT-PCR for DRAMZ2a knockdown were optimized by me and
finalized by MRes student Eldo Galo under supervision. Table 14 below shows the primers

used for DRAM2a isoform expression.

Table 14. Primer pair used for the detection of DRAM2a (isoform a) by qRT PCR.

Target Gene Forward Primer Reverse Primer PCR fragment size
DRAM2a
(A 5'TATTGTGGCAAACTTCCAGAAAACA 3’ | 5’ ACCAAAGGTAAGCACAGCTCC 3’ 70 bp

2.9. DRAM2a siRNA knockdown

Due to the low siRNA uptake efficiency, d230 WT ROs were dissected and grown onto
Matrigel, and poly-L-ornithine (10pg/mL) (cat. No. A-004-C, Sigma Aldrich) coated 24-well
plates. Following successful plate adherence, RO cells were allowed to proliferate until
reaching 80% confluency. siRNA transfection was facilitated using a Lipofectamine™
RNAiIMAX Transfection reagent (cat. No. 13778030, Thermo Fisher Scientific) at about 50%
confluence in accordance with the guidance manual. A crucial optimization step was the use
of antibiotic and serum-free RO media. DRAM2 Silencer Select siRNA (4392420, Assay ID:
s43281) and a scrambled control (cat. No. 4390849, Thermo Fisher Scientific) were incubated
at 20uM with the RO cells for a period of 72h. Successful knockdown of DRAM?2 isoform a
(DRAM2a) was confirmed by both qRT-PCR using primers shown in Table 14 as well as
Western blot analysis using methods outlined in section 2.10. The siRNA knockdown
procedure was optimized by me and finalized under supervision by the MRes student Eldo

Galo.

2.10. Western blot.

2.10.1. BCA protein assay.

Cell pellets were maintained at -80 ° C for long-term storage. Once thawed, samples were
initially incubated at RT for 5 min with PhosphoSafe™ extraction buffer (cat. No 71296, Merck
Millipore) and supplemented with a 14X protease inhibitor cocktail (cat. No 04693159001,
Roche, Switzerland) (25uL per 5 RO or 1 transwell of a 24 well plate of RPE). Lysis by rigorous

pipetting was alternated with vortexing and resting on ice for 20 min until complete lysis.
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Samples were spun at 4° C for 10 min at 1000xg, and protein concentration of the supernatant
was determined using a Pierce™ BCA Protein Assay Kit (cat No. 23225, Thermo Fisher
Scientific). Briefly, protein supernatant (2.5ulL) diluted with 10X diluted (22.5uL)
PhosphoSafe™ buffer was applied to a 96-well plate in duplicates. A standard curve was
prepared using known concentrations of BSA (cat No. 23209, Pierce™ Bovine Serum Albumin
Standard Ampules, 2mg/mL, Thermo Fisher Scientific) protein. WR solution (200uL) provided
by the kit was added to each well (50:1 Reagent A: Reagent B) and the plate was incubated
on a shaker at 37 ° C for 30 min under minimal light exposure. Absorbance was measured at
562 nm on a Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific). Protein

samples were stored at -80 ° C.
2.10.2. SDS-PAGE.

Western blot (WB) was used to determine protein expression of autophagy, lysosomal and
vesicular trafficking markers in d220 RO, RPE for both cell lysates and cell media. Typically, 10
ug of total protein lysate was diluted in 4X NUPAGE™ LDS Sample Buffer (cat. No NPO0O07,
Thermo Fisher Scientific), reduced with a NUPAGE reducing agent and heated at 70° C for 10
min (cat. No NP0004, NuPAGE™ Sample reducing agent, Thermo Fisher Scientific). For
separation of small (<70kDa) to big (>70kDa) molecular targets, NUPAGE™ MES SDS Running
Buffer 20X (cat. No NP0002) and MOPS SDS Running Buffer (20X) were used, respectively (cat.
No NP0001, Thermo Fisher Scientific). Samples were loaded onto precast 4-12% gradient
polyacrylamide Bis-Tris gels (cat. No NP0321PK2, WG1403BOX, Thermo Fisher Scientific) and
electrophoresed at 180V for 40 min using a Mini Gel Tank system (cat. No A25977, Thermo
Fisher Scientific). A size standard PageRuler™ Plus Prestained Protein Ladder 10 to 250kDa
(cat No 26619, Thermo Fisher Scientific) or a SeeBlue™ Plus2 Prestained Protein standard
(cat. No LC5925, Thermo Fisher Scientific) were used for molecular weight reference. Please
refer to Table 15 and Table 16 for a full description of WB conditions of individual protein
markers. For autophagy markers such as LC3-Il, samples were boiled, reduced, and processed

by WB on the same day to minimize the de-lipidation of LC3-Il upon freeze-thaw cycles.
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2.10.3. Gel transfer.

Following electrophoresis, the gel was carefully removed from its cast. After being briefly
rinsed in ultrapure ddH.0, it was transferred onto Blot™ 2 Transfer PVDF Stacks (cat. No
IB24002 and 1B24001, Thermo Fisher Scientific). A sandwich was assembled according to the
manual’s instructions and dry transfer was performed at standard conditions on an iBlot 2 Dry
Blotting system over three consecutive steps - 20V for 1min, 23V for 4 min and 25V for 2min
(Thermo Fisher Scientific). For autophagy markers, as well as DRAM2 protein detection,

transfer was carried out at 10V for 7 min.
2.10.4. Reversible total protein staining.

Reversible total protein staining was performed on all membranes to confirm the equal
loading of protein using the Pierce™ Reversible Protein Stain Kit for PVDF Membranes (Cat.
No 24585, Thermo Fisher Scientific). Briefly, the PVDF membrane was washed with ultrapure
ddH,0 and incubated with Memcode™ Sensitizer for 2 min under shaking conditions.
Subsequently, the membrane was stained with a total protein stain for 1 min and rinsed three
times with Memcode™ Destain. Rigorous washing was carried out on a shaker by adding a
1:1 Methanol/Destain solution, followed by an additional brief five washes with ultrapure
ddH,0 to minimize background staining. Membranes were then imaged colorimetrically using
Amersham Imager 600 (GE Healthcare, Boston, Massachussetts, USA). Finally, staining was
erased using an Eraser/Methanol solution (1:1) (10-20 minutes) and membranes were briefly

washed with ultrapure ddH,0.
2.10.5. Membrane blocking and antibody incubation.

Membranes were blocked for non-specific binding with 5% milk TBST (Tris-buffered saline
with 0.1% Tween®20 detergent) at RT for 1 h. Incubation with primary antibodies was carried
out in 5% milk TBST on a rotating platform overnight at 4° C (Table 15 for all primary antibody
conditions). On the following day, membranes were washed 3x 5 min with TBST at RT.
Secondary antibodies were incubated at 1:1000 for 1h at RT (Table 16) and washed 3x 5 min
with TBST. To enable visualization, chemiluminescence substrate was prepared using the

SuperSignal™ West Pico PLUS Chemiluminescent Substrate kit (cat. No 34579, Thermo Fisher
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Scientific). Reagents were mixed in a 1:1 ratio and the chemiluminescent solution was

incubated with the membranes for 5 min with minimal exposure to light. Image acquisition

was carried out on an Amersham Imager 600 (GE Healthcare). Band intensity quantitation

analysis was performed on Image J. Protein expression was normalized to the WT sample

within each blot and total protein stain was used to corroborate equal loading.

Table 15. Summary of primary antibodies and conditions used for the WB analysis of d220
RO and RPE lysate samples.

Antibody |Species | Catalogue number Supplier Concentration | Protein | Incubation time Gel condition Running buffer
AP1y rabbit PA1-18306 Fisher Scientific 1in 1000 10 ug | overnight at4°C reducing MOPS
AP2a | mouse 610502 BD Biosciences 1in 500 10 ug | overnight at4°C reducing MOPS

AP3B1 | rabbit 13384-1-AP Proteintech 1in 500 10ug | overnight at 4°C reducing MOPS
CD63 | rabbit ab134045 Abcam 1in 1000 10 g | overnight at 4°C reducing MES
CD81 | mouse ab79559 Abcam 1in 1000 10 ug | overnight at 4°C non-reducing MES

CDMB6PR | rabbit EPR7691 Abcam 1in 250 10 ug | overnight at 4°C reducing MES

CIM6PR | rabbit AV43519 Sigma 1in 10 000 10 ug | overnight at 4°C non-reducing MES
CTSB rabbit 31718 Cell Signaling 1in 5000 10 ug | overnight at4°C reducing MES
CTSD | mouse C0715 Merck 1in 10000 10ug 1h at RT reducing MES

DRAM2 | rabbit HPA018036 Sigma 1in 250 30 pg | overnight at 4°C|non-reducing, boiled MES
GBA rabbit G404G Sigma 1in 1000 10ug | overnight at 4°C reducing MES

LAMP1 [ mouse H4A3 DSHB 1in 500 10ug | overnight at4°C reducing MES

LAMP2 [ mouse A86605 Antibodies.com 1in 500 10 ug | overnight at4°C reducing MES

LC3 rabbit 3868S Cell Signaling 1in 500 10 ug | overnight at 4°C reducing MES

LIMP2 | rabbit HPA018014 Sigma 1in 2000 10ug | overnight at 4°C reducing MES

NPC2 | rabbit HPA000835 Sigma 1in 750 10ug | overnight at4°C reducing MES
p62 mouse 610832 BD UK Ltd 1in 500 10ug | overnightat 4°C reducing MES
PPT1 | mouse MAS5-26471 ThermoFischer 1in 2000 10ug | overnight at 4°C reducing MES
ps6 rabbit 2211S Cell Signaling 1in 500 10ug | overnightat4°C reducing MES
rab5 rabbit ab218624 Abcam 1in 500 10ug | overnightat4°C reducing MES
rab7 rabbit ab137029 Abcam 1in 500 10ug | overnight at 4°C reducing MES
sortilin | rabbit 20681 Cell Signaling 1in 500 10ug | overnightat 4°C reducing MES
VPS35 | rabbit 814533 Cell Signaling 1in 1000 10ug | overnightat4°C reducing MES
VPS53 | rabbit 12878722 Fisher Scientific 1in 3000 10ug | overnightat4°C reducing MES

Table 16. Summary of secondary antibodies used for the WB analysis of d220 RO and RPE

lysates.
Antibody Species |Cat. No.| Supplier |Concentration|Incubation period
Secondary anti-mouse | goat | P0447 |Agilent Dako| 1in 2000 1h atRT
Secondary anti-rabbit | swine | P0399 | Agilent Dako| 1in 1000 1h atRT

2.10.6. Detection of low abundance protein.

For detection of less abundant protein such as lysate DRAM2 as well as PPT1 and NPC2

secreted in the media of RO and RPE, membranes were washed with ultrapure ddH0 briefly

and pre-treated with an antigen pretreatment solution for 10 min at RT (cat. No 46640,
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SuperSignal™ Western Blot Enhancer). After blocking for non-specific binding with 5% milk
TBST, membranes were rinsed in TBST for an additional 5 min and incubated with primary
antibody in antibody diluent overnight at 4°C (SuperSignal™ Western Blot Enhancer).
Following 3 washes with TBST (3x 20 min), secondary antibodies were incubated for 1h at RT
at 1:20 000- 1:100 000 (Table 16). For optimized signal detection membranes were rigorously
washed in TBST for an additional 1h prior to being visualized using Femto-ECL substrate (cat.
No 34094, SuperSignal™ West Femto Maximum Sensitivity Substrate kit, Thermo Fisher
Scientific). Please refer to Table 17. for a comprehensive description of WB conditions of

individual markers.

Table 17. WB conditions used for the detection of low abundance protein in d220 RO/RPE
lysate and media samples.

Marker Species | Catalogue number Supplier Sample type Primary Secondary Protein
CTSD mouse C0715 Merck media 1in 500 1in 50000 50 ug

DRAM2 rabbit HPA018036 Sigma lysate 1lin 250 1in 20000 30 g
NPC2 rabbit HPA000835 Sigma media 1in 500 1in 100 000 50 ug
PPT1 mouse MA5-26471 ThermoFischer media 1in 500 1in 100 000 50 ug

2.11. Lysosomal activity assays.
2.11.1 CTSD kinetic activity assay.

Cathepsin D activity in d220 RO and RPE samples was determined using an in-house kinetic
assay developed by Dr. Marzena Kurzawa-Akanbi. The samples were lysed gently in native
buffer to preserve enzymatic activity (0.2M Triethylammonium bicarbonate buffer, cat. No
T7408, Sigma Aldrich supplemented with protease inhibitors, cat. No 04693159001, Roche,
Switzerland). Protein concentration was measured using a Pierce™ BCA Protein Assay Kit. 50
UM MCA (7-Methoxycoumarin-4-acetic acid) diluted in assay buffer was used to generate a
standard curve (0-25 uM) (cat. No 265301, Thermo Fisher Scientific). The kinetic assay was
performed on black clear bottom 96-well plates (Thermo Fisher Scientific) in a total volume
of 100uL assay buffer. In short, 5 ug protein lysate was diluted in 50mM sodium acetate assay
buffer pH 4.0 (cat. No AM9740, Thermo Fisher Scientific). Protein lysate treated with
0.2mg/mL pepstatin inhibitor (Enzo Life Sciences) served as a negative control. Immediately
prior to the initiation of the kinetic assay, Cathepsin D & E substrate (Enzo Life Sciences) was

applied at a final concentration of 80uM. Fluorescence signal kinetics were recorded every 5
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min over the course of 20 min upon addition of the substrate. Measurements were taken at
320nm/400nm excitation/emission spectra using Varioskan LUX Multimode Microplate

Reader (Thermo Fisher Scientific).
2.11.2. Glucosylceramidase and Alpha-mannosidase activity assays.

Glucosylceramidase activity in d220 RO and RPE lysate and media samples was established
using a commercially available Glucosylceramidase activity kit (cat. No. 273339, Abcam). The
assay was conducted in a total volume of 160uL. 20uM 4-Methylumbelliferone Standard (4-
MU) prepared in Assay Buffer was used to generate a standard curve (0-20uM). The samples
were gently lysed using the provided Assay Buffer and concentration was measured using a
Pierce™ BCA Protein Assay Kit. 20x diluted substrate was added to 30 pg of protein lysate
diluted in Assay Buffer. Samples were incubated on a white flat bottomed 96-well plate (cat.
No SS246, Sero-Wel 96-Well Plates, Sterilin, Appleton Woods Ltd) at 37°C degrees for 30
minutes under minimal light exposure. Following incubation, 100uL Glucosylceramidase Stop
buffer was added to terminate the reaction including all samples, a Glucosylceramidase
positive control, negative background control and standards. Fluorescence intensity was
measured at 360nm/445nm excitation/emission spectra at 37°C in end-point mode. Alpha-
mannosidase activity in the samples was determined in an analogous fashion using a

fluorometric end-point mode Alpha-mannosidase activity assay (cat. No 282917, Abcam).

2.12. Proteomic analysis of Retinal organoid and Retinal pigment epithelial cells.

2.12.1. Protein digestion.

10 pg of total RO protein (5uL) (n=3) was digested using S-Trap micro spin columns (Protifi,
NY, USA). Each biological replicate was denatured in 25uL 5% SDS 50mM Triethylammonium
bicarbonate (TEAB) (pH 8.5). The proteins were then reduced with 20mM DTT at 65°C for 30
min and alkylated with 40mM iodoacetamide at RT in the dark for 30 min. Acidification was
achieved by adding 27.5% phosphoric acid to a final concentration of 2.5% (v/v). Protein
sample was subsequently bound onto the micro spin columns in 6 volumes of loading buffer
(90% methanol 100mM TEAB pH 8.0) and spun at 4000xg for 30s. Columns were rinsed 3x

with loading buffer and flow through was discarded. Protein digestion with trypsin
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(Worthington) occurred overnight at 37°C in 50mM TEAB pH 8.5, at a ratio of 10:1 protein to
trypsin. Peptide elution was carried out over three consecutive washes: first 50 uL 50mM
TEAB, second 50 pL 0.2% formic acid and third 50 uL 50% acetonitrile with 0.2% formic acid.
The solution was subsequently frozen, desiccated in a vacuum concentrator and reconstituted

in 0.2% formic acid.

The digestion of RPE cell lysates followed a similar protocol with some modifications.
15 pg total protein RPE sample (n=7) were adjusted to 23 pL and equal volumes of 2x
concentrated S-trap lysis buffer was added (10% SDS in 100mM Triethylammonium
bicarbonate (TEAB) pH 8.5). The samples were prepared using the same general steps of
reduction, alkylation, and acidification. Following application and washing onto the S-Trap
micro spin columns with loading buffer, digestion with trypsin was carried out for 1.5h at
47°C. Peptides were eluted following the procedure outlined above. Digestion of protein was

carried out by Dr. Pawel Palmowski at the Proteomics Unit at the University of Newcastle.
2.12.2 Data Acquisition analysis.

For RO and RPE cell samples two different modes of acquisition were used — data dependent
for RO and data independent for RPE, respectively Table 18. LCMS analysis for RO and RPE
cells was conducted on an Exploris 480 Quadrupole-Orbitrap Mass Spectrometer (Thermo
Fisher Scientific, Waltham, MA, U.S.A.) and a Orbitrap Fusion™ Lumos™ Tribrid™ Mass
Spectrometer (Thermo Fisher Scientific, Waltham, MA, U.S.A.), respectively. For RO LCMS,
equivalents of 1 ug of each peptide were loaded onto an Acclaim PepMap100 C18 LC Column
(Thermo Fisher Scientific) and separated on a 75umx25cm C18 column (Thermo Fisher
Scientific). For the loading of 1 pg RPE a 300um x 5mm C18 PepMap C18 trap cartridge
(Thermo Fisher Scientific) was utilized and a 75um x 50cm C18 column for separation (Thermo
Fisher Scientific). Although the same flow rate was used for sample loading (10 pL min-1) on
columns with close to identical parameters, different columns and flow rates were applied for
peptide separation (400 nL min~! for ROs, as opposed to 250 nL min~* for RPE). Further
differences in experimental conditions shown in Table 18 pertain to differential use of mass
spectrometry instruments, gradient time, LCMS run time and ultimately mode of acquisition,

which necessitated the use of different experimental conditions. Data acquisition analyses in
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both cases was performed by Dr. Pawel Palmowski at the Proteomics Unit at the University

of Newcastle.

Table 18. Detailed summary of RO and RPE data modes outlining some key differences in
experimental conditions for LCMS analysis.

RO LCMS RPE LCMS

Sample loaded onto Acclaim
PepMap100 C18 LC Column (5 mm A~
0.3 mmi.d., 5 um, 100 A, Thermo

Sample loaded onto 300pum x 5mm C18
PepMap C18 trap cartridge (Thermo

Column i L Fisher Scientific) and separated on
Fisher Scientific) and separated on 75um x 50cm C18 column (Thermo
75umx25cm C18 column (Thermo = )é S C18u2 )

asySpray - m
EasySpray -C18 2 um) yspray H
Flow Rate 10 pL min-1 for both sample loading | 10 pL min-1 for sample loading and

and 400 nL min-1 for separation 250 nL min-1 for separation

60-minute gradient from 97% A (0.1% | 110-minute gradient from 97% A (0.1%
Gradient FA in 3% DMSO) and 3% B (0.1% FA in | FA in 3% DMSO) and 3% B (0.1% FA in
80% ACN 3% DMSO) to 35% B 80% ACN 3% DMSO) to 35% B

Exploris 480 Quadrupole-Orbitrap Orbitrap Fusion™ Lumos™ Tribrid™
Mass Spectrometer| Mass Spectrometer (Thermo Fisher Mass Spectrometer (Thermo Fisher
Scientific, Waltham, MA, U.S.A.) Scientific, Waltham, MA, U.S.A.)

LCMS Run Time 90 minutes 150 minutes
Acquisition Mode | Data-dependent (DDA) acquisition Data-independent (DIA) acquisition

MS Resolution |Orbitrap full scan resolution of 60,000 | MS resolution full scan mode of 60,000

HCD collision energy of 30% for Normalized collision energy level of

Collision Ener,
&Y ddMS2 scans 33% for DIA MSMS

2.12.3. Data processing.

The obtained DDA and DIA data was queried against the protein sequence database available
on (https://www.uniprot.org/uniprot/?query=proteome:UP000005640) using MaxQuant (for
RO) v2.0.3.0, and Spectronaut v16.1 (Biognosys) (for RPE). This was done using default
settings such as cysteine alkylation: iodoacetamide, digestion enzyme: trypsin, Variable
modifications: Oxidation (M), Acetyl (Protein N-term). A confidence cut-off threshold
representative to FDR<0.01 was applied to the search file on both the peptide and protein
level. Protein information was extracted using an in-house R script, which was further

processed in Perseus https://maxquant.net/perseus/. Recorded peak intensities were log2
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transformed. An option for “width adjustment” was applied in the Perseus software to
normalise for putative discrepancies in loading and peak intensity distribution. Furthermore,
any missing values were excluded from the analysis. Statistically significant changes in relative
protein abundance were identified using modified ANOVA (FDR<0.05, S0=0.1) followed by
Tuckey’s post hoc test (FDR<0.05). Comprehensive data analysis was carried out with the

supervised assistance of MRes student Eldo Galo and Dr. Pawel Palmowski.

2.13. Lipidomic analysis of RO cells.

Lipidomic analysis is a quantitative method which entails the comprehensive profiling of lipid
species present in biological samples. Lipid identification and quantification was conducted
by Prof. Phil Whitfield’s group at the University of Glasgow. The isolation procedure followed
the method of Folch (Folch et al, 1957). Briefly, samples were extracted in
chloroform/methanol (2/1, v/v) and centrifuged at 1700 x g for 10 minutes. Phase partitioning
was facilitated by the addition of 0.1 M KCL, whereby the lower organic phase containing
lipids was retained. The lipid-enriched phase was subsequently dried in the presence of
nitrogen gas prior to being reconstituted in methanol containing 5 mM ammonium formate.
Lipidomic analysis was carried out under positive and negative ion modes over the mass to
charge (m/z) range 250-2000 at a resolution of 100,000 using a Thermo Exactive Orbitrap
mass spectrometer equipped with a heated electrospray ionization (HESI Il) probe coupled to
a Thermo Fisher Scientific ultimate 3000 RSLC system. Separation of lipids by column
chromatography was performed using a Thermo Hypersil Gold C18 column (1.9um; 2.1 mm x
100 mm) maintained at 50°C. Mobile phase A comprised an aqueous solution containing 10
mM ammonium formate and 0.1% (v/v) formic acid. Mobile phase B was made up of 90:10
isopropanol/acetonitrile (ACN) containing 10 mM ammonium formate and 0.1% (v/v) formic
acid. The initial gradient conditions were 65%A/35%B. An increase the gradient of phase B
was applied from 35% to 65% over 4 min, followed by 65%-100% over 15 min, with a hold for
2 min before re-equilibration to the starting conditions over 6 min. The gradient flow occurred
at a rate of 400uL/min. Raw data were analyzed using Progenesis Ql software version 2.1
(Nonlinear Dynamics). Lipid species were further assigned via cross-referencing with LIPID

MAPS (www.lipidmaps.org/) and HMDB (http://www.hmdb.ca/) databases.
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2.14. Transmission electron microscopy.

D220 RO and mature RPE cells cultured on 12- and 24-well inserts were fixed in 2%
glutaraldehyde 0,1 M sodium cacodylate and further processed by Tracey Davey (Electron
Microscopy Research Services, Newcastle University). At the TEM facility, the samples were
subjected to an additional fixation by 2% osmium tetroxide. They were then dehydrated using
a gradual increase in acetone concentration. Once the dehydration process was complete,
samples were embedded in epoxy resin and allowed to polymerize at 60°C for 36 hours. Blocks
of epoxy resin were then ultra-sectioned into slices of 70 nm thickness and collected on
copper grids, stained with uranyl acetate and lead citrate. TEM images were captured using a
Philips CM100 TEM 16 microscope. Each set of analyses entailed the blindfold selection of 8-
10 images per group to allow for the unbiased evaluation of morphology findings.
Quantification of lipid-containing organelles, mitochondria, melanin-containing structures,

and lamellar bodies in RPE was carried out by MRes student Eldo Galo under supervision.
2.15. Statistical Analysis.

Data was tested for normality using a Shapiro-Wilk’s test. Assuming normal distribution, the
data points across different groups were compared using a parametric One-Way ANOVA test
(Siddk's multiple comparisons test). When the data did not meet the normality criteria, a non-
parametric Kruskal-Wallis test was applied. Due to the presence of 5 or more groups in most
of the datasets, comparisons were typically performed in pre-selected pairs (CORD21-P1vsP1c
and CORD21-P2vsP2c), whereby the WT control in each case was excluded from the analysis.
Statistical analysis was carried out using GraphPad Prism version 9.5.0. All data was presented
as mean * SEM values and statistical significance was assumed when p < 0.05 (*p <0.05, **p

<0.01, ***p £0.001, ****p < 0.0001).
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Chapter 3: CRISPR-Cas9 correction of the CORD21-P2 line



3. Introduction

CORD21 retinal disease is a rare, highly debilitating form of cone-rod dystrophy with adult
onset leading to the progressive loss of visual acuity. It is an autosomal recessive condition
which typically presents with macular involvement followed by peripheral degeneration of

the retina associated with night blindness and light sensitivity (Chapter 1, 1.4).

Dermal skin fibroblasts were obtained from two individuals with DRAM2 macular
dystrophy by Dr. Martin McKibbin’s group and subsequently reprogrammed into iPSCs by Dr.
Dean Hallam and Rachel Wilson. These iPSC lines are hereby known as CORD21-P1 and
CORD21-P2. The CORD21-P1 iPSC line is homozygous for a loss-of-function variant at
c.140delG [p. Gly47Valfs*3], leading to transcript degradation by nonsense mediated decay,
whereas CORD21-P2 is a compound heterozygote for an intron-exon missense change
¢.131G>A [p. Serd44Asn] and a nonsense frameshift variant c.494G>A [p. Trp165*]. The iPSC
lines were characterised for pluripotency, genetic stability, and Sendai virus clearance.
Elucidation of DRAM2 function in patient-derived in vitro retinal models, necessitated the
generation of isogeneic controls, in which one of the patients’” mutations is reversed to a
heterozygous state on the same genetic background using CRISPR-Cas9 technology. Previous
work by MRes student Edvinas Cerniauskas enabled the generation of the CORD21-P1c iPSC
line by conducting a heterozygous correction of the c.140delG allele. This chapter outlines the
homology-directed repair (HDR) of the c.131G>A [p. Ser44Asn] mutation in CORD21-P2 using
CRISPR-Cas9 and the subsequent off-target sequencing analyses in both CORD21-P1c and P2c
to corroborate the absence of undesired genetic alterations in regions highly homologous to

the sites of CRISPR correction in both patient iPSC lines.

Hence the generation of the CORD21-P1c and CORD21-P2c iPSC lines using CRISPR-
Cas9 enabled us to evaluate the impact of CORD21-P1 and -P2 DRAMZ2 mutations on the
lysosomal activity of iPSC-derived patient models. In summary, data outlined here, delineates
prerequisite steps to the generation of valuable in vitro retinal models for the study of DRAM2

function in the context of the retina.
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3.1 Results

3.1.1 The generation of the CORD21-P2c line: CRISPR-Cas9 correction of the 131G>A allele in
CORD21-P2.

3.1.1.1 gRNA and ssODN design

CRISPR-Cas9 genome editing was used to create an isogeneic control, here referred to as
CORD21-P2c. This would be done by introducing a single nucleotide A>G correction at c.131
in the compound heterozygous CORD21-P2 iPSC line. The CRISPR-Cas9 technology allows for
precise knock-in corrections by homology-directed repair (HDR) (the change of a single-
nucleotide within the genomic sequence) by utilising the ability of guide RNAs (gRNA) to

target Cas9 enzyme to genomic sites of interest (Figure 15).

Following a thorough analysis of the DRAM2 exon 3 boundary (111131424-
111131424), where the c.131G>A mutation is located, an obvious candidate emerged as the
only gRNA capable of targeting the c. 131 site within a 15-nucleotide radius (Figure 16)
(Paquet et al., 2016). This gRNA sequence had previously been used in a failed attempt at
131G>A correction by Dr. Chunbo Yang. Dr. Chunbo Yang used a PCR screening method based
on mutation- and wild-type specific primers. The latter approach proved inefficient in
identifying genuinely corrected iPSC clones. To optimize the efficiency of the screening
procedure, a short asymmetric ssODN (single-stranded oligo DNA nucleotides) template was
designed (101 bps) (Richardson et al., 2016). The ssODN carried the wild-type c.131G
sequence, a restriction site (Alu /) to enable the easy identification of corrected clones and a
mutated PAM sequence to prevent the re-cutting of genomic DNA following CRISPR-Cas9
editing. The Alu | restriction site and the mutation of the PAM sequence acted as silent,
reading frame non-perturbing mutations (Figure 16). To further minimise the probability of
cleavage post edit, we delivered the Cas9 enzyme as a Cas9/sgRNA ribonucleoprotein (RNP)
complex (Okamoto et al., 2019). A non-homologous end joining (NHEJ) inhibitor known as
SRC-7 was also applied during nucleofection to increase the efficiency of HDR in iPSCs
(Maruyama et al., 2015). Please refer to the Appendix A for a detailed summary of all relevant

DNA sequences to the CRISPR-Cas9 experiment.
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Figure 15. Cas9-targeting is enabled by guide RNA complementarity to the genomic site of
interest. The guide RNA is composed of spacer, crRNA (CRISPR RNA) and tracrRNA (trans-
activating CRISPR RNA) domains. crRNA and tracrRNA form a complex with the Cas9 enzyme.
Cas9 is guided to the region of interest via sequence complementarity of the spacer gRNA.
Cas9 then cleaves the target DNA 3 nucleotides upstream of the PAM recognition motif. The
resultant DNA double breakage can be resolved either by NHEJ or by cells utilising the more
precise genome editing mechanism known as HDR. Image was taken from the integrated DNA
technologies website.
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Figure 16. Design of the gRNA and ssODN sequences used in the CRISPR-Cas9 experiment.
Top panel shows gRNA complementarity to genomic DNA. The gRNA carries the c.131G>A
mutation (blue box). The Cas9 cleavage site is shown as an interrupted red line 3 nucleotides
upstream of PAM. Bottom panel shows the ssODN template carrying the wild-type c.131
sequence (blue), the Alu I restriction site (orange) and the mutated PAM sequence (pink).
Both the restriction site and the mutated PAM are introduced on the ssODN as synonymous
changes not affecting the reading frame of DRAM2.
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3.1.1.2 Validation of selected gRNA in vitro

The selected gRNA (Figure 16) was assessed for its ability to direct Cas9 to the c.131G>A site
on PCR amplified CORD21-P2 fragments (Chapter 2). The gel electrophoresis image below
demonstrates the successful Cas9 digestion of mutant CORD21-P2 DNA mediated by the gRNA
in vitro (Figure 17). The cleavage generated DNA bands of expected size validating the gRNA

batch for further use in iPSCs nucleofection experiments (Figure 17).

400 bp

200 bp
118 bp

Figure 17. Cas9-mediated in vitro digestion of CORD21-P2 DNA guided by gRNA. Lane 1) 100
bp ladder. 2) Control CORD21-P2 PCR- amplified DNA fragment (408 bp). 3) Two band sizes of
215 bp and 193 bp were observed for the digested CORD21-P2 DNA, respectively. DNA
cleavage occurred following incubation with 300nM gRNA for 1h. 4) gRNA control in the
absence of Cas9 enzyme and CORD21-P2 DNA shows the presence of a 118 bp band
corresponding to the expected length of the gRNA and potential primer dimers left from the
gRNA synthesis reaction can be seen in this lane.

3.1.1.3 Screening for corrected CORD21-P2c iPSC clones

Following the nucleofection of CORD21-P2 iPSCs, 96 single -cell iPSC colonies were picked.
Out of those, only 48 colonies survived. This prompted the re-picking of another 59 single-cell
colonies, which were allowed sufficient time to expand. During expansion, an additional 8
clones were lost. Restriction digests were performed on all 99 clones for which DNA extraction
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was successful. This entailed the PCR amplification of clones, followed by digestion of PCR
products with an Alu I restriction enzyme. Out of a total of 99 clones, PCR reactions failed for
8 clones as evident from restriction digest screens. Investigation into surviving clones (n=91)
revealed that 57% of the clones showed positive digestion with the Alu | restriction enzyme,
whereby only 31% produced correct DNA band patterns. A representative gel example is
shown in Figure 18. The generation of DNA bands of 216 and 192 bp sizes following Alu |
cleavage suggested the integration of the ssODN sequence into the genomic DNA of iPSC
clones. The correct incorporation of the ssODN sequence was evident from the introduction
of a single Alu | site inside the region amplified by the screening primers (Figure 18). Clones
showing further bands to the ones outlined above, were not sequenced due to the potential

integration of NHEJ-related indels in their genomic sequence (n=19%).

=
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Figure 18. Representative restriction digest image of CRISPR-edited CORD1-P2 clones.
Clones 48, 50, 55, 58, 61, 65, 71 and 72 were selected as primary targets for Sanger
sequencing due being digestible in the presence of Alu | enzyme, as inferred by the presence
of two bands of 216 and 192 bp, respectively.

*Clones containing additional bands were not examined due to the presence of potential
NHEJ-related indels.

Based on sequencing data, 63% of all successfully sequenced samples carried indels
associated with NHEJ and only 2% of clones were found to be corrected at ¢.131 by CRISPR-
Cas9. These were iPSC clone numbers 13 and 72. Closer examination of their DNA
chromatograms, however, revealed that only clone 72 presented with no additional genomic
alterations in the immediate vicinity of the site of the correction (Figure 19, A). All Sanger
sequencing experiments were conducted by Dr. Bilal Alobaidi from Prof. Joris Veltman’s group

at Newcastle University.
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Figure 19. Sanger sequencing output from the CRISPR-Cas9 corrected clones 13 and 72. DNA
chromatograms for CORD21-P2c iPSC clones 72 (A) and 13 (B) demonstrated the successful
CRISPR-Cas9 correction of the c. 131 site as evident from the presence of a single cytosine
peaks marked in blue. Furthermore, heterozygous knock-ins were observed for the two silent
ssODN mutations in both clones. One of these synonymous changes is the incorporation of
an Alu I site (orange), and the other one pertains to the abrogation of the PAM site (green)
originating from the ssODN. Sanger sequencing was performed using the reverse primer
ACTGAATCTTATTGGGCTG. Peak heterozygosity upstream (underlined in black) of the
disrupted PAM in clone 13 (B) indicated the presence of unintended indels following CRISPR-
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Cas9 correction.

As it’s made evident from the DNA chromatogram of CORD21-P2 clone 13, peak
ambiguity is apparent upstream of the disrupted PAM (green) in exon 3 (Figure 19, B). This
suggests that clone 13 may carry additional genomic alterations within the coding sequence
of DRAM2, which was suggestive of repeated Cas9 cutting following ssODN integration. For
these reasons, clone 13 was discarded from further use in iPSC differentiation. Additional
Sanger sequencing revealed the presence of indels and/or lack of c.131G>A correction iniPSC
clones 18, 22, 48, 50, 55, 58, 61, 77, 91, 98, 100, 104 and 105 (Figure 20). One interesting
example was presented by clone 55. Despite the fact this clone was found to be homozygously
corrected for the two synonymous ssODN changes (Figure 20, C), the ssODN recombination
did not extend to the site of the actual mutation (c. 131). Interestingly, the partial
homozygous incorporation of the ssODN including the sequence of the Alu / restriction site
was also reflected in the ability of Alu /to cut a significant amount of this clone’s PCR fragment
(Figure 18, top panel). Sanger sequencing of the remainder of the iPSC clones (3, 10, 16, 20,
23, 28, 44, 45, 47, 50, 60, 61, 65, 71, 78, 82, 87, 92 and 97) was confounded due to failed

sequencing reactions and/or low quality of the reads.

Results obtained from the CRISPR correction of the c.131G>A mutation in CORD21-P2
iPSCs showed 2% success rate. Our CRISPR-Cas9 experiment resulted in the identification of
one clone (clone 72) suitable for further use in retinal differentiation. Clone 72 would

hereafter be referred to as the CORD21-P2c line.
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Figure 20. Sanger sequencing reads from clones 18, 50, 55 and 91. (A) DNA chromatogram
for clone 18, which appears to still carry the ¢.131G>A mutation (blue). (B) c. 131A>G
correction is evident for clone 50 (blue), however, upstream exon DRAM?2 sequence shows
the considerable presence of indels (black box). (C) Clone 55 is homozygously corrected for
the presence of an Alu | restriction site (orange) as well as the mutated PAM (green) but is
still heterozygous for the c.131G>A mutation. (D) Sequencing read for clone 91 shows
relatively clean sequence in the absence of a c.131A>G correction (blue).
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3.1.1.4. Characterization of DRAMZ2 iPSC lines for pluripotency, genomic stability, and

Sendai virus clearance.

Following establishment, the CORD21-P1 and -P2 lines exhibited typical iPSC morphology on
bright field microscopy resembling a colony-like appearance (Figure 21, A). Sanger
sequencing confirmed the successful heterozygous correction of the c.140delG and c.131G>A
mutations by CRISPR-Cas9 in the CORD21-P1c and -P2c isogenic iPSC controls, respectively
(Figure 21, B). As can be seen from the RT PCR analysis, patient iPSCs were cleared of
exogenous viral transgenes associated with the Sendai virus reprogramming (Figure 21, C). RT
PCR expression of master pluripotency genes OCT4, SOX2 and NANOG furthermore confirmed
that CORD21-P1 and -P2 iPSCs are pluripotent (Figure 21, D). Pluritest™ assessment of all iPSC
lines, supplemented this analysis by corroborating the pluripotency status of CORD21-P1c and
-P2c (Figure 21, E and F). The absence of chromosomal abnormalities in CORD21-P1 and -P1c
has been reported previously following gPCR karyotype analysis conducted by undergraduate
students (data not shown as figure includes data for additional cell lines but can be provided).
Subsequently, CORD21-P2 and -P2c were also free of genomic abnormalities as evident from
the Karyostat™ analysis, corroborating the absence of chromosomal copy number

aberrations on the whole genome view of CORD21-P2 and -P2c (Figure 21, G).
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Figure 21. Characterization of DRAM2 iPSC for pluripotency, Sendai virus clearance and genomic
stability. (A) Brightfield images from the CORD21-P1 and -P2 lines demonstrate a colony-like
morphology characteristic of pluripotent iPSCs (Scale bars=200 um). (B) DNA chromatograms show
the absence of a guanine base at c.140 in CORD21-P1 and its respective presence in CORD21-P1c
upon CRISPR-Cas9 correction. The heterozygous ¢.131G>A mutation present in CORD21-P2 is
restored to the wild-type state in the CORD21-P2c isogenic control. (C) RT PCR shows clearance of
Sendai virus-associated transgenes in CORD21-P1 and -P2 relative to positive control (PC) following
iPSC reprogramming. (D) RT PCR demonstrates the pluripotent status of CORD21-P1 and -P2 as
evident from the expression of OCT4, SOX2 and NANOG genes relative to PC sample. GAPDH was
used as a control. (E) Pluritest™ Table shows high pluripotency scores (PluriCor) for iPSC lines used
in this study. (F) The pluripotency test plot is a visual representation of the samples based on
pluripotency (y-axis) and the novelty score (x-axis) listed in the PluriTable (E). The x/y scatter plot
shows the relative distribution of pluripotent (red) and non-pluripotent samples (blue) in the
reference dataset. A non-iPSC sample indicated by arrow served as a negative control. (G) Whole
genome view shows no chromosomal copy number abnormalities for somatic and sex
chromosomes in CORD21-P2 and -P2c iPSCs. The smooth signal plot (y-axis) represents log2 ratios
of microarray signal intensities, whereby a deviation from the normal chromosome copy number
(CN=2) would indicate chromosomal copy number aberrations. Colours pertain to the raw
chromosomal signal, whereby blue represents the normalized copy number signal.
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3.1.1.5. Off-target sequencing for CORD21-P1c and CORD21-P2c iPSC lines.

After the establishment of CORD21-P1c and -P2c iPSC lines by CRISPR-Cas9 we carried out
additional off-target analysis using Cas-OFFinder for the presence of undesirable genomic
DNA alterations at sites highly homologous to the sites of CRISPR-Cas9 correction in CORD21-
P1c and -P2c. The sequences surrounding the potential CRISPR/Cas9 target sites were
amplified by PCR. Sanger sequencing chromatograms for the top genomic targets for each
iPSC line (Figure 22) corroborate the absence of point mutations or indels in the shown genes
(n=9-10). Of note one sequencing reaction failed for CORD21-P2c and would need to be
repeated in the future. Off-targeting analysis for CORD21-P1c was conducted under
supervision with the help of MRes student Eldo Galo. Supplementary off-target blastn data is

shown in Appendix B.
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Figure 22. Cas-OFFinder off-target analysis for CORD21-P1c and -P2c. Sanger DNA
chromatograms confirm the absence of genomic alterations at sites homologous to the
targeted genomic sequence as a result of the CRISPR-Cas9 editing of CORD21-P1c (n=10) (A)
and CORD21-P2ciPSCs (n=9) (B). The name of genes covering these sequences can be seen in
the top left corner of each chromatogram. Sites of homology were identified using the Cas-
OFFinder platform by allowing a maximum of three-mismatches in their sequence.
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3.1.1.6 Discussion

Previous members of the Lako lab, have been able to reprogram iPSCs from the dermal
fibroblasts of patients carrying biallelic mutations in the DRAM2 gene (Dr. Dean Hallam and
Rachel Wilson). These iPSC lines, known as CORD21-P1 and -P2, have been characterized for
pluripotency, genomic stability, and Sendai virus clearance by the MRes student Edvinas
Cerniauskas and undergraduate students Gabrielle Chai Jia Min and Sam Steel. Previously, the
CORD21-P1 iPSC line which has a homozygous deletion (c.140delG) was corrected to a
heterozygous state by Edvinas Cerniauskas. The main objective of this chapter was to
analogously generate an isogeneic control for the second patient-derived iPSC line- CORD21-

P2 and to fully characterise the P1c and P2c corrected iPSCs for use in chapters 4-5.

In line with literature reports demonstrating that CORD21 cone-rod dystrophy only
manifests in the presence of biallelic DRAM2 mutations (El-Asrag et al., 2015; Sergouniotis et
al., 2015; Abad-Morales et al., 2019; Krasovec et al., 2022), correcting one allele on the
compound heterozygote CORD21-P2 line (c.131G>A (p.Serd44Asn), c.494G>A (p.Trpl65%*))
would be sufficient to restore the wild-type retinal phenotype. To this end, we corrected the
¢.131G>A mutation on the CORD21-P2 line to a homozygous state using CRISPR-Cas9
technology. The newly established isogenic control was named CORD21-P2c. The
experimental design of the CRISPR-Cas9 correction involved the use of a short asymmetric
ssODN (101 bps) complementary to the gRNA strand (Richardson et al., 2016). The ssODN
carried a restriction site for the easy identification of corrected clones as well as an abrogated
PAM sequence to prevent recutting upon integration of the ssODN (Paquet et al., 2016). To
further improve the efficiency of HDR and minimise the risk of recutting we used a NHEJ
inhibitor (Maruyama et al., 2015) in addition to also delivering Cas9 as an RNP molecule during

the nucleofection procedure (Okamoto et al., 2019).

This combined approach proved successful in overcoming difficulties associated with
single-nucleotide correction at more than 10 nucleotides from the Cas9 cut site. Paquet et al.,
(2016) have demonstrated that cut-to-mutation site distance is a critical determinant for the
successful introduction of single nucleotides using CRISPR-Cas9, as a distance of > 10
nucleotides from the cut site can greatly diminish HDR rates (<50%). The gRNA used here
presented the only design within relative proximity to the mutation site whose PAM sequence
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could be changed without introducing a non-synonymous DRAMZ2 mutation. Even though the
de facto distance from the cut site was approximately ~15 nucleotides, the optimised
approach described here was sufficient to overcome challenges associated with probabilistic
correction at this distance. Furthermore, the CRISPR-Cas9 ¢.131A>G edit was also unimpeded
by the ‘GCC’ motif present in the highly sensitive crRNA target region (1+ to 4+ position) of
our gRNA, previously associated with reduced efficiency of gRNA sequences (Graf et al.,
2019). A major improvement to the current design, however, was the implementation of a
restriction site (Alu I) on the donor ssODN which appeared to facilitate the adequate
identification of the CORD21-P2c clones, as compared to previous PCR-based approaches

solely relying on the use of mutation-specific primers.

Results showed that CRISPR-Cas9 HDR efficiency remained considerably low (2%).
Conversely, a significant amount of CRISPR-related genomic changes was associated with
NHEJ (63% of sequenced clones) that could have also led to the random incorporation of Alu
I restriction sites in some of the sequenced clones. An ideal future design would allow for the
use of an ssODN that introduces a restriction site close to the Cas9 site in genomic DNA (within
1-5 nucleotides of the Cas9 cut site). If possible, the Cas9-cut site would be closely located to
both the newly introduced restriction site as well as the actual site of the mutation. As seen
with some of the clones (55), long distance of the mutation to the cut site (>10 nucleotides)
can lead to partial recombination of the ssODN, so future efforts in designing gRNA and ssODN
features should allow for the immediate proximity of the targeted region to the cut site. In
this way the rate of HDR and the efficiency of clone identification would be much higher. As
only clone 72 presented with the complete incorporation of the ssODN sequence and the
absence of additional changes to genomic DNA, this was named CORD21-P2c. As it can be
seen from the DNA chromatogram for clone 13, repeated cutting near the PAM site may have
led to the incorporation of indels for which this clone appears to be heterozygous. Therefore,
clone 13 might need to be sub-cloned to avoid future issues of clone heterogeneity that might

have arisen during picking and expansion of the colony that gave rise to this particular clone.

A defining feature of iPSCs is the maintenance of a pluripotent status i.e., the ability
of iPSCs to give rise to tissues of all the three main germ cell layers. After the establishment

of the CORD21-P2c line by CRISPR-Cas9, the pluripotency status of all our iPSC lines was
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confirmed using a commercially available service provided by Thermo Fisher Scientific, known
as PluriTest™. A functional evaluation of pluripotency can also entail the injection of iPSCs
into immunocompromised mice. Provided the cells are pluripotent, they are going to
spontaneously differentiate to teratomas giving rise to cells of all the three germ layers. Lack
of assay standardisation, accuracy and ethical concerns regarding teratoma use, however,
(Montilla-Rojo et al., 2023), have prompted the development of experimental alternatives
such as the PluriTest™ used in this study. Furthermore, assessment of genomic integrity is an
essential prerequisite to determining the non-malignant capacity of cells with potential for
clonal expansion. The genomic stability of CORD21-P1 and -P1c was previously confirmed by
gPCR karyotype analysis by undergraduate students Gabrielle Chai Jia Min and Sam Steel
corroborating the absence of chromosomal abnormalities. The same was established for
CORD21-P2 and -P2c following Karyostat™ analysis performed as a Thermo Fisher Scientific
service. Furthermore, patient iPSC lines were assessed for Sendai virus clearance via RT PCR
by the same students. CRISPR-corrected isogenic controls were furthermore examined for
additional genomic changes at sites highly homologous to the sites of CRISPR-Cas9 correction
with the supervised assistance of MRes student Eldo Galo. This entailed off-target sequencing
for CORD21-P1cand -P2cto corroborate the absence of undesired genomic changes following
CRISPR-Cas9 editing. Further to the generation of an isogenic control (CORD21-P2c), work
performed as a part of this chapter demonstrates the maintenance of pluripotency, genomic
stability, and Sendai virus clearance for CORD21iPSC lines, as well as the off-target sequencing
of CRISPR-Cas9 corrected iPSCs. Following chapters will detail the generation and the

characterisation of patient-derived in vitro models using these CORD21 iPSC lines.
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Chapter 4: Assessment of lysosomal activity in

CORD21 Retinal Organoids
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4, Introduction and aims.

DRAM?2 encodes a 266-amino-acid transmembrane protein shown in literature to be localised
to lysosomal membranes. DRAM2 expression has been reported in the inner segment of the
photoreceptors and the apical side of retinal pigment epithelium cells (RPE) in the murine
retina (EI-Asrag et al., 2015). Existing literature suggests a role for DRAM2 in the conversion
of LC3-I to LC3-Il during autophagosome formation (Yoon et al., 2012; Zeng et al., 2014) as
well as the binding of lysosomal membrane proteins LAMP1 and LAMP2 in the formation of
autolysosomes (Kim et al., 2017). This provides evidence towards a function for DRAM2 in the
maintenance of postmitotic photoreceptors (PRs) and RPE by enabling autophagy as well as
all mechanisms of lysosomal degradation as the lysosome is the major point of convergence

for cellular catabolism.

DRAM?2 disease presents as an autosomal recessive cone-rod dystrophy (CORD21)
typically manifesting by the third decade of life (EI-Asrag et al., 2015; Sergouniotis et al., 2015;
Abad-Morales et al., 2019). The early loss of photoreceptors in pre-symptomatic patients
supports a primary photoreceptor aetiology (Sergouniotis et al., 2015). Clinical data suggest
that both rods and cones are affected with loss-of-function variants leading to earlier onset
and more severe disease progression compared to missense mutations (Sergouniotis et al.,
2015). Alternatively spliced variants were also correlated with extensive peripheral
involvement and rod-cone dysfunction (Abad-Morales et al., 2019) The loss of visual acuity
experienced as an initial symptom correlates with the degeneration of the macula, often
followed by peripheral degeneration and light sensitivity as the disease progresses (El-Asrag

et al., 2015; Sergouniotis et al., 2015; Abad-Morales et al., 2019).

The aim of this chapter was to uncover the DRAM2 disease pathomechanism using a
patient-specific retinal organoid (RO) model. The impact of c.140delG and ¢.131G>A DRAM?2
mutations was assessed in silico and the three-dimensional DRAM2 structure was studied to
gain insight into protein function. The effect of DRAM2 mutations were examined in day 220
(d220) CORD21-P1 and -P2 patient-derived ROs alongside their CRISPR isogenic controls. To
determine DRAM?2 expression in ROs, we validated a DRAM2 antibody by knockdown as
confirmed by qPCR and Western blot (WB). Here, for the first time we established the
expression of DRAM2 in human ROs by both WB and immunofluorescence (IF). To gain more
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insight into the early features of DRAM?2 disease, d220 ROs were characterized for the
expression of retinal markers by IF, autophagy flux and transmission electron microscopy
(TEM). A thorough proteomics analysis at d220 revealed key lysosomal protein
downregulation in DRAM2 patient ROs. Further, assessment of lysosomal markers by WB and
enzymatic activity assays were carried out to enhance our knowledge of affected lysosomal
trafficking pathways. Ultimately, lipidomic and IF experiments were carried out to ascertain

global lipid changes in DRAM2 ROs.

4.1 Genetic background of CORD21-P1 and CORD21-P2 patients leads to a differential

outcome in DRAM2 expression.

4.1.1. Analysis of DRAM2 mutations and their effect on isoform expression

Individuals diagnosed with inherited DRAM2 macular dystrophy usually present with acute
decline in visual acuity by the third decade of life. Previous literature reports indicate that the
disease only manifests clinically in probands carrying biallelic DRAMZ2 mutations, which
renders DRAM2 dystrophy a recessive condition. Furthermore, the protein exists in two major
isoforms - isoform ‘@’ (DRAM2a), which is expressed ubiquitously, and isoform ‘c’ (DRAM2c¢),
which is specific to the retina (Abad Morales et al., 2019) (Figure 23). iPSC lines obtained from
both affected patients in this study are detailed in Table 19 below. The iPSC lines have
previously been characterised for Sendai virus clearance, pluripotency, genomic stability, and

off-target sequencing (see chapter 3).

The first patient, here referred to as CORD21- P1, is homozygous for a deletion at
€.140delG. According to the online prediction tool http://www.mutationtaster.org/ this is
expected to lead to either a severely truncated version of the protein amounting to
approximately 5 kDa and/or to non-sense mediated decay (NMD) (Table 19). In the case of
the second patient, a compound heterozygote (CORD21-P2), at least some amount of full-
length protein may be produced. One allele (c.494 G>A, p. Trp165*) is expected to produce
truncated protein (17 kDa) and/or NMD. The second allele on CORD21-P2 is mutated at a
conserved serine residue (c. 131G>A, p. Ser44Asn), which could hypothetically result in some
amount of full-length protein, however, this may still entail significant implications for DRAM2

function. The conserved serine residue is found at an intron/exon boundary where mutations
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are very likely to affect the splicing of the protein (Table 19). A likely outcome would be the
acquisition of differential protein conformation and the inability of the protein to interact
with the cytoplasmic milieu, assuming that DRAM?2 is embedded in the lysosomal membrane.
The effect of patient mutations on both cell lines is briefly summarised in Table 19. According
to the prediction analysis, two out of three of the studied mutations affect the ubiquitously
expressed DRAM2a isoform (29.73 kDa). Conversely, the retinal-specific DRAM2c isoform
(15.73 kDa) is affected only by c.494 G>A present in CORD21-P2. This concludes that the

majority of the DRAM2 phenotype can be attributed to a dysfunctional DRAM2a isoform.

o, L o JUPRE . uste.., ... . P uee., ... Use..,  ..J 8WP... .. P, e 9360p.

[+
(NM_178454.5)

Figure 23. Structure of DRAM2 isoforms taken from Abad-Morales et al. (2019).
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Table 19. Effect of mutation on DRAM2a and DRAM2c isoform expression.

DRAMZ Mutation | iPSCs cellline | Age at present/sex PrEdI_CtEd SiiZsian PrEdI_CtEd Siizstam Location within isoform a Loc_atlon i
isoform a isoform c isoform c
MWWFQQGLSF LPSALVI
WTS AAFIFSYITA VTLHHI
DPALPYISDTGTVAPEKCLF
GAMLNIAAVLCIATIYVRY
KQVHALSPEENVIIKLNKA
GLVLGILSCLGLSIVANFQK
~5 kDa DRAMZ NMD Mot part of TTLEFAAHVSGAVLTFGMG Mot part of
c.140delG CORD21-P1 31, male and/ar PTC S SLYMFVQTILSYQMAQPKIH SeInEs
GKQVFWIRLLLVIWCGVSA
LSMLTCSSVLHSGNFGTDL
EQKLHWNPEDKGYVLHMI
TTAAEWSMSFSFFGFFLTY
IRDFQKISLRVEANLHGLTL
YDTAPCPINNERTRLLSRD
1
MWWFQQGLSFLPSALVIW
TSAAFIFSYITAVTLHHIDP
ALPYISDTGTVAPEKCLFGA
MLNIAAVLCIATIYVRYKQ
VHALSPEENVIIKLNKAGL
VLGILSCLGLSIVANFQKTT
dysfunctional protein, Mot part of LFAAHVSGAVLTFGMGSLY Mot part of
=HEILE CURD2L =L, mEls splice site alteration sequence MFVQAQTILSYOQOMQPKIHGK sequence
QVFWIRLLLVIWCGVSALS
MLTCSSVLHSGNFGTDLEQ
KLHWNPEDKGYVLHMITT
AAEWSMSFSFFGFFLTYIR
DFQKISLRVEANLHGLTLY
D T A PCPINNERTR LLSRDI
MWWFQQGLSFLPSALVIW MGSLYMPVOT
TSAAFIFSYITAVTLHHIDP ILSYQMOPKI
ALPYISDTGTVAPEKCLFG HGKOVFWIRL
AMLNIAAVLCIATIYVRYK LLVIWCGWSA
QVHALSPEENVIIKLNKAG LSMLTCSSVL
18.2 kDa pratein and/or LVLGILSCLGLSIVANFQKT HSGNFGTDLE
- N _ ~5kDa protein |TLFAAHVSGAVLTFGMGSL QKLHWNPEDK
494 G=A CORD21-P2 56, female NMD;_thentlaI splice and/or NMD YMEVQTILSYQMQPKIHG ST
TREEEE KQVFWIRLLLVIWCGVSALS| AEWSMSFSFF
MLTCSSVLHSGNFGTDLEQ GFFLTYIRDF
KLHWNPEDKGYVLHMITT QKISLRVEAN
AAEWSMSFSFFGFFLTYIR LHGLTLYDTA
DFQKISLRVEANLHGLTLY PCPINNERTR
D T A PCPINNERTR LLSRDI LLSRDI

4.2 DRAM2 protein resembles a transmembrane protein.

DRAM?2 is a 266-amino acid lysosomal transmembrane protein found to be expressed in the

inner segments (IS) of murine photoreceptors and RPE (El-Asrag et al. 2015). Despite previous

studies on DRAM2 retinopathy, detailed knowledge of DRAM2 function in the context of

autophagy remains elusive. To gain insight into the structure of the protein and ascribe

functional roles, DRAM2 amino acid sequence was submitted into the Zhang lab I-Tasser

platform (https://zhanglab.dcmb.med.umich.edu/ITASSER/). A program database file (.pdb)

generated by the [-Tasser online tool was subsequently visualised and annotated in PyMolL

software. A putative 3D structure of the main DRAM2a isoform is shown in Figure 24 Image

shows that DRAM2 protein is likely composed of 6 transmembrane domains connected by

alpha helices. As can be seen, the c.131 G>A mutation referring to a highly conserved residue
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is located on the outer rim of a helical interface domain linking two major transmembrane
regions, likely exposed to the binding of ligands/proteins interacting with the lysosomal
membrane (Figure 24). The nonsense mutation ¢.140delG is located close to c.131 G>A,

whereas c.494G>A can be seen deep within domain number 5 (Figure 24).

¢.140, 47aa - CORD21-P1

Figure 24. Predicted 3D structure of DRAM2a isoform by I-Tasser. Alternating helix, sheet
loop motifs shown in teal and brown, respectively. Mutated sequence present in CORD21-P1
outlined in yellow denotes c.140delG (DTG); Site of CRISPR corrected mutation c.131G>A on
CORD21-P2 iPSC line is marked in red (YIS). c. 494G>A nonsense mutation in CORD21-P2 is
depicted in blue (VIW). C-score - 2.93, estimated TM-score=0.38+0.13, estimated RMSD =
12.9+4.2A. Image generated in PyMolL.

Table 20. List of structural modes generated as .pdb files by I-Tasser. The highest-ranking
model 1 (c-score, -2.93) was used for analysis of DRAM2 structure. The typical range for c-
score is [-5,2], whereby higher confidence is relayed by a higher value.

Name | C-score |Experimental TMscore | Experimental RMSD | No. of decoys | Cluster density
Model 1| -2.93 0.38+-0.13 12.9+-4.2 2143 0.0559
Model 2 3.59 1228 0.029
Model 3 2.68 634 0.072
Model 4 | -3.43 640 0.0339
Model 5 3.84 850 0.0225
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Table 21. List of top ten structural homologues to query structure identified by structural
alignment using TM - align.

Rank | PDB Hit Protein structure Species TM -score| RMSD | IDEN | Coverage

Plasma membrane

1 5ZLE ascorbate-dependent H. sapiens 0.726 2.24 | 0.069 0.804
reductase (CYBRD1)

2 406Y Cytochromeb561 A. thaliana 0.716 1.7 0.078 0.767

3 | ap01 H-Translocating V. radiata 0583 | 4.47 | 0.045 | 0.808

Pyrophosphatase
4 6QD6 Mb-CHopQ-Nb207 H. pylori 0.532 4.41 | 0.045 0.729
G.
5 5D0Q bd oxidase 0.53 4.5 0.087 0.729

thermodenitrificans

6 | 3rko | 'Membrane domain of E. coli 0519 | 48 | 0053 | o0.744
respiratory complex |

Structure of ovine

7 | earl 0. aries 0519 | 466 | 0067 | 0.729
transhydrogenase
8 6RKO | Cytochrome bd-I oxidase E. coli 0.518 491 | 0.066 0.748
9 | eHcy Metalloreductase H. sapiens 0512 | 479 | 0117 | 0.737
(STEAP4)
10 | ecpw | Respiratory membrane- P. furiosus 0509 | 457 | 0097 | 0.722

bound hydrogenase

Table 22. List of GO terms identified for top ten functional templates. GO-score is a measure
of accuracy of GO-term prediction [0-1].

Consensus prediction of GO terms

G0:0009055; G0:0004129;

Molecular G0:0020037;
) electron transfer | cytochrome-c o
function o g o Heme binding
activity oxidase activity
GO-score 0.46 0.46 0.46
G0:0006818; G0:0015672;

G0:0009060; | G0:0022900;

Biological proton inorganic cation )
aerobic electron
process | transmembrane |transmembrane L .
respiration [transport chain
transport transport
GO-score 0.48 0.48 0.46 0.37

G0:0019866; | G0:0031966;
organelle inner | mitochondrial
membrane membrane

Cellular G0:0071944; G0:0016021; |G0:0070469;
component | cell periphery membrane respirasome

GO-score 0.48 0.46 0.37 0.34 0.33
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The software returned five structural models, and the one with the highest confidence
C-score (-2.93), amongst all 5 was selected for protein annotation using PyMoL (Table 20).
The c- score is a reliable measure of confidence in modelling prediction based on threading
alignment and structure assembly. TM-score and RMSD are measures of global and local
structural similarity between query and template protein. The putative model was further
probed by structural alignment using TM - align revealing top ten structural homologues with
crystallised conformation available on the PDB (Protein data bank) database (Table 21). As
high-ranking proteins emerged the plasma membrane ascorbate-dependent reductase
(CYBRD1) (5ZLE) (Table 21) and an orthologue from Arabidopsis thaliana, known as
cytochromeb561 (406Y) (Table 21). Both proteins are classified as oxidoreductases. Amongst
further identified hits were H-Translocating Pyrophosphatase (4A01, Vigna radiata) and other
membrane proteins which function in electron transport such as Mb-cHopQ-Nb207 (6QDS6,
Helicobacter pylori), membrane domains of respiratory complex | (3RKO, Escherichia coli),
ovine transhydrogenase (6QTI, Ovis aries), cytochrome bd-I oxidase (6RKO, Escherichia coli),
STEAP4 (6HCY, Homo sapiens) and respiratory membrane-bound hydrogenase (6CFW,

Pyrococcus furiosus) (Table 21).

Functional insight was rendered by the consensus GO term analysis of molecular
function, biological process, and cellular component for the top structural homologues by
COFACTOR algorithm on the I-TASSER platform (Table 22). GO term annotation for molecular
function and cellular component indicated that the homologous proteins were associated
with the transmembrane transport of ions and heme- binding but may also possess intrinsic
cytochrome c oxidase activity. The latter proteins are integral membrane components,
further reiterating a role for DRAM2 as a membrane transporter and potential involvement
in  mitochondrial membrane homeostasis. Clustal alignment between DRAM?2,
(CYBRD1/DCytb) and LCytb (Figure 25) showed functional conservation of one Zn?*-ascorbate
binding site (black arrow) and two cytoplasmic ascorbate binding sites (magenta arrows)
between all three proteins. One of the two cytoplasmic ascorbic sites is in relative proximity

to ¢.131G>A and c.140delG mutations present in CORD21-P1 and -P2.
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CLUSTAL 0(1.2.4) multiple sequence alignment

sp|Q6UX65 | DRAM2_HUMAN
sp|Q8NBI2|CYAC3_HUMAN
sp|QS3TN4|CYBR1_HUMAN

sp| Q6UX65 | DRAM2_HUMAN
sp|Q8NBI2|CYAC3 HUMAN

- - - MWWFQQGLSFLPSALVIWTSAAFIFSYITA
MVSGRFYLSCLLLG- - -SLGSMCILFTIYWMQYWRGGFAW - - NGSIYMFNWHPV
MAMEGYWRFLALLGSALLVGFLSVIFALVWVLHYREGLGW DGSALEFNWHPV

VILH------- 'HIDPALPY@1GYVAPK LFGAMLNIAAVLCIATIYVRYKQ L
LMVAGMVVFYGGASLVYRLPQSKW -VGPKLPYKL LHAALHLMAFVLTVVGLVAVFT H

30
49
52

81
107

sp|Q53TN4 | CYBR1_HUMAN LMVTGFVFIQGIATIVYRLPWTW-KCSKLLKPIHAGLNAVAAT LAT ISVVAVFE - 110
sp| Q6UX65 | DRAM2_HUMAN SPEENVIIKLNKAGLVLGILSCLGLSIVANFQKTTLFAAHVSGAVLTFGMGSLYMFVQTI 141
sp|Q8NBI2|CYAC3_HUMAN GRTAN LYSLHSWLGITTVFLFACQW FLGFAVFL 140
sp|QS3TN4 | CYBR1_HUMAN NNIAN- MYSLHSWVGLIAVICYLLQL -- LSGFSVFL 143
sp|Q6UX65 | DRAM2_HUMAN LSYQMQPKIHGKQVFWARLLLV @GVSALSHLTCSSVLHSGHFGTDLEK HWNPE 198
sp|Q8NBI2|CYAC3_HUMAN L PRASMWURBLLKPIHVFFGAAILSLSIASV ISGINGKLFFSLK 184
sp|QS3TN4 | CYBR1_HUMAN L---------PWAPLSYRRAFLMPIHVYSGIVIFGTVIATA- - - - - - -LMGLTHK} IFSLR 187
sp| Q6UX65 | DRAM2_HUMAN DKGYVLHMITTAAE - - - -WSMSFSFFGFFLTYIRDFQKISLRVE - ANLH 242
sp|Q8NBI2|CYAC3_HUMAN NTTRPYHSLPSEAVFANSTGMLVWAFGLLVLYILLASSWKRPEPGILTDRQPLLHDGE - - 242
sp|QS3TN4|CYBR1_HUMAN 245

sp| Q6UX65 | DRAM2_HUMAN

DP - -AYSTFPPEGVFVNTLGLLILVFGALIFWIVTRPQWKRPKEPNSTILHPNGGTEQGA

GLTLYDT APCPINNE RTRLLSRDI 266
= - - 242

sp|Q8NBI2|CYAC3_HUMAN . 3 ;
RGSMPAYSGNNMDKSDSE LNSEVAARKRNLALDEAGQRSTM 286

sp|QS3TN4|CYBR1_HUMAN

Figure 25. Clustal alignment of DRAM2, DCytb and LCytb

Colour Property

RED Small (small+ hydrophobic (incl.aromatic -Y))
BLUE Acidic

MAGENTA | Basic-H

GREEN Hydroxyl + sulfhydryl + amine + G

Grey Unusual amino/imino acids etc

Legend: (*) Shows a single conserved residue. (:) Indicates conservation between groups of
strongly similar properties > 0.5 in the Gonnet PAM 250 matrix. (.) Indicates conservation
between groups of weakly similar properties =< 0.5 and > 0 in the Gonnet PAM 250 matrix.
Blue arrow designates histidine ligand, magenta arrow — cytoplasmic ascorbate binding site,
green arrow- through space electron transfer, black arrow -Zn’*-ascorbate binding site; red
square shows c.131G>A, 44aa mutation, yellow square denotes c.140delG, 47aa, blue square
—.494G>A, 165aa, black square — functionally conserved domains.
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4.3.1 DRAM2 protein detection by western blot

To validate a DRAM2 antibody for protein detection by western blot (WB) (cat. No
HPA018036, Sigma-Aldrich), a 72h siRNA knockdown experiment was performed on d230 WT
retinal organoids, whereby ROs were plated as monolayers to increase the efficiency of the
procedure. Successful knockdown by at least 50% was confirmed by both gPCR and WB
(Figure 26, B and D; see chapter 2). d220 RO lysates were then analysed by WB using the
aforementioned antibody, revealing a band of approximately 26 kDa in both wild-type and
isogenic controls (Figure 26, C). The blot showed a downregulation of DRAM2 in both patients.
Protein was completely absent in CORD21-P1, consistent with NMD transcript degradation.
Conversely, a minimal amount of DRAM2 protein was detected in the sample of CORD21-P2

(Figure 26, C).
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Figure 26. DRAM_2 antibody validation and protein detection by western blot. (A) WT d230
retinal organoids were diced and expanded on 24-well plates on Matrigel and poly-L-
ornithine. Treatment with 20uM DRAM2 and scrambled siRNA was carried out for a period
of 72h. (B) DRAM2 protein detection in scrambled and siRNA treated WT ROs. (C) DRAM2
protein detection in d220 patient and control retinal organoids. TPS stands for total protein
stain showing equal loading of sample. (C) Quantification plots to the left confirming 50%
knockdown efficiency by both qPCR (unpaired t-test) and WB in d230 WT ROs (unpaired t-
test) (data normalised to scrambled control). Plot to the right shows relative protein
expression of DRAM2 in d220 retinal organoids normalised to the wild-type control (ANOVA).
All data is presented as means + SEM (n=3).

Knockdown comparisons show scrambled control vs siRNA treatment (qPCR and WB) and
CORD21-P1vs -P1c and CORD21-P2vs-P2c (DRAM2 WB) whereby statistical significance is
denoted by * P<.05,**P<.01, ***P<.001, ****P<0.0001. The WT sample was excluded from
the d220 RO DRAM2 WB analysis.

4.3.2 DRAM2 protein expression by immunofluorescence is absent in patient derived ROs.

According to clinical findings (El-Asrag et al., 2015; Sergouniotis et al., 2015) the disease
phenotype could be reversed by restoring DRAM2 mutation status to a heterozygous state.
Patient lines CORD21-P1 and -P2 have been corrected by CRISPR/Cas9 to generate CORD21-
P1c and -P2c isogenic control cell lines, respectively (chapter 3). Punctate DRAM?2 expression
is seen at the lower part of inner segments (IS) in WT and isogenic controls, co-localising with
inner segment marker TOMM?20, which is highly enriched in mitochondria (Figure 27).
Immunofluorescence experiment shown below demonstrates that DRAM2 protein expression
is absent in the IS of patient cell lines (Figure 27). These data are consistent with a significant

reduction in protein expression being associated with DRAM?2 retinal phenotype.

4.4 DRAM2 patient derived ROs do not show changes in retinal marker expression.

Day 220
CORD21-P1 CORD21-P1c CORD21-P2 CORD21-P2c

Figure 27. DRAM2 protein detection in d220 ROs by immunofluorescence. IF corroborates
the absence of DRAM2 protein in patient ROs. By contrast, DRAM?2 is detected at the IS of
d220 aged WT, CORD21 -P1c and -P2c ROs (white arrow heads). Scale shows 20um (n=3).

DRAM2

123



To assess the impact of DRAM2 mutations on RO development, a comprehensive
immunofluorescence analysis (IF) was conducted to ascertain d220 retinal marker expression
over the course of multiple RO differentiations (n=3). IF analysis corroborated that patient RO
development closely recapitulated the formation of an outer nuclear layer (ONL) marked by
the expression of photoreceptor marker Recoverin (RCVRN) (Figure 28, A). Recoverin* cells
were mainly distributed along the apical edge of the ROs. Consistent with normal retinal
development, retinal ganglion cells were present in all the examined cell lines. This was shown
by SNCG expression which amounted to < 5% for all patient derived cell lines (Figure 28, A).
SNCG* cells were positioned basally congruent with the knowledge that retinal ganglion cells
are the main point of convergence for primary and secondary neurons in the retina (Figure
28, A). Rod bipolar PKCa* cells localised to the inner nuclear layer in WT and CORD21-P1/P1c
ROs, whereas a more scattered expression was observed for the CORD21-P2 and -P2c cell
lines. Due to the limited abundance of PKCa™ cells < 1%, expression data was not quantified
(Figure 28, B). Furthermore, horizontal (PROX1) and amacrine cell (AP2a) markers revealed a
considerable level of layer stratification in all lines apart from CORD21-P2 and -P2c, which
exhibited a lower level of structural lamination (Figure 28, C). PROX1*horizontal cells can be
seen to delineate the inner nuclear layer (INL), nested immediately below that of the
photoreceptors. By contrast amacrine (AP2a*) cells were seen more basally in line with AP2a
also being expressed in a subset of retinal ganglion cells (Figure 28, C). Furthermore,
ubiquitous staining was observed for Miiller glia marker vimentin in ROs (Figure 28, E, not
quantified). All cell lines showed expression of rods (Rhodopsin) and cones (OPN1LW/MW),
whereby no significant changes were observed between patients and isogenic controls.
Interestingly, OPN1LW/MW* cells could be seen on the inside of CORD21-P1 and -P1c ROs,
whereas CORD21-P2 and -P2c ROs showed the lowest levels of OPN1LW/MW expression,

which appeared to be cell line-specific.

In summary, although IF analysis did not show any statistical differences in retinal
marker expression (Figure 28, F), it corroborated the ability of patient cell lines to differentiate

to ROs and concluded the presence of all major retinal cell types (Figure 28, A-F).
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Figure 28. Characterisation of d220 DRAM2-patient derived ROs by IF. IF experiment
demonstrates the expression of major retinal cell types such as photoreceptor (A) (Recoverin,
red) and ganglion cells (SNCG, green), (B) rod bipolar cells (PKCa, green), (C) horizontal
(PROX1, red) and amacrine (AP2a, green) cells, (D) mature red/green cones (OPN1LW/MW,
red) and rod photoreceptors (RHO, green) as well as (E) Mller glia (vimentin, red), (G). Nuclei
are counterstained with Hoechst (blue). Scale bars show 50um for RCVRN/SNCG, PKCa,
PROX1/AP2a and vimentin, and 20um for RHO/OPN1LW/MW. (F) Quantification plots show
% positive cells corresponding to the expression of each marker relative to the total number
of cells (RCVRN, Kruskal-Wallis; Rhodopsin, Kruskal-Wallis; OPN1LW/MW, ANOVA; SNCG,
Kruskal-Wallis; PROX1, Kruskal-Wallis; AP2a, Kruskal-Wallis). No significant differences can be
seen in the expression of retinal markers between DRAM2-patient and control organoids at
d220. Data were presented as means + SEM (n=5-30).

Comparisons are shown in the following order CORD21-P1vsP1c and CORD21-P2vsPZc,

whereby statistical significance is denoted by * P<.05, **P<.01, ***P<.001, ****P<0.0001. The
WT sample was omitted from the statistical analysis.
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4.5 Autophagy flux is impaired in CORD21-P1 ROs.

To evaluate the effect of DRAM2 mutations on the state of autophagy flux in mature d150
RO, LC3 expression was evaluated following the sequential addition of 500nM rapamycin
(24h) and 100nM bafilomycin over the course of the last 4h. A brief schematic in Figure 29, A

explains the function of both drugs with regards to the activation or blockage of autophagy-
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Figure 29. CORD21-P1 d150 ROs show reduced rates of autophagic flux compared to isogenic
control by WB. (A) Rapamycin, an mTOR inhibitor, relieves ULK1 from inhibition by mTOR. This
leads to the assembly of phagofore double membrane around autophagic cargo and its
subsequent maturation to a nascent autophagosome. Bafilomycin blocks the fusion of
autophagosomes with lysosomes thereby preventing the formation of autolysosomes. LC3-Il is
attached to the double membrane of the autophagosome and serves as a reliable marker for
autophagosome turnover and degradation. Schematic was generated using BioRender. (B)
Increased accumulation of LC3-1l protein by WB following single bafilomycin treatment in
CORD21-P1 resembles untreated control, whereas CORD21-P2 presents with LC3-Il protein
accumulation which is suggestive of autophagy induction. (C) Plots show that both rapamycin
(ANOVA) and bafilomycin (ANOVA) LC3-II flux rates are increased for CORD21-P1c compared to
-P1, whereas no change in flux rates is seen between CORD21-P2 and CORD21-P2c. Rapamycin
flux is calculated by subtracting the LC3-1l band rates for double treatment from the single
rapamycin treatment for each cell line. Bafilomycin flux is generated by subtracting the single
bafilomycin treatment from the basal untreated state. Data were normalized to GAPDH
expression and presented as means + SEM (n=3). (C) Data were presented as means + SEM
(n=3).

Statistical comparisons for CORD21-Plvs -P1c and CORD21-P2vs-P2c are denoted by *
P<.05,**P<.01,***P<.001, ****P<0.0001. The WT sample was excluded from the statistical
analysis.

related degradation. Patient CORD21-P1 and -P2 ROs showed reduced conversion of LC3-1 to
LC3-1l as demonstrated by the retention of LC3 mainly in the form of LC3-I in the basal
untreated state as compared to the untreated state of the isogenic controls (Figure 29, B).
(Figure 29, B). An increase in pS6 levels suggested an active mTOR pathway, which is
associated with the inhibition of autophagy. This confirmed that autophagy flux is suppressed
following the addition of bafilomycin. Upon single treatment with bafilomycin, CORD21-P1
failed to respond, whereas CORD21-P2 showed a dramatic increase in LC3-Il conversion levels
which was a strong indication for a complete loss of flux in the CORD21-P1 compared to the
stark presence of such in CORD21-P2 (Figure 29, B and C). Similarly, both rapamycin and
bafilomycin flux were significantly increased in the CORD21-Pic cell line relative to their
patient counterpart (Figure 29, C). Interestingly, a combined drug treatment leads to partial
LC3-II clearance instead of further LC3-Il accumulation compared to the -/+ condition. This
could indicate that a longer bafilomycin treatment is needed to observe the steady build-up

of LC3-Il without the rate of LC3-Il clearance exceeding that of its degradation (Figure 29, B).
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4.6 DRAM2 d220 ROs exhibit curvinuclear lipopigments associated with lipid accumulation

on transmission electron microscopy.

Analysis of ultrastructural findings on transmission electron microscopy revealed a significant
increase in aberrant lysosomal-like structures in the PRs of patient RO samples (Figure 30, A,
B, C). The hallmark TEM features were recognised as curvilinear lipopigments (CLs) due to
bearing visual resemblance to structures laden with undigested lipid in Neuronal Ceroid
Lipofuscinoses (Anderson et al. 2012). Patient and isogenic controls additionally showed no
change in the number of lysosomes observed (Figure 30, B, C). Furthermore, no significant

changes were apparent for early (AVi) and late autophagic vehicles (AVd) between the groups.
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Figure 30. Patient organoid samples show increased numbers of curvilinear profiles. (A)
Image shows an aberrant accumulation of curvilinear lipopigments in CORD21-P1 and
CORD21-P2 (CLs black arrow heads). By contrast no such features were present in isogenic
controls. Scale bar=1 um (B) Magnified images of quantified cellular structures (CL, scale
bar=500nm; Lysosomes, scale bar=125nm; AVi, scale bar=1.5 um; 250nm; AVd, scale
bar=500nm, 250nm). (C) Plots show an increase in CLs per cell in patient organoids.
Lysosomes as well as early (AVi) and late autophagic vehicles (AVd) do not differ in their
number per cell. All data was plotted as means + SEM, tested for normality and analysed by
a non-parametric Kruskal-Wallis test (n=10). Image segmentation and processing was
conducted using the open-source Microscopy Image Browser software (Belevich et al., 2016).
Segmentation accounted for the presence of cellular features in both the cell body and the
inner segment of ROs.

Statistical comparisons for CORD21-P1vs -P1c and CORD21-P2vs-P2c are denoted by * P<.05,
**p<.01, ***P<.001, ****P<0.0001. The WT sample was excluded from the statistical
analysis.

131



4.7 Increased mitochondrial branching is observed in d220 CORD21-P1 ROs.

To assess the state of mitochondrial health in DRAM2 ROs, d220 samples from each cell line
(n=10) were examined as a part of a blind analysis of mitochondrial count per cell, shape, and
level of mitochondrial branching. The shape of mitochondria was determined as a ratio

between the centreline length and width of individual mitochondrial organelles (Major/Minor

Mitochondria Aspect ratio
50+ 5

Form factor

mean per PR cell
mean per PR cell
mean per PR cell
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Figure 31. CORD21-P1 patient ROs show increased number of elongated mitochondria
relative to isogenic control. (A) CORD21-P1 image indicates the abundance of more elongated
mitochondria in photoreceptor cell bodies, and inner segments as opposed to CORD21-P1c
where less mitochondrial branching is apparent. Images from CORD21-P2 and CORD21-P2c
demonstrate high levels of mitochondrial diversity, whereby both smaller and more
elongated mitochondria are apparent in the photoreceptor cell bodies/inner segment. (B)
Graphs show no difference in mitochondrial cell count per cell (Kruskal-Wallis) and aspect
ratio (ANOVA). Significant differences are observed for form factor which served as
mitochondrial branching output between CORD21-P1 and CORD21-Plc (Kruskal-Wallis).
Elongated mitochondria are shown by black arrow heads and rounded mitochondria by white
arrow heads, respectively. Data were presented as means + SEM. Mitochondrial
segmentation analysis was carried out using the Microscopy Image Browser software (n=10).

Statistical comparisons for CORD21-P1vs -P1c and CORD21-P2vs-P2c are denoted by * P<.05,
**P<.01, ***P<.001, ****P<0.0001. The WT sample was excluded from the statistical analysis.

axis length), whereas branching was inferred by dividing the squared perimeter of
mitochondria 41T by the mitochondrial area (i.e., Form factor). Data analyses revealed that no
differences were observed in the number of mitochondria per cell and that no gross
alterations were evident in terms of mitochondrial shape between patient and control groups
(Figure 31, A and B). However, the form factor was shown to be significantly higher in
CORD21-P1 compared to CORD21-Plc, suggesting the presence of more elongated
mitochondria in the CORD21-P1 patient (Figure 31, A and B).

4.8 Key lysosomal deficiency in CTSD, NPC2 and PPT1 enzymes suggests lysosomal content

accumulation in DRAM2 patient ROs.

4.8.1 Proteomic analysis reveals vesicle-mediated response as affected biological process.

10 pg of total protein lysate from each sample was subjected to LC-MS/MS peptide detection
and processed for MaxQuant protein identification. WT sample was excluded from the
analysis to improve statistical power between selected group pairs - CORD21-P1/CORD21P1c
and CORD21-P2/CORD21-P2c (n=3). Principal component analysis showed a clear separation
between isogenic control and patient samples (Figure 32, A). Most of the variation between
the samples could be explained by Component 1 (45.9%). A total of 3321 proteins were
identified using modified ANOVA (FDR<0.05) and a follow-up Tuckey’s post hoc t-test
(FDR<0.05), revealing 101 proteins to be commonly changed between the two groups (Figure
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32, B) (Appendix C). Out of these, 19 followed the same tendency for up-or downregulation
(Table 23). Metascape enrichment analysis (n=19) further revealed vesicle-mediated
response, protein processing in the endoplasmic reticulum, cellular responses to stress, visual
perception, negative regulation of cellular component organisation, cellular homeostasis, and
the cone pathway as the major affected biological processes in the patient samples (Figure
32, D). Nearly half of the tandemly changed proteins fell well below the cut-off threshold for
logged fold change (FC>2) as indicated by the volcano scatterplots (logged p value <0.05)
(Figure 32, E). Amongst significantly downregulated targets for both patients were CTSD,
PPT1, TPP1, NPC2, PMEL, SDCBP, CRYAB, HMGA1, DCT, CRIP2, HIST1H4A, NUP210 and VAT1L
(p value<0.05). Of particular interest were CTSD, PPT1 and NPC2 as downregulation of these

proteins could explain a putative lysosomal deficiency in the retina.
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Figure 32. Differential protein analysis identifies vesicle-mediated response as a key
biological process. (A) Principal Component Analysis reveals clear separation between
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CORD21-P1/P1c (outlined in blue) and CORD21-P2/P2c samples (red). The WT sample was
excluded from the proteome analysis. (B) Venn diagram shows an overlap of 101 commonly
changed protein following Tuckey’s post hoc (FDR<0.05, n=3). (C) Dot plot highlighting
commonly upregulated (red) and downregulated (green) proteins (n=19). (D) GO Term
enrichment of significantly changed proteins following the same trend by Metascape revealed
major affected biological processes (n=19). (E) Volcano plots enable visual identification of
tandemly changed proteins with logged fold change cut-off >2 that are also statistically
significant (logged p<0.05) (n=19). For CORD21-P1/P1c these are DCT, PMEL, CRYAB, VAT1L
and HSPG2, whereas for CORD21-P2/P2c these include NUP210, PPT1, VAT1L, HSPG2 and

Table 23. List of all commonly changed proteins following differential protein analysis in
retinal organoids. Same trend downregulated proteins are outlined in green whereas
upregulated ones are highlighted in red.

PRPH.
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membrane raft

with a dipeptidyl peptidase activity that
regulates various physiological processes by
cleaving peptides in the circulation, including
chemokines, mitogenic growth factors and
neuropeptides (Brandt et al., 2006; Abbott et
al., 1999).

Protein IDs Full protein Prot'eln. Location Known function Log Log
name abbreviation P1/P1C | P2/P2C
F8W787;A0A1
BOGW44;A0A1
BOGVD5;A0AL
BOGWES8;P073| Cathepsin
39;A0A1BOGV | D;Cathepsin D Lysosome, Major acid protease involved in lysosomal
P3;A0A1BOGV light CTSD endosome, degradation; APP processing and degradation [ -0.4488 | -1.00551
23;C9JH19;A0 |chain;Cathepsin membrane raft (Letronneetal ., 2016).
A1BOGU92;A0 [ D heavy chain
A1BOGUO3;H7
C469;F8WD96
;AOA1BOGVF1
AOA2C9F2P4;A
0A286YFF7;P5
7,Q5T0S4;
23/—9\2&;??5% Palmitoyl- Lysosome, exosome, Thioesterase involved in the lysosomal
' protein PPT1 membrane raft, degradation of lipid-modified protein -1.61603 | -2.0135
0A286YFL8;A0 | , . .
thioesterase 1 Golgi apparatus (Lu;Verkruyse and Hofmann, 1996).
A286YFL6;EOP
SE5;E9PK48;E9
PIA8
AOA2R8YGD1; I
AOA2R8YDAS5; ysosolme, SR Serine protease involved in lysosomal
melanosom
014773;A0A2 | Tripeptidyl- D € Z 0s0 ef,t degradation; e || e
membrane ra -0. -1.
R8Y7U1;A0A2R| peptidase 1 i d ' non-specific lysosomal peptidase
8YDY1:AOA2R8 recycling endosome, (Lin; Sohar and Lobel, 2001).
Golgi apparatus
Y714
AOA590UJZ9;A Eyitape Tumour supressor function in brain, lung,
exosom
0A590UJ76;Q9( Deleted in ‘ 050” el, colorectal, esophageal and gastric cancer
UGM3;A0A590|malignant brain DMBT1 & racte. uar (Mollenhauer et al., 1997; Mollenhauer et al ., 1071564 | 2.016714
UIX5;A0A590U(  tumors 1 ; Tla Irlx, 2001). Opsonin receptor for SFTPD and SPAR | ™ ’
extracellular space
JF8;A0A590UK protein h - p | ! in macrophage tissues
99 phagocylic vesicle (Deng et al, 2019).
membrane
Cell surface glycoprotein receptor supporting
the function of T cell receptor during T-cell
activation (Durinx et al., 2003). Positively
regulates T-cell activation by binding ADA,
CAV1, IGF2R and PTPRC (Durinx et al., 2003;
o b lkushima et al ., 2000; Gines et al., 2002;
asma membrane,
Dipeptidyl ’ Aertgeerts et al., 2004). Regulates T-cell
AOA712V2R5;A . cell surface, . . -
peptidase . . proliferation, NF-kappa-B activation and
0A712V2X8;P2 ) . invadopodium . .
2487-AOATIV 4;Dipeptidyl b lymphocyte-epithelial cell adhesion (Ohnuma
! peptidase 4 mem ran.e, etal., 2007; Gines et al., 2002). Involved in the
5R8;A0A712V2 DPP4 lamellopodium . . 2.383215 | 2.263017
membrane pericellular proteolysis of the extracellular
12;A0A712V3F5 . . membrane, . S . .
B form;Dipeptidyl docyi o matrix (ECM), the migration and invasion of
! E17’ peptidase 4 ENAOCYHCVESICIE, 1 o dothelial cells into the ECM (Ghersi etal.,
m
soluble form SR 2006, Park et al ., 1999). Serine exopeptidase
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Faciliates cholesterol egress from lysosomes
with the help of NPC1 (Liou et al., 2006;
Naureckiene et al ., 2000; Infante et a/ ., 2008;
Berzina et al., 2018; Chikh et al ., 2005). May

J3KMY5;G3V3E . bind and mobilize cholesterol thatis
8;E7EMS2;G3V Epididymal Lysosome, ER, jated with b (Xu etal., 2008)
G ) secretory NPC2 exosome, ERRCEEE L MRS i B EHCle "| -1.30511 | -0.63899
3D1,P61916;G . Sequesters sterols such as lathosterol,
protein E1 extracellular space . )
3V2V8;HOYIZ1 desmosterol, stigmasterol and beta-sitosterol
(Liou etal., 2006).
Extracellular NCP2 regulates biliary
cholesterol secretion (Yamanashi etal.,
2011).
. |Involved in amyloid formation hence a central
ER membrane, Golgi . .
. K role in melanosome morphogenesis and
F8W1D1;HOYI) apparatus, cis-Golgi . . K .
2-PA0OETFBY Melanocyte twork b pigmentation. Protects from pigmentation-
! ! protein PMEL;M- PMEL networkmembrane, |, ssociated toxicity by sequestering toxic -3.47141 | -1.33188
UB1;F8VZC6;F endosome, . L .
VXHS alpha;M-beta | eumelanin reaction intermediates (Berson et
melanosom
X © Ial <|)so e,. | al.,2001; van Niel etal., 2015; Hee et al .,
extracellular vesicle
2017; Grahametal ., 2019).
Cell junction, focal [Roles in vesicular trafficking, regulation of the
adhesion; adherens | early secretory pathway, the transport of
000560;B4DH . junction; ER transmerr)brane protelns,jcumorogenesns,
N5:EOPBU7 Syntenin-1 SDCBP membrane, neuro and immunomodulation and exosome | -1.58042 | -0.98449
’ melanosome, biogenesis (Philley;Kannan and Dasgupta,
nucleus, exosome, 2016; Zimmerman et al., 2001;Fernandez-
cell membrane Larrea etal., 1999).
P02511;E9PIL oo | I‘:nvolveddm I.ens ho$i9sta5|:.fcts Ilkedav
7;EOPRABIEIP | Alpha-crystallin CRYAB ! Op| eorne | i aﬁerzn‘ l:r:mgtcg'nl'l |:ns OfT comom I|S-| 1.61522 | -0.7958
NH7;A0A024R B chain . ys|c|>s|ome, involve |n‘d.ets abi lls: |o:Tgs\>/lsAosomep -1. -0.
3B9EIPS12 extracellular space acidi yregu ator
(Cui etal., 2019).
AT-rich DNA-binding protein implicated in the
High mobility regulation of gene transcription, retroviral
P17096 group protein HMGA1 Nucleus DNA integration and the acquitisition of -0.4482 | -0.42401
HMG-I/HMG-Y metastatic potential in cancer cells (Wang et
al.,2019; Dragan etal., 2003).
Cytosol, . —_ .
P40126;A0A0A| L-dopachrome bCT | Role in melanin biosynthesis ¢ 59067 | -1.68859
0MTD3 tautomerase MEanosome, (Pennamen et al., 2021). ’ ’
plasma membrane
Neuronal intermediate filament protein
P41219;H7C5 P i PRPH Axon, neuronal cell | involved in the organisation of a f||ar.nentous 097705 |3.577267
W5;F8W835 body, cytoskeleton | network (Leung et al., 2004; Gros-Louis etal.,
2004).
P52943;HOVFA| Cysteine-rich Tra.nscrlpt‘mr.w factor involved in the
. CRIP2 Cell cortex differentiation of smooth muscle -0.39638 | -0.50636
4;HOYHD8 protein 2
(Changetal., 2007).
Nucleosome core component involved in
P62805 Histone H4 HIST1H4A Nucleus higher order chromatin organisation (Megee; | -1.03219 | -0.38149
Morgan and Smith, 1995).
Basement
membrane- Component of basement membranes and
specific glomerular basement membranes (GBM). Role
POB160:ADA3E heparan sulfate Extracellular space,| inthe maintenance of negative membrane
3IT’11 proteoglycan HSPG2 ECM, basement charge, as well as the establishment of a 2.472854 | 2.646933
core membrane barrier which is both size- and charge-
protein;Endorep selective (Murdoch et al., 1992;1730768;
ellin;LG3 Nicole et al., 2000; Heremans et al ., 1989).
peptide
Q8IUX7;H7C0 Adipocyte
W8;H7C4B5;H . .
enhancer- Enhances collagen fibriollogenesis
7C391;H7C1J5], . .. . AEBP1 Extracellular space 1.094172 | 0.607201
binding protein (Blackburn etal., 2018).
;H7C3D7;Q8N 1
436

138




Nuclear pore
b Nucleus, Nucleus Rolei | bl . d

Q8TEM1 membrane NUP210 membrane, ER olein nuclear pore assembly, spacingand |y goag | 25228

glycoprotein structural integrity (Cohen et al., 2003).

membrane
210
Synaptic vesicle

QOHCIE membrane VATIL NA Protein with putative oxidoreductase and zinc 239406 | -1.92959

protein VAT-1 ion binding activities (Nagase et al., 2000). ’ :

homolog-like

Protein
Q9UD71;J3KSJ | phosphatase 1 PPP1R1B Grimnlean Proteln-phosphatase.1 inhibitor 0686484 | 0.760977
8;13KT77 regulatory (Yang;Hurley and DePaoli-Roach, 2000).
subunit 1B

4.8.2. PPT1 and NPC2 lysosomal deficiency associates with hypersecretion to RO media.

Following differential protein analysis by LC-MS/MS, PPT1 and NPC2 were identified as

protein targets that could directly contribute to retinal lysosomal phenotype. Detection of

PPT1 and NPC2 protein abundance by WB corroborated a significant downregulation of these

proteins in the lysates of patient d220 RO samples (Figure 33, A and B). To determine whether

the deficiency in these lysosomal enzymes could be due to an abrogated delivery to

lysosomes, concentrated media samples from d220 aged RO were subjected to WB analysis.

The results confirmed that PPT1 and NPC2 can indeed be found to accumulate in the media

of age-matched patient ROs (Figure 33, Aand B). Further analysis revealed that patient lysates

presented with reduced enzymatic activities for CTSD, Glucocerebrosidase as well as a-

Mannosidase, all being crucial lysosomal enzymes (Figure 33, C).
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Figure 33. PPT1 and NPC2 enzymes are present in the extracellular media of patient ROs.
(A) PPT1 and NPC2 enzymes are severely deficient in the lysates of CORD21-P1 and CORD21-
P2 ROs relative to isogenic controls. Conversely, the latter proteins can be detected in the
media of age-matched patient samples. (B) Western blot plots show a significant decrease in
the abundance of PPT1 (ANOVA) and NPC2 (ANOVA) in the lysates of d220 RO patients. This
is followed by a concomitant increase of these enzymes in the media of age-matched samples
(PPT1, ANOVA and NPC2, ANOVA). A total protein stain was used to confirm equal protein
loading and normalisation was carried out to the WT sample. Data were presented as means
+ SEM, (n=3). (C) Kinetic assay for the activity of CTSD shows reduced enzymatic activity in
patient lysates relative to isogenic control (ANOVA). Endpoint ELISA assays for GBA (ANOVA)
and a-Mannosidase (ANOVA) demonstrated a similar reduction in patient enzymatic activities
in d220 RO lysates. Data were shown as means + SEM (n=3).

Statistical comparisons for CORD21-P1vs -P1c and CORD21-P2vs-P2c are denoted by * P<.05,
**p<,01, ***P<.001, ****P<0.0001. The WT sample was excluded from the statistical
analysis.

4.8.3 Western blot characterisation of DRAM2 ROs reveals a downregulation of lysosomal

and transport proteins.

4.8.3.1. Patient ROs show downregulation in CTSD, GBA and CD63 protein levels as well as
altered LAMP2 glycosylation status.

Proteomic and TEM analyses converged on an underlying lysosomal deficiency in both DRAM?2
patients. To further elaborate on the nature of the lysosomal defect and whether it originates
from the faulty delivery of lysosomal targets, we conducted extensive western blot screening
for lysosomal markers, their transport receptors as well as clathrin-adaptor proteins across

the d220 sample set.

The scarcity of CTSD protein in patient lysates suggested by LC-MS/MS was
corroborated by WB. The latter showed a significant downregulation of CTSD heavy chain in
CORD21-P1 and -P2 d220 RO (Figure 34, A). Interestingly, CTSD active intermediate was
significantly downregulated in the CORD21-P1 patient sample in conjunction with a tendency
for a reduction of pro-CTSD in patients. By comparison, no changes were observed in the main

CTSD forms secreted in retinal organoid media (Figure 34, C and D).

Patient samples presented with altered glycosylation patterns for lysosomal receptor

LAMP2, which appeared to be hypo- and hyperglycosylated in CORD21-P1 and CORD21-P2
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relative to isogenic controls, respectively. A complete lack of endosomal sorting protein CD63
correlated with the absence of DRAM2 in the CORD21-P1 patient. GBA protein which is
integral to sphingolipid degradation was also markedly reduced in CORD21-P2 compared to
the isogenic control. Further investigation by WB rendered no changes in the expression of
early and late endosomal markers RAB5 and RAB7, as well as lysosomal enzyme CTSB (Figure

34, A and B).
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Figure 34. CTSD, GBA and CD63 are reduced in DRAM2 d220 RO lysates. (A) WB panel shows
a significant CTSD heavy chain deficiency in CORD21-P1 and -P2 d220 lysates (ANOVA). CD63
and GBA are significantly downregulated in CORD21-P1 and -P2, respectively (ANOVA).
Lysosomal receptor LAMP2 showed opposing trends of glycosylation in both patients relative
to isogenic control (ANOVA). No statistically significant changes are seen for RAB5 (ANOVA),
RAB7 (ANOVA) and CTSB (ANOVA). (B) ANOVA quantification plots generated by Prism 9.5.0
showing statistically significant differences in protein expression for 120-kDA LAMP2, GBA,
CD63, CTSD heavy chain and active intermediate (n=3). (C-D) Secreted CTSD heavy chain and
active intermediate present no changes in RO media on WB (ANOVA). All data were presented
as means + SEM and normalised to the WT sample (n=3-5).

Statistical comparisons for CORD21-P1vs -P1c and CORD21-P2vs-P2c are denoted by * P<.05,
**P<.01, ***P<.001, ****P<0.0001. The WT sample was excluded from the statistical analysis.

4.8.3.2 A reduction in LIMP2, VPS53 and AP-1y transport proteins is observed in DRAM2
d220 ROs.

To gain more insight into the varying degree of lysosomal perturbation amongst patients, we
assessed the expression of proteins that regulate distinct modes of endolysosomal transport

by WB.

A notable decline in the GBA receptor LIMP2 was a consistent finding in both patients
at d220 (Figure 35). The trafficking of M6P- tagged enzymes was unaffected as CI-M6PR
(cation-independent mannose 6-phosphate receptor) and CD-M6PR (cation-dependent
mannose 6-phosphate receptor) displayed cell line-specific patterns of expression. M6PR-
independent transport facilitated by the sortilin receptor was also not impacted (Figure 35, A
and B). Furthermore, VPS35, a known retromer component, remained unchanged amongst

pre-selected group pairs.

Interestingly however, the GARP (Golgi-associated retrograde protein) complex
component VPS53 was specifically downregulated in the CORD21-P2 patient. Out of the three
main clathrin adaptors examined, AP-1y was consistently downregulated in the DRAM2-

deficient CORD21-P1 sample (Figure 35, A and B).
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Figure 35. Additional screening of transport proteins suggests cellular transport malfunction
as indicated by the depletion of specific lysosomal receptors and clathrin adaptor proteins.
(A-B) d220 RO lysate analysis by WB reveals a consistent downregulation in GBA receptor
LIMP2 for both patients (ANOVA). A significant reduction in protein expression was observed
for GARP component VPS53 (ANOVA) and AP-ly (ANOVA) for CORD21-P2 and -P1,
respectively. Conversely, no significant differences were established for the expression of
CIM6PR (ANOVA), CDM6PR (Kruskal-Wallis), VPS35 (ANOVA), AP-2a. (ANOVA) and AP-3B
(ANOVA). Data were presented as means + SEM and normalised to the WT sample (n=3).

Statistical comparisons for CORD21-P1vs -P1c and CORD21-P2vs-P2c are denoted by * P<.05,
**p<.01, ***P<.001, ****P<0.0001. The WT sample was excluded from the statistical analysis.

4.9 Differential lipidomic analysis corroborates a defect in membrane-lipid composition as

well as the accumulation of toxic lipid intermediates.

To ascertain whether a lipid imbalance accompanied a potential vesicular trafficking defect,
220 patient and control ROs were subjected to quantitative lipidomics analysis. Lipid profiling
under both positive and negative ion modes revealed an enrichment of ceramide species in
patient samples (HexCer 38.1, HexCer 40.1, 41.1-2, HexCer 42.1-2 as well as Cer 34.2) (Figure
36, B). A build-up of ceramide in patient ROs was further corroborated by a qualitative IF

experiment as shown in Figure 37.

An interesting hallmark feature of disease also appeared to be the significant
depletion of an array of glycerophospholipids (PE, PS, PC, Pl, PG) compared to the controls
(Figure 36, A and B). Patients further presented with an upregulation in GM3 ganglioside
glycosphingolipids (GM3 40.1, 41.1 and 42.1-2) and the isoprenoid alcohol dolichol
(Dolichol.19-20) which was a specific finding under positive ion mode analysis (Figure 36, A
and B). All lipidomics work was conducted by Professor Phil Whitfield and his team at the

University of Glasgow.
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Figure 36. Lipidomic analysis of d220 DRAM2 and control ROs. Heatmaps reveal significant
changes in lipid species under positive (A) and negative ion modes (B) of data acquisition
based on t-test and p value <0.05 cut-off (n=3). Heatmaps were generated by Dr. Florence
Burte. CORD21-P1 is shown in light blue, CORD21-P1c in dark blue, CORD21-P2 and CORD21-
P2c in red, left and right, respectively. The WT sample was not subjected to lipidomics
analysis.
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Figure 37. RCVRN and Ceramide double staining in d220 ROs shows ceramide accumulation
basally to photoreceptor inner segments. In WT and isogenic controls ceramide expression
is mostly limited to the inner segment of the photoreceptor layer indicated by RCVRN staining.
By contrast, in patient organoids ceramide accumulation extends beyond the inner segment
into the photoreceptor cell bodies, and further basally into the reaches of secondary neurons
at the apical edge. IF staining was conducted as a qualitative experiment. Scale bars represent
20um (n=3).

4.10 DRAM2 co-localises with key inner segment and membrane transport markers.

To qualitatively assess the location of DRAM2 expression within ROs, WT RO sections were
probed by IF in combination with known cellular markers. As shown in Figure 38, A, DRAM2
protein expression pattern broadly pertains to the area of the inner segment (IS) of
photoreceptors which is marked by the mitochondrial marker TOMMZ20. Limited and a very
punctate DRAM2 expression can also be seen at the apical portion of the IS (Figure 38, A, left
image). Relative to TOMMZ20, the cis-Golgi protein GM130 localises more so within the basal
body and Golgi apparatus part of the IS (Figure 38, A, middle image). Interestingly. DRAM?2’s
co-localisation with GM130 is only partial at the IS (Figure 38, A, image to the right). This is in

line with DRAM2 supporting protein trafficking activities to and from the organelle.

Following on from results presented previously, DRAM2 stains positively for co-
localisation with coating membrane vesicle marker clathrin (Figure 38, B, left image). Further
to lipidomics data, the precise location of ceramide accumulation in WT ROs was of particular
interest to this project. Interestingly, the polar lipid species ceramide almost exclusively
localises to the IS in RO photoreceptors and DRAM?2 can be seen to co-stain with it (Figure 38,
B, middle image). Moreover, ceramide is only present at the apical region of ROs as seen by
the co-expression with the photoreceptor marker RCVRN (Figure 38, B, right image).
Importantly, DRAM2 expression partially overlaps with that of lysosomal membrane marker

LAMP2 (Figure 38, C, left image).
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To gain a more thorough insight into the potential role of DRAM2 in membrane-
mediated trafficking, DRAM2 was also tested in conjunction with clathrin adaptor markers
AP-1 and AP-3. Interestingly, DRAM2’s partial co-localisation with AP-1 is organised around
vesicle—like structures dispersed alongside the perimeter of the IS (Figure 38, C middle).
Further support for a role of DRAM2 in vesicle mediated trafficking is rendered by the strong

co-localization with lysosome transport adaptor AP-3 (Figure 38, C image to the right).

Figure 38. DRAM2 expression in WT d220 ROs is observed broadly within the area of the
inner segment (IS) and associates with clathrin vesicle adaptors AP-1 and AP-3. (A) DRAM?2
expression in WT RO as marked by DRAM2 antibody (red). Co-localisation with mitochondria
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can be seen at the IS as marked by TOMM20 expression (green, left image). GM130 is seen in
the cell bodies of the photoreceptors, near the Golgi apparatus at the basal bottom side of
the IS (middle image). DRAM2 (red) only partially localises at the cis-Golgi compartment of IS
of the photoreceptor layer (GM130, green, right image) (n=3). (B) Clathrin (green) is detected
in a punctate-like pattern across the entirety of the IS and can be seen to only partially co-
stain with DRAM2 (red, left image). Ceramide expression (green) pertains to the RCVRN*
photoreceptor layer (red, right image) and is co-expressed together with DRAM2 within the
IS region of the RO (red, middle image) (n=3). (C) DRAM2 (red) co-staining with LAMP2 (green,
left). DRAM?2 expression (red) strongly overlaps with that of transport vesicle proteins AP-1
(green, middle) and AP-3 (green, right) at the IS of ROs. Hoechst (blue) counterstains nuclei.
Scale bars in the top panels represent 20um and 10um in the bottom magnified panels,
respectively (n=3).

4.11. Discussion

4.11.1 DRAM2a isoform structure and functional implications

Experimental work outlined here was aimed at elucidating the effect of DRAM2 mutations on
the phenotype of patients with inherited cone-rod dystrophy in the context of RO
development. DRAM2 dystrophy manifests only in the presence of biallelic mutations and
sequence analysis outlined here suggests that the affected isoform in CORD21-P1 and -P2
patients is the DRAM2a isoform. The contribution of the retinal-specific DRAMZ2c isoform to
phenotype remains elusive as only one mutation in our patients, and namely that of CORD21-
P2 (c.494 G>A) pertained to the sequence of this isoform. Even though the disease has been
shown to only present in a biallelic state, the ability of retinal specific isoforms such as
DRAM2c to contribute to disease a gain-of-function manner should not be completely ruled
out. Further investigation should entail the rigorous analysis of all existing DRAM2 variants

and whether severity of the disease is impacted by DRAM2c isoform mutations.

As top-ranking structural DRAMZ2 analogues emerged the plasma membrane
ascorbate-dependent reductase or (CYBRD1/DCytb) and other cytochrome b orthologues
(Ganasen et al., 2018). CYBRD1/DCytb is one of three cytochrome bse1 evolutionary conserved
proteins in mammals which exhibit a closely related function in ascorbate-mediated
transmembrane transport. GO term annotation further corroborated a potential role for
DRAM2 in electron transport and heme-binding. In addition to the Cytochrome bse:
orthologoues and their related GO terms, an unexpected link was unravelled with cytochrome

c oxidase activity pertaining to bacterial proteins associated with ancient forms of aerobic
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respiration. GO terms for cellular component thus suggest a putative function in

mitochondrial membrane homeostasis and respiration.

The cytochrome bse1 protein family amongst which are also the CGCytb and the
lysosomal LCytb, are a group of intrinsic membrane oxidoreductases comprising 6
transmembrane a-helices and two heme-group homodimers (Su and Asard, 2006). Su et al.
have proposed a role for DCytb in the recycling of extracellular ascorbate via the reduction of
monodehydroascorbate (MDHA) in human erythrocyte membranes (Su et al., 2006). It has
been postulated that mature human erythrocytes have lost their ability to reduce iron in
favour of ascorbate recycling. DCytb also known as the duodenal cytochrome b is believed to
be one of two principal ferric reductases alongside DMT1 (Divalent metal Transporter 1)
responsible for dietary absorption of nonheme iron by duodenal enterocytes (Latunde-
Dada;Simpson and McKie, 2008). Interestingly, LCtyb knockout in Bukitt lymphoma cells led
to a significant depletion of bioavailable cytosolic iron Fe?*, toxic iron accumulation in
lysosomes and severe mitochondrial damage due to iron deprivation (Wang et al., 2021). Iron
metabolism is essential for lysosomal acidity and mitochondrial health (Yambire et al., 2019;
Weber et al., 2020) and its dysregulation could contribute to aberrant redox dynamics and
vesicular trafficking impairment in Parkinson’s disease (Ma et al., 2021). The reduction of
substrate on the extracellular interface of cytochrome bse1 proteins is enabled by cytoplasmic
ascorbate, whereas the heme groups organised by histidine residues facilitate ion electron
transfer. Cytochrome bse:1 proteins have been found to differ in the lengths of their C-termini,
which could be a major determinant of cellular location as has been shown for LCytb (Zhang
et al., 2006; Ganasen et al., 2018). Consistent with this, DRAM2 structure closely resembles
that of monomeric cytochrome bss1 proteins, suggesting a putative role in ascorbate-
mediated transmembrane electron transport as well as ferric ion transport. The putative 3D
model of DRAM2 structure reveals a transmembrane conformation consisting of six helical
domains and a long cytoplasmic C-terminus (Figure 24). A closer look at the sequence of the
C-terminus shows putative tyrosine and dileucine motifs (YDTA/[NE]RTRL[LS]) which would
implicate DRAM2 function in plasma membrane/Golgi to endolysosomal trafficking
(Bonifacino and Traub, 2003). The dileucine motif has been shown to be particularly
important for the binding of clathrin adaptors AP-1 and AP-3 via interaction with their y1-o1
and 6-03 subunits, respectively (Janvier et al., 2003).
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Consistent with its principal function as a membrane transporter, DRAM2 localises to
lysosomal membranes, where it facilitates the lipidation of endogenous LC3-I to LC3-Il and
the formation of the autophagosome (Park et al., 2009; Yoon et al., 2012). In addition to being
expressed in the ISs of PRs and RPE, which suggests a function in maintaining retinal
homeostasis (El-Asrag et al., 2015; Sergouniotis et al., 2015), DRAM?2 is also expressed
prominently in heart tissue (O'Prey et al., 2009). It has previously been shown that
downregulation of DRAM2 by miRNA-125a via sufentanil administration can ameliorate
ischemic injury and prevent cardiomyocyte apoptosis (Wu et al., 2021). Furthermore, a causal
link between DRAM?2 variants and myocardial ischemia-reperfusion injury has been
uncovered by recent GWAS studies (Salo et al., 2015). Despite structural analysis revealing
that DRAM2 may have a role in mitochondrial respiration, the premise for a primary role of
DRAM2 in mitochondria metabolism remains elusive. Such a role, however, could be relevant
to the high levels of DRAM2 expression observed in heart tissue, which is particularly rich in

mitochondria.

Following the commercial DRAM2 antibody validation by siRNA knockdown, we have
confirmed a significant decrease in DRAM2 protein expression in patients CORD21-P1 and -
P2 ROs by WB. Interestingly, no 17kDa band was detected for the DRAM2c isoform despite
the ability of the antibody to recognise the C-termini of both isoforms. Since DRAM2 is a small
and a relatively low abundant insoluble protein, WB was carried out under enhanced
detection (30 ug protein, enhancer + Femto ECL detection) coupled with an additional
optimisation under boiled non-reducing conditions. In the future DRAM2c isoform detection

by WB could be further addressed by fractionation and the specific enrichment of lysosomes.

The WB findings are consistent with a complete lack of DRAM2a protein owing to the
c.140delG mutation in CORD21-P1 causing nonsense mediated decay (NMD). NMD is an
mMRNA degradation mechanism employed for the elimination of transcripts bearing truncating
mutations or premature stop codons (PTCs). Previous reports have shown that the efficiency
of NMD can vary significantly based on the length of the first reading frame and the
intercistronic distance especially in transcripts carrying truncating mutations in their 5’
proximal region. This would lead to translation re-initiation at a downstream site (Neu-Yilik et

al., 2011; Sato and Singer, 2021). Our WB data seems to suggest, however, that NMD
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transcript degradation in CORD21-P1 is particularly efficient. In agreement with the mutation
tool prediction analysis, a minimal amount of full length of DRAM2a (~10%) protein was
detectable by WB in the CORD21-P2. This result varied with biological repeats amongst d220
RO samples, whereby certain CORD21-P2 samples did not exhibit any detectable 26kDa
protein. This could be attributed to the translation and subsequent degradation of a
dysfunctional DRAM2a c.131 G>A variant. Since the c.131 G>A mutation sits at an intron-exon
boundary, it is also likely that this allele is going to be mis-spliced to a varying degree leading
to the expression of a full-length albeit aberrant DRAM2a. As shown by the predictive 3D
modelling by L-Tasser, the highly conserved serine residue affected by c.131 G>A localises to
an extracellular interface domain. This is a site of potential interaction with the extracellular
milieu. Both c.131 G>A and c.140delG mutations are located within this cytoplasmic sheet
domain and according to the Clustal alignment for DRAMZ2, the latter are in close proximity to
a conserved cytoplasmic ascorbate binding site, suggesting these mutations may affect the

electron transport activities of DRAM?2.

Asinferred from IF data, no detectable DRAM2 expression was observed in our patient
ROs at d220. IF data acquired from WT d220 RO demonstrates that DRAM2 expression
resembles that of vesicle-like structures, punctate and spread-out across the IS area of PRs.
The DRAM2* immunofluorescence signal is predominantly situated at PRs’ cell bodies.
Significant overlap is seen with TOMM20 and GM130 markers, suggesting that DRAM2 could
indeed be found in mitochondria as well the as the cis-Golgi apparatus. Our qualitative IF
analysis confirms that DRAM2 can also be found nested with LAMP2* lysosomes. Consistent
with a role in vesicular trafficking, DRAM2 localisation is not permanently and exclusively
associated with lysosomes, but is oriented around moving between organelles, as one would
expect, if it facilitated cargo delivery by shuffling between membrane structures. A function
in membrane-mediated transport role is strongly highlighted by co-staining with clathrin itself

as well as clathrin-adaptor proteins AP-1 and AP-3.

4.11.2 DRAM2 disease phenotype of d220 ROs suggests an underlying defect in vesicular

trafficking, lipid accumulation and a lysosomal enzyme deficiency.

4.11.2.1 DRAM2 ROs do not show changes in retinal marker expression by IF.
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To understand how DRAMZ2 mutations contribute to dysfunctional lysosomes and the
irreversible loss of PRs in the retina, ROs were differentiated from the CORD21-P1 and -P2
iPSC lines alongside isogenic and WT controls using an optimised Sasai method (Kuwahara et
al., 2015; Hallam et al., 2018). Throughout multiple rounds of differentiation CORD21-P1 and
-P1c presented with a thick neuroepithelium layer, and the timely expression of all retinal
markers investigated, including that of all mature opsins. By contrast, CORD21-P2/P2c
exhibited a more cystic morphology and delayed OPN1LW/MW (Opsin 1, long-wavelength/
middle-wavelength sensitive) development. The lack of proper structural lamination of some
of the organoids was also reflected in the scattered expression of mature PR markers. As
demonstrated by IF analysis, CORD21 DRAM?2 patient ROs gave rise to most retinal cell types
by d220 including photoreceptor cells (RCVRN), retinal ganglion cells (SNCG), Muller glia
(vimentin), bipolar (PKCa), amacrine (AP2a) and horizontal cells (PROX1). The lack of overt
changes in the retinal marker expression and more specifically that of opsins is in good
agreement with the clinical phenotype of DRAM2 dystrophy developing in the third decade
of life. ROs harvested at d220 correspond to the post conception week 29 of development
which does not allow sufficient time for a complete phenotypic modelling in vitro. ROs are
considered to acquire maximum maturity between D210-266 (Capowski et al., 2019; Cowan
et al., 2020). Recent publications by the Gamm group (Saha et al., 2022) have demonstrated
that that late-stage RO cones (>d180) exhibit the highest levels of light sensitivity and that at
this stage they functionally resemble primate foveal cones. The authors postulate that past
>d300, RO cones begin to lose their sensitivity which is consistent with an overall structural
decay at this stage of RO development. This is mostly due to limitations posed by the lack of
proper vascularisation and nutrient exchange which leads to a functional decline and the loss
of PRs (Radisic et al., 2006; Zhao et al., 2021). Poor nutrient diffusion and the spatial
impediments conferred by the spherical shape of the organoids contribute to the loss of
retinal ganglion and inner plexiform cell layers prior to complete PR maturation (Reichman et
al., 2014), as well as the inability of RO to undergo central — peripheral retinal specification
(Takano et al., 2015). Some well-known challenges to 3D retinal organoid culture are the
differential ability of iPSC lines to give rise to mature ROs, the high levels of batch-to-batch
variability as well as the incomplete representation of retinal biology due to the lack of

microglia (Hallam et al.,, 2018; Chichagova et al.,, 2023). Microglia derive from the

154



haematopoietic lineage and subsequently home to the central neural system. It is heavily
hypothesised that they may be crucial for retinal maturation and survival, retinal

vascularisation, and synaptic pruning (Li;Jiang and Samuel, 2019).

Further challenges are presented by the sporadic presence of ectopic and improperly
aligned RPE. RPE are indispensable for proper retinal lamination and photoreceptor outer disc
renewal (Raymond and Jackson, 1995; Fuhrmann;Zou and Levine, 2014). The intrinsic life span
of the ROs is affected by the poor synaptic connectivity between bipolar, amacrine cells and
ganglion cells i.e., the lack of the so-called ribbon synapses. Due to the early spatiotemporal
emergence of retinal ganglion cells, a decline in this cell population is already seen by the time
bipolar cells begin to appear (Cepko, 2014; Zhong et al., 2014). Although ROs are responsive
to light-stimuli by microelectrode array (MEA) in vitro (Hallam et al., 2018), the incomplete
maturation of outer segments impedes proper electrophysiology analysis. An additional
factor at play is the absence of ON and OFF retinal pathways which endow the retina with a
higher order visual processing capacity (Dorgau et al., 2019). It is noteworthy that at d220,
DRAM2 patient ROs still showed expression of all major retinal cell types including ganglion
cells and bipolar cells. Future work would be aimed at RO generation using an automated
platform for maximum reproducibility which may improve the derivation of ROs with more

consistent presence of outer segments across all cell lines.

4.11.3 DRAM2 ROs present with autophagy and lipopigment ultrastructural defects.

Autophagy is a major catabolic pathway which converges on the lysosome for intracellular
degradation. Autophagy flux experiments based on rapamycin and bafilomycin treatments in
d150 RO displayed a fundamental disparity between CORD21-P1 and -P2 in their ability to
initiate autophagic processes as indicated by the lack of LC3-Il flux upon single bafilomycin
treatment in CORD21-P1. By contrast, CORD21-P2 responded to the drug by accumulating
LC3-II consistent with lysosomal blockage by bafilomycin. This suggests that a basal level of
macroautophagy is active in the CORD21-P2 ROs. The discrepancy between the two patients
could be attributed to the presence of some functional DRAM2 protein in CORD21-P2 unlike
in the CORD21-P1 ROs which completely lack DRAM2 protein. A study by Yoon et al. (2012)
demonstrated that transient overexpression of DRAM?2 in HEK293 and H1299 cells resulted in
the accumulation of endogenous LC3-1l as well as degradative autophagic vesicles. Moreover,
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the silencing of DRAM?2 attenuated autophagy induction by LC3-Il conversion. This reinforces
the notion of DRAMZ2 as a positive regulator of autophagy (Yoon et al., 2012). Altogether, our
data provides evidence that DRAM2 is required for the conversion of LC3-I to LC3-Il during

autophagy initiation.

A key finding upon TEM examination of patient ROs was the accumulation of electron
dense lysosome residual bodies with granular cargo. These appear reminiscent of granular
osmiophilic deposits (GROD) (Haltia;Rapola and Santavuori, 1973; Lewandowska et al., 2011).
Such ultrastructural findings are common in Neuronal Ceroid Lipofuscinoses (NCL) and are
broadly characterised as lipopigments. NCL are a group of lysosomal storage disorders (CLN1-
14 genes, CLN — ceroid lipofuscinosis, neuronal) associated with the loss of neurons in the
brain and retina (Anderson;Goebel and Simonati, 2013). Post-mortem neuropathology
analysis uncovered that cortical neuronal loss originates from dendrites and is followed by
the pervasive activation of microglia and gliosis (Anderson;Goebel and Simonati, 2013). In the
retina, degeneration begins in the outer nuclear layer and proceeds towards the retinal
ganglion cells. Retinal degeneration is particularly prominent in CLN1 (PPT1) and CLN3 but
also characteristic of CLN5-7- related deficiency (Santavuori et al., 1993; Santavuori et al.,
2000; Sharifi et al., 2010; Badilla-Porras et al., 2022). A significant number of CLN genes
encode proteins overseeing the delivery of lysosomal enzymes by means of membrane
trafficking and ER-Golgi transport (Anderson;Goebel and Simonati, 2013). Histologically,
lipopigments resemble age-related lipofuscin but can be seen as distinct structures on
ultrastructural analysis (Gilissen and Staneva-Dobrovski, 2013). In recent years, NCL deposits
have also been identified by immunohistology and TEM in cells outside of the central nervous
system i.e., in rectal ganglion cells, skeletal muscle and lymphocytes (Anderson;Goebel and
Simonati, 2013). Their contents likely relate to a mixture of undigested lipid and protein.
Further histological analysis suggested that lipopigment deposits include sphingolipid
activator proteins (SAPs), mitochondrial ATP synthase (SCMAS) and amyloid precursor/beta-
A4 amyloid (Wisniewski et al., 1985; Anderson;Goebel and Simonati, 2013).

The lipopigments described here are also similar to the granular electron dense
inclusions present in Mucopolysaccharidosis type Ill A (deficiency in the heparan N-sulfatase

enzyme) (Wisniewski et al., 1985). Further resemblance can be found with curvilinear profiles
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reported in hydroxychloroquine intoxication (Costa et al., 2013) and o-galactosidase
deficiency in Fabry’s disease. The latter condition manifests as the cellular inability to
breakdown glycoproteins and glycolipids (Fischer;Moore and Lager, 2006). In summary, the
deposits identified on TEM in our patient ROs comprise a mixture of the GROD lipopigments
seen in CLN1 and CLN10 deficiency, as well as the less electron dense curvilinear profiles
(CVPs) associated with other NCL pathologies. To unite our TEM findings under a common
umbrella term we have referred to them as ‘curvilinear lipopigments’ (CLs). Although CLs
were significantly upregulated in patient d220 ROs, the DRAM2-deficient CORD21-P1,
exhibited a greater degree of granulation, consistent with a more severe disease progression

in this patient.

Analysis of d220 retinal samples by TEM also showed increased mitochondrial form
factor for CORD21-P1 organoids relative to isogenic control, which is representative of a
higher level of mitochondrial branching. Interestingly, no changes were observed for
mitochondrial numbers per cell. Dynamic mitochondrial branching in CORD21-P1 PRs was not
reflected in any alterations of mitochondrial shape as per mean aspect ratio. Mitochondrial
elongation has previously been reported in ROs exposed to high-risk AMD RPE extracellular
vesicles and could signify early stages of oxidative stress (Kurzawa-Akanbi et al., 2022). An
oxidative burden may be rectified by increased mitochondrial remodelling as a means of
avoiding apoptotic death (Jahani-Asl et al., 2007). The current TEM experiment relied on two-
dimensional images which provided insufficient visual input through the entirety of PR cell
bodies/inner segments. Future experimental work could focus on a combined three-
dimensional EM approach coupled with a COX histochemistry to assess subtle changes in

mitochondrial shape and fission (Faitg et al., 2020).

4.11.4 DRAM2 may oversee the trafficking of multiple lysosomal enzymes and lipid

membrane dynamics.

Differential proteomics analysis revealed 101 commonly changed proteins between both
patients (Appendix C). Out the 101, 19 followed the same pattern of expression. Three
significantly downregulated proteins of particular interest were CTSD, PPT1 and NPC2.
Metascape enrichment analysis (n=19) further revealed vesicle-mediated response, protein
processing in endoplasmic reticulum, cellular responses to stress, visual perception, negative
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regulation of cellular component organisation, cellular homeostasis and the cone pathway as

affected biological processes in the patient samples.

4.11.4.1 CTSD deficiency could be a major roadblock to lysosomal function.

A significant decrease of CTSD in DRAM2 patient ROs was an early key finding by proteomics
and WB. The significant deficiency of CTSD was further corroborated by the reduced
enzymatic activity in both patients as inferred by a kinetic enzyme activity assay. These data
suggest that DRAM2 retinal dystrophy resembles a lysosomal storage disorder with prevalent
accumulation of undigested granular osmiophilic material, reminiscent of NCL (Siintola et al.,
2006; Steinfeld et al., 2006; Fritchie et al., 2009; Hersheson et al., 2014). NCLs are a
heterogenous group of disorders, characterized by deficiencies in CLN1-14 genes relevant to
lysosomal function. CLN1, -2, -5, -10, -11 and -13 code for luminal lysosomal enzymes, CLN6
and -8 for proteins localising to membranes of the ER, CLN8 for proteins of the ER-Golgi and

CLN3, -7, -12 for proteins found at lysosomal membranes (Bartsch and Storch, 2022).

Loss-of-function mutations in CTSD protein manifest as postnatal fatal CLN10 NCL
affecting neuromotor development and vision (Williams and Mole, 2012; Schulz et al., 2013).
CLN10 disease is the most severe form of NCL. Clinical presentation includes brain size
abnormalities, seizures, and respiratory difficulties (Siintola et al., 2006; Fritchie et al., 2009;
Varvagiannis et al., 2018). Only a few cases of CLN10 deficiency with juvenile manifestation
have been reported so far (Steinfeld et al., 2006; Hersheson et al., 2014; Doccini et al., 2016).
These patients present with ataxia, steady cognitive decline, retinopathy, and abnormal
muscle tissue. Diagnosis may be particularly challenging due to a high clinical overlap with
mitochondrial and neurodegenerative disease, accumulation of iron and lipid in various
disorders (Hersheson et al., 2014). Two of the patients also suffered from cardiomyopathy
(Hersheson et al., 2014; Doccini et al., 2016). Due to the severity of the congenital disease,
studies on CTSD deficiency have been mostly limited to murine models (Zhou et al., 2015;

Bassal et al., 2021).

Akin to the human disease development, the disease phenotype in animal models
depends on the amount of residual CTSD activity (Saftig et al., 1995; Tyynela et al., 2001;
Rakoczy et al., 2002; Awano et al., 2006). Mice deficient in CTSD exhibit rapid progression of

neurological symptoms marked by the increase in saposin D and mitochondrial ATP synthase
158



subunit c as well as the presence of GROD deposits (Bassal et al., 2021). These mice
recapitulate many features of CTSD disease including retinal degeneration followed by death
after 4 weeks of postnatal development. Early loss of cones preceded the decline of rod PRs,
gliosis and the extensive demise of secondary and tertiary neurons (Bassal et al., 2021).
Importantly, GROD accumulation was one of the earliest features of the disease, initially
localising to the inner retina and then spreading out to photoreceptor cells. The loss of PRs
early on during the disease progression is also seen with other forms of NCL and likely
suggests that these cells are particularly susceptible to cell death in lysosomal storage
disorders (Schmitz et al., 2006; Mirza et al., 2013; Jankowiak et al., 2016; Leinonen et al.,
2017). CTSD-associated retinal phenotype in murine models has been successfully improved
by using compounds with an anti-inflammatory mode of action - fingolimod, teriflumonide,
minocycline, curcumin or docosahexaenoic acid (Groh et al., 2013; Mirza et al., 2013; Groh et

al., 2016; Groh;Berve and Martini, 2017; Dannhausen;Mohle and Langmann, 2018).

CTSD is one of the main degradative enzymes native to the lysosome. It is an aspartic
protease which is indispensable for cellular degradation and is critical for the maintenance of
homeostatic processes. The ubiquitously expressed enzyme is involved in the clearance of
disease-associated proteins such as a-synuclein (a-syn), amyloid precursor protein (APP) and
tau, hence variants in this gene are commonly associated with Alzheimer’s and Parkinson’s
disease (Bunk et al., 2021). Recent success with adeno-associated virus (AAV) therapy has
enabled the rectification of CTSD proteolytic function and a significant increase in the life span
of CTSD” mice (Shevtsova et al., 2010; Pike et al., 2011). These studies have demonstrated
that ceroid accumulation and microglia activation are not lethal and can be tolerated provided
that enzymatic activity is restored (Shevtsova et al., 2010; Pike et al., 2011). An enzyme
replacement therapy using pro-CTSD has also been shown to prolong the longevity of mice,
by reducing the accumulation of lysosomal storage material (Marques et al., 2020). A recent
study corroborated that gene replacement is superior to the use of recombinant protein as it
yields higher levels of enzymatic activity and can attenuate CSTD disease progression (Liu et

al., 2022; Bartsch and Storch, 2022).

Based on our results, DRAM?2 deficiency recapitulates the retinal phenotype of CLN10

lipofuscinosis. This is explained by the reduced CTSD activity in both patients, the lack of
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autophagic flux in CORD21-P1 and the early presentation of GROD by TEM (Bassal et al.,
2021). The early loss of cones in CLN10 disease in mice (Bassal et al., 2021) is also consistent
with the disease progression of most of the clinical cases of DRAM2 dystrophy (El-Asrag et al.,
2015; Sergouniotis et al., 2015; Abad-Morales et al., 2019; Bassal et al., 2021). The visual
impairment is in line with reduced CTSD activity being sufficient to sustain cellular activities
but leading to retinal decline over time. Future work may benefit from CTSD and/or DRAM2

AAV treatment to alleviate the observed CTSD deficiency in patient ROs.

4.11.4.2 NPC2 lysosomal deficiency might be attributed to a trafficking defect resulting in

extracellular secretion.

Analysis by proteomics and WB revealed a significant downregulation of NPC2 in d220
organoids. Further analysis by WB demonstrated that NPC2 lysosomal deficiency may be due
to protein secretion to the extracellular media. Unlike CTSD, which is indispensable for cellular
homeostasis, and has evolved multiple ways of delivery (via CI-M6PR as well as sortilin
receptors etc.) (Saftig and Klumperman, 2009), NPC2 may be more limited by the way of

lysosomal entry (Wei et al., 2017).

NPC2 is a lysosomal lumen protein which functions alongside NPC1 in the removal of
cholesterol from lysosomes (Infante et al., 2008). It sequesters free cholesterol and delivers
it to NPC1 to be integrated into the lysosomal glycocalyx (Infante et al., 2008; Kwon et al.,
2009; Wang et al., 2021). Structural elucidation of NPC1 indicated that a low lysosomal pH is

critical for NPC1 and -2 to carry out their concerted action (Qian et al., 2020).

Niemann-Pick disease type C (NPC) is as a cholesterol and sphingolipid storage
disorder with severe implications for cognitive, liver and spleen function (Ribeiro et al., 2001;
Park et al., 2003; Vanier and Millat, 2003; Pentchev, 2004; Chang et al., 2005; Evans and
Hendriksz, 2017). NPC1 and -2 fibroblast mutant cells accrue significant amounts of
unesterified cholesterol in their lysosomal compartments (Steinberg;Mondal and Fensom,
1996; Vanier et al., 1996). Reduced sterol trafficking to the ER leads to the induction of
cholesterol uptake and biosynthesis by sterol regulatory element-binding proteins (SREBPs)
(Brown and Goldstein, 1999). Disease phenotype is thus attributed to the inability of NPC
mutants to downregulate cholesterol biosynthesis through the generation of oxysterols

(Frolov et al., 2003). The latter are potent activators of an LXR- cholesterol negative feedback
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loops and master regulators of sterol homeostasis (Willy et al., 1995; Fu et al., 2001). Since
cholesterol is an indispensable component of the membrane phospholipid bilayers, its
aberrant distribution across the cell is likely to perturb the dynamics of membrane trafficking
(Puri et al., 1999; Radhakrishnan et al., 2008). Hence, the failed egress of cholesterol from the
lysosomes could lead to membrane trafficking defects (Brogden et al., 2020), further

exacerbated by the upregulation of cholesterol synthesis (Frolov et al., 2003).

In addition to the primary deposition of cholesterol, NPC patients also exhibit a
secondary accumulation of sphingomyelin in their lysosomes (Vanier, 1983; Sandhoff and
Sandhoff, 2018; Breiden and Sandhoff, 2019b). The concerted sequestration of lipid by NPC1
and -2 from intraluminal vesicles (ILVs) enables the degradation of sphingolipids,
phospholipids and ganglioside glycosphingolipids (Piret et al., 2005; Abdul-Hammed et al.,
2010; Wang et al., 2010; Oninla et al., 2014; Anheuser et al., 2015; Breiden and Sandhoff,
2019a). Considering the NPC2 requirement for sphingolipid metabolism, it is not surprising
that ganglioside (GM3 and GM2), glucosylceramide and lactosylceramide are seen to
accumulate in NPC-deficient brains (Vanier, 1999). These literature reports align nicely with
the accumulation of GM3 ganglioside glycosphingolipid and ceramide sphingolipid species in
patient CORD21 ROs. The ganglioside and ceramide findings have also been associated with
beta-amyloid brain plagues (Kaya et al., 2017) as well as the formation of neurofibrillary
tangles, which are the pathological hallmarks of Alzheimer’s disease. There further exists a
strong correlation between altered ceramide metabolism and heterozygous NPC mutations
and Parkinson’s (Saito et al.,, 2004; Lloyd-Evans et al., 2008; Newton et al.,, 2017;
Newton;Milstien and Spiegel, 2018). These data suggest that the putative sphingolipid
degradation defect associated with NPC2 deficiency in our patients may share common

pathology with other prevalent neurodegenerative conditions.

As the NPC2 lysosomal deficiency in CORD21 ROs likely arises due to misrouting to the
extracellular media, current efforts were directed at dissecting the putative mechanisms of
NPC2 transport. A recent publication from 2017 (Wei et al., 2017) afforded key insight into
the mechanisms of lysosomal NPC2 delivery. The study implicated the Golgi-associated
retrograde protein (GARP) complex in the lysosomal sorting of NPC2. The function of GARP

has been linked to the sorting of lysosomal enzymes (Figure 39) as well as the anterograde
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transport and the secretion of glycosylphosphatidylinositol (GPI)-anchored and
transmembrane proteins (Perez-Victoria;Mardones and Bonifacino, 2008; Hirata et al., 2015).
Deficiency in GARP has been shown to closely mimic NPC cholesterol phenotype in vitro
(Perez-Victoria and Bonifacino, 2009; Wei et al., 2017). Wobbler mice, which carry a point
mutation in VPS54 of GARP, exhibit a profound defect in protein missorting, characterised by
the retention of lysosomal hydrolases at the Golgi in embryonic fibroblasts and spinal cords

(Moser;Bigini and Schmitt-John, 2013; Petit et al., 2020).

NPC2 is known to be delivered to the lysosome by CI-M6PR and CD-M6PR receptors
(Willenborg et al., 2005). Depletion of the GARP complex would attenuate the retrieval of
MG6PR receptors to the trans-Golgi network (TGN) and affect the lysosomal distribution of
NPC2. Although CI-M6PR and CD-M6PR both facilitate the lysosomal transport of NPC2
(Willenborg et al., 2005), the knockdown of CI-M6PR suffices to redirect NPC2 to the
extracellular media (Wei et al., 2017). Furthermore, knockdown of VPS53 but not other GARP

proteins, led to the extracellular release of NPC2 and CTSD (Wei et al., 2017). Wei et
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Figure 39. Golgi-associated retrograde protein (GARP) complex regulates NPC2-mediated
cholesterol egress from lysosomes. GARP retrieves CI-M6PR receptors from the late
endosomes (LE) and lysosomes. Absence of GARP leads to the retention of NPC2 at the TGN,
the failed recycling of CI-M6PRs and cholesterol accumulation in the lysosome. Retention of
NPC2 at the TGN could subsequently lead to its extracellular secretion. Image taken from Wei
etal. (2017).
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al., (2017) revealed further deficiency in the PSAP and B-hexosaminidase enzymes providing
more evidence in favour of a sphingolipid degradation defect in the absence of NPC2 (Piret et
al., 2005; Abdul-Hammed et al., 2010; Wang et al., 2010; Oninla et al., 2014; Anheuser et al.,
2015). These literature reports are in line with the VPS53 deficiency in CORD21-P2 and
provide a potential mechanistic link between a putative GARP dysfunction and the NPC2
media secretion in patient samples. A potential sorting defect caused by DRAM2 mutations
could therefore impede GARP-mediated lysosomal delivery. Future work may explore any
conformational or mass changes in GARP by native SDS-PAGE. This would allow us to gain a
more comprehensive insight into a potential inactivation of the complex which may be

common to both patients.

ARF6 is another protein that has been implicated in the lysosomal targeting of NPC2.
ARF6 links the function of GARP and the endosome-associated recycling protein (EARP)
complexes (lbuchi et al., 2020). EARP shares VPS51, VPS52 and VPS53 subunits with GARP
(Liewen et al., 2005), therefore VPS53 downregulation in CORD21-P2 may entail a combined
GARP-EARP dysfunction.

Further links to the regulation of M6PR trafficking have been demonstrated in light of
the recent LYSET (Lysosomal Enzyme Trafficking Factor) discovery during a CRISPR screen.
LYSET was shown to be a key component of the M6P-tagging pathway (Figure 40). The novel
protein enables the addition of a mannose-6-phosphate on lysosomal enzymes by retaining
the GlcNAc-1-phosphotransferase at the Golgi. Indeed, abrogation of the LYSET protein, leads
to a lysosomal storage-like phenotype associated with the deficiency of numerous lysosomal
enzymes including TPP1, PPT1, CTSD, NPC2, MAN2B1. Another recent paper, further
demonstrated that PPT1, NPC2 and MAN2B1 are amongst the secreted lysosomal luminal
proteins in human LYSET knockout MEF cells (Richards et al., 2022). This stands in a strong
agreement with our findings and could indicate a potential role for DRAM2 in regulating M6P
trafficking via LYSET (Pechincha et al., 2022; Richards et al., 2022; Zhang et al., 2022). Future
work may assess the expression of LYSET in patient CORD21 ROs by both IF and WB.

Moreover, enhanced secretion of NPC2 and CTSD has been reported in BORC, ARL8 or
HOPS knockout cells (Anderson;Walker and Pu, 2022). Depletion of the BORC-ARL8-HOPS

complex led to cholesterol accumulation and the increased degradation of CI-M6PR receptors
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(Anderson;Walker and Pu, 2022). The aforementioned complex is involved in endolysosomal
maturation and fusion. When defective, this could impede CI-M6PR endosome recycling and

the delivery of luminal lysosomal enzymes (Anderson;Walker and Pu, 2022).

Last but not least, NPC2 transport has also been shown to rely on the clathrin AP-1
and AP-3 adaptor proteins which regulate M6PR transport along endocytic and secretory
pathways (Berger et al., 2007). This is very much in line with our WB data showing AP-1
downregulation in CORD21-P1 ROs, and would support a hypothetical scenario whereby Cl-
MG6PR delivery to the late endosome by AP-1 is reduced. Furthermore, clathrin adaptor AP-3
has been shown to interact with HOPS-specific factor VPS41 for cargo tethering at the
lysosome (Schoppe et al., 2020). Defective lysosomal targeting by AP-3 could also impact
NPC2 delivery by creating a lysosomal delivery bottleneck. Future studies may benefit from
establishing the precise location of DRAM2 within the endolysosomal system based on the
co-expression with the novel ARL8 marker, which is lysosome-specific and can be used to

distinguish between late endosomes and lysosomes (Schleinitz et al., 2023).

Considering all of the above, NPC2 deficiency is strongly suggestive of a lysosomal
targeting defect, which negatively impacts lipid degradation. As demonstrated by links to
exisiting literature, the pathology of NPC2 deficiency bears strong resemblance to other
common neurodegenerative conditions with regards to alterations in sphingolipid and
glycosphingolipid metabolism. An underlying DRAM2/NPC2 deficiency could entail the
inability to successfully recycle CI-M6PRs as suggested by the multiple lines of evidence. The
delivery of NPC2 could be affected by the reduced M6PR- trafficking by GARP, LYSET,
BORC/ARL8/HOPS, AP-1 or AP-3 (Figure 41). GARP dysfunction could impede the lysosomal
targeting of NPC2 by failing to recycle CI-M6PRs to the TGN. Compromised M6PR trafficking
of NPC2 could also arise due to a LYSET or a HOPS-related dysfunction at the TGN and/or the
lysosome, respectively. Furthermore, NPC2 transport has also been shown to rely on the
clathrin AP-1 and AP-3 adaptor proteins which enable M6PR transport to the endosome and
the lysosome (Berger et al., 2007). It would be of interest to determine the overall levels of
different vesicular complexes and whether they associate with their respective cellular
components in patient ROs. Further work on the expression of DRAM2 within vesicular

pathways will shed more light onto the role of DRAM2 in NPC2 transport.
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Figure 40 LYSET plays an important role in the M6P-tagging of lysosomal enzymes.
Schematic taken from Richards et al. (2022) shows that in LYSET-KO cells, GIcNAc-1-
phosphotransferase (GIcNAc-1-PT) is not retained at the Golgi, resulting in improper M6P-
tagging of hydrolases targeted for lysosomal delivery. Instead hydrolases are secreted to the
extracellular media leading to the accumulation of undegraded waste in the lysosomes.
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Figure 41. Schematic depicts putative intracellular transport mechanisms which could affect
the lysosomal targeting of NPC2 in patient d220 ROs. lllustration shows that DRAM2 may
enable the lysosomal delivery of NPC2 by interacting with any of the shown proteins. NPC2
deficiency could arise due to the unsuccessful retrieval of CI-M6PRs from LE at the TGN by
the GARP complex. NPC2 transport could additionally be compromised by the defective M6P-
tagging of lysosomal enzymes mediated by LYSET at the TGN. Stalling of AP-1 mediated
trafficking to the LE or AP-3 to the LE/Lysosome may also impact NPC2 delivery. The lack of
HOPS at the lysosome could affect both cargo delivery from incoming AP-3 vesicles as well as
LE-lysosomal fusion. The downregulation of proteins likely to affect NPC2 transport is
denoted by green arrows. Image was generated using Biorender.

4.11.4.3 PPT1 lysosomal deficiency and extracellular secretion might be due to vesicular

mistrafficking.

Similar to NPC2, PPT1 lysosomal deficiency could be attributed to extracellular secretion in
patient ROs. Although PPT1 displays ubiqutous expression, it exhibits significant enzymatic
activity in the brain and, more specifically, in the retina (Chattopadhyay and Pearce, 2000;

Dearborn et al., 2016).
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Palmitoyl-protein thioesterase 1 (PPT1) is a soluble protein, which enables the
lysosomal breakdown of lipidated proteins by eliminating thioester-linked fatty acyl moieties
from cysteines. Previous reports have associated the function of the protein with the
regulation of synaptic vesicle transport, vesicular trafficking and sphingolipid metabolism
(Kollmann et al., 2013; Carcel-Trullols;Kovacs and Pearce, 2015; Johnson et al., 2019). PPT1 is
encoded by CLN1, and mutations in this gene are associated with infantile Neuronal Ceroid
Lipofuscinosis (INCL) otherwise knowns as Batten disease. Batten disease is a particularly
severe neurological condition characterised by an average life expectancy of about 10 years,
early-onset brain atrophy, visual impairment and the loss of motor function (Santavuori et al.,
1973; Weleber, 1998; Weleber et al., 2004; Jalanko and Braulke, 2009). A more benign clinical
presentation has also been described in adult onset CLN1 deficiency, whereby afflicted
individuals exhibit normal life expectancy (Mazzei et al., 2002; Kalviainen et al., 2007,
Ramadan et al., 2007). Visual decline in the classical form of Batten disease usually manifests
within the first two years of life and presents as one of the earliest signs of CLN1 disease
(Santavuori, 1988). Visual impairment is marked by the accumulation of autofluorescent
ceroid storage material in the retina, the loss of PR cells and shortening of their outer
segments, dysfunctional second order neurons and retinal ganglion cells (Weleber et al.,
2004). A PPT1 mouse knockout model presented with strong immunoreactivity of saposin D
in the inner nuclear layer of the retina, GROD accumulation in microglia cells and upregulation
of gliosis marker GFAP in Miuller glia. Immunohistochemistry showed a more significant
reduction in cones and cone-related PR cell types as compared to rods, the death of
interneurons as well as retinal ganglion cells, which closely recapitulates the PPT1 disease

progression in humans (Atiskova et al., 2019).

A recent study has demonstrated that decreased S-palmitoylation of NFATC4 in CLN1"
/- mice impaired lysosomal Ca** dynamics, which could secondarily affect the activity of Ca**-
dependent lysosomal hydrolases (Mondal et al., 2022). More recently, it has been shown that
CLN-1 deficiency in fibroblasts is associated with an anterograde ER-to-Golgi transport
malfunction. This led to the aggregation of COPII vesicle proteins at the ER and the induction
of an unfolded protein response (UPR). An accompanying secretion of S-palmoylated COPII
proteins through the plasma membrane (PM) informed on an underlying ER-to-Golgi vesicular

trafficking defect (Plavelil, 2023). The same group also recently outlined a role for PPT1 in the
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delivery of V0al ATPase to lysosomes. The authors of the study propose that co-localisation
of V0al and PPT1 at vesicular membranes facilitates the depalmitoylation of V0al and its
subsequent targeting to the lysosome via AP-3 (Bagh et al., 2017) (Figure 42). The disrupted
V0al lysosomal localisation correlated with elevated lysosomal pH and the higher abundance
of V0al at the PM in CLN17/- mice due to increased interaction with AP-2 (Bagh et al., 2017).
Altered lysosomal pH underlies many lysosomal storage disorders (Hu et al., 2015) and would
secondarily affect the maturation of crucial lysosomal enzymes such as CTSD in infantile and
congential forms of NCL (Chandra et al., 2015). Hence, the significant downregulation of PPT1
in DRAM2 ROs could be associated with the extracellular release of both VOal and PPT-1 due
to vesicular mistrafficking (Figure 42). As a result, improprerly acidified lysosomes would fail
to provide a suitable environment for the maturation of degradative hydrolases in patient
CORD21 ROs. Rectifying lysosomal acidification by using the thioesterase mimetic NtBuHA
(Bagh et al., 2017) or acidic nanoparticles (Bourdenx et al.,, 2016) may hold promise in
restoring lysosomal function in PPT1 deficiency. AAV2 treatment has also been shown to
ameliorate the visual decline but not to prevent the progression of the disease in the brains
of in PPT1-deficient mice suggesting that further targeted therapies may be needed (Griffey
et al., 2005).

In summary, the combined DRAM2/PPT1 deficiency aligns with the visual impairment
and ceroid accumulation in childhood and adult forms of CLN1 (PPT1) disease. The
accumulation of CLs in our patient ROs bears strong resemblance to the curvilinear profiles
reported in CLN1 deficiency and the GROD deposits seen in CLN17- mice. A predominant cone
phenotype is in agreement with the CLN17" disease progression in mice and humans as
macular decline is the primary insult of DRAM2 retinal dystrophy. DRAM2/PPT1 phenotype
could be associated with a PM trafficking issue common to both V0Oal and PPT1 resulting in
an elevated lysosomal pH (Figure 42). The failed transport activities of PPT1 would secondarily
affect lysosomal acidification and Ca** homeostasis, compromising the function of hydrolases
relying on acidic pH and calcium abundance. As shown by links to existing literature, the PPT1-
associated trafficking defect could be related to an ER-Golgi bottleneck and more specifically
to a role for PPT1 in regulating COPIl-vesicle budding (Plavelil, 2023). PPT1-mediated traffic
could also be relevant to the lysosomal targeting of ER-calcium transporter IP3R1 (Mondal et

al., 2022). An ER-to-Golgi transport function is consistent with the multiple extralysosomal
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locations reported for PPT1 i.e. the ER, Golgi, membrane rafts, synaptic vesicles as well as the
extracellular millieu (Kollmann et al., 2013; Segal-Salto;Sapir and Reiner, 2016; Segal-Salto et
al., 2017; Sapir et al., 2019) but also the co-localisation of DRAM2 with cis-Golgi marker
GM130 observed in our study. An underlying DRAM2/PPT1 deficiency could thus share
functional overlap with the aforementioned vesicular pathways. Future work may interrogate
the status of lysosomal pH in CORD21 ROs and outline the precise role of DRAM?2 in facilitating

PPT1-mediated transport activities.
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Figure 42. Schematic shows intracellular transport defects associated with PPT1 deficiency.
In the absence of PPT1 (CLN1/), ER stress accumulates in the form of COPII vesicles, which
instead of arriving at the Golgi, are being rerouted for extracellular release through the PM
(Plavelil, 2023). In the absence of PPT1, VOal ATPase is not depalmitoylated at vesicular
membranes, therefore an interaction of VO0al ATPase with AP-2 favoured, leading to V0al
ATPase secretion. A higher affinity of V0al ATPase for AP-2 results in the failure of VOal
ATPase to be delivered to the late endosome (LE)/lysosome via AP-3. At the lysosome V0al
ATPase plays a crucial role in lysosomal acidification. The lack of PPT1 expression hence leads
to elevated lysosomal pH and to the improper maturation of lysosomal hydrolases. Image was
generated using Biorender.
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4.11.4.4 Defective membrane trafficking in DRAM2 ROs associates with changes in LAMP2,
LIMP2, GBA, CD63, VPS53 and AP-1y RO expression.

In agreement with the pronounced CTSD, NPC2 and PPT1 lysosomal depletion, extensive WB
screening was conducted for endolysosomal and transport markers. In general, the different
patterns of protein expression detected by WB reflected the different genetic backgrounds of
CORD21-P1 and -P2. Whereas CORD21-P1 did not show expression of any DRAM2 protein,
some albeit dysfunctional full-length DRAM2 may be present in CORD21-P2.

The results revealed significant glycosylation changes in the late lysosomal marker
LAMP2 but not the early one, LAMP1. As previously mentioned, abrogation of the GARP
complex can lead to global glycosylation alterations, mistrafficking of Golgi glycosylation
enzymes to the lysosome where they can get degraded (Khakurel et al., 2021). Consequently,
some DRAM2 is required for the glycosylation of LAMP2 as evident by the hypoglycosylation
in CORD21-P1. Conversely, the hyperglycosylation observed in CORD21-P2 may indicate a
different mechanism at play. Polylactosamine glycosylation of LAMP2 and other lysosomal
membrane proteins facilitates a protective glycocalyx barrier preventing the lysosomal
membrane from permeabilizing. Indeed, hyperglycosylation mediates prolonged Golgi
LAMP2 transit and reduced lysosome turnover (Nabi and Rodriguez-Boulan, 1993). In the case
of CORD21-P2, a small amount of dysfunctional DRAM2 may enable retention of LAMP2 at

the Golgi, where a residual level of glycosylation is still taking place.

DRAM?2 is a putative transmembrane protein which eventually becomes embedded in
the lysosomal membrane. A recent study demonstrated that DRAM2 can physically interact
with LAMP2 (Kim et al., 2017). It remains to be established whether the c.131G>A mutation
in CORD21-P2 alters the conformation of DRAM2 thereby preventing a viable interaction with
LAMP2 at the lysosomal interface. Of note, LAMP2 deficiency has been shown to confer
increased susceptibility to cell death in cortical neurons (Law et al., 2016), whereas
restoration of protein expression prevents cell death associated with lysosomal membrane
permeabilization (LMP) (Cui et al., 2020). It would be of particular interest to examine,
whether the hypoglycosylation of LAMP2 in CORD21-P1 can lead to compromised lysosomal

integrity. Another study has shown that knocking out LAMP2 in mice significantly accelerated
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the formation of basal laminar deposits, further reiterating its role in autophagic clearance in

the retina (Notomi et al., 2019).

The downregulation of LIMP2 in patients was corroborated by a reduction in its
substrate GBA in CORD21-P2. Despite the lack of GBA change between CORD21-P1 and its
isogenic control, a significant decrease in GBA enzymatic acitvity was confirmed for both
patients. Furthermore, the complete lack of DRAM2 protein in CORD21-P1 correlated with a
stronger depletion of LIMP2. Interestingly, the levels of LIMP2 glycosylation also appeared to
depend on the relative DRAM2 abundance in patients. B-Glucocerebrosidase (GBA) is a
glucosylceramide and -sphingosine hydrolase shuttled to the lysosome in an M6PR-
independent manner. This delivery mechanism involves the LIMP2 receptor. Reduced GBA
activity pertains to patients bearing GBA mutations (Alcalay et al., 2015; Rocha et al., 2015;
Garcia-Sanz et al., 2017) but has also been observed in the absence of such in sporadic forms
of Parkinson’s disease (Murphy et al., 2014). Indeed the reduction in GBA activity in idiopathic
cases has been attributed to the impaired trafficking of LIMP2 and the subsequent retention
of GBA at the ER (Thomas et al., 2021). The ER to Golgi delivery of GBA via LIMP2 is in turn
mediated by AP-1 and AP-3 (Honing;Sandoval and von Figura, 1998; Fujita et al., 1999; Reczek
et al., 2007; Blanz et al., 2015; Zunke et al., 2016). Interestingly, in LIMP2-deficient mice, GBA
is secreted extracellularly (Reczek et al., 2007). Future work may further acknowledge
whether similarly to PPT1 and NPC2, GBA deficiency is also attributed to secretion. The
downregulation of LIMP2 and GBA activity in both patient ROs hence represents an aspect of
sphingolipid deficiency which could be affected by the M6PR trafficking mediated by AP-1 and
AP-3.

The tetraspanin and late endosomal marker CD63 was shown to be completely
depleted in the CORD21-P1 but not the CORD21-P2 patient. This suggests that DRAM2
expression is indispensible for CD63 expression and function at the late endosome.
Interestingly, however, CD63 knockout mice do not show any gross endolysosomal
abnormalities (Schroder et al., 2009). More recently it has been shown that as an integral
membrane component of extracellular vesicles (EVs), CD63 is not essential for cargo delivery
and uptake of EVs (Tognoli et al., 2023). Conversely, however, CD63 has been shown to be

required for intraluminal vesicle formation (ILVs) and PMEL sorting via ESCRT-independent
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mechanisms. In the absence of CD63, PMEL is instead subjected to ESCRT-dependent sorting
and is degraded (van Niel et al., 2011), suggesting impaired PMEL sorting and deleterious
implications for melanosome maturation in CORD21 RPE. The significant downregulation of
CD63 in DRAM2 RO suggests a putative sorting function of DRAM2 at the late endosome
which may affect the balance of ESCRT-dependent and independent endosomal sorting

pathways.

As discussed, the inactivation of GARP could affect the trafficking of M6PR proteins
and affect lysosomal delivery. Multiple lines of evidence indicate the direct or indirect
involvement of GARP in DRAM2 deficiency. This is apparent not just from the downregulation
of VPS53 in CORD21-P2 but also the glycosylation changes observed by WB in heavily
glycosylated lysosomal receptors (LIMP2 and LAMP2), the deficiency of GARP target NPC2, as
well as the global phospholipid changes seen in both of our patients. The absence of
consistent VPS53 changes between RO samples, however, should only be taken into
consideration following further validation of GARP inactivation by native SDS-PAGE in both

patients.

Further to the lack of CTSD changes in extracellular media, a significant depletion of
CTSD heavy chain was observed in both patients. The lack of mature heavy chain CTSD is very
much in line with PPT1 findings suggesting that the lysosomal environment in CORD21 ROs is
not permissive of efficient CTSD maturation (Bagh et al., 2017). Due to the absolute necessity
for CTSD to lysosomal homeostasis, the enzyme has likely evolved multiple ways of entering
the organelle. Lysosomal targeting via the sortilin receptor represents one such mechanism
of targeting diversification (Canuel et al., 2008). Interestingly, sortilin expression is not
significantly affected and this could account for the minimum amount of heavy chain CTSD in
our patients. Furthermore, the tendency for pro-CTSD reduction in patients and the
downregulation in active intermediate in CORD21-P1, suggest that the scarce amount of CTSD
present is either immediately being converted to mature CTSD to avert lethality, or is that
immature CTSD is being delivered to the lysosome at insufficient levels. It is likely that the
data presented here is a combination of both. Furthermore, data here shows no direct impact
of DRAM2 mutations on the expression of early and late endosomal markers rab5 and 7, CTSB,

retromer component VPS35, as well as clathrin adaptors AP-2 and -3 in DRAM2 ROs.
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Interestingly, despite the prevalent involvement of M6PR receptors in lysosomal
targeting, the expression levels of CI-M6PR and CD-M6PR were not affected. This is suggestive
of an indirect mechanism which impedes M6PR trafficking. As mentioned previously, aberrant
MG6PR trafficking in CORD21 ROs could encompass GARP, LYSET, BORC/ARL8/HOPS or the
overarching regulators of clathrin transport AP-1 or AP-3. These could exist as distinct but

overlapping mechanisms of M6PR regulation.

With regards to this, clathrin adaptors carry out a significant load of the M6PR traffic.
Downregulation of AP-1 adaptor protein in the patient lacking any DRAM2 (CORD21-P1)
would suggest a requirement for DRAM2 in the assembly of clathrin-coated vesicles at the
TGN via AP-1 (Liu et al., 2008). At the TGN AP-1 binds cargo carrying tyrosine YXX@ and
dileucine [DE[XXXL]LI] lysosomal motifs (Guo;Sirkis and Schekman, 2014), but AP-1 can also
be found at the endosomes where it regulates the retrieval of CI-M6PR back to the TGN.
Indeed AP-1 knocksideways approaches, which trap AP-1 protein onto mitochondria,
demonstrate the widespread depletion of lysosomal hydrolases, transmembrane receptors
and coat accessory proteins upon AP-1 sequestration (Honing et al., 1996; Meyer et al., 2000;
Hirst et al., 2004; Hirst et al., 2012). The involvement of both anterograde and retrograde
pathways for AP-1 would suggest that DRAM?2 is a crucial regulator of bidirectional lysosomal
trafficking. Considering its prominent role in PM cargo delivery, a significant AP-1 decrease in
CORD21-P1 could enable a negative feedback loop to minimise the secretion of lysosomal
hydrolases (Duncan, 2022). In summary, the reduced expression of the key clathrin adaptor
AP-1in CORD21-P1 ROs is consistent with both a TGN cargo trafficking issue and the attempt

to downregulate hydrolase secretion from the early endosome.

Notwithstanding the lack of change in AP-3 expression in ROs by WB, the pathways
affecting lysosomal targeting appear to be by and large affected in this study. Our IF data
shows co-localisation of DRAM2 with AP-1* and even more so with AP-3* vesicles. AP-3 is the
main clathrin adaptor regulating delivery to the lysosome (Peden et al., 2004). AP-3 deficiency
is associated with Hermansky-Pudlak syndrome, a disorder characterised by ocular albinism
and a significant loss of visual acuity (Introne et al., 1993). As previously mentioned, NPC2
and GBA lysosomal delivery depends on both AP-1 and AP-3 (Honing;Sandoval and von Figura,
1998; Fujita et al., 1999; Berger et al., 2007; Reczek et al., 2007; Blanz et al., 2015; Zunke et
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al., 2016). AP-3, particularly, plays an important role in the fusion of late endosomes and
lysosomes by enabling HOPS-mediated tethering at the lysosome (Schoppe et al., 2020).
Furthermore, the binding of Golgi-incoming AP-3 vesicles also depends on HOPS (Cabrera et
al.,, 2010). A recent paper on plant vesicular transport postulated that defective AP-3
transport leads to cargo retention at the Golgi (Feng et al., 2017; Gao et al., 2022) and PM
secretion (Feng et al., 2017). In addition to HOPS, the authors also outline a requirement for
COPIl tethers in lysosomal trafficking which may provide further links to ER-to-Golgi transport
for DRAM2-mediated transport (Feng et al., 2017). Despite the lack of changes in AP-3
expression by WB in patient ROs, DRAM2 co-localisation with AP-3 in WT ROs provides strong
evidence in favour of a DRAM2 role in AP-3 lysosomal targeting. Future work may outline

putative mechanisms which may provide a mechanistic understanding of these processes.

4.11.4.5. Disturbed lipid metabolism in DRAM2 patient ROs may lead to photoreceptor

toxicity.

Lipids and proteins within cellular membranes undergo constant remodelling to meet the
demands of the cellular homeostasis. Data obtained from our lipidomics experiment revealed
a significant phospholipid depletion accompanied by the accumulation of ceramide,
ganglioside and dolichol lipid species in patient samples. Ceramide accumulation in patients
was additionally confirmed by IF in d220 DRAM2 ROs. Interestingly, our patient samples were
not consistent with cholesterol accumulation at d220 or ergosterol esters as evident in
Frohlich et al. paper (2015). This could reflect insufficient time for NPC2 phenotype to develop
as DRAM?2 disease usually manifests in the third decade of life (El-Asrag et al., 2015;
Sergouniotis et al., 2015; Abad-Morales et al., 2019).

As discussed previously, the GARP complex is involved in the retrograde transport of
sphingolipids as demonstrated by the gross accumulation of hexosylceramide, ceramide,
sphingosine and sphinganine species following VPS53 knockdown in Hela cells (Frohlich et al.,
2015). This study implied that the accumulation of toxic ceramide intermediates occurred at
the expense of more complex sphingolipid species in these cells leading to an exacerbated
sphingolipid synthesis. Our lipidomics data concur with the accumulation of ceramide and
hexosylceramide but also show sphingomyelin accumulation in patient samples. This suggests
that lysosomal degradation of complex sphingolipids is likely not associated with early DRAM?2
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pathology in CORD21 ROs. As mentioned previously, GARP data should be further validated

by additional methods.

Consistent with these data, however, GM3 gangliosides and sphingomyelin which are
associated with NPC2 deficiency (Locatelli-Hoops et al., 2006; Remmel et al., 2007; Anheuser
et al., 2015) are also upregulated in our patient ROs. Indeed, hexosylceramides are precursors
for lactosylceramides which enable the synthesis of gangliosides (Simon et al., 2021). The
increase in hexosylceramides in patient ROs could be an early indicator of enhanced GM3
accumulation corroborating the glycosphingolipid defect associated with NPC2 disease. Long-
chain base sphingolipids such as hexosylceramides also play a role in the lateral organisation
of lipid rafts where receptors are abundant (Prinetti et al., 2009). This suggests that aberrant

lipid raft signalling could accompany the vesicular trafficking defect seen in CORD21 ROs.

In general, the accumulation of sphingolipids in the lysosome may lead to membrane
permeability but can also incur toxicity by inhibiting glycerolipid synthesis (Wu et al., 1993;
Contreras et al., 2006), and by causing calcium depletion as well as profound defects in
lysosomal trafficking (Lloyd-Evans et al., 2008). Increased levels of ceramide have been shown
to be toxic to retinal ganglion cells (Fan et al., 2021), photoreceptor (German et al., 2006;
Chen et al., 2013) as well as RPE cells (Levitsky et al., 2020), providing a direct explanation for

the retinal toxicity associated with DRAM2 retinal dystrophy.

A recent study in yeast unravelled that some of the earliest events of GARP depletion
are exemplified by the loss of proteins involved in phospholipid recycling (Eising;Thiele and
Frohlich, 2019). The latter phospholipid flippases are essential to the maintenance of PM
phospholipid composition (Nakano et al., 2008; Hachiro et al., 2013), sphingolipid metabolism
(Roelants et al., 2010; Hachiro et al., 2013) and GARP function (Takagi et al., 2012). The shift
from PM recycling to vacuolar degradation of these flippases suggests compromised PM
integrity (Eising;Thiele and Frohlich, 2019). These reports are very much in line with the
alterations in phospholipid abundance observed in our lipidomics experiment, showing a
severe depletion of a whole range of phospholipids (PE, PS, PC, PI, PG) in patients relative to
isogenic controls. This phospholipid deficiency could be related to a similar mechanism of

flippase misrouting and degradation in the lysosomes of CORD21 ROs.
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An interesting lipidomics finding was the increase of dolichols in CORD21 ROs.
Dolichols have been shown to play a key role in rhodopsin glycosylation as the generation of
dolichol enables a general template for glycosylation (Kean, 1980). Defects in the dolichol
biosynthesis pathway have previously been reported in congenital disorders of glycosylation
(Buczkowska;Swiezewska and Lefeber, 2015). Consistent with this, mutations in the dolichol
biosynthesis gene DHDDS are associated with decreased rhodopsin expression and an
aberrant aggregation of ER membranes in Drosophila melanogaster (Brandwine et al., 2021).
DHDDS is required for cells to specifically carry out N-glycosylation which is deemed essential
to the proper functioning of the retina (White et al., 2007; Murray;Fliesler and Al-Ubaidi,
2009; Park et al., 2014). Although dolichol-mediated glycosylation is not essential for
rhodopsin disc assembly, overall reduction in opsin glycosylation can undermine the ability of
PRs to participate in the visual cycle (Kean, 1999). Furthermore, inhibition of dolichol
synthesis can impede phagocytosis (Hall et al., 1990) and cause a geographic atrophy-like

appearance in RPE cells (DeRamus et al., 2020).

Recently, an increase and shortening in dolichols was also described in the ageing
retina (Guan et al., 2015). A reduction in dolichol species (dolichol-19 to dolichol 18) has been
further detailed in retinitis pigmentosa patients (Wen;Lam and Guan, 2013; Wen et al., 2014)
and in studies on the NPC2 interactor NgBR (Park et al., 2014). Although a significant reduction
of dolichol species is not seen in this study (Dolichols 19 and 20), the increase of this lipid
species in CORD21 ROs could relate to glycosylation changes that could undermine rhodopsin
function. Furthermore, dolichol is particularly abundant in ceroid deposits associated with
NPC2 deficiency (Seehafer and Pearce, 2006), providing further links for DRAM2 with NPC2
disease. In summary, the abundance of dolichols implies inefficient glycosylation of enzymes
key to the visual cycle such as rhodopsin but also the putative depletion of glycosylation

enzymes which could be relevant to the overall functioning of the Golgi in our patient ROs.

In summary, lipidomics data provided evidence in favour of a sphingolipid defect in
CORD21 ROs as evident by the accumulation of ceramide and GM3 gangliosides. The
depletion of phospholipid species suggested compromised PM integrity and a putative

mistargeting of phospholipid species. Furthermore, an increase in the level of dolichols
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suggested that CORD21 ROs likely also exhibit reduced protein glycosylation with potential

repercussions for the function of the photoreceptor marker rhodopsin.

4.12. Concluding remarks

In summary, the work outlined in this chapter provides significant evidence for a lysosomal
storage defect in DRAM2 patient ROs. The lysosomal deficiency was marked by the
downregulation of key lysosomal enzymes CTSD, NPC2 and PPT1 and the accumulation of
lysosomal waste in the form of CLs, which were reminiscent of the GROD deposits reported
in PPT1 and CTSD forms of NCLs (CLN1 and CLN10). The absence of NPC2 and PPT1 in
lysosomes could be explained by enzyme misrouting to the extracellular media. These data
were suggestive of aberrant trafficking which could prevent degradative hydrolases from
reaching their designated location, the lysosome. Based on scientific literature, depletion of
the aforementioned enzymes leads to gross lysosomal abnormalities preventing waste
degradation, the unsuccessful cholesterol egress from lysosomes as well as the improper
acidification of lysosomes, which renders many lysosomal hydrolases such as CTSD inactive.
A combination of protein assays revealed a downregulation in the lysosomal receptor LIMP2
(both patients), the clathrin-adaptor AP-1 (CORD21-P1) and the GARP complex subunit VPS53
(CORD21-P2). These results indicate that DRAM2 deficiency affects various modes of
intracellular transport such as anterograde M6PR-lysosomal trafficking, bidirectional AP-1-
mediated clathrin transport as well as retrograde trafficking enabled by the GARP complex.
Secretion of CTSD, NPC2 and PPT1 provided valuable clues into other intracellular trafficking
mechanisms that could be affected. NPC2 deficiency and secretion has previously been
reported in LYSET and HOPS mutants which suggests further bottlenecks at the Golgi due to
M6PR-lysosomal targeting and one at the lysosome due to the inefficient TGN cargo delivery
via AP-3, respectively. Furthermore, PPT1 deficiency informs on a putative ER stress response
and rerouting of COPIl vesicles to the PM due to an ER-Golgi traffic malfunction. Further work
on DRAM2 in patient ROs will outline specific transport mechanisms that are common to both

patients.
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Chapter 5: Assessment of lysosomal activity in CORD21 Retinal Pigment

Epithelial cells
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5. Introduction

The pilot study of DRAM2 mutations in cone-rod dystrophy patients revealed that in addition
to being expressed in the IS of photoreceptors (PR), DRAM2 is also present in the apical side
of RPE cells in murine retina (El-Asrag et al., 2015). Clinical assessment of DRAM2 patients’
retina by fundus retinography and autofluorescence showed disturbances in RPE located in
the macula and in the periphery (El-Asrag et al., 2015; Sergouniotis et al., 2015; Abad-Morales
et al., 2019; Krasovec et al., 2022). Although in some presymptomatic patients, the optical
coherence tomography analysis (OCT) indicated that PR death may occur prior to RPE
degeneration, the alternate scenario of a primary RPE defect and secondary PR decline cannot
be ruled out (El-Asrag et al., 2015; Sergouniotis et al., 2015). Therefore, this study extended
the investigation of DRAM2 mutations in RPE cells, and the potential mechanisms that could

lead to their degeneration.

RO data presented in chapter 4 provided evidence for an inherent lysosomal
deficiency caused by a vesicular trafficking defect in patients. IF characterisation of ROs at
d220 corroborated the presence of main retinal cell types, but did not show a reduction in
either rods or cones. Close to complete loss of DRAM2 expression in CORD21-P1 correlated
with the lack of autophagy flux. Furthermore, patients displayed a significant accumulation of
CLs reminiscent of CLN1 and CLN10 NCL disease. Proteomics and western blot analysis
subsequently revealed that the reduced expression of key lysosomal enzymes such as CTSD,
PPT1 and NPC2 was a common finding in both CORD21-P1 and -P2 ROs. A cytosolic deficiency
was explained by misrouting of the enzymes to the cell culture media, suggesting impairment
in the trafficking of these proteins. Lipidomics analysis further showed that the accumulation
of ceramide, ganglioside and dolichol, as well as the significant loss of phospholipids, which
may exacerbate PR toxicity in ROs. DRAM2 was also shown to be co-expressed with IS
mitochondrial marker TOMM?2, cis-Golgi protein GM130 as well as the key clathrin adaptors
AP-1 and AP-3.

In order to assess the contribution of DRAM2 mutations to RPE degeneration, RPE cells
were differentiated from patient iPSC lines alongside wild-type and isogenic controls. This
chapter details the characterisation of DRAM2 RPE by IF, Transepithelial electrical
measurement analysis (TEER), analysis of Pigment epithelium-derived factor (PEDF) and
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Vascular endothelial growth factor (VEGF) secretion by ELISA, as well as the results of in-depth
proteomics and WB analyses. Experimental work carried out in this chapter aimed at
establishing whether the pathomechanism of DRAM2 deficiency in RPE cells, analogously to
ROs, is due to a lysosomal defect arising from the vesicular mistrafficking of lysosomal

enzymes.

5.1 Results

5.1.1 Patient DRAM2 RPE shows aberrant TEER barrier resistance despite expression of ZO-
1.

A schematic shown in Figure 43, A outlines the directed differentiation method used to
generate RPE cells from iPSC lines. Qualitative characterisation of iPSC-derived RPE by IF
showed preservation of apical-basal polarity in all RPE cell lines (Figure 43, B). This was
inferred by the expression of apical marker EZRIN and the basal protein Collagen IV (COLLIV).
Similarly to the wild-type (WT) control all cell lines expressed the tight junction marker ZO-1
(Figure 43, C). Despite the presence of tight junctions, transepithelial electrical measurements
(TEER) indicated a compromised barrier function in CORD21-P1 RPE relative to isogenic
control (Figure 43, D). Conversely, a higher barrier function was observed in the CORD21-P2
patient compared to CORD21-P2c. Additional assays of the phagocytotic ability of RPE showed
no significant differences in the ability of patient RPE to phagocytose photoreceptor outer
segments (POS). Furthermore, no changes were observed between patient and control in the

apical and basal media secretion of PEDF and VEGF, respectively (Figure 43, D).
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Figure 43. RPE generation and characterisation by IF, TEER and ELISA assays. (A) RPE
directed differentiation procedure by Regent et al. 2019. Briefly, iPSCs are differentiated in
the presence of 20% KSR for the first 42 days. In the first 7 days of the differentiation, the cells
are subjected to nicotinamide, which is replaced by Activin A until day 42. The presence of
Chir99021 facilitates the emergence of RPE patches day 14 onwards. The patches are excised
and nascent RPE (P0) are reseeded and expanded for two passages under reduced serum
conditions (4% KSR). RPE maturation is observed over the course of the following 160 days.
(B) RPE IF showed positive expression for apical and basal markers EZRIN and COLLIV,
respectively in all RPE cell lines. Scale bar corresponds to 20um (n=3). (C) RPE cells lines
express the tight junction marker ZO-1. Scale bar shows 20um (n=3). (D) TEER measurements
(Q*cm?) showed reduced or increased barrier function in CORD21-P1 and -P2 relative to their
isogenic controls (ANOVA) respectively. Furthermore, no difference was observed in the
phagocytic ability of RPE cells (% phagocytic cells and mean fluorescence intensity, MFIl, n=1-
3). No significant differences were also observed for apically secreted PEDF (ANOVA) as well
as basally secreted VEGF of RPE cells (ANOVA). Data presented as means + SEM (n=3).

Statistical comparisons for CORD21-P1vs -P1c and CORD21-P2vs-P2c are denoted by * P<.05,
**P<.01, ***P<.001, ****P<0.0001. The WT sample was excluded from the statistical analysis.

5.2. Treatment of DRAM2 patient RPE with POS leads to ultrastructural abnormalities.

To assess the ability of DRAM2 RPE to respond to POS-induced metabolic stress, cells were
subjected to POS every day over the course of two weeks. This was carried out to recapitulate
in vivo mechanisms that underlie the DRAM2 molecular defect in RPE. The treatment revealed
a variety of aberrant ultrastructural findings in CORD21-P1 POS (+) relative to CORD21-P1 POS
(-) and -P1c POS (+) (Figure 44). These included the accumulation of lipid-containing
organelles (LCO), lamellar bodies (LB) and stage Il mitochondria in the CORD21-P1 POS (+)
sample (Figure 44, B and C). LCO is a term we use to describe vesicles resembling lipid droplets
(LD) which exhibit more irregular demarcations compared to LD (Figure 44, B). LBs are residual
autolysosomal derivatives which indicate an active and/or incomplete degradatation process.
We also identified melanolipofuscin (MLF) lipid-containing structures which did not differ
significantly with the numbers of MLF between the pre-selected pairs (patient vs isogenic
control, POS (-) vs POS (+) (Figure 44, B). Across samples, two different types of aberrant
mitochondrial morphology were observed — stage | mitochondria, exhibiting a parallel
straigthening of the cristae, and stage |l mitochondria, which showed concentric
accumulation of the cristae (Figure 44, B). Three different types of melanin-containing

organelles were identified — stage Ill and stage IV melanosomes as well as melanolysosomes
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(Figure 44, B). POS treatment resulted in the reduction of stage Ill melanosomes in both
CORD21-P1 and -P1c. We also observed a marginal increase of stage IV melanosomes in
CORD21-P1c but not in -P1 POS (+) treated samples. Data from CORD21-P2/P2c comparisons

did not show any significant changes (data not shown).
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Figure 44. TEM shows accumulation of lipid-containing organelles (LCO), stage Il abnormal
mitochondria, lamellar bodies and depletion of stage Ill melanosomes in POS treated
CORD21-P1 RPE. (A) POS treatment shows accumulation of LCO (red arrow heads) and LBs
(black arrow heads) in CORD21-P1 POS (+) RPE as compared to untreated CORD21-P1 POS (-)
or the CORD21-P1c POS (+) samples (scale bar corresponds to 1um). (B) Legend for quantified
cellular RPE findings on TEM. Lipid-containing structures pertain to Lipid-Containing
Organelles (LCO) (scale bar=0.5um), Lipid droplets (LD) (scale bar=0.25um), Melanolipofuscin
(MLF) (scale=1um). Normal mitochondria was distinguished from stage | and stage Il aberrant
mitochondria (scale=0.5um). Melanin-containing organelles were categorized as stage Ill and
stage IV melanosomes as well as melanolysosomes (scale bar shows 0.5um). LB stands for
lamellar body (scale=0.5um). (C) POS treatment results in the accumulation of LCO (Kruskal-
Wallis), Stage Il mitochondria (Kruskal-Wallis) and LBs in CORD21-P1 POS (+) RPE (Kruskal-
Wallis) relative to CORD21-P1 POS (-) and CORD21-P1c POS (+) RPE. Furthermore, stage |l
melanosomes were significantly reduced in POS treated samples for both CORD21-P1 and -
P1c (ANOVA). A marginal, non-significant increase is seen with stage IV melanosomes
between CORD21-P1 POS (+) and CORD21-Pl1c POS (+) (Kruskal-Wallis). All data were
presented as means + SEM (n=8).

Statistical comparisons for CORD21-P1 POS (-) vs CORD21-P1 POS (+), CORD21-P1c POS (-) vs
CORD21-P1c POS (+) and CORD21-P1 POS (-) vs CORD21-P1c POS (+) are denoted by * P<.05,
**p<,01, ***P<.001, ****P<0.0001. The WT sample was excluded from the statistical
analysis.

5.3 Proteomics RPE data shows an inherent mitochondrial deficiency and a vesicle-

mediated trafficking defect in DRAM2 patient RPE cells.

Approximately 15 pg of total protein lysate was analysed by LC-MS/MS per sample, processed
for protein identification and further analysed using Perseus software. Analogously to RO
proteomics, the wild-type control was omitted from the dataset to improve the statistical
power of the CORD21-P1/CORD21P1c and CORD21-P2/CORD21-P2c comparisons. RPE
proteomics analysis led to the identification of 4559 proteins in our RPE samples (n=7) per
sample. Principal component analysis showed distinct segregation between patient samples
and isogenic controls (Figure 45, A), whereby most of the variation could be explained by
Component 1 (45.9%) and Component 2 (8.3%). Statistical analysis entailed a modified
ANOVA (FDR<0.05) followed by a subsequent Tuckey’s post hoc t-test (FDR<0.05). This
resulted in the identification of a total of 1759 protein changes shared between both groups
(Figure 45, B). Plot shown in Figure 45, C, outlines 671 tandemly changed proteins, out of
which 296 are showing increased expression and 375 are downregulated. GO enrichment for
all the shared changed proteins (n=671) revealed mitochondrial respiration (respiratory chain

complex 1) as a highly affected biological process (Figure 45, D). Further analysis revealed
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carbohydrate metabolic process, carbon metabolism, generation of precursor metabolites
and energy, vesicle mediated transport and transport of small molecules to also be enriched
in GO terms. Volcano plots in Figure 45, E show key novel targets involved in vesicular
transport in both groups (logged FC>2, logged p value<0.05) (P1/P1c, n=32) (P2/P2c, n=20).
Key proteins for P1/P1c were SYP, GFAP, RAB3A, RPE65, BIN1, KIF1A, AP3B2, EIPR1, CLTRN,
RABEP1, TRAPPC6B. For the P2/P2c comparison these include but are not limited to FBN1,
FN1, LIPG, NES, FBLN5, COG7, MT-ND5, COL12A1, GFRA2, VCAN, DCN.
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Figure 45. RPE proteome analysis of DRAM2-deficienct RPE identifies changes in key novel
proteins linked to vesicular-mediated transport. (A) Principal Component Analysis (PCA)
showed distinct separation between CORD21-P1/P1c (blue) and CORD21-P2/P2c samples
(red). The WT sample was excluded from the proteome analysis. Variation in the samples can
be accounted for by variation in Component 1 (45.9%) and Component 2 (8.3%). (B) Venn
diagram illustrates that 1759 proteins are commonly changed between P1/P1c and P2/P2c
(Tukey’s post-hoc, FDR<0.05, n=7). (C) Dot plot revealed a total of 296 (red) and 375 (green)
proteins that are up- and downregulated, respectively. (D) GO enrichment analysis of RPE
proteomics conducted using Metascape identifed respiratory chain complex |, carbohydrate
metabolic process, carbon metabolism, generation of precursor metabolites and energy,
transport of small molecules and vesicle-mediated transport as affected biological processes.
(E) Volcano plots showed key novel targets involved in cellular transport in both comparison
groups with logged FC>2 that represents statistically significant changes (p<0.05) (P1/Pic,
n=32) (P2/P2c, n=20).

5.4. Western blot analyses partially corroborate CTSD reduction and suggest involvement

of DRAM2 in AP-3y clathrin transport.

To validate the proteomics LC-MS analysis, RPE lysates and media were examined by WB. As
expected DRAM2 was found to be significantly downregulated in both patients (Figure 46, A
and B). CTSD was only partially corroborated by WB in RPE, despite proteomics and kinetic
assays demonstrating a consistent reduction in patient samples. Indeed, WB showed a
significant decrease of CTSD heavy chain in CORD21-P1 but not CORD21-P2 (Figure 46, A and
B). Moreover, no changes were observed for lysate pro-CTSD/active intermediate or heavy
chain in the media of RPE. Contrary to what is observed in ROs, expression of lysosome marker

LAMP2 and GARP complex protein VPS53 also remained unchanged.

To ascertain a vesicular trafficking defect, RPE lysates were probed for the expression
of major subunits of clathrin adaptors, AP-1y, AP-2a and AP-3p. Despite the lack of changes
in AP-1y and AP-2a, AP-3f3 expression was significantly diminished in CORD21-P2 relative to
isogenic control. Analogously to RO data, CTSD and PPT1 were shown to be downregulated
by LC-MS/MS in both DRAM?2 patients. WB further corroborated a significant PPT1
downregulation in patient lysates at the expense of protein abundance in RPE media (Figure
46, A and B). Interestingly, NPC2 was reduced only in the lysate of CORD21-P1, however an
upregulation was observed in the media of both CORD21-P1 and -P2. Last but not least,
enzymatic activity assays revealed the reduced activities of CTSD, GBA and a-Mannosidase in

both patient RPE lysates (Figure 46, C).

189



RPE MEDIA

RPE LYSATE

S v
SV OV OV
QPQ“@Q‘QPQ“

Qv

il
N QPQ~

o
A

&
O
RN ST

.8
AR

v

1 Q‘\rg
\.
Qp'\,

R

G

NG
'1'>QQ'L
O
%GQQOO

Q¥
©

RN &

-« heavy chain
VPS53

AP-3p

-4 active intermediate

o | pro-CTSD

AP-2a

S| N2 |- -——

SRS CTSD

hid < b e
- - o =]

DRAM2 |se

VPS53 | s s e am

AP-1y

—————
| CTSD

LAMP2 ---..‘ PPT! umsameeas PPT1 (I B & 8

AP-ly s s s w= == \pC)
AP-30 | v e s e

AP-2q |se—

LAMP2

T 1 1 1
< w < w e
o~ - - o o

uoissaldxa wajoid aanejal

NPC2 media

PPT1 media

PPT1 lysate

0

* %Rk

Zy O

| naQ 0

o %,

* o, O

* 4

(I P 3

‘%

[ T4%

(]
S S G —
s @ g w 9
™~ - - o o

uoissaldxa uiajoud aanejal

uolssaidxa uiajoud aaielal

DRAM2

@
2
S
2 L &, o
o £ % @oo
" g _ L o Q@
== <, V0
OE %, ©
e L T4%%
= ]
E [ - <, %
% %,
I I T
wn ﬂ. _hw >
- - (=] o
uojssasdxa uajoud annejas
9.
&w..»
o
n o, A
= Zs 00
Q o X
(=] “w, QD
4 <
o ‘o
4 00
% %
o)
0 e 0 =
- - (=} (=}

uoissaidxa urejoid aanelas

GBA activity a-Mannosidase activity

CTSD activity

* [ ] = O
* o
* 2y
* - Wg\ 0@0
]
%
* - )
* <, 0.
¥ _ 2 >
M4 0
4 0
0, (v
—— o ()
% v,
I T T T
=3 o o o o o
40! © o < o~
jonpoud jowd
[ o
*_ nyﬁn.
—e—i F e 0
oNv @00
e
= o .u\ @0
*_ o, O
. L %
%, (5
(]
. Q, 0
Y
I 1 1 |
o w =] w (=]
N - -
jonpoud jowd
= - .
n_ o,
* Lo <o
o,
4 00
@,
% - R
H b O
4= \9 O.h‘
% 0,
—a— - 0@
@ o,
1 I 1 I
e w < ] e
o~ - - o o
jonpoud jowu



Figure 46. WB corroborates DRAM2 deficiency in patient RPE, and shows downregulation of
CTSD heavy chain and AP-38 in CORD21-P1 and -P2, respectively. (A-B) WB RPE analysis
indicated a significant reduction in the expression of CTSD heavy chain in CORD21-P1 as well
as of the clathrin transporter AP-3B in CORD21-P2 relative to isogenic controls (n=3).
Furthermore, DRAM2 was found to be significantly downregulated in both patient samples.
WB data showed PPT1 and NPC2 RPE intracellular deficiency is due to secretion to the
extracellular media. Plots indicated a significant reduction of PPT1 and NPC2 in the lysates of
patient RPE. This was accompanied by an increase of these lysosomal proteins in the media
of age-matched samples. No consistent changes were observed for lysosomal marker LAMP2,
AP-1y, AP-2a, VPS53, media-released CTSD as well as lysate pro-CTSD and active intermediate.
Equal protein loading was visualised by the total protein stain and data was normalised to the
WT sample. Plots show pre-selected ANOVA comparisons Data is shown as means + SEM
(n=3). (C) Reduced CTSD enzymatic activity in patient RPE lysates relative to isogenic controls.
Endpoint activity assays for GBA and a-Mannosidase demonstrated a similar enzymatic
reduction in patient RPE lysates. All plots show ANOVA comparisons. Data is shown as means
+ SEM (n=3).

Statistical comparisons for CORD21-P1vs -P1c and CORD21-P2vs-P2c are denoted by * P<.05,
**p<.01, ***P<.001, ****P<0.0001. The WT sample was excluded from the statistical analysis.

5.5 Discussion

5.5.1 DRAM2 RPE cells do not show overt pathological features at baseline, however,
exhibit ultrastructural abnormalities on transmission electron microscopy upon POS

challenge.

5.5.1.1 IF, TEER, and ELISA

RPE obtained in this study have been derived using a directed differentiation protocol
outlined by Regent et al. (2019). As analysis of DRAM2 RPE cells represented a secondary
aspect of the project, help was kindly provided by MRes student Eldo Galo under supervision
(RPE maintenance, TEER and TEM analysis), PhD student Rodrigo Cerna-Chavez (IF) and PhD
student Rob Atkinson (ELISA assays).

All RPE cell lines exhibited cobblestone, hexagonal shape, and melanin pigmentation
(data not shown). DRAM2 patient RPE showed preservation of apical-basal polarity as inferred
by the apical expression of EZRIN and the basal localisation of COLIV. Lower TEER
measurements of CORD21-P1 relative to isogenic control indicated a reduced barrier function
in this patient. These results were intriguing despite the expression of the tight junction

marker ZO-1 in all cell lines. Expression was inferred qualitatively and not quantified.
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Surprisingly, CORD21-P2 exhibited higher TEER values compared to CORD21-P2c (Figure 43, B
and D).

RPE integrity is enabled by tight and adherent junctions between neighbouring cells
(Citi, 2019; Wang;Li and Wang, 2022). Tight junctions, are of particular importance to the
establishment of the RPE barrier function and apical basal polarity. They are positioned
apically and prevent the free diffusion of molecules between apical/basal compartments in
addition to also enabling active ion transport (Dvoriashyna et al., 2020; Napoli and Strettoi,
2023). Tight junctions are facilitated by the interaction of occludins and claudins and are
stabilised by the expression of zona occludens (ZO-1) (Tsukita;Furuse and Itoh, 2001). This
insulatory function of the RPE renders protection to the retina from inflammatory molecules
circulating in the choriocapillaris (Benedicto et al., 2017; Fields et al., 2020). TEER provides a
guantifiable measurement of the tight junction integrity and barrier function. Compromised
RPE integrity has previously been reported in human iPSC-derived RPE from diabetic patients
(Kiamehr et al., 2019). Decreased TEER has also been observed in hESC- and hiPSC-derived
RPE following treatment with retinoblastoma drugs within the clinical range (Cerna-Chavez et
al., 2023). Impairment of the tight junction network undermines the outer blood-retinal
barrier leading to a plethora of retinal conditions such as infectious and autoimmune uveitis,
AMD, diabetic retinopathy, glaucoma, proliferative vitreoretinopathy and retinitis

pigmentosa (Simo et al., 2010; Naylor et al., 2019; Yang et al., 2020).

Factors that can affect TEER include the composition and porosity of transwell inserts,
RPE cell passage, media formulation and temperature conditions (Thwaites;Hirst and
Simmons, 1993; Lu et al., 1996; Matter and Balda, 2003; Ferruzza et al., 2013). Errors could
also occur in establishing TEER due to improper electrode placement and available growth
surface area (Srinivasan et al., 2015; Henry et al., 2017; Karakocak et al., 2023). Even though
a minimum of 200 Qcm? is considered a prerequisite for RPE maturity, prolonged in vitro cell
culture in the case of fetal human RPE can lead to increased TEER values of ~ 1000 Qcm?
(Ablonczy et al., 2011). Other studies have reported a peak of 400 Qcm? for iPSC-RPE and a
subsequent decline in the TEER values with continuous culture on transwell inserts (Chen et
al., 2022). In the current study it is likely that TEER reduction in CORD21-P1 is associated with

a more severe DRAM2 phenotype, whereas increased TEER values in CORD21-P2 relative to
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CORD21-P2c, could represent a deviation in values due to prolonged cell culture. Conversely,
this could be owing to an unintentional difference in seeding density, insert surface area or
porosity discrepancy between cell inserts. Problems linked to the inconclusive TEER data
could be mitigated by repeating the experiment on newly differentiated RPE cell with both
technical and biological replicates as well as by conducting transepithelial potential difference
measurements (TEPD), which may represent an alternative readout of RPE barrier function.

Future work on DRAM2 RPE may help to resolve the validity of these data.

Despite the differences observed in TEER, apical-basal polarity appeared to be
preserved in DRAM2 RPE, as suggested by the apical expression of EZRIN and the basal
localisation of Collagen IV (COLLIV) in all cell lines. The maintenance of polarisation was also
reflected in the comparable levels of apical and basal secretion of PEDF and VEGF between
samples (within groups), respectively. Aberrant expression of PEDF is deemed to play an
important role in the pathological neovascularisation of the retina (Shweiki et al., 1992;
Adamis et al., 1994; Dawson et al.,, 1999). In addition to being able to induce cellular
differentiation (Tombran-Tink;Chader and Johnson, 1991), PEDF is a potent angiogenesis
inhibitor capable of impeding endothelial migration under normoxic conditions (Dawson et
al., 1999). Apical secretion of PEDF by RPE prevents the invasion of blood vessels into the
photoreceptor (PR) layer. Conversely, the basolateral release of VEGF is essential for the
maintenance of the choriocapillaris, as loss of VEGF expression can lead to geographic atrophy
i.e., secondary death of the PRs due to RPE degeneration (Saint-Geniez et al., 2009). The
preservation of RPE apicobasal polarity and tight junction expression is, hence, of utmost
importance to the homeostasis of PRs and the choriocapillaris. The lack of changes in
PEDF/VEGF secretion in DRAM2 RPE may relate to the relative resilience of RPE as a
postmitotic retinal cell type which may require continuous exposure to POS in vitro to mimic
the RPE disturbances observed in some of the DRAM2 patients. Clinical signs of RPE
degeneration often coincide with peripheral degeneration during advanced stages of the
disease. Frameshift and splicing mutations usually present as severe RPE disturbances
recognisable as dark specks spanning the whole periphery of the retina on fundus
autofluorescence (Abad-Morales et al., 2019). Future work may benefit from establishing the
expression of polarity complexes Par, Crb and Scribble to gain additional insight into the early

state of tight and adherent junctions (van de Pavert et al., 2004; Luo et al., 2006; Park et al.,
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2011; Paniagua et al., 2015; Abad-Morales et al., 2019; Paniagua et al., 2021; Segurado et al.,
2022). In summary, a combined TEER, IF and ELISA approach did not conclusively establish
reduced barrier function in DRAM2 RPE.

5.5.1.2 Ultrastructural findings

Flow cytometry analysis revealed no differences in the ability of DRAM2 RPE to carry out
phagocytosis following treatment with FITC-labelled POS (20 POS/cell). This pertained to the
lack of changes in the percentage of phagocytic cells as well as the mean fluorescence
intensity of POS per cell (MFI) (Figure 43, D). However, treatment of RPE with POS over the
course of two weeks resulted in a marked accumulation of LCO, lamellar bodies and stage I
aberrant mitochondria in CORD21-P1 POS (+) samples relative to CORD21-P1 POS (-) and -P1c
POS (+). LCOs resembled LDs, however they differed from LDs in the way that they didn’t
present a perfectly spherical structure. Indeed they were commonly found in close proximity
to stage Il mitochondria (Figure 44, B). The mitochondria observed here, were categorised as
stage | and stage Il aberrant mitochondria similar to findings reported in cases of chronic
polymyositis (Chou, 1968). A shown by Chou et al. (1968) a sequential deterioration of
mitochondria in muscle may initially present with the parallell straightening of cristae (stage
1), followed by the formation of membranous mitochondrial whorls (stage 1) (Chou, 1968).
Polymyositis represents a group of autoimmune systemic disorders characterised by muscle
inflammation and fatigue. Studies have demonstrated a correlation between polymyositis
and altered lipid profiles during early stages of the disease (Wang et al., 2014; Raouf et al.,
2018). Analogously, ultrastructural findings in CORD21-P1 POS (+) RPE could present a

secondary mitochondrial dysfunction accompanied by an underlying lipid metabolic defect.

Lipid droplets are dynamic intracellular storage deposits composed of esterified
cholesterol and triacylglycerol (Greenberg et al., 2011). Dysregulation of lipid homeostasis
and lipid droplet accumulation is at the root of major neurodegenerative conditions such as
Alzheimer’s, Parkinson’s and Amyotrophic Lateral Sclerosis (ALS) (Fernandes et al., 2023). A
specific type of peridroplet mitochondria (PDM) has been reported in literature (Benador et
al., 2018; Talari et al., 2023; Yang et al., 2022). PDM differ from cytoplasmic mitochondria in
the way that they exhibit lower fatty acid degradation capacity. The interaction of
mitochondria and lipid droplets has been associated with the expansion of lipid droplets. This
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relates to a mitochondrial role in adipose tissue which favours triglyceride synthesis (Benador
et al., 2018). Contrary to these data, another study has reported a liver-specific function of
PDM in the preferential oxidation of fatty acids (Talari et al., 2023). The disparate outcome of
these findings could relate to the opposing roles of lipid droplet-mitochondrial contacts in
functionally distinct cell types. Alternatively, this may also suggest a differential response of
mitochondria to nutrient abundance. Under conditions of nutrient excess these interactions
could trigger lipid droplet formation. Conversely, nutrient deprivation may prompt an

energetic exchange with lipid droplets to increase fatty acid oxidation (Yang et al., 2022).

The observed increase in stage |l aberrant mitochondria and their close association
with LCOs could be explained by a pathological lipid transfer to mitochondria in CORD21-P1
POS (+) RPE. This may represent an attempt to alleviate the disproportionate lipid
accumulation in the form of LCOs (Figure 44, B and C) or could have arisen in response to a
mitochondrial deficiency. Studies have demonstrated that stress-induced mitochondrial
dysfunction can indeed stimulate the formation of lipid droplets (Lee et al., 2013). The
enhanced generation of LCOs may represent a cellular defense strategy against further ROS
generation in an already compromised mitochondrial setting (Sekiya et al., 2008).
Fundamentally, the sequestration of free fatty acids in lipid droplets could avert lipotoxicity
and therefore enable a cytoprotective role. In summary, these data suggest a mitochondrial
defect compounded by lipid accumulation in the form of LCOs in the more severely affected

CORD21-P1 POS (+) RPE.

In line with a prominent lysosomal defect, POS treatment in CORD21-P1 led to the
accumulation of LBs on TEM (Figure 44, B). LBs have classically been described as lysosome-
related organelles (LROs) which enable the release of pulmonary surfactant in the
extracellular space of alveoli upon exocytosis (Sever et al., 2021). LBs have also been shown
to arise as a result of the selective inhibition of autophagic degradation (Hariri et al., 2000).
This has been demonstrated via the inhibition of leupeptin in alveolar cells transfected with
B-1-— 6-N-acetyl glucosaminyl transferase V (GIcNAc-TV). GIcNAc-TV enhances the
polylactosamine glycosylation of LAMP2 and its transfection in alveolar cells leads to the
formation of swollen LAMP2* lysosomes. Leupeptin treatment of GIcNAc-TV-transfected cells

results in the replacement of multilamellar bodies with AVds (late autophagic vesicles).
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Analogously, withdrawal of leupeptin leads to the re-emergence of multilamellar bodies. In
the case of the autophagy blocker 3-MA, application of the drug can transform LBs into early
autophagic vesicles (AVis). These experiments provide direct evidence that the formation of
LBs is dependent on autolysosome biogenesis and degradation (Hariri et al., 2000). Earlier
studies have shown that galactosidase and/or sialidase deficiency can also lead to the
accumulation of LBs (Amano et al., 1983; Allegranza et al., 1989; Ohshima et al., 1997). The
distinct LB findings in CORD21-P1 POS (+) therefore indicate an attempt at autophagic POS
degradation but may also suggest inefficient or partial waste clearance due to lysosomal

deficiency.

Melanosomes are specialised lysosomes which have recently been shown to play a
crucial role in the degradation of autofluorescent lipofuscin (Lyu et al., 2023). The
chemiexcitation of melanin, the hallmark protein of melanosomes, has emerged as an
important prerequisite for the routine digestion of POS by RPE. This was inferred by the
deposition of PR disc lamellar membranes in the RPE cells of albino Abca4”- mice. Nitric oxide
treatment resulted in the significant clearance of lipofuscin-related lamellar membranes in
pigmented but not albino mice. Data obtained here shows a clear downregulation of stage Il
melanosomes in CORD21-P1 and P1c POS (+) treated samples (Figure 44). The specific effect
on melanosome maturation was also reflected by the marginal increase in stage IV
melanosomes in CORD21-P1c POS (+) compared to patient. The CORD21-P1 POS (+) sample
could therefore present with compromised melanin-dependent degradation due to the
incomplete maturation of stage IV melanosomes. One of the distinguishing features of
maturing melanosomes (stage Ill to stage V) is the expression of proteins enabling melanin
biosynthesis such as tyrosinase, tyrosinase-related protein-1 (TYRP1) and DOPAchrome
tautomerase (DCT). By contrast, stage Il and | are more abundant in the PMEL enzyme, which
is important for fibril deposition during early melanosome formation (Raposo and Marks,

2007).

Similar deficiencies are observed in the Hermansky-Pudlack Syndrome (HPS). HPS is a
genetic condition presenting with ocular albinism and bleeding. The disease arises due to an
impairment of LRO biogenesis characterised by the incomplete maturation of pigmented

melanocytes (Wei, 2006; Velazquez-Diaz et al., 2021). The defect in HPS appears to be caused
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by mutations in AP-3, HOPS, BLOC-1, -2 or -3, which facilitate the trafficking of melanogenic
enzymes. AP-1 and -3 are believed to carry out redundant roles in the melanosome delivery
of tyrosinase, whereas AP-1 is believed to have a more specialised function in the trafficking
of TYRP1. Furthermore, BLOC-1 and BLOC-2 complexes may facilitate melanosome transport
in the same pathway as AP-1. AP-3 &-subunit deficiency, in particular, is known to result in
the stalling of tyrosinase at the early endosome (Wei, 2006). Thus, by controlling
endolysosomal transport of enzymes such as tyrosinase, AP-3 would be able to affect the
maturation of stage Il to stage IV melanosomes (Raposo and Marks, 2007). Collectively, the
improper maturation of melanosomes in CORD21-P1 POS (+) RPE implies a defect in the
trafficking of melanin biosynthetic enzymes and suggests an important role for DRAM2 in the

latter process.

5.5.2 Differential proteomics analysis reveals severe mitochondrial deficiency and novel

targets involved in the vesicular transport of patient RPE.

Proteomics analysis was performed by Dr. Pawel Palmowski and MRes student Eldo Galo. It
led to the identification of a total of 4559 proteins, out of which 1759 were differentially
expressed in both groups (Figure 45, C and D). The analysis confirmed the downregulation of
CTSD and PPT1, but not NPC2. This stands in contrast to RO data, whereby all three proteins
were significantly downregulated in both patients. WB corroborated that intracellular NPC2
was not significantly downregulated in CORD21-P2, however, media secretion of NPC2 was
still found to be upregulated in CORD21-P1 and -P2 (Figure 46, A and B). Similarly, the
lysosomal CTSD heavy chain decrease was only partially corroborated by WB, despite a
common downregulation for both affected cell lines according to proteomics and kinetic
assay data. These inconsistencies most likely pertain to slight variability amongst biological
replicates and the insufficient power of our WB experiment to detect these differences (n=3).
Despite these differences, the activities of all CTSD, GBA and MAN2B1 were reduced in both
patients, suggesting that lysosomal deficiency in RPE may occur in an identical fashion to ROs.
This was also corroborated by the increased secretion of NPC2 and PPT1, which appears to
be an underlying feature of DRAM2 disease (Figure 46, A and B). Furthermore, Metascape
enrichment showed (n=671) that a majority of the tandemly expressed proteins are linked to

a mitochondrial respiration deficiency, manifesting as a failing of the mitochondrial
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respiratory chain complex | (Figure 45, D). Additional enriched GO terms included
carbohydrate metabolic process, carbon metabolism, generation of precursor metabolites

and energy, vesicle mediated transport and transport of small molecules.

5.5.2.1 Implications for CTSD depletion in DRAM2 patient RPE cells.

As mentioned in chapter 4, the complete absence of CTSD expression leads to a lethal form
of CLN10 NCL characterised by a severe lysosomal failure (Williams and Mole, 2012; Schulz et
al., 2013). Several studies have examined the effects of CTSD deficiency on RPE in mice
(Valapala et al., 2014; Rakoczy et al., 1997; Bassal et al., 2021; Liu et al., 2022). For instance,
knockout of CRYBA1 (Crystallin Beta Al), a major protein of the lens, in mice leads to a
significant reduction in CTSD activity. These effects appear to be mitigated by the inhibition
of v-ATPase activity, leading to elevated lysosomal pH and autophagy downregulation. These
were also accompanied by the loss of cones, the accumulation of autophagic vacuoles and
LDs in the RPE (Valapala et al., 2014). The study showed that upon overexpression of CRYBA1,
CTSD activity can be restored. Therefore, CRYBA1 KO may impede autophagic and
phagocytosis processes normally carried out by RPE. Since CTSD is the principal enzyme
responsible for rhodopsin degradation, reduced CTSD expression in RPE is going to
significantly impact their ability to phagocytose POS (Rakoczy et al., 1997). Even though our
results did not show any changes in the ability of patient CORD21 RPE to carry out
phagocytosis, it follows that continuous exposure of DRAM2 RPE to POS with reduced CTSD
activity is going to affect their long-term ability to phagocytose POS. This may need to be
validated experimentally following continuous POS challenge in CORD21-P1 and -P2 RPE.
Another study using CTSD-deficient mice did not reveal any significant morphological RPE
changes until the very advanced stages of disease. One of the key early observations,
however, was the elevated expression of LAMP2 and saposin D (Bassal et al., 2021). Further
research on Abca4” mice focussing on Stargardt disease showed a substantial decrease of
mature CTSD at the expense of immature protein. A recent AAV therapy approach restored
CTSD expression in the RPE of knockout mice, thereby improving PR survival and POS renewal
(Liu et al., 2022). In summary, CTSD deficiency suggests that the degradation capacity of
lysosomes is significantly impaired in the RPE of CORD21-P1 and -P2 patients. Although this

may not have an acute effect on cell functionality, over time it would negatively impact PR
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and RPE survival due to aberrant phagocytosis and autophagy converging at the level of the

lysosome.

5.5.2.2 Implications for the significant downregulation of PPT1 in DRAM2 patient RPE cells.

Owing to the progressive nature of neuronal cell death in CLN1 (PPT1) deficiency, RPE
degeneration has not been thoroughly investigated in the absence of PPT1 expression.
Studies on progressive childhood forms of CLN1 NCL suggest that the onset of cognitive and
motor decline is at the 2 years of age (Santavuori et al., 1973; Weleber, 1998; Weleber et al.,
2004; Jalanko and Braulke, 2009). Recent studies indicate that the disease is driven by strong
immunoreactivity in the form of gliosis leading to the significant loss in PRs and ganglion cells
in mice (Atiskova et al., 2019). As the death of retinal neurons precedes the decline of RPE in
this condition, not much is known about the progression of the disease in RPE. Based on the
current knowledge, it could be hypothesised that the reduced PPT1 expression could lead to
the accumulation of undigested cellular material and a secondary reduction in mature CTSD
due to elevated lysosomal pH, however this requires further experimental validation (Bagh et

al., 2017) (see chapter 4.12.4.3).

5.5.2.3 Explaining NPC2 deficiency in patient CORD21-P1 RPE cells.

Similarly to PPT1 disease, the complete absence of NPC2 expression correlates with the
severity of NPC disease, precluding the detailed study of protein depletion in RPE due to
premature death (Ribeiro et al., 2001; Park et al., 2003; Vanier and Millat, 2003; Pentcheyv,
2004; Chang et al., 2005; Evans and Hendriksz, 2017). In addition to the aberrant
accumulation of cholesterol, other lipid species have been shown to be deposited in NPC-
afflicted lysosomes such as sphingomyelin, sphingosine, ceramides and gangliosides
(Pentchev et al., 1984; Lloyd-Evans et al., 2008; Patterson et al., 2012). Interestingly, despite
being primarily responsible for sterol redistribution to the ER and/or PM, NPC2 has also been
found to play a role in the delivery of endosomal cholesterol to the mitochondrial inner
membrane. The tranfer of oxysterol and steroids in this manner has been shown to contribute
to the homeostatic maintenance of mitochondrial membrane integrity (Kennedy;Charman
and Karten, 2012). This perspective means of transport enabled by NPC2 can account for the

upregulation of mitochondrial cholesterol in the absence of NPC1 expression (Blom et al.,
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2003; Balboa et al., 2017). Notwithstanding, the increased mitochondrial cholesterol
correlates with decreased glutathione content and respiration capacity suggesting a potential
mechanism of mitochondrial impairment but also a requirement for NPC2 in the maintenance
of mitochondrial homeostasis (Balboa et al., 2017). More recently, NPC2 knockdown has
been associated with reduced levels of mitophagy. Inefficient clearance of damaged
mitochondria causes further mitochondrial dysfunction as shown by the aberrant
mitochondrial activity of NPC2-depleted adipocytes (Guo et al., 2016). These literature
findings outline a scenario, whereby attempting to relieve lysosomes of their sterol overload,
the residual NPC2 mitigates increased cholesterol transfer to mitochondria. An offset in sterol
balance can then cause irrepairable mitochondrial damage further exacerbated by the
reduced mitophagic clearance. Hence, the significant depletion of NPC2 in CORD21-P1 may,
at least, partially explain the mitochondrial phenotype observed in CORD21-P1 POS (+) RPE
by TEM, which as outlined above may be also linked to LCO formation in these cells. A
pronounced mitochondrial dysfunction in DRAM2 RPE is also supported by the high number

of protein targets in RPE proteomics associated with aberrant mitochondrial respiration.

5.5.2.4 Depletion of TRAPIIl and TRAPII vesicular complex subunits in patient RPE cells may
lead to defective ER-Golgi and Golgi-PM trafficking as well as autophagy.

Tremendous insight into the molecular mechnisms of DRAM2 disease has been rendered by
the novel findings from RPE proteomics. These exciting data suggest that DRAM2 function
may be affected at multiple stages of membrane trafficking with major bottlenecks impeding
vesicle-mediated transport at the ER-Golgi and retrograde Golgi transport as well as during
the late stages of endosome-lysosomal fusion. Involvement of early Golgi traffic is
unanimously indicated by the significant downregulation of multiple TRAPP complex subunits
in CORD21-P1 vs -P1c (TRAPPC1, TRAPPC8, TRAPPC2L, TRAPPC10, TRAPPC5, TRAPPC6B,
TRAPPC4, TRAPPC3), in CORD21-P2 vs -P2c (TRAPPCS8, TRAPPC1) as well as in both patients
(TRAPPC1, TRAPPC8). TRAPP is a multi-subunit tethering NON-CATCHR complex which
mediates ER-Golgi, Golgi-PM transport as well as endosome recycling (Figure 47). Two major
types of TRAPP have been distinguished in mammals -TRAPPII and TRAPPIIl. The TRAPP
complex has been shown to exhibit GEF (Guanine nucleotide exchange factor) activity and is

composed of a protein core which can be modified by the addition of C8, C11, C12 and C13
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subunits in the case of TRAPIIl, and C9, C10 for TRAPIl. The latter subunits confer Rab
specificity, whereby TRAPIII and TRAPII activate Rabl and Rabl1l, respectively (Yu and
Hughson, 2010; Galindo and Munro, 2023).

Rabl exerts an important role in the regulation of the ER-to-Golgi trafficking by
binding to cis-Golgi tethers GM130, golgin84 and p115 (Allan;Moyer and Balch, 2000;
Moyer;Allan and Balch, 2001; Weide et al., 2001; Diao et al., 2003) (Figure 47). Further to
enabling transport along the biosynthetic pathways, Rab1 has been shown to play a crucial
role in the initiation of autophagy by orchestrating the assembly of the Atgll*
preautophagosome structure (Lipatova et al., 2012; Wang et al., 2013; Wang et al., 2015;
Homma;Hiragi and Fukuda, 2021; Tremel et al., 2021). On the other hand, Rab11, which is
activated by TRAPPII, functions along the secretory and recycling endosome pathways
(Welz;Wellbourne-Wood and Kerkhoff, 2014). Interestingly, mainly TRAPPIIl and TRAPP core
subunits appear to be downregulated in RPE patients, with a significant depletion of TRAPPIII
being apparent in CORD21-P1.

Collectively, this indicates a potential inactivation of the TRAPPIII complex leading to
a defective ER-Golgi traffic and aberrant Golgi morphology concomittant with an autophagic
impairment (Figure 47). Future work may benefit from closer examination of TEM data for
disruption of the Golgi (Golgi fragmentation) in both cell models. A caveat here, however, is
that Golgi fragmentation is also a sign of apoptosis. So an assay ruling out apoptosis or an
apoptosis inhibitor must be used before further investigation into this particular type of
deficiency can start. Furthermore, TRAPPII function may also be compromised. This was made
evident by the downregulation of core units but also the reduction of the TRAPPC10 subunit
in CORD21-P1. The relevance of the TRAPPII complex clearly pertains to a possible misrouting
of lysosomal enzymes to the PM within the endocytic system, endosome to Golgi traffficking
but also the involvement of TRAPPII in the activation of Rab18 (Li et al., 2017; Zappa;Venditti
and De Matteis, 2017). The Rab18 GTPase contributes to the growth and maturation of LDs
and its depletion has previously been linked to the occurrence of abnormally large LDs (Xu et
al., 2018). Further research into the expression of TRAPPIl in DRAM2 RPE may be able to
account for the LD phenotype observed in CORD21-P1 POS (+) RPE, but also the misrouting of

PPT1 and NPC2 lysosomal enzymes to the extracellular media.
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Figure 47. Roles of TRAPPII and TRAPPIII vesicular complexes in intracellular transport.
Activation of the Rab1 and Rab11 GTPases is governed by nucleotide exchange factors (GEFs)
TRAPPIII and TRAPPII, respectively. Whereas TRAPPIII activates Rab1 to activate conventional
autophagy and facilitate ER-Golgi traffic, TRAPPII enables the activity of Rab11l which plays
important roles in the TGN-PM secretory pathway as well as bidirectional endosomal
recycling to and from the TGN and the PM. Green arrows indicate the potential
downregulation of TRAPPIIl and TRAPPII complexes in DRAM2 RPE. Image taken from Galindo
and Munro, 2023.

202



5.5.2.5 Depletion of COG6 complex subunit in patient DRAM2 RPE cells suggests a defect in
intra-Golgi and Golgi-ER trafficking.

Another notable observation was the consistent downregulation of COG6 in RPE patients.
Moreover, CORD21-P2 exhibited downregulation of nearly all COG subunits apart from COGS.
The COG complex (Conserved oligomeric Golgi complex) is the predominant vesicle tethering
machinery overseeing intra-Golgi and Golgi-to-ER retrograde transport (Figure 48)
(Blackburn;D'Souza and Lupashin, 2019). It belongs to the CATCHR family of multisubunit
tethering complexes including Dsllp, GARP, EARP and Exocyst. Similarly to other tethering
complexes its main function is to prime incoming vesicles for fusion with membranous
trafficking structures. The COG complex exists in two individual tetrameric conformations
(COG1-4 and COG5-8), as well as an all-encompassing octamer (Willett et al., 2016).
Mutations in proteins of the COG complex are associated with congenital disorders of N- and
O- glycosylation (Wu et al., 2004; Foulquier, 2009). In yeast, depletion of the COG1-4 complex
leads to the accumulation of untethered COPI-coated COG-dependent vesicles. This blockage
in retrograde Golgi trafficking is said to precede Golgi fragmentation (Zolov and Lupashin,
2005). S. cerevisiae COG mutants exhibit extensive defects in glycosylation, protein transport
and extracellular release of vacuolar proteases, whereby the depletion of one subunit often
leads to the depletion of the whole tetramer (Spelbrink and Nothwehr, 1999; Ram;Li and
Kaiser, 2002; Suvorova;Duden and Lupashin, 2002). Hypoglycosylation is deemed to occur
secondarily to the mistrafficking of Golgi glycosylation enzymes. In a key study conducted on
Hela cells, knockdown of COG subunits led to the mislocalisation of key medial- and trans-
enzymes (ST6GAL1, MGAT1, MAN2A1 and B4GALT1) (Pokrovskaya et al., 2011). The same
study showed that COG6 and COG8 are expressed in vesicular structures carrying
glycosyltransferases. CRISPR knockout of individual COG subunits in HEK293T cells revealed
severe Golgi cisternae fragmentation in all mutants, particularly in the COG 1-4 and COG 6
subunits. All knockouts displayed aberrant sialylation, fucosylation and oligomannose
modification. By contrast, the trafficking defect was shown to affect all areas of the Golgi,
including the cis-Golgi. Secretion of pro-CTSD and in some cases mature CTSD was a consistent
finding with COG KOs with the exception of COG6 KO, which did not show any media CTSD
expression. Further to this, LAMP2 hypoglycosylation was also very pronounced in all mutants

apart from the COG6 one (Blackburn and Lupashin, 2016).
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Additionally, the Blackburn and Lupashin paper from 2016 also showed the
accumulation of enlarged lysosomal-like structures in COG Kos (Blackburn and Lupashin,
2016). A later study by the same group revealed the accumulation of missorted glycosylation
enzymes in acidic endocytic-like organelles in COG-deficient cells (D'Souza et al., 2019). These
hybrid organelles were shown to originate from the Golgi due to the enrichment of
cholesterol and Phosphatidylinositol 4-phosphate (PI4P). A hypothesis was brought forward
whereby in the absence of functional retrograde Golgi traffic, GARP donates endocytic cargo
to these intermediary Golgi-like compartments containing missorted glycosylation enzymes,
resulting in the degradation of the latter. The generation of these intermediary structures was
shown to be dependent on COG4 and VPS54 of GARP. Interestingly, though, these hybrid
organelles lacked the expression of some lysosomal proteases such as cathepsin B (D'Souza
et al., 2019). It would be of particular interest to find out whether COG-deficiency in DRAM?2
RPE also underlies the existence of similar hybrid structures. WB shown in Figure 46, A and B,
does not show downregulation of VPS53 of GARP. The latter, however is significantly
downregulated in CORD21-P1 RPE, alongside VPS51, as demonstrated by proteomics data.
VPS53 and VPS51 are shared subunits between GARP and EARP, so both complexes may be
affected. Still more conclusive evidence is required to establish the existence of such

structures in DRAM2 RPE.

Given the changes in COG expression in CORD21-P1 and -P2, COG6 deficiency isin line
with the neglible secretion of CTSD to the extracellular media, as well as there being no
changes in the glycosylation status of LAMP2 in patient RPE cells (Figure 46, A and B). Based
on literature findings, COG6 depletion observed here may likely be associated with
pronounced structural and Golgi trafficking abnormalities. Interestingly, total COG6
deficiency has also been linked to the early postnatal lethality (Lubbehusen et al., 2010).
Future work could focus on combined IF and WB approaches looking into the lysosomal cargo
localisation along with EGIC53 (ER-Golgi intermediate), GM130 (cis-Golgi) or TGN46 (trans-
Golgi) trafficking compartments. Since Golgi fragmentation is a sign of apoptotic cells,
experiments addressing the state of Golgi, should also entail the use of an apoptosis inhibitor.
Consequently, Golgi examination could be carried out by TEM, WB (for the aforementioned
markers), or a Cell Painting-High Content Image assay which would allow for assessment of

spatial organisation and size of the Golgi compartment.
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Figure 48 Schematic depicts the roles of COG in intra-Golgi retrograde and Golgi-ER-Golgi
intermediate compartment (ERGIC) vesicular trafficking. The complex binds vesicular tethers
at the TGN, Trans, Medial and Cis-Golgi and oversees retrograde vesicle delivery to the ER-
Golgi intermediate (ERGIC). The multiprotein complex plays crucial roles in protein
localisation along the secretory pathway, the maintenance of Golgi structural integrity and
the trafficking of glycosylation enzymes. Green arrows indicate the potential downregulation
of the COG complex in DRAM2 RPE. Image adapted from Blackburn, D’Souza and Lupashin,
2019.

5.5.2.6 Proteomics shows significant depletion of exocyst complex components in patient

RPE cells.

Interestingly, RPE proteomics data also showed a significant downregulation of exocyst

subunit components in CORD21-P1 (EXOC1-8, apart of from EXOC6). As mentioned
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previously, exocyst belongs to the CATCHR family of tethering complexes. It enables TGN to
PM transport along actin myotubules and plays an indispensable role in the recycling of
primary cillia (Rivera-Molina et al., 2021). A specific function has been outlined in POS
maintenance in carrying out cilliary protein transport in zebrafish and the mouse (Lobo et al.,
2017). The same group later also uncovered that exocyst is essential for the maintenance of
RPE, as conditional ablation of the major exocyst component, EXOC5, reduces melanosome
number and impairs opsin expression in PRs of the same model organisms (Rohrer et al.,
2021). Exocyst depletion in CORD21-P1 could therefore explain a putative negative feedback
loop aimed at minimising the PM secretion as evident from the significant extracellular
release of PPT1 and NPC2 in DRAM2 RPE. Ultimately, this presents a mechanism of
extracellular secretion directly from the TGN. Future experiments may thus investigate a

potential involvement of DRAM2 in the regulation of exocyst tethers.

5.5.2.7 Depletion of AP-3, Arl8 and HOPS subunits indicates a major bottleneck at the level

of the lysosome.

The key DRAM?2 defect pertaining to lysosomal deficiency, however, poses the possibility of
an endolysosomal bottleneck preventing endocytic cargo from being delivered to the
lysosome. Regarding this, a fascinating new finding by the RPE proteomics was the
downregulation of nearly all HOPS subunits in the more severely affected CORD21-P1 patient
(VPS39, -18, -11, -16, -33B, -33B). CORVET and HOPS belong to the non-CATCHR family of
multiprotein tethers functioning within the endolysosomal system. A protein core comprising
VPS18,-11,-16 and -33 is shared between the two complexes. Yeast mutants of these proteins
present with the most severe endolysosomal deficiencies (Balderhaar and Ungermann, 2013).
CORVET is involved in endosome sorting and the fusion of early endosomal compartments by
binding to the Rab5 GTPase. HOPS, on the other hand, has a specialised role in enabling the
fusion of Rab7* late endosomes (LE) with lysosomes (Spang, 2016). A compounded
CORVET/HOPS deficiency in CORD21-P1 may thus be associated with severe endosome
maturation defects. The CORVET to HOPS tether switch underlies one of the key molecular
transitions of a LE to a lysosome. The sequential order of events in endolysosomal fusion was
detailed by Schleinitz et al., (2023) (Figure 49). Initially, recruitment of Rab7 by LE promotes

the movement of LE towards lysosomes along dynein-bound microtubules. The transient
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interaction of Rab2 GTPase with the LE in turn summons the HOPS tethering complex which
establishes a bridge with ArI8/BORC* lysosomes. Here, Arl8 is outlined as a novel lysosome-
specific marker, which can be used to distinguish between the two structures (Schleinitz et
al., 2023). Once the organelles are bridged, HOPS enables the binding of SNARE proteins
Syntaxin 8, Syntaxin 7, Vtilb with Vamp8,-7 or Ykt6 to facilitate fusion (Pryor et al., 2004;
Davis et al., 2021). The process of cargo delivery was found to depend on the expression of
Rab2, Rab7, Arl8, HOPS and BORC. Although Rab2a knockdown significantly reduced the
merging of the two structures, neither Arl8 nor Rab2a were indispensible for the anchoring
of HOPS, suggesting that additional proteins may facilitate this process. Rab2a’s localisation
pertains to the Golgi, whereby it is hypothesised that it enters the endocytic pathway as a
membrane-bound protein (Chavrier et al., 1990). The authors of the paper outline HOPS
interactors as crucial coordinators of LE-lysosome fusion, with the role of Arl8 needing further

clarification, as to whether it solely enables fusion or represents a transport regulator.
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Figure 49. Late endosomes (LEs) mobilise Rab7, Rab2 GTPases and HOPS prior to fusion with
Arl8-expressing lysosomes. Rab7 is not present at sites of HOPS-mediated LE-lysosome
fusion, however, indirectly promotes the fusion process by positioning LE close to lysosomes
via microtubule-attached dynein. HOPS then facilitates LE-LYS fusion by enabling an
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interaction between late endosomal Rab2a with lysosomal BORC-bound Arl8. Green arrows
show proteins downregulated in DRAM2 ROs and RPE. (Image taken from Schleinitz et al.
(2023).

Interestingly, Arl8a was downregulated in CORD21-P1 ROs as well as CORD21-P2 RPE
according to the proteomics data. RPE proteomics inequivocally suggests the downregulation
of Rab2a GTPase in both patients. Collectively, this indicates that a compromised LE-
Lysosomal fusion may highlight an important aspect of the DRAM2 disease. The inconsistency
of some of these differences between patients may be explained by the dynamic and transient
nature of vesicular interactions. Alternatively, acquisition of in vitro phenotype requires more
time to develop, considering the adult onset of the condition. These data provide important

first steps in the unravelling of DRAM2 molecular phenotype.

The relevance of AP-3 to HOPS-mediated LE-lysosome fusion has been outlined
previously (chapter 4). AP-3 is a known lysosomal transporter and an interactor of HOPS,
suggesting that HOPS enables the tethering of incoming AP-3 * clathrin coated vesicles
(Schoppe et al., 2020). Binding of AP-3 vesicles arriving from the Golgi only becomes feasible
after the phoshorylation of HOPS following a VPS41-curvature sensing mechanism activated
at the lysosomal interface (Cabrera et al., 2010). Aberrant AP-3 targeting has been linked to
protein retention at the Golgi and PM protein rerouting (Feng et al., 2017) and inactivation of
HOPS, has further been shown to lead to the mislocalisation of AP-3 transport of EGOC (EGO

complex) targets to the Golgi (Gao et al., 2022).

According to our WB data, AP-3 is significantly downregulated in the RPE of CORD21-
P2. Proteomics data in RPE also corroborrated the downregulation of AP-3 in CORD21-P1
(AP3B2, AP3D1, AP3M2, AP3M1, AP3S1 subunits). AP-3 deficiency in RPE could furthermore
explain the defective NPC2 lysosomal delivery, as the latter depends partially on AP-3
mediated transport (Berger et al., 2007). Moreover, AP-3 depletion in our dataset may
underlie the inefficient maturation of stage Ill to stage IV melanosomes due to the
compromised transport of melanogenic enzymes (Figure 46) (Raposo and Marks, 2007). In
light of this, DRAM2 co-localisation with AP-3 suggests the involvement of DRAM2 in AP-3-
mediated lysosomal transport (chapter 4). Further work on DRAM2 ROs and RPE could
establish the exact role of DRAM2 in regulating AP-3 trafficking and and how this may affect
HOPS-mediated lysosomal fusion.
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5.6. Concluding remarks

Additional insight into the vesicular trafficking is rendered by the volcano plots shown in
Figure 45, E. Individual comparison between CORD21-P1 vs -Plc reveals the CORD21-P1
downregulation of novel targets related to membrane trafficking and the maintenance of
membrane dynamics such as Synaptophysin (SYP), Ras-related protein Rab-3A (RAB3A),
Vesicle-associated membrane protein 2 (VAMP2), Clathrin coat assembly protein AP180
(SNAP91), Bridging integrator 1 (BIN1), Kinesin-like protein KIF1A (KIF1A),
Phosphatidylinositol 4-phosphate 5-kinase type-1 gamma (PIP5K1C), EARP and GARP
complex-interacting protein 1 (EIPR1), Collectrin (CLTRN) and AP-1 complex subunit gamma-
1 (RABEP1).

SYP is a presynaptic vesicles membrane protein but also a marker for synaptic
connectivity in RO cultures (Wiedenmann et al., 1986; Ludwig et al., 2023). Reduced
expression of SYP leads to the poor expression of synaptic processes but also reduced
endocytic recycling in neuronal tissue (Kwon and Chapman, 2011; Ludwig et al., 2023). Rab3a
is involved in the positioning of lysosomes close to the PM in the facilitation of PM repair by
lysosomal exocytosis (Encarnacao et al., 2016). VAMP2 governs the merging of membranes
in the presynaptic secretory domain and exocytosis (Yan et al., 2022), whereas BIN1 is a key
protein involved in membrane curvature remodelling, and its overexpression has been
associated with aberrant endocytic size reported in Alzheimer’s disease (Lambert et al., 2022).
Furthermore, PIP5K1C regulates the attachment of exocyst to the PM (Maib and Murray,
2022). CLTRN has been shown to be able to regulate exocytosis of insulin by interacting with
SNAPIN, thereby affecting the assembly of the SNARE complex (Fukui et al., 2005).
Collectively, these data may indicate an attempt to limit exocytic mechanisms leading to the

loss of lysosomal enzymes in CORD21 RPE.

Further evidence for the involvement of DRAM?2 in the cellular transport dynamics is
shown by the reduced expression of KIF1A, EIPR1 and RABEP1, amongst others. KIF1A
governs vesicular trafficking in neuronal cells by controlling microtubule dynamics (Oriola et
al., 2015). EIPR1 oversees the sorting of dense-core vesicles at the TGN together with Rab2
and the EARP complex (Topalidou et al., 2016), and regulates endocytic recycling and the
localisation of the EARP complex (Topalidou et al., 2020). RABEP1 is a protein that mediates
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a crosstalk between endosomes and autophagy. Indeed, membrane endosomal damage can

trigger the initiation of selective autophagy via RABEP1 (Millarte and Spiess, 2022).

By contrast, the most significantly changed targets by logged FC and p value in Figure
45, E for CORD21-P2 vs -P2c (FBN1, FN1, LIPG, CRISPLD1, NES, FBLNS5, SFRP5, STRA6, COG7,
MT-ND5, THBS1, MYH11, COL12A1, GFRA2, VCAN, THY1, DCN, LXN, S100A1l), show an
emphasis on protein response to metabolic stimuli, mitochondrial stress and fiber assembly,
which can be a substrate for RPE growth and structural support (Srivastava et al., 2011;
Navneet and Rohrer, 2022). Further WB experiments on AP-1, AP-2 did not show
downregulation of these proteins, despite proteomics data corroborating the downregulation
of both clathrin adaptors in CORD21-P1 and -P2 (AP1M1, AP1B1, AP1G1, AP2M2, AP2A2,
AP2A1).

In summary, data outlined in this chapter provides evidence for a vesicular trafficking
defect leading to a pronounced lysosomal deficiency in the RPE of DRAM2 patients. In support
of this are the CTSD, PPT1 and NPC2 lysate deficits established by proteomics and WB. An
inherent lack of lysosomal hydrolases was further corroborated for CTSD, GBA and MAN2B1
as determined by enzyme activity assays. These data were in line with the concomitant
secretion of PPT1 and NPC2 explaining the loss of these enzymes due to potential misrouting
to extracellular media. The lack of lysosomal enzymes was consistent with ultrastructural
findings suggesting LCO accumulation and the presence of abnormal mitochondria in
CORD21-P1 challenged RPE cells. Comprehensive proteomics analysis further suggested the
involvement of DRAM2 in the regulation of TRAPP, COG and exocyst multiprotein complexes
which collectively govern ER-Golgi, Golgi-ER, Golgi-PM transport as well as autophagy.
Furthermore, volcano plots revealed numerous proteins that are heavily involved in the
regulation of exocytosis. The mistrafficking of NPC2 could be explained by AP-3 deficiency in
CORD21-P2 by WB and in CORD21-P1 RPE cells by proteomics. A deficit in clathrin-mediated
transport also referred to in the previous chapter (AP-1 downregulation in CORD21-P1) stands
in agreement with the broad downregulation of AP-1 and AP-2 subunits in both CORD21-P1
and -P2 RPE patients by proteomics. Deficiencies observed in AP-3, HOPs as well as Arl8 by
proteomics unequivocally suggest the existence of an endolysosomal bottleneck. Such a

bottleneck could prevent the delivery of lysosomal hydrolases and melanogenic enzymes, the
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latter of which are crucial for the maturation of melanosomes and the phagocytic potential
of RPE cells. Future work may entail the careful investigation of all putative mechanisms in

which DRAM2 may be able to exert vesicular control over the delivery of lysosomal cargo.

6. General discussion

DRAM?2 retinopathy is a recessive form of cone-rod dystrophy presenting with a clinical
phenotype between the third and the sixth decades of life. The onset and severity of the
disease have been shown to differ significantly based on the type of genetic defect observed.
A pilot study conducted by El-Asrag et al. (2015), was the first one to show that biallelic
missense, frameshift, and in-frame deletion variants in DRAM2 lead to macular degeneration
consistent with early cone PR loss. This was often followed by peripheral retinal damage as

the disease progressed.

A subsequent paper by the same group and collaborators (Sergouniotis et al., 2015),
established that loss-of-function mutations exhibit a more severe phenotype than missense
variants or in-frame deletions, presenting with an earlier disease onset. This is in keeping with
the initial proposition made by El-Asrag et al. (2015) that more severe retinal dysfunction may
be delayed in patients with in-frame deletions. Fundus autofluorescence imaging (FAF)
conducted by Sergouniotis et al., suggested that rings of hyperautofluorescence correspond
to regions where loss of POS in the PRs still presents with normal RPE function. This could be
explained by the increased detection of RPE cells in the absence of PRs or simply the higher
accumulation of lipofuscin in degenerating retinal cells (Krasovec et al., 2022). These
hyperautofluorescent rings surround macular lesions of hypoautofluorescence where RPE is
completely lost. Over time, these rings would enlarge and spread over to the rest of the retina.
OCT findings in pre-symptomatic patients agree with these data and indicate that loss of PRs
may be a key initial feature of the disease. Abad-Morales et al., (2019) and others, have
further expanded on the phenotype of DRAM2 retinopathy, showing that the disease can also
manifest in the sixth decade of life (frameshift variant). The latter conclusion has also been
corroborated in the case of a more benign missense mutation leading to misdiagnosis of the
condition for AMD in the sixth decade of life (patient Il, c.3G > A/, ¢.737T > C) (Krasovec et al.,
2022).
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Abad-Morales et al., (2019) assessed the contribution of homozygous frameshift and
alternative splicing variants to peripheral retinal degeneration. They outline that frameshift
mutations exhibit a less severe phenotype (also depending on the level of transcript
degradation, i.e., PTC location) compared to mutations associated with alternative splicing
(c.693 +2T>A patient). Frameshift mutations contained the processes of retinal degeneration
to the mid-periphery, whereas an alternative splicing variant led to a severe retinal decline
and RPE disturbances. According to Abad-Morales et al. alternative splicing did not lead to a
reduction in transcript expression, as was the case for frameshift mutations, which lead to the
removal of aberrant transcripts by NMD. Interestingly, frameshift variants, presented with
initial foveal sparing on FAF in this study. The nature of the foveal sparing remains unclear;
however, the latter has previously been reported in ABCA4 and PRPH2 dystrophies (Krasovec
et al., 2022). These data hold implications for extensive RPE damage pertaining to mutations
spanning the sequence of the DRAM2c isoform. DRAMZ2c (exons 6-9) is shorter than the
DRAM2a isoform (exons 3-9), and all sequence of DRAMZ2c is also present in the DRAM2a
isoform. In this study the extent of RPE damage is particularly extensive for the patient
carrying a splicing mutation which could affect both isoforms (c.693+2T>A). Alternative
splicing then appears to correlate with higher phenotypic severity in RPE which could be
related to the malfunctioning or gain-of-function of DRAM2a and DRAM2c isoforms. Naturally
this would be compounded by a defect in both isoforms, as both isoforms are relevant to

retinal function, leading to a more pronounced defect and an earlier disease onset.

Collectively, DRAM2 mutations can be grouped into two major categories based on
the type of genetic impact — null and non-null mutations. Missense and in-frame variants
which are more benign and result in delayed phenotypic development compared to the more
severe loss-of-function mutations, which manifest by the third decade of life (El-Asrag et al.,
2015; Sergouniotis et al., 2015). An even more severe phenotype, however, is seen with
mutations which could lead to alternative splicing due to the potential toxic gain-of-function
or the expression of a dysfunctional DRAM2 protein (Abad-Morales et al., 2019). Considering
all the clinical reports to date as well as the RO and RPE phenotypes observed here, the
severity of DRAM2 deficiency should be assessed based on whether it affects both isoforms
of the protein. An interesting observation has been that a lot of the clinical cases, pertaining

to a more benign disease progression in the case of missense mutations, (with all missense
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variants except for one), appear to affect the ubiquitously expressed DRAM2a but not the
DRAM2c isoform (c.737T > C). The aforementioned variant has previously been designated as
a variant of uncertain significance (p. Leu246Pro), and as mentioned above, in a heterozygous
state leads to a significantly delayed disease onset. Notwithstanding, more severe
phenotypes correlate with frameshift and alternative splicing mutations, particularly such

that affect both isoforms (Krasovec et al., 2022) .

Even though, CORD21-P2 also contains a mutation that likely affects alternative
splicing (c.131G>A), this mutation is not present in the retinal-specific DRAM2c isoform. This
would suggest that the CORD21-P2 phenotype is milder and not comparable to the one
observed in patient Il (c.693 +2T>A) (Abad-Morales et al., 2019). This is consistent with what
is seen in the original El-Asrag paper, showing that CORD21-P2 exhibits significantly slower
disease progression to CORD21-P1 which lacks the DRAM2a isoform, but should be expected
to express isoform DRAM2c, even though our protein experimental approaches did not
succeed in detecting it by WB (~17kDa). Our study presents an interesting case, whereby
phenotype appears to arise due to dysfunctional DRAM2a isoform, since both c.140G>A
(CORD21-P1, homozygote) and c.131G>A (CORD21-P2, compound heterozygote) refer to
genetic sequence, not present in the retinal-specific DRAMZ2c isoform. Only the c.494G>A
mutation borne by the CORD21-P2 patient would be expected to affect the DRAM2c isoform.
Hence, DRAM2c- related phenotype would not be outcome for CORD21-P1 and -P2. Future
work ought to focus on the qPCR expression of the retinal-specific DRAMZ2c isoform in RO and

RPE and its relative contribution to disease.

To date, all information regarding this form of dystrophy comes from 19 unique
variants describing DRAM?2 disease as a recessive condition. Our data unanimously suggests
that DRAM2 retinopathy can arise as a recessive condition affecting both PRs and RPE due to
a deficiency in the ubiquitously expressed DRAM?2a isoform. The importance of this main
isoform is also further corroborated by the severe disease progression seen in the
homozygous c.3G > A/ patient (Krasovec et al., 2022). Deficiency in DRAM2a could have a
tissue-specific effect due to the essential function of DRAM2 in maintaining lysosomal and
autophagy function of PRs and RPE, as shown by the particular susceptibility of these cell

types in this PhD study. Ultimately, mutations affecting both isoforms may result in an even
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more severe phenotypic progression that could be particularly relevant for DRAM2c
expression in the RPE (Abad-Morales et al., 2019). Due to its apical expression in the RPE,
DRAM2 could be affecting apicobasal polarity and future work may focus on establishing
expression patterns with regards to Par, Scribble and Crb. As becomes obvious from this
study, CORD21-P1 and CORD21-P2 RPE display similar vesicular trafficking defects (NPC2 and
PPT1) and lysosomal deficiency to patient-derived ROs. Based on DRAM?2 literature data,
however, more severe RPE phenotype may be expected for patients that carry mutations in
the genetic sequence of both isoforms. The role of both isoforms in retinal tissue remains to
be further elucidated with regards to PRs and RPE. Detailed expression analyses of both
isoforms in retinal tissues and the examination of a further cohort of DRAM2 patients would

enable us to bridge the gap with clinical data in the future.

As major responders to cell stress and environmental cues, lysosomes are particularly
relevant to the maintenance of postmitotic neuronal tissue. Lysosomal vulnerability is
additionally compounded during the course of ageing as one of the main roles of
endolysosomes besides degradation pertains to the maintenance of synaptic function via the
dynein-facilitated neuronal transport of maturing endolysosomes. This can turn out to be
challenging in axons with particularly long neurites. It is hence not surprising that many
neurodegenerative conditions present with disturbances in lysosomal trafficking (Lie and
Nixon, 2019). Data acquired throughout this project suggests that DRAM2 deficiency leads to
the depletion of CTSD, NPC2, PPT1, MAN2B1 and GBA in the lysosomes of ROs and RPE due
to vesicular mistrafficking. As shown, the lysosomal downregulation of PPT1 and NPC2 might
be due to the secretion of these lysosomal enzymes to extracellular media in both patient cell
models. The lack of PPT1 is expected to lead to elevated lysosomal pH which in turn would
render CTSD unable to mature fully to be able to carry out its crucial function in bulk lysosomal
degradation (Bagh et al., 2017). The severely compromised CTSD function would inevitably
lead to the accumulation of lysosomal waste and the formation of GROD deposits, here
reported as curvilinear lipopigments (CLs). The CLs observed here, represent a mix of the
types of GROD features reported in CLN1 (PPT1) and CLN10 (CTSD) NCL deficiencies, which is
in line with our findings. The presence of a minimal amount of these enzymes in the lysosomes
of our patient ROs and RPE is consistent with the observed retinal phenotype. Notably,
complete loss of either of these proteins is strongly associated with cognitive decline but also
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poor survival prognosis (Williams and Mole, 2012; Schulz et al., 2013; Ribeiro et al., 2001; Park
et al., 2003; Vanier and Millat, 2003; Pentchev, 2004; Chang et al., 2005; Evans and Hendiksz,
2017, Santavuori et al., 1973, Weleber 1998; Weleber et al., 2004; Jalanko and Braulke, 2009).
As previously mentioned, some functional redundancy exists in the case of CTSD which can
be shuffled to the lysosome by both M6PRs and sortilin, and this appears to also be the case
for NPC2 and PPT1. The lack of CTSD in RO and RPE media is in line with the COG6 deficiency
identified in patient RPE samples (Blackburn and Lupashin, 2016). Interestingly, COG-
deficiency has been associated with the occurence of hybrid Golgi-endocytic compartments,
which in the absence of functional retrograde Golgi transport would accumulate and degrade
missorted glycosylation enzymes (D'Souza et al., 2019). Notably, hypoglycosylation changes
have also been observed on multiple accounts for protein targets subjected to WB in this

study (LIMP2, LAMP1 and LAMP2).

Collectively, the lysosome deficiencies appear to be affected by the overarching
clathrin-mediated mechanisms pertaining to the function of AP-1, AP-3 and AP-2 (requires
further validation of proteomics data) (Figure 50). The co-localisation of DRAM2 expression
with both AP-1 and AP-3 at the IS of WT ROs on IF corroborated WB and proteomics findings
in patient ROs and RPE. AP-1 and AP-3 clathrin adaptors regulate the bidirectional transport
of cargo and receptors (M6PRs, LIMP2 etc) from the TGN to endosomes (AP-1),
endolysosomal cargo delivery (AP-3) and secretion through the PM (AP-2). Furthermore, the
transport of the NPC2 and GBA via LIMP2 is known to be controlled by both AP-1 and AP-3
(Honing;Sandoval and von Figura, 1998; Fujita et al., 1999; Berger et al., 2007; Reczek et al.,
2007; Blanz et al., 2015; Zunke et al., 2016).

The deficiencies of NPC2 and GBA are in agreement with the accumulation of
sphingolipid species observed by lipidomics analysis -the upregulation of ceramide and GM3
ganglioside species. The depletion of phospholipids and the glycosylation changes seen in
patient samples are furthermore in line with a dysfunction in the GARP complex, however
further experimental work is required to confirm the potential deficiency of this complex.
Collectively, these would be consistent with the features of NPC disease and the transport
mechanisms which could affect the delivery of NPC2 such as M6PR, GARP and clathrin-

adaptor proteins. Another mechanism governed by LYSET, has recently been described,
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which enables GIcNAc-1-phosphotransferase retention at the Golgi (Pechincha et al., 2022;
Richards et al., 2022; Zhang et al., 2022). In LYSET KO cells, a broad depletion of TPP1, PPT1,
CTSD, NPC2, MAN2B1 enzymes and their extracellular secretion could provide a viable
explanation for the phenotypes observed here. Additionally the ER-Golgi defect and protein
PM secretion, pertaining to PPT1 deficiency provides an additional mechanism that may link

the absence of DRAM2 with the secretion of protein cargo through the PM (Figure 50).

Notably, the downregulation of AP-3, HOPS and ArI8 points towards a problem with
endo-lysosomal fusion or tethering of incoming AP-3 vesicles at the lysosome, which would
directly impact the delivery of lysosomal cargo and the maturation of melanosomes in the
RPE (Figure 50). Schematic outlined below shows the putative transport mechanisms which
could liase with DRAM2 to enable the delivery of lysosomal enzymes (Figure 50). NPC2
secretion has been described in the absence of LYSET and HOPS reiterating the potential
existence of cargo stalling at the TGN and at the lysosome. As revealed by proteomics analysis
the downregulation of multi-subunit complexes TRAPPIII, TRAPPII, COG and exocyst in patient
RPE likely affects intracellular dynamics at multiple stages of the protein secretory pathway
(Figure 50). Particularly interesting would be to examine the involvement of ER-Golgi traffic
(TRAPPIII) and intra-Golgi traffic (COG complex). This is because we have been able to confirm
co-localisation of DRAM2 with the cis-Golgi marker GM130 (chapter 4), but also due to the
multiple extra-lysosomal locations having been reported for PPT1, including the ER, Golgi, and
membrane rafts (Kollmann et al., 2013; Segal-Salto;Sapir and Reiner, 2016; Segal-Salto et al.,
2017; Sapir et al., 2019). Co-localisation of DRAM2 and PPT1 would also be logical provided
that PPT1 is transported in DRAM2* vesicles. An involvement of DRAM?2 in the regulation of
TRAPPIII and COG traffic would hence explain a malfunction in anterograde and retrograde
ER-Golgi traffic. In addition, TRAPPIII has also been shown to be important for the activation
of conventional autophagy which may provide further clues to the accumulation of CLs, LBs,

LCOs and aberrant mitochondria in patient RO and RPE samples.

Here, for the first time we describe RO and RPE phenotypes associated with DRAM?2
retinal dystrophy. We have confirmed the expression of DRAM2 in the IS of WT and isogenic

controls, as well as the expression of DRAM2 in the cis-Golgi, mitochondria and AP-1 and -3
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coated vesicles. Further work on this project will be aimed at clarifying the exact mechanisms

by which DRAM2 is able to facilitate the transport of lysosomal cargo.

217



CYTOSOL

8 l ?
\

?

eeeeeeee

218



Figure 50. Hypothetical roles of DRAM2 in vesicular-mediated transport. lllustration depicts
putative scenarios in which DRAM2 protein could affect cellular trafficking. Depletion of TRAPPIII
subunits as a result of DRAM2 deficiency could directly or indirectly compromise bidirectional
membrane transport from ER-to-Golgi via downregulation of Rab1 activity. Reduced activity of Rab1
could also abrogate the activation of the conventional autophagy pathway, resulting in inefficient
autophagic clearance. Analogously, downregulation of TRAPPIl could affect Rabl1l-dependent
Golgi-to-PM transport via the recycling endosome. Depletion of COG6 components could account
for a dysfunction in intra-Golgi and Golgi-to-ER retrograde traffic, leading to Golgi structural defects
and the mistrafficking of glycosylation enzymes. In the absence of a functional COG complex, these
could get degraded in hybrid Golgi-endolysosomal structures. DRAM2 could also orchestrate
retrograde transport from the late endosome to the TGN by recruiting the GARP complex.
Analogously, DRAM2 could be important for the bidirectional delivery of cargo between the
endosome and the TGN mediated by AP-1. Depletion of HOPS could crucially underlie a major
lysosomal bottleneck i.e., endosome-to-lysosome maturation as well as the tethering of AP-3
vesicles to HOPS* lysosomes, thereby downregulating lysosomal targeting with a major impact on
the lysosomal enzyme abundance. Protein downregulation and upregulation is marked by green
and red arrows, respectively. Ultimately, DRAM2 deficiency leads to the lysosomal deficiency of
CTSD, PPT1 and NPC2 and the extracellular secretion of the latter enzymes.
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Appendix A

Appendices

Table 24. Cas9 gRNA synthesis primers

ID | Gene | Mutation | Target F1 primer sequence Target R1 primer sequence
target
1 DRAM | c.140delG | TAATACGACTCACTATAGTGGGGCAATGC | TTCTAGCTCTAAAACCAATATTTAGCAT
2 TAAAT TGCCCC
2 DRAM | c.131G>A | TAATACGACTCACTATAGACTTGATATAA | TTCTAGCTCTAAAACGGCTTTACCTTAT
2 GGTAA ATCAAG

Table 25. Cas9 target gRNA details

Cut Strand | Mutation | gRNA sequence PAM | Efficiency Specificity
Position target (on-target) | (off-target)
score score
111126242 | - c.140delG | TGGGGCAATGCTAAATATTG | CGG | 57.4 49.0
111131439 | + c.131G>A | ACTTGATATAAGGTAAAGCC | GGG | 61.7 74.7

Table 26. ssODN sequence

Strand | Mutation | ssODN sequence
target

+ c.140delG | AGAAGAAATATATGTGTTTATCTAGTATGAGAAATCCACATACCTTCCT
TTTTTTCTTTCAGTGACCTGGTACAGTAGCTCCAGAAAAATGCTTATTTG
GGGCAATGCTAAATATTGCAGCCGTTTTATGTAAGTAATGA

- €.131G>A | TGGACATCTGCTGCTTTCATATTTTCATACATTACTGCAGTAACACTCCA
CCATATAGATCCAGCTTTACCTTATATCAGGTAAGTGAAATGTATTCTTT
G
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Appendix B

Fig.1S -Supplementary off-target sequencing blastn data
C.140delG off-targets:

1)

Homo sapiens DNA damage regulated autophagy modulator 2 (DRAM2), transcript variant 1, mRNA.
Sequence ID: NM_001349881.2 Length: 2143 Number of Matches: 1

Range 1: 473 to 545 GenBank Graphics

Score Expect Identities Gaps Strand
132 bits(146) 5e-29 73/73(100%) 0/73{0%) Plus/Plus

it intmmhithnomitmches
Sbjct 473 TCAGTGACACTGGTACAGTAGCTCCAGAAAAATGCTTATTTGGGGCAATGCTAAATATTG 532
Query 91  CGGCAGTTTTATG 1@3

Sbjct 533 CGGCAGTTTTATG 545
2)

Homo sapiens chromosome 4, GRCh38.p14 Primary Assembly
Sequence ID: NC_000004.12 Length: 190214555 MNumber of Matches: 1

Range 1: 98112899 to 98112949 GenBank Graphics

Score Expect Identities Gaps Strand
93.3 bits(102) 8e-18 51/51{100%) 0/51{0%) Plus/Plus

Features: sperm-tail pg-rich repeat-containing protein 2 isoform x3
sperm-tail pg-rich repeat-containing_protein 2 isoform x2

Query 1 ALLAGAGTGGCAATGCTAAATACTGGGGATTTTCTGTCAACTGGGTTTGCG 51

Sbjct 98112399 AAAAGAGTGGCAATGCTAAATACTGGGGATTTTCTGTCAACTGGGTTTGCG 98112949

3)
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222

Homo sapiens chromosome 21, GRCh38.p14 Primary Assembly
Sequence ID: NC_000021.9 Length: 46709983 Number of Matches: 1

Range 1: 14242048 to 14242161 GenBank Graphics

Score Expect Identities Gaps Strand
196 bits(216) 3e-48 110/114(96%) 0/114(0%) Plus/Plus
Features: 14755 pp at 5' side; splicing_regulator rom11 isoform x3
131456 bp at 3' side: heat shock 70 kda protein 13 precursor
e tniinyininttitindinmatiammniie
Sbjct 14242048 ATAGACTTGGCAATGCTAAATACTGGGTTCTGTAATAACAGCCCTCACAACTAGGAGTTG 14242187
e natiniinhitanhmmint .
Sbjct 14242188 GCTTTTGACTAAATTGGCTGGTCAGTGCTATGAGATTCATGAGCGTCCTATTAG 14242161



4)
Homo sapiens chromosome 17, GRCh38.p14 Primary Assembly
Sequence ID: NC_000017.11 Length: 83257441 Number of Matches: 1

Range 1: 10978959 to 10979083 GenBank Graphics

Score Expect Identities Gaps Strand
221 bits(244) Se-56 123/125(98%) 0/125{0%) Plus/Plus

Features: {53314 bp at 5' side: phosphoinositide-interacting_protein
262340 bp at 3' side: protein shisa-6 isoform 1 precursor

Query 1 AAATAATGTAGGGAAATGCWAGATATTGGGGTTCAGAAGTCTGCCTAATCTGAATCAAAT 68
O 1 i T T
Query 61 CCTTAGGCACCACAATTGTTTGAAGGACTCCATAGTGCTGCGCAGCMAGAGAGCAGCAAT 128
oug—i
Query 121 ACAAA 125

L[]
Sbjct 10979079 ACAAA 10979083

5)
Homo sapiens chromosome 9, GRCh38.p14 Primary Assembly
Sequence ID: NC_000009.12 Length: 138394717 Number of Matches: 1

Range 1: 109805515 to 109805651 GenBank Graphics

Score Expect Identities Gaps Strand
248 bits(274) 7e-64 137/137(100%) 0/137(0%) Plus/Minus

Features: paralemmin-2 isoform 2 (palm2)
palm2-akap2 protein isoform x8

Query 1 ACTGGGGCAGCTCTAAATATTGAGGAATTTTTTCCTTATCTTGCATTGACAGCTGCCTCC 68

Shjct 199885651 ACTGGGGCAGCTCTAAATATTGAGGAATTTTTTCCTTATCTTGCATTGACAGCTGCCTCC 189885592

s oyttt it
Sbjct 189885591 GAAACTGATAGCCACAGGTTTTGRACTTGATCCTACTTTTATAACTAGTTGTACATTT 189885532
Query 121 GTGTTTCCAGTGCCAAA 137

Shjct 109885531 GTGTTTCCAGTGCCAAA 189885515
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6)
Homo sapiens forty-two-three domain containing 1 (FYTTD1), transcript variant 2, mRNA.
Sequence ID: NM_001011537.3 Length: 6824 Number of Matches: 1

Range 1: 4003 to 4160 GenBank Graphics

Score Expect Identities Gaps Strand
272 bits(301) 8e-71 153/158(97%) 0/158(0%) Plus/Plus
Query 1 AGTGACACTCTGTCTTaaaaaaacaaaaaaaaaGAATCMAGTATACTTTGCAATGCARAA 68

LEELECETECEEREEE e e e e e e et e e e Cepe e e rrer 1
Sbjct 4803 AGTGACACTCTGTCTTAAAAAAACAAAAAAAAAGAATCCAGTATACTTTGCAATGCAGAA 4062

et httynntHinnnyimitimnmid i
Sbjct 4863 TATTGGGTTAGATGAGCCTTTAGAGACTAATCCAGTTTAACCCCTCCTTTTTACACCTTA 4122

Query 121  GTAAAGTGAGTCCWAGTGTTTTCAAGACTTGCATGTGG 158

LEEERLETCTEE FEREE e ety e
Sbjct 4123 GTAAAGTGAGTCCTAGTGTTTTCAAGACTTGCATGTGG 4160

7)
Homo sapiens chromosome 6, GRCh38.p14 Primary Assembly
Sequence ID: NC_000006.12 Length: 170805979 Number of Matches: 1

Range 1: 20328749 to 20328943 GenBank Graphics

Score Expect Identities Gaps Strand
338 bits(374) 8e-91 192/196(98%) 1/196(0%) Plus/Minus

Features: {15515 bp at 5 side: lysophospholipid acyltransferase 1 isoform x2
72612 bp at 3' side: uncharacterized protein loc124901482

Query 1 ACTCCTCCTTCAGAGTTGAGGAGGGTGTAGAAACACCMAGGTAGTTTTGTGGCAATGCAG 6@

Sbjct 208328943 ACTCCTCCTTCAGAGTTGAGGAGGGTGTAGAA-CACCCAGGTAGTTTTGTGGCAATGCAG 28328885

Query 61 AATATTGGGGTAGATTCCTGCTTCTTTGGACATTATTTGGGGGTAATTCATCACATCACC 128

Sbjct 28328884 AATATTGGGGTAGATTCCTGCTTCTTTGGACATTATTTGGGGGTAATTCATCACATCACC 28328825
Query 121 ACATCMAATATGACACAAGAACAGTAGAATAGCATTGGCAGAGGACAAATCHAAATATAG 188
o i -
Query 181 GGGTGTGAGACAGTGC 196

Sbijct 208328764 GGGTGTGAGACAGTGC 28328749

8)
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Homo sapiens forty-two-three domain containing 1 (FYTTD1), transcript variant 2, mRNA.
Sequence ID: NM_001011537.3 Length: 6824 MNumber of Matches: 1

Range 1: 39932 to 4158 GenBank Graphics

Score Expect Identities Gaps Strand
287 bits(317) 4e-75 161/166(97%) 0/166(0%) Plus/Plus
Query 1 TGGGTGACAGAGTGACACTCTGTCTTaaaaaaacaaaaaaaaaGAATCMAGTATACTTTG 6@

Sbjct 3993 TGGGTGACAGAGTGACACTCTGTCTTAAAAAAACAAAAAMAMAGAATCCAGTATACTTTG 4@52
Query 61 CAATGCARAATATTGGGT TAGATGAGCCTTTAGAGACWAATCMAGTTTAACCCCTCCTTT 128
oyttt iy i e
Query 121 TTACACCTTAGTAAAGTGAGTCCWAGTGTTTTCAAGACTTGCATGT 166

Sbjct 4113 TTACACCTTAGTAAAGTGAGTCCTAGTGTTTTCAAGACTTGCATGT 4158
9)

Homo sapiens chromosome 11, GRCh38.p14 Primary Assembly
Sequence ID: NC_000011.10 Length: 135086622 Number of Matches: 1

Range 1: 134742377 to 134742542 GenBank Graphics

Score Expect Identities Gaps Strand
281 bits(311) 2e-73 159/166(96%) 0/166(0%) Plus/Plus

Features: 354718 bp at 5' side: galactosylgalactosylxylosylprotein 3-befa-glucuronosylira...

Query 2 ACTCTCTGAGCTCATCACCACCATCGTCATCCTCTCCGGCAATGCWAAATATGGAGGCTC &1

Sbjct 134742377 ACTCTCTGAGCTCATCACCACCATCGTCATCCTCTCCGGCAATGCTAAATATGGAGGCTC 134742436

Query 62 CHAGTGCMAGGAGTGAAGCWTGCTGAGATCTGGTGTCAGAAAGAAACCACWAACATCCWT 121

[ CEEEE REEREE ey LR E L E e Eee L LT |
Sbjct 134742437 CTAGTGCCAGGAGTGAAGCTTGCTGAGATCTGGTGTCAGAAAGAAACCACTAACATCCTT 134742496

Query 122 GAAGCTCTARACGCGTGCCTCCWAGGCTCACAGCCTTACCACATGC 167

Sbjct 134742497 GAAGCTCTAAACGCGTGCCTCCTAGGCTCACAGCCTTACCACATGC 134742542

10)

Homo sapiens chromosome 3, GRCh38.p14 Primary Assembly
Sequence ID: NC_000003.12 Length: 198295559 Number of Matches: 1

Range 1: 47891727 to 47891787 GenBank Graphics

Score Expect Identities Gaps Strand
111 bits(122) 4e-23 61/61(100%) 0/61(0%) Plus/Plus

Features: microtubule-associated protein 4 isoform 56
microtubule-associated protein 4 isoform 4

e 2 ninimmhttinimitimmnniimtonnks

| |
Sbjct 47891727 AGTGATTGGCGGAATGGTGGTGGGTGAATGCTCAATAATGGGGGCTGGGTGGGCTAGAGA 47891786
Query 62 C 62

|
Sbjct 47891787 C 47891787

C.131G>A off-targets:

1)
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Homo sapiens DNA damage regulated autophagy modulator 2 (DRAM2), transcript variant 1, mRNA.
Sequence ID: NM_001349881.2 Length: 2143 Number of Matches: 1

Range 1: 405 to 476 GenBank Graphics

Score Expect Identities Gaps Strand
122 bits(66) 3e-26 69/72(96%) 0/72(0%) Plus/Minus

e tinhivntynsnsitiibahestihntvi i
Shjct 476 CTGATATAAGGTAAAGCCGGGTCTATATGGTGGAGTGTTACTGCAGTAATGTATGARRAT

Query 188 ATGAAAGCAGCA 119

Sbjct 416 ATGAAAGCAGCA 485
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2)

Homo sapiens chromosome 1, GRCh38.p14 Primary Assembly
Sequence ID: NC_000001.11 Length: 248956422 Number of Matches: 2

Range 1: 184362097 to 184362564 GenBank Graphics ¥ Mext Match
Score Expect Identities Gaps Strand
842 bits(933) 0.0 467/468(99%) 0/468({0%) Plus/Minus

Features: 9ggo34 bp at 5' side: trna-splicing endonuclease subunit sen15 isoform 2
114946 bp at 3' side’ uncharacterized protein c1orf21

Query 1 ATTGTCGTGGAATTCCTTCAAGAAATTATCAAAACAAGAAGATTCTCAAGTATTGCATAC

|II||I|II||II|I||II|| ||II||I|II||II|I||II||||II||I|II||IIII|
Sbjct 184362564 ATTGTCGTGGAATTCC AGATTCTCAAGTATTGCATAC
Query 61 CTTGGCAATATTATTAGCACTAAATCTTTCTTTGCAGATACAAAAACTATCTCTCAGATT

Sbjct 184362584 CTTGGCAATATTATTAGCACTAAATCTTTCTTTGCAGATACAAAAACTATCTCTCAGATT

Query 121 TATACCAGTGGTTTTCAGCTATGGCTGCCCATTGAATCACCTGCAGGACTTTAAACAAAG

Sbjct 184362444 TATACCAGTGGTTTTCAGCTATGGCTGCCCATTGAATCACCTGCAGGACTTTAAACAAA

Query 181 GATGCCTAGTCCCGCCCCCAGAKTTTCTGATTTGATATAGGGTAAAGCCTGGGTATTGAA
NURRRRRRRNNNNNINNNANN II||I|II||II|I||II||||II||I|II||IIII|

Sbjct 184362384 GATGCCTAGTCCCGCCCCCAGAGTTTCTGATTTGATATAGGGTAALGCCTGGGTATTG
Query 241 TGTTTTﬂAAGGTGATTTTAATATGCﬁACCGCTGTTGAATTcct%catca%aatc

acc
[]]
Sbhjct 184362324 ATGTTTTAAAGGTGATTTTAATATGCAACCGCTGTTGAATGCCTGCATCAGAATCACC

Ccttgapaatttctgattcagtaggtt
nmninni
CTTGAGAATTTCTGATTCAGTAGGTT

ca
[
cA

SO () Tl

i
Sbjct 184362264 GAAGGCTTATTACTATACGGATTACTGGGCCCAA

Query 361 cccgagaatttgeat caa ttgatgctgct
iisisiinini T" LI T T

Sbjct 184362204 GGGATGGGGCCCGAG&ATTTG ATC ALCAAAT ﬂGﬁCGTTGATGCTGC

Query 421 tta actacacttt accactgATCTACAGCGGGGTTCAG 4638
innanniham |? nnnin

Sbjct 184362144 GGTTAGGGGACTACACTTTGAGAACCACTGATCTACAGCGGGGTTCAG 184362097
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60
184362505
128
184362445
188
184362385
248
184362325
3ee
184362265
368
184362205
426
184362145



3)

Homo sapiens chromosome 20, GRCh38.p14 Primary Assembly
Sequence ID: NC_000020.11 Length: 64444167 Number of Matches: 1

Range 1: 4406918 to 4407324 GenBank Graphics

Score

732 bits(811)

Expect Identities Gaps Strand
0.0 406/407(99%) 0/407(0%) Plus/Minus

Features:

Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Sbict
Query
Sbijct

228

291897 bp at 3' side: major prion protein preproprotein prp precursor

1

4487324

61

4487264

121

4487204

181

4487144

241

4487884

se1

4487824

36l
4426964

kil

il
CTGTGGTTC

ccaccctgtcttaaca atcacct cttttaagtatcccCT
inhiim ﬁ? LT T
CCACCCTGTCTTAACATGGGAATCACCTGG GCTTTTAAGTATCCCCT
AAGTGACTCCTTTcaarcaaacaaacaaaaacaa’ac TGATACCTACATTTTATCTTCCC
[CCECTELECECEEre CEee e e e e e e e et e
AAGTGACTCCTTTCAAACAAACALACAAAAACAAAMACTGATACCTACATTTTATCTTCCC

ATTCCTGGAATTCTTGATTTAATTGGTATAAGGTAAAGTCTGGACATCAAATCCAGTGGT

I||IIIIII|II|II|I||I||I||I|IIII|II|I||I||I||I|II|IIII|II|I|
TCCTGGAATTCTTGATTTAATTGGTATAAGGTAAAGTCTGGACATCAAATCCAGTGGT

GTCTTCCAACCAGCCTTGTGGCCAGGTCTGACATTTACAGCCATATTGGCCACATGCTGC

CELLEEEEEEEEEE R e e e e e e e e e e ner
GTCTTCCAACCAGCCTTGTGGCCAGGTCTGACATT TACAGCCATATTGGCCACATGCTGC

ACAATTCCAGAAGGCTTCATTCACATAATCTATATTGGAAATAGT TTGTTCTAAATTTGT

I||IIIIII|II|II|I||I||I||I|IIII|II|I||I||I||I|II|IIII|II|I|
AATTCCAGAAGGCTTCATTCACATAATCTATATTGGAAATAGTTTGTTCTAAATTT

GCTGTACACAACCTTCAAAACTGTATACGGTTGGCTGATCTATCCAGCCTTATTCTGTTT

I||IIIIII|II|II|I||I||I||I|IIII|II|I||I||I||I|II|IIII|II|I|
TGTACACAACCTTCAAAACTGTATACGGTTGGCTGATCTATCCAGCCTTATTCTGTTT

GCAAAATTCCTTTTTAGCTTTCTCAACACCACTCTCTCCCTCTTCCC 487

I||IIIIII|II|II|I||I||I||I|IIII|II|I||I||I||I|
AAAATTCCTTTTTAGCTTTCTCAACACCACTCTCTCCCTCTTCCC 4486918

68

4487265

128

4487205

188

4467145

248

448785

e

4467825

368
4406965



4)

Homo sapiens chromosome 8, GRCh38.p14 Primary Assembly
Sequence ID: NC_000008.11 Length: 145138636 Number of Matches: 1

Range 1: 110241705 to 110242033 GenBank Graphics

Score

578 bits(640)

Expect Identities Gaps Strand
9e-163 323/329(98%) 0/329(0%) Plus/Minus

Features:

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct

Query
Sbict

229

267317 bp at 5' side: potassium voltage-gated channel subfamily v member 1

1982738 bp at 3' side: cub and sushi domain-containing_protein 3 isoform x6

1
112242833
Bl
118241973
121
112241913
1581
112241853
241
112241793
381
112241733

CCTTAACTTCTGAT TTGGAGC TAWTGCTTTGATTCAGCCTAGATATAAKGTAAAGCCAGG

||I|III|I||I|III|I||I|I I RNARRNARNYRN AN I||I|III|I|
CTTAACTTCTGATTTGGAGCTAATGCT TTGATTCAGCCTAGATATAATGTAAAGCCAG

AGTAATAAGAATCAKGGTAGCCATTGTTAACGTATCTTATGCTTTAAGGAAGCCAACTTT

||I|III|I||I|I I|I||I|I|I||I|III|I||I|III||||I|I|I||I|III|I|
GTAATAAGAATCATGGTAGCCATTGTTAACGTATCTTATGCTTTAAGGAAGCCAACT

CTATAATTAGACTCATATAATTAAATCAGACCAATAATAGGTCARACTTGAKTTATGTTT

LEELEEREEEEELEECE R EE L CEEE E L EL L FEEETET
CTATAATTAGACTCATATAAT TAAATCAGACCAATAATAGGTCAAACTTGAGTTATGTTT

AAAACAATGATATTTATTGTGTTTGACT TAAAAATATTATARGGATTTGACaaaaaaalT

CELLLELLET DL LT TRE R e L er et n |||I|I|I||I|III|I|
AAAACAATGATATTTATTGTGTTTGACT TAAAAATAT TATAAGGATTTGACAAAAAAACT

TTAATAATCATTATATATTAGTGGTGCCATTATTAARGGTTAAGTGCAAAACTACACTGG

LEELLERLEEEEE LR PR n e CEL e e
TTAATAATCATTATATATTAGTGGTGCCAT TATTAAAGGTTAAGTGCAAAACTACACTGG

ARATTGACTTGTGAGAAGATTGTATGLTG 329

LEELLEREERTETEEEEET T Lrr |
AAATTGACTTGTGAGAAGATTGTATGCTG 110241785

6@
119241974
128
118241914
18@
119241854
248
118241794
3ea
118241734



5)

Homo sapiens chromosome 7, GRCh38.p14 Primary Assembly
Sequence ID: NC_000007.14 Length: 159345973 Number of Matches: 1

Range 1: 137550936 to 137551276 GenBank Graphics

Score

613 bits(679)

Expect Identities Gaps Strand
5e-173 340/341(99%) 0/341(0%) Plus/Plus

Features:

Query
Sbjct
Query
Sbjct
Query
Sbict
Query
Sbict
Query
Sbjct

Query
Sbjct

6)

230

diacylglycerol kinase iota isoform x3

diacylglycerol kinase iota isoform 4

1
137550936
61
137550996
121
137551856
181
137551116
241
137551176
381
137551236

GATGAACCATATACAACCACTGGCATGCCACATTTTTTAACATATAACCTCAGCAATTGT

CELCVEEREL LR e e e et Lee et e e e e e e e
GATGAACCATATACAACCACTGGCATGCCACATTTTTTAACATATAACCTCAGCAATTGT

GTATTTAACCTGATAGAAGGT AAAGGCAGGGAGGGCAGCAGGCACGLAGGACAGGAGGAA

LECDEERERLECr et e e e e e e e L e e e
GTATTTAACCTGATAGAAGGTAAAGGCAGGGAGGGCAGCAGGCACGGAGGACAGGAGGAA

TGAGCGAGGAGTTTCACTAAATGCAAAATGTAAACAAAGAAAGACATGTAACTAAARAAC

I|I||IIII||I|III|I||I|I| |||I|II||I||II|I||||I|I||I|III|I||II
TGAGCGAGGAGTTTCACTA CATGTAACTAAAA

ACCTCTGGAAAATGATCTAGGAAAAATTCKGGGGGAAGTCCAGATTCTGGGAGAGAAGGA

I|I||IIII||I|III|I||I|I| L] I||I||II|I||||I|I||I|III|I||II
CTCTGGAAAATGATCTAGGAAAAATTCTGGEGGAAGTCCAGATTCTGGGAGAGAAGG

AGGAGAGGACAGACAGGATTTTTTACCCCAGCTTCAAACTGAGACCCAGATGCCAAAAGC

CELEEELRELECEEErE L e e e e e e e
AGGAGAGGACAGACAGEATTTTTTACCCCAGCTTCAAACTGAGACCCAGATGCCAAAAGC

TGGAACACTCTGAGAGCACTGTCTAATCCTGTTCCTCAACC 341

CELOLEEELEEEERC e Ee e e e
TGGAACACTCTGAGAGCACTGTCTAATCCTGTTCCTCAACC 137551276

60
137558995
129
137551855
188
137551115
240
137551175
300
137551235



Homo sapiens chromosome 5, GRCh38.p14 Primary Assembly
Sequence ID: NC_000005.10 Length: 181538259 Number of Matches: 1

Range 1: 74308427 to 74308774 GenBank Graphics

Score

623 bits(650)

Expect Identities Gaps Strand
3e-176 346/348(99%) 0/348(0%) Plus/Minus

Features:

Query
Sbict
Query
Sbjct
Query
Shjct
Query
Sbjct
Query
Sbjct
Query
Shjct

7)

367414 bp at &' side: rho guanine nucleotide exchange factor 28 isoform 3

325942 bp at 3' side: ectoderm-neural cortex protein 1 isoform 1

1
74388774
a1
74388714
121
74388654
181
74388594
241
74388534
el
74388474

ACTTATTTTTCAACCTGTGTTAGAT TGATGTTAGTATGTTGGACCAAGTGAACATTTATT

ACTTATTTTTCAACCTGTGTTAGAT TGATGTTAGTATGTTGRACCAAGTGAACATTTATT

TTCAGTGTGGTTGLGTAAAGTAGGT TGGGTGTGAGCTGGAGGAAGAAGAGAGCTGGTTGE

CLLELEEEEECECET e e e et ee et e e ey
TTCAGTGTGGTTGGETAAAGTAGGT TGEGTGTGAGC TGGAGGAAGAAGAGAGC TGGTTGE

CAACAGACCACAGATCACTAGTCATAAGGTAAAGCCTGGATCTGTATGAGGATAATTGCT
CLLELEEEEEEREEEEECEEE e e L e L E EEE L L e Lrnt

CAACAGACCACAGATCACTAGTCATAAGGTAAAGCCTGGATCTGTATGAGGATAATTGLT
AGTTGACTGTATTTCACAATTTGCGGATATCTAGCTTCTTACAAATAGGTCAATGAACAT

AGTTGACTGTATTTCACAATTTGCGGATATCTAGCTTCTTACAAATAGGTCAATGAACAT

ATCACATTCWTTTATTTTCAARACACTTGAATATTTAAAWTAATACTAGATGAAAATAAC

CLEELLELE ELEEEC et e et e e e et L et
ATCACATTCATTTATTTTCAAAACACTTGAATATTTAAATTAATACTAGATGAAAATAAC

AGTGAGTAATCAAGCCCACATTTTTAARAACAATTTTATTGAGTAAGA 3248

CLLELLELLEERLELECE T LELEE e e LTI
AGTGAGTAATCAAGCCCACATTTTTAAMAACAATTTTATTGAGTAAGA 74308427

Homo sapiens chromosome 2, GRCh38.p14 Primary Assembly
Sequence ID: NC_000002.12 Length: 242193529 Number of Matches: 1

Range 1: 12850425 to 12850721 GenBank Graphics

68
74308715
12@
74388655
1@
74308595
248
74388535
e
74388475

Score

536 bits(594)

Expect Identities Gaps Strand
3e-150 297/297(100%) 0/297({0%) Plus/Minus

Features:

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct

231

109631 bp at &' side: tribbles homolog 2

1783259 bp at 3' side; protein Iratd1

1

12850721

61

12858661

121

128506081

151

12850541

241
12850451

TAAAGCCAGGATTGAAATCAAGTCTGAGACCACAGTCCATGCTGCTAACTCTTGTATTAC

CULERDEELCCERC L EER e EEE L LT
TAAAGCCAGGATTGAAATCAAGTCTGAGACCACAGTCCATGCTGCTAACTCTTGTATTAC

ACACAGATATATGCAGTAAAAAGGATAAGGCATTTAATCAGAAT GRGGAGAGAATAAAGC

ACACAGATATATGCAGTA GGCATTTAATCAGAAT GGGGAGAGAATAAN

ATAGAAAAGAATGGCATCCCTGAGAGTCACAATGAGAAAATAAGCAAACATAGGTTTAGC
IIII||IIII||IIII||IIII |||IIII||IIIIIII||IIII||| LLLDLELLEETL

AAAAGAATGGCATCCCTGAGAGTCAC AAMCATAGGTTTAGC

TTTGATAATAAGTAATAAGTGGATGTGGCAGGAACTTAGGGTGTTTGGGATGTTTTGGAT
|||||||||||||||||||||| CLELERLEECEE LT LT e L er

TTTGATAATAAGTAATAAGTGGATGTGGCAGGAACTTAGGGTGTTTGGEATGTTTTGGAT

Be
12850662
12@
12850682
13@
12850542
240
12850482

GTTACATAGGTGTTGTTAGGAAAATTGTCCTTARAACAGTTGGATTCATGTCACARA 297

GTTACATAGGTGTTGTTAGGAARATT TTARAACAGTTGGATTCATGTCACARA 12850425



8)

Homo sapiens chromosome 3, GRCh38.p14 Primary Assembly
Sequence ID: NC_000003.12 Length: 198295559 Number of Matches: 1

Range 1: 139919545 to 139919691 GenBank Graphics
Score Expect Identities Gaps Strand
266 bits(294) 3e-69 147/147(100%) 0/147(0%) Plus/Plus

Features: 291521 bp at &' side: nicotinamide/nicotinic acid mononucleotide adenylyltranst...

12684 bp at 3' side: calsyntenin-2 precursor

Query 1

ATCTGTATCCAATACCTCTTTATCCATATATAGGTACATTTCTTCATACTTCATTCTAG

ﬂTCTGTﬂTCCﬂﬂTﬂCCTCTTTﬁTCCatatataf?tacatttcttcatacttcattcta?|
139919545 T

Sbijct

Query 51 cccctT%ccta? ?tta%tctct% aca taTcattctatcttaattactataTcttt

Sbjct 139919685 CCCCTGGCCTAGTTGTTQGTCTCTGﬂACAA&TAGCATTCTﬁTCTTﬂATTACTATAGCTTT

Query 121 ataataa%tttt?atataa%ftaaAGC 147

Sbjct 139919665 ATAATAAGTTTTGATATAAGGTAAAGC 139919691

232

6e
139919604
128

139919664



9)

Homo sapiens chromosome 1, GRCh38.p14 Primary Assembly
Sequence ID: NC_000001.11 Length: 248956422 Number of Matches: 2

Range 1: 15332027 to 153323322 GenBank Graphics ¥ Next Match
Score Expect Identities Gaps Strand
553 bits(612) 3e-155 306/306(100%) 0/306(0%) Plus/Plus

Features:

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct

Query
Sbjct

233

forkhead-associated domain-containing protein 1 isoform x2

forkhead-associated domain-containing_protein 1 isoform x7

1
15332027
a1
15332087
121
15332147
181
15332267
241
15332267
3e1
15332327

GAATAAGAATAGAGAAGTGATTTTCAACCCTGGCACTTCAACATCTGCAGCAGGATGETT

CLLEELEREEE LT EE R e e L e e e e e e erer gl
GAATAAGAATAGAGAAGTGATTTTCAACCCTGGCACTTCAACATCTGCAGCAGGATGCTT

CCAAAGTATCCAGAAGGTGGGGTAACATTCTTAAAAAGCAAAAGCAAAACCAACATTAAT

|III||I||I||II|IIII|II||||||I||II|IIII|II||||||I||II|IIII|H
CCAAAGTATCCAGAAGGTGGEGTAACA ARAACCAACAT

TTTTATGTAGGAACCTTCCCCTCATCATATAGCAGAGAGCGTTACTGTTCTTGCAATCAA

|III||I||I||II|IIII|II||||||I||II|IIII|II||||||I||II|IIII|H
TTTATGTAGGAACCTTCCCCTCATCATATAGCAGAGAGCGTTACTGTTCTTGCAATCAA

GGCAGAGTCGTGAGCTTACTTGAAATAAGGTAAMACATGGAGCAGAGTTCTCGTTGTTCT

CLEEDUERRELEEEL L e et L e e e e e e e e e e e e Ll
GGCAGAGTCGTGAGCTTACTTGAAATAAGGTAAAACATGGAGCAGAGTTCTCGTTGTTCT

TCAAGACTGGAACTAAAACAAAGACCATGATCTCCATCCTGGCAATAATAGAGCCAAGCT

CEEEDUEREEEEEEEEE e e L e e ee e e e e erren
TCAAGACTGGAACTAAAACAAAGACCATGATCTCCATCCTGGCAATAATAGAGCCAAGCT

ACGTGT 386

LT
ACGTGT 15332332

6e
15332886
12@
153321486
1a@
15332206
24
15332266
see
15332326



Appendix C

Table 27. List of the commonly changed protein in patient CORD21 ROs

Protein IDs

Protein names

Gene names

FCP1/P1C

FC P2/P2C

Log P1/P1C

Log P2/P2C

AOA087X0S5;P12
109

Collagen alpha-1(VI) chain

COL6A1

0.324177572

2.52020984

-1.62514381

1.333543863

AOA140G945;P02
489;A0A096LPJ9;
E7EWH7

Alpha-crystallin A
chain;Alpha-crystallin A(1-
172);Alpha-crystallin A(1-
168);Alpha-crystallin A(1-
162)

CRYAA

0.041011255

7.85971049

-4.60783631

2.974476173

F8W787;A0A1BO
GW44;A0A1BOGV
D5;A0A1BOGWES;
P07339;A0A1B0OG
VP3;A0A1BOGV23
;C9JH19;A0A1BOG
U92;A0A1BOGUO
3;H7C469;F8WD9
6;A0A1BOGVF1

Cathepsin D;Cathepsin D
light chain;Cathepsin D
heavy chain

CTSD

0.732653648

0.49809321

-0.44879675

-1.00551236

AOA1X7SBR3;P14
136;A0A1W2PR4
6;A0A1X7SCE1;K7
EKH9;A0OA1W2PR
T3;K7EJUL;K7ELP
4;B4DIR1;K7EJK1;
K7EKD1;A0A1W2
PS58;A0A1W2PP
A3;K7EPT8;K7EPI
4

Glial fibrillary acidic
protein

GFAP

0.013106606

2.75737723

-6.25356203

1.463296652

AOA2C9OF2P4;A0A
286YFF7;P50897;
Q5T0S4;A0A286Y
FE3;A0A286YFLS;
AOA286YFL6;E9PS
E5;EQPKA48;E9PIA
8

Palmitoyl-protein
thioesterase 1

PPT1

0.326231736

0.2476723

-1.61603096

-2.01349558

AOA2R8Y891;P08
237;F8VZIO;F8VP
00;F8VX13;F8VZQ
1;F8VSF7;F8VTQ3
;F8VW30;F8VUBS8
;F8VYKS8;F8VVE3;
HOYHB8

ATP-dependent 6-
phosphofructokinase,
muscle type

PFKM

1.249801334

0.75148439

0.321698785

-0.41218495

AOA2R8YGD1;A0A
2R8YD45;014773
;AOA2R8Y7U1;A0
A2R8YDY1;A0A2R
8Y714

Tripeptidyl-peptidase 1

TPP1

0.570133416

0.30586245

-0.81062853

-1.70904511

AOA712V634;A0A
712VAA4;A0A712Y
QS6;A0A712V612;
AOA712V373;A0A
712V2S1;A0A712V
4Q3;A0A712V610;
AOA712V3E3;AOA
712V2P6;A0A712Y
QV5;A0A3B3ISG5;
P14735

Insulin-degrading enzyme

IDE

3.137005925

0.27984397

1.649388254

-1.83730543

AOA494C039;Q9Y
4L1;A0A087X054;
E9PJ21;A0A087W
WI4;K7EQK2;Q98B
ST8;13QQH7;J3QL
ES;J3QLO6;J3KTF1
;AO0A087X214;A0
A087WW13;A0A
2R8Y358;A0A1W
2PS94;Q9BXT5

Hypoxia up-regulated
protein 1

HYOU1

1.323481695

0.77131402

0.404338241

-0.37460977

234




AOA590UJZ9;A0A

590UJ76;Q9UGM
3;A0A590UIX5;A0
A590UJF8;A0A59

0UK99

Deleted in malignant brain
tumors 1 protein

DMBT1

2.101710066

4.04660912

1.071563661

2.0167135

AOA669KB77;P11
137;E7EVO3;A8M
Z31

Microtubule-associated
protein 2

MAP2

1.511052593

0.47021461

0.595553875

-1.08860874

AOA6Q8PFA6;ADA
6Q8PH57;A0A6Q
8PGH7;A0A6Q8P
G37;000139;D6R
9MO0;A0A6Q8PGG
1;HOY8H2;Q8N4N
8

Kinesin-like protein KIF2A

KIF2A

1.450835079

0.63719425

0.536883533

-0.65019484

AOA712V2R5;A0A
712V2X8;P27487;
AOA712V5R8;A0A
712V212;A0A712V
3F5;F8WBB6;F8
WE17

Dipeptidyl peptidase
4;Dipeptidyl peptidase 4
membrane form;Dipeptidyl
peptidase 4 soluble form

DPP4

5.216980714

4.79994116

2.3832151

2.26301672

AOA7POTA76;095
573;A0A7P0TB52;
AOA7POTBB1;A0A
7P0T8L6;A0A7PO
T905;H7BYZ7;A0A
7P0OTBLY;C9JC11

Long-chain-fatty-acid--CoA
ligase 3

ACSL3

1.656723304

0.55215369

0.728332672

-0.85685821

AOA7POTAE1;HOYI
VO;A0A7POTATS;P
14625;A0A087W

T78;A0A7P0T823;
AOA7PQOT917;A0A
7POTAY2;A0A7P0O

TBC2;A0A7POT8R

3;A0A7P0T885;A0
A7P0Z405;Q58FF

3,F8W026

Endoplasmin

HSP90B1

1.18562609

0.88925872

0.2456491

-0.16932487

ABMW49;P07148

Fatty acid-binding protein,
liver

FABP1

0.562731201

2.88484789

-0.82948214

1.528495252

C9JZY3,;C9J0A4;P5
7723;C9JTY5;C9J5
V4;C91ZV9;CJ7A
9;C9JSA6

Poly(rC)-binding protein 4

PCBP4

1.898596599

0.47243104

0.924933404

-1.08182433

J3KMY5;G3V3ES;E
7EMS2;G3V3D1;P
61916;G3V2V8;H
0Y1Z1

Epididymal secretory protein
El

NPC2

0.404690629

0.64216349

-1.30510865

-0.63898745

ESPCPO;P16520;F
5HOS8;F5H8J8;F5
H100;A0A6Q8PF8
4;,F5GZN8

Guanine nucleotide-binding
protein G(1)/G(S)/G(T)
subunit beta-3

GNB3

1.75075047

0.30846567

0.807973475

-1.69681817

F5H2US8;F5H2A4;
P52926;F5H6H0

High mobility group protein
HMGI-C

HMGA2

0.201572575

1.90747813

-2.31062873

0.931666514

F8W1D1;HOY2;P
40967;F8VUB1;F8
VZC6;F8VXH8

Melanocyte protein PMEL,M-
alpha;M-beta

PMEL

0.090157396

0.39725046

-3.47141034

-1.33187921

F8W1R7;G3V1VO0;
P60660;J3KND3;
G8ILA2;B77674,G
3V1Y7;F8VPF3;F8
VZU9;F8W180;HO
YI43;F8VXL3

Myosin light polypeptide 6

MYL6

0.730898855

2.13909312

-0.45225632

1.096999288

235




3E1;A0A712V625;
AOA712V5E9;AQA
712V384

polymerase 1

F8W9U4 Microtubule-associated MAP4 1.764573963 |0.36236063 (0.819319903 |-1.46450187
protein

HOYI30;095390 |Growth/differentiation GDF11 1.45433431 0.61688954 |0.540358942 (-0.69691592
factor 11

000560;B4DHNS; |Syntenin-1 SDCBP 0.334383795 |0.50540477 |-1.58042316 [-0.9844888

E9PBU7

014531;Q5T0Q6 |Dihydropyrimidinase- DPYSL4 1.344831909 0.78389087 [0.427425861 [-0.35127527
related protein 4

043236;A0A5F9Z |Septin-4 Sep-04 4.727637243 |0.46382417 |2.24111934 (-1.1083501

HS9;J13QLAS8;J3QR

S4;13QRT6;J3KSZ7

;J3KS85;13KS26;J3

QRU3;J3QLR2

075106 Retina-specific copper AOC2 0.031147059 [5.33165737 |-5.00476025 (2.41458407
amine oxidase

P00352;Q5S5YQ9; |Retinal dehydrogenase 1 ALDH1A1 0.063375039 [2.9845153 |-3.97994146 (1.577496648

Q55YQ8;Q55YQ7

Q5T9B7;P00568; |Adenylate kinase isoenzyme |AK1 1.356673042 |0.72393196 |0.440073073 |-0.46607399

HOYID2;Q9Y6K8 |1

P0O0918;E5RIDS;E |Carbonic anhydrase 2 CA2 1.381061681 |0.85499436 |0.465777755 [-0.22601318

5RK37

P02452;CON__Q |Collagen alpha-1(l) chain COL1A1 0.120303905 [3.52424899 |-3.05524462 (1.817315854

86254;13L3H7

P02511;E9PJL7;E |Alpha-crystallin B chain CRYAB 0.326415871 |0.57602318 |-1.61521689 (-0.79580122

9PRAS8;ESPNH7;A

0AO024R3B9;E9PS

12

P02751;H0Y7Z1; [Fibronectin;Anastellin;Ugl- |FN1 0.372008272 [3.69876181 |-1.42659339 (1.887042396

HOY4K8 Y1;Ugl-Y2;Ugl-Y3

P02794;G3V192; |Ferritin heavy chain;Ferritin [FTH1 0.348822591 (1.90918433 |-1.51943462 (0.932956397

G3V1D1;E9PPQ4 |heavy chain, N-terminally
processed;Ferritin

P05783;F8VZY9;C [Keratin, type | cytoskeletal [KRT18 0.054541075 [2.07059625 (-4.19651306 |1.050046265

ON__H- 18

INV:HITO0001546

3

P06737;E9PK47 |Glycogen phosphorylase, PYGL 1.25824005 0.81367425 (0.331407189 (-0.29747677
liver form;Alpha-1,4 glucan
phosphorylase

P07585;F8VXZ8;F |Decorin DCN 0.377449901 [5.14849596 |-1.40564293 (2.364151036

8VUF6;F8VWUO;F

8VX58;A0A7I2PRI

8;F8VNWO;F8VU5

8;F8VSI3;F8VNV6

P07900;G3V2)8; |Heatshock protein HSP 90- |HSP90AA1 1.326920236 |0.86503891 (0.40808165 |-0.20916307

Q14568;Q58FGO |alpha

P08133;E5RK63;E |Annexin A6 ANXA6 0.805588504 |1.23016898 |-0.311885 0.298856497

SRIF5;ESRFFO;ESR

105;E5RJRO

P08247;H7C4W3 [Synaptophysin SYP 1.707716123 |0.38354569 (0.772068173 |-1.38252965

P09382;F8WEI7 |Galectin-1 LGALS1 0.060554892 [2.61096332 (-4.04561267 |1.384582192

P09874;A0A712V (Poly [ADP-ribose] PARP1 1.229552632 |0.81553406 (0.298133492 |-0.29418296

236




P11142;E9PKE3;E |[Heat shock cognate 71 kDa [HSPA8 1.283688939 |0.80597428 (0.360295654 |-0.3111943

9PNE6;E9PN89;E9 |protein

PLF4;E9PQQ4;E9P

QK7;E9PK54;E9P

PY6;E9PN25;E9PI

65

P11216;H0Y426 |Glycogen phosphorylase, PYGB 1.271610259 |0.67664604 (0.346656561 |-0.56352675
brain form

P12277;HOYJGO;G|Creatine kinase B-type CKB 1.677717738 |0.75703646 (0.746500015 |-0.40156531

3V4AN7;HOYJKO;G3

V461

P13010;C9JZ81;H [X-ray repair cross- XRCC5 1.162782987 |0.85800303 (0.217581868 |-0.22094536

7COH9 complementing protein 5

P14550;Q5T621; |Alcohol dehydrogenase AKR1A1 1.180460463 |0.81069377 |0.239349723 [-0.30277103

VI9GYG2 [NADP(+)]

P14618;B4DNK4 |Pyruvate kinase PKM 1.30807236 0.781553 0.38744235 [-0.35558438
PKM;Pyruvate kinase

P16401 Histone H1.5 HIST1H1B 0.539495354 (1.27748168 |-0.89031756 (0.353302598

P16402 Histone H1.3 HIST1H1D 0.489873798 [1.69678207 |-1.02951797 |(0.762801282

P17096 High mobility group protein |HMGA1 0.732954967 |0.74535044 |-0.44820353 (-0.4240092
HMG-I/HMG-Y

P17661 Desmin DES 0.523939141 [15.3565378 |-0.93252885 (3.94078109

P18206 Vinculin VCL 0.52052397 135289076 (-0.94196349 |0.436045349

P19087;A0A087 |Guanine nucleotide-binding [GNAT2 1.747069612 |0.35848739 (0.804937094 |-1.4800057

WZES5 protein G(t) subunit alpha-2

P21333;A0A7PON |Filamin-A FLNA 0.795030791 [1.58809057 |-0.33091736 [0.667293191

MY4;A0A087 WW

Y3;A0A712V3E6;F

8WE98;HOY5C6;H

0Y5F3;A0A669KB

C6;,H7C2E7

P27816;H7C456 |Microtubule-associated MAP4 1.498145067 |0.7511701 [0.583177328 |-0.41278845
protein 4

P35243 Recoverin RCVRN 1.734777995 |0.53657024 (0.794751048 |-0.89816105

P35579;Q5BKV1; [Myosin-9 MYH9 0.747734495 1.42708503 (-0.419402 0.513071299

B1AH99;P12883;

P13533

P36575;A0A087 |Arrestin-C ARR3 1.884038404 |0.36902648 (0.913828373 |-1.43820375

WWQ5;D6RCT3

P40126;A0A0A0 |L-dopachrome tautomerase |DCT 0.015726375 [0.3324954  |-5.99067 -1.58859373

MTD3

P41219;H7C5WS5;|Peripherin PRPH 1.968435643 11.9361574 [0.977049545 (3.57726656

F8W835

P42166 Lamina-associated TMPO 0.628492476 (1.1787448 |-0.67003262 (0.237251401
polypeptide 2, isoform
alpha;Thymopoietin;Thymop
entin

P43320 Beta-crystallin B2 CRYBB2 0.165174399 [57.6817952 |-2.597938 5.850044161

P46940;A0A0J9Y |Ras GTPase-activating-like [IQGAP1 0.286030701 [1.56212799 |-1.80575809 (0.643512666

XZ5;HOYLE8;AOAO |protein IQGAP1

87WWP1

P50453 Serpin B9 SERPINB9 0.085537545 (2.19128279 |-3.54729839 (1.131775677

P52943;HOYFA4; |Cysteine-rich protein 2 CRIP2 0.75976038 0.70399597 |-0.39638361 [-0.50636092

HOYHD8

P53674 Beta-crystallin B1 CRYBB1 0.189601823 [34.7570147 |(-2.39895526 |5.119232267

237




P56377;A0A5F9ZI
43;H7BZG6;HOY6
73;A0A5F9ZHX2;A
6NHO01;A0A5F9ZH
W1;F6SFB5

AP-1 complex subunit sigma-
2

AP1S2

1.477388503

0.647742

0.563049256

-0.6265088

P62805

Histone H4

HIST1H4A

0.48896852

0.76764665

-1.03218651

-0.3814857

P68366;C9JEVS;C
9JQ00;C9JJQ8;Ca)
DL2

Tubulin alpha-4A chain

TUBA4A

1.970414371

0.69549102

0.978499055

-0.52389622

P98160;A0A3B3I
T11

Basement membrane-
specific heparan sulfate
proteoglycan core
protein;Endorepellin;LG3
peptide

HSPG2

5.551409348

6.26334207

2.472854078

2.646932674

Q01995;HOYCU9;
ESPJ32

Transgelin

TAGLN

0.192021429

8.54820158

-2.38066077

3.09562093

Q02952

A-kinase anchor protein 12

AKAP12

0.568416002

1.44412103

-0.81498092

0.53019166

Q05707;J3QT83;
Q4GOW3;A0A0A0
MQT7;HOYBB2

Collagen alpha-1(XIV) chain

COL14A1

0.376302546

2.82049464

-1.41003504

1.495948195

Q06830;A0A0A0
MSI0;A0A0AOMR
Q5

Peroxiredoxin-1

PRDX1

1.290785945

0.88046538

0.368249774

-0.18366182

Q09666;E9PJZ0;E
9PKR9;EQPICE;E9
PLK4;EQPQE3

Neuroblast differentiation-
associated protein AHNAK

AHNAK

0.267508667

2.84009934

-1.90234246

1.505941391

Q13432;C9JSKO;K
7EN86;K7EJU3;J3
QQT8

Protein unc-119 homolog A

UNC119

1.580497631

0.46900482

0.660378873

-1.09232535

Q14194;E9PD68;
Q14117

Dihydropyrimidinase-
related protein 1

CRMP1

1.848264793

0.52939428

0.88617146

-0.91758549

Q14195;HOYBT4;
D6RF19;HOYB87

Dihydropyrimidinase-
related protein 3

DPYSL3

1.630937335

0.57644792

0.705701351

-0.79473782

Q15124;Q5JTY7

Phosphoglucomutase-like
protein 5

PGMS5

0.126797163

4.28843756

-2.97940563

2.100452114

Q15149;HOYDN1;
ESPMV1;ESPKGO;
AOA075B730;P58
107;E9PQ28;E9PI
A2

Plectin

PLEC

0.327020829

1.42295041

-1.61254557

0.508885383

Q16774;B1ANHO;
B1ANG9;B1ANHS;
B1ANH2;B1ANH5;
B1ANH3

Guanylate kinase

GUK1

1.825471275

0.54618196

0.868268967

-0.87254644

Q77406;A0A0C4D
FM8;A1L272;A0A
2R8Y4C3;A0A2R8
Y454

Myosin-14

MYH14

0.556849531

1.39303965

-0.84464055

0.478236318

Q776G3;H3BQC7;
H3BPH6

N-terminal EF-hand calcium-
binding protein 2

NECAB2

0.230955854

4.05146511

-2.11431098

2.018443718

Q8IUX7;H7COWS;
H7C4B5;H7C391;
H7C1J5;H7C3D7;
Q8N436

Adipocyte enhancer-binding
protein 1

AEBP1

2.134904869

1.52330071

1.094171785

0.607200772
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9JGM7;C9JLW1

intermediate chain 1

Q8N3J6 Cell adhesion molecule 2 CADM?2 2.161555293 (0.38028821 |1.112069741 |-1.39483489

Q8N475;06MZW |Follistatin-related protein 5 |FSTL5 8.316333794 [0.10310412 (3.055947665 (-3.27782612

2

Q8NBS9 Thioredoxin domain- TXNDC5 0.633558333 [1.64784359 (-0.65845064 |0.720579311
containing protein 5

Q8NFV4;HOYC52; |Alpha/beta hydrolase ABHD11 0.40331493 2.1694552 -1.31002128 |1.117332794

C9J7Q4;H7BZ58 |domain-containing protein
11

Q8TEM1 Nuclear pore membrane NUP210 0.317625648 [0.20989208 (-1.65460068 (-2.25228037
glycoprotein 210

Q99536;K7ERT7; |Synaptic vesicle membrane |VAT1 0.61606554 1.16944383 |[-0.69884425 [0.225822568

K7ENX2;K7EM19; |protein VAT-1 homolog

K7ESA3;K7EIJM4;K

7ER81

Q9BPU6;E7EWB4;|Dihydropyrimidinase- DPYSL5 1.420760798 |0.61955504 |0.50666368 [-0.69069564

E9PHTO;E7ESVO |related protein 5

Q9HCJ6 Synaptic vesicle membrane [VAT1L 0.190246605 [0.26250428 (-2.39405738 (-1.92958716
protein VAT-1 homolog-like

Q9NP72;A0A087 |Ras-related protein Rab-18 |RAB18 1.314901456 |0.73319613 |0.394954682 [-0.44772893

X163;Q5W0J0;HO

Y6T8

QI9NRW1;J3KR73;|Ras-related protein Rab-6B [RAB6B 1.14890495 0.86753232 ]0.200259447 |-0.20501059

C9JU14;C91B90;C

9J012;Q53508;Q9

HONO

Q9UD71;)3KSJ8;) |Protein phosphatase 1 PPP1R1B 1.609356415 |1.69463789 [0.686483867 |0.760977033

3KT77 regulatory subunit 1B

Q9UEY8 Gamma-adducin ADD3 0.619110371 [1.23035475 |-0.69173147 |(0.299074352

Q9UI15;C9J5W6; |Transgelin-3 TAGLN3 1.45660863 0.80960098 |0.542613298 |-0.30471706

H7C5N2;C9JCX3

Q9Y617 Phosphoserine PSAT1 0.646911928 [1.52635917 (-0.62835878 |0.610094488
aminotransferase

Q9Y6G9;E9PHI6;C|Cytoplasmic dynein 1 light [DYNC1LI1 1.35118518 0.69328545 |0.43422541 [-0.52847861
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