Investigation of the Molecular

Genetics of Renal Ciliopathies

A thesis submitted for the degree of Doctor of Philosophy
Miguel Barroso Gil

Translational and Clinical Research Institute
Newcastle University

September 2023






Abstract

Primary ciliopathies are a group of inherited diseases caused by dysfunction or
absence of the primary cilia. They exhibit genetic heterogeneity, genetic pleiotropy
and a wide spectrum of clinical phenotypes, often including renal disease. The main
objective of this project is to investigate the underlying molecular disease
mechanisms and phenotypic and genotypic complexity of renal ciliopathies, and to
increase the genetic diagnosis yield in patients with primary ciliopathies. To achieve
this, | used a combination of in vitro and in silico techniques, focussing on a selection
of pleiotropic genes associated with overlapping ciliopathy phenotypes. This
approach covers a broad perspective to study renal ciliopathies, including: genetic
pleiotropy, heterogeneity of clinical phenotypes, genetic diagnosis yield, the use of

functional analyses to validate disease-causing variants and gene therapies.

The spectrum of clinical phenotypes in primary ciliopathies may reflect the tissue
specificity of expression of disease genes. Consequently, gene expression of two
pleiotropic genes associated with overlapping rare primary ciliopathies were
characterised: CEP120 and ARLS3, using the MRC Wellcome Trust Human
Developmental Biology Resource (HDBR) and RNAscope, an RNA in situ detection
technique. Expression patterns of both genes revealed brain, eye and kidney
expression, which correlates with known clinical phenotypes. In silico approaches
were evaluated to explore genotype-phenotype correlations in two primary ciliopathy
genes: CEP120 and CC2D2A. These in silico approaches allowed to investigate
potential exon skipping genetic therapies in these two genes. Approximately 30% of
patients with a primary ciliopathy phenotype lack a genetic diagnosis. Using the data
available in the Genomics England 100,000 Genomes Project, a novel primary
multisystem ciliopathy syndrome in a patient with biallelic pathogenic variants in
TOGARAML1 was identified. Also, within this dataset, in patients with cystic kidney
disease, underlying disease-causing genetic variants in DNAJB11, ALG5, ALG8 and
ALG9 were identified, supporting these genes as ciliopathy genes associated with

the phenotypic spectrum of autosomal dominant polycystic kidney and liver disease.

I used human urine-derived renal epithelial cells (hURECS) to characterise the ciliary
phenotype of a patient with cystic kidney disease and proposed hURECs as a
valuable non-invasive source of primary cells to validate candidate genes for novel
renal ciliopathies. hURECs may also be used as an ex vivo model to study patient-

specific genetic variants, disease mechanisms and complement therapeutic studies.
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Chapter 1. Introduction
1.1. Primary Ciliopathies

Ciliopathies are a group of complex inherited diseases, characterised by genetic
heterogeneity and a wide spectrum of clinical phenotypes (Shaheen et al., 2016).
Ciliopathies are divided into two types: motile ciliopathies, if they are caused by
dysfunction of motile cilia, or primary ciliopathies if they are caused by dysfunction of
primary cilia. There is genetic and phenotypic overlap between both types of
ciliopathies and within primary ciliopathies. There are more than a dozen
distinguishable primary ciliopathies (Novarino et al., 2011, Braun and Hildebrandt,
2017, Focsa et al., 2021). Within the spectrum of ciliopathies are rare conditions such
as: Joubert syndrome (JBTS), nephronophthisis (NPHP), Senior-Lgken syndrome
(SLS), Orofaciodigital syndrome (OFD), Jeune asphyxiating thoracic dystrophy
(JATD), autosomal dominant and recessive polycystic kidney disease (ADPKD and
ARPKD), Leber congenital amaurosis (LCA), Meckel-Gruber syndrome (MKS),
Bardet-Biedl syndrome (BBS), Usher syndrome (US) and some forms of retinal
dystrophy (RD) (Kempeneers and Chilvers, 2018, Novarino et al., 2011, Wheway et
al., 2018).

Patients diagnosed with a primary ciliopathy often develop multi-systemic
phenotypes. These clinical phenotypes, such as cystic kidney disease, retinal
degeneration, neurologic phenotypes, skeletal phenotypes or obesity often overlap
between different ciliopathies (Wheway et al., 2018, Focsa et al., 2021, Braun and
Hildebrandt, 2017).

Renal ciliopathies is a clinically and genetically heterozygous group of primary
ciliopathies. The clinical phenotypic spectrum of renal ciliopathies varies from cystic
kidney disease to interstitial fibrosis. Renal ciliopathies include ADPKD, ARPKD and
NPHP (Devlin and Sayer, 2019, McConnachie et al., 2021). The phenotypic
spectrum of renal ciliopathies is not limited to kidney phenotypes. In NPHP, around
20% of cases are associated with other extra-renal phenotypes, affecting organs
such as brain and eye (Novarino et al., 2011, Reiter and Leroux, 2017). NPHP is a
renal phenotype seen in multisystem primary ciliopathies such as JBTS (Bachmann-
Gagescu et al., 2015a, Brancati et al., 2010, Sakakibara et al., 2022). Patients
diagnosed with PKD may also show extra-renal phenotypes such as hepatic cysts,

intracranial aneurysms and hypertension (Cornec-Le Gall et al., 2019, Besse et al.,
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2019, Pisani et al., 2022). NPHP and PKD are important components of the
phenotypic spectrum of primary renal ciliopathies and they are often found in other

primary ciliopathies (McConnachie et al., 2021).
1.1.1. Primary cilia

Cilia (singular: cilium) and flagella (singular: flagellum) are the oldest known
organelles, they were discovered by Antony Van Leeuwenhoek in 1675 (Satir, 1995).

Even though it was suspected that cilia could have a sensory function (Moran et al.,
1977) and cause disease (Afzelius, 1976), it was not until the 1990s and 2000s when
the connection between dysfunction of cilia and primary ciliopathies, such as ARPKD
(Moyer et al., 1994), NPHP (Otto et al., 2002), JBTS (Sayer et al., 2006), BBS
(Ansley et al., 2003) and JATD (Beales et al., 2007) was established (Watnick and
Germino, 2003). Subsequently, the number of studies investigating the role of cilia in
human disease and development have been rapidly increasing in the last two
decades (Satir, 2017).

Cilia are microtubule-based organelles, cellular hair-like projections, which are
conserved in eukaryotes and are found in almost all vertebrate cell types (Marra et
al., 2016, Mitchison and Valente, 2017, Choksi et al., 2014).

The cilium protrudes from the cell surface and originates from the basal body. The
cell body is a modified centriole, a cylindrical structure formed by nine-triplets of
microtubules reinforced by a cartwheel-like structure in the centre (Nigg and Stearns,
2011, Vincensini et al., 2011).The core of the cilium is a microtubule scaffold called
the axoneme which extends from the basal body and is surrounded by the ciliary

membrane (Gongalves and Pelletier, 2017) (Figure 1.1).
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Figure 1.1. Structure of the primary cilium. The core of the primary cilium is the
axoneme. The axoneme consists in nine doublets of microtubules. The axoneme is
enclosed by the ciliary membrane, which is continuous to the plasma membrane. The
axoneme emanates from the basal body, a modified mother centriole. Transition
fibres attach the basal body to the plasma membrane at the transition zone (TZ),
which regulates protein and lipid entry and exit from the primary cilium. The ciliary
pocket has a role as a hub for actin dynamics and trafficking of vesicles (Mahjoub,
2013, Mirvis et al., 2018). Image generated using BioRender online tool.

Unlike the basal body, the axoneme is formed by nine-doublets of microtubules, the
change from triplets to doublets of microtubules occurs at a ciliary domain called the
transition zone (TZ), which controls the entry and exit of proteins and lipids from the

ciliary compartment (Goncalves and Pelletier, 2017).



The cilium axoneme may have a central pair of microtubules, distinguishing two
different configurations of cilia: 9+2 axoneme, when a central pair of microtubules is
present, and 9+0 axoneme, when a central pair of microtubules is not present
(Choksi et al., 2014, Mirvis et al., 2018).

Traditionally in vertebrates, cilia have been classified into two classes: motile cilia
and primary (or non-motile) cilia. The differences between primary and motile cilia
generally refer to the structure of their axoneme and the presence of dynein arms
which allows motility of cilia (Mirvis et al., 2018, Mitchison and Valente, 2017). Both
types of cilia have different functions, which often complement each other, and are

found in multiple tissues (Table 1.1).

Motile cilia generally have an axoneme formed by nine-doublets of microtubules and
a central doublet of microtubules (9+2 axoneme). Motile cilia can exist as single
monocilia on the cell surface (such as the flagella on sperm cells or protozoans) or
multicilia (such as the epithelial cells of the respiratory tract or ependymal cells of the

central nervous system of mammals) (Choksi et al., 2014).

In contrast, primary cilia typically present an axoneme without a central doublet of
microtubules (9+0 axoneme) and exist as single monocilia on the cell surface.
Primary cilia are microtubule-based organelles, which emanate from a basal body (a
modified centriole). Primary cilia have an essential role in embryonic development
and cell homeostasis and allow cells to detect and manage external signals (Malicki
and Johnson, 2017, Berbari et al., 2009, Wheway et al., 2018).
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Table 1.1. Summarizing table of different types of primary and maotile cilia found in
different tissues and cell types. Table shows some of the most relevant cell types
with motile cilia (shown in green) and primary (non-motile) cilia (shown in blue).
Motile cilia are generally characterised by 9+2 axoneme and dynein arms that allow
cilia movement (Mitchison and Valente, 2017, Kobayashi and Dynlacht, 2011).
Primary cilia are generally characterised by an axoneme without a central doublet of
microtubules (9+0 axoneme), they are non-motile and do not have dynein arms
(Choksi et al., 2014, Mirvis et al., 2018). An exception to this classification is the cilia
in the olfactory epithelium, these have a 9+2 axoneme structure (Bergboer et al.,
2018). Another exception to this classification is nodal cilia, found in an embryonic
structure called the ventral node, with characteristics of both primary and motile cilia
(Babu and Roy, 2013).



Motile cilia are typically involved in cellular locomotion (e.g. allowing movement of
sperm cells) and the movement of fluids (e.g. promoting mucus flow in the nasal
ciliated epithelial cells) in a variety of tissues such as the respiratory system, the
reproductive system and brain ventricles (Lyons et al., 2006, Omran et al., 2017,
Choksi et al., 2014). Moreover, motile cilia present dynein arms which allow ciliary
beating through ATP hydrolysis, while primary cilia lack these dynein motor proteins.
Motile ciliopathies are characterised by failure in generation fluid flow or cell
movement, which lead to defects in laterality, brain development, mucus clearance
and fertility (Mitchison and Valente, 2017). Primary ciliary dyskinesia is a well-
characterised motile ciliopathy causing a wide spectrum of phenotypes such as situs
inversus (laterality defect which can also be found in the primary ciliopathies
phenotypic spectrum), respiratory and heart diseases and infertility (Mitchison and
Shoemark, 2017).

Primary cilia also function as signal transducers in numerous signalling pathways.
The primary cilium has been defined as the cell’'s antenna. It has sensory and
transduction roles (Reiter and Singla, 2006, Wheway et al., 2018, Pala et al., 2017).
Primary cilia are present in most of mammalian cell types and function as the
signalling hub of the cell for various signalling pathways. Even though matile cilia can
also sense extracellular environment (e.g. in mammalian respiratory epithelium cells)
(Wheway et al., 2018), primary cilia are specialised to sense fluid flow, light, odorants
and signalling molecules, for example, kidney epithelial cells sense urine flow and
retinal photoreceptor cells sense light (Wheway et al., 2014, Bergboer et al., 2018,
Hildebrandt et al., 2011).

In vertebrates, primary cilia have an important role in coordinating the Hedgehog
(Hh) signalling pathway (Hynes et al., 2014, Reiter and Leroux, 2017). Moreover,
there are other signalling pathways that are coordinated by the primary cilium such
as the Wnt, Notch, Hippo, GPCR, PDGF, mTOR, and TGF-beta pathways. Besides,
there is a complex cross-talk between these signalling pathways (Wheway et al.,
2018, Nishimura et al., 2019, Reynolds et al., 2019).

Transmembrane receptors (such as Ptchl and Fzd) allow primary cilium to receive
diverse external stimuli. Signal transduction and signalling cascades are controlled
by regulatory proteins such as Smoothened (Smo), Gli effectors, Disheveled (Dvl),
Inversin (Invs) and Ahil at diverse locations such as the ciliary pocket (depression of

the plasma membrane at the base of the cilium), transition zone or the ciliary
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compartment (Hynes et al., 2014, Nishimura et al., 2019, Reynolds et al., 2019,
Wheway et al., 2018).

Moreover, the primary cilium has a role in regulating the timing of the cell cycle, as
the assembly and disassembly of cilia are cell-cycle dependent processes (Ford et
al., 2018, Nigg and Holland, 2018).

The primary cilium is an organelle with important roles in development, especially for
organogenesis and embryonic development (Reiter and Singla, 2006, Valente et al.,
2014, Wheway et al., 2014). Primary ciliopathies are generally autosomal recessively
inherited (Hildebrandt et al., 2011). Even through most of ciliopathies are considered
rare diseases (prevalence from 1:1000 to 1:150000 people), collectively, if the entire
group of ciliopathies is considered as a whole, their cumulative prevalence increase
up to 1:2000 people (Kempeneers and Chilvers, 2018, Huynh et al., 2020,
Grochowsky and Gunay-Aygun, 2019). Of note, from now | may refer to ciliopathies
and primary ciliopathies indistinctly, this is to avoid confusion and because the
underlying molecular causes and pathogenesis of motile ciliopathies are out of the

scope of this chapter.
1.1.2. Centrosome

The centrosome is a microtubule-based organelle, which is essential for the correct
cell division of animal cells, among other functions. The core of the centrosome is
formed by two centrioles, a mother centriole and a daughter centriole, which are
different in terms of time in which they were formed and function (Nigg and Stearns,
2011). Centrioles, barrel-shaped structures formed by microtubules, are essential for
the formation of centrosomes, cilia and flagella (Mirvis et al., 2018). In cycling cells,
the centrosome coordinates the formation of the spindles poles for mitosis to proceed

and acts as the major microtubule organizing centre (MTOC) (Mahjoub, 2013).

In interphase, or quiescent (non-dividing) cells, the centrosome migrates to the cell
surface, so that the older (mother) centriole matures into the basal body, which
attaches to the apical surface of the cell (Kobayashi and Dynlacht, 2011). The
attachment of the basal body to the plasma membrane of the cell allows the
nucleation of the axoneme, and thus the assembly of cilia. Of note, cilia can be
observed not only during quiescence but also during G1, S and G2 phases of the cell

cycle (Ford et al., 2018). Centrioles, and the centrosome, are essential cell structures



for ciliogenesis (formation of cilia) and cell division (Nigg and Stearns, 2011, Nigg
and Holland, 2018, Kobayashi and Dynlacht, 2011) (Figure 1.2).

X
Q iv) Centrosome
migration and mitotic
spindle assembly

Distal appendages

* Ciliogenesis occurs
during
interphasel/quiescence (G0)

Subistal appendages
/ Pericentriolar material (PMC)

Mother centriole (parental centriole) | Centrosome

,\ Daughter centriole (parental centriole)

Interconnecting fibres J

iii) Elongation, maturation
and separation of centrioles
i) Centriole duplication

ii) Procentriole elongation

Figure 1.2. Centriole duplication cycle. Centrosome/centriole biogenesis is
dependent on cell cycle (Ford et al., 2018, Nigg and Holland, 2018). Centriole
duplication starts at the G1-S transition (i). At G1 the mother centriole is
distinguishable from the daughter centriole (assembled in the previous cycle), given
the presence of distal and subdistal appendages. In S phase, procentriole elongation
occurs from the proximal end of two parental centrioles (ii). In G2 phase, procentriole
elongation continues and the parental centriole that was the daughter centriole in G1,
acquire distal and subdistal appendages (this can also occur during phase M) and
separates from the other parental centriole (iii). At the G2-M transition, centrosomes
migrate so that they can form the mitotic spindle for mitosis to proceed (iv).
Ciliogenesis occurs, often in interphase, when the centrosome migrates to the
plasma membrane and the mother centriole matures into the basal body and
attaches to the apical surface of the cell. For more detailed information see: (Ford et
al., 2018, Nigg and Holland, 2018).

1.2. Phenotypic spectrum of primary ciliopathies

Primary ciliopathies are genetically and phenotypically heterozygous; furthermore,
the clinical phenotypes often overlap between ciliopathies. For instance, kidney
phenotypes such as NPHP can be found on its own or in patients as additional
phenotype in other ciliopathies such as SLS and JBTS syndromes (Novarino et al.,
2011, Braun and Hildebrandt, 2017). Similarly, retinal degeneration can be found in
multiple ciliopathies such as LCA, SLS and JBTS syndromes (Wang et al., 2018,
Grochowsky and Gunay-Aygun, 2019).



Some primary ciliopathies are more severe than others. LCA, for instance, causes
retinal degeneration, while other ciliopathies, like BBS, can affect multiple organs
causing obesity, polydactyly and retinopathy. MKS, the most severe ciliopathy,
causing embryonic lethality, affects multiple organs causing phenotypes such as
occipital encephalocele, polycystic kidneys and polydactyly (Novarino et al., 2011,
Consugar et al., 2007) (Figure 1.3).

Meckel-Gruber

Jeune asphyxiating syndrome

Bardet-Biedl syndrome thoracic dystrophy
Leber Congenital Amaurosis (BBS) (JATD) (MKS)

(LCA) Polycystic kidney disease
PKD
(PKD) Most severe/

Least severe/ o B
Single organ E— Multiple organs
affected Nephronophthisis affected
(NPHP) Senior Loken syndrome  joybert syndrome  Oral-facial-digital
(SLS) (JBTS) syndrome
(OFD)
Primary ciliopathies
LCA [NPHP| PKD | SLS | BBS | JBTS | JATD | OFD | MKS
Retinal degeneration v v v v v v
Liver disease v v v v v v
Renal disease v v v v v J v v
Obesity v 4
Cognitive impairment v v v v v
Encephalocele J v v
Polydactyly vy v v v v
Skeletal bone defects v v v
Laterality defect v

Figure 1.3. Phenotypes and syndromes associated with primary ciliopathies. For
simplicity, not all described primary ciliopathies and associated phenotypes are
considered. At the upper part of the figure, a diagram is shown with the relative
severity of each of the nine ciliopathies considered, being MKS the most severe and
LCA the least severe. At the bottom part of the image, it is shown the most relevant
clinical phenotypes for each of the primary ciliopathies considered, for more detailed
information see: (Mitchison and Valente, 2017, Braun and Hildebrandt, 2017,
Wheway et al., 2018, Novarino et al., 2011). BBS: Bardet-Biedl syndrome; JATD:
Jeune asphyxiating thoracic dystrophy; JBTS: Joubert syndrome; LCA: Leber
congenital amaurosis; MKS: Meckel syndrome; NPHP: nephronophthisis; OFD:
Orofaciodigital syndrome; PKD: Polycystic kidney disease; SLS: Senior Lgken
syndrome.

Ciliopathies are characterised by phenotypic and genetic heterogeneity and overlap.
All of this makes ciliopathies difficult to diagnose and challenging for clinicians to
provide an early, effective and personalised treatments (Braun and Hildebrandt,
2017, Wheway et al., 2019). Understanding the molecular basis and disease
mechanisms of ciliopathies requires the study of complex organs such as brain and
kidney as well as the study of cell organelles such as the cilium and the centrosome
(Kobayashi and Dynlacht, 2011, Adams et al., 2012).
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Apart from the phenotypic complexity and overlap of clinical phenotypes, mutations in
different genes can cause the same ciliopathy (Coppieters et al., 2010, Shaheen et
al., 2016). There are about 190 genes described to cause ciliopathies, many of them
showing genetic pleiotropy (phenomenon in which mutations at the same gene result
in different disease phenotypes) (Focsa et al., 2021, Oud et al., 2016). Furthermore,
SYSCILIA consortium suggested that there are more than 300 ciliary genes and that
most of them are located at the cilium and the centrosome, but not exclusively (Van
Dam et al., 2013).

The deleterious effect of a mutation in a gene may or may not correlate with the
impairment it causes on the function or production levels of the encoded protein and
the severity of the diagnosed disease (Bachmann-Gagescu et al., 2012, Bergmann,
2017). Other factors such as gene disease modifiers (Davis et al., 2011, Ramsbottom
et al., 2020) and basal exon skipping (Drivas et al., 2015, Barny et al., 2018) may
affect the resulting clinical phenotypes. Furthermore, some ciliary proteins do not
exclusively function at the cilium, and may be involved in other cellular processes,
which differ from cilia biogenesis. Besides, some proteins associated with ciliopathies

may not be functioning at the cilium (Vertii et al., 2015).

This project is focussed on JBTS, JATD and renal ciliopathies. | focussed on these
primary ciliopathies because they cover most of the phenotypic and genotypic
spectrum and complexity of primary ciliopathies. This selection of primary ciliopathies
is suitable to study the molecular genetics of primary ciliopathies from a broad
perspective. Considering these primary ciliopathies, | can extensively study two of
the main characteristics of primary ciliopathies: genetic and phenotypic heterogeneity
and overlap and genetic pleiotropy. The molecular basis of these characteristics of
primary ciliopathies remains fully not understood (McConnachie et al., 2021,
Novarino et al., 2011, Parisi, 2019).

Besides, JBTS and JATD syndromes, show multiorgan involvement and genetic
pleiotropy (Parisi, 2019, Reiter and Leroux, 2017). JBTS syndrome is considered a
model ciliopathy and it has been extensively studied in Sayer and Miles Laboratory at
Newcastle University (Ramsbottom et al., 2020). The clinical phenotypes in Joubert
syndrome are not as severe as in a Meckel syndrome, which is an embryonic lethal
ciliopathy, this widens the possibilities of investigating its molecular disease
mechanisms, for instance using in vivo mouse models. Besides, JBTS shows a

specific hallmark phenotype called the “molar tooth sign” (MTS) (a cerebellar
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malformation characteristic of JBTS), and this facilitates an in silico selection of a
defined cohort of JBTS patients from databases with clinical data available

(Bachmann-Gagescu et al., 2015a, Latour et al., 2020).

The broad phenotypic spectrum of other groups of primary ciliopathies, such as
retinal ciliopathies, including LCA, is out of the scope of this project, as their
complexity and overlapping ocular phenotypes are not restricted to primary
ciliopathies (e.g. retinal defects can be found in other diseases not related with
primary cilia such as Wolfram and Cohen syndromes) (Astuti et al., 2017, Nasser et
al., 2020, Perea-Romero et al., 2021).

| have studied JATD because there is phenotypic and genetic overlap between JBTS
and JATD syndromes. Some of the genes associated with JBTS are also associated
with JATD, and some JBTS patients can show skeletal phenotypes that can also be
found in patients with JATD (Lehman et al., 2010, Tuz et al., 2014). Besides,
studying JATD, which is a skeletal ciliopathy (Bredrup et al., 2011, Ishida et al., 2021,
De Vries et al., 2010), and JBTS, allows to investigate the genetic and phenotypic
overlap between two primary ciliopathies and covers a wider phenotypic and

genotypic spectrum than studying only one ciliopathy.

Furthermore, in this project renal ciliopathies are extensively investigated because
kidney phenotypes can be found in JBTS, JATD and other primary ciliopathies.
Moreover, kidney phenotypes offer a wider therapeutic window than cerebellar of
skeletal phenotypes, as the kidneys are targetable and treatable via some treatments
such as Tolvaptan (Garcia et al., 2022, Devlin et al., 2023). In the last few years
Sayer and Miles Laboratory at Newcastle University has investigated the use of ASO
morpholinos to treat kidney cysts in a JBTS mouse model and in in vitro cell models
using patient primary cells (Molinari et al., 2019, Ramsbottom et al., 2018, Srivastava
et al., 2017b).

In summary, | will focus on JBTS, JATD and renal primary ciliopathies, to investigate
the genetic and phenotypic heterogeneity and overlap of primary ciliopathies and the
underlying molecular disease mechanisms leading to these representative primary

ciliopathies.
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1.2.1. Joubert syndrome

JBTS is a ciliopathy characterised by a cerebellar and brainstem malformation,
described as the MTS which it is the hallmark for the diagnosis of this disease
(Romani et al., 2013, Maria et al., 1997, Parisi, 2019, Radha Rama Devi et al., 2020)
(Figure 1.4).

JAS-L50
Q)
DaN

Figure 1.4. Representative example of the “molar tooth sign” (MTS) distinctive brain
malformation, which is characteristic of Joubert syndrome (JBTS). Image obtained
from Latour et al., 2020 (Latour et al., 2020). The MTS (indicated by an arrow) was
visualised using axial T2-weighted magnetic resonance imaging (MRI). The MRI
imaging corresponds to a JBTS patient (JAS-L50) presenting compound mutations
(c.5023C>T; p.(Argl675Ter) and ¢.1112C>A; p.(Ala371Asp)) in a gene associated
with JBTS: TOGARAML1 (Latour et al., 2020).

The incidence of JBTS ranges from 1:80000 to 1:100000 cases (Oud et al., 2016,
Romani et al., 2013). JBTS patients are described to have the MTS cerebellar
phenotype, develop hypotonia in infancy with later development of ataxia and
developmental delay. Moreover, JBTS may involve extra-neurological phenotypes
and be grouped as Joubert syndrome and related disorders (JSRD), although
currently the terms JSRD and JBTS are often used indistinctly (Parisi, 2019, Parisi et
al., 2007). JSRD consists in a group of multisystem diseases showing cerebellar
hypoplasia, retinal dystrophy and NPHP, all this together is considered as a
cerebello-oculo-renal phenotype (Adams et al., 2012, Romani et al., 2013). Besides,
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some patients can show JSRD with hepatic disease, oral-facial-digital features
(JBTS-OFD) or Jeune asphyxiating thoracic dystrophy (JBTS-JATD) (Lehman et al.,
2010, Parisi, 2009).

JBTS is a model ciliopathy and it has been intensively studied in the last decade
(Hynes et al., 2014, Parisi, 2019). There about 40 genes described to be associated
with JBTS (Parisi, 2019, Gana et al., 2022, Bachmann-Gagescu et al., 2020). These
genes do not encode exclusively for proteins found exclusively at the cilium, some of
them may encode centrosomal proteins. For instance, CEP290 and CC2D2A encode
for proteins functioning at the transition zone (Cheng et al., 2012, Ojeda Naharros et
al., 2017) and CEP120 encode for a protein functioning at the centrosome (Meka et
al., 2022, Wu et al., 2014).

There is an increasing number of functional studies investigating the consequences
of specific mutations in different ciliary genes. Besides as explained previously, some
of these genes are not exclusively associated to JBTS (Coppieters et al., 2010).
Different biallelic mutations in the same gene associated with JBTS may cause
different ciliopathies (Figure 1.5) (Coppieters et al., 2010, Hua and Ferland, 2018,
Bachmann-Gagescu et al., 2015a).

For example, biallelic mutations in CEP290 are associated with various ciliopathies
such as LCA, JBTS and MKS (Travaglini et al., 2009). Similarly, CEP120 and
CC2D2A, which encode proteins functioning at the centrosome and transition zone
respectively, are both associated with JBTS as well as skeletal ciliopathies (Roosing
et al., 2016, Shaheen et al., 2015, Bachmann-Gagescu et al., 2012, Mougou-Zerelli
et al., 2009).
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ARMC9 CEP41 CEP104
HYLS1 INPP5E KIAA0556 PDE6D
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RPGRIP1IL TCTN1 TMEMG7 ZNF423
TCTN2 TMEM237 IFT74 BBS/NPHP/
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Skeletal ciliopathies
(including JATD and OFD)

Figure 1.5. Genetic heterogeneity and genetic pleiotropy of the genes associated
with Joubert syndrome (JBTS). This diagram show how JBTS genes can be found to
be associated to other ciliopathies as well (Mitchison and Valente, 2017). For
simplicity, | did not show other distinct phenotypes such as hydrocephalus, LCA or
RCD. Of note, for the genes: C2CD3 (Thauvin-Robinet et al., 2014), CBY1 (Epting et
al., 2020) and HYLS1 (Oka et al., 2016), included in this diagram, biallelic variants
have been described in more than one family with JBTS but are not included in the
OMIM Joubert syndrome phenotypic series (PS213300, status 11/2022). BBS,
Bardet-Biedl syndrome; JATD, Jeune asphyxiating thoracic dystrophy; JBTS, Joubert
syndrome; LCA, Leber congenital amaurosis; MKS, Meckel syndrome; NPHP,
nephronophthisis; OFD, oro-facial-digital syndrome; RCD, Rod-cone dystrophy; SLS:
Senior Lgken syndrome. Image updated from (Barroso-Gil et al., 2021a).

1.2.2. Jeune syndrome

Jeune asphyxiating thoracic dystrophy (JATD) is a rare autosomal recessive skeletal
ciliopathy with multi-organ involvement (Zhang et al., 2018).

JATD is characterises a small, narrow thorax, and this often causes diverse
respiratory complications in the neonatal period and infancy. After infancy, patients
may develop renal cyst disease. Like in JBTS, JATD phenotypes may affect other

organs such as the pancreas, kidney, liver and eye (De Vries et al., 2010, Zhang et
al., 2018).

The severity of JATD is variable, some patients may reach adulthood, however often

the clinical phenotypes of JATD cause death in the first week of life, making JATD a
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severe ciliopathy (Stembalska et al., 2022, Shaheen et al., 2015, Duran et al., 2016).
Moreover, some patients have been described to have a JBTS-JATD ciliopathy with
small thorax and respiratory complications (Lehman et al., 2010, Malicdan et al.,
2015).

The spectrum of skeletal ciliopathies, including short-rib polydactyly (SRP)/JATD
skeletal syndromes is broad with there is extensive phenotypic and genetic overlap
(Zhang et al., 2018, Cavalcanti et al., 2011, Duran et al., 2016).

1.2.3. Renal ciliopathies

The genotypic and phenotypic spectrum of renal ciliopathies is heterogeneous
(Barroso-Gil et al., 2021b, Devlin and Sayer, 2019). The severity of the clinical
phenotypes also varies from very mild symptoms to end-stage kidney disease
(ESKD), and may also include extra-renal phenotypes affecting liver, brain, eye,
skeletal system and cardiovascular system (Novarino et al., 2011, Reiter and Leroux,
2017). Clinical liver and kidney phenotypes are often found together and the
phenotypic and genotypic spectrum each of the renal ciliopathies that will be

explained below often overlaps (Cornec-Le Gall et al., 2019, Besse et al., 2019).

There are several renal ciliopathies: autosomal dominant polycystic kidney disease
(ADPKD), autosomal recessive polycystic kidney disease (ARPKD) and
nephronophthisis (NPHP). There is genetic overlap between these renal ciliopathies
as well as clinical overlap, in terms of age of disease onset, and development of end-
stage kidney disease (ESKD) (Barroso-Gil et al., 2021b) (Figure 1.6).
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Figure 1.6. Variability and overlap in the age of disease onset in patients with renal
ciliopathies. Of note, biallelic mutations in NPHP1 and PKDH1 are the most common
cause of Juvenile NPHP and ARPKD respectively (Bergmann, 2017, McConnachie
et al., 2021). Heterozygous mutations in PKD1 is the most common cause of
ADPKD. ADPKD patients with truncating mutations in PKD1 develop ESKD earlier in
life than non-truncating PKD1 mutations or PKD2 mutations (Cornec-Le Gall et al.,
2019). The renal phenotype in patients with atypical ADPKD is often milder than the
one observed in ADPKD caused by PKD1/PKD2 variants (Besse et al., 2019,
Cornec-Le Gall et al., 2018a). ADPKD, autosomal dominant polycystic kidney
disease; ADPLD, autosomal dominant polycystic liver disease; ADTKD, autosomal
dominant tubulo-interstitial kidney disease; ARPKD, autosomal recessive polycystic
kidney disease; NPHP, nephronophthisis. Image modified from (Barroso-Gil et al.,
2021Db).

Polycystic kidney disease can have an autosomal recessive or an autosomal
dominant inheritance pattern. The most common renal ciliopathy is ADPKD, which is
also the most common inherited renal ciliopathy (Cornec-Le Gall et al., 2019,
McConnachie et al., 2021). It is estimated that its prevalence is 1 in 1000 people.
ADPKD is a monoallelic dominant inherited disease and its clinical phenotype
typically consists in the development of large cysts and kidney enlargement (Figure
1.7). The development of renal cysts leads to a decrease of kidney function. ADPKD
is also a frequent cause of ESKD (Cornec-Le Gall et al., 2018b, Huynh et al., 2020,
Porath et al., 2016).
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Figure 1.7. Representation of cystic kidneys in ADPKD. A: ADPKD is characterized
by the presence of numerous and often large renal cysts, mutations in PKD1 and
PKD2 genes are responsible for about 90% of the cases, this is shown as typical
ADPKD. Some ADPKD patients, who do not have a pathogenic variant in PKD1 or
PKD2, show an atypical phenotype of ADPKD. B: Example imaging of large cysts
observed in both kidneys and one cyst in liver. This abdominal magnetic resonance
imaging (MRI) was obtained from Senum et al., 2022 (Senum et al., 2022). The MRI
corresponds to a patient (P1320 Il-1) presenting a pathogenic heterozygous loss of
function (LoF) IFT140 mutation and a heterozygous missense PKD1 variant
described as a variant of uncertain significance (VUS) (Senum et al., 2022).

The clinical phenotypes of ARPKD consist in renal cysts and enlargement of the
kidney. Unlike ADPKD, in ARPKD renal phenotypes usually occur in early childhood.
By the age of 10, 50% of the ARPKD patients develop ESKD (Molinari et al., 2020,
Adamiok-Ostrowska and Piekietko-Witkowska, 2020). ARPKD is not as a common as
ADPKD. It is estimated that ARPKD has an incidence of 1:20000 live births (Devuyst
et al., 2014), however, this estimate varies between geographic regions (Bergmann
et al., 2018, Al Alawi et al., 2020, Bergmann, 2017). Liver phenotypes can also be
observed in ARPKD patients, such as liver cysts and ductal plate malformation

(Bergmann et al., 2018).
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In contrast to polycystic kidney disease, the clinical phenotypes of NPHP are
characterised by a disintegration and irregular thickening of the tubular basement
membrane, tubulointerstitial fibrosis and tubular atrophy. Kidney cysts are not a
hallmark of this renal ciliopathy, in contrast to ADPKD and ARPKD. Kidneys in NPHP
patients usually are fibrotic and normal-sized (Srivastava et al., 2017a, Braun and
Hildebrandt, 2017).

About 10-20% of patients with NPHP may also have extra-renal phenotypes affecting
brain, retina, liver and skeletal system (Srivastava et al., 2017a). Other ciliopathies
may include NPHP in their disease phenotypic spectrum, this is, NPHP phenotypes
can be found patients diagnosed with other ciliopathies such as SLS and JBTS
(Parisi, 2019, Valente et al., 2006, Chaki et al., 2012).

NPHP is not as a common as ADPKD, it is estimated that the incidence of NPHP
ranges between 1:50,000 to 1:1,000,000 people (Srivastava et al., 2017a). NPHP
has been often divided in three clinical subtypes of NPHP: infantile NPHP, juvenile
NPHP and adolescent/adult NPHP, being juvenile NPHP the most common subtype
of NPHP. Patients with juvenile and adolescent/adult NPHP usually develop ESKD in
and after the second decade of life respectively. Some patients with adult NPHP may
develop ESKD after the fifth decade of life (Snoek et al., 2018). In contrast, patients
with infantile NPHP usually develop ESKD before 5 years of age (Stokman et al.,
2021).

1.3. Molecular genetics of primary ciliopathies

There are more than 190 genes encoding for proteins that are predominantly ciliary-
localized which are described to be mutated in ciliopathies (Van Dam et al., 2013).
Genes associated with ciliopathies, do not necessarily have to encode for proteins
located at the cilium. There are multiple genes associated to primary ciliopathies that
code for proteins functioning at the centrioles/centrosome (centrosomal proteins)
(Braun and Hildebrandt, 2017, Shaheen et al., 2016).

For example, genes such as: CEP120 (Roosing et al., 2016), AHI1 (Adams et al.,
2012), CEP104 (Frikstad et al., 2019), CSPP1 (Frikstad et al., 2019) and KIAA0586
(Malicdan et al., 2015) are associated with JBTS and encode for proteins functioning
(often not exclusively) at the centrosome. Besides, there is a growing interest in the

non-ciliary function of cilia proteins, and the interaction of these functions, apart from
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cilia assembly/signalling, such as spindle orientation, cell polarity or DNA damage
(Vertii et al., 2015, Lovera and Luders, 2021).

Of note, as an example of genetic heterogeneity and pleiotropy of genes associated
with JBTS: mutations in CEP120 (Shaheen et al., 2015), CSPP1 (Shaheen et al.,
2014) and KIAA0586 (Malicdan et al., 2015) have also been associated with skeletal
ciliopathies. Particularly, biallelic mutations in CEP120 (Shaheen et al., 2015) and
CSPP1 (Shaheen et al., 2014) have also been associated with MKS.

1.3.1. Molecular genetics of Joubert syndrome

JBTS is a genetically heterogeneous ciliopathy. There are 40 genes described to be
associated with JBTS (OMIM Joubert syndrome phenotypic series, PS213300) and
JBTS gene candidates according to the Online Mendelian Inheritance In Man (OMIM)
database (Hamosh et al., 2000) and the recent literature (Parisi, 2019, Gana et al.,
2022, Bachmann-Gagescu et al., 2020) (Table 1.2). The proteins encoded by these
genes cover a wide diverse spectrum of functions and locations, most of them related
with cilia and centrosome biogenesis (Vertii et al., 2015, Braun and Hildebrandt,
2017, Shaheen et al., 2016).

1.3.2. Molecular genetics of Jeune syndrome

There are over 30 genes described to be associated SRP/JATD syndromes and
(OMIM Short-rib thoracic dysplasia phenotypic series, PS208500) and SRP/JATD
gene candidates according to OMIM (Hamosh et al., 2000) and the recent literature
(Shaheen et al., 2015, Braun and Hildebrandt, 2017, Focsa et al., 2021, Zhang et al.,
2018). Some of these genes are: IFT80 (Beales et al., 2007), CEP120 (Shaheen et
al., 2015), KIAA0586 (Malicdan et al., 2015), DYNC2H1 (Emiralioglu et al., 2018) or
TTC21B (Davis et al., 2011). Some of these genes can cause clinical phenotype
consisting SRP/JATD with kidney and/or liver disease, such as IFT80 (Beales et al.,
2007), DYNC2H1 (Emiralioglu et al., 2018), KIAA0586 (Malicdan et al., 2015) or
TTC21B (Dauvis et al., 2011). Some of them, such as CEP120 (Roosing et al., 2016)
and KIAA0586 (Malicdan et al., 2015) are also described to be associated with
Joubert syndrome (Figure 1.8).
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Phenotype in OMIM phenotypic

Gene Ensembl Gene ID series: Joubert syndrome - Locus MIM
PS213300 number
AHI1 ENSG00000135541 JBTS 3 608894
ARL13B ENSG00000169379 JBTS 8 608922
ARL3 ENSG00000138175 JBTS 35 604695
ARMC9 ENSG00000135931 JBTS 30 617612
BOD1 ENSG00000108641 JBTS 27 614144
B9D2 ENSG00000123810 JBTS 34 611951
C2CD3 ENSG00000168014 Not in JBTS phenotypic series 615944
C5orf42 (also known
as CPLANEL) ENSG00000197603 JBTS 17 614571
CC2D2A ENSG00000048342 JBTS 9 612013
CELSR2 ENSG00000143126 Not in JBTS phenotypic series 604265
CEP41 ENSG00000106477 JBTS 15 610523
CEP104 ENSG00000116198 JBTS 25 616690
CEP120 ENSG00000168944 JBTS 31 613446
CEP164 ENSG00000110274 Not in JBTS phenotypic series 614848
CEP170 ENSG00000143702 Not in JBTS phenotypic series 613023
CEP290 ENSG00000198707 JBTS 5 610142
CSPP1 ENSG00000104218 JBTS 21 611654
FAM149B1 ENSG00000138286 JBTS 36 618413
HYLS1 ENSG00000198331 Not in JBTS phenotypic series 610693
IFT74 ENSG00000096872 JBTS 40 608040
IFT80 ENSG00000068885 Not in JBTS phenotypic series 611177
IFT172 ENSG00000138002 Not in JBTS phenotypic series 607386
INPP5E ENSG00000148384 JBTS 1 613037
KIAA0556 (also
known as KATNIP) ENSGO00000047578 JBTS 26 616650
KIAAO0586 ENSG00000100578 JBTS 23 610178
KIAAQ753 ENSG00000198920 ?JBTS 38 617112
KIF7 ENSG00000166813 JBTS 12 611254
LAMA1 ENSG00000101680 Not in JBTS phenotypic series 150320
MKS1 ENSG00000011143 JBTS 28 609883
NME3 ENSG00000103024 Not in JBTS phenotypic series 601817
NPHP1 ENSG00000144061 JBTS 4 607100
OFD1 ENSG00000046651 JBTS 10 300170
PDE6D ENSG00000156973 JBTS 22 602676
PIBF1 ENSG00000083535 JBTS 33 607532
POC1B ENSG00000139323 Not in JBTS phenotypic series 614784
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RPGRIP1L ENSG00000103494 JBTS 7 610937
SUFU ENSG00000107882 JBTS 32 607035
TCTNL1 (also known
as TECT1) ENSG00000204852 JBTS 13 609863
TCTN2 ENSG00000168778 JBTS 24 613846
TCTN3 ENSG00000119977 JBTS 18 613847
TMEM67 ENSG00000164953 JBTS 6 609884
TMEM107 ENSG00000179029 ?JBTS 29 616183
TMEM138 ENSG00000149483 JBTS 16 614459
TMEM216 ENSG00000187049 JBTS 2 613277
TMEM218 ENSG00000150433 JBTS 39 619285
TMEM230 ENSG00000089063 Not in JBTS phenotypic series 617019
TMEM231 ENSG00000205084 JBTS 20 614949
TMEM232 ENSG00000186952 Not in JBTS phenotypic series 620143
TMEM237 ENSG00000155755 JBTS 14 614423
TOGARAM1 ENSG00000198718 JBTS 37 617618
TTC21B ENSG00000123607 Not in JBTS phenotypic series 612014
WDR72 ENSG00000166415 Not in JBTS phenotypic series 613214
ZNF423 ENSG00000102935 JBTS 19 604557

Table 1.2. List of Joubert syndrome (JBTS) genes and JBTS candidate genes. List of

JBTS genes and JBTS candidate genes has been created using OMIM database

(accessed on 12/2022) and the available literature (Bachmann-Gagescu et al., 2020,

Parisi, 2019). Of note, TMEM218 and IFT74 were not in this list at the time of some
of this analysis (2019-2020) as they have been recently associated with JBTS. Of
note, TMEM218 and JBTS candidate genes: CELSR2, CEP170, NME3, LAMAL,

TMEM230, TMEM232, POC1B, WDR72 are not in the gold standard ciliary gene list

(SYSCILIA) (Van Dam et al., 2013).
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SRP/JATD

DYNC2H1

RCD/SLS/ IFT52 IFT81 IFT80 IFT140 SRP/JATD with
NPHP/JBTS CFAP410 IFT172 TTC21B IFT43 WDR35 kidney and/or liver
TRAF3IP1 WDR19 WDR34 disease
WDR60
KIAA0586
CEP120
INTU CSPP1
TCTN3
KIAAQT53
OFD/MKS

Figure 1.8. Genetic heterogeneity and genetic pleiotropy of the genes associated
with short-rib polydactyly (SRP)/Jeune asphyxiating thoracic dystrophy (JATD). The
SRP/JATD phenotypic spectrum includes: SRP types I-1V, JATD, EVC syndrome and
Sensebrenner syndrome. Other distinct phenotypes such as BBS, male in fertility
(spermatogenic dysfunction) or Pelger-Huét anomaly have not been considered for
the simplicity of the diagram. (*) For simplicity, | did not include all the genes involved
in OFD and MKS. Of note, the following genes have been described to be associated
with the SRP/JATD phenotypic spectrum but are not included in the OMIM in Short-
rib thoracic dysplasia phenotypic series (PS208500, status 11/2022): CSPP1 (Tuz et
al., 2014), IFT122 (Walczak-Sztulpa et al., 2010, Silveira et al., 2017), CILK1 (Paige
Taylor et al., 2016), FUZ (Zhang et al., 2018), LBR (Zhang et al., 2018), TRAF3IP1
(Zhang et al., 2018), TCTN3 (Schmidts, 2014), GRK2 (Bosakova et al., 2020). BBS,
Bardet-Biedl syndrome; EVC, Ellis-van Creveld; JATD, Jeune asphyxiating thoracic
dystrophy; JBTS, Joubert syndrome; LCA, Leber congenital amaurosis; MKS, Meckel
syndrome; NPHP, nephronophthisis; OFD, oro-facial-digital syndrome; RCD, Rod-
cone dystrophy; SLS: Senior Lgken syndrome; SRP, short-rib polydactyly.

1.3.3. Molecular genetics of renal ciliopathies

ADPKD is age dependent, it is often only found in adult patients (Lanktree et al.,
2018). It is also frequently diagnosed in children due to improved screening (Lanktree
et al., 2018, Bergmann et al., 2018).

Nevertheless, several factors are involved in the severity of ADPKD, such as the
pathogenicity of the mutation of the disease phenotype and the gene in which that
mutation is located. Mutations in PKD1 and PKD2 genes are responsible for about
90% of the ADPKD cases. Mutations in PKD1 are the most common cause of
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ADPKD, with about 75% of the ADPKD patients presenting a disease-causing
mutation in PKD1 (Cornec-Le Gall et al., 2019, Lanktree et al., 2021).

In the last few years other genes such as: DNAJB11 (Cornec-Le Gall et al., 2018a,
Huynh et al., 2020), GANAB (Porath et al., 2016, Besse et al., 2017), ALG5 (Lemoine
et al., 2022) ALGS8 (Besse et al., 2017), ALG9 (Besse et al., 2019) and PRKCSH (Li
et al., 2003) have been associated with the autosomal dominant polycystic kidney
and liver diseases, including the ADPKD phenotypic spectrum (Figures 1.7 and 1.9).

A list of genes associated with PKD can be found in Table 1.3.

Apart from PKD1 and PKD2 there are other 7 genes that have been associated with
the ADPKD phenotypic spectrum, two of these genes (IFT140 and ALG5) have just
been described to be associated with the ADPKD phenotypic spectrum in the last
year (Senum et al., 2022, Lemoine et al., 2022) leading to an atypical ADPKD
phenotype. In these patients with atypical ADPKD the kidney phenotype is usually
milder and without kidney enlargement, but the severity of the liver phenotype is
variable (Senum et al., 2022, Lemoine et al., 2022) (Figures 1.7 and 9). Some of the
genes associated with atypical ADPKD, such as ALG5, ALGS8, ALG9, GANAB and
DNAJB11, code for proteins functioning in the endoplasmic reticulum (ER)
biogenesis pathway and are also associated with ADPLD and/or ADTKD (Lemoine et
al., 2022, Besse et al., 2017).
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ADPKD /i ADPLD
(Autosomal SEC63
Dominant PKD2 PRKCSH (Autogomal
Polycystic Kidney UA5ESY LRP5 Dominant
Disease) SEC61B Polycystic Liver
Disease)
DNAJB11
UMOD
e ADTKD
SEC61A1 (Autosomal Domipant
Tubulo-Interstitial
Kidney Disease)

Figure 1.9. Genetic heterogeneity and genetic pleiotropy in genes associated with
ADPKD, ADPLD and ADTKD. There is phenotypic and genetic overlap between
these diseases leading to a complex and heterogeneous phenotypic spectrum
(Cornec-Le Gall et al., 2018b, Besse et al., 2017). For simplicity, the association of
PKDH1 with ARPKD and ADPKD is not shown in this diagram (Besse et al., 2017,
Bergmann, 2017). Besides, LRP5 and SEC61B can be suggested as candidate
genes to be to be associated with ADPKD (Korvala et al., 2012, Cnossen et al.,
2014, Besse et al., 2017). Renal cystic phenotypes have been reported in two
ADTKD families presenting heterozygous mutations in SEC61A1 (Bolar et al., 2016).
ADPKD, autosomal dominant polycystic kidney disease; ADPLD, autosomal
dominant polycystic liver disease; ADTKD, autosomal dominant tubulo-interstitial
kidney disease; ARPKD, autosomal recessive polycystic kidney disease.
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Protein . Subcellular Effect on PC1— Disease
Gene Known function e References
product localization PC2 complex phenotype
. Transmembrane glycoprotein, forms a Ciliary (Cai et al.,.2014,
PKD1 Polycystin-1 . ' — ADPKD (1) McConnachie et al.,
complex with PC2 membrane 2021)
. Transmembrane glycoprotein, forms a Ciliary (Cai et al.,.2014,
PKD2 Polycystin-2 . ' — ADPKD McConnachie et al.,
complex with PC1 membrane 2021)
DnaJ h.eat Sh.OCk Cofactor of the ER heat shock chaperon BiP, PC1 maturation ADTKD- (Comec-Le Gall et
DNAJB11 protein family ; . : o ER o al., 2018a, Huynh et
which regulates protein folding and trafficking and localization DNAJB11
member B11 al., 2020)
Catalytic subunit of glucosidase Il that has a PC1
Glucosidase Il alpha role in the hydrolysis of glucose residues (a maturation (Besse etal., 2017,
GANAB . . . . ER . ADPKD/ADPLD Porath et al., 2016,
subunit process involved in correct folding, PC1 and PC2
X . . o Xu and Ng, 2015)
maturation and trafficking of glycoproteins) localization
Intraflagellar . o
. Core protein of the ciliary IFT-A complex, : o
IFT140 Transpi)‘rltoProtem involved in retrograde ciliary transport Primary cilium NA ADPKD (2) (Senum et al., 2022)
. PC1
ALGS5 dolichyl- - . . ! .
i Participates in the synthesis of the Dol-P-Glc maturation. (Lemoine et al.,
ALGS phosphate beta donor substrate ER PC1 and PC2 ADPKD 2022)
glucosyltransferase | o
ocalization
Addition of the seventh and ninth mannose
ALG9 ALG9 Alpha-1,2- molecules to the assembling N-glycan ER PC1 maturation ADPKD/ADPLD (Besse et al., 2019)
mannosyltransferase 3)
precursors
Addition of the second glucose residue for N- (Besse et al., 2017,
ALGS8 Alpha-1,3- linked-glycosylation (a process involved in PC1 maturation | ADPKD/ADPLD Apple et al., 2022,
ALGS8 . . - ER o :
glucosyltransferase correct folding, maturation and trafficking of and localization 3) Mantovani et al.,
glycoproteins) 2020)
Non-catalytic subunit of glucosidase Il that (ngeles etal., 2011,
Glucosidase Il beta has a role in the hydrolysis of glucose Dosage of Lietal., 2003, Xu
PRKCSH . . . . - ER functional PC1- ADPLD and Ng, 2015,
subunit residues (involved in correct folding, !
. S ! PC2 complex Mallawaarachchi et
maturation and trafficking of glycoproteins)
al., 2021)
Perugorria and
SEC63 homolog : : . Dosage of (
; > Folding and translocation of glycoproteins, . Banales, 2017,
SEC63 protein translocation associates with SEC61 and SEC62 ER functional PC1- ADPLD Fedeles et al., 2011,
regulator PC2 complex

Besse et al., 2017)
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Translocation of polypeptides into the ER,

(Besse et al., 2017,

subunit alpha 1

forms part of the translocation pore SEC61

SEC61AL1 (6)

SEC61B | SEC61 beta subunit forms part of the translocation pore SEC61 ER PC1 maturation ADPLD Perugorria and
Banales, 2017)
Low density Transmembrane receptor associated with Plasma (Korvala etal., 2012,
LRP5 lipoprotein receptor- WNT si Fr)1allin membrane NA ADPLD (4) Cnossen et al., 2014,
related protein 5 9 9 Wheway et al., 2018)
Plasma (Besse et al., 2017,
. . . Transmembrane protein involved in cell—cell membrane, PC2 expression Perugorria and
PKHD1 | Fibrocystin/polyductin and cell-matrix interactions primary cilium (5) ARPKD (5) Banales, 2017, Kim
and basal body et al., 2008)
DZIP1L DAZ mteragtmg Malntenan.ce (_)f the trgnsmpn zone'dlffusmn Centrioles/TZ PC1 anql PQZ ARPKD (Lu et al., 2017)
protein 1-like barrier, interaction with Septin2 and localization
. : : i (Bolar et al., 2016,
SEC61AL SEC61 translocon Translocation of polypeptides into the ER, ER NA ADTKD van Nieuwenhove et

al., 2020)

Table 1.3. Genes associated and gene candidates to be associated with cystic kidney disease. (1) Biallelic mutations in PKD1 are
associated with severe polycystic disease and embryonic lethality (Cornec-Le Gall et al., 2018b, Bergmann et al., 2018). (2) Biallelic
mutations in IFT140 are associated with skeletal ciliopathy phenotypes (Bayat et al., 2017, Schmidts et al., 2013). (3) Biallelic mutations
in ALG8 or ALG9 are associated with congenital disorder of glycosylation (Hock et al., 2015, Tham et al., 2016). (4) Heterozygous LRP5
mutations have been associated with other diseases including primary osteoporosis and osteosclerosis (Cnossen et al., 2014, Korvala et
al., 2012). (5) Heterozygous PKHD1 mutations may also cause the development of multiple small liver cysts (Besse et al., 2017). (6) The
ADTKD-SEC61A1 phenotypic spectrum includes glomerulocystic kidney disease with anaemia and neutropenia. ADPKD, autosomal
dominant polycystic kidney disease; ADPLD, autosomal dominant polycystic liver disease; ADTKD, autosomal dominant tubulointerstitial
kidney disease; ARPKD, autosomal recessive polycystic kidney disease; BiP, Binding immunoglobulin protein; ER, endoplasmic
reticulum; NA, not available; PC1, polycystin-1; PC2, polycystin-2; WNT, Wingless/Integrated. Table updated and obtained from
(Barroso-Gil et al., 2021b).
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Biallelic mutations in PKHD1 are the most common cause of ARPKD (Ward et al.,
2002, Molinari et al., 2020). Regarding genotype-phenotype correlations in ARPKD, it
has been shown that loss of function mutations in PKHD1 have been associated with
more severe ARPKD phenotypes than missense PKHD1 variants (Furu et al., 2003).
Additionally, biallelic mutations in DZIP1L have been associated with ARPKD (Lu et
al., 2017).

PKHD1 encodes the protein Fibrocystin, which is a protein involved in the regulation
of planar cell polarity, cell-cell and cell-matrix interactions (Fedeles et al., 2014,
Besse et al., 2017). Moreover, it has been found an enrichment of rare heterozygous
PKHDL1 loss of function variants in a population of patients with polycystic liver
disease (Besse et al., 2017). This reinforces the importance of remembering the
phenotypic and genetic overlap between renal ciliopathies (Cornec-Le Gall et al.,
2019), in this case, the two forms of PKD.

In recent years an additional cause of ARPKD has been found, biallelic mutations in
DZIP1L. DZIP1L encodes for a DAZ interacting proteinl-like protein (DZIP1L)
protein, which functions at the basal body. Mutations in these genes has been
associated with ciliary trafficking defects and abnormal location of polycystin-1 (PC1)
and polycystin-2 (PC2) (Lu et al., 2017).

ARPKD generally develops earlier in age than ADPKD, however for some ARPKD
patients with mild ARPKD, cystic phenotypes may develop later in life, it is
challenging to provide a correct diagnosis, because of the ADPKD and ARPKD

phenotypic overlap.

Biallelic mutations in PKHD1 are the most common cause of ARPKD (Ward et al.,
2002, Molinari et al., 2020). Regarding genotype-phenotype correlations in ARPKD, it
has been shown that loss of function mutations in PKHD1 have been associated with
more severe ARPKD phenotypes than missense PKHD1 variants (Furu et al., 2003).
Additionally, biallelic mutations in DZIP1L have been associated with ARPKD (Lu et
al., 2017).

PKHD1 encodes the protein Fibrocystin, which is a protein involved in the regulation
of planar cell polarity, cell-cell and cell-matrix interactions (Fedeles et al., 2014,
Besse et al., 2017). Moreover, it has been found an enrichment of rare heterozygous
PKHDL1 loss of function variants in a population of patients with polycystic liver
disease (Besse et al., 2017). This reinforces the importance of remembering the
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phenotypic and genetic overlap between renal ciliopathies (Cornec-Le Gall et al.,
2019), in this case, the two forms of PKD.

In recent years an additional cause of ARPKD has been found, biallelic mutations in
DZIP1L. DZIP1L encodes for a DAZ interacting proteinl-like protein (DZIP1L)
protein, which functions at the basal body. Mutations in these genes has been
associated with ciliary trafficking defects and abnormal location of polycystin-1 (PC1)
and polycystin-2 (PC2) (Lu et al., 2017).

ARPKD generally develops earlier in age than ADPKD, however for some ARPKD
patients with mild ARPKD, cystic phenotypes may develop later in life, it is
challenging to provide a correct diagnosis, because of the ADPKD and ARPKD
phenotypic overlap (Bergmann, 2017, Cornec-Le Gall et al., 2019).

Biallelic mutations in NPHP1, which may include full-gene deletion, are the most
common cause of NPHP, being responsible of about 20% of NPHP cases.
Additionally, there are over 20 genes associated with NPHP (Table 1.4)
(McConnachie et al., 2021, Srivastava et al., 2017a).

Many of these genes associated with NPHP are also associated with other
ciliopathies such as JBTS, SLS and MKS (Braun and Hildebrandt, 2017, Halbritter et
al., 2013b). There are several examples that reflect the genetic heterogeneity,
overlap and pleiotropy of some of the genes associated with NPHP. For instance,
NPHP1, encoding a protein functioning at the transition zone, is associated with SLS,
NPHP and JBTS phenotypes (Fliegauf et al., 2006, Omran, 2010, Koyama et al.,
2017, McConnachie et al., 2021). Moreover, AHI1, encoding a protein functioning at
the centrosome, is associated with NPHP and JBTS phenotypes (Utsch et al., 2006,
Mufoz-Estrada and Ferland, 2019).
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Gene NPHP Protein product Function Subqellu_lar Disease phenotypes References
type localization
NPHP Interacts with inversin, Microtubular (Fliegauf et al.,
1 NPHP1 Nephrocystin-1 nephrocystin-3, 4 and 8; docking organising center, NPHP, SLS, JBTS 2006, Omran, 2010,
protein TZ Koyama et al., 2017)
. Involved in Wnt signaling, cell . . NPHP (with or without (Veland et al., 2013,
INVS | NPHP2 Inversin polarity and migration Primary cilium situs inversus), SLS Tory et al., 2009)
. . -~ (Tory et al., 2009,
NPHP NPHP3 Nephrocystin-3 Interaction with nephrocystln 1and Primary cilium NPHP, SLS, MKS Bergmann et al.,
3 Inversin
2008)
: . . . . Primary cilium, (Wiik et al., 2008,
NP4HP NPHP4 4|\/|r?£hrr1(r)§¥est?nni;1 tAhséSt? ;ﬁ;ﬁ%?gg:g%;&?ﬂlga?r?eol centrosome, cell- NPHP, SLS, LCA Otto et al., 2002,
P cell junctions Mollet et al., 2005)
cor:girr?i(r)]“fBl Interaction with calmodulin and (Estrada-Cuzcano et
IQCB1 | NPHP5 : g LT ; Primary cilium SLS, LCA al., 2011, Otto et al.,
protein/nephrocyst RPGR, role in ciliogenesis 2005)
in-5
(Betleja and Cole,
CEP2 NPHP6 Centrosomal Regulation of trafficking of ciliary Centrosome, TZ, JBTS, BBS, MKS, LCA, 2010, Sayer et al.,
90 protein 290 proteins at the TZ nucleus SLS 2006, Slaats et al.,
2015)
Krippel-like zinc . o .
GLIS2 | NPHP7 | finger protein Gli- Transcription factor Primary cilium, NPHP (Attanasio et al.,
S nucleus 2007)
similar 2
RPGR Nephrocystin- Associated with the transition zone (Arts et al., 2007,
ip1L | NPHP8 | o/RpGRIPI like diffusion barrier TZ/basal body JBTS, COACH, MKS | \villiams et al., 2011)
Associated with the regulation of (Grampa et al
NEKS | NPHPg | NIMArelated the Hippo pathway and the Primary cilium NPHP 2016, Hassan et al.,
kinase 8 regulation of cell cycle progression
2020)
from G2 to M phase
spce | NPHPL 1'3?5%%??/?32}'— Associated with the activation of Centrosome/basal (Airik et al., 2016,
AGS 0 defined golony DDR signaling pathway. Interaction body, cell—-cell SLS, BBS Otto et al., 2010,
s with RABEP2 and OFD1 junctions, nucleus Airik et al., 2014)
cancer antigen 8
Transmembrane Involved in ciliogenesis and (Sorgi;hete;il.,;)gg&
TMEM | NPHP1 . centriole migration. Frizzled-like Plasma membrane, NPHP, JBTS, COACH, N :
protein . . Adams et al., 2012,
67 1 . Whnt receptor. Interaction with basal body, TZ MKS
67/meckelin Abdelhamed et al.,

filamin A

2019)
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Tetratricopeptide

TTng NP?Pl repeat domain Involved in retrograde IFT transport Primary cilium NPHP, JBTS, JATD (Davis et al., 2011)
21B
(Bredrup et al.,
NsZEspe’nT)IrDériLesr’ 2011, Ni et al., 2020,
WD repeat- . Halbritter et al.,
WDR1 | NPHP1 containing protein | Involved in retrograde IFT transport Primary cilium syndrome, Mainzer- 2013b, Coussa et
9 3 19 Saldino syndrome, JATD, al. 2013
SRTD, hrenbach et al
asthenoteratospermia Fehrenbach et al.,
2014)
ZNF42 | NPHP1 | Zinc finger protein | Transcription factor. DDR signaling Nucleus, NPHP. JBTS (Chaki et al., 2012,
3 4 423 pathway centrosome ' Cheng et al., 2007)
Involved in vesicular docking to the (Schmidt ?t al.,
CEP1 | NPHP1 Centrosomal mother centriole. G2/M checkpoint Nucleus, NPHP. SLS. JBTS 2012, Chaki et al.,
64 5 protein 164 and DDR si |:1alin athwap centrosome ' ' 2012, Maria et al.,
Ankyrin repeat
and sterile alpha . . (Hoff e_t al., 2013,
ANKS | NPHP1 : ; Connects NEKS to inversin and . o Taskiran et al.,
6 6 motif domain- nephrocytsin-3 Primary cilia NPHP 2014, Nakajima et
containing protein '
6 al., 2018)
IFT protein (IFT-B module), NPHP, JATD, Mainzer— (Halbritter et al.,
”:217 NP;”Dl tlrr;trr]iﬂ%grgtelll% involved in IFT transport required Primary cilia Saldino syndrome, RP, 2013a, Pruski et al.,
P for cilia assembly and function BBS 2019)
pr(igir::rg;ﬁ:rgi?; 4- Involved in vesicular docking to the
H H g " 7
CEP8 | NPHP1 mother centriole and anchorage of (Joo et al., 2013
3 8 CO'.I QOmam- . the centrosome to the apical Centrosome NPHP Shao et al., 2020b)
containing protein membrane v
41
DCDC | NPHP1 d Do_ublecort_m_ Interaction with the mediator of Wnt Primary cilium, NPHP, liver f|bro_5|s, (Schue_ler etal.,
> 9 omaln-co_ntalnmg signaling dishevelled mitotic spindle fibres neonatal sck_a_rosmg 2015, Girard et al.,
protein 2 cholangitis 2016)
Mitogen-activated
tein kinase- Involved DDR signaling pathway
MAPK | NPHP2 | Pro% . . o (Lecat et al., 2012,
BP1 0 binding protein and regulation of the JNK and Mitotic spindle poles NPHP Macia et al., 2017)

1/INK-binding
protein 1

NOD2 signaling pathways
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Recognises N-terminal peptides (Alizadeh et al
XPNP | NPHPL ' X-pro!yl that have proline in their second Mitochondria NPHPL, NPHP 2020, O'Toole et al.,
EP3 1 aminopeptidase 3 position and removes the N- 2010)
terminal amino acid
A disintegrin-like
ADAM metalloa?gteinase Metalloprotease involved in the (Choi et al., 2019,
TS9 NPHPL vr\)/ith proteolytic modification of ECM Near basal body NPHPL Nandadasa et al.,
thrombospondin components and ciliogenesis 2019)
type 1 motif, 9
Abelson helper . . . (Utsch et al., 20086,
AHI1 — integration site Dlsar#é)qutfitf;ilﬁ)r(]eneaatfgsvc;ssHh Cegér”o_.z ()nrg:iac,)r?sell— NPHP, JBTS Mufioz-Estrada and
1/Jouberin 9 9p y J Ferland, 2019)
(Tallila et al., 2008,
CC2D Coiled-coil and C2 | Involved in ciliogenesis and vesicle | TZ, mother centriole Bachmann-Gagescu
oA — domain-containing | docking and fusion at the periciliary subdistal JBTS, COACH, MKS et al., 2015b,
2A membrane (in photoreceptors) appendages Mejecase et al.,
2019)
. . . (Sang et al., 2011,
ATXN . Ataxin 10 Dysfgnchon of this gene affects Nucleus, cytoplasm NPH P/splnoperebellar Wakamiya et al.,
10 survival of cerebellar neurons. ataxia 2006)
SLC41 . farﬁi?lu;,el (;r?(rarrlr?tr)er Magnesium transporter. Associated Basolateral cell NPHP-like/primary ciliary | (Arjona et al., 2019,
Al y 1 with magnesium homeostasis membrane dyskinesia Hurd et al., 2013)

Table 1.4. Genes associated with nephronophthisis (NPHP). BBS, Bardet Biedl syndrome; COACH, Cerebellar vermis defect,
oligophrenia, ataxia, coloboma, hepatic fibrosis; cIJNK, c-Jun N-terminal kinase; DDR, DNA damage response; ECM, extracellular
matrix; JATD, Jeune asphyxiating thoracic dystrophy; JBTS, Joubert syndrome; LCA, Leber congenital amaurosis; MKS, Meckel
syndrome; NOD2, nucleotide-binding oligomerization domain-containing protein 2; NPHP, nephronophthisis; NPHPL,
nephronophthisis-like nephropathy; RABEP2, RAB GTPase binding effector protein 2; RP, retinitis pigmentosa; RPGR, retinitis
pigmentosa GTPase regulator; SLS, Senior-Loken syndrome; TZ, transition zone. Table obtained from (Barroso-Gil et al., 2021Db).
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1.4. Molecular disease pathogenesis of ciliopathy genes studied in this project

There are more than 40 genes associated with JBTS, more than 30 genes
associated with JATD, more than 15 genes associated with polycystic kidney disease
and more than 20 genes associated with NPHP (many of them also associated with
JBTS and other primary ciliopathies) (Gana et al., 2022, Devlin and Sayer, 2019,
Zhang et al., 2018).

| have focussed on studying a subset of ciliopathy genes to investigate the genetic
heterogeneity and pleiotropy of primary ciliopathies. Firstly, CEP120, ARL3 and
TOGARAML1 were selected for this project because they are associated with JBTS
and because there is a growing interest to further study the molecular genetics of
primary ciliopathies with a focus on each of these genes (Joseph et al., 2018, Tsai et
al., 2019, Alkanderi et al., 2018, Latour et al., 2019).

CEP120 is associated with JBTS and JATD syndromes (Roosing et al., 2016,
Shaheen et al., 2015). Studying CEP120 allows to investigate how mutations in the
same gene can cause different clinical phenotypes, which is a characteristic found in
many other ciliopathy genes. Studying CEP120 also allows to study extra-ciliary
functions that may play a role in the wide spectrum of clinical phenotypes (from
neurological phenotypes to skeletal phenotypes) arising from mutations in CEP120
(Roosing et al., 2016, Shaheen et al., 2015).

Recently, other ciliopathy genes such as KIAA0586 (Pauli et al., 2019), ARL3
(Alkanderi et al., 2018, Sheikh et al., 2019) and CEP290 (Ramsbottom et al., 2018),
which are similar to CEP120 in terms of associated phenotypes, have been
investigated by Sayer and Miles lab at Newcastle University and other research
groups. | have focussed on CEP120 because the results about its molecular disease
pathogenesis can be compared with the results already reported by others, studying
the molecular disease pathogenesis of CEP120 leading the phenotypic spectrum of
JBTS and JATD syndromes (Betleja et al., 2018, Comatrtin et al., 2013a, Joseph et
al., 2018, Roosing et al., 2016, Tsai et al., 2019, Wu et al., 2014).

Furthermore, there is an increasing number of studies and growing interest focussing
on the molecular pathogenesis of different patient-specific disease-causing CEP120
mutations reported in the literature (Chang et al., 2021, Joseph et al., 2018, Tsai et
al., 2019), this allows new studies about the molecular pathogenesis of CEP120 to
be compared and complemented with previous studies.
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ARL3 was include in this project because it can be compared with CEP120 in several
aspects (from molecular function to disease phenotypes). Moreover, ARL3 has been
extensively investigated in Sayer and Miles laboratory (Alkanderi et al., 2018).
Furthermore, both genes are suitable to study the molecular genetics of primary
ciliopathies using different in vitro and in vivo functional assays (Joseph et al., 2018,
Wu et al., 2014, Alkanderi et al., 2018, Fu et al., 2021).

Furthermore, the comparison of how genes encoding proteins with different
functions, as it is the case of CEP120 and ARLS3, can cause the same ciliopathy (in
this case: JBTS), it is of great interest and relevance to this project, to the ongoing
projects in Sayer and Miles laboratory and to the study of primary ciliopathies and
other ciliopathy genes. ARL3 is a pleiotropic gene and there is a growing interest in
studying this gene and new disease-causing mutations in ARL3 have been reported
recently (Alkanderi et al., 2018, Fu et al., 2021, Holtan et al., 2019, Ratnapriya et al.,
2021, Sheikh et al., 2019).

In summary, CEP120 and ARL3 were selected for this project because they allow to
study genotypic and phenotypic heterogeneity and overlap in primary ciliopathies.
There are patients in the literature reported presenting with biallelic mutations in
these genes and their study contributes to further understand genotype-phenotype
correlations, the molecular genetics and tissue-specific expression of these two
genes and to elucidate why mutations in the same gene can cause different disease
phenotypes (Ratnapriya et al., 2021, Sheikh et al., 2019, Roosing et al., 2016).

| also focused on TOGARAM1, a gene recently described as a JBTS gene, because
investigating novel ciliopathy genes is an important part of studying the molecular
genetics of primary ciliopathies (Latour et al., 2019, Latour et al., 2020). Investigating
genes recently described as JBTS genes, such as TOGARAM1, is important to get
insights into the molecular genetics of primary ciliopathies and genetically solve new
patients. TOGARAM1 was selected because | had the opportunity to access the
whole genome sequencing data available at the Genomics England 100,000
Genomes Project (Smedley et al., 2021) and search for putative disease-causing
mutations in TOGARAML leading to JBTS.

I have studied genes encoding proteins functioning at the endoplasmic reticulum,
such as DNAJB11 gene and ALG genes because some of these genes are

associated with renal primary ciliopathies, most of them are recently associated (or
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are candidate genes to be associated) with ADPKD (Cornec-Le Gall et al., 2018a,
Lanktree et al., 2021, Besse et al., 2017). ADPKD is characterised by the
development of kidney cysts and it is estimated that has a prevalence of 1:1000,
which increases the probability of finding patients with the associated disease
phenotypes compared with other primary ciliopathies (Devlin and Sayer, 2019,
McConnachie et al., 2021).

In the Genomics England 100,000 Genomes Project, there are more patients
diagnosed with cystic kidney disease than any other primary ciliopathy (eg: JBTS)
(Wheway et al., 2019). Focusing on patients with cystic kidney disease, allows to
genetically solve a higher proportion of patients and to increase the genetic diagnosis
yield in patients with cystic kidney disease. This also allows to perform in silico
analyses using the Genomics England 100,000 Genomes Project, comparing large

cohorts of patients and perform robust statistical analyses.

Studying these ciliopathy genes encoding proteins functioning within the endoplasmic
reticulum (ER), allows to study how mutations in genes encoding proteins functioning
in extra-ciliary locations, can cause the same or similar clinical phenotypes caused by
mutations in ciliary genes (eg: PKD1 and PKD2) (Besse et al., 2017, Lemoine et al.,
2022).

These is a growing interest in studying genes encoding ER proteins (e.g. DNAJB11,
GANAB, and ALG5, ALG8 and ALG9 genes) and novel disease-causing genes
leading to the phenotypic spectrum of ADPKD (Lemoine et al., 2022, Besse et al.,
2019, Besse et al., 2017, Lanktree et al., 2021).

Mutations located in some of these genes encoding proteins functioning within the
ER can cause different ciliopathy phenotypes: including renal and liver polycystic
disease. This allows to study gene pleiotropy in these genes associated with renal
ciliopathies and to study genetic heterogeneity and phenotypic overlap in renal
ciliopathies (Besse et al., 2017, Lanktree et al., 2021, Cornec-Le Gall et al., 2019,
McConnachie et al., 2021).

In summary, this approach allows to study primary ciliopathies from a broad
perspective: from recessive primary ciliopathies such as JBTS and JATD syndromes
associated with overlapping clinical phenotypes affecting multiple organs, to the
study of recessive and dominant primary ciliopathies leading to a more restricted
spectrum of clinical phenotypes affecting kidney and/or liver.
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There is a growing interest in studying the genes mentioned above as well as
studying extra ciliary functions, novel genotype-phenotype correlations and the
analysis of whole genome sequencing (WGS) data. Studying the primary ciliopathies
and genes stayed above is a suitable approach to achieve the objective of studying
the molecular genetics of primary ciliopathies and increase genetic diagnostic yield in

patients with primary ciliopathies.
1.4.1. CEP120

Centrosomal protein of 120 kDa (CEP120) is a centrosomal protein involved in
centriole duplication, assembly (Mahjoub et al., 2010, Wu et al., 2014), elongation
(Lin et al., 2013) and maturation (Wu et al., 2014) as well as microtubule stability
(Betleja et al., 2018, Meka et al., 2022).

CEP120 encodes for a protein of 986 amino acids (aa). It is predicted that CEP120
contains three consecutive C2 domains (C2A and C2B and C2C) and one coil-coiled
domain (CC) (Mahjoub et al., 2010, Sharma et al., 2018). These three has three
consecutive evolutionary conserved C2 domains: C2A (aa 1 - 151), C2B (aa 160 -
340) and C2C (aa 450 - 610), which possess different functions (Sharma et al., 2018,
Joseph et al., 2018). The N-terminal C2A domain binds tubulin and microtubules and

it promotes microtubule formation (Sharma et al., 2018) (Figure 1.10).

It is important to note that CEP120 protein sequence is conserved in mammals
(>80% homology) (Sharma et al., 2018). Moreover, there is a tendency of the protein

domains being slightly more conserved than the CEP120 full protein (Table 1.5).
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A
Protein interaction domains:

Microtubule binding domain: Interactions with CPAP (aa 416 — 730) (Lin Coiled-coil domain:
Involved in centriole elongation (Lin et al., et al., 2013), SPICE1 (Comarin et al., Involved in localization of CEP120 to the centrosome
2013), microtubule formation (Sharma et 2013), Talpid3 (aa 416 — 894) (Tsai et al., (Mahjoub et al., 2010), limitation of PCM at daughter
al., 2018) and limitation of PCM at daughter 2019), KIAAO753 (aa 442-894) (Chang et centrioles (Betleja et al., 2018) and interaction with
centrioles (Betleja et al., 2018) al., 2021) and other suggested centriole C2CD3 (792 — 986) (Tsai et al., 2019)

distal-end proteins (Joseph et al., 2018)

C2A Cc2B C2C CC
925 986
B Q p Q _
| G14* | | R151* | L712F | [ 19755 |
19758 impairs the interactions with C2CD3 and
A199P L726P recruitment of C2CD3 to centrioles. L712F and

L726 inhibit the recruitment of Talpid3 to centrioles.
L726P and 1975S impair ciliogenesis (Tsai et al.,

V194P and A119P decrease the 2019). A549V, L712F and L726 impair the
thermoestability of the C2B domain recruitment of KIAAO753 to centrioles and delays
and impair ciliogenesis (Joseph et al., the exit of granule neuron progenitors (GNPs) from

2018) the germinal zone (Chang et al., 2021)

Figure 1.10. Representation of the domain structure of CEP120 protein (NP_694955.2). CEP120 is formed by three C2 evolutionary
conserved consecutive C2 domains (C2A, C2B and C2C) and a C-terminal coil-coiled domain (CC) (Sharma et al., 2018). The
different domains have different roles. (B) Representation of the nine CEP120 mutations described to be associated with JBTS
(G14*, V194A, S380Yfs*, A549V, L712F and L726P), JATD (A199P), MKS/OFD (1949S) and TCDOE (R151* and A199P)
syndromes. Some of these mutations (coloured in orange) have been investigated to understand the molecular disease mechanism
of them (Chang et al., 2021, Joseph et al., 2018, Tsai et al., 2019). The annotation of the CEP120 mutations (CEP120 transcript:
NM_153223.3) is: ¢.49+5_49+10del; p.(Gly+1AspfsTerl4) (G14*), c.451C>T; p.(Argl51Ter) (R151%), c.581T>C; p.(Vall94Ala)
(V194A), c.595G>C; p.(Alal199Pro) (A199P), ¢.1138 1139insA; p.(Ser380TyrfsTer19) (S380Yfs*), c.1646C>T; p.(Alab549Val)
(A549V), c.2134C>T; p.(Leu712Phe) (L712F), c.2177T>C; p.(Leu726Pro) (L726P) and c.2924T>G,; p.(Ile975Ser) (1975S). JATD,
Jeune asphyxiating thoracic dystrophy; JBTS, Joubert syndrome; MKS, Meckel syndrome; OFD, oro-facial-digital syndrome;
TCDOE, tectocerebellar dysraphia with occipital encephalocele.
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CEP120 full orotein CEP120 C2A CEP120 C2B CEP120 C2C CEP120 CC
P domain (1-151aa) |domain (160-340aa)| domain (450-610aa) |domain (707-925aa)
Query
. Query Homology| Query Homology| Query Homology Homology | Query Homology
QRN 2 Cover % % Cover % % Cover % % Coo/\;er % Cover % % DIz EEe
Homo sapiens NP_694955.2 100 100 100 100 100 100 100 100 100 100 NCBI
Pan troglodytes XP_009447838.1 100 99.70 100 100 100 100 100 100 100 100 NCBI
Macaca mulatta XP_014996146.1 100 98.58 100 98.68 100 99.45 100 98.14 100 99.09 NCBI
Callithrix jacchus XP_01782503.1 100 96.86 100 96.69 100 97.79 100 98.76 100 97.72 NCBI
Sus scrofa XP_003123925.1 100 94.52 100 97.35 100 95.58 100 96.89 100 94.52 NCBI
Canis lupus familiaris XP_531888.3 100 92.83 100 98.01 100 95.03 100 95.65 100 93.61 NCBI
Capra hircus XP_017906171.1 100 93.31 100 95.36 100 93.37 100 95.65 100 93.61 NCBI
Bos Taurus XP_024850151.1 100 93.15 100 97.35 100 94.48 100 95.03 100 91.52 NCBI
Marmr:;";‘m”;?;mma XP_015342220.1 100 9291 | 100  96.69 | 100 95.03 | 100 95.65 100  94.06 NCBI
Felix catus XP_011280127.1 100 92.40 100 96.69 100 93.92 100 95.03 100 94.06 NCBI
Heterocephalus glaber XP_004854535.1 100 91.69 100 94.70 99 95 100 95.65 100 92.69 NCBI
Erinaceus europaeus XP_007527673.1 100 90.59 100 96.03 100 95.58 100 94.41 100 92.69 NCBI
Rattus norvegicus NP_001178626.1 100 90.39 100 94.70 99 94.44 100 95.65 100 90.41 NCBI
Mus musculus NP_848801.2 99 89.17 100 91.39 100 93.92 99 93.75 100 89.04 NCBI
Gallus gallus XP_015136305.1 99 72.03 100 80.26 100 79.01 100 80.75 97 77.67 NCBI
Xenopus tropicalis NP_001120380.1 92 65.74 100 80.13 100 75.15 99 78.12 92 61.58 NCBI
Erpetoichthys calabaricus | XP_028661076.1 99 61.36 100 70.20 99 64.44 99 68.12 97 68.84 NCBI
Salmo salar XP_014030376.1 99 60.96 100 70.13 100 62.98 100 62.57 98 69.30 NCBI
Salmo trutta XP_029578107.1 99 60.59 100 68.83 100 62.98 100 62.57 98 69.30 NCBI
Danio rerio XP_017212877.1 99 57.67 100 68.21 98 61.80 99 62.50 100 66.52 NCBI
Oryzias latipes XP_011477980.1 99 54.12 100 64.29 99 54.44 99 58.12 98 62.04 NCBI
Takifugu rubripes XP_011613676.2 99 52.04 100 64.29 97 56.50 99 56.88 95 59.09 NCBI
Poecilia reticulata XP_017162041.1 55 51.39 100 64.29 99 55.25 99 38.60 94 65.28 NCBI
Drosophila melanogaster Not found FlyBase
. WormBase
Caenorhabditis elegans Not found (WST72)
Chlamydomonas reinhardtii Not found Phytozome
Ch';ﬁ':m‘;(rﬂi‘i’fas XP_001694685.1 29 36.43 | Not hit found | Not hit found 65 23.14 83 35.37 NCBI
Mammalia Bilateria (non-vertebrate)

Tetrapoda (non-mammals)

Euteleostomi (non-tetrapods)
Vertebrata (non-eutelostomi)
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Table 1.5. Comparison of the different the human CEP120 protein and CEP120
protein domains against CEP120 orthologues. The protein sequences corresponding
to human CEP120 were aligned against CEP120 orthologues using the NCBI tool
BLASTP. It is observed how CEP120 human sequence shares >60 % of homology
with the protein sequences of some non-tetrapod organisms (e.g. Erpetoichthys
calabaricus and Callorhinchus milii), and that the percentage of homology increase
when only the protein sequence corresponding to the functional domains described
in the human CEP120 protein is aligned (Powell et al., 2020, Sharma et al., 2018).
Percent homology refers to the similarity between two sequences, in this case,
protein sequences from different organisms. Percent homology was obtained from
the percent identity, which quantifies the similarity between two aligned sequences.
Some of the CEP120 sequences obtained from NCBI database were predicted:
XP_017825203.1[Callithrix_jacchus], XP_017906171.1[Capra_hircus],
XP_015342220.1[Marmota_marmota_marmota],
XP_007527673.1[Erinaceus_europaeus], XP_007897573.1[Callorhinchus_milii],
XP_014030376.1[Salmo_salar], XP_017162041.1[Poecilia_reticulata],
XP_001694685.1[Chlamydomonas_reinhardtii] are described as predicted
sequences. (*) | included the protein sequence of the Uni2 protein of the ciliated alga
Chlamydomonas reinhardtii although if this protein is truly a CEP120 homolog is not
yet elucidated (Mahjoub et al., 2010, Piasecki and Silflow, 2009).

CEP120 interacts with transforming acidic coiled-coil proteins (TACCs) (Xie et al.,
2007) and other centrosomal proteins: CPAP (Comartin et al., 2013b, Lin et al.,
2013), SPICE1 (Comartin et al., 2013b), Talpid3 (Wu et al., 2014, Tsai et al., 2019)
and C2CD3 (Tsai et al., 2019), which are also required for centriole biogenesis. It
was also described that CEP120 and its interactions with other proteins have a role
in centriole biogenesis, particularly regulating centriole assembly (Mahjoub et al.,
2010, Sharma et al., 2018), duplication (Comartin et al., 2013b) and centriole
elongation (Comartin et al., 2013b). Moreover, CEP120 is involved in limiting the
amount of pericentriolar material (PCM) at the centrioles, especially at the daughter
centriole (Betleja et al., 2018). Depletion of Cep120 causes accumulation of PCM at

the daughter centriole (Betleja et al., 2018).

In vivo experiments have been performed to investigate the effect of Cep120 loss in
mice (Wu et al., 2014, Xie et al., 2007). Cep120 depletion impaired a microtubule
dependent process called interkinetic nuclear migration (INM). INM is an oscillating
cell-cycle dependent movement of the nuclei characteristic of vertebrate neural
progenitors (Xie et al., 2007). It was suggested that Cep120 has an important role in
neocortical development by regulating INM and maintaining the neural progenitor
self-renewal (Xie et al., 2007), it was also suggested that the root cause of the
impaired INM was due the loss of centrioles (Mahjoub et al., 2010).
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The Cep120 knockout mouse was embryonic lethal. A conditional Cep120 knockout
in the mouse central nervous system resulted in defects in the cerebellar
development, in particular, cerebellar hypoplasia and hydrocephalus hydrocephalous
and cerebellar hypoplasia (Wu et al., 2014). Lack of cilia was observed in cerebellar
granule neuron progenitors (CGNPs) and ependymal cells. It was suggested that
failed expansion of CGNPs was due to lack to a response of Hh signalling (Wu et al.,
2014).

Biallelic CEP120 mutations have been found in patients with complex ciliopathy
phenotypes, in particular JBTS and JATD syndromes (Roosing et al., 2016, Shaheen
et al., 2015) (Table 1.6). The pathogenic homozygous missense mutation (A199P)
was found in three JATD patients (Shaheen et al., 2015). Later this mutation and
other eight distinct CEP120 mutations were found in six patients with different
ciliopathy phenotypes, including JBTS, tectocerebellar dysraphia with occipital
encephalocele (TCDOE) and MKS. These mutations were found in compound
heterozygous (three cases) or homozygous (six cases) (Roosing et al., 2016,
Barroso-Gil et al., 2021a) (Tables 1.6 and 1.7).
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. . Kidney
Feml] | RS | (HTEneRT phenotyp Allele 1 (Ex,Int) Allele 2 (Ex,Int) REEET
y ID ID e e (1) e

L | Famiy | arp g NA C.595G>C ; C.595G>C : (sztagle en
1_11:2 p.Alal99Pro (Ex6) | p.Alal99Pro (Ex6) 2015'5

o | Famiy | jarp g NA C.595G>C ; C.595G>C : (sztagle en
2_11:4 p.Alal99Pro (Ex6) | p.Alal99Pro (Ex6) 2015'5

3 Family | 15 3 o .595G>C : ¢.595G>C : (ng‘gfe”
3 11 y p.Alal99Pro (Ex6) | p.Alal99Pro (Ex6) 2015'5

4 | COR39 | oo o €.581T>C ; ¢.581T>C ; (Re‘ioj'”g
1 p.Vall94Ala (Ex6) | p.Vall94Ala (Ex6) 20165

c.2177T>C; €.2134C>T ; (Roosing
5 MTI-143 JBTS no (2) p.Leu726Pro p.Leu712Phe etal.,
(Ex16) (Ex16) 2016)

C.49+5_49+10del ; | c.49+5_49+10del; | (Roosing
6 MTI-991 JBTS no p.Gly+1AspfsTerld | p.Gly+1AspfsTerl etal.,
(?) (Int2) 4 (?) (Int2) 2016)

MTI- €.1138 1139insA ; €.1646C>T ; (Roosing
7 1516 JBTS no p.Ser380TyrfsTerl p.Ala549Val et al.,
9 (Ex9) (Ex12) 2016)

o MKS- | \ivs/orD os €.2924T>G ; €.2924T>G ; (Re‘;c’;'”g
2930 y p.lle975Ser (Ex21) | p.lle975Ser (Ex21) 20165

9 SW- | repoE o C.451C>T ; €.595G>C ; (Reotoj'”g
476410 p.Arg1l51Ter (Ex5) | p.Alal99Pro (Ex6) 20163

Table 1.6. List of patients with biallelic CEP120 variants and their associated
phenotypes reported in the literature (ranked chronologically by publication). CEP120
transcript considered: NM_153223.3. (1) Designated as NA, unless renal phenotype
clearly stated. (2) For this patient Roosing et al., reported: “grade Il-llI
hydronephrosis was detected at birth but it spontaneously resolved after few months.
No renal problems have been reported since then” (Roosing et al., 2016). (3) A fourth
JATD case was described in Shaheen et al., 2015, however DNA from the proband
was not available. Of note, both parents of this fourth JATD case were heterozygous
for the CEP120: c.595G>C; p.(Alal99Pro) variant (Shaheen et al., 2015). JATD,
Jeune asphyxiating thoracic dystrophy; JBTS, Joubert syndrome; MKS, Meckel
syndrome; NA, not available; OFD, oral-facial-digital syndrome; TCDOE,
tectocerebellar dysraphia with occipital encephalocele. Table obtained from (Barroso-
Gil et al., 2021a).
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Gerzgrgicc:ﬁgg)ition Ngﬁ;er?ége Protein change rs gchﬁD SIFT C'SD Polyphen ACMG L%Cnat C(;A\u”nilﬁl)
chr5:123422940 CAnggfgﬂ p'(Ge'?’f 41)A(;;)fST NA NA NA NA NA s%?u?figge '2”20 2
chr5:123412411 c.451C>T | p.(Argl51Ter) rsgg;g 4.24E-06 NA 8.47 NA Pathogenic E’g’” 1
chr5:123399167 c581T>C | p.(Vall94Ala) %257‘21 NA De':tg;iou 28.1 dang?nbga?gggg) S:;:fﬁeggge E’g’” 2
chr5:123399153 | c.595G>C | p.(Alal99Pro) rsggsggo 2 81E-05 De':tg;iou NA danf:;?:gb'é o) | Pathogenic E’g’” 7
chr5:123390041 C'll?ni—Allgg p'(Seﬁig)TyrfST %2522‘;1 NA NA NA NA Pathogenic E’;O” 1
chr5:123385068 | c.1646C>T | p.(Ala549Val) rsg772528 1.99E-05 D‘:'(e()t.ec)rzu 27.4 | Benign (0.041) Sgﬂﬁ?g;'ge E’l(g” 1
chr5:123378398 | ¢.2134C>T | p.(Leu712Phe) rséj%% 0'0(()33)812 D:'(eot%rg“ 26.0 dang?nbgat(’g%?) b";‘;?g] E’l(g” 1
chr5:123378355 | c.2177T>C | p.(Leu726Pro) ’212%52? NA De':tg;iou 29.6 dam:gr](i)nbgat()cl))./999) Ségﬁfg;i'ge E’l‘g” 1
Chr5:123346556 | .2924T>G | p.(lle975Ser) rzlszzgo NA De':tg;iou 27.6 dang:?nb;?cl))./ggs) s.l;:fnecrﬁge E;‘i” 2

Table 1.7. List of reported genetic variants in CEP120 (ranked by genomic position). CEP120 transcript considered: NM_153223.3.
(1) Only family index cases considered. (2) This variant leads to occasional intron retention with use of an alternative splice site
predicted to result in a truncated protein after 14 amino acids (Roosing et al., 2016). (3) There are two homozygous individuals for
this variant found in gnomAD v2.1.1 database. NA, not available. Table updated from (Barroso-Gil et al., 2021a).
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1.4.2. CC2D2A

CC2D2A is one of the genes associated with JIBTS. CC2D2A encodes for Coiled-coil
and C2 domain containing 2A (CC2D2A) protein (Gorden et al., 2008). CC2D2A
functions at the transition zone and have a role in ciliogenesis (in multiple cell types)
(Tallila et al., 2008, Veleri et al., 2014, Lewis et al., 2019) and vesicle docking and
fusion at the periciliary membrane (in photoreceptors) (Bachmann-Gagescu et al.,
2015b, Williams et al., 2011, Ojeda Naharros et al., 2017). CC2D2A interacts with
other proteins associated with ciliary phenotypes, such as CEP290 (Gorden et al.,
2008) and TCTN1 (Garcia-Gonzalo et al., 2011).

CC2D2A is expressed in multiple tissues, including adult human tissues such as

brain, prostate, pancreas, kidney, lung, liver and retina (Noor et al., 2008).

Biallelic CC2D2A mutations are associated with JBTS as well as a spectrum of
clinical phenotypes. Biallelic CC2D2A mutations can cause rod-cone dystrophy
(RCD) (Mejecase et al., 2019) and more severe phenotypes including JBTS
(Bachmann-Gagescu et al., 2012, Gorden et al., 2008, Noor et al., 2008) and MKS
(Mougou-Zerelli et al., 2009, Szymanska et al., 2012, Tallila et al., 2008, Tallila et al.,
2009).

For more than a decade there have been multiple studies reporting patients with
biallelic pathogenic mutations in CC2D2A. It is estimated that CC2D2A mutations
account for about 10% of both JBTS and MKS patients (Bachmann-Gagescu et al.,
2012, Mougou-Zerelli et al., 2009, Vilboux et al., 2017a).

As there is a large number of variants reported with disease-causing CC2D2A
mutations it has been possible to study possible genotype-phenotype correlations in
JBTS patients with disease-causing CC2D2A mutations. It has been shown that the
severity of the CC2D2A genotype correlates with the severity of the CC2D2A disease
phenotype (Bachmann-Gagescu et al., 2012, Mougou-Zerelli et al., 2009).

More precisely, patients with biallelic loss of function variants in CC2D2A are more
likely to develop severe phenotypes that include Meckel (MKS) or Meckel-like (ML)
syndromes than patients that present one or two CC2D2A missense mutation/s,
which may lead less severe phenotype, including JBTS (Bachmann-Gagescu et al.,
2012, Mougou-Zerelli et al., 2009). Moreover, it has been shown that CC2D2A-
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affected JBTS patients are more likely to suffer from seizures and ventriculomegaly

(Bachmann-Gagescu et al., 2012).

Similar genotype-phenotype correlations have been suggested for JBTS patients with
variants in TMEM67 and RPGRIPLL, in which biallelic loss of function variants are
more likely to lead more severe phenotypes (lannicelli et al., 2010, Delous et al.,
2007).

1.4.3. ARL3

ARL3 is one of the genes associated with JBTS. ARL3 encodes ADP-ribosylation
factor-like 3 (ARL3), a GTP-binding protein. ARL3 functions at the primary cilium and
is involved in releasing lipid-modified proteins into the cilium. Its function is
dependent on the cycling of its two states, depending on the addition of GDP (GDP-
bound, inactive state) or GTP (GDP-bound, active state) (Gotthardt et al., 2015). To
do this, ARL3 interacts with several proteins, such as ARL13B at the primary cilium,
which is a guanine nucleotide exchange factor (GEF) (Blacque et al., 2005) and
retinitis pigmentosa 2 (RP2) at the basal body of the cilium, which is a GTPase
activating protein (GAP) (Veltel et al., 2008, Evans et al., 2010).

A knockout of Arl3 in mouse displayed disease phenotypes in multiple organs such
as kidney, liver and pancreas (Schrick et al., 2006) and rod and retina conditional
Arl3 mouse knockouts revealed defects in in photoreceptors (Hanke-Gogokhia et al.,
2016).

Biallelic mutations in ARL3 have been associated with JBTS (Alkanderi et al., 2018),
autosomal recessive rod-cone dystrophy (Fu et al., 2021) and autosomal recessive
cone rod dystrophy (Sheikh et al., 2019). Monoallelic ARL3 mutations have been
associated with autosomal dominant retinitis pigmentosa (Holtan et al., 2019, Strom

et al., 2016) and autosomal dominant retinal degeneration (Ratnapriya et al., 2021).

There are two consanguineous JBTS ARL3-affected families described up to date.
The JBTS patients in these two families present a homozygous missense mutation in
ARL3: ¢.445C>T; p.(Arg149Cys) (in the affected member of Family 1) and c.446G>A;
p.(Arg149His) (in the affected members of Family 2) (Alkanderi et al., 2018). These
two mutations have an effect on the same ARLS3 evolutionary conserved amino acid
(Argl49) and are described to affect the ARL13B-ARL3 interaction and ARL3
function (Alkanderi et al., 2018).
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1.4.4. TOGARAM1

TOGARAML1 encodes for TOG array regulator of axonemal microtubules 1
(TOGARAM1). TOGARAML1 has 4 protein TOG domains. These domains are
important for regulation of microtubules in the cytoplasm and cilia (Das et al., 2015).
TOGARAM 1 interacts with ARMC9 which is a protein functioning in
centrosome/basal body and is associated with JBTS (Latour et al., 2020, Van De
Weghe et al., 2017).

It has been shown that the TOGARAM-ARMC9 complex is required for regulate the
tubulin posttranslational modifications (PTMs) of microtubules in cilia. The disruption
of any of these two proteins leads to reduced tubulin PTMs, and its disruption cause

abnormal ciliary length and abnormal axonemal stability (Latour et al., 2020).

Biallelic mutations in TOGARAML1 have been associated with JBTS (Latour et al.,
2020). In one study, 5 patients from 5 different unrelated families were described.
Some of these patients showed phenotypes other than the MTS. Extra cerebellar
clinical phenotypes include polydactyly (2 patients) and hepatic (1 patient) and renal

phenotypes (2 patients) (Latour et al., 2020).

Regarding the genotype of these patients, 3 presented compound heterozygous
TOGARAM1 mutations and 2 of them presented homozygous TOGARAM1
mutations. In total, in this study 8 TOGARAML variants were described, 6 of them
affect any of the TOG domains. More precisely, 4 of these mutations are located
within the sequence encoding the TOG2 domain of TOGARAM1. Moreover, 3 of
these 4 mutations are missense mutations. Using in silico and in vitro (yeast two
hybrid direct interaction) analyses it has been shown that these missense
TOGARAM1 mutations lead to the disruption of the interaction of TOGARAM1 with
ARMCO9 (Latour et al., 2020).

Moreover, recently two additional patients from one family presenting with biallelic
TOGARAML1 variants have been described. These two patients were foetuses
presenting clinical phenotypes that included severe MKS phenotypes such as
hydrocephalus (Morbidoni et al., 2021).

1.4.5. Other genes associated with Joubert syndrome

As it was mentioned before, there are about 40 genes described to cause JBTS
(Bachmann-Gagescu et al., 2020, Gana et al., 2022). These genes may function at
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the primary cilia (such as ARL3 and SUFU) (Alkanderi et al., 2018, Pala et al., 2017)
or at other locations such as the TZ (such as CC2D2A and CEP290) (Veleri et al.,
2014, Gorden et al., 2008) and centrosome (such as CEP120, OFD1 and CEP104)
(Mahjoub et al., 2010, Frikstad et al., 2019, Rusterholz et al., 2022).

As a final example of the genetic heterogeneity and pleiotropy of genes associated
with JBTS, there are several other genes associated with JBTS, that encode proteins
involved in the transport of cargo proteins and lipids along the axoneme. This is an
evolutionary conserved process called intraflagellar transport (IFT), which is required
for the transport of proteins and lipids from basal body to the tip of cilium 2
(anterograde IFT) and from the tip of the cilium to the basal body (retrograde IFT)
(Beales et al., 2007, Duran et al., 2016, Satir, 2017, Vertii et al., 2015). It is important
to note that protein translation does not take place within the cilium and transport of
all proteins within the cilium is essential for ciliary structure and function (Hua and
Ferland, 2018, Wheway et al., 2018).

The TZ functions as a ciliary gate between the basal body and the ciliary
compartment and thus is essential for regulating the IFT (Anand and Khanna, 2012,
Jensen et al., 2018). Dysfunction of TZ proteins and/or IFT may affect signalling
pathways in which the primary cilium is involved (Cheng et al., 2012, Wheway et al.,
2018). Genes such as ARL3 (Alkanderi et al., 2018) and IFT172 (Halbritter et al.,
2013a, Pruski et al., 2019) are associated with the correct delivery and transport of

cargo into the cilium respectively.

Moreover, there are candidate genes that could be associated with JBTS and genes
that are not clearly associated with JBTS yet. For instance, biallelic variants in each
of the following genes have been found in only one family with JBTS: CELSR2
(Vilboux et al., 2017b), CEP164 (Chaki et al., 2012), CLUAP1 (Johnston et al., 2017),
EXOCS8 (Dixon-Salazar et al., 2012) and POC1B (Beck et al., 2014).

Biallelic mutations in other genes such as DYNC2H1 (El Hokayem et al., 2012) and
IFT140 (Schmidts et al., 2013) that encode for proteins also involved in the IFT
transport, are not associated with JBTS, however they are associated with skeletal
ciliopathies. Of note, biallelic DYNC2H1 (Vig et al., 2020) and IFT140 (Hull et al.,
2016) variants are also associated with non-syndromic retinal dystrophy while
monoallelic IFT140 variants have been recently are associated with ADPKD (Senum
et al., 2022).
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1.4.6. Endoplasmic reticulum pathway and Asparagine-Linked Glycosylation
(ALG) proteins

The genes associated to renal ciliopathies encode for proteins functioning at diverse
cellular compartments (Figure 1.11A). Some of these genes associated with the
ADPKD phenotypic spectrum such as DNAJB11 (Cornec-Le Gall et al., 2018a,
Huynh et al., 2020), GANAB (Porath et al., 2016, Besse et al., 2017), ALG5 (Lemoine
et al., 2022) ALG8 (Besse et al., 2017) and ALG9 (Besse et al., 2019) function at the
endoplasmic reticulum, more precisely, the ER protein glycosylation pathway (Figure
1.11B).

The ER protein glycosylation pathway is important for the correct folding, trafficking
and maturation of glycoproteins (Besse et al., 2017, Xu and Ng, 2015). The genes
mentioned above have been associated with phenotypes associated with polycystic
renal and liver phenotypes. There are other genes involved in this pathway that have
been associated with ADLPD such as SEC63, and SEC61B and PRKCSH (Li et al.,
2003). These genes encode proteins with similar functions, such as it is the case of
GANAB and PRKCSH which encode the a and B subunits of the Glucosidase I
respectively (Barroso-Gil et al., 2021b) (Figure 1.11B).

Mutations in these genes can lead to a clinical spectrum that includes autosomal
dominant tubulointerstitial kidney disease (ADTKD) and autosomal dominant
polycystic liver disease (ADPLD) (Olinger et al., 2020, Besse et al., 2017). Itis
important to mention that 7-10% of the ADPKD patients remain genetically unsolved,
there is not a genetic cause found to be responsible for the ADPKD phenotype of
these patients (Lemoine et al., 2022). As the result of its age-dependent penetrance
and the phenotypic and genetic overlap of ADPKD, for some clinical cases it is often
challenging to find robust phenotype-genotype associations and a unified

nomenclature and disease associations between ADPKD, ADPLD and ADTKD.

Other renal diseases are ARPKD and NPHP. These are renal ciliopathies, like
ADPKD, however, ARPKD and NPHP are recessive renal ciliopathies.
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Figure 1.11. Cellular compartments associated with renal ciliopathies with a focus on
the endoplasmic reticulum (ER). A: Genes associated with ADPKD, ARPKD and
NPHP and the representation of the cellular location of the proteins coded by these
genes. Some of these proteins can be found in more than one cell compartment (e.g.
CEP290). B: Zoom into the ER protein glycosylation pathway. Figure generated
using Biorender and modified from (Barroso-Gil et al., 2021b).
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1.5. Current and future perspectives for the study of primary ciliopathies

Current research priorities in primary ciliopathies are: to increase genetic diagnosis
yield in patients with primary ciliopathies (Best et al., 2022a, Perea-Romero et al.,
2021, De La Vega et al., 2021, Umlai et al., 2022), to find novel ciliopathy genes and
genotype-phenotype correlations (Morbidoni et al., 2021, Johnston et al., 2017,
Besse et al., 2019), to use cell and animal models to perform in vitro and in vivo
functional analyses (Latour et al., 2020, Bondue et al., 2021) and to develop and
validate novel therapies to treat primary ciliopathies (Ramsbottom et al., 2018, Garcia
et al., 2022, Yanda et al., 2018, Dulla et al., 2021, Corral-Serrano et al., 2023). The
approaches to cover each of these priorities often overlap and complement each

other.

The number of genes associated with primary ciliopathies, the number of novel
genotype-phenotype correlations and the number of patients with whole genome
sequencing (WGS) and whole exome sequencing (WES) available to be analysed
has increased in the last few years (Nawaz et al., 2023, Asada et al., 2021). The
development of projects such as the Genomics England 100,000 Genomes project in
UK reflect the interest of using WGS and WES towards the understanding of the
genetics of primary ciliopathies and other rare diseases (Best et al., 2022b, Turro et
al., 2020, Wheway et al., 2019). The increase in the amount of sequencing data
available, brings the possibility of performing in silico analyses focussed on
establishing novel genotype-phenotypic correlations, finding novel ciliopathy genes
and establishing pipelines for prioritizing putative disease-causing variants (de la
Fuente et al., 2023, Best et al., 2022a, Best et al., 2022b).

Variants described as loss of function (such as nonsense or frameshift variants) in
genes already associated with ciliopathy phenotypes often require less amount of
time and analytical, filtering and validation workload in order to be detected and be
classified as disease-causing than genetic variants in candidate genes or missense
variants (Best et al., 2021, Umlai et al., 2022, Wheway et al., 2019). Often the
second allele (or both alleles) in recessive primary ciliopathies cannot be found
because it is located in a deep intronic genomic region, it is hypomorphic, or both
variants are located in a gene which has not been associated to any primary
ciliopathy or other rare disease. Consequently, it is estimated that 30-50% of patients
with primary ciliopathies remain genetically unsolved (Graessner et al., 2021,

Smedley et al., 2021). To increase genetic diagnostic yield, some studies have
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focussed on designing pipelines with the aim to detect disease-causing variants that
are deep intronic variants or synonymous variants with a splicing effect and structural
variants, including copy number variants (CNVs) (Best et al., 2022a, Best et al.,
2022b, de la Fuente et al., 2023, Vig et al., 2020, Molinari et al., 2020, Olinger et al.,
2021).

Additionally, there are multiple studies using functional analyses and in vivo and ex
vivo ciliopathy models, to complement in silico studies and investigate molecular
disease mechanisms of primary ciliopathies. Mouse (Higgins et al., 2022, Liu et al.,
2017, Bashford and Subramanian, 2019) and zebrafish (Trejo-Reveles et al., 2023,
Latour et al., 2020, Garcia et al., 2022, Molinari et al., 2018b) are widely used in the
study of primary ciliopathies, but also other model organisms such as Caenorhabditis
elegans (Zhang et al., 2022) and Xenopus laevis (Johnston et al., 2017) have been
utilised in studies related with the molecular pathogenesis of primary ciliopathies
(Delvallée and Dollfus, 2023).

Some examples of these model organisms are conditional gene knockdown mouse
models, used to study specific disease phenotypes within the phenotypic spectrum of
JBTS and JATD, caused by mutations in ciliopathy genes such as Cep120 (Wu et al.,
2014), Talpid3 (Bashford and Subramanian, 2019) ,and a mouse model to study the
role of Barttin as a modifier gene for Cep290-JBTS disease (Ramsbottom et al.,
2020). Zebrafish models have been used to model disease phenotypes associated
with some JBTS genes, such as CEP120 (Shaheen et al., 2015) and TOGARAM1, a
gene recently described as a JBTS gene (Latour et al., 2020).

There are several studies that use cell models and organoids to find the molecular
pathogenesis of genes and disease-causing mutations. Organoids have been
recently used as ex vivo models for retinal (Georgiou et al., 2022, Corral-Serrano et
al., 2023), renal (Zeng et al., 2021) and cerebral disease phenotypes (Zhang et al.,
2019). Other cell models use induced pluripotent stem cells (iPSCs) (Delvallée and
Dollfus, 2023, Georgiou et al., 2022, Vig et al., 2020), hTERT-RPEL1 cells (Latour et
al., 2020) and primary cells (Devane et al., 2022, Ziegler et al., 2022, Shaheen et al.,
2015). Primary cells from patients are often difficult to obtain and some cell types
such as primary skin fibroblasts require to apply a skin biopsy procedure to the
patient. In contrast, human urine-derived renal epithelial cells (hURECSs) can be

obtained by processing an urine sample according to standardised protocols and
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offer the possibility of obtaining primary cells from patients, without performing an

invasive procedure (Ajzenberg et al., 2015, Ziegler et al., 2022).

There is an increasing interest in non-ciliary functions of ciliopathy genes (Vertii et al.,
2015) and describing in detail disease molecular mechanisms caused by mutations
in genes encoding proteins that are not located within the primary cilium (Hua and
Ferland, 2018), such as proteins functioning in the protein glycosylation pathway at
the endoplasmic reticulum (Lemoine et al., 2022, Besse et al., 2017).

The molecular disease pathogenesis in primary ciliopathies often involves the
disfunction in one or more than one cell signalling pathways, including: Hedgehog
(Hh), Wnt, Notch signalling, Hippo, GPCR, PDGF, mTOR, TGF-beta and cAMP
signalling pathways (Devlin and Sayer, 2019, Wheway et al., 2018).

There is an interest in investigating the molecular disease pathogenesis of primary
ciliopathies with a focus on specific cell signalling pathways, using in vitro and in vivo
disease models. There are multiple studies investigating the role of cell signalling
pathways in primary ciliopathies, some of those studies have used cell lines such as
mouse NIH-3T3 fibroblasts to find gene candidates that affect Hh signalling (Breslow
et al., 2018), others have used mouse models to investigate the disease
pathogenesis caused by the knockdown of specific ciliopathy genes. For example, it
has been studied the effect of Cep120 or Tmem67 knockdown on Hh signaling
(Betleja et al., 2018, Wu et al., 2014) and Wnt signaling pathways (Abdelhamed et
al., 2019), respectively, that could explain phenotypes within the JBTS and JATD
phenotypic spectrum. Mouse models have been used to study the role of cAMP
signalling pathway in the development of renal cysts leading to PKD (Yanda et al.,
2018). Other studies have investigated the activation of ROCK signalling associated
with ADPKD using renal epithelial cells (Streets et al., 2020).

There is an increasing number of studies who complement and validate in silico
approaches using cell models of disease. These cell models are based on the use of
cell lines (Betleja et al., 2018, Tsai et al., 2019), primary fibroblasts (Shaheen et al.,
2015) or hURECSs (Bondue et al., 2021, Devane et al., 2022).

In particular, Sayer and Miles Laboratory at Newcastle University, have focussed on

integrating in silico analyses with in vitro models using primary cells to validate the

deleterious effect of putative disease-causing variants, including synonymous

variants and splicing variants in ciliopathy genes (Molinari et al., 2020, Molinari et al.,
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2018a), the use of renal spheroids (Hynes et al., 2014) and developing in vivo mouse
models to investigate potential exon skipping therapies (Ramsbottom et al., 2018)

and a gene modifier (Ramsbottom et al., 2020).

This interaction between in silico, in vitro and in vivo disease models is used towards
the understanding the molecular genetics of primary ciliopathies and is also important
for the development of potential therapies, focussed on targeting cell signalling
pathways (Hynes et al., 2014, Molinari et al., 2019, Stokman et al., 2021, Devlin et
al., 2023), and the use of adeno-associated virus (AAV) (Jacobson et al., 2022) and
antisense oligonucleotides (ASOs) (Dulla et al., 2021, Evers et al., 2015, Garanto et
al., 2016, Bondue et al., 2022).

There is an increasing interest on the development of ASOs-based therapies and
other RNA-based therapies with the objective of bypassing at cellular level, the
deleterious effect of mutations located in certain ciliopathy genes (Drivas et al.,
2015), and treating some of the clinical phenotypes within the phenotypic spectrum of

primary ciliopathies (Bondue et al., 2022, Evers et al., 2015, Jacobson et al., 2022).

Other recent examples contributing to precision and translational medicine, include
the study of use of agonists of prostaglandin E2 receptors to treat NPHP and its
validation using patient specific immortalised renal urine derived cells and
complemented with in vivo zebrafish and mouse models (Garcia et al., 2022) and the
study of Eupatilin (a flavonoid, which is a compound metabolised in plants) as a
therapeutic component, suggested to partially restore the ciliary disease phenotype
in (CEP290-LCA) patient fibroblasts and model KO CEP290 RPEL1 cell lines and

retinal ciliopathy organoids (Corral-Serrano et al., 2023).

Furthermore there is an interest in the use of the gene editing tool CRISPR/Cas9
system to facilitate the study of the undelaying molecular disease mechanisms in
ciliopathies and other rare diseases, with a focus cell signalling pathways (Breslow et
al., 2018, Pusapaiti et al., 2018) and gene editing, to create cell and animal models to
investigate diseases-causing mutations and ciliopathy genes (Trejo-Reveles et al.,
2023, Liu et al., 2017, Cardenas-Rodriguez et al., 2021, Tsai et al., 2019).

1.5.1. Human urine-derived renal epithelial cells (hURECS)

Human urine-derived renal epithelial cells (hURECSs) have been widely used in the

recent years as a valuable non-invasive source of primary, non-transformed cells to
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study molecular and cellular disease mechanism of renal diseases, including renal
ciliopathies (Ziegler et al., 2022, Bondue et al., 2021, Molinari et al., 2020, Cardenas-
Rodriguez et al., 2021). These renal epithelial cells are suitable to study epithelial cell
function of patients with inherited kidney diseases, as the culture of hURECS, allows
obtaining primary cells from the kidney (Ziegler et al., 2022).

Moreover, as hURECs are obtained from a urine sample, it is a non-invasive
alternative to other sources of primary cells such as a skin biopsy to obtain primary
fibroblasts. As the hURECs have primary cilia, they are suitable to study ciliopathies
(Oud et al., 2018). They have reproducible epithelial properties characteristics
(Ziegler et al., 2022) and can be used cultured to perform a wide variety of in vitro
experiments such as gene expression studies or immunofluorescence to visualise

the primary cilia (Srivastava et al., 2017b) (Figure 1.12).

Figure 1.12. Representative example of immunofluorescence microscopy imaging of
human urine-derived renal epithelial cells (hURECS) from a healthy control individual.
The antibodies used are: a ciliary membrane marker: ARL13B (green), a centrosome
marker: PCNT (purple) and a marker for acetylated microtubules AC-TUB (red). DAPI
(4, 6-diamidino-2-phenylindole), a nuclear marker, is shown in blue. hURECs were
serum starved for 48 hours. Nikon (A1) confocal inverted microscopy was used for
visualisation. For the ease of visualisation of the antibodies: DAPI and AC-TUB are
shown on the left image, while DAPI, ARL13B and PCNT are shown on the right
image. AC-TUB, Acetylated Tubulin; PCNT, Pericentrin. Scale bar: 10 pm.
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The culture of hURECSs can be used to study the effect of patient-specific mutations
(Srivastava et al., 2017b, Ramsbottom et al., 2018, Molinari et al., 2018a, Oud et al.,
2018, Devane et al., 2022).

Some examples of these in vitro experiments are the characterization of the ciliary
phenotype of a patient with Mainzer—Saldino syndrome, a skeletal ciliopathy that can
cause renal failure, presenting with biallelic pathogenic variants in IFT140 (Oud et al.,
2018).

Patient-specific hURECs have been used to confirm defective splicing, in particular to
validate the pathogenicity of a synonymous PKHD1 allele leading to a ARPKD (in a
patient which is compound heterozygous of that synonymous allele and a missense
PKHD1 allele) (Molinari et al., 2020). These in vitro experiments included RNA
studies to detect different splicing isoforms as a result of these mutations, and the
characterisation of the ciliary phenotype (in terms of percentage of ciliated cells and
cilia length) in the hURECSs of this patient with ARPKD (Molinari et al., 2020).

1.5.2. Next generation sequencing and the Genomics England 100,000
Genomes Project

In the last 20 years, advances in next-generation genomic sequencing (NGS)
technology has led to an enormous increase in the number of genomes sequenced,
the availability of incorporating these genome sequencing technologies into research
and the increasing development of the field of -omics data analysis (Bentley et al.,
2008, Phillips et al., 2021, Ganini et al., 2021).

In particular generation of WGS and WES data has been increasing since the
sequencing of the first human genome. The sequencing of the first human genome
was completed in 2003 after the work of multiple laboratories around the world for
more than a decade included in the International Human Genome Sequencing
Consortium and Celera Genomics (Lander et al., 2001, Waterston et al., 2002,
Venter et al., 2001). The remaining gaps in the reference human genome sequence
were recently sequenced by the Telomere-to-Telomere (T2T) Consortium (Nurk et
al., 2022). Nowadays genome sequencing is significantly more affordable in time and
price required per genome than 20 years ago. This has leaded an increase in the
number of genomes sequenced and projects aimed to incorporate genome
sequencing as a public service funded by national health systems or privately
(Phillips et al., 2021, Manolio et al., 2019).
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In the last few years various projects have been completed and others are currently
on-going or emerging, aimed to recruit more patients and perform WGS/WES. Some
examples are the deCODE project in Iceland (Gudbjartsson et al., 2015) or the 1000
Genomes (Auton et al., 2015) and TwinsUK (Moayyeri et al., 2013) in the United
Kingdom (UK). Of note, the 1000 Genomes in UK, aimed to study human genetic

variation, was completed in 2015 (Auton et al., 2015).

More recently, data from other projects are available such as the UK Biobank (Bycroft
et al., 2018) in UK or the All of Us in US (Ramirez et al., 2022), which do not only

contain genomic data, but also detailed biological and clinical data are included.

Furthermore, in 2019, the NHS Genomic Medicine Service (NHS GMS) was
launched by Genomics England, which is a company owned by the Department of
Health of UK. This program aims to promote genomic medicine and incorporate WGS

into routinely health care (Barwell et al., 2019).

The NHS Genomic Medicine Service emerged from and as a continuation of the
Genomics England 100,000 Genomes project (Turnbull et al., 2018, Turro et al.,
2020). Genomics England 100,000 Genomes Project is managed by Genomics
England and funded by the National Institute for Health Research and NHS England.
Since the project was announced in 2012 and the first participants were recruited in
2014, more than 100,000 genomes have been sequenced (Smedley et al., 2021,
Turnbull et al., 2018).

The improvements and development in genome sequencing and genomic medicine
have been reflected as the Genomics England 100,000 Genomes Project has
achieved its goal of sequencing 100,000 genomes (Smedley et al., 2021, Turnbull et
al., 2018, Turro et al., 2020). Currently the number of genomes sequenced in the
Genomics England 100,000 Genomes Project (by October 2022, data release v16) is
106,266 genomes (accessed in: https://research-
help.genomicsengland.co.uk/pages/viewpage.action?pageld=72352341). Similarly, in
the last two years, the European commission launched the Beyond One Million
Genomes (B1MG) project, which is an initiative to sequence 1 million genomes in all
Europe to create a network and large database of genomic and health data in Europe
(Saunders et al., 2019).

The Genomics England 100,000 Genomes Project, similarly as the projects
mentioned above, aims to investigate the genetic causes of human disease, in
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particular: cancer (Prendergast et al., 2020, Degasperi et al., 2022) and rare
diseases (Smedley et al., 2021, Turro et al., 2020).

Rare diseases are commonly defined as diseases affecting to fewer than 1 in 2000
people (Haendel et al., 2020). The estimates on the number of different rare disease
varies from 6000 to 10000 different rare diseases (Haendel et al., 2020, Turro et al.,
2020). Rare diseases are heterogeneous and their prevalence can be variable
depending on the geographic region, type of disease and type data considered
among other factors (Nguengang Wakap et al., 2020). The global prevalence of rare
diseases has been estimated to be about 3.5-5.9% of the global population
(Nguengang Wakap et al., 2020). It is estimated that there may be 300 million people
globally presenting a rare disease, 3.5 million in the UK, 30 million in EU and 25
million in US (Spencer-Tansley et al., 2022, Nguengang Wakap et al., 2020, Tisdale
et al., 2021).

It is estimated that about 80% of these diseases have a genetic component (Haendel
et al., 2020). The yields of genetic diagnosis in rare disease is highly variable
depending on the molecular genetic basis of the disease and other factors such as
mode of inherence of disease, availability if the genome sequencing of other family
members etc (Smedley et al., 2021, Cacheiro et al., 2022). Besides, there are about
200 different diseases added in the Online Mendelian Inheritance in Man (OMIM)
database each year (Haendel et al., 2020) and gene panels and clinical data are
updated constantly, as more research and data analysis are occurring (Blakes et al.,
2022, Smedley et al., 2021).

The Genomics England 100,000 Genomes Project has the potential to provide a
genetic diagnosis to patients of a large cohort of patients with renal ciliopathies and a
wide variety of rare diseases (Smedley et al., 2021, Wheway et al., 2019).

The pilot study of the Genomics England 100,000 Genomes Project focused on rare
diseases, in which 4660 participants from 2183 families were involved, provided
genetic diagnoses in 25% of the probands selected for this preliminary study
(Smedley et al., 2021). Considering the yields of genetic diagnosis in other recent
genomic projects with similarities with the Genomics England 100,000 Genomes
Project: one recent study analysed genetic data from a cohort of patients with cystic
kidney disease in which genetic diagnosis was provided for 307 patients. In that

study, 24% and 7% of those 304 patients were genetically solved with PKD1 and
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PKD2 variants respectively (Groopman et al., 2019). Another study analysed genetic
data from a cohort of 3951 unrelated families with inherited retinal dystrophies, also
including rare diseases and ciliopathies such as Usher syndrome, BBS and Alstrom
syndrome, providing a genetic diagnosis for 53.2% (2100/3951) of these families
(Perea-Romero et al., 2021).

Regarding the participants presenting with a rare disease recruited in the Genomics
England 100,000 Genomes Project, about 1% of them are diagnosed with a
ciliopathy. Additionally 39% of the participant diagnosed with a rare disease are
diagnosed with neurological and neurodevelopmental disorders and about 11% are
diagnosed with renal and urinary tract disorders (Wheway et al., 2019). This makes
the Genomics England 100,000 Genomes Project a valuable resource to study rare
diseases, including the genetic and phenotypically heterogeneous group of
ciliopathies (Best et al., 2021, Orr et al., 2023, Devlin et al., 2022, Geraghty et al.,
2023).

The availability of these data has allowed diverse studies using a wide diverse of
approaches such as genome-wide association studies (GWAS) to investigate
susceptibility for posterior urethral valves (PUV), a common cause of end-stage renal
disease (ESKD) (Chan et al., 2022) to the systematic analysis of splicing variants to
provide a new genetic diagnosis and study the role of non-canonical splicing variants
(Blakes et al., 2022).

Some patients recruited within the rare disease program of the Genomics England
100,000 Genomes Project have been genetically solved. These patients presented a
diverse range of rare diseases such as Joubert syndrome, Poretti—-Boltshauser
syndrome, ADPKD, motile ciliopathy-like syndrome including non-cystic fibrosis (CF)
bronchiectasis or complex combinations phenotypes such as liver, kidney, and heart
degeneration. Some of these patients, are patients who carried disease-causing
variants in IFT140 (Senum et al., 2022), LAMAL (Powell et al., 2021), ALG5
(Lemoine et al., 2022), TULP3 (Devane et al., 2022), DNAJB11 (Huynh et al., 2020),
CEP164 (Devlin et al., 2022) or TOGARAML1 (Latour et al., 2020). Novel disease-
causing variants in CEP164 (Devlin et al., 2022), IFT140 (Senum et al., 2022) and
TOGARAML1 (Latour et al., 2020) provided novel genotype-phenotype associations
and expanded the genetic and phenotypic spectrum associated with these ciliopathy

genes.
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One of the tools that has helped to provide these genetic diagnoses, is the Genomics
England variant prioritization (tiering) pipeline (I will refer to it from now as: tiering
data). The tiering data provides, for each of the genomes submitted to the tiering
pipeline, a list of variants that are rare in allele frequency in control populations and
classifies these variants as Tier 1, Tier 2 or Tier 3 depending on the gene in which
each of the variants are located and if the corresponding gene has been associated
with the patient’s phenotype (Best et al., 2022a, Brown et al., 2022, Smedley et al.,
2021).

The tiering prioritization pipeline, per participant’s genome, consists in a filtering
process of genetic variants and variant classification based on one (or more than
one) gene panel applied. The corresponding lists of genes and gene panels are
found in PanelApp (Martin et al., 2019). If the variant is located in a gene described
as “green gene”, the variant can be classified as Tier 1 or Tier 2, depending if it is
loss of function or not, respectively. In theory, Tier 1 and Tier 2 are located in genes
that are associated with the corresponding disease of the panel, while Tier 3 are not.
The tiering pipeline also includes filters of allele frequency and coding impact and it
also considers the segregation of the variant with the disease and its mode of
inherence (Smedley et al., 2021, Martin et al., 2019).

Some limitations of the tiering data is that it is mostly focused on exonic variants and
splicing donor and splicing acceptor variants. Subsequently, some disease-causing
variants are classified as Tier 3 (because of the corresponding gene panel not being
updated or because the correct gene panel not being applied). Additionally, some
disease-causing variants may be untiered (as some intronic and structural variants
can be filter out by the tiering prioritization pipeline), and they may be missed by the
genetic variant prioritization pipeline and gene discovery approaches (Powell et al.,
2021, Best et al., 2022a).

Recent approaches have genetically solved patients with ciliopathies by a reverse
phenotypic approach using a combination of analysis to extract different types of
variants, including exonic variants, variants affecting splicing and copy number
variation (CNV) and structural variants (SVs), filtered by allele frequency and
canonical transcript to genetically solve patients with disease-causing variants in a

subset of ciliary genes (Best et al., 2022b).
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Additionally, the combination of using, not only the tiering data, but also detecting
other untiered pathogenic variants, have been proven to be effective in providing
genetic diagnosis of patients diagnosed with ciliopathy phenotypes, detecting
disease-causing SVs and other untiered variants (Best et al., 2021). For instance,
detecting a disease-causing SV variant in BBS1 in a BBS patient, which is compound
heterozygous for this variant and an untiered missense BBS1 variant (Best et al.,
2021). Furthermore, an untiered pathogenic homozygous synonymous variant in
NPHP3 leading to splicing defects was found in two probands with NPHP with
congenital hepatic fibrosis phenotypes (Olinger et al., 2021).

1.5.3. Antisense oligonucleotide mediated exon skipping as an emerging
therapy in ciliopathies

Exon skipping therapies are based on removing exons that are dispensable and do
not affect protein function. These therapies can consist on the use of antisense
oligonucleotides (ASOs) which they have been proven effective in in vitro and in vivo

assays (Aartsma-Rus and van Ommen, 2007, Bennett and Swayze, 2010).

One of the most well-known examples for the success of exon skipping therapies is
the treatment of patients with Duchenne muscular dystrophy (DMD, MIM PS310200).
This treatment consisted in targeting specific exons of the gene DMD (MIM 300377).
DMD is the gene responsible for Duchenne muscular dystrophy and encodes the

large protein called dystrophin (Kole and Krieg, 2015, Komaki et al., 2018).

The canonical transcript of DMD (NM_004006.3) has 79 coding exons, that code for
the 3685 aa of the protein dystrophin. The large number of exons and protein length
increase the possibility of the presence exons that can be skipped without disrupting
the reading frame of protein. These therapies on DMD consisted in targeted exon
skipping, targeting a dispensable exon in which a specific disease-causing variant is
located, restoring the reading frame and obtaining a partially functional dystrophin
protein (Aartsma-Rus and van Ommen, 2007, Kole and Krieg, 2015, Komaki et al.,
2018, Lee et al., 2018, Servais et al., 2015).

CEP290, a ciliary gene associated with a wide spectrum of ciliary phenotypes,
including: JBTS, phenotypes affecting only one organ such as LCA (primary
ciliopathy characterized by retinal dystrophy) and severe phenotypes affecting

multiple organs such as MKS. CEP290 is a gene encoding for a large protein
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CEP290. The canonical transcript of CEP290 (NM_025114.4) has 53 coding exons,
encoding for the 2479 aa of the protein CEP290.

In vitro assays have revealed that exon skipping is tolerated in CEP290 and can
restore transcript levels of functional CEP290. In particular, skipping CEP290 exon
36 (using ASOs) in fibroblasts from patients with LCA, can bypass the deleterious
effect of the CEP290 variant located in that exon: ¢.4723A>T; p.(Lys1575Ter) (Barny
et al., 2019).

The deleterious effect of another CEP290 variant: ¢.2991+1655A>G leading to LCA
phenotypes has effectively been targeted in vitro. This intronic CEP290 variant
creates an aberrant pseudoexon as a result of creating a cryptic splice site. This new
cryptic splice site leads to the insertion of a premature stop codon in the CEP290
transcript containing the aberrant pseudoexon (Garanto et al., 2016). The deleterious
effect of this CEP290 variant was rescued using replication-defective recombinant
adeno-associated viruses (AAVs) mediated delivery of ASOs in LCA fibroblast cell
lines from two unrelated patients with LCA carrying the ¢.2991+1655A>G mutation.
These treatments targeted and skipped the aberrant pseudoexon, restoring the
transcript and protein levels as well as restoring the ciliary phenotype, in terms of
percentage of ciliated cells and cilium length (Garanto et al., 2016).

Similarly, the ciliary phenotype was characterized in a JBTS patient presenting a
homozygous nonsense CEP290 mutation: (c.5668G>T; p.(Gly1890Ter)) in exon 41
(patient also described as “JBTS-AA”). It has been shown that this exon can be
skipped without leading to the disruption of the protein reading frame via an exon
skipping therapy using an ASO oligo morpholino. The skipping of the corresponding
exon in which the nonsense mutation is located was assayed in vitro, leading to the
rescue of the ciliary phenotype of the JBTS patient’'s hURECs (in terms of cilia
length) (Molinari et al., 2019, Ramsbottom et al., 2018).

ASO-mediated exon skipping therapies for CEP290 variants have been assayed in
vivo. For example, in CEP290 defective mouse LCA splicing can be corrected via
ASO-mediated exon therapy (Garanto et al., 2016). Moreover in a humanized (of the
patient “JBTS-AA”) mouse JBTS model, the ciliary and renal phenotype (cystic index)
was partially rescued by restoring functional CEP290 levels via an ASO-mediated
exon skipping therapy (Ramsbottom et al., 2018).
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Clinical trials of exon skipping therapies for patients with Duchenne muscular
dystrophy are more advanced compared to therapies for patients with ciliopathies
(Kole and Krieg, 2015). In human clinical trials, LCA patients have been treated with
intravitreal injections of ASOs and its administration improved their visual acuity
(Cideciyan et al., 2019). RNA-based treatments for kidney diseases have a promising
future ahead (Bondue et al., 2022), however kidney molecular therapies are still
lagged behind the delivery of therapies targeted for other organs such as eye and
liver (Rubin and Barry, 2020).

In the last decade multiple studies using hURECs have been proven effective as a
cell renal model (Srivastava et al., 2017b, Ziegler et al., 2022) and several studies
have found molecular targets that are suitable for a targeted exon skipping therapies
(Molinari et al., 2019, Ramsbottom et al., 2018). The availability and suitability of
hURECSs can aid studies that investigate the genetic and phenotypic heterogeneity of
ciliopathies (Molinari et al., 2018a, Oud et al., 2016), in combination with mouse
studies (Ramsbottom et al., 2018) and the widely available and vast genomic data
available in large databases such as the Genomics England 100,000 Genomes
Project (Best et al., 2022b, Devane et al., 2022, Wheway et al., 2019).

1.6. Aims of the project

Contribute to the understanding of the complexity of the molecular disease
pathogenesis of renal ciliopathies. To use a range of cell-based assays and the data
available in the Genomics England 100,000 Genomes Project to investigate the
molecular genetics of renal ciliopathy genes and to identify underlying disease

mechanisms across the disease spectrum.
Specific aims:

1. Expand the current knowledge regarding the developmental spatial expression
of ciliopathy genes and the role of tissue expressivity in the phenotypic
heterogeneity and overlap in primary ciliopathies. Characterise the expression
of two rare recessive ciliopathy genes, CEP120 and ARL3, during human
development using RNAscope and the MRC Wellcome Trust Human
Developmental Biology Resource (HDBR) at Newcastle University.

2. Contribute to the understanding of the molecular basis behind the genetic
pleiotropy of ciliopathy genes and contribute to the design of gene therapies
targeting ciliopathy genes to treat patients with renal ciliopathies. This aim will
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be focused on investigating and comparing in silico the potential of two
primary ciliopathy genes with overlapping phenotypes: CEP120 and CC2D2A,
as targets for an antisense-oligonucleotide mediated exon skipping therapy.

. Increase genetic diagnostic yield and percentage of genetically solved patients
with renal ciliopathies. To do this | will use whole genome sequencing (WGS)
data within the Genomics England 100,000 Genomes Rare Diseases Project
to investigate the molecular genetics of renal ciliopathies and explore
genotype-phenotype correlations.

. Explore the potential and applicability of functional assays to investigate the
molecular pathogenesis of renal ciliopathies and combine in silico and in vitro
approaches to complement genetic studies, with a focus on: patient-specific
mutations and primary cells derived from patients. To do this | will use human
urine-derived renal epithelial cells (hURECs) as an ex vivo kidney cell model
of human kidney disease to complement and support findings from the

Genomics England 100,000 Genomes Project.
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Chapter 2. Materials and Methods

2.1. Software tools and online resources

The software tools and online resources utilised are shown in Tables 2.1 and 2.2. In
these tables, their corresponding chapter/s in which each of these tools and

resources were used, is also indicated.

Description Releyan.t chapter/s in
which it was used
Adobe lllustrator 2021 v.25.0 Chapter 3
Adobe Photoshop 2020 Chapter 3
ApE — A plasmid Editor v2.0.61 Chapters 4 and 5
AxioVs40x64 v.4.9.1.0 (for Zeiss AxioVert) Chapters 4 and 5
EndNote X9 19.2.0.13018 All chapters
Genomics England Research Environment Chapters 4 and 5
GloMax Multi Detection+ System (Promega) Chapter 4
GraphPad Prism v 9.1.1 (225) Chapters 4 and 5
HDBR image server (Leica Biosystems) Chapter 3
ImageJ 1.52p Chapters 4 and 5
Image Studio Ver 5.2.Ink (for Odyssey CLx Western Blot reader) Chapter 4
Integrated Genome Viewer v.2.10.3 Chapter 4
QuantStudio Real-Time PCR Software 1.3 Chapters 4 and 5
Microsoft office - Microsoft 365 MSO All chapters
NIS Elements 3.20 and 4.20 Chapters 3,4 and 5
RStudio 2022.07.01 Build 554 Chapter 5
Skanlt Software for microplate readers v.6.1.1.7 Chapter 5
SnapGene Viewer 5.3.2 Chapter 4
VisionWorksLS Acquisition and Analysis v. 7.0.2.RC.1.0 gel Chapters 4 and 5
reader
ZEN 2.3 (for Zeiss Axioimager) Chapter 4

Table 2.1. List of software tools used.
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Relevant chapter/s in

B el Link which it was used
BioRender https://biorender.com/ Chapter 1
Ensembl https://lwww.ensembl.org/index.html All Chapters
Ensembl VEP https://www.ensembl.org/info/docs/tools/vep/index.html All Chapters
Flybase https://flybase.org Chapter 3
C?eEni?noez https://research-

Project scripts
and workflows

help.genomicsengland.co.uk/display/GERE/7.+Analysis

+Scripts+and+Workflows

Chapters 4 and 5

gnomAD https://gnomad.broadinstitute.org/ Chapters 1, 4 and 5
GTEX https://lwww.gtexportal.org/home/ Chapter 4
HDBR https://www.hdbr.org/ Chapter 3
HGMD http://www.hgmd.cf.ac.uk/ac/index.php Chapters 4 and 5

NCBI Clinvar https://www.ncbi.nlm.nih.gov/clinvar/ All Chapters
NCBI Gene https://www.ncbi.nlm.nih.gov/gene All Chapters
NCBI Primer- https://www.ncbi.nlm.nih.gov/tools/primer-
BLAST blast/index.cgi All Chapters
NCBI PubMed https://pubmed.ncbi.nim.nih.gov/ All Chapters
OMIM https://omim.org/ All Chapters
Phytozome https://phytozome.jgi.doe.gov/ Chapters 1 and 3
PrimeraPlus htt.ps://_www.b|0|nformat|cs.nllcg!- Chapters 4 and 5
bin/primer3plus/primer3plus.cgi
ProteinPaint https://pecan.stjude.cloud/proteinpaint Chapter 4
SMART http://smart.embl-heidelberg.de/ Chapter 4
RNAscope . . i i
(ACDBi0) https://acdbio.com/manual-assays-rnascope Chapter 3
The Human https://www.proteinatlas.org/ All Chapters

Protein Atlas

UCSC Genome

https://genome.ucsc.edu/

Chapters 1,4 and 5

Browser
Varsome https://varsome.com/ Chapters 1, 4 and 5
Wormbase https://www.wormbase.org/ Chapters 1 and 3

Table 2.2. List of online resources used.
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2.2. Cell culture

The corresponding affected individuals (ADPKD and JBTS patients) and control
individuals consented to this study. Ethical approval was obtained according to the
UK National Research Ethics Service (NRES) Committee North East — Newcastle
and North Tyneside 1 (08/H0906/28+5) and the NRES Committee North East
(14/NE/1076). All methods were performed in accordance with the relevant ethical
guidelines and regulations.

2.2.1. Cell culture of mouse Shh-LIGHT2 cells

Shh-LIGHT?2 cells line derived from mouse NIH-3T3 fibroblasts, a Hedgehog (Hh)-
responsive cell line originally created in Beachy laboratory (Johns Hopkins University
School of Medicine) (Taipale et al., 2000) were utilised for in in vitro experiments.
Shh-LIGHT2 cells were cultured in DMEM medium (High Glucose, L-Glutamine
Pyruvate) (Apollo scientific, BINC300) with 10% foetal bovine serum (FBS) and 1%
Penicillin-Streptomycin (ThermoFisher; 15070063).

Geneticin (G418), a selection antibiotic, was added to the medium (250 pl of G418
per 50 ml of DMEM medium). G418 is only added during cell expansion (this
antibiotic is used because these Shh-LIGHT2 cells were originally established by
Taipale et al. (Prof Philip Beachy Laboratory, The Johns Hopkins University School
of Medicine, USA) transfecting a pSV-Neo vector encoding G418 resistance with the
Gli-luc reporter and TK-Renilla luciferase vectors) (Taipale et al., 2000). Before doing
any further experiment (e.g. RNA extraction, serum starvation, SAG stimulation, dual
luciferase assay) with the Shh-LIGHT2 cells, the G418 is not added to the DMEM

medium, from two passages before these experiments are made.
2.2.2. Cell culture of human primary skin fibroblasts

Human primary fibroblasts were isolated from a skin sample from a control healthy
individual according to standardised protocol (Molinari et al., 2019). Human primary
fibroblasts were cultured in DMEM medium (High Glucose, L-Glutamine Pyruvate)
(Apollo scientific, BINC300) with 10% FBS and 1% Penicillin-Streptomycin
(ThermoFisher; 15070063).

2.2.3. Cell culture of Human Urine-Derived Renal Epithelial Cells (hURECS)

Human Urine-Derived Renal Epithelial Cells (hURECS) were isolated from urine from

an ADPKD patient and various control healthy individuals according to standardised
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protocol (Molinari et al., 2020, Ramsbottom et al., 2018, Ajzenberg et al., 2015,
Devane et al., 2022, Srivastava et al., 2017b). This protocol consisted in processing
the urine using a series of centrifugations and washes. Urine samples (50-110ml
each) can be stored at 4°C for up to 3 hours. The main steps of the protocol are

shown in Figure 2.1.

Collection and processing of an urine sample (Day 0)

Representative images of growing primary human urine-derived renal epithelial cells (hURECs) (Day ~10-28)
before being passaged for first time

Figure 2.1. Representative pipeline of the collection, processing and culture of
human urine-derived renal epithelial cells (hURECS). A: The container with 50-110ml
of urine can be kept at cold temperature on ice or on the fridge (about 4°C). The
sample should be processed in within 3 hours. B: Following the standard protocol
(Ajzenberg et al., 2015, Molinari et al., 2020) the urine sample is distributed into 2
falcon tubes, followed by two centrifugations and one washing steps. C: The resulting
cell pellet/s (from the same sample) are resuspended and seeded in primary media.
Usually one well of a 12-well plate corresponds to the final processing of one urine
sample. Usually the first hURECSs are observed after the second week of being
seeded (day 14-20). The time at which the hURECs are first observed is variable
between different individuals and also within different samples from the same
individual. D: Representative image of hURECs from a healthy individual (Control A)
after 18 days from urine processing. E and F: Representative images of hURECs
from a healthy individual after 11 days from urine processing. The growth of the
hURECS' first colony is usually followed by the growth of other colonies that will
eventually combine and cover most of the surface of the well. The hURECs observed
in D, E and F are from the same individual. In D: Brightness and contrast were
increased from original image. Nikon Eclipse TS100 inverted microscope was used
for visualisation. The magnification objectives used were Nikon 4x/0.13 and 10x/0.25.
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Solutions and Media:

e Washing buffer: Dulbecco's phosphate-buffered saline (DPBS) (Fisher Scientific;
15326239), supplemented with Penicillin-Streptomycin (140 U/ml)
(ThermoFisher; 15070063) and Amphotericin B (1 ug/ml) (Sigma-Aldrich;
A2942).

e Primary medium: DMEM/F-12 (1:1) (1X) (Gibco; 11320-074) supplemented with
Penicillin-Streptomycin (140 U/ml) (ThermoFisher; 15070063) and Amphotericin
B (3.5 pg/ml) (Sigma-Aldrich; A2942) and REGM Renal Epithelial Cell Growth
Medium BulletKit (Lonza; CC-3190), which includes FBS.

e Proliferation medium: REGM Renal Epithelial Cell Basal Medium (Gibco; CC-
3191) supplemented with Penicillin-Streptomycin (140 U/ml) (ThermoFisher;
15070063) and Amphotericin B (3.5 ug/ml) (Sigma-Aldrich; A2942) and REGM
Renal Epithelial Cell Growth Medium BulletKit (Lonza; CC-3190), which includes
FBS.

Day 1:

1. The urine is distributed into two 50 ml falcon tubes (unless the sample
contains less than 50ml of urine, in that case one 50 ml falcon tube can be
used) and centrifuged at 400 g for 10 min.

2. Remove the urine without disturbing the pellet and leaving ~2-4ml of urine.

3. Resuspend the pellet by washing it and the internal surfaces of the tubes and
container with washing buffer (~7ml per falcon tube and ~7ml to wash the
container in which the urine was originally stored).

4. Combine the resuspended pellets (cell suspension plus DPBS) into one of the
falcon tubes and centrifuge at 200g for 5 min.

5. Remove as much as liquid as possible trying not to disturb the pellet.
Resuspend the pellet by adding 1ml of primary medium.

6. Add the ~1.5ml cell suspension to a well of a 12-well cell culture plate

7. Add 1ml of primary medium to the well with the cell suspension and store the
plate in the cell culture incubator at 37°C and 5% COa.

The steps to do during the following the days consist in: In Days 2, 3 and 4, carefully
add 1ml of primary medium to the well. Alternatively, 3ml of primary medium can be
added on Day 1 or Day 2.

66



On Day 5 remove 2-3 ml of primary medium and add 1-2ml of proliferation medium.

From this step, every other day until hURECs become confluent: remove 1-2 ml of

medium and add 1-2ml of proliferation medium (e.g. Day 7, 9, 11 etc). hURECs may

be first observed after 1-3 weeks of urine processing. If after 3 weeks hURECs are

not observed, the sample is discarded.

2.2.4. Subculturing, serum starvation and freezing of cells

When cells (either mouse Shh-LIGHT2 cells, primary human fibroblasts or hURECS)

reach confluence (70-100%) cells are subcultured (also known as passaged). For

subculturing cells, cells are washed with DPBS, then DPBS is removed. After that:

For Shh-LIGHT2 cells and primary human fibroblasts, cells are detached by
incubating them with 0.05% Trypsin-EDTA (1X) (Gibco; 25300-054) for 5-10
minutes in the cell incubator at 37°C. Then DMEM medium (at least X2 times
the volume of the Trypsin added) is added to inactivate Trypsin. Cells (in
suspension) are moved to a falcon tube to be centrifuged 1000 rpm for 10 min.
Finally, the DMEM medium-Trypsin liquid is removed leaving the cell pellet
undisturbed. Then the ~1ml of DMEM medium is added to resuspend the pellet,
and the cell suspension is distributed into well/s with DMEM medium to be
cultured as it was explained in the previous sections (2.2.1 and 2.2.2).

For hURECSs, cells are detached by incubating them with TrypLE Select
Enzyme (1X; no phenol red) (ThermoFisher; 12563011) for 5-7 minutes in the
cell incubator at 37°C. Then proliferation medium (at least X2 times the volume
of the TrypLE added) is added to inactivate TrypLE. Cells (in suspension) are
transferred to a falcon tube to be centrifuged 200 g for 5 min. Finally, the
proliferation medium-Trypsin liquid is removed leaving the cell pellet
undisturbed. Then the ~1ml of proliferation medium is added to resuspend the
pellet, and the cell suspension is distributed into well/s with proliferation medium
and cells are cultured as it was explained in the previous section (2.2.3).

Serum starvation was performed for analysis of cilia and ciliogenesis. Serum

starvation is known to induce ciliogenesis (Malicki and Johnson, 2017). When cells

were serum starved before being fixed for immunofluorescence staining, serum was

not added to the corresponding cell culture medium. In the case of Shh-LIGHT2 cells

and primary human fibroblasts, FBS was not added to DMEM medium to prepare a
DMEM (-FBS) medium. In the case of hURECSs, FBS was not added to proliferation
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medium to prepare a proliferation (-FBS) medium. For serum starvation the cells
were cultured their corresponding media without serum, often for about 48h before

being fixed.

To store cells at -80°C or in liquid nitrogen, 1 ml of a commercial Cell Freezing Media
(Sigma-Aldrich; C6164) was used, or 1 ml of a cell freezing media consisting in
DMEM medium (20% FBS) with Dimethyl sulfoxide (10%) (DMSO).

2.3. Immunofluorescence (IF) staining
2.3.1. Antibodies

The antibodies used for the experiments involving immunofluorescence (IF) staining
are shown in Table 2.3. In this table | show the primary and secondary antibodies
used for IF and also in which chapter they have been used.

2.3.2. Fixation of cells

Cells were fixed using 100% methanol. Firstly, media was removed, then cells were
washed twice with cold DPBS. DPBS was removed and 100% methanol is added to
fix the cells. The cell plate is left for 10 min on ice. Then the ethanol was removed
and cells were washed twice with DPBS. Cells were stored in DPBS in the fridge
(4°C) before proceeding with the IF protocols.

2.3.3. Immunofluorescence staining in Shh-LIGHT2 cells and primary human

fibroblasts
Day 1:

1. Shh-LIGHT2 cells or primary human fibroblasts (which are in 12-well or 6-well
cell culture plates) were incubated with blocking buffer (5% BSA, diluted in
DPBS) for 30 min. DPBS was removed before the addition of blocking buffer.

2. Incubate cells with primary antibodies (add ~500pl in total per well) overnight
at 4°C. Primary antibodies were diluted in blocking buffer, accordingly to the

dilutions shown in Table 2.3.
Day 2:

3. Wash with DPBS for 5 min (3X).
4. Incubate cells with secondary antibodies (add ~ 500yl in total per well) for 2 h.

Secondary antibodies have been diluted in blocking buffer, accordingly to the
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dilutions in Table 2.3. This incubation and the following washes are done with

the sample (cell culture plate) protected from light.
5. Wash with DPBS for 5 min (3X). And then wash with DPBS for 10 min.
6. Mount coverslips with mounting medium for florescence with DAPI:

Vectashield (Vector Laboratories; H-1200).

7. Cells can be visualised in the using the corresponding fluorescent microscope

or be stored at 4°C.

Catalogue number - Technique Relevant
Description guer ' in which it Dilutions chapter/s in which
supplier i
was used it was used
Primary antibodies
Rabbit p. CEP120 orb182544 ; Biorbyt IF 1:100 Chapter 4
Mouse m. PCNT ab28144 ; Abcam IF 1:1000 Chapter 4
Mouse m. ARL13B 66739-1-Ig ; Ptglab 1:400 and
IF 1:1000 (1) Chapters 4 and 5
Rabbit p. ARL13B 17711-1-AP ; Ptglab IF 1:400 Chapter 5
Rabbit p. PCNT Ab4448 ; Abcam IF 1:1000 (2) Chapter 5
Mouse m. AC-TUB T6793 ; Sigma IF 1:1000 Chapter 5
Mouse m. GFP 5c-9996 ; Santa Cruz IF 1:50 Chapter 4
Rabbit p. GFP ab290; Abcam IF 1:200 Chapter 4
Rabbit p. OLIG2 10141047 ; Merck IHC 1:300 Chapter 3
Rabbit p. PAX6 2565%(.)3 ; F:ambrldge IHC 1:300 Chapter 3
ioscience
Courtesy of Dr )
Rat p. CEP120 Mahjoub (Betleja et WB 1'5_00 and Chapter 4
1:2000
al., 2018)
Rabbit p GAPDH 14C10 : CST WB 1:1000 Chapter 4
Secondary antibodies
Anti-rabbit Alexa Fluor A21206 ; Thermo .
488 Fisher IF 1:1000 (3) Chapters 4 and 5
Anti-mouse Alexa A21203 ; Thermo .
Fluor 594 Fisher IF 1:1000 (3) Chapters 4 and 5
Zenon Rabbit IgG Z25308 ; Thermo IF (direct
Alexa Fluor 647 Fisher labelling) NA (4) Chapter 5
Anti-rabbit ABC-HRP | PK-6100 ; Vector Labs IHC 1:500 Chapter 3
Anti-rat 680 926-68076 ; LI-COR WB 1:1000 Chapter 4
Anti-rabbit 800 926-32213 ; LI-COR WB 1:1000 Chapter 4

Table 2.3. List of antibodies with its corresponding dilution/s used, sorted by type of
antibody (primary or secondary) and technique in which they were used. (1)
Immunofluorescence corresponding to chapter 4, the dilution for staining of mouse
and human fibroblasts 1:1000 dilution was used (using 6-well plates). In chapter 5,
for staining hURECSs, 1:400 was used (using 8-well chamber slides). (2) In Chapter 5,
Rabbit p. PCNT antibody was used 1:400 when using direct labelling with Zenon
Rabbit IgG Alexa Fluor 647. (3) Anti-rabbit Alexa Fluor 488 and anti-mouse Alexa
Fluor 594 secondary antibodies were used at a dilution of 1:400 when combined with
any of the primary GFP antibodies and in the Immunofluorescence corresponding to
Chapter 5. AC-TUB, Acetylated Tubulin; IF, immunofluorescence, IHC,
immunohistochemistry, m., monoclonal; NA, not applicable; p., polyclonal; PCNT,
pericentrin; WB, Western blot. (4) Dilutions were made according to manufacturer’s
instructions.
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2.3.4. Immunofluorescence staining in hURECs

Day 1:

1.

Day 2:

hURECs (which are cultured in cell culture 8-well chamber slides: p-Slide 8
Well ibiTreat, Thistle scientific; 80826) were incubated with blocking buffer (5%
BSA, diluted in DPBS) for 1 h. DPBS was removed before the addition of
blocking buffer.

Incubate cells with primary antibodies (add ~ 300yl in total per well), overnight
at 4°C. Primary antibodies were diluted in blocking buffer, accordingly to the
dilutions in Table 2.3.

3. Wash with DPBS for 15 min.

4. Incubate cells with secondary antibodies (add ~ 300 pl in total per well) for 1 h.

5.

Secondary antibodies have been diluted in blocking buffer, accordingly to the
dilutions in Table 2.3. This incubation and the following washes are done with
the sample (cell culture chamber slides) protected from light.

Wash with DPBS for 15 min.

Option 1:

6.

Add NucBlue Fixed Cell Stain ReadyProbes reagent (DAPI special
formulation, Invitrogen; R37606) (add ~300 pul per well) according to
manufacturer instructions.

Cells can be visualised in the using the corresponding fluorescent microscope

or be stored (protected from light) at 4°C.

Option 2: when an additional primary antibody (in this case: PCNT) will be used in

the following step via direct immunostaining.

6.

9.

Prepare direct labelling solution in an Eppendorf 1.5 ml tube, by adding 1l of
Rabbit polyclonal PCNT primary antibody.

Add 5 pl of Zenon Rabbit A 647 to the direct labelling solution and incubate for
5 min.

Add 5pl of Zenon Blocking reagent B to the direct labelling solution and
incubate for 5 min.

Add 375 pl of blocking buffer to (5% BSA, diluted in DPBS).

70



10. Add the direct labelling solution (~150 ul per well) to the cells and incubate
overnight at 4°C.

Day 3 (only for option 2):

11.Wash with DPBS for 15 min.

12.Incubate cells in 4% PFA for 10 min.

13.Wash with DPBS for 15 min.

14. Add NucBlue Fixed Cell Stain ReadyProbes reagent (DAPI special
formulation, Invitrogen; R37606) (add ~300 pl per well) according to
manufacturer instructions.

15.Cells can be visualised in the using the corresponding fluorescent microscope

or be stored (protected from light) at 4°C.
2.4. Use of the RNA in situ detection platform, RNAscope

To investigate human CEP120 and ARLS3 expression patterns we (Dr Laura Powell
and I) collaborated with the MRC-Wellcome Human Developmental Biology
Resource (HDBR).

The human embryonic tissue samples used in this study were obtained from the
HDBR resource. These tissue samples are formalin fixed paraffin embedded (FFPE)
sections of human embryonic and foetal tissue (Figures 2.2 and 2.3). The sections
were treated using 10% neutral buffered formalin and were fixed for 32 hours at room
temperature accordingly with HDBR standardised protocols (https://www.hdbr.org/)
(Wang et al., 2012, Powell et al., 2020).

Regarding the developmental stages analysed, whole human embryo sections in
Carnegie Stage 23 (CS23) were used, which is equivalent to 8 post-conception
weeks (PCW) in which multiple organs could be visualised (Figure 2.3) and various
sections of the human embryonic hindbrain (14 PCW and 19 PCW), kidney (14 PCW
and 18 PCW) and eye (14 PCW) (Powell et al., 2020).
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Samples (FFPE sections)

Embryo sections of Carnegie Stage 23

Hindbrain sections of 14, 18 and 19 PCW

Eye sections of at 14 PCW

Kidney and adrenal gland sections of 14 and 18 PCW

Embryonic development Fetal development
Carnegie stage (CS) Cs12 CS14 CS16 ©S18 €S20 | €CS23
Age estimates (in PC days) | 2931 3335 3740 4245 4750 | 53-58
Age estimates (in PCW) 5 6 6-7 7-8 89 14 17 18 19

Figure 2.2. Summary diagram of the types of formalin fixed paraffin embedded
(FFPE) sections of human tissue utilised in this study and the corresponding human
developmental stage of each of them. These sections were obtained and treated by
MRC-Wellcome Trust Human Developmental Biology Resource (HDBR) (Lindsay et
al., 2016). CS, Carnegie Stage; PCW, post-conception weeks.

Embryo at Carnegie Stage 23 (CS23) / 8 PCW-stage

Hindbrain \

Telencephalon —

Dorsal root
ganglia >

Heart |—m"

Liver | ———»
Stomach ——"7
Adrenal gland 2

Figure 2.3. Representative image of a sagittal section of a human embryo at
Carnegie Stage 23 (CS23) and location of mayor organs. The age of a human
embryo at CS23 stage is approximately 8 post conception weeks (8 PCW). The
image shows a formalin fixed paraffin embedded (FFPE) section of a human embryo
utilised in this study. This section was obtained and treated by MRC-Wellcome Trust
Human Developmental Biology Resource (HDBR) (Lindsay et al., 2016). Sections
were visualised using using the HDBR image server (Leica Biosystems). Brightness
increased and contrast reduced from original image.
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RNAscope assays were used according to RNAscope specific guidelines, in order to
map CEP120 and ARL3 expression and characterise the CEP120 and ARL3
expression patterns. This assay is an RNA in situ detection technique that detects

RNA within intact cells.

The type of RNAscope assay used was: RNAscope 2.5 Assay RED and the probes
used targeted the expression of CEP120, ARL3, KI67 (positive control) or dapB
(negative control) (Wang et al., 2012, Robinson et al., 2014). The RNAscope 2.5
Assay RED assays utilised consisted in 20 paired probes. For the CEP120 and ARL3
assays the regions targeted are 115-1133 bp (transcript considered:
NM_001166226.1) and 169-1570 bp (transcript considered: NM_004311.3),
respectively. All the sections were counterstained with Methyl Green.

As a negative control, an RNAscope assay (RNAscope 2.5 HD Assay Red) targeting
the expression of dapB, which is a bacterial gene, not expressed in human tissues
(Voith von Voithenberg et al., 2020) was used. As a positive control, an RNAscope
assay (RNAscope 2.5 HD Assay Red) targeting the expression of KI67, which is a

cell proliferation marker, expressed in cycling cells (Sobecki et al., 2016) was used.

For visualisation of the results of the RNAScope experiment and analysis of the
CEP120 and ARL3 human embryonic and foetal expression patterns HDBR image

server (Leica Biosystems) was used (Powell et al., 2020).

2.5. Analysis of the reported clinical phenotypes and protein sequences of
CEP120 and ARL3

To analyse the clinical phenotypes associated with mutations in CEP120 and ARL3,
the literature was reviewed using PubMed and OMIM online databases. The
orthologues of CEP120 and ARL3 were found using NCBI and Ensembl online
databases (using the keywords: “cep120” and “arl3”) and the alignment of the
ortholog protein sequences was performed using Protein Basic Local Alignment
Search Tool, BLASTP.

The query sequences considered for CEP120 and ARL3 were NP_694955.2 and
NP_004302.1 respectively. To obtain certain ortholog protein sequences from
evolutionary distant organisms, additional databases were used, such as: Flybase,

Wormbase and Phytozome (Powell et al., 2020).
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2.6. Immunohistochemistry (IHC) staining

Immunohistochemistry (IHC) was used to stain Formalin-Fixed Paraffin-Embedded
(FFPE) sections of human embryonic tissues obtained from the MRC-Wellcome

Human Developmental Biology Resource (HDBR).

These samples consisted in a cortical section and a sagittal section of two 8 PCW-
stage human embryos and a sagittal section of human hindbrain at 19 PCW.

| used PAX6 and OLIG2 primary antibodies which are markers of proliferative regions
of the developing brain (Alzu'bi et al., 2017, Mo and Zecevic, 2008).

Standardised protocol of immunohistochemistry (Alzu'bi et al., 2017) was used with
the primary antibodies OLIG2 and PAX6.

OLIG2 was applied to a section of an 8 PCW-stage human embryo and PAX6 was
applied to two sections: one section of a 8 PCW-stage human embryo and one
section of a 19 PCW-stage human hindbrain. As negative control | repeated the
protocol without primary antibodies in a section of a 19 PCW-stage human hindbrain.
Each of the primary and secondary antibodies used and their corresponding working

dilutions are shown in Table 2.3.

The sections were incubated with avidin-peroxidase (ABC-HRP, PK-6100, Vector
Labs) with biotinylated secondary antibody and developed with diaminobenzidine
(DAB) solution (Vector Labs), washed, dehydrated, and mounted using DPX (Sigma—

Aldrich). Zeiss AxioPlan microscope was used for visualisation.

Solutions:

e X10 TBS (1.5M NacCl, 0.5M Tris): 87.5 g NaCl (S9888; Sigma-Aldrich), 60 g
Trizma base (T1503; Sigma Life Science) and complete up to 1L with ultrapure
water.

e 0.01M Citrate Buffer pH 6.0: 2.94g of (CsHsNazO7)2H20. tri-sodium citrate in 1L
distilled H20, pH to 6.0.

e DAB: ImmPACT DAB peroxidase substrate (2BScientific; SK-4105).

Day 1:
1. Incubate sections in Histoclear (national diagnostics; HS-202) for dewaxing

and clearing (10 min).
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Dehydrate sections with an ethanol series, with decreasing ethanol
concentrations: 100%, 100%, 90%, 70% and 50% (3 min each).

Block endogenous peroxidase in methanol peroxide solution (10 min).
Methanol peroxide solution is prepared the same day: 3 ml of Hydrogen
Peroxide (30%) in 180 ml of methanol (0.5% H202).

4. Rinse in running tap water.

Day 2:

10.

11.
12.

13.
14.

15.
16.
17.
18.

Incubate in citrate buffer (0.01M) antigen retrieval. Microwave for 10 min. Cool
it for 15 min at room temperature (RT).

Wash in 1XTBS (5 min).

Incubate in 10% normal blocking serum (diluted in 1XTBS). ~ 0.5 ml per slide
(20 min). Blocking buffer (10% normal blocking serum) is often prepared the
same day: 1 ml of normal goat serum in 9 ml of 1XTBS).

Tip off excess of normal serum and add primary antibody (diluted in blocking
buffer). Antibodies were diluted 1:300 in blocking buffer. ~300 pul of diluted
antibody was added per slide section targeting the corresponding tissue.

Incubate overnight at 4°C.

5 min washes in 1XTBS (X2).

Incubate the secondary antibody diluted in blocking buffer. ~300ul per slide 30
min. Secondary is diluted 1:500 in blocking buffer. Start preparation of the
tertiary complex following manufacturer instructions and keep on ice.

5 min washes in 1XTBS (2X).

Incubate section slides with tertiary complex in 1XTBS for 30 min. Add ~300ul
per slide. The tertiary complex should have been made at least 30 min before
use (1ul of reagent A and 1pul of reagent B in 50 pl of 1XTBS, to allow complex
to form at RT).

5 min washes in 1XTBS (2X).

Develop with DAB (3:100 using diluent from the DAB kit) (~300 pl per slide) for
10 min at rt.

Wash in running tap water for 10 min.

Counterstain with 1% toluidine blue (Merck; 89640-5G) (30-40 sec).

Wash with ultrapure water.

Dehydrate sections with an ethanol series, with increasing ethanol
concentrations: 50%, 70%, 90%, 100% and 100% (3 min each).
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19. Clear and mount (with DPX). As DPX is toxic, this step should be done in a

fume hood and let DPX dry (at least) overnight before imaging.

2.7. Review and annotation of CEP120 and CC2D2A genetic variants and

clinical presentations reported in the literature

In order to complete this in silico study to find skippable exons in CEP120 and
CC2D2A, | first reviewed the literature to annotate all the reported CEP120 and

CC2D2A variants in a standardised and organised manner.

To find all the reported patients with biallelic genetic variants in CEP120
(NG_042125.1) and CC2D2A (NG_013035.1) | used PubMed (using the keywords:
“cep120” and “cc2d2a”) and HGMD (Stenson et al., 2017) databases (last query
05/2020). After curation to select the relevant publications 33 publications were
considered: 31 publications describing patients presenting CC2D2A mutations and 2
publications describing patients presenting CEP120 mutations.

There were situations in which the same patient is reported in more than one
publication. When this was detected, the patient was only included once in this
annotated database of reported patients and variants. Patients with single
heterozygous mutations and patients reported with not enough or incomplete

phenotypic information were not included in this study.

For each patient included, | reviewed the phenotypic information available. For some
patients the clinical diagnosis was adapted and standardised according to the
disease categories (JBTS, ML, MKS) described in Drivas et al., 2015 (Drivas et al.,
2015). Based on Drivas et al., 2015, JBTS patients present a phenotype that includes
hypoplasia of the cerebellar vermis and/or brain stem abnormalities and intellectual
disability with or without extra-CNS manifestations. Patients with Meckel-like
syndrome (ML) present a phenotype which is lethal during the first months or years,
characterized by cystic kidney disease, CNS malformation (typically Dandy Walker
malformation), polydactyly, and hepatic fibrosis. Patients with MKS present a
phenotype which is similar to ML, but it is uniformly perinatal lethal with occipital
encephalocele and in which the CNS malformation is predominant (Drivas et al.,
2015).

| identified the truncating (loss-of-function) variants with a deleterious effect that

could be bypassed if the exon in which they are located is skipped. To do that
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SMART online tool was used and the information available in the literature to
annotate the functional domains of CEP120 and CC2D2A proteins. Then the
genotype and phenotype corresponding to each of the patients with reported
CEP120 and CC2D2A variants were described (Figures 2.4A and 2.4B).

B c
Study of CEP120 and Study of CEP120 and CC2D2A Study of CEP120 and
CC2D2A at transcript level: mutations individually: CC2D2A tissue specific
transcript isoforms:

Canonical transcript

literature and functional
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Figure 2.4. Pipeline followed for the in silico identification of skippable exons in
CEP120 and CC2D2A genes which are suitable for an ASOs-based exon skipping
therapy. A: NCBI Gene and Ensembl databases were used to identify the canonical
transcript of each of the two genes of interest: ENST00000328236.9 (also called
NM_153223.3) for CEP120 and ENST00000503292.5 (also called
NM_001080522.2) for CC2D2A. Ensembl was used to identify coding exons
corresponding to these transcripts, as well as to determine which of these exons if
skipped, maintain the reading frame of the protein. B: At the same time as doing what
it was described in panel A: using OMIM (Hamosh et al., 2000), PubMed and the
Human Gene Mutation Database online resources, the mutations described in the
literature in these two genes were found. C: Genotype-Tissue Expression (GTEX)
Project online resource was used to find the predicted protein coding transcript
isoforms expressed in kidney and cerebellum tissues and combined the information
obtained.

To curate and annotate the genetic variants described in these publications Ensembl
Variant Effect Predictor (Ensembl release 100) (Yates et al., 2020), NCBI Clinvar and
VarSome (Kopanos et al., 2019) were used. To obtain allelic frequency data in the
general population gnomAD v2.1.1 database (Karczewski et al., 2020) was used.
The variants were described according to the Human Genome Variation Society
(HGVS) nomenclature guidelines (den Dunnen et al., 2016).
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Ultimately, the annotation of variants in CEP120 and CC2D2A and the use of
Genotype-Tissue Expression (GTEX) Project (The GTEx Consortium, 2020) and
Ensembl online resources (accessed on 05/2020) allowed me to find the
corresponding skippable exons in CEP120 and CC2D2A genes that are suitable for
an ASOs-based exon skipping therapy (Figure 2.4C) (Barroso-Gil et al., 2021a).

If an exon consists in any number of nucleotides that is divisible by 3, the exon is
described as skippable unless it is the first of the last coding exon of the transcript.
The first and last coding exons of the canonical transcript of CEP120 and CC2D2A
are not skippable, as they encode for the corresponding start and stop codons,
respectively. Coding exons were mapped according to their location in the protein
sequence (Barroso-Gil et al., 2021a). ProteinPaint (Zhou et al., 2016) was used to
visualise the transcripts together with their encoded proteins. All the Web resources
used were listed in Table 2.1 (in section: 2.1. Software tools and online resources).
The GTEX project allowed to find different tissue-specific imputed splice junctions for
each of these predicted transcripts. By combining all these pieces of information, it
was discussed if which coding exons of the genes CEP120 and CC2D2A could be
treatable via an ASOs-based exon skipping therapy (Barroso-Gil et al., 2021a).

2.8. Microscopy
2.8.1. Microscopes used

All the microscopes used are located at the International Centre for Life and are
managed by the Bioimaging Unit of Newcastle University
(https://www.ncl.ac.uk/bioimaging/locations/icfl/). The corresponding training has
been received before using these microscopes. The microscopes used were a Nikon
(A1) confocal inverted and a Zeiss Axiolmager fluorescent microscopes to visualise
immunofluorescence staining. For live imaging, Nikon Eclipse TS100 and Zeiss
AxioVert 200M inverted microscopes were used. | used Zeiss AxioPlan microscope

to visualise tissues treated with RNAScope technique and immunohistochemistry.
2.8.2. Processing of microscopy images

All the images shown in this thesis have been processed using one or several tools

shown in Table 2.1.

The images used in Chapter 3 for the characterisation of CEP120 and ARL3

expression patterns in human embryonic and fetal tissue were obtained using the
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HDBR image server (Leica Biosystems). The size of the images and distribution of

the image panels were done using Adobe lllustrator and Adobe Photoshop.

The images for immunofluorescence (IF) staining experiments were processed using
the corresponding software of the corresponding microscope. For images obtained
using the Nikon (A1) confocal inverted microscope, images were captured using of
X40, X60 or X100 magnification objectives and Z-stacks were generated. The
resulting ND2 files were exported and processed with NIS Elements 4.20 and Image
J. In ImageJ, the Z-stack images were combined to obtain maximum intensity

projection and each of the corresponding the channels were split.

To analyse the cilia phenotype of hURECSs fixed and treated for immunofluorescence,
| used images obtained using the Nikon (A1) confocal inverted microscope. All the
images for this quantification analysis were taken using the same magnification
objective: Plan Apo VC 60x Oil DIC N2.

Of note, when cilia were analysed the hURECs were serum starved for 48h before
being fixed. To measure the cilia length, | used ImageJ (Fiji) to create a maximum
intensity projection of a Z-stack, and then measured (using the segmented line tool of
ImageJ) the length of the ARL13B (marker of cilia) staining, from the base of the cilia,
which limits to the PCNT (pericentrin, marker of centrosome/basal body) to the tip of
the cilia staining. Unpaired t test statistical test was used to determine if there is any
difference in cilia length between a patient and control’s hURECs samples, as it has
also been used by others in other studies (Molinari et al., 2020, Ramsbottom et al.,
2018, Oud et al., 2018). GraphPad software was used for statistical analysis and

display of cilia measurements.

For images obtained using the Zeiss Axiolmager fluorescent microscope, images
were captured using of X20, X40 or X63 magnification objectives. The resulting CZI
file was exported and processed with ZEN 2.3 and Image J. In ImageJ, images were
processed to split each of the corresponding the channels used. For the images
obtained of living cells using the Nikon Eclipse TS100 and Zeiss AxioVert 200M
inverted microscopes, the images were analysed using NIS Elements 3.20 and
AxioVs40x64 software tools respectively. The images of living cells transfected with a
GFP plasmid were visualised using the Zeiss AxioVert 200M inverted microscope
and the resulting ZVI files were exported and processed with AxioVs40x64 and
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Image J. In ImageJ, images were processed to split each of the corresponding the

channels used.
2.9. Genetic and gene expression studies
2.9.1. Polymerase chain reaction (PCR)

Primers for PCR reactions were designed using Primer3Plus and NCBI Primer-
BLAST. PCR was performed according to the standardised protocol using GoTaq G2
DNA Polymerase (Promega; M7845). For a fragment with a length between 90-500
bp the following program was used: Initial denaturalisation of 94°C (10 min), followed
by 25 cycles a series of denaturalisation, annealing and extension (94°C for 20s,
55°C for 30s and 72°C for 40 s) and a final extension of 72°C (10 min).

A typical 20 pl PCR reaction consisted in 1-2 ul of DNA/cDNA, 1 ul of forward and
reverse primers each (10 uM stock, IDT), 0.2 ul of ANTP (10 mM stock, Thermo
Fisher Scientific), 0.1 ul GoTaq DNA Polymerase (5 U/ul stock), 4 ul buffer (5X stock,
M791A; Promega) and 10.7-11.7 pl ultrapure water (double filtered, with a 0.2um
Syringe Filter).

2.9.2. Agarose Gel electrophoresis

PCR products and a 100bp DNA ladder (Promega, G2101) or a 1kb DNA ladder
(Promega; G571A and NEB; N0552G) were typically loaded in 2% Agarose gels.
Gels were prepared according to standardised protocols using Agarose Low EEO
(NBS Biologicals; NBS-AG500), 1XTAE buffer (Bio-Rad Laboratories Ltd; 1610773)
and GelRed Nucleic Acid Gel Stain (Cambridge bioscience; BT41003). To visualise
For PCR products larger than 1kb, 1% agarose gels in TAE were used. To clearly
separate the corresponding DNA fragments gels were typically run for 30-40 min at
100 V. Gels were visualised using a UV transilluminator (BioSpectrum Imaging

System).
2.9.3. RNA extraction and clean-up

RNA was extracted using either one the two following methods: one of them uses
TRIzol Reagent (ThermoFisher; 15596018) and the other use RNAeasy mini kit
(QIAGEN; 74104).

The method using TRIzol Reagent has been applied for the isolation of all the RNA

samples unless stated otherwise. Firstly when cells are confluent, cells are washed
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with cold DPBS twice TRIzol Reagent is added (~400 pl per well of a 12-well plate).
Using a cell scrapper, cells in TRIzol are transferred into a cryotube (in this step, cells

in TRIzol can be stored at -80°C to continue with the protocol another day).

TRIzol Reagent is a phenol-based solution for the isolation of total RNA. | followed
manufacturer’s instructions in which Tryzol Reagent is used with Chloroform and
Isopropanol to separate RNA from DNA and proteins and to precipitate RNA
respectively. RNA is also washed with 70% Ethanol and resuspended in RNase-free
water. RNA is then clean-up using Lithium Chloride Precipitation Solution

(AM9480; Invitrogen) according to manufacturer’s instructions using 70% Ethanol

and resuspended in RNase-free water.

The method of the RNAeasy mini kit has been applied to isolate RNA from few
samples of mouse Shh-LIGHT2 cells. | followed manufacturer instructions of the

RNAeasy mini kit, which uses a spin columns technology to isolate total RNA.

RNA concentration and purity were measured using a Ds-11 FX+ Spectrophotometer
(DeNovix).

2.9.4. Reverse transcription-PCR (RT-PCR)

To isolate the RNA | used RNeasy mini kit (Qiagen) according to the manufacturer's
instructions. For first strand cDNA synthesis (reverse transcription) | used 0.25-1 ug
of RNA, SuperScript Ill Reverse Transcriptase (Invitrogen; 18080044) and
Oligo(dT)15 Primer (Promega; C1101) following manufacturers’ instructions. Once
the RNA was reverse transcribed into cDNA, | reverse transcription-PCR (RT-PCR)
was done using the corresponding primers, designed using Primer3Plus and NCBI
Primer-BLAST. These gene specific primers are designed so that they do not amplify

genomic DNA.

RT-PCR was done using GoTaqg DNA Polymerase (Promega) standardised protocol.
The 20 yl PCR reactions were performed as it was explained in section: 2.9.1.
Polymerase chain reaction (PCR). The RT-PCR products were loaded into a 2% Gel
electrophoresis and visualised using UV transilluminator (BioSpectrum Imaging
System). RT-PCR was used to ensure cDNA synthesis from total RNA was
successful, before using the corresponding cDNA for quantitative and comparative
applications such as quantitative PCR (qPCR).
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RT-PCR and gel electrophoresis were used to ensure cDNA synthesis occurred
using RNA isolated (RNAeasy mini kit method) from mouse Shh-LIGHT2 cells and
confirm expression of Cep120 in mouse Shh-LIGHT2 cells, by amplifying a fragment
of cDNA located in Cep120 (Figure 2.5). | used Cep120 gene-specific primer pair (5-
CGCCTCCAACCAAGGATGAT-3 and 5-AGAACCGATGCCCTTCACAG-3).

RT-PCR was also used to ensure cDNA synthesis occurred using RNA isolated
(TRIzol Reagent method) from hURECSs cells, by amplifying fragments of cDNA
located in HPRT1 (Figure 2.6). | used a HPRT gene-specific primer pair (5-
TGACACTGGCAAAACAATGCA-3 and 5-GGTCCTTTTCACCAGCAAGCT-3).

100 bp cDNA cDNA  cDNA
ladder  °PNA 42y (11100 (1:20)

100 bp =

Figure 2.5. RT-PCR using cDNA, reverse transcribed from total RNA isolated from
Shh-LIGHT2 cells. It can be observed that the primers utilized used amplified the
expected fragment (92 bp located in exons 9 and 10 in Cep120 mouse transcript
(NM_178686.4). RNA concentration from RNA extraction was 187.1 ng/pl. For first
strand cDNA synthesis 1 ug of RNA was used. cDNA was diluted in water: 1:2, 1:10
and 1:20. A clear band of ~100 bp can be observed when cDNA is not diluted and
when it is diluted 1:2. Negative controls include samples in which reverse
transcriptase was not added (-RT), genomic DNA (gDNA), RNA or H20 were used
instead of cDNA. Gel electrophoresis (2% agarose). 100bp ladder used.
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RT-PCR using HPRT1 primers

cDNAALGS8 cDNA Control
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Figure 2.6. RT-PCR using cDNA, reverse transcribed from total RNA isolated from
human urine-derived renal epithelial cells (hURECS) from an ADPKD patient. This
ADPKD patient presented a heterozygous nonsense mutation in NM_024079.5
(ALGS8): c.1090C>T; p.(Arg364Ter) (ALG8 hURECSs) and from a healthy individual
(Control hURECSs). RNA was extracted from both individuals was during several
passages (P). It can be observed that the amplification of the expected fragment (94
bp located in exons 6 and 7 in HPRT1 human transcript (NM_000194.3) in all the
cDNA samples. RNA concentration from RNA extraction of the samples ranged from
25 ng/ul to 290 ng/ul. For first strand cDNA synthesis 250 ng of RNA was used. A
clear band of ~100 bp can be observed in all samples. Negative controls include
(from left to right): samples in which reverse transcriptase was not added (-RT) to the
RNA from the ALG8 and Control hURECSs, and a negative control in which H20 was
used instead of cDNA. Gel electrophoresis (2% agarose). 100bp ladder used.

To study tissue-specific transcripts and possible molecular targets for exon skipping
in CEP120 and CC2D2A genes, | used total RNA from human kidney (ThermoFisher;
AM7976) and total RNA from whole blood samples and total RNA from human urine-
derived renal epithelial cells (hURECSs). RT-PCR was performed according to the

standardised protocol described above.

A CC2D2A gene-specific primer pair (5- TGAGAGACACTGGCTGGGAT -3 and 5-
AGGCACTGACGATTTGGAAAC -3) was used to identify basal skipping of exon 30
and the CEP120 gene-specific primer pair (amplifying only when the exon 2 is
skipped) (5- TACAGCAGTAGTGCGCTTGC -3 and 5-
GGGAAATGCCGACCTCACAG -3) was used to identify basal skipping of exon 2. A
gene-specific primer pair for HPRT1 (housekeeping gene) was used (5-
TGACACTGGCAAAACAATGCA-3 and 5- GGTCCTTTTCACCAGCAAGCT-3).

2.9.5. Quantitative PCR (gPCR)

Gene expression was measured using PrimeTime quantitative PCR (QPCR) assays.

Gene-specific PrimeTime qPCR assays (IDT) were designed by IDT. PrimeTime

83



gPCR assay is based on a 5' nuclease assay which uses a gene specific primer pair

and a probe with a 5’ fluorophore and a quencher.

QuantStudio Real-Time PCR Software was used to design the set up the 384-well
gPCR plate, and a QuantStudio 7 Flex Real-Time PCR System (Applied
Biosystems), to perform the gPCR reactions for the standard curves and comparative
experiments. Each sample for each gene was assayed in triplicates or quadruplicates

following the manufacturer instructions.

Each 10 pl gPCR reaction consisted in 4 ul of cDNA (previously diluted 1:10 in
nuclease-free water), 5 ul of PrimeTime Gene Expression Master Mix (1055771,

IDT), 0.5 pl PrimeTime Assay and 0.5 ul of nuclease-free water.

Results of the gPCR experiments (Ct values) were exported from the QuantStudio
Real-Time PCR Software and analysed using the Livak method for relative gene
expression analysis (AACq method) to find differences in gene expression of genes
of interests between a test (treated/patient) sample and a control sample. If cDNA
from human cells was used, gene expression levels of target genes were normalised
against gene expression levels of HPRT1, GAPDH and GUSB housekeeping genes.
If cDNA from mouse cells was used, gene expression levels of target genes were

normalised against gene expression levels of Hprt and Gapdh housekeeping genes.
2.10. Protein extraction and Western blotting
Solutions:

e Lysis buffer: 2.4 g urea (U6504; Sigma Life Science), 2.5 ml 0.5M Tris pH 6.8, 2
ml 20% SDS (L3771; Sigma), 500ul B-mercaptoethanol (Sigma-Aldrich; M7522),
2 ml of 50% Glycerol and 10ml of ultrapure water. Loading buffer consist in Lysis
Buffer containing bromophenol blue (B5525-5G; Sigma) (~0.02%).

e 10X running buffer: 36.2 g Trizma Base (T1503; Sigma) and 188 g Glycine
(G8898; Sigma) up to 1 L with ultrapure water. To make 1X running buffer: 100
ml of 10X running buffer is diluted in ultrapure water up to 1 L and 5 ml of 20%
SDS are added.

e 10X Transfer buffer: 58 g Trizma Base and 29 g Glycine up to 1 L with ultrapure
water. 100 ml of 100% Methanol and 2 ml of 20% SDS are added to 1L of 1X

transfer buffer. 1X transfer buffer needs to be cold before being used.
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Protein was extracted from Shh-LIGHT2 cells when cells were confluent. Cells were
washed in DPBS, Lysis Buffer was added to the cells (~200 ul per well of a per 12-
well plate). Using a cell scrapper, cells in Lysis Buffer are transferred into a cryotube
(in this step cells in Lysis Buffer can be stored at -20°C to continue with the protocol
another day if needed).

When protein was extracted from a mouse kidney, a mouse kidney was previously
snap frozen in liquid nitrogen and stored at -80°C. A small sample (~0.1 g) was cut

from this kidney and homogenised with Lysis buffer.

| used standardised protocol for Western blotting (Ramsbottom et al., 2018), using
Bio-Rad Power Supplies and buffer tanks (Mini-Protean tetra System, Bio-Rad) and
Mini-Protean TGX precast 4-20% gradient gels (456-1094; Bio-Rad).

Protein samples are heated to 95 °C for 5 min and spun at 16000 rcf/maximum
speed for 5 min before being loaded for sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Samples with loading buffer (a total of ~20 pl are
loaded per well) and 3 pl of ladder (Chameleon Duo Pre-stained Protein Ladder, 928-
60000; LI-COR) were loaded into the gel.

The gel was run for a first stage of 80 V for 20 min and a second stage of 200 V for 1
hour. Proteins were transferred into 0.45 um nitrocellulose membrane (1620115; Bio-
Rad). The membrane was washed with TBST and blocked with blocking buffer (5%
milk in TBST) for 1 h. TBST is TBT with 0.1% of Tween 20 (P1379; Sigma)

The primary antibodies were added and the membrane was incubated overnight at 4°C.
The next day the membrane was washed in TBST, the secondary antibodies were
added to the membrane and it was incubated for 90 min at RT (the membrane was
protected from light from this step), the membrane was washed in TBST again and it

was visualised using Odyssey CLx imaging system (LI-COR) and ImageJ software.

The primary antibodies used for Western blotting were Rat polyclonal CEP120
(Courtesy of Dr Mahjoub (Betleja et al., 2018) and rabbit anti-GAPDH (CST; 14C10) and
the secondary antibodies were goat anti-rabbit 800 (926-32213 ; LI-COR) and goat anti-
rat 680 (926-68076 ; LI-COR).

2.11. Cep120/CEP120 gene knockdown

2.11.1. Small interfering RNA (siRNA) Cep120 knockdown experiment in mouse

Shh LIGHT2 cells
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Shh LIGHT2 cells were seeded one day before the Cep120 knockdown experiment
took place. The day the Cep120 knockdown experiment starts, cells are 70-90%
confluent. The medium of the cells is changed to a medium without serum (DMEM -

FBS) the same day, before the Cep120 knockdown experiment start.

Following standardised protocol, | transfected the corresponding 200 nM of different
gene specific SiRNA to perform each of the corresponding gene knockdowns. | used
SIGENOME CEP120 siRNA (D-016493-01; Dharmacon), SSIGENOME Smo siRNA (L-
041026-00; Dharmacon) and a negative Control sSiRNA (AM4611, ThermoFisher)
using the Lipofectamine RNAIMAX transfection reagent (ThermoFisher, 13778075)

following manufacturer’s instructions.

To achieve Cep120 knockdown via siRNA, the corresponding siRNA targets the exon
21 (last coding exon) of human of CEP120.There is only one mismatch in this target
sequence compared with the mouse sequence of Cep120 (Figure 2.7). The siRNA
sequence targeting CEP120/Cep120 is: 5-GAUGAGAACGGGUGUGUAU -3.
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Figure 2.7. Sequence alignment of the siRNA targeting CEP120/Cep120 (D-016493—
01; Dharmacon). siRNA sequence is: 5- GAUGAGAACGGGUGUGUAU -3. A: This
SiRNA targets a coding region located in exon 21 (last coding exon) of human
CEP120. B: There is there is only one mismatch between the siRNA target sequence
compared with the mouse sequence of Cepl120. The screenshot in panel A was
taken from the UCSC Genome Browser on Human (GRCh38/hg38) to show the
genomic position encoding the CEP120 sequence of the siRNA target. The
screenshot in panel B was taken from the UCSC Genome Browser on Mouse
(GRCmM38/mm10) to show the genomic position encoding the Cep120 sequence of
the siRNA target. Red rectangle in panel B shows the mismatch between the siRNA
target sequence and the mouse sequence.

The efficiency of the knockdown experiment via sSiRNA (Dharmacon) in Shh-LIGHT2
results was evaluated via gPCR, performed according to standard protocols (as
explained in 2.9.5).
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The gPCR assays (IDT) used to perform the corresponding gPCRs reactions using
mouse cDNA are: Mm.PT.58.46061505 (Cep120), Mm.PT.58.13243838 (Smo),
Mm.PT.58.9411934 (Hprt), Mm.PT.39a.1 (Gapdh) to evaluate siRNA knockdown
efficiency.

2.11.2. SAG stimulation of Shh-LIGHT2 cells and dual luciferase assay

To investigate the effect on Hh signalling upon Cep120 knockdown, when Shh-
LIGHT2 were confluent, one day after Cep120 knockdown via siRNA started, they

were stimulated using 250nM SAG Hh signalling agonist. As a negative control

250nM DMSO is added instead of SAG. As Smo knockdown is known to affect Hh

signalling (Guo et al., 2013, Ogden et al., 2006), | did a Smo knockdown as a positive
control in the Shh-LIGHT2 cells. Knockdown of Smo was performed expecting to
impair SAG stimulation in the Shh-LIGHT2 cells.

Of note, the DMEM medium used during at least two passages before the
experiments on Shh-LIGHT2 cells are performed, did not have G418. This is to
prevent G418 interfering with the dual luciferase assay.

Shh-LIGHT2 cells were lysed, 2 days after SAG or DMSO treatment (3 days after
SiRNA treatment). Lysed Shh-LIGHT2 cells were stored before | used Promega Dual-
Luciferase Reporter Assay System standard protocol (Promega; E1910) and
GLOMAX Multi Detection System Luminometer to quantify dual luciferase ratios

according to manufacturer’s instructions.

SAG stimulation in Shh-LIGHT2 cells is revealed calculating the dual luciferase ratio
between the luminescence values reported by the Gli-dependent firefly luciferase and

constitutive (control) Renilla luciferase vectors.

2.11.3. Antisense oligonucleotide (ASO) morpholino CEP120 knockdown

experiment in primary human fibroblasts

The knockdown of CEP120 expression in primary human fibroblasts was done using
an antisense oligonucleotide (ASO) morpholino (GeneTools). The ASO was
designed by Genetools and is predicted to cause the skipping of exon 3 of
NM_153223.3 CEP120 transcript, and subsequently leading to a premature
termination codon that might trigger nonsense-mediated decay of the transcript. Its
target (5-TGAAAATGATAATCACCTGTGCTGA-3’) includes the splice junction

between exon 3 and intron 3 as it is shown in Figure 2.8.
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Figure 2.8. Sequence alignment of the ASO morpholino targeting CEP120
(GeneTools). The ASO morpholino sequence is: 5-
TGAAAATGATAATCACCTGTGCTGA -3. It is observed that this ASO morpholino
targets a coding region located in exon 3 and intron 3 of human CEP120. The
screenshot was taken from the UCSC Genome Browser on Human (GRCh38/hg38)
to show the genomic position encoding for the ASO morpholino target in the CEP120
sequence. Orange rectangle shows sequencing encoding for the ASO morpholino
target sequence.

Following manufacturer instructions, | resuspended the freeze-dried ASO morpholino
oligo in RNase free water, to make a 1mM oligo stock solution. Once the cells were
confluent (70-90% confluence), 2.5uM of CEP120 ASO morpholino oligo were
delivered to the cells using the Endo-Porter reagent (in DMSO) (GeneTools). 6 ul of
Endo-Porter reagent were added for every 1 ml media. After 2 days, RNA was
extracted from primary human fibroblasts using the TRIzol method for gene

expression studies.

As negative controls, primary human fibroblasts were treated only with Endo-Porter
reagent (without the ASO morpholino oligo) or not treated (without Endo-Porter
reagent and ASO morpholino oligo).

2.12. Alamar Blue cell viability assay

To investigate cell viability of hURECs from a patient (ALG8 patient) and a healthy
individual (Control A) | used alamarBlue HS Cell Viability Reagent (A50100;

Thermofisher) following manufacturer’s instructions.

Of note, when added to cells, alamarBlue HS Cell Viability Reagent is modified by
the reducing environment of metabolically active (viable) cells, this correlates with a
colour change that can be detected using a spectrophotometer to calculate
absorbance (detected at 570/610 nm).

Series of an increasing amount of hURECs were seeded to obtain the standard

curves for both patient’s and Control I's hURECs. | seeded (using 12-well cell culture
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plates) an increasing number of cells (e.g: 5K, 10K, 20K and 25K cells) to know the

standard curve of each of the individuals.

To seed these corresponding amounts of cells a haemocytometer (Cambridge
Bioscience; DHC-N01-50) was used. Knowing the slope of each of the standards, the
number of living cells can be estimated throughout seven consecutive days. | initially
seeded 10K cells (except in the case of the hURECs of the ALGS8 patient in P1 in
which | seeded 15K cells) and using alamarBlue HS Cell Viability Reagent |
estimated the number of cells throughout seven consecutive days. | seeded 10K
hURECS (using 12-well cell culture plates) from the ALG8 patient and Control A and
treated them with alamarBlue HS Cell Viability Reagent the next day. 40 pl of
alamarBlue HS Cell Viability Reagent were added to hURECS in 360 pl of

Proliferation Media.

The following day (and each day up to 7 consecutive days), 50 pl of this media
containing alamarBlue HS Cell Viability Reagent added the day before is transferred
to a well of a 96-well cell culture plates (protected from light) (150 ul were used in
total, as | did this experiment in triplicates) to be read by a spectrophotometer
(Varioskan Lux; ThermoFisher). The rest of media with alamarBlue HS Cell Viability
Reagent was replaced with fresh 40 pl of alamarBlue HS Cell Viability Reagent and

360 pl of Proliferation Media. The following day the same process was done.

Varioskan Lux (ThermoFisher) spectrophotometer was used to obtain the
corresponding absorbance values for each of the days in which hURECs were
treated with alamarBlue HS Cell Viability Reagent following manufacturer’s
instructions. This was done for ALG8 patient and Control A hURECs and was

repeated it during several passages.

The resulting SKAK files were obtained with Skanlt Software for microplate readers.
and the results were extracted in a form of an excel files. Each of the triplicate values
of absorbance was normalised (using the values of a blank result, from a well in
which hURECs were not seeded) and they were combined to calculate the slope of

the standard curve.

Using the standard curves, | estimated the number of viable hURECs each day and
in each passage for the ALG8 patient and Control A. Becky Dewhurst (Newcastle
University) assisted with the design of these cell viability experiments and analysed,
interpreted and displayed the data and results using GraphPad software.
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2.13. Cell-based assays using Human Urine-Derived Renal Epithelial Cells

(hURECSs) to complement genetic studies

Cell culture of hURECS, fixation, immunofluorescence (IF) experiments to observe
(and compare against hURECs from control individuals) the cilia length in the
hURECSs of a patient presenting an ALG8 heterozygous variant: NM_024079.5
(ALGS8): ¢.1090C>T; p.(Arg364Ter) were performed as explained in the
corresponding previous sections (2.2.3, 2.3.2 and 2.3.4) above, according to
standardized protocols (Molinari et al., 2018a, Molinari et al., 2020, Ramsbottom et
al., 2018, Srivastava et al., 2017b, Ajzenberg et al., 2015).

Zeiss Axiolmager fluorescence microscopy and Nikon (A1) confocal inverted
microscopy were used for imaging of the IF experiments. Nikon Eclipse TS100 and
Zeiss AxioVert 200M inverted microscopes were used for visualisation of living cells

(further details were described in section: 2.8. Microscopy)

Alamar blue cell viability assay (A50100, Thermofisher) and gPCR was performed
according to standard protocols, which were explained in section: 2.12. Alamar Blue

cell viability assay).

Before doing the corresponding gPCR experiment, presence of cDNA as a result of
first strand cDNA synthesis was confirmed by the expression of HPRT via RT-PCR
and gel electrophoresis (as it was showed in Figure 2.6 of section: 2.9.4. Reverse
transcription-PCR (RT-PCR)). The qPCR assays (IDT) used to perform the
corresponding gPCRs reactions using human cDNA are: Hs.PT.58.2872893 (ALGS),
Hs.PT.58.3602882 (PKD1), Hs.PT.58.27017787 (PKD2) Hs.PT.39a.22214836
(GAPDH), Hs.PT.58v.45621572 (HPRT1) and Hs.PT.58.38796939 (GUSB).

2.14. Plasmid transfection efficiency into mammalian cells

The aim of using plasmid transfection was to study specific disease-causing CEP120
mutations. To achieve this, firstly plasmid containing the WT CEP120 cDNA
sequence (hCEP120-EGFP, Addgene plasmid # 50382; called WT CEP120 plasmid
from now) was transfected into mammalian cells, specifically, into mouse Shh-
LIGHT2 cells and human primary fibroblasts. A summary of the cell-based pipeline
designed to study disease-causing CEP120 mutations, in which plasmid transfection

is performed, is shown in Figure 2.9.
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Figure 2.9. Schematic workflow of a rescue experiment to study patient-specific
CEP120 mutations. The top panel (A) shows the suggested steps (1-6). The bottom
panel shows the suggested steps (1-6) in a graphic manner. WT CEP120 plasmid
(hCEP120-EGFP, ID: 50382, Addgene) was used to make different mutant plasmids
via site-directed mutagenesis (New England BioLabs), each of them presenting a
CEP120 patient-specific mutation. Knockdown (KD) of CEP120 via a CEP120
antisense oligo morpholino (Gene Tools) was validated via gqRT-PCR. It can be
suggested that analysis of the phenotype caused by CEP120 knockdown plus
transfection (rescue) of CEP120 plasmid (WT or mutant) could be analysed by
Immunofluorescence and gRT-PCR. Plasmid images shown are obtained from
http://www.addgene.org/. The zoomed diagram below the mutant plasmid image is a
representation of the domain structure of CEP120 protein (NP_694955.2), as
CEP120 is formed by three C2 conserved consecutive C2 domains (C2A, C2B and
C2C) and a C terminal coil-coiled domain (CC). The nine CEP120 mutations reported
in different patients with Joubert (G14*, V194A, S380Y, A549V, L712F and L726P),
Jeune (A199P), Meckel (1975S) and TCDOE (R151* and A199P) syndromes are also
shown.

The WT CEP120 plasmid was purified (Figures 2.10 and 2.11). This is an EGFP
tagged plasmid that has been previously used to transfect U20S and HEK293T cells
in Lin et al (Lin et al., 2013). To create different constructs from it, the Mut hCEP120-
EGFP plasmids, Site-Directed Mutagenesis (NEB) was used to incorporate each of
the CEP120 mutations reported in the literature. There is one CEP120 variant
(c.49+5_49+10del ; p.Gly+1AspfsTerl4 (?)) reported in the literature (Roosing et al.,
2016) that cannot be inserted in the WT CEP120 plasmid, as it is intronic.

Interestingly, the WT CEP120 plasmid has 4 SNPs (rs6876883, rs6595440,
rs1047437, rs1047438) compared to the reference human sequence: NM_153223.
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Two of these SNPs are synonymous variants (rs6876883 and rs1047438) and two of
them are missense variants (rs6595440 and rs1047437) compared to the reference
sequence. The rs6595440 and rs1047437 missense variants have and allele
frequency of 0.4187 (24419 homozygotes) and 0.1792 (4854 homozygotes) in
gnomAD respectively, which suggest that they are benign. Site directed mutagenesis
was used to reverse the amino acid change of these two missense SNPs:
€.1804G>C ; p.Val602Leu (reversion of rs6595440) and ¢.2637C>G ; p.His879GIn
(Ex20) (reversion of rs1047437). Lastly, a CEP120 missense variant was inserted:
E401A of uncertain significance, which was found in homozygous state in a patient
recruited in the Genomics England 100,000 Genomes Project and diagnosed with
developmental macular and foveal dystrophy. Restriction mapping of each mutant
plasmids was performed and confirmed by Sanger sequencing in the Mut hCEP120-

EGFP plasmids that the mutations were correctly inserted correctly.

It was assessed if plasmids can be transfected in mouse Shh-LIGHT2 cells and
primary human fibroblasts. This is, it was assessed if primary human cells can be
transfected. | used two different GFP plasmids as GFP is expected to be widely
expressed in the cell cytoplasm, which makes transfection efficiency assessment
easier than by using WT CEP120 plasmid as the CEP120-EGFP expression is
expected to be restricted to the centrosome. One of the GFP plasmids is a pIRES2-
EGFP plasmid (pIRES2-EGFP, Clontech # 6029-1, Addgene # 3178) (Figures 2.12
and 2.13 and the other is an EGFP plasmid (courtesy of Dr Magomet Aushev,
Newcastle University, UK) (Figures 2.14 and 2.15).
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Plasmid map of WT CEP120 plasmid (hCEP120-EGFP)
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Figure 2.10. Plasmid map of WT CEP120 plasmid (hCEP120-EGFP, Addgene
plasmid # 50382). WT CEP120 plasmid consists in a sequence of 7705 bp long,
including the human CEP120 cDNA sequence (NM_153223) of 2962 bp.
Downstream the CEP120 cDNA sequence, the plasmid contains the sequence
corresponding to an EGFP tag. This plasmid, hCEP120-EGFP, was generated by
Tang K. Tang et al. Plasmid map was obtained from Addgene.
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WT CEP120 plasmid (hCEP120-EGFP) restriction mapping

B
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Figure 2.11. WT CEP120 plasmid (hCEP120-EGFP) restriction mapping. The left
image (A) shows gel electrophoresis showing the WT CEP120 plasmid (hCEP120-
EGFP, Addgene plasmid # 50382) treated with different combinations of restriction
enzymes. The expected fragments upon the digestion of the WT CEP120 plasmid
with specific combinations of restriction enzymes are observed. When the WT
CEP120 plasmid was treated with Sacll, the fragment of 7705 bp (linearized plasmid)
is observed. When the plasmid is treated with Sacll and Mscl, the corresponding two
fragments of length 2191 and 5514 bp are observed. And when the plasmid is
treated with Mfel + Sacll, the corresponding three fragments of length: 859, 2963 and
3822 bp are observed. As a positive control, the plasmid P-GEM-T easy (which has a
length of 3015 bp, Promega) is used and cut using Sacll and BspQlI, the
corresponding two fragments of 352 and 2663 bp are observed. Uncut corresponds
to the WT CEP120 plasmid not treated with any restriction enzyme. A negative
control using the same water used to dilute the plasmids was used to detect any
plasmid contamination in the water. Gel electrophoresis (1% agarose gel). 1kb ladder
used. For clarity, some lanes between the ladder and the lanes for the restriction
mapping experiment and between the restriction mapping experiment and the water
negative control were removed. The table on the right (B) shows the expected
fragments corresponding to each of the combinations of the restriction analyses
performed in the hCEP120-EGFP and P-GEM-T easy plasmids. The combination of
Sacll and BspQI was applied to the P-GEM-T easy plasmid. The other three
restriction enzyme reactions: Sacll, Sacll+Mscl and Mfel+Sacll were applied to the
WT CEP120 plasmid (hCEP120-EGFP) plasmid.
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Plasmid map of pIRES2-EGFP plasmid
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Figure 2.12. Plasmid map of pIRES2-EGFP plasmid (pIRES2-EGFP, Clontech #
6029-1, Addgene # 3178). pIRES2-EGFP plasmid consists in a sequence of 5308 bp
long, including an IRES-EGFP tag sequence. Plasmid map was obtained from
Addgene.
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pIRES2-EGFP plasmid restriction mapping

B
P'ﬁESi‘EGF"— & 2 Restriction Fosition'of Length of expected
E enzyme/s oxpected cutls fragments
Uncut Bglll Bglll+ Sacll+  Bglil+ in the plasmid
Mfel

| Mfel acll

p— . ; Bglll 609 5308 bp
. == 10 kb
- o . Bglll+ Mfel 609 + 2082 1473 + 3835 bp
? - - i pIRES2-EGFP
- Sall + Mfel 639 + 2082 1443 + 3865 bp
“- : f;bkn
Bglll+ Sacll 609 + 652 43 + 5265 bp

= 1 kb

Figure 2.13. pIRES2-EGFP plasmid (pIRES2-EGFP) restriction mapping. The left
image (A) shows gel electrophoresis showing the pIRES2-EGFP plasmid (pIRES2-
EGFP, Clontech # 6029-1, Addgene # 3178) treated with different combinations of
restriction enzymes. The expected fragments upon the digestion of the pIRES2-
EGFP plasmid with specific combinations of restriction enzymes are observed. When
the pIRES2-EGFP plasmid was treated with Bglll, the fragment of 5308 bp (linearized
plasmid) is observed. When the plasmid is treated with Bglll and Mfel, the
corresponding two fragments of length 1473 and 3835 bp are observed. When the
plasmid is treated with Sall and Mfel, the corresponding two fragments of length:
1443 and 3865 bp are observed. And when the plasmid is treated with Bglll and
Sacll, the corresponding two fragments of length: 43 + 5265 bp are observed. Uncut
corresponds to the pIRES2-EGFP plasmid not treated with any restriction enzyme. A
negative control using the same water used to dilute the plasmids was used to detect
any plasmid contamination in the water. Gel electrophoresis (1% agarose). 1kb
ladder used. For clarity, some lanes of the gel were removed. The table on the right
(B) shows the expected fragments corresponding to each of the combinations of the
restriction analyses performed in the pIRES2-EGFP plasmid. Brightness has been
increased and contrast reduced from the original gel electrophoresis image in order
to clearly visualise all the corresponding bands using PowerPoint.
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Plasmid map of EGFP plasmid
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Figure 2.14. Plasmid map of EGFP plasmid. EGFP plasmid (courtesy of Dr Magomet
Aushev, Newcastle University, UK) consists in a sequence of 6115 bp long, including
an EGFP tag sequence. Plasmid map was generated using SnapGene Viewer

software.
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EGFP plasmid restriction mapping
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Figure 2.15. EGFP plasmid (EGFP) restriction mapping. The left image (A) shows gel
electrophoresis showing the EGFP plasmid (courtesy of Dr Magomet Aushev,
Newcastle University, UK) treated with different combinations of restriction enzymes.
The expected fragments upon the digestion of the EGFP plasmid with specific
combinations of restriction enzymes are observed. When the EGFP plasmid was
treated with Bglll, the fragment of 6115 bp (linearized plasmid) is observed. When
the plasmid is treated with Bglll and Sacll, the corresponding two fragments of length
1402 and 4713 bp are observed. When the plasmid is treated with Sacll and Sall, the
corresponding two fragments of length: 515 and 5600 bp are observed. And when
the plasmid is treated Ncol, the corresponding four fragments of length: 297, 509,
1400 and 3849 bp are observed. Uncut corresponds to the EGFP plasmid not treated
with any restriction enzyme. A negative control using the same water used to dilute
the plasmids was used to detect any plasmid contamination in the water. Gel
electrophoresis (1% agarose). 1kb ladder used. For clarity some lanes of the gel
were removed. The table on the right (B) shows the expected fragments
corresponding to each of the combinations of the restriction analyses performed in
the EGFP plasmid.
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Site directed mutagenesis was used to create mutant plasmids. To do this, NEB 5-
alpha Competent E. coli (NEB; C2987) were used, following the Q5 Site-Directed
Mutagenesis Kit Protocol (NEB; E0554).

For bacterial culture for expansion of EGFP plasmid, agar plates and LB broth with
the corresponding antibiotic, in this case: Ampicillin (A-9393; Sigma) (Amp)
(100pg/ml working concentration) were prepared as standardized protocols
(https://lwww.addgene.org/protocols), using Typtone (LP0042; OXOID), NaCl (S9888;
Sigma-Aldrich), Yeast extract (Y1625; Sigma Life Extract) and ultrapure water. Agar
(BP1423; Fisher Biologicals) was added to the LB broth to make the Agar plates. |
used NEB 5-alpha Competent E. coli (High Efficiency) bacteria (C2987H; NEB) to
expand the EGFP plasmid described above (Figure 2.14). This EGFP plasmid

consists in a sequence of 6115 bp long, including an EGFP tag sequence.

These competent bacteria were transformed following manufacturer’s instructions. |
thaw a vial of NEB 5-alpha Competent E. coli cells on ice, then | added ~1ng of
EGFP plasmid to the bacteria and incubate for 30 min on ice. A heat shock was done
at 42°C for 30 seconds and then bacteria was incubated for 5 min on ice. 250 pl of
SOC medium (B9020S; NEB) were added to the bacteria and incubated them at
37°C with shaking (=250 rpm) for 1 h. After this, bacteria were diluted 1:5 with SOC
medium and 30 pl of these diluted bacteria were spread onto Agar plates with Amp.

The plates were incubated overnight at 37°C.

The next day, 2-3 single colonies were isolated with a tip and each of them was
inoculated in 5ml of LB broth and incubated overnight at 37°C. The next day 50 pl of
bacterial culture in LB broth was added to 20 ml of LB broth. The next day the EGFP
plasmid was isolated using a QIAGEN Plasmid Midi Kit (12143; QIAGEN) following
manufacturer’s instructions for high copy plasmids using QIAGEN-tips 100. |
resuspended the plasmid in 200-250 pul of nuclease-free water. DNA concentration

and purity were measured using a Ds-11 FX+ Spectrophotometer (DeNovix).

Plasmid restriction enzyme mapping was applied to the isolated EGFP plasmid.
Different combinations of restriction enzymes were used. The restriction enzymes
used were: Bglll (R0144S; NEB), Sacll (R0157S; NEB), Sall (R3138S; NEB) and
Ncol (R3193S; NEB), following manufacturer’s instructions. Typically, the reaction
has 10 pl of plasmid DNA, 2 pl of buffer (10X NEBuffer, B7203S or CutSmart,
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B7204S; NEB), 6-7 ul of ultrapure water (depending on if one or two enzymes are

used in the reaction) and 1 pl of each the enzymes used in the reaction.

To analyze the products of the restriction mapping, restriction products were loaded
into a 1% Agarose gel. ~100 ug of the uncut plasmid (untreated) EGFP plasmid was
also loaded, ensuring that the sizes of the fragments and the plasmid are the ones
expected. 10 pl of the cut/uncut plasmid DNA with 2 pl of loading dye (6X loading
dye, G190A; Promega) were loaded into the agarose gel (as it was shown in Figure
2.15).

Sanger sequencing was performed by EuroFins GATC Biotech (Germany), the
sequences obtained were compared against the sequence of the WT CEP120
plasmid and the UCSC Genome Browser on Human (GRCh38/hg38) and were

visualised using BioEdit software.

Plasmid transfection into mammalian cells using Xfect transfection reagent: The
transfected cells (LIGHT2 cells and primary human fibroblasts), were previously
cultured until they were confluent before being transfected with the EGFP plasmid.
When cells were confluent 2 pug of EGFP plasmid (250 ng/ul stock) using 0.3 pl of
Xfect Polymer (Xfect transfection Reagent, 631318; Takara Bio) was transfected
following manufacturer’s instructions. Other transfection reagents were used to
transfect 2 pg of EGFP plasmid: jetOPTIMUS DNA Transfection Reagent
(101000051; Polyplus) and Fugene HD Transfection Reagent (E2311; Promega)

following manufacturer’s instructions.

After two days from these transfections, living cells were visualized using Zeiss
AxioVert 200M inverted fluorescent microscope. EGFP positive cells (ie: cells
transfected with EGFP plasmid) were observed using the Fluorescein (FITC)
fluorescent filter and brightfield imaging. Images were obtained and processed using

AxioVs40x64 v.4.9.1.0 and ImageJ software.
2.15. Use of the Genomics England 100,000 Genomes Project database

Genomics England 100,000 Genomes Project database was used to perform
different in silico studies. | accessed the data available in the Genomics England
100,000 Genomes Project. This project is managed by Genomics England (a
Department of Health-owned company set up in 2013). Since the first participants

were recruited into the project, more than 100,000 genomes have been sequenced.
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These genomes have been sequenced using whole-genome sequencing (WGS)

technology delivered by lllumina.

The clinical and genetic data in the Genomics England 100,000 Genomes Project
can be assessed by an approved community of researchers and clinicians. All the
participants recruited in the project provided written consent to access their

anonymized clinical and genomic data for research purposes.

WGS was performed by lllumina and Genomics England. lllumina TruSeq DNA PCR-
Free sample preparation kit (lllumina, Inc.) was used to prepare samples for WGS
and an lllumina HiSeq 2500 sequencer was used for WGS, generating a mean depth
of 45x (range from 34x to 72x) and greater than 15x for at least 95% of the reference
human genome. WGS reads were aligned to the reference genome: Genome
Reference Consortium human genome build 37 (GRCh37) or 38 (GRCh38) using
Isaac Genome Alignment Software. The genomic data is supplied in the form of BAM
and VCF files provided by Genomics England.

VCF stands for Variant Call Format, a VCF file stores genomic variations of one
individual. A BAM binary file is the compressed binary version of a Sequence
Alignment/Map (SAM) file, which contains aligned sequences up to 128 Mb. These

files have passed initial in-house quality controls of sequencing quality and coverage.

The number of sequenced genomes and the clinical information available has been
increasing since the first data release was made available for research users in 2017.

Currently new data is being released every 3-5 months by Genomics England.

As a reference for the amount participants recruited and genomes sequenced in the
Genomics England 100,000 Genomes Project, the main Program Data Release
version 9 (v9, dated 2" April 2020), provided access to the sequencing of 108431
genomes, 74233 of those genomes are from 71672 participants that are included in
the rare disease program. The other 34198 genomes correspond to participants
included in the cancer program
(https://cnfl.extge.co.uk/pages/viewpage.action?pageld=147659370). | only
considered the patients and genomes included in the Rare Disease Program of the
Genomics England 100,000 Genomes Project, which includes patients with a wide
diversity of different pathologies and their relatives. Regarding the 71672 rare

disease participants, 33403 are probands (affected individuals: patients), the rest of
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the participants are the relatives of those probands (which can be affected or not). Of

note, the genome sequencing of both or one of the parents is not always available.

The tools used to access the genomic and clinical data, were located in the
Genomics England Research Environment. One of these tools is Labkey, where the
clinical information can be found, including the HPO terms and clinical diagnosis of
each of the patients considered. Participant Explorer tool was used to find more
detailed clinical information of some patients.

Labkey contains the tiering data and the pathway to access the genomic VCF files to
analyze. The tiering data is created by the Genomics England Bioinformatics Rare
Diseases Interpretation pipeline.

The genomic variants of the patients are found in each corresponding patient-specific
genomic VCF file. | used a script to extract genomic variants from the VCF files. This
script (called from now: modified extract variants by coordinate script, and shown in
Appendix 1) is a script | modified from the one provided by Genomics England
(https://cnfl.extge.co.uk/display/GERE/Extract+variants+by+coordinate). The output
of this script is a list of variants (SNVs and indels) that are located in a list of specific
regions and genomic VCF files selected (ie: the input files are a list of regions and a
list of genomic VCF files). Furthermore these variants have a PASS filter, have a
coverage >10 and a genotype quality >20. Genomics England airlock tool was used
to extract the results from the Research Environment to an external location

according to Genomics England guidance.

2.15.1. Search for patients presenting with biallelic pathogenic variants in
CEP120

| searched for patients in the Genomics England 100,000 Genomes Project
presenting with biallelic CEP120 mutations responsible for the patient’s phenotype.
This includes, searching for all biallelic CEP120 variants in the tiering data and
participants presenting any of the CEP120 variants already reported in the literature
using the WGS data available for the participants included in the Rare Disease
Program. The main release v9, dated 2" April 2020 of the Genomics England

100,000 Genomes Project was used.

| searched in the tiering data (which prioritises variants using a gene panel-based
method) for biallelic variants in CEP120. Ensembl Variant Effect Predictor (VEP)
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(Yates et al., 2020) and Genome Aggregation database gnomAD were used to
ensure that that these CEP120 variants are rare and affect the coding region of
CEP120, discarding patients with CEP120 intronic variants (excluding the ones that

are described as splice_donor, splice_acceptor or as splice_acceptor).

Additionally, | used the script: extract variants by coordinate (modified from the
Extract variants by coordinate script from Genomics England available
https://research-
help.genomicsengland.co.uk/display/GERE/Extract+variants+by+coordinate), to find
the patients presenting any of the 9 different CEP120 variants described in the
literature (Roosing et al., 2016, Shaheen et al., 2015). This script searched these
specific variants (SNV and indels < 50bp) in each of the patients (probands) of the
Rare Disease Project cohort. The patients that were biallelic for these variants were

selected and proceeded as explained before.

Labkey tool was used to find the clinical phenotype (diagnosed disease, HPO terms,
age, sex, affected parents and Genomic Medicine Centres (GMC) exit questionnaire)
of the patients with these biallelic variants in CEP120. The GMC exit questionnaire
provides information about if a patient has been genetically solved by Genomics

England (ie: if there is a genetic cause found for the patient’s phenotype).

For these patients with biallelic variants in CEP120, | also looked for variants in other
genes that could explain the phenotype of these patients. To do this | selected Tier 1
and Tier 2 variants and any tier variant located in any of the known 302 ciliary genes
(according to Syscilia Gold Standard list of ciliary genes available at
http://bioinformatics.bio.uu.nl/john/syscilia/ciliacarta/ and shown in Appendix 2) (Van
Dam et al., 2013). Tier 1 and Tier 2 variants are loss-of-function and missense
variants in genes associated with the patient’s phenotype respectively, these genes
are classified as a “green gene” in panel app
(https://panelapp.genomicsengland.co.uk/), which indicates that they have high level

of evidence for disease association.

Exomiser automated variant prioritisation framework (prioritises variants based on
predicted pathogenicity, allele frequency and association of phenotypes of diseases
and cross-species phenotype comparison) (Robinson et al., 2014) available in the
Genomics England Research Environment was used to find other putative disease-

causing variants. Exomiser provides a higher score for the variants that are more
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likely to be potential disease-causing variants and ranks the variants in way that the
variant with the higher score is ranked “1”. Biallelic variants ranked from 1 to 5 were

selected.

Variants were analysed in terms of pathogenicity, frequency and segregation (if
sequencing information of any relative/s was available). All these variants were
annotated and their pathogenicity was analysed using SIFT, PolyPhen, Mutation
taster, Combined Annotation Dependent Depletion (CADD) scores, using Ensembl

and Varsome (Kopanos et al., 2019).

Of note, SIFT and PolyPhen scores predict pathogenicity of missense variants, SIFT
scores range from O to 1, the lower the score the more likely the missense variant is
affecting protein function and the missense variant is described as damaging if the is
the score is <= 0.05, and is described as tolerated if the score is > 0.05. PolyPhen
scores range from 0 to 1, the higher the score the more likely the missense variant is
affecting protein function. CADD scores predicts deleteriousness using a combination
of multiple scores (Rentzsch et al., 2019), usually a CADD score higher than 25
indicates the corresponding SNP or indel is deleterious. | discarded from the
analysis: single heterozygous variants and biallelic variants in which both alleles
were described as benign, tolerated or were common (> 0.05 allele frequency) in the

general population.

2.15.2. Search for patients presenting with biallelic pathogenic variants in
TOGARAM1

To search for variants in TOGARAML, | used the Genomics England 100,000
Genomes Project (main release v8, dated 28" November 2019). | searched in the
tiering for biallelic TOGARAML variants present in patients diagnosed with Joubert
syndrome or patients with phenotypes that suggested a primary ciliopathy. To ensure
that these variants target the exonic regions and are rare in allele frequency, VEP
and gnomAD were used. Labkey was used to find the clinical phenotype and
information of the patients with these biallelic variants in TOGARAML1.

For these patients with biallelic variants in TOGARAML, | also looked for variants in

other genes that could explain the phenotype of these patients. To do this | selected

Tier 1 and Tier 2 variants and any tier variant located in any of the known 302 genes

ciliary genes (according to Syscilia Gold Standard list of ciliary genes ;

http://bioinformatics.bio.uu.nl/john/syscilia/ciliacarta/ and shown in Appendix 2) (Van
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Dam et al., 2013) and a self-curated list of genes associated with Joubert syndrome
which is the same list as the one shown Table 1.2, in section: 1.3.1: Molecular

genetics of Joubert syndrome).

All the variants found were annotated and their pathogenicity and frequency was
assayed using SIFT, PolyPhen, CADD values, found using gnomAD, Ensembl, NCBI
Clinvar and Varsome. Variants that were described as benign or were common (>

0.05 allele frequency) in the general population were discarded.

BAM files of patients of interest were viewed using Integrated Genome Viewer (IGV)
(Latour et al., 2020). IGV viewer (Robinson et al., 2011) allowed to visualize the
genomic data of patients within the Genomics England Research Environment.

Once patients presenting with biallelic TOGARAML variants that are or could be
disease-causing are found, | searched for other putative disease-causing variants
that can be responsible for the phenotype of these patients.

When necessary and possible, referring physician was contacted and Sanger
sequencing was requested to confirm the presence of putative disease-causing
TOGARAML1 variants of the corresponding patient.

2.15.3. Search for patients presenting with monoallelic pathogenic variants in
genes encoding for proteins functioning in the endoplasmic reticulum:
DNAJB11, GANAB, ALG5, ALG8 and ALG9

The approach followed (explained in Figure 2.16) is similar to the approach followed
in the previous section (2.15.2) to detect biallelic disease-causing variants in
TOGARAM1 and CEP120.

| used the Genomics England 100,000 Genomes Project, in particular, the data
release version 7 (dated 25th July 2019) for DNAJB11 and GANAB genes and the
data release version 14 (dated 27th January 2022) for the ALG5, ALG8 and ALG9

genes.

In this section | looked for variants in the genes that are responsible for the disease
phenotype in an autosomal dominant pattern (ie: | was looking for single
heterozygous pathogenic variants), rather than variants leading to disease

phenotypes in an autosomal recessive pattern.
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Use of the WGS data available Selection of patients presenting We determined if the selected patients
in the Genomics England — variants in DNAJB11, GANAB, - had other pathogenic variants in other
100,000 Genomes Project ALGS5, ALG8 and ALGY9 genes, in particular PKD1 and PKD2

!

Results were verified in the
VCF file of each patient

Pathogenicity and allele
t— frequency of each of the t—
mutations were analysed

LIST OF CANDIDATE
DISEASE-CAUSING VARIANTS

Figure 2.16. Pipeline to detect candidate disease-causing variants in DNAJB11,
GANAB, ALG5, ALG8 and ALG9. Whole genome sequencing (WGS) data from
Labkey tool of the Genomics England 100,000 Genomes Project was used. |
searched in the tiering data tool for variants in these corresponding genes:
DNAJB11, GANAB, ALG5, ALG8 and ALGS9.

Data available in the Genomics England 100,000 Genomes Project was accessed to
find patients with monoallelic pathogenic variants in DNAJB11, GANAB, ALG5, ALGS8
and ALG9, which are genes encoding for proteins functioning in the endoplasmic
reticulum (ER). The data release version 7 (dated 25" July 2019) was accessed to
find pathogenic variants in DNAJB11 and GANAB genes present in any of the 3892
probands with various kidney and urinary tract disorders and/or Ciliopathies. The
data release version 14 (dated 27" January 2022) was accessed to find pathogenic
variants in ALG5, ALG8 and ALG9 genes present in any of the 3891 probands with

various kidney and urinary tract disorders and/or ciliopathies.

| first used the “tiering data” available in Labkey tool to search for variants in the
following genes: DNAJB11, GANAB, ALG5, ALG8 and ALG9. For simplicity,
regarding the patients found to present variants in DNAJB11 or GANAB genes,

patients whose both parents did not show any clinical phenotype were discarded.

To find disease-causing variants in ALG5, ALG8 and ALGS9, | exclusively looked for
variants described as nonsense, frameshift, splice donor or splice acceptor, while for
DNAJB11 or GANAB | also looked for missense variants. Once patients presenting
variants of interest in any of these genes were found, | searched for other putative
disease-causing variants that can be responsible for the phenotype of these patients.
For each of the patients investigated, | searched for other pathogenic variants in
other genes, in particular PKD1 and PKD2 and other genes that are associated, or

could be potentially associated, with ADPKD phenotypes (see Table 2.4).

The phenotype of each of the patients was described using the information available
in Labkey. Patients without a kidney or liver phenotype were not included in the

analysis. Labkey was used to find information, if available, about if these patients
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were already genetically solved by Genomics England and if the proband’s parents

carry any of the variants investigated.

Variants were annotated according their canonical transcript using VEP. The

nomenclature, pathogenicity and allele frequency of these variants was assayed

using the Varsome, NCBI ClinVar, gnomAD and Ensembl clinical databases creating

a list of candidate disease-causing variants for each of the patients studied.

) Num
Phenotype in Locu
) ber of Prote
OMIM phenotypic S i Transc )
Ensembl Gene ; ) Ensembl codin ) in
Gene series: Polycystic MIM ) ript
ID ) ) transcript ID g lengt
kidney disease - num length
exon h
PS173900 ber
S
ALGL ENSG0000003 Not in PKD 6059 | ENST00000262 13 3900 464
3011 phenotypic series 07 374.10 bp aa
ALG2 ENSGO0000011 Not in PKD 6079 | ENSTO00000476 ) 2808 416
9523 phenotypic series 05 832.2 bp aa
ALG3 ENSG0000021 Not in PKD 6087 | ENST00000397 9 1552 438
4160 phenotypic series 50 676.8 bp aa
ALGE ENSG0000012 Not in PKD 6045 | ENST00000239 10 1219 324
0697 phenotypic series 65 891.4 bp aa
ALGE ENSG0000008 Not in PKD 6045 | ENST00000263 " 3325 507
8035 phenotypic series 66 440.6 bp aa
ALG7 ENSG0000017 Not in PKD 1913 | ENST00000354 9 1913 408
2269 phenotypic series 50 202.9 bp aa
ALGS ENSGO0000015 Not in PKD 6081 | ENST00000299 13 1637 526
9063 phenotypic series 03 626.10 bp aa
ALGO ENSG0000008 Not in PKD 6069 | ENST00000616 15 6158 618
6848 phenotypic series 41 540.5 bp aa
ALGLO ENSGO0000013 Not in PKD 6183 | ENST00000266 3 2913 473
9133 phenotypic series 55 483.7 bp aa
ALGLL ENSG0000025 Not in PKD 6136 | ENST00000521 4 6510 492
3710 phenotypic series 66 508.2 bp aa
ALGL2 ENSG0000018 Not in PKD 6071 | ENSTO00000330 9 5330 488
2858 phenotypic series 44 817.11 bp aa
ENSG0000010 Not in PKD 3007 | ENST00000394 4113 | 1137
ALG13 ) ) 27
1901 phenotypic series 76 780.8 bp aa
ALG14 ENSG0000017 Not in PKD 6128 | ENST00000370 4 9375 216
2339 phenotypic series 66 205.6 bp aa
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PKD 6 with or
DNAJ | ENSG0000009 ) . 6180 | ENST00000265 1640 358
without polycystic 10
B11 0520 . i 61 028.8 bp aa
liver disease
GANA | ENSG0000008 6006 | ENST00000346 3906 966
PKD 3 25
B 9597 66 178.8 bp aa
HNF1 | ENSG0000027 Not in PKD 1899 | ENST00000617 9 2790 557
B 5410 phenotypic series 07 811.5 bp aa
IFT140 | ENSG0000018 Not in PKD 6146 | ENST00000426 09 5232 | 1462
7535 phenotypic series 20 508.7 bp aa
LRPS ENSG0000016 Not in PKD 6035 | ENST00000294 93 5177 | 1615
2337 phenotypic series 06 304.12 bp aa
OFDL1 ENSG0000004 Not in PKD 3001 | ENSTO00000340 23 3612 | 1012
6651 phenotypic series 70 096.11 bp aa
ENSG0000000 1739 | ENST00000262 14140 | 4303
PKD1 PKD 1 46
8710 00 304.9 bp aa
ENSG0000011 6130 | ENST00000237 5089 968
PKD2 PKD 2 15
8762 95 596.7 bp aa
PRKC | ENSG0000013 Not in PKD 1770 | ENST00000592 16 2100 535
SH 0175 phenotypic series 60 741.5 bp aa
SEC61 | ENSG0000005 Not in PKD 6092 | ENST00000243 12 3568 476
Al 8262 phenotypic series 13 253.8 bp aa
SEC61 | ENSG0000010 Not in PKD 6092 | ENST00000223 4 564 b 96
B 6803 phenotypic series 14 641.5 P aa
ENSG0000002 Not in PKD 6086 | ENST00000369 6430 760
SEC63 ] ) 21
5796 phenotypic series 48 002.9 bp aa
ENSG0000016 Not in PKD 1918 | ENST00000396 2408 673
UMOD ] ) 11
9344 phenotypic series 45 134.6 bp aa

Table 2.4. List of autosomal dominant polycystic kidney disease (ADPKD) genes and
ADPKD candidates, including the rest of ALG genes. ALG7 is also known as
DPAGT1. DZIP1L and FCYT are genes that are in the PKD phenotypic series but are
not included in this list because they are associated with autosomal recessive PKD
rather than ADPKD.

2.15.4. Estimation of the proportion of loss-of-function (LoF) variants in ALG

genes

| used the Genomics England 100,000 Genomes Project to determine if there is an

enrichment of heterozygous alleles in any of the ALG genes in a population of

patients with cysts in kidney or liver, compared to a non-cystic control population.

Using Labkey database (data release v14, dated 27" of January 2022) | obtained the

corresponding IDs and VCF files corresponding to the participants to create the case
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(probands that present cysts in kidney and/or liver) and control (probands that do not
present cysts in kidney or liver) populations used in this study. This allowed to
calculate the proportion of loss-of-function alleles in each of the populations (Figure
2.17).

Selection of the case and control populations:

Use of the WGS data available in the
Genomics England 100,000
Genomes Project
(data release version 14, dated 27th
January 2022)

Cases (n=1922) Controls (n=16773)
Cysts in kidney and/or liver NOT cysts in kidney or liver
NOT diagnosed with a kidney and
urinary tract disorder or a ciliopathy

Extraction of variants in 13 genes
(ALG genes, encoding proteins Annotation of variants using
functioning in endoplasmic reticulum) VEP (Ensembl online tool)

Proportion of loss-of-function
in each of the populations

Calculation of the number of
alleles per variant

Figure 2.17. Pipeline to investigate if there is an enrichment of heterozygous alleles
in any of the ALG genes in a population of patients with cysts in kidney or liver,
compared to a non-cystic control population. From the literature it is known that
heterozygous variants in ALG8 and ALG9 have been associated with kidney and liver
cystic phenotypes (Besse et al., 2019, Besse et al., 2017). | extracted whole genome
sequencing (WGS) data from Labkey and Participant explorer tools of the Genomics
England 100,000 Genomes Project (data release version 14, dated 27th January
2022).

Firstly, the participants who are described as “Probands” and are sequenced using

the Genome Reference Consortium human genome build 38 (GRCh38).

To create a population of cases and a population of controls, | firstly selected a
population of cases consisting in 1922 probands that present cysts in kidney and/or
liver. The population of controls consists in 16773 probands without any cysts in
kidney or liver, and that are not diagnosed with a renal disease, undiagnosed
metabolic disorders a ciliopathy or a disease consisting in similar phenotypes to the
ones observed in ciliopathies (e.g. rod-cone dystrophy, hereditary ataxia,
unexplained skeletal dysplasia). Using Labkey and R studio | obtained a list of the
genomics VCF files corresponding to these participants in the case and control

probands, each of the VCF files corresponding to a different proband.

The modified extract variants by coordinate script (shown in Appendix 1, it was
modified from the “extract variants by coordinate” script from Genomics England

available resources: https://research-
109



help.genomicsengland.co.uk/display/GERE/Extract+variants+by+coordinate) was
used to find the patients presenting variants in the ALG genes. The variants from the
13 ALG genes were extracted using this script designed to extract variants from each
the genomic VCF file corresponding of each of the probands selected. This script
searched exclusively for exonic variants and intronic regions affecting splicing (in the
2 base region at the 3' and 5’ ends of a intron) in each of the patients (probands) of

the case and control population that were created.

Variants were annotated using VEP according to their canonical transcript. For each
of the variants the number of alleles present in the population of cases and in the
population of controls were calculated. As the variants are annotated, it can be
determined which variants are loss-of-function (LoF) variants and the proportion of
LoF alleles in each of the populations can be calculated. The same way, The

proportion of missense alleles in each of the populations were calculated.

Statistical tests were performed to evaluate if the difference in the proportion of
alleles (LoF vs non-LoF or missense vs non-missense) is significant in the case
population compared to the control population. Using R studio and GraphPad |
plotted the data and applied a Fisher's exact test to determine if the difference
between the observed and expected frequencies of LoF alleles (or missense alleles)

in each of the ALG genes is significant.
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Chapter 3. Characterisation of CEP120 expression patterns in
human embryonic and fetal tissue using the MRC-Wellcome Human
Developmental Biology Resource (HDBR), and comparison with

ARL3 expression patterns

3.1. Introduction and aims

Joubert syndrome (JBTS) is a primary ciliopathy characterised by a cerebellar and
brainstem malformation, described as the “molar tooth sign” (MTS) (Doherty, 2009).
JBTS patients are also described to develop hypotonia in infancy with later
development of ataxia and developmental delays. JBTS patients may also develop
extra-neurological phenotypes, such as renal and retinal defects (Valente et al.,
2008, Parisi, 2019, Radha Rama Devi et al., 2020). The cerebello-retinal-renal
phenotype of JBTS can be grouped as Joubert syndrome and related disorders
(JSRD), although the terms JSRD and JBTS are often used indistinctly (Alkanderi et
al., 2018, Radha Rama Devi et al., 2020).

JSRD and Jeune syndrome (JATD) are multisystem ciliopathy disorders with
overlapping phenotypes (Roosing et al., 2016, Focsa et al., 2021, Malicdan et al.,
2015). Renal phenotypes in JSRD can vary from renal cysts, interstitial fibrosis to
tubulointerstitial kidney disease and they develop in about 25% of JSRD patients
(Paprocka and Jamroz, 2012). The renal phenotype in some of these patients may

progress and lead to end-stage renal disease (Srivastava et al., 2017h).

There are over 40 genes associated with JSRD (MIM: PS213300) (Gana et al.,
2022). The clinical phenotypes in JSRD that can involve multiple organs and there is
phenotypic and genetic overlap with other primary ciliopathies such as JATD (MIM:
PS208500) and Bardet-Biedl syndrome (MIM: PS209900) (Fansa and Wittinghofer,
2016). Mutations in CEP120 (Roosing et al., 2016) or ARL3 (Alkanderi et al., 2018)
are some of the genetic causes of JSRD.

Mutations in ciliopathy genes, including CEP120 and ARL3, can lead to a
heterogeneous spectrum of clinical phenotypes that can affect multiple organs
(Alkanderi et al., 2018, Roosing et al., 2016, Gana et al., 2022, Shaheen et al.,
2016). The role of tissue expressivity during human development in the phenotypic
heterogeneity of primary ciliopathies is not fully understood (Focsa et al., 2021,
Reiter and Leroux, 2017).
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CEP120 and ARL3 have been selected to study the molecular genetics of JBTS, as
they are both associated with JBTS and are suitable to study why mutations in
different genes can cause the same ciliopathy. Mutations in CEP120 and ARL3 can
also lead to other primary ciliopathies, such as JATD (Roosing et al., 2016, Shaheen
et al., 2015) and retinal dystrophy (Fu et al., 2021, Holtan et al., 2019, Ratnapriya et
al., 2021, Sheikh et al., 2019, Strom et al., 2016), respectively.

One area in the study of the molecular genetics of JBTS and other primary
ciliopathies is tissue expressivity (Reiter and Leroux, 2017, Malicdan et al., 2015,
Gana et al., 2022). | studied the role of tissue expressivity during human

development, focussing on CEP120 and ARLS3.

Some studies have investigated protein expression of Cep120 in mouse tissues, but
not in human tissues (Wu et al., 2014, Xie et al., 2007). Expression of Arl3 has been
studied in mouse tissues (Schrick et al., 2006, Hanke-Gogokhia et al., 2016). To this
date, there are not studies investigating ARL3 tissue expression during human

development at RNA or protein level.

Other ciliopathy genes and pleiotropic genes, which are similar to CEP120 and ARL3
in function and associated disease phenotypes, could have been included in this
study, such as KIAA0586 (Bashford and Subramanian, 2019) and AHI1 (Cheng et
al., 2012, Mufioz-Estrada and Ferland, 2019, Adams et al., 2012). However, because
of a limitation of available resources and time only two ciliopathy genes: CEP120 and
ARL3, were selected for this study of expression patterns in human development.

These two genes exemplify the genetic and phenotypic complexity of JSRD, in which
CEP120 and ARL3 have different roles and locations: where the former functions at
the centrosome/basal body and the latter functions at the primary cilium (Mahjoub et
al., 2010, Alkanderi et al., 2018).

Cepl20 was first described by Xie et al. (Xie et al., 2007). CEP120/Cep120 has been
described to be expressed in multiple embryonic mouse tissues such as brain, kidney
and lungs (Xie et al., 2007). Additionally, in mouse embryonic brain, Cep120 has
been found to be highly expressed compared to mouse adult brain (Xie et al., 2007).
Furthermore, it was observed that CEP120 localises, in cycling cells, along the
centrioles, preferentially at the daughter centriole, and it was suggested that CEP120
has a role in centrosome assembly (Mahjoub et al., 2010). Further studies suggested
that this asymmetry was due to the interaction of Cep120 with the mouse protein
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Talpid3 (Talpid3 is known in humans as KIAA0586) (Wu et al., 2014). It was
suggested that CEP120 may have a role in inhibiting maturation of daughter
centrioles, which it is required to maintain centrosome homeostasis (Betleja et al.,
2018).

Only few patients (<10) have been described with disease-causing biallelic mutations
in CEP120 leading to JSRD, JATD and Meckel syndrome (MKS) syndromes
(Roosing et al., 2016, Shaheen et al., 2015). These CEP120 disease-causing
mutations lead to JSRD and JATD in 4 and 3 patients respectively, and severe
overlapping ciliopathy phenotypes including tectocerebellar dysraphia with occipital
encephalocele (TCDOE), MKS and oro-facial-digital (OFD) syndromes (Roosing et
al., 2016) in 2 patients. Of note, one of the clinical phenotypes observed in the
CEP120 patient diagnosed with TCDOE is the MTS feature characteristic of JIBTS
(Roosing et al., 2016).

ADP-ribosylation factor-like 3 (ARL3) is a ciliary protein also associated with JSRD.
ARL3, is a low molecular weight GTP-binding protein, which belongs to the RAS
superfamily (Kahn et al., 1992). Mutations in ARL3 have been associated with JSRD
(Alkanderi et al., 2018) and retinitis pigmentosa (Holtan et al., 2019, Strom et al.,
2016).

The MRC-Wellcome Human Developmental Biology Resource (HDBR) consists in a
collection of human embryonic and fetal material (from 3 to 20 weeks of
development). HDBR is managed from the Institute of Genetic Medicine in Newcastle
and the Institute of Child Health in London. HDBR has recently been involved in the
study of gene expression of several ciliopathy genes: CEP290 (Cheng et al., 2012),
AHI1 (Cheng et al., 2012) and CEP164 (Devlin et al., 2020) and other projects
studying early human cerebellum development and gene expression patterns during
embryonic brain development (Lindsay et al., 2016, Alzu'bi et al., 2017, Haldipur et
al., 2019).

RNAscope is an RNA in situ detection platform from Advanced Cell Diagnostics
(ACD) for detection of target RNA within intact cells (Figure 3.1). The workflow of this
technique is based on four processes: pre-treatment (fixation and permeabilization),
probe hybridization,signal amplification and visualisation (Wang et al., 2012).
RNAscope has high specificity given that two RNA probes (described as Z probes)

are required to hybridize to the specific target sequence in tandem, for signal
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amplification to occur. RNAscope technique has high sensitivity given that only 3
double Z probes (out of the typically 20 double Z probes designed for each RNA
target) are required to hybridize for a single RNA molecule to be detected (Wang et
al., 2012, Grabinski et al., 2015).

RNAscope procedure
1) Fix and S e
pezmeabilize 2) Hybridize 3) Amplification
— —— S
& . il __
et oY S - .
e ey P ek 2 o
=l W\ oo o o
5= RNA 2 Ing .,
" . /) p A 5
e . G ) y )
’/4/7/ 4 ‘ L - ’ j‘ 3 4
Damaged o JJ 7 {
Target RNA HC‘,; J" J < -Z’
st Usable Target RNA 4 e 7409

Figure 3.1. Representative figure of the RNAscope procedure. 1) Fixing and
permeabilizing of the samples, generally Formalin-Fixed Paraffin-Embedded (FFPE)
tissue or cultured cells), so that the designed RNA probes can enter cells. 2) Double-
Z RNA target probes hybridize to the specific target sequence and pre-amplifiers bind
to double Z probes. 3) Signal amplification occurs as fluorescent molecules or
chromogenic enzymes bind to the amplifiers. Results are visualised using
fluorescence microscopy (fluorescent label) or bright-field microscopy (enzyme label)
(Wang et al., 2012). Images obtained and modified from https://acdbio.com.

Protein and RNA expression in different tissues can be studied in vitro using various
techniques such as Western blot to relatively quantify protein amount from different
tissues (Xie et al., 2007, Bashford and Subramanian, 2019) and immunofluorescence
(Bashford and Subramanian, 2019) or immunohistochemistry (IHC) (Alzu'bi and

Clowry, 2019, Devlin et al., 2020) to reveal the location of a protein at tissue level.

The study of the tissue expressivity via immunohistochemistry of some ciliopathy
genes such as: CEP164 (Devlin et al., 2020), AHI1 and CEP290 (Cheng et al., 2012)
has provided to the scientific community highly valuable insights into the molecular

disease pathogenesis associated with these genes and primary ciliopathies.

In the last few years, the HDBR has optimised the use of IHC to investigate human
development. Some of the antibodies HDBR used for IHC include: PAX6 and OLIG2,
which are transcription factors associated with proliferation during brain development
(Alzu'bi and Clowry, 2019, Alzu'bi et al., 2017, Alzu'bi et al., 2022). JBTS is a
developmental disease in which the cerebellar development is affected (Devlin et al.,
2020, Bachmann-Gagescu et al., 2015a). Comparing the expression patterns of

ciliopathy genes such as CEP120 or ARL3 with the antibody stainings of PAX6 and
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OLIG2 antibodies can provide insights at tissue level, regarding cerebellar
development and its correlation with the expression patterns of these ciliopathy
genes (CEP120 and ARL3).

The HDBR resource has extensively studied human brain development via IHC in
vitro experiments (Devlin et al., 2020, Alzu'bi and Clowry, 2020, Alzu'bi et al., 2017,
Lindsay et al., 2016). HDBR members provided me with advice and help to perform
the IHC protocol on human developing tissues, which is a unique opportunity for me
to investigate expression of ciliopathy genes in human embryonic and foetal tissues,

with a focus on the developing organs affected in primary ciliopathies.

RNAscope, is RNA in situ technique (Grabinski et al., 2015, Wang et al., 2012)
optimised and performed by the HDBR resource at Newcastle University (Alzu'bi et
al., 2022). This technique can be applied to characterise the expression of ciliopathy
genes, such as CEP120 and ARL3. The methodology and principles of RNAscope
are explained in Chapter 2: Materials and Methods (section: 2.4. Use of the RNA in

situ detection platform, RNAscope).

My initial aim was to study the expression of CEP120 and ARL3 at RNA and protein
level in human development. Ideally, | would have performed IHC in human
developing tissues, with a focus on cerebellar development using CEP120 and ARL3
antibodies and comparing these protein expression patterns with the RNA expression
patterns obtained from RNA scope technique. However, | was not able to
successfully find and use any commercial CEP120 or ARL3 antibody suitable to
visualize the protein expression of CEP120 and ARL3 in mouse or human tissues via
immunofluorescence or immunohistochemistry (data not shown). Alternatively, | have
focused on the expression of CEP120 and ARL3 at RNA level, characterising the
expression patterns of CEP120 and ARL3 in embryonic and foetal human tissues.

Furthermore, PAX6 and OLIG2 target specific proliferative zones in human
developing brain. These proliferative zones can be distinguished and visualised at
tissue level via IHC or IF staining of these two transcription factors (PAX6 and
OLIG2) (Alzu'bi et al., 2022, Mo and Zecevic, 2008, Alzu'bi and Clowry, 2019). The
antibody staining of PAX6 and OLIG2 via IHC can be compared with the RNA
expression patterns obtained of CEP120 and ARL3 obtained via RNA scope.

The characterisation of the expression patterns of CEP120 and ARL3 in human
embryonic and foetal tissues can be compared with the staining of PAX6 and OLIG2
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in embryonic and foetal human tissues. The staining of PAX6 and OLIG2 provides
insights in human brain development and allows to visualise proliferation regions in
human developing brain. This complements the characterisation of the RNA
expression of CEP120 and ARL3 during cerebellar development (which is affected in
JBTS).

CEP120 and ARL3 have been associated with JBTS, but also with other ciliopathy
phenotypes. CEP120 is also associated with skeletal phenotypes, while ARL3 is
associated with retinal dystrophies (Alkanderi et al., 2018, Holtan et al., 2019, Sheikh
et al., 2019, Strom et al., 2016, Roosing et al., 2016, Shaheen et al., 2015). It is of
interest to investigate, if both genes are expressed during human development in the
developing organs often involved in JBTS (brain, eye and kidney) and JATD (skeletal
tissues). | am interested in investigating if there is any difference in the expression of
CEP120 and ARL3 during human development, and if those differences, if any,
correlate with the heterogeneity of clinical phenotypes (which represent a large
proportion of the wide spectrum of ciliopathy phenotypes) associated with mutations
in these two genes.

Investigating gene expression in human tissues from the HDBR resource at
Newcastle University (Lindsay et al., 2016, Gerrelli et al., 2015) and with the support
and collaboration with Dr Laura Powell from Sayer and Miles Lab at Newcastle
University, creates an appropriate scenario to investigate tissue expressivity of two
pleiotropic ciliopathy genes: CEP120 and ARL3, which are associated with a broad
and overlapping phenotypic spectrum of clinical phenotypes (Alkanderi et al., 2018,
Ratnapriya et al., 2021, Roosing et al., 2016, Shaheen et al., 2015). Besides, it
allows to study if there is any correlation between tissue expressivity and the disease

phenotypes associated with these two ciliopathy genes.

The aim of this chapter is to expand the knowledge regarding the developmental
spatial expression of ciliopathy genes, in particular, two genes: CEP120 and ARL3
associated with a broad overlapping and heterogeneous spectrum of ciliopathy
disease phenotypes. The aim of this chapter is to contribute to define and understand
the role of tissue expressivity of ciliopathy genes in the phenotypic heterogeneity and

overlap of disease phenotypes associated with primary ciliopathies.

The developmental expression patterns of CEP120 and ARL3 in humans are

unknown. The aim of this chapter is to characterise CEP120 expression patterns in
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human embryos and foetuses and compare them with the ARL3 expression patterns.
The aim of this chapter is to compare and contrast the developmental spatial
expression of these distinct causes of JSRD, focussing on the specific organs
involved in JSRD: kidney, eye and brain, and skeletal regions involved in JATD. The
results from this chapter will contribute to understand the molecular disease
mechanisms and the role of tissue expressivity in primary ciliopathies, with a focus on
a model primary ciliopathy: JBTS and two pleiotropic ciliopathy genes: CEP120 and
ARL3.

3.2. Results

Using RNAscope technique in collaboration with HDBR, CEP120 and ARL3
developmental expression patterns in human embryonic and foetal stages were

characterised.

3.2.1. Comparison of the clinical phenotypes of CEP120- and ARL3-affected

patients and RNA expression data from public databases

| first compared the disease phenotypes associated with disease-causing mutations
in CEP120 or ARL3 (Table 3.1).

Biallelic mutations in CEP120 or ARL3 can lead to JBTS. Moreover, biallelic,
CEP120 mutations can cause severe phenotypes such as MKS (Barroso-Gil et al.,
2021a, Roosing et al., 2016), while monoallelic heterozygous mutations in ARL3, can

cause retinitis pigmentosa (Strom et al., 2016).

Comparing the human protein sequences of CEP120 and ARL3 with their homologs
in other organisms, it is observed that the protein sequence of ARL3 is more
evolutionary conserved than the CEP120 protein sequence. Some percentage of
homology (~63-66%) is found between the human ARLS3 protein sequence and its
homologs in D. melanogaster C. elegans and C. reinhardtii. In contrast, these
homologs for CEP120 were not found (Table 3.2).

Comparing the protein sequences of the protein functional domains of CEP120, it is

observed that the amino acid affected by the missense CEP120 mutations leading to
JBTS and JATD phenotypes, are highly evolutionary conserved amino acids (Figure
3.2).

RNA expression data of different ciliopathy genes were obtained and compared.

These data were obtained from two public databases: Genotype-Tissue Expression
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(GTEX) Project (The GTEx Consortium, 2020) and Human Protein Atlas (HPA) (Thul
and Lindskog, 2018) (Table 3.4). 6 tissues, which are involved in the primary
ciliopathies studied in this chapter (JBTS and JATD) were considered, and 20 of the
ciliopathy genes were included, with a focus on the ciliopathy genes investigated in
this project. It can be observed that CEP120 and ARL3 are expressed in the tissues
affected in patients with biallelic mutations in these genes. CEP120 is expressed in
cerebellum and retina and ARL3 is expressed in cerebellum, cerebral cortex, retina
and kidney. These data correlate with what was expected, as both genes are
associated with JBTS, and with retinal dystrophy in the case of ARL3 (Roosing et al.,
2016, Wu et al., 2014, Ratnapriya et al., 2021). Other ciliopathy genes leading to
JBTS such as MKS1 and CC2D2A are expressed in cerebellum and kidney and

kidney and retina, respectively.

Genes associated with renal ciliopathies, such as ALG8, ALG9, DNAJB11 and PKD2
are expressed in the kidney, as expected. It is also interesting to observe that PKD1
is highly expressed in cerebral cortex and skeletal muscle and NPHP1 being
expressed in skeletal muscle. It is important to consider that PKD1 is associated with
ADPKD, and with embryonic lethally if two PKD1 alleles are mutated. Besides,
biallelic mutations in NPHP1 are commonly associated with NPHP, however biallelic
mutations in NPHP1 are also associated with other multisystemic primary ciliopathies
such as JBTS (Devlin and Sayer, 2019, Barroso-Gil et al., 2021b).
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Patients with CEP120 related
ciliopathy

Patients with ARL3 related
ciliopathy

Number of affected
patients reported
and presenting
phenotypes

4 patients with JSRD,
4 patients with JBTS,
1 foetus with MKS,
1 foetus with TCDOE (Roosing et al.,
2016, Shaheen et al., 2015)

4 patients reported with JBTS
secondary to biallelic changes
(Alkanderi et al., 2018),

4 patients with retinitis pigmentosa
secondary to monoallelic changes
(Holtan et al., 2019, Strom et al.,
2016)

1 patient with autosomal recessive
rod-cone dystrophy (Fu et al., 2021),
8 patients (from 2 families) with
autosomal recessive cone rod
dystrophy (Sheikh et al., 2019),

1 patient with autosomal dominant
retinal degeneration (Ratnapriya et
al., 2021)

Brain imaging

Molar tooth sign

Molar tooth sign

findings

Developmental delay, Developmental delay,
Intellect e .

Cognitive impairment Psychomotor delay

Severely narrow chest,
Skeletal dysplasia,
Small and horizontal ribs, .
Skeletal Short limbs, No known associated phenotypes
Polydactyly,
Synpolydactyly
- Truncal ataxia Ataxic gait,
Mobility Hypotonia Hypotonia
Microphthalmia, .nght bI|.n(.jness,
Bilateral vision loss,
Eye Duane syndrome, .
; Retinal dystrophy,
Strabismus, .
Ocular motor apraxia
Cystic dysplastic kidney,

Kidney Cystic dysplastic kidney Bilateral renal scarring,

Recurrent urinary tract infections

Table 3.1. Comparison of the known phenotypes associated with CEP120 and ARL3
mutations. JATD, Jeune asphyxiating thoracic dystrophy; JBTS, Joubert syndrome;
MKS, Meckel syndrome; TCDOE, tectocerebellar dysraphia with occipital

encephalocele.
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ARL3 CEP120
Homolo Homolo
Organism ID i ID & Database
% %
Homo sapiens NP_004302.1 100 NP_694955.2 100 NCBI
Bos taurus NP_001033656.1 98.35 |NP_001071468.1| 88.65 NCBI
Mus musculus NP_062692.1 98.35 NP_848801.2 89.17 NCBI
Rattus norvegicus NP_073191.1 97.25 |NP_001178626.1| 90.39 NCBI
Gallus XP_421730.1 96.7 XP_015136305.1| 72.03 NCBI
Xenopus tropicalis XP_002938771.2 97.8 NP_001120380.1| 65.74 NCBI
Erpetoichthys
_ XP_028651567.1 95.05 |XP_028661076.1| 61.36 NCBI
calabaricus
: : NP_001038373.1
Danio rerio ) 9451 | XP_017212877.1| 57.67 NCBI
Gadus morhua XP_030195485.1 9451 | XP_030226769.1| 55.52 NCBI
Oryzias latipes XP_011486618.1 93.96 | XP_011477980.1| 54.12 NCBI
Takifugu rubripes XP_003978186.2 92.31 |XP_011613677.2| 52.08 NCBI
Callorhinchus milii XP_007910451.1 97.8 XP_007897573.1| 64.01 NCBI
Drosophila
FBpp0083549 65.54 Not found FlyBase
melanogaster
Caenorhabditis
F19H8.3 63.39 Not found WormBase (WS72)
elegans
Chlamydomonas
_ B Cre04.g218250.t1.2| 63.84 Not found Phytozome
reinhardtii
Mammals Vertebrate (non-euteleostomi)

Tetrapods (non-mammals)

Euteleostomi (non-tetrapods)

Bilateria (non-vertebrate)

Eukaryota (non-bilateria)

Table 3.2. Comparison of the homology of CEP120 and ARL3 amino acid
sequences. Percent homology refers to the similarity between two sequences, in this
case, protein sequences from different organisms. Percent homology was obtained
from the percent identity, which quantifies the similarity between two aligned
sequences. (1) There are two arl3 homolog sequences in Dario rerio. There are two
arl3 transcripts: arl3a NP_001315350.1 (with 95.05% homology with human ARL3)
and arl3b NP_001038373.1 (with 94.51% homology with human ARL3), as a result of
whole genome duplication events in teleost fish.
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Human CEP120 C2B domain (160-340aa)
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Figure 3.2. Amino acid sequences of the domains of the human CEP120 protein aligned against different CEP120 orthologs using
BLASTP. The multiple alignments obtained was visualised using bioedit. If an amino acid is the same than the one in the human
CEP120 protein sequence, the position is indicated with a point. The positions coloured black correspond to the C2B domain, C2C
domain and coil-coiled (CC) domain. The CEP120 missense mutations described in the literature (Roosing et al., 2016, Shaheen et
al., 2015) are indicated in red. Some of the CEP120 sequences obtained from NCBI were described as predicted:
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XP_017825203.1[Callithrix_jacchus], XP_017906171.1[Capra_hircus], XP_015342220.1[Marmota_marmota_marmota],
XP_007527673.1[Erinaceus_europaeus], XP_007897573.1[Callorhinchus_milii], XP_014030376.1[Salmo_salar],
XP_017162041.1[Poecilia_reticulata], XP_001694685.1[Chlamydomonas_reinhardtii] are described as predicted sequences. The
protein sequence of the Uni2 protein of the ciliated alga Chlamydomonas reinhardtii was included although if this protein is truly a
CEP120 homolog is not yet elucidated (Mahjoub et al., 2010, Piasecki and Silflow, 2009).
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CEP120 and ARLS3 proteins are encoded by the JBTS genes: CEP120 and ARL3,
respectively (Roosing et al., 2016, Alkanderi et al., 2018). CEP120 and ARL3 have

different functions and locations. CEP120 functions at the centrosome (Mahjoub et

al., 2010) while ARL3 function at the ciliary axoneme (Schwarz et al., 2017, Alkanderi
et al., 2018) (Table 3.3).

CEP120

ARL3

Ciliary / Basal

body Localisation

Centrosome (asymmetrically
localized to the daughter centriole)
(Mahjoub et al., 2010)

Ciliary Axoneme (ARL3-GTP)
(Schwarz et al., 2017)

Protein Domains

3 consecutive C2 domains (C2A,
C2B and C2C) and a coil-coiled
domain (Sharma et al., 2018)

GTPase (Kahn et al., 1992)

Centriole duplication, assembly,

elongation and maturation

Releases prenylated, farnesylated,
geranylgeranylated and

myristolyated cargo from their

Function _ carriers (e.g. PDE65 and
(Mahjoub et al., 2010, Wu et al., . -
_ UNC119a/b) in the cilium
2014, Comartin et al., 2013b) _
(Gotthardt et al., 2015, Ismail et al.,
2011)
TACCs (Xie et al., 2007), CPAP
(Lin et al., 2013), SPICE1
_ _ ARL13B (GEF) (Gotthardt et al.,

Interactors (Comartin et al., 2013b), Talpid3

(Wu et al., 2014), C2CD3 (Tsai et
al., 2019), KIAA0753 (Chang et al.,
2021)

2015), RP2 (GAP) (Veltel et al.,
2008)

Table 3.3. Comparison of the ciliary localisation, protein domains, function and

protein interactors of the CEP120 and ARL3 proteins.

123




GTEx GTEXx GTEx GTEx
Tissue Gene Median F‘:'IIDD'?\\/I Gene Median HI’%?\\/I Gene Median nl_':'lli’?\\/l Gene Median n|_'|l'||33'?\\/l
TPM TPM TPM
Cerebellum 6.74 7.2
Cerebral cortex . 2.36 4.2
Kidney ALGE ceproo 584 6.7 | KIAAO58  2.02 39 | buor 12,06
Liver 2.99 7.7 6 1.71 6.3
Retina NA 7.7
Skeletal muscle 2.14 5.6
Cerebellum 0.39 0
Cerebral cortex . 1.46 1
Kidney 5.43 6.54 5 6.8 2.3
Liver ALGY 3.9 CEP164 5.99 7.1 LAMAL 0.09 0 PKD2
Retina NA NA 2SN NA 0.3
Skeletal muscle 3.11 8.7 2.15 3 0.04 0
Cerebellum 3.79 1.2 9.89 7.6 T1211 75
Cerebral cortex 2.35 1.6 5.58 7.1 5.16 55
Kidney ARL13  4.03 34 | Epogy 455 6.9 vk | 997 102 | cupy 546 6
Liver B 1.75 2.5 1.56 3.5 4.92 8.5 3.02 6.1
Retina NA 6.4 NA 45
Skeletal muscle 4.16 6.5 4.64 8.3
Cerebellum 0.95 1 3.94 1.8
Cerebral cortex 2.41 4.3 2.75 2.1
K@ney ARL3 DNAJB1 NPHP1 3.61 7.8 TME 411 2.8
Liver 1 0.26 0.8 M67 0.48 0.6
Retina NA NA - NA 3.1
Skeletal muscle 4.36 4.77 0.39 0.6
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Cerebellum 3.93 0.95 4.6
Cerebral cortex 3.52 2.41 4.6
Kidney ccapea  °>2° IFT80 orDp1  *% 87 | 1ocarRAML
Liver 0.6 0.26 6
Retina NA NA 2.4
Skeletal muscle 0.64 4.77 4.7
Mean GTEx Min GTEx Max GTEx | Mean HPO Min HPO Max HPO
Cerebellum 42.04 0.39 577.2 21.25 0 252.1
Cerebral cortex 11.59 1.46 84.66 11.25 1 53.8
Kidney 10.13 2.02 41.64 12.30 2.3 46.8
Liver 5.27 0.09 45.22 11.52 0 79.7
Retina NA NA NA 18.48 0.3 93.4
Skeletal muscle 5.42 0.04 40.01 9.51 0 46
Mean of selected tissues 14.89 14.05
GTEx Median TPM / HPA nTPM
<10

Table 3.4. RNA expression values of various ciliopathy genes, obtained from two public databases: Genotype-Tissue Expression (GTEX)
Project and Human Protein Atlas (HPA). RNA expression values from GTEx are shown as Median Transcript per Million (TPM) (isoforms
are collapsed into a single gene with no further normalisation steps). RNA expression values from HPA are shown as consensus
normalized expression TPM (nTPM). GTEXx expression data were obtained from GTEx Analysis Release V8 (dbGaP Accession
phs000424.v8.p2). The nTPM transcript expression data were obtained from HPA (The HPA version 23.0 and Ensembl version 109),
which considers 50 tissues based on transcriptomics data from HPA and GTEXx public databases. Only 6 tissues were considered, as
they are involved in primary ciliopathies. The bottom table shows the different mean values and the maximum and minimum values of the
TPM values. The mean of the TPM values from the 6 tissues selected for each of the two databases (mean of selected tissues). Colour
coding is shown below to facilitate visualisation, interpretation and comparison of the expression values shown in the main (top) table.
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3.2.2. Expression of CEP120 and ARL3 in early human brain development

CEP120 and ARL3 expression patterns were analysed in a whole human embryo in
developmental stage CS23 (8 PCW). it was observed that CEP120 (Figure 3.3) and
ARL3 (Figure 3.4) have similar expression patterns. At 8 PCW, both genes were
expressed in the choroid plexus (Figures 3.3i and 3.4i). In some cells of the choroid
plexus epithelium, it seems that the CEP120 and ARL3 expression is facing the lumen,
especially for ARL3 (arrows in Figure 3.4i). In contrast, KI67, a cell proliferation marker,
does not shown this expression pattern at the choroid plexus (Figure 3.5i).

CEP120 and ARL3 are also widespread expressed in the ganglionic eminences (Figures
3.3ii and 3.4ii) cortical neuroepithelium (Figures 3.3iii and 3.4iii) and developing
hindbrain (Figures 3.3iv and 3.4iv) including the rhombic lip (Figures 3.3iv and 3.4iv). In
these developing tissues, the expression patterns of both CEP120 and ARL3 seems to
be facing into the ventricular space, towards the apical surface of these tissues (Figures
3.3ii-iv and 3.4ii-iv). The expression of KI67 also at the apical layer of these tissues
(Figures 3.5ii-iv) is consistent with these tissues being sites of abundant cell proliferation

during brain development (Taverna and Huttner, 2010).
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Figure 3.3. Expression of CEP120 (red) in a human fetal brain of a sagittal section of an
8 PCW-stage human embryo stained using RNAscope, counterstained with Methyl
Green. i) CEP120 is expressed within cells of the choroid plexus (arrow). ii-iv)
Expression of CEP120 is observed in the ventricular radial glia progenitor cells including
the ventricular zone of the ganglionic eminences (ii), cerebral cortex (iii), and rhombic lip
(iv).
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Figure 3.4. Expression of ARL3 (red) in a human fetal brain of a sagittal section of an 8
PCW-stage human embryo stained using RNAscope, counterstained with Methyl Green.
i) ARL3 is expressed within cells of the choroid plexus (arrows). ii-iv) Expression of
ARL3 is observed in the ventricular radial glia progenitor cells including the ventricular
zone of the ganglionic eminences (ii), cerebral cortex (iii), and rhombic lip (iv).
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Figure 3.5. Expression of KI67 (red) in a sagittal section of an 8 PCW-stage human
embryo stained using RNAscope, counterstained with Methyl Green. Expression of KI67
was used, a cell proliferation marker, as a positive control. I) KI67 expression is minimal
in the choroid plexus. li-iv) Expression of KI67 is seen in the ventricular zone of the
ganglionic eminences (ii), cerebral cortex (iii), and hindbrain (iv).
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3.2.3. Expression CEP120 and ARL3 in the developing cerebellum

The cerebellum is a region of the hindbrain involved in multiple functions such as the
regulation of posture, motor movement coordination, balance, equilibrium, motor
learning, muscle tone, emotion and cognition (Rahimi-Balaei et al., 2018, Wu et al.,
2014). | focussed on the hindbrain because it is a region affected in JBTS and other

ciliopathies.

CEP120 and ARL3 expression was observed during cerebellar development.

Expression of CEP120 and ARL3 was analysed in samples of human fetal hindbrain at
14 PCW (Figures 3.6A and 3.7A) and at 19 PCW (Figures 3.6B and 3.7B). Expression of
CEP120 (Figure 3.6A) and ARL3 (Figure 3.7A) was observed in the hindbrain at 14
PCW, and this expression is maintained at 19 PCW (Figures 3.6B and 3.7B). Similar
expression patterns were observed between CEP120 (Figure 3.6A) and ARL3 (Figure
3.7A) in the human developing cerebellum.

At 14 PCW both genes are highly expressed in the external and internal granule cell

layers (EGL and IGL) of the developing cerebellum (Figures 3.6Ai and 3.7Ai).

The expression of both genes is maintained at 19 PCW in human developing
cerebellum. CEP120 expression was observed at the EGL mainly, and the molecular
layer (ML) of the cerebellum (Figure 3.6Bi). In contrast, the ARL3 expression seems to
be localised at the EGL and IGL cerebellar layers of the developing cerebellum (Figure
3.7Bi).

At 18 PCW, KI67, a cell proliferation marker, is highly expressed at the EGL and the IGL
(Figure 3.8i).

During cerebellar development, the ML is a cerebellar cell layer occupied by the
dendrites of the Purkinje cells and interacting parallel fibres of granule cells. (Marzban et
al., 2014). Interestingly, | observed specific expression of CEP120 in the ML (Figures 3.6
and 3.9). This suggest that CEP120 may have a role in these specific cell types.
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Figure 3.6. Expression of CEP120 (red) in sagittal sections of human hindbrain at 14
PCW (A) and 19 PCW (B) stained using RNAscope, counterstained with Methyl Green.
CEP120 is expressed in the cerebellum at 14 PCW (Ai) and at 19 PCW (Bi). At 14 PCW
CEP120 expression is observed at the external granular layer (EGL) and internal
granular layer (IGL) (arrow) (Ai). At 19 PCW CEP120 expression is observed at the
EGL, IGL and the molecular cell layer (ML) (arrow) (Bi).
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Figure 3.7. Expression of ARL3 (red) in sagittal sections of human hindbrain at 14 PCW
(A) and 19 PCW (B) stained using RNAscope, counterstained with Methyl Green. ARL3
is expressed in the cerebellum at 14 PCW (Ai) and at 19 PCW (Bi). At 14 PCW (Ai) and
19 PCW (Bi) ARL3 expression is observed at the external granular layer (EGL) and
internal granular layer (IGL).
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Figure 3.8. Expression of KI67 (red) in a sagittal section of human hindbrain at 18 PCW
stained using RNAscope, counterstained with Methyl Green. expression of KI67, a cell
proliferation marker, as a positive control. KI67 Expression is observed in hindbrain at 18
PCW, including the external granular layer (EGL) and internal granular layer (IGL)
(arrow), indicating that these tissues in the developing hindbrain are proliferative.

14 PCW

@ CEP120 < ARL3

Figure 3.9. Schematic diagrams of the CEP120 and ARL3 expression in developing
cerebellum at (f) 14 PCW and (g) 19 PCW. Expression of CEP120 is shown in green
and expression of ARL3 is shown in pink. EGL, external granule layer; IGL, internal
granule layer; ML, molecular layer.
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3.2.4. Expression of CEP120 and ARL3 in the developing eye

Eye defects such as retinal dystrophy are often found in the phenotypic spectrum of
primary ciliopathies. Patients presenting JBTS or JATD may also present retinal

degeneration (Bachmann-Gagescu et al., 2015a, Brancati et al., 2010).

None of the CEP120 patients reported in the literature presented eye defects, although it
is important to consider that some of the patients described to have biallelic CEP120
mutations, deceased when they were only few days old, therefore, eye or renal
phenotypes may not have been developed and/or detected (Roosing et al., 2016,
Shaheen et al., 2015).

Monoallelic mutations in ARL3 have been associated with retinitis pigmentosa (Holtan et
al., 2019). Patients with JBTS caused by biallelic mutations in ARL3 are described to
have rod-cone dystrophy among other extra-cerebellar phenotypes (Alkanderi et al.,
2018).

The development of the human retina has unique characteristics and complex structure
(Volland et al., 2015). The human retina is formed by multiple cell layers. There are 9
layers in a mature retina based on the cell types that form each layer of the retina
(Hendrickson, 2016).

More precisely, these cells layers include the retinal pigment epithelium (RPE) and the
photoreceptor cell layer. There are multiple cell types in the cell layers of the mature
retina such as photoreceptors, intermediary cell bodies, dendrites and ganglion cells
(Hoon et al., 2014). Of note, rod and cone photoreceptors are responsible to respond to
light and occupy the photoreceptor cell layer. The outer segment of photoreceptors is a

specialized sensory cilium (Chalupa and Gunhan, 2004) (Figure 3.10).
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Figure 3.10. Diagram showing the development of the retina layers. In these two
diagrams it is shown the retinal layers during eye development, at 8 PCW, compared
with a mature retina (adapted from (Hendrickson, 2016). At 8PCW, only few cell layers
are present in the retina. Modified from diagram done by Dr Laura Powell (Powell et al.,
2020). GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; NFL,
nerve fibre layer; ONL, outer nuclear layer; OPL, outer plexiform layer; ONbL, outer
neuroblastic layer; RPE, retinal pigment epithelium.

During eye development not all the retinal layers that will be present in a mature retina
are formed (Hendrickson, 2016). At 8 PCW, during eye development, the retinal layers
are not clearly defined. The retinal layers at 8 PCW are the RPE, the nerve fibre layer
(NFL), the ganglion cell layer (GCL), and an outer neuroblastic layer (ONbL). The RPE
layer locates at the back of the eye and removes waste products from the photoreceptor
cells. The ONDL layer is a transitional layer that during eye development will develop
into different cell layers such the outer plexiform layer (OPL), inner plexiform layer (IPL)
(of note, the IPL can sometimes be observed at 8 PCW), outer nuclear layer (ONL) and
inner nuclear layer (INL) (Chalupa and Gunhan, 2004).
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It is observed that CEP120 (Figure 3.11A) and ARL3 (Figure 3.12A) are expressed in
the developing retina of an 8 PCW-stage human embryo. At this stage in particular, in
the developing retina at 8 PCW, both genes are expressed in the immature retinal

ganglion cells and the photoreceptor layers (Figures 3.11A and 3.12A).

Later in human retinal development, at 14 PCW, the expression of CEP120 (Figure
3.11B) and ARLS3 (Figure 3.12B) seem to be widespread expressed in the retina cell
layers, although expression in some cell layers (plexiform and nerve fibre layers) is not

easily observed because of their low cell density (Figures 3.11Bi and 3.12Bi).
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Figure 3.11. Expression of CEP120 (red) in sagittal sections of human eye at 8 PCW (A)
and 14 PCW (B) stained using RNAscope, counterstained with Methyl Green. Ai: At 8
PCW, CEP120 is expressed across the GCL and the ONDbL retinal layers. Bi: at 14
PCW, CEP120 (Bi) expression is maintained as CEP120 is expressed in the
photoreceptor cell layer including the ONL. GCL, ganglion cell layer; INL, inner nuclear

layer; ONL, outer nuclear layer; ONbL, outer neuroblastic layer; RPE, retinal pigment
epithelium.
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Figure 3.12. Expression of ARL3 (red) in sagittal sections of human eye at 8 PCW (A)
and 14 PCW (B) stained using RNAscope, counterstained with Methyl Green. Ai: At 8
PCW, ARL3 is expressed across the GCL and the ONbL retinal layers. Bi: at 14 PCW,
ARL3 (Bi) expression is maintained as ARL3 is expressed in the photoreceptor cell layer
including the ONLGCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer; ONbL, outer neuroblastic layer; RPE, retinal pigment epithelium.

3.2.5. Expression of CEP120 and ARL3 in the developing dorsal root ganglia

CEP120 has been described to be the disease-causing gene in 3 patients diagnosed
with JATD, a skeletal ciliopathy (Shaheen et al., 2015). Biallelic disease-causing
CEP120 mutations have also been reported in 2 foetuses (one diagnosed with MKS and
one with TCDOE) presenting narrow thorax with short ribs among other phenotypes
(Roosing et al., 2016). This is why | aimed to determine if there is CEP120 or ARL3
expression in the skeletal regions of an 8 PCW-stage human embryo.

The dorsal root ganglia (DRG) consist in migrating neural crest cells and it is where most
of the body’s sensory neurones are located (Krames, 2014, Kalcheim et al., 1987).
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CEP120 (Figure 3.13i) and ARL3 (Figure 3.14i) were observed to be highly expressed in
the DRG at 8 PCW. CEP120 (Figure 3.13ii) and ARL3 (Figure 3.14ii) expression was not

as evident in the surrounding developing musculoskeletal tissue.

K167 expression in the DRG at 8 PCW is limited to a few number of cells (Figure 3.15i-
ii).
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Figure 3.13. Expression of CEP120 (red) in the developing human dorsal root ganglia of
a sagittal section of an 8 PCW-stage human embryo stained using RNAscope,
counterstained with Methyl Green. i: CEP120 expression within the dorsal root ganglia.
i Low levels of CEP120 expression within surrounding tissue.

138



Figure 3.14. Expression of ARL3 (red) in the developing human dorsal root ganglia of a
sagittal section of an 8 PCW-stage human embryo stained using RNAscope,
counterstained with Methyl Green. i: ARL3 expression within the dorsal root ganglia. ii:
Low levels of ARL3 expression within surrounding tissue.
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Figure 3.15. Expression of KI67 (red) in the developing human dorsal root ganglia of a
sagittal section of an 8 PCW-stage human embryo stained using RNAscope,
counterstained with Methyl Green. K167, a cell proliferation marker, was used as a
positive control. i: KI67 expression within the dorsal root ganglia. ii: KI67 expression
within surrounding tissue.

3.2.6. Expression of CEP120 and ARL3 in the developing kidney

JBTS patients may develop other extra-neurological phenotypes, one of these
phenotypes is renal disease, which is often found in the spectrum of ciliopathies

(Bachmann-Gagescu et al., 2015a, Brancati et al., 2010).

None of the JBTS patients described in the literature presenting with biallelic CEP120
mutations were described to have any kidney defects, except for a MKS foetus with
cystic dysplastic kidneys (Roosing et al., 2016). In contrast, some of the reported JBTS
patients with biallelic ARL3 mutations presented renal phenotypes (Alkanderi et al.,
2018).
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It is observed that CEP120 (Figure 3.16A) and ARLS3 (Figure 3.17A) are expressed in
the developing kidney of an embryo in developmental stage CS23 (8 PCW). KI67 is
highly expressed in the renal cortical regions, indicating cell proliferation in these regions
(Figure 3.18).

At 8 PCW, expression of CEP120 (Figure 3.16Ai) and ARL3 (Figure 3.17Ai) is observed
in developing nephrons are renal cortex, in particular ARL3 seems to be facing towards

the lumen of the developing cortical nephrons (Figure 3.17Ali).

At 14 PCW and 18 PCW, CEP120 (Figures 3.16B and 3.16C) and ARL3 (Figures 3.17B
and 3.17C) expression in the developing nephrons and renal cortex is maintained,
however this expression seems to have decreased at 18 PCW, especially for CEP120
(Figure 3.16Ci).
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Figure 3.16. Expression of CEP120 (red) in sagittal sections of human kidney at 8 PCW
(A), 14 PCW (B) and 18 PCW (C) stained using RNAscope, counterstained with Methyl
Green. Ai: At 8 PCW, CEP120 expression is observed in the developing kidney cortex.
Bi: At 14 PCW, CEP120 expression is maintained in kidney cortex. Ci: At 18 PCW,
CEP120 expression in kidney cortex seem to have decreased.
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Figure 3.17. Expression of ARL3 (red) in sagittal sections of human kidney at 8 PCW
(A), 14 PCW (B) and 18 PCW (C) stained using RNAscope, counterstained with Methyl
Green. At 14 PCW (Bi) and 18 PCW (Ci), ARL3 expression is maintained in developing

cortical nephrons.
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Figure 3.18. Expression of KI67 (red) in the developing human kidney of a sagittal
section of an 8 PCW-stage human embryo stained using RNAscope, counterstained
with Methyl Green. KI67, a cell proliferation marker, was used as a positive control. At 8
PCW (A, Ai-Aiv), Ki67 expression is observed in the developing kidney cortex (Aiv).

3.2.7. Expression of CEP120 and ARL3 in other major organs

Primary ciliopathies can affect multiple organs (Braun and Hildebrandt, 2017), therefore |
looked at other major organs with CEP120 and ARL3 expression. It is observed that in
the developing heart, lung and gut of an 8 PCW-stage human embryo, CEP120 (Figure
3.19) and ARL3 (Figure 3.20) are expressed at low levels. Prominent CEP120 or ARL3

expression in other organs of an 8 PCW-stage human embryo is not observed.

K167 is highly expressed in developing heart, lung and gut (Figure 3.21), indicating cell

proliferation in these tissues.

As a negative control, dapB (a bacterial gene, not expressed in human tissues) was
used. This negative control was used in developing human hindbrain (14 PCW and 19
PCW) (Figures 3.22A and 3.22.B) and eye (14 PCW) (Figure 3.22C), and any
expression in the negative control was not observed as expected.
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Figure 3.19. Expression of CEP120 (red) in sagittal sections of a sagittal section of an 8
PCW:-stage human embryo stained using RNAscope, counterstained with Methyl Green.
With a focus on heart (i) lung (ii) and gut (iii) tissues. It is observed how at 8PCW,
CEP120 is not highly expressed in these developing tissues. i: CEP120 is weekly
expressed in the heart. ii: CEP120 is slightly expressed in the alveoli (arrows) in the
lung. iii: There is some weak CEP120 expression in the gut (arrows).
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Figure 3.20. Expression of ARL3 (red) in sagittal sections of a sagittal section of an 8
PCW-stage human embryo stained using RNAscope, counterstained with Methyl Green.
With a focus on heart (i) lung (ii) and gut (iii) tissues. It is observed how at 8PCW, ARL3
is not highly expressed in these developing tissues. i: ARL3 is weekly expressed in the
heart. ii: ARL3 is sightly expressed in the alveoli (arrows) in the lung. iii: There is some
weak ARL3 expression in the gut (arrows).
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Figure 3.21. Expression of KI67 (red) in sagittal sections of a sagittal section of an 8
PCW-stage human embryo stained using RNAscope, counterstained with Methyl Green.
With a focus on heart (i) lung (ii) and gut (iii) tissues. KI67, a cell proliferation marker,
was used as a positive control. It is observed how at 8PCW, KI67 is expressed
ubiquitously in these developing tissues. There is KI67 expression in the heart (i), lung
(i) and gut (iii).
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Figure 3.22. Expression of dapB (red) in sagittal sections of human hindbrain at 14 PCW
(A) and 19 PCW (B) and an eye section at 14 PCW (C) stained using RNAscope,
counterstained with Methyl Green. dapB was used as a negative control. dapB is a
bacterial gene, not expressed in human tissue. There is not dapB expression in the
developing cerebellum at 14 PCW (Ai) and 19 PCW (Bi) and the developing eye at 14
PCW (Ci).
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3.2.8. Immunohistochemistry of OLIG2 and PAX6 transcription factors in human

developing brain

OLIG2 and PAX6 are two transcription factors that are involved in the development of
neural tissues (Mo and Zecevic, 2008, Alzu'bi et al., 2017). Both proteins have been
found in proliferative regions of the developing brain (Alzu'bi et al., 2017, Alzu'bi and
Clowry, 2019).

Using immunohistochemistry, at 8 PCW it is observed OLIG2 at the ventricular zone
(VZ) and subventricular zone (SVZ) of the medial and lateral ganglionic eminences

(MGE and LGE respectively) and cerebral cortex (Figure 3.23).

PAX6 at 8 PCW are observed to be expressed in VZ and SVZ of the ganglionic

eminence and cerebral cortex and choroid plexus (Figure 3.24).

PAX6 was observed in the hindbrain at 8 PCW (Figure 3.25) and 19 PCW (Figure 3.26).
At 8 PCW, PAX6 was observed in the rhombic lip (RL) (Figure 3.25i) and VZ (Figure
3.25ii), which are two zones of neurogenesis in the developing cerebellum (Haldipur et
al., 2019). PAX6 was also observed in other regions of the developing hindbrain (Figure
3.25iii-v). At 19 PCW, PAX®6 is observed at the external granule layer (EGL), a
proliferative layer originally generated from the RL which is essential for the proliferation

of cerebellar granule cells (Marzban et al., 2014), and IGL (Figure 3.26).

In developing human hindbrain (at 19 PCW) it was not observed any staining in the
negative control (immunohistochemistry as performed with the staining of PAX6 and
OLIG2 but without adding primary antibodies) (Figure 3.27).

149



Figure 3.23. Immunohistochemistry staining of OLIG2 in developing human brain.
Cortical section of 8 PCW-stage human embryo stained with OLIG2 (brown) using
immunohistochemistry counterstained with Toluidine Blue. OLIG2 staining is observed in
the VZ and SVZ of the ganglionic eminences and cerebral cortex (i-iii). LGE, lateral
ganglionic eminence; LV, lateral ventricle; MGE, medial ganglionic eminence; SVZ,
subventricular zone; VZ, ventricular zone. Zeiss AxioPlan microscope was used for

visualisation.
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Figure 3.24. Immunohistochemistry staining of PAX6 in developing human brain.
Sagittal section of 8 PCW-stage human embryo stained with PAX6 (brown) using
immunohistochemistry counterstained with Toluidine Blue. PAX6 staining is observed in
the VZ and SVZ of the ganglionic eminences and cerebral cortex and choroid plexus (i-
iii). ChP, choroid plexus; LV, lateral ventricle; GE, ganglionic eminence; SVZ,
subventricular zone; VZ, ventricular zone. Zeiss AxioPlan microscope was used for
visualisation.
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Figure 3.25. Immunohistochemistry staining of PAX6 in developing human hindbrain.
Sagittal section of 8 PCW-stage human embryo stained with PAX6 (brown) using
immunohistochemistry counterstained with Toluidine Blue. PAX6 staining is observed in
the rhombic lip (i) and spreading out into VZ (ii). PAX6 is also observed in other parts of
the developing hindbrain (iii-v). RL, rhombic lip, VZ, ventricular zone. Zeiss AxioPlan

microscope was used for visualisation.
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Figure 3.26. Immunohistochemistry staining of PAX6 in developing human hindbrain.
Sagittal section of human hindbrain at 19 PCW stained with PAX6 (brown) using
immunohistochemistry counterstained with Toluidine Blue. PAX6 is observed widely
expressed in the developing cerebellum, including the developing EGL and IGL (i-iii).
PAX®6 is highly expressed in the developing EGL. EGL, external granule layer; IGL, inner
granule layer. Zeiss AxioPlan microscope was used for visualisation.
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Figure 3.27. Immunohistochemistry staining in developing human hindbrain (negative
control in which the sample was not treated with primary antibody). Sagittal section of
human hindbrain at 19 PCW, using immunohistochemistry counterstained with Toluidine
Blue (no primary antibody was used). There is not staining as expected (A, Ai-Aii, B, Bi-
Bii). Zeiss AxioPlan microscope was used for visualisation.

3.3. Discussion

There are over 40 genes associated with JBTS (Gana et al., 2022, Bachmann-Gagescu
et al., 2020). Biallelic mutations in CEP120 and ARL3 are some of the causes of JBTS
(Roosing et al., 2016, Alkanderi et al., 2018). It is unknown how these genes, encoding

proteins with different functions and locations are able to cause JBTS.
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CEP120 protein is known to be expressed in multiple mouse tissues (Xie et al., 2007),
including adult brain, kidney, liver and lung tissues and mouse embryonic brain (Xie et
al., 2007). According to the Human Protein Atlas online resource (Uhlén et al., 2015),
CEP120 RNA is expressed in brain (https://www.proteinatlas.org/ENSG00000168944-
CEP120/tissue), however protein CEP120 expression is not available. In protein atlas,
ARL3 protein seems to be widely expressed within human tissues, including cerebellum,
kidney and retina at RNA and protein levels
(https://www.proteinatlas.org/ENSG00000138175-ARL3/tissue), which is consistent with
the known ARL3 associated phenotypes.

Using RNAscope RNA in situ hybridisation assay, in collaboration with HDBR resource
(Robinson et al., 2014, Lindsay et al., 2016) CEP120 and ARL3 expression patterns
were characterised in human embryos and foetuses. The results explained in this
chapter have been published as an article in the journal BMC Developmental Biology
(Powell et al., 2020).

CEP120 was observed to be expressed in multiple organs and tissues and compared
the expression patterns of CEP120 at different embryonic and fetal stages with the

expression patterns of ARL3.

It was observed that both CEP120 and ARL3 genes are expressed in multiple tissues,
including developing cerebellum, kidney and retina , which is consistent with the key
organs affected and phenotypes observed in patients reported in the literature with
disease-causing mutations in CEP120 and ARL3 (Roosing et al., 2016, Alkanderi et al.,
2018, Sheikh et al., 2019). CEP120 expression in these key tissues is also consistent
with the mouse Cepl120 expression previously reported in the literature (Xie et al.,
2007).

Both genes are evolutionary conserved in mammals. The protein sequence of ARL3 is
more evolutionary conserved than the protein sequence of CEP120. For instance,
considering the orthologues both genes in Danio renio (zebrafish), a vertebrate model
organism, it can be observed that the human ARL3 protein sequence shares more than
90% of homology with the two arl3 zebrafish protein sequences. In contrast, the human
CEP120 protein sequence shares more than 57% of homology with the zebrafish

cepl20 protein sequence. Moreover, orthologues of ARL3 can be found in the non-
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vertebrate model organisms Drosophila melanogaster, Caenorhabditis elegans and
Chlamydomonas reinhardtii with a homology percentage higher than 60% with the
human ARL3, however these orthologues of CEP120 were not found in these
organisms. It was observed that the protein sequence of ARL3 seems to be more
evolutionary conserved than the protein sequence of CEP120.

Considering the data available in public databases GTEx and HPA it is observed that
there is RNA expression of CEP120 and ARL3 in tissues affected in JBTS (Table 3.4).
Other genes associated with JBTS such as CC2D2A and CEP164 are also expressed in

tissues affected in JBTS.

These databases can be used as a primary assessment of tissue specific RNA
expression in ciliopathy genes. It is important to consider that each of these ciliopathy
genes may have different expression patterns. Therefore, comparisons between

expression levels of different ciliopathy genes must be made with caution.

It is also important to consider that the data obtained from these two public databases is
limited to RNA expression data from a representative selection of ciliopathy genes.
Besides, these two databases are not focussed on embryonic or foetal tissues human
gene expression (The GTEx Consortium, 2020, Thul and Lindskog, 2018). This is
particularly relevant as multiple phenotypes found in primary ciliopathies arise during
development, such as the MTS cerebellar malformation characteristic of JBTS (Xie et
al., 2007, Romani et al., 2013). Ciliopathy genes, in human developing tissues may have
different RNA expression patterns compared with tissues from adults. In mice, it was
observed that Cep120 expression in mouse brain decreases during development (Xie et
al., 2007). Expression patterns of other ciliopathy genes such as CEP290 (Cheng et al.,
2012, Ramsbottom et al., 2020) and CEP164 (Devlin et al., 2020), have been
characterised during mouse and human development and reflect the importance of
investigating gene expression in different developing tissues to study the molecular

genetics of JBTS and role of tissue expressivity of these genes in ciliopathy phenotypes.

The characterisation of CEP120 and ARL3 expression patterns in embryonic and foetal
tissues from HDBR at Newcastle University, allows to study the role of tissue
expressivity in JBTS and other ciliopathies from a unique perspective focusing on the

expression in the developing tissues associated with primary ciliopathies.
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It was observed that the expression patterns of CEP120 and ARLS3 are very similar
during human development, including developing brain, eye, kidney and dorsal root
ganglia. | focused on the developing human cerebellum, as it is the main distinct tissue
affected in JBTS (Wu et al., 2014, Rahimi-Balaei et al., 2018). Cerebellar neurogenesis
during early brain development is important for the proliferation of the neurons in the
cerebellum. The cerebellum contains diverse types of neurons: glutamatergic excitatory
neurons (such as cerebellar granule cells, the most abundant neurons in the vertebrate
brain) and GABAergic inhibitory neurons (such as Purkinje cells of the ML) (Marzban et
al., 2014).

In a previous study a conditional Cep120 knockout (for the central nervous system), was
phenotypically characterised, and cerebellar hypoplasia was observed. It was suggested
that the lack of proliferation of cerebellar granule neuron progenitors (CGNP) could be
responsible for the cerebellar hypoplasia (which is a phenotype within the JBTS
phenotypic spectrum) observed in this mouse model (Wu et al., 2014). Moreover, it is
known that Sonic hedgehog (Shh) induces CGNP proliferation, and in this study they
observed lack of cilia in the CGNP and ependymal cells of the mutant mice.
Subsequently, in this study it was suggested that the failure of expansion of CGNP can
be caused by these CGNP being unable to respond to the Shh signalling (Wu et al.,
2014). Furthermore, in recent years other studies have investigated the role of
Cepl20/CEP120 in the development of the cerebellum and in axon formation (Chang et
al., 2021, Meka et al., 2022).

| investigated the CEP120 and ARL3 expression in the human developing cerebellum
and it was found that both genes were expressed similarly in the EGL and IGL layers at
14 PCW. However, at 19 PCW, CEP120 expression in the EGL and ML layers was
observed, while ARL3 expression was observed at the IGL predominantly, and the EGL

layer of the cerebellum (Figures 3.7-3.9).

There results suggests that the expression of both CEP120 and ARL3 have a role in the
development of the human cerebellum , which is consistent with the clinical phenotypes
caused by mutations in these two JBTS genes (Roosing et al., 2016, Alkanderi et al.,
2018) and with the Cep120 mouse model (Wu et al., 2014).
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The differences between the expression of CEP120 and ARL3 at 19 PCW, may occur
because they are expressed in different cell populations during cerebellum
development. These results may suggest that there is specific expression of CEP120 in
immature (in the EGL layer), migratory granule cells and interneurons of the ML (Figures
3.6 and 3.9) (Sotelo, 2015). In contrast, ARL3 seems to be expressed in immature and

mature granule cells (in EGL and IGL layers) (Figures 3.7 and 3.9).

Via immunohistochemistry of PAX6 and OLIG2, the staining of these two transcription
factors were observed in proliferative zones in human developing brain, such as the VZ
and SVZ of the ganglionic eminences and cerebral cortex (Figures 3.23 and 3.24) and in

the developing cerebellum (Figures 3.25 and 3.26), as expected.

Staining of OLIG2 and PAX6 in proliferative zones of the human developing brain (at 8
PCW) (Figures 3.23-3.25). PAX6 staining was observed in the proliferative cell layers:
EGL and IGL of the developing cerebellum (at 19 PCW) (Figure 3.26). Staining of PAX6
and OLIG2 in human developing brain tissues (Figures 3.23-3.26) contributes to define
these proliferative regions and can be compared with the RNA scope staining of
CEP120 and ARL3. This suggests that both CEP120 and ARL3 are also expressed in
proliferative regions within the human development brain, including the EGL layer of the
developing cerebellum (Figures 3.3, 3.4, 3.6 and 3.7).

This also suggests that using RNAscope and immunohistochemistry staining with
specific cell markers (for instance with Calbindin 1, a marker of Purkinje cells) (Aldinger
et al., 2021), could be compared to determine if at 19 PCW CEP120 is expressed in the

ML, or if on the contrary, it is expressed in the EGL and IGL exclusively.

Additionally, there is some expression CEP120 and ARL3 in the dorsal root ganglia,
which may indicate that CEP120 and ARL3 have a role in the differentiation of primary

sensory neurons (Figures 3.13 and 3.14).

Expression of CEP120 and ARL3 was also observed in the developing eye, more
particularly, in the multiple layers of the retina (Figures 3.11 and 3.12). This may indicate
that CEP120 and ARL3 have a role in the development of the retinal layers. This is

consistent with retinal phenotypes found in patients reported in the literature with
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monoallelic and biallelic variants in ARL3 (Alkanderi et al., 2018, Holtan et al., 2019,
Strom et al., 2016).

CEP120 and ARL3 were also expressed in the developing kidney at 8 PCW, 14 PCW
and 18 PCW. CEP120 expression (Figure 3.16) was observed in the developing
nephrons and the developing renal cortex. In contrast, ARL3 expression seems to be

expressed in the nephrons exclusively (Figure 3.17).

Additionally, it is important to note that CEP120 (Figure 3.19) and ARL3 (Figure 3.20)
expression was minimal in the developing heart, lung and gut tissues. This is consistent
with the absence of clinical phenotypes in these tissues as a result of the reported
disease-causing CEP120 and ARL3 mutations (Roosing et al., 2016, Alkanderi et al.,
2018).

It is important to consider that CEP120 and ARL3 proteins have different functions.
ARL3 is involved in vesicle trafficking and ciliary signalling (Gotthardt et al., 2015, Ismalil
et al., 2011). In contrast, CEP120 does not function at the primary cilia, it is a
centrosomal protein involved in centrosome assembly, elongation and duplication
(Mahjoub et al., 2010, Wu et al., 2014, Meka et al., 2022). These differences between
CEP120 and ARL3 protein functions may be reflected in the differences in expression
patterns within developing tissues. For instance, as CEP120 is involved in centriole and
cilia biogenesis, it may more widely expressed in ciliated developing tissues (Reiter and
Leroux, 2017, Tucker et al., 1979). In contrast, ARL3 expression may be restricted to
developing tissues and time points in which cell signalling is actively occurring, including
in granule neuron progenitors of the internal granule cell layer and nephron progenitors

in the developing kidney.

In conclusion, human expression patterns of CEP120 and ARL3 were characterised in
human embryonic and foetal tissues. This study provided insights into the wide spectrum
of clinical phenotypes caused by mutations in CEP120 and ARL3 genes. This study is a
step further towards the understanding of the molecular disease mechanisms of

CEP120 and ARL3, two genes associated with the same primary ciliopathy, JBTS.
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Chapter 4. Investigation of Joubert syndrome (JBTS) and JBTS
candidate genes in the Genomics England 100,000 Genomes Project,
the potential use of exon therapies and the use of cell-based assays to

complement genetic studies

4.1. Introduction and aims

One of the main characteristics of ciliopathies is their phenotypic heterogeneity and
overlap of clinical phenotypes (Novarino et al., 2011, Shaheen et al., 2016). Ciliopathies
are also characterised by genetic pleiotropy and genetic heterogeneity. Mutations within
the same gene may lead to distinct ciliopathy syndromes (gene pleiotropy) (Coppieters
et al., 2010, Roosing et al., 2016, Focsa et al., 2021, Shaheen et al., 2016). In addition,
mutations in different genes can cause the same ciliopathy syndrome. These
characteristics are clearly observed in JBTS, with more than 40 genes associated, many
of those associated with other ciliopathies as well other than JBTS (Focsa et al., 2021,
Bachmann-Gagescu et al., 2020, Mitchison and Valente, 2017, Gana et al., 2022, Parisi,
2019). For example, two genes associated with JBTS, and a spectrum of clinical
phenotypes, are CEP120 and CC2D2A.

Mutations in CEP120 are associated with JBTS as well as JATD, TCDOE and
MKD/OFD phenotypes (Roosing et al., 2016, Shaheen et al., 2015). Mutations in
CC2D2A are associated with a wide spectrum of phenotypes ranging from phenotypes
restricted to one single organ such as it is the case of isolated rod-cone dystrophy
(RCD) (Mejecase et al., 2019) to ciliopathies involving phenotypes affecting multiple
organs such as JBTS (Bachmann-Gagescu et al., 2012) and MKS (Mougou-Zerelli et al.,
2009, Szymanska et al., 2012). CEP120 and CC2D2A encode proteins with different
functions and cellular localizations, and mutations in these genes can lead to distinct
clinical phenotypes as well as partially overlapping phenotypes (Roosing et al., 2016,
Mejecase et al., 2019).

Regarding genotype-phenotype correlations in CC2D2A-related disease, it has been
suggested that the genetic pleiotropy of ciliopathies caused by CEP290 or CC2D2A
mutations can be due to basal levels of alternative splicing with exon skipping (Drivas et
al., 2015). This occurs with pathogenic CEP290 or CC2D2A mutations located in
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“skippable” exons (exons whose length is an exact multiple of 3 and it is not the first or
last coding exon) that maintain the reading frame if they are skipped. The complete
deleterious effect of these mutations is prevented as cells are able to have some
residual near-full length protein, as they escape nonsense-mediated mMRNA decay
(NMD), which is associated with milder clinical phenotypes, than the phenotypes caused

by mutations in non-skippable exons (Drivas et al., 2015).

It has also been noted that CC2D2A loss-of-function (LoF) variants (nonsense or
frameshift) lead to more severe phenotypes such as MKS or ML, compared with patients
with at least one CC2D2A missense mutation (Bachmann-Gagescu et al., 2012,
Mougou-Zerelli et al., 2009). If there is a similar correlation for CEP120 patients, it is

unknown.

To date, there are nine CEP120 mutations described in patients with JBTS, JATD
MKS/ODF and TCDOE syndromes. Describing any genotype-phenotype correlation in
patients with pathogenic CEP120 mutations and understanding why these mutations
can cause a broad spectrum of clinical phenotypes is challenging, as there are only nine
patients reported with biallelic (homozygous or compound heterozygous) disease-
causing variants in CEP120, in contrast, more than 100 patients have been described
with CC2D2A disease-causing variants (Lam et al., 2020, Bachmann-Gagescu et al.,
2012). A list of patients with biallelic CEP120 variants and a list of CC2D2A biallelic
variants and their associated phenotypes reported in the literature, are published in
Barroso-Gil et al., 2021 (Barroso-Gil et al., 2021a).

Exon skipping strategy is widely known as an approach to treat Duchenne muscular
dystrophy (DMD) in patients with mutations located in skippable exons of the DMD gene
(Lee et al., 2018, Komaki et al., 2018, Kole and Krieg, 2015).

ASOs-mediated exon skipping therapies to treat primary ciliopathies, are not as
extended and developed as the therapies to treat DMD, however some advances and
achievements have occurred in the last few years towards the development of therapies
to treat patients with primary ciliopathies (Barny et al., 2019, Garanto et al., 2016, Dulla
et al., 2021, Cideciyan et al., 2019, Devlin et al., 2023).
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In 2015, Drivas et al. suggested basal exon skipping to be associated with the genetic
pleiotropy of CEP290 or CC2D2A ciliopathy genes. It was suggested that milder clinical
phenotypes are associated with patients presenting mutations located in skippable
exons of CEP290 or CC2D2A (Drivas et al., 2015). They suggested that there is some
residual near-full length protein leading to milder clinical phenotypes, compared with

patients with mutations in exons that are not skippable (Drivas et al., 2015).

ASOs-mediated exon skipping in a well-known ciliopathy gene: CEP290, has already
been investigated by Sayer and Miles laboratory at Newcastle University, partially
restoring the cystic kidney phenotype in a JBTS mouse model and partially restoring the
ciliary phenotype in primary cells from a JBTS patient (Molinari et al., 2019, Ramsbottom
et al., 2018).

Other laboratories have also investigated ASOs-mediated exon skipping in ciliopathy
genes. ASOs-mediated exon skipping approaches have been applied to treat retinal
dystrophies, such as LCA, to bypass the deleterious effect of a CEP290 deep intronic
variant: ¢.2991 + 1655A > G by modulating the splicing effect caused by this mutation
(Garanto et al., 2016). ASOs-mediated exon skipping has also been investigated to treat
retinitis pigmentosa by modulating the splicing of exon 13 (Dulla et al., 2021) and exons
30-31 or 39-40 (Schellens et al., 2023) of the gene USH2A, to bypass the deleterious

effect caused by mutations occurring in these exons.

ASOs-mediated exon skipping approaches have been used in clinical trials to modulate
the deleterious splicing effect of the deep CEP290 intronic variant: ¢.2991 + 1655A > G
to improve vison in patients with LCA, caused by the presence of this deep intronic
mutation in homozygosis, via intravitreal injections of ASOs (Cideciyan et al., 2023,
Cideciyan et al., 2019).

The studies mentioned above reflect the increasing number of studies investigating the
use of ASOs to modulate splicing and ASOs-mediated exon skipping as a therapeutic
approach for primary ciliopathies. Besides, it has to be considered that there are multiple
ciliopathy genes and disease-causing variants associated with primary ciliopathies, and
some of them could potentially be suggested as potential targets for exon skipping

therapies.
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Exon skipping is not the only therapeutic approach being investigated for primary
ciliopathies. CRISPR/Cas9-mediated genome editing has been used to rescue the
CEP290 expression in an in vitro model of CEP290-LCA primary ciliopathy (Ruan et al.,
2017). Gene therapy using AAV vectors has been investigated to treat Usher syndrome
(Whatley et al., 2020, French et al., 2020, lvanchenko et al., 2023) .

There are therapies associated with the modulation of cell signalling pathways aimed to
treat renal ciliopathies: such as mTOR inhibitors, vasopressin receptor 2 (V2R)
antagonists (Duong Phu et al., 2021), agonists of prostaglandin E2 receptors (Garcia et
al., 2022) and therapeutic targets that modulate Shh (Hynes et al., 2014) and cAMP
signalling pathways (Malicki and Johnson, 2017). These therapeutic approaches aim to
improve and develop new efficient approaches of translational and personalised
medicine with a focus on treating primary ciliopathies (Duong Phu et al., 2021, Devlin et
al., 2023, Bondue et al., 2022).

Gene replacement therapies based using AVV viral vectors have an increased efficiency
over non-viral vectors, however one disadvantage of the use of AVV viral vectors for
gene replacement is their limiting packing capacity to transport genetic material (~5 kb of

genetic material) (French et al., 2020, lvanchenko et al., 2023).

One of the advantages of CRISPR/Cas9 technology is the possibility of performing gene
knockouts and incorporating a wide range of different mutations into ciliopathy genes
(Pusapati et al., 2018, Rusterholz et al., 2022). However, the efficiency of the
incorporation of the specific mutations or gene knockouts is limited. Once the
CRISPR/Cas9 gene editing is performed, it is necessary to ensure that the treated cells
or tissue (e.g. from mouse or zebrafish) has incorporated the corresponding mutant
genotype (Tsai et al., 2019, Jacinto et al., 2020, Liu et al., 2017). Primary cells, such as
hURECs or primary fibroblasts, may not maintain their growth for multiple passages,
limiting the possibilities of subculturing the primary cells in which the mutant genotype
has been confirmed for further functional analyses. Furthermore, CRISPR/Cas9
technology requires certain amount of time for training and optimisation that | could not
have during this project.

Considering the whole range of available technologies mentioned above as potential

therapeutic technologies for ciliopathies, | have focused on the ASOs-mediated exon
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skipping approach because of its high efficiency, rapid application and the possibility of
implementation into a wide range of cell lines and primary cells (Cideciyan et al., 2023,
Schellens et al., 2023, Barny et al., 2019, Dulla et al., 2021, Rusterholz et al., 2022).

The Genomics England 100,000 Genomes Project allows registered users to search
disease-causing variants in a large database, find novel patients presenting variants in a
particular gene, such as CEP120 and then assess the corresponding clinical phenotype
of the patients found (genotype-to-phenotype model). It also allows to search for
reported variants and disease-causing variants in candidate genes associated with a
specific disease, such as JBTS (phenotype-to-genotype model) (Smedley et al., 2021,
Best et al., 2022b, Best et al., 2021).

In the last decade, there have been several approaches to find candidate ciliopathy
genes based on: analysis of protein-protein interactors (Higgins et al., 2022, Latour et
al., 2020), analysis of exome sequencing data combined with homozygosity mapping
(Alkanderi et al., 2018, Al Alawi et al., 2021), siRNA-based screening of genes affecting
ciliogenesis (Wheway et al., 2015), CRISPR-based screening of genes affecting
Hedgehog signaling (Breslow et al., 2018, Pusapati et al., 2018).

The analysis of whole genome sequencing available at the Genomics England 100,000
Genomes Project allows to find and validate candidate genes for primary ciliopathies
(Best et al., 2021, Blakes et al., 2022, Latour et al., 2020, Powell et al., 2021, Senum et
al., 2022). A robust candidate gene leading to ciliopathy phenotypes is usually
characterised by encoding a protein functioning at the cilia or basal body and/or being
included in the SYSCILIA Gold Standard gene list (Van Dam et al., 2013).

When putative disease-causing variants are described in patients with ciliopathy
phenotypes, these variants need to be pathogenic. Moreover, the allele frequency of the
variants needs to be rare (generally lower than 0.01 in allele frequency) and the
variant/s described should segregate with the disease according with the mode on
inheritance of the corresponding disease (if there is sequencing information of the
parents or other relatives) (Richards et al., 2015, Morbidoni et al., 2021, Shaheen et al.,
2016, Shamseldin et al., 2020). Previously described genes with similar functions and
functioning in the same pathway of the candidate genes can support the analysis of

candidate genes (Breslow et al., 2018, Pusapati et al., 2018). Other in silico analyses
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may involve assessing the tolerance to loss-of-function variants in that particular
candidate ciliopathy gene, using gnomAD population database (Karczewski et al.,
2020).

As an alternative and complement to defining genotype-phenotype correlations by
finding additional patients with mutations in a particular gene, the use ex vivo cell-based
assays has proven to be appropriate to assess the question: “why mutations in the same
gene can cause different phenotypes?”. Ex vivo cell-based assays have been widely
used to investigate the pathogenic effect of patient-specific mutations and the molecular
and cellular disease mechanisms associated with a particular gene (Ramsbottom et al.,
2018, Srivastava et al., 2017b, Malicdan et al., 2015).

Ex vivo analyses of candidate genes can involve the use of control and patient cells to
assess the cellular location of the protein encoded by the candidate gene and to assess
of the proportion of ciliated cells and any defect in primary cilia (Shamseldin et al., 2020,
Estrada Mallarino et al., 2020).

One example of a recently described gene associated with JBTS is TOGARAML1 (Latour
et al., 2020). ARMC9, which is a gene associated with JBTS (Van De Weghe et al.,
2017), encodes a protein that interacts with TOGARAML1 (Latour et al., 2020). The
interaction of ARMC9 and TOGARAM1 forming an ARMC9-TOGARAML1 complex was
found using protein-protein interaction screens (tandem affinity purification—tagged and
Yeast two hybrid analyses), suggesting TOGARAML1 as novel a candidate JBTS gene
(Latour et al., 2020). To further investigate and confirm TOGARAML1 as a JBTS gene, in
this study 5 families were described with disease-causing mutations in TOGARAM1
leading to JBTS. Using patient fibroblasts, hTERT-RPEL cell lines and a zebrafish model
(genetically modified using CRISPR/Cas9 system) it was found that disruption of
TOGARAML1 affects tubulin posttranslational modifications of ciliary microtubules, ciliary

length and ciliary stability and leads to ciliopathy phenotypes (Latour et al., 2020).

CEP120 is a centrosomal protein involved in centriole biogenesis (Mahjoub et al., 2010,
Tsai et al., 2019), like other centrosomal proteins associated with ciliopathies, such as
KIAA0586 (Bashford and Subramanian, 2019) CEP104, CSPP1 (Frikstad et al., 2019) or
DZIP1 (Wang et al., 2013), it affects Hedgehog signalling (Wu et al., 2014, Betleja et al.,

2018). Previous work has shown that in Cep120-depleted mouse embryonic fibroblasts
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(MEFs), treated with SAG and Cep120 siRNA, the amount of Smoothened (Smo) per
unit length cilium was significantly reduced compared with the control MEFs (treated
with SAG and a control siRNA) (Betleja et al., 2018). Furthermore, in a mouse
conditional knockout of Cep120 for the central nervous system (CNS), it was shown a
lack of response to Hedgehog signaling in the cerebellum of a postnatal day 7 (P7) (Wu
et al., 2014).

In recent years, the effect of some of CEP120 patient-specific variants has been
investigated using different functional cell-based assays. RPE-1 human retinal
pigmented epithelial cells were genome-engineered via CRISPR associated protein
(Cas9) (CRISPR/Cas9) targeting system so that they were either homozygous for the
variant ¢.595G>C; p.(Ala199Pro) (from now A199P) or for c.581T>C; p.(Vall194Ala)
(from now V194A). It was found that both variants caused a reduction on: the levels of
CEP120 protein, the recruitment of distal centriole markers (CEP164 and KIAA0586)
and ciliogenesis (Joseph et al., 2018). In another study, using RPE-1 cells in which
CEP120 was knocked out via CRISPR/Cas9, it was suggested that the variants
€.2177T>C; p.(Leu726Pro) (from now L726P) and ¢.2924T>G; p.(lle975Ser) (from now:
1975S) impaired ciliogenesis (as the transfection of constructs with the CEP120
sequence with any of these mutations could not restore the cilia-null phenotype
observed in the CEP120 knocked out cells) (Tsai et al., 2019).

Similarly, using HEK-293T cells, it was also suggested that 1975S impairs the CEP120
interaction with C2CD3 and recruitment of C2CD3 to centrioles and that L726P and
€.2134C>T; p.(Leu712Phe) (from now L712F) inhibit the recruitment of KIAAO586 to
centrioles (Tsai et al., 2019). In cultured skin fibroblasts obtained from a JATD patient
homozygous for the A199P CEP120 variant, it was observed a reduced frequency of
ciliated cells and an increased number of cells with more than one centrosome
(Shaheen et al., 2015). Additionally, mouse oocytes have been used to study another
variant: ¢.2840G>A; p.(Arg947His). This CEP120 variant, which has not been found
leading to ciliopathies, has been associated with an increase in the incidence of
aneuploidy and a reduction in spindle microtubule nucleation efficiency (Tyc et al.,
2020).
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Sonic hedgehog Shh-LIGHT2 cells is a cell line derived from mouse NIH-3T3 cells stably
containing a Gli-dependent firefly luciferase and constitutive Renilla luciferase vectors.
This is a Hedgehog (Hh)-responsive cell line used to assess effects on Hh protein, which
can be quantified via a quantitative assay using a luminometer (Taipale et al., 2000,
Chen et al., 2002). In recent years, with the development of the CRISPR/Cas9 system,
this and similar cell lines have been used to further study the role of Hh signalling on

ciliopathies (Pusapati et al., 2018, Breslow et al., 2018).

There are multiple studies using in vitro cell models to complement genetic studies,
investigating the pathogenesis of ciliopathy genes and disease-causing mutations (Oud
et al., 2018, Molinari et al., 2020, Latour et al., 2020, Garanto et al., 2016). Validating in
vitro the deleterious effect of patient-specific disease-causing variants contributes to get
insights into the disease pathogenesis and genotype-phenotype correlations and gene
pleiotropy of multiple ciliopathy genes (Molinari et al., 2018a, Arjona et al., 2019, Barny
et al., 2018).

There is a wide array of in vitro functional assays to investigate putative disease-causing
variants: from rescue experiments using CRISPR/Cas9 technology in RPE-1 and HEK-

293T cell lines, with a focus on defects in cilia biogenesis (Tsai et al., 2019), to minigene
splicing assays using a HEK-293T cell line (Tamayo et al., 2023). Furthermore, there are
approaches investigating the molecular disease mechanisms of patient-specific disease-
causing variants using human primary cells, such as hURECs (Molinari et al., 2020) and

primary skin-derived fibroblasts (Shaheen et al., 2015).

The limitation of the use of human primary cells is that they can only be cultured up to a
very limited number of cell passages, unlike immortalised cell lines. Besides, the use of
primary cells from specific patients of interest is dependent on the availability of the

patient to provide the corresponding sample to culture primary cells.

It can be suggested that this limitation could be addressed by using primary cells of
healthy controls. A gene knockdown experiment for a particular gene of interest can be
performed in human primary cells and then be rescued by transfecting a plasmid
containing the WT gene sequence (or a mutated gene sequence) of that particular gene
of interest. This can potentially allow to observe differences between the rescue effect

caused by the transfected plasmid containing specific patient-specific disease-causing
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mutations, compared with the rescue effect of a plasmid with the WT gene sequence.
Considering this, a cell-based pipeline to study disease-causing CEP120 mutations was
designed (shown in Figure 2.9 of section: 2.14. Plasmid transfection efficiency into

mammalian cells).

This pipeline aims to effectively perform a rescue experiment in human primary cells.
The rescue experiment consists in a gene knockdown followed by a plasmid
transfection, in human primary cells of healthy controls. This approach could potentially
have the benefits of a reproducible standardised assay that can be easily modified and
modelled for each patient-specific disease-causing mutation of interest, as well as
having the advantage of using human non-transformed primary cells, instead of using an
immortalised cell line. This rescue experiment approach using human non-transformed
primary cells (such as skin-derived primary fibroblasts) and plasmid transfection, can be
a more time-efficient approach than using CRISPR/Cas9 engineered primary cells,
which require large amounts of optimisation time, workload and involve the risk of cells
not surviving the required cell passages to isolate the CRISPR/Cas9 engineered primary

cells with the expected genotype.

There are multiple aspects that can be affected when CEP120/Cep120 is mutated: from
Hh signalling pathway (Betleja et al., 2018, Wu et al., 2014) to centrosome and cilia
biogenesis (Joseph et al., 2018, Mahjoub et al., 2010). The Hh signalling pathway has
not been investigated for CEP120 patient-specific variant. Moreover, other CEP120
exonic variants such as: R151X, S380YfsX and A549V have not been studied.

This is why | want to study patient-specific CEP120 mutations and to do this pipeline
was designed consisting in cell-based assays including Shh-LIGH2 cells and primary
human fibroblasts. This rescue experiment in human primary cells, can be used to
model each of the reported CEP120 patient-specific disease-causing mutation, and to
study Hh signalling in primary cells via gene expression analysis, and cilia biogenesis

via immunofluorescence staining.

Shh-LIGHT2 cell line can be used to confirm the effect on Hh signalling upon siRNA
Cep120 knockdown in Shh-LIGHT2 cells and as a preliminary step to optimise and
validate the protocols that will be required to complete the designed pipeline in human

primary cells.
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Here the aim is to investigate genotype-phenotype correlations in two JBTS genes:
CEP120 and CC2D2A as exemplars of genetic and phenotypic heterogeneity. The aim
is to find novel patients presenting disease-causing variants in JBTS genes, in particular
CEP120, and the effect of CEP120/Cep120 knockdown using in silico analyses and cell-
based assays using mouse Shh-LIGHT2 cells and primary human fibroblasts.

4.2. Results

4.2.1 In silico investigation of genotype-phenotype correlations in CEP120 and
CC2D2A

In order to study genotype-phenotype correlations in CEP120 and CC2D2A, | first
assessed all the CEP120 and CC2D2A variants reported in the literature and their
associated phenotypes. The results explained in this section (4.2.1) and the next two
sections (4.2.2 and 4.2.3) have been published as an article in the journal Molecular

Genetics and Genomic Medicine (Barroso-Gil et al., 2021a).

There are only 9 patients reported in the literature presenting with biallelic (homozygous
or compound heterozygous) CEP120 pathogenic variants (Roosing et al., 2016,
Shaheen et al., 2015) (Figure 4.1A).
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Figure 4.1. Phenotypes and genotypes in patients carrying biallelic disease-causing
CEP120 variants reported in the literature. A: Pie chart indicating how the phenotypes
associated with CEP120 biallelic variants are distributed. n indicates total number of
patients. B. Pie chart indicating how the CEP120 alleles are distributed according to
their annotated consequence. n indicates number of alleles. C: Pie chart indicating how
the CEP120 alleles found in JBTS patients are distributed according to their
consequence. D: Pie chart indicating how the CEP120 alleles found in patients with
MKS/OFD, TCDOE or JATD are distributed according to their consequence. JBTS,
Joubert syndrome; JATD, Jeune asphyxiating thoracic dystrophy; MKS, Meckel
syndrome; OFD, oral-facial-digital syndrome; TCDOE, tectocerebellar dysraphia with
occipital encephalocele.

Considering these nine CEP120-affected patients, there are 14 missense alleles, 3
frameshift alleles and 1 nonsense allele (Figure 4.1B). Of note, 3 of these patients
present the CEP120 variant A199P in homozygosis and 1 patient presented it in
compound heterozygosis with another CEP120 variant (representing 7/14 of the
missense alleles reported in the literature) (Roosing et al., 2016, Shaheen et al., 2015).

Of note, one of the JBTS patients reported (Patient MTI-143), presented compound
heterozygous CEP120 missense variants: L712F and L726P (Roosing et al., 2016), one
of them: L712F, is also found in 2 homozygous individuals in the gnomAD database,
and has a total allelic frequency of ~0.004. In recent years, in vitro experiments
investigating the pathogenicity of some CEP120 variants, revealed that this variant:

L712F impairs the recruitment of two centrosomal proteins: Talpid3 (Tsai et al., 2019)
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and KIAA0753 (Chang et al., 2021) to centrioles, and it delays the exit of granule neuron
progenitors (GNPs) from the germinal zone (Chang et al., 2021).

| did not find any correlation between the severity of the CEP120 genotype and the
severity of the associated clinical phenotypes (Figures 4.1C and 4.1D). In other words, it
is not clear if the patients with biallelic truncating CEP120 variants present more severe
phenotypes than the patients with biallelic missense CEP120 variants. However, it is
important to note that there are only 9 patients described with disease-causing CEP120
mutations. This low number of CEP120 patients makes the establishment of any

genotype-phenotype correlation difficult.

In contrast, a higher number of patients has been reported for CC2D2A. There are 111
patients from 97 families described with disease-causing CC2D2A mutations. (Figure
4.2A).
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Figure 4.2. Phenotypes and genotypes in patients carrying biallelic disease-causing
CC2D2A variants reported in the literature. A: Pie chart indicating how the phenotypes
associated with CC2D2A biallelic variants are distributed. n indicates total number of
patients. B. Pie chart indicating how the CC2D2A alleles are distributed according to
their annotated consequence. n indicates number of alleles. Of note, in one family
(385/447 11-4) three different variants were reported with two different compound
heterozygote combinations (Srour et al., 2012). C: Pie chart indicating how the

CC2D2A alleles found in patients with MKS or Meckel-like syndrome are distributed
according to their consequence. D: Pie chart indicating how the CC2D2A alleles found in
JBTS patients are distributed according to their consequence. E: Pie chart indicating
how the CC2D2A alleles found in patients with kidney disease are distributed according
to their consequence. F: Pie chart indicating how the CC2D2A alleles found in patients
without kidney disease are distributed according to their consequence. The term
truncating variants includes nonsense or frameshift variants. AAdel, single amino acid
deletion; ASD, autism spectrum disorder; Cogan, Cogan-type congenital oculomotor
apraxia; JBTS, Joubert syndrome; Large ins/del, large insertions/deletion including
retrotransposon insertion; MKS, Meckel syndrome; ML, Meckel-like syndrome; RCD, rod
cone dystrophy; ?, not unequivocally described.

Considering all the disease-causing CC2D2A variants reported in the 111 patients from
97 families, there is a total of 195 pathogenic alleles. Considering the consequence of
these 195 alleles: 90 alleles are missense, 60 alleles are frameshift and 20 alleles are
alleles affecting splicing, 18 alleles are nonsense and 3 alleles are single amino acid (in
frame) deletions and 4 alleles are large insertions/deletions, including one

retrotransposon insertion reported in one case (Figure 4.2B).
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Of note, there are two CC2D2A variants that have also been found in homozygosis in
the gnomAD database of genetic variants in healthy individuals. The CC2D2A variant:
p.(Glu229del), which is found in compound heterozygosis (with another CC2D2A
variant: p.(Val1298Asp)) in a MKS patient (Otto et al., 2011), was found in 538
homozygous individuals, and it has an allele frequency of 0.062 in gnomAD v.2.1.1. It
has an allele frequency of 0.056 (and 311 homozygotes), if gnomAD v.3.1.2 is
considered. The CC2D2A variant: p.(Pro721Ser) was reported in homozygosis in one
JBTS patient (Mougou-Zerelli et al., 2009), moreover it is found in 3 homozygous
individuals and it has an allele frequency of 0.002 in the gnomAD v.2.1.1 database. It
has an allele frequency of 0.0011 (and 0 homozygotes) if gnomAD v.3.1.2 is considered.
It can suggested that these two CC2D2A alleles, specially the p.(Glu229del) allele, can
be hypomorphic alleles rather than fully pathogenic alleles (Bachmann-Gagescu et al.,
2012).

With this information | wanted to find if truncating variants (loss-of-function variants
described as nonsense or frameshift) are associated with more severe clinical
phenotypes than non-truncating variants (e.g. missense variants), as it was suggested
previously (Mougou-Zerelli et al., 2009). To do this disease-causing CC2D2A alleles in
the 111 patients reported in the literature were analysed systematically, as well as their

associated phenotypes.

It is observed that 66% (21/32) of the patients with MKS or ML carrying biallelic CC2D2A
mutations, had a genotype (homozygous or compound heterozygous) consisting of
truncating CC2D2A alleles exclusively. In contrast, only 2% (1/45) of the patients with

JBTS carried a genotype consisting of truncating alleles (Fisher's exact test: p < 0.0001).

Similarly, it was observed that only 22% (7/32) of the patients with MKS or ML carrying
biallelic CC2D2A mutations, had a genotype consisting of missense CC2D2A alleles. In
contrast, 58% (26/45) of the patients with JBTS carried a genotype consisting of
missense alleles (Fisher’s exact test: p = 0.0023) (Figures 4.2C and 4.2D).

This systematic analysis considering the reported patients with disease-causing
mutations in CC2D2A shows that there is a correlation between the severity of the type
(consequence) of each of the CC2D2A mutations and the severity of the resulting

clinical phenotypes. Moreover, the biallelic CC2D2A variants are more likely to be found
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in patients with a phenotype including kidney disease. It was found CC2D2A affected
patients were analysed with a focus on kidney disease. It was found that 50% (20/40) of
the patients that have a clinical phenotype that included kidney disease, carried biallelic
CC2D2A truncating variants. In contrast, only 3% of the patients without a clinical
phenotype that included kidney disease carried biallelic CC2D2A truncating variants
(3%, 1/34) (Fisher’s exact test: p < 0.0001). This correlates with the concept that
missense CC2D2A variants are more likely to be found in patients with JBTS without

extra-CNS clinical phenotypes (Figures 4.2E and 4.2F).

There are some CC2D2A variants that are found in patients with JBTS as well patients
with more severe clinical phenotypes such as MKS/ML. This is the case, for example, of
the variant: p.(Pro1122Ser), which was found homozygously in patients with JBTS
(Gorden et al., 2008) and in a patient with MKS (Al-Hamed et al., 2016) also
homozygously. This may indicate that additional modifying factors may have a role in the

resulting CC2D2A associated phenotype.

4.2.2. In silico analysis of gene expression and tissue-specific basal exon
skipping in CEP120 and CC2D2A

| wanted to study in silico, the gene expression of two pleiotropic genes associated with
JBTS and more severe phenotypes: CEP120 and CC2D2A. For these two genes tissue-

specific transcripts, exon skipping events and basal exon skipping were investigated.

With this information | aimed to investigate the applicability of a possible exon skipping
therapy to rescue the deleterious effect of truncating variants in these two genes. Having
CEP290 pleiotropic gene as a model example, previous studies have demonstrated that
basal exon skipping as well as the targeted skipping of certain exons can be tolerated
and resulted in a functional or partially functional protein (Ramsbottom et al., 2018,
Drivas et al., 2015).

CEP120 expression has been found in multiple human and mouse tissues (Powell et al.,
2020, Xie et al., 2007). According to the Human Protein Atlas (Uhlén et al., 2015) online
resource there is RNA is expression of CEP120 and CC2D2A found ubiquitously in

human tissues, including brain.
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Both CEP120 and CC2D2A are associated with JBTS phenotypes (Roosing et al., 2016,
Bachmann-Gagescu et al., 2012). Two of the organs that are often affected in JBTS and
other primary ciliopathies are the cerebellum and kidney (Badano et al., 2006b, Braun
and Hildebrandt, 2017).

In silico tissue-specific expression and splicing of CEP120 and CC2D2A were
investigated in these two organs: kidney and cerebellum. To do this in silico analysis |
used the online resource: Genotype-Tissue Expression (GTEX) project (The GTEx
Consortium, 2020), which consists in RNA sequencing data available for different human

organs and tissues.

CEP120 has three main coding transcripts with the highest expression levels in
cerebellum and/or kidney medulla according to the GTEX Project:
ENST00000306481.10 (“Transcript 1”), ENST00000328236.9 (“Transcript 2”) and
ENST00000306467.9 (“Transcript 3”). CEP120 Transcript 2 and CEP120 Transcript 3
have the same Consensus Coding Sequence (CCDS) (CCDS4134.2) encoding for the
longest CEP120 protein isoform (986 aa). The protein encoded by CEP120 Transcript 1
(CCDS54890.1) lacks the first 26 amino acids compared to transcripts 2 and 3. The
CEP120 Transcript 1 is expressed in kidney medulla and cerebellar hemisphere.
Transcripts 2 and 3 are expressed in cerebellum. However, Transcripts 2 and 3 are

nearly absent in kidney tissues, unlike Transcript 1 (Figure 4.3A).

Alternative splicing events are responsible to generate these transcript isoforms. These
events of alternative splicing occur at the pre-mRNA 5-end. The exon 2 (having the
canonical transcript ENST00000328236.9, also known as NM_153223.3, as a
reference) seems to be skipped in kidney, as CEP120 transcript 1 (CEP120 transcript:
ENSTO00000306481.10, Figure 4.3B) is the predominant isoform in kidney medulla
(Figure 4.3A), resulting in a shorter protein (Figure 4.3C).
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Figure 4.3. Tissue specific transcript expression of CEP120 and its exon structure. A: RNA expression of the transcript isoforms
(protein coding) with the highest expression levels in kidney medulla (red) and cerebellar hemisphere (blue) according to the
RNA sequencing data from the Genotype-Tissue Expression (GTEXx) Project. B: CEP120 genomic localization and the different
exons of CEP120 (having transcript ENST00000328236.9 as a reference). Exons and imputed splice junctions corresponding to
the three transcripts with the highest expression levels in kidney medulla and cerebellar hemisphere are shown. The open
reading frame is shown in dark grey with the start codon marked with an arrowhead. C: Predicted protein length of the protein

products encoded by the three CEP120 transcripts considered. Data shown in this figure were obtained from GTEx Project (The
GTEx Consortium, 2020).
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CC2D2A has three main coding transcripts with the highest expression levels in
cerebellum and/or kidney medulla according to GTEX Project: ENST00000515124.5
(“Transcript 17), ENST00000503292.5 (“Transcript 2”) and ENST00000389652.9
(“Transcript 3”). Transcript 1 is expressed in kidney medulla and cerebellar hemisphere.
Transcript 2 is expressed in kidney medulla and Transcript 3 is expressed in cerebellar

hemisphere (Figure 4.4A).

CC2D2A Transcript 1 (consisting in 1,474 bp), does not encode for the functional
domains of CC2D2A and has an additional exon (that leads to a premature stop codon)
after exon 5 (having the longest coding transcript: Transcript 2, ENST00000503292.5,
also known as NM_001080522.2, as a reference). Transcript 1 encodes for a 111 amino
acid product which shares the first 82 amino acids transcript 2 (Figure 4.4C).

Transcript 1 is the predominant isoform in kidney medulla and its exons’ structure is
supported by GTEXx splice junction data specific showing splicing events enriched in
kidney (Figure 4.4B). Of note, the open reading frame of Transcript 3 is incomplete, as
its 5'-end is not fully annotated (ie: the first coding exons of the CC2D2A coding

sequence are not annotated in GTEX) (Figure 4.4B).

It is interesting to observe a splice junction, which leads to the skipping of exon 30,

particularly enriched in kidney medulla (Figure 4.4B).

These results from the RNAseq data provided by GTEX project suggest that there are
CEP120 and CC2D2A tissue-specific transcripts, considering kidney and cerebellum

tissues.
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Figure 4.4. Tissue specific transcript expression of CC2D2A and its exon structure. A: RNA expression of the transcript isoforms
(protein coding) with the highest expression levels in kidney medulla (red) and cerebellar hemisphere (blue) according to the
RNA sequencing data from the Genotype-Tissue Expression (GTEXx) Project. B: CC2D2A genomic localization and the different
exons of CC2D2A (having transcript ENST00000503292.5 as a reference). Exons and imputed splice junctions corresponding
to the three transcripts with the highest expression levels in kidney medulla and cerebellar hemisphere are shown. The open
reading frame is shown in dark grey with the start codon marked with an arrowhead. The splice junctions that are enriched in
the kidney medulla (compared to cerebellum) are shown in red and the splice junctions that are enriched in the cerebellum
(compared to kidney) are shown in blue. C: Predicted protein length of the protein products encoded by the three

CC2D2A transcripts considered. Data shown in this figure were obtained from GTEx Project (The GTEx Consortium, 2020).
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In vitro tissue-specific basal exon skipping occurring in these two genes was confirmed. |
also studied if these tissue-specific basal exon skipping have a relationship with the
described disease phenotypes of described in the CEP120- and CC2D2A- affected

patients.

Regarding CEP120 tissue specific basal exon skipping it is important to first mention one
CEP120-affected patient (patient MTI-991) described in the literature (Roosing et al.,
2016). This patient was diagnosed with JBTS and carries homozygously a CEP120
disease-causing variant: CEP120 (NM_153223.3): ¢.49+5 49+10del ;
p.Gly+1AspfsTerl4 (?), which locates in an exon-intron boundary. This variant affects
the 3’ boundary of exon 2 (located in intron 2 and exon 2) and leads an intronic
retention, and subsequently a premature stop codon. (Roosing et al., 2016).The in silico
analysis performed using splice junction data from GTEX project, indicates some
skipping of exon 2 of CEP120 in the kidney (Figure 4.3).

This GTEX project prediction was confirmed in vitro by during RT-PCR to detect the
skipping of this exon. Basal exon skipping of exon 2 of CEP120 occurring in human

kidney tissue was confirmed (Figure 4.5).

CEP120 : exon 1-exon 1/3 junction Expected Iength "
300bp 95bp
20000 — q—
100bp Exon 1 Exon 3

HPRT1

100bp

Figure 4.5. RT-PCR showing basal exon skipping of CEP120 exon 2 in kidney and
whole blood. To perform the RT-PCR RNA isolated from human kidney and whole blood
was used. Primers (arrows) were designed to amplify a 95 bp RT-PCR product only if
the event of the splicing of exon 2 of CEP120 (creating an exon 1-exon 3 junction)
occurs. This RT-PCR product is detected by gel electrophoresis in which a band of the
expected size (~100 bp) was observed (arrows) using RNA samples from human kidney
and whole blood. RT-PCR and Gel electrophoresis were performed by Dr Eric Olinger
(Newcastle University, UK).
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This basal exon skipping finding suggest that if exon 2 is skipped in the kidney, a
disease-causing variant located in exon 2 or the 3' of exon 2 (exon 2-intron 2) boundary
would be bypassed and may be silent and thus not leading to the corresponding disease
phenotype. To support this hypothesis, the MTI-991 JBTS patient, presenting a
homozygous CEP120 variant located in the 3' boundary of exon 2, does not have clinical

phenotypes affecting the kidney (Roosing et al., 2016).

Regarding CC2D2A tissue specific basal exon skipping | focussed on exon 30. The in
silico analysis performed using splice junction data from GTEX project indicates some
skipping of exon 30 of CC2D2A in the kidney (Figure 4.4).

This GTEXx project prediction was confirmed in vitro by during RT-PCR to detect the
skipping of this exon. Basal exon skipping of exon 30 of CC2D2A (using CC2D2A
transcript: ENST00000503292.5 as a reference) was confirmed.

Primers were designed to detect a RT-PCR product only if the event of the splicing of

exon 30 of CC2D2A (creating an exon 29-exon 31 junction) occurs.

RT-PCR was performed using total RNA from whole blood, kidney and human urine-
derived renal epithelial cells (hURECS) (Figure 4.6). The predicted product (327 bp) if
there is not skipping is detected and kidney and whole blood via gel electrophoresis.
Besides a shorter transcript is detected corresponding to the expected size of RT-PCR
product in the event the basal skipping of exon 30 (which consists in 177 bp). As this
shorter RT-PCR product (~150 bp) is detected in kidney this suggest that tissue specific
basal skipping of exon 30 is occurring in the kidney, leading to a transcript lacking exon
30 (Figures 4.4B and 4.6).

Besides, basal skipping of exon 30 was detected using RNA extracted from hURECs.
This supports the event of basal skipping of exon 30 in kidney and the utility of the
hURECSs as a non-invasive source of primary cells and “liquid biopsy” that can be used
to study kidney specific splicing events (Molinari et al., 2018a).
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Figure 4.6. RT-PCR showing basal exon skipping of CC2D2A exon 2 in human kidney
and human urine-derived renal epithelial cells (hURECS). To perform the RT-PCR | used
RNA isolated from human kidney, hURECs and whole blood. Primers (arrows) were
designed to amplify a 327 bp RT-PCR product If the exon 30 is not skipped.
Alternatively, the RT-PCR is 150 bp (327-177) if the event of the splicing of exon 30 of
CC2D2A (creating an exon 29-exon 31 junction) occurs. This RT-PCR product is
detected by gel electrophoresis in which a band of the expected size (~150 bp) was
observed (*asterisk) using RNA samples from human kidney and hURECs. RT-PCR and
Gel electrophoresis were performed by Dr Eric Olinger (Newcastle University, UK).

In the previous section (section: 4.2.1) it was observed that CC2D2A truncating variants
are associated with more severe phenotypes and biallelic truncating CC2D2A variants
are more likely to be found in patients with kidney phenotypes (Figure 4.2). It was also
observed that there is some basal exon skipping of the exon 30 of CC2D2A, occurring
specifically in the kidney (Figure 4.6). This is why | hypothesise that the deleterious
effect of truncating variants in exon 30 can be partially rescued if basal exon skipping
occurs in exon 30 in kidney. Subsequently, the clinical kidney phenotypes observed in
these patients are expected to be milder, as the deleterious effect in the kidney (caused
by truncating variants in exon 30) could be bypassed by basal exon skipping of exon 30.

| assessed this hypothesis in silico by examining the prevalence of kidney disease in the
patients presenting truncating variants in the different exons of CC2D2A (Figure 4.7). It
is important to note that none of the patients with CC2D2A truncating variants in exon 30
of CC2D2A have a kidney phenotype. However, the number of patients is very low
(there are only 2 patients with CC2D2A truncating variants in exon 30) to establish a
robust conclusion. However, this is relevant, considering that 33.3%-100% of the
patients with CC2D2A truncating variants in other exons of CC2D2A, have a phenotype
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that include kidney disease (Figure 4.7). In total, considering all the exons of CC2D2A,
there are only 13 (13/48) patients presenting one or two truncating CC2D2A mutations
that developed a clinical phenotype without kidney disease, including the two patients

with CC2D2A truncating variants in exon 30.
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Figure 4.7. Distribution of exons and the prevalence of kidney disease in patients with
truncating CC2D2A per exon. The transcript ENST00000503292.5 is used for the
labelling of the exons. Exons and imputed splice junctions from the provided by GTEx
project corresponding to transcript ENST00000503292.5 are shown. The splice junction
that is predicted to lead to the basal exon skipping of exon 30, which is enriched in
kidney (compared to cerebellum), is shown in red. n indicates the total number of
patients (with and without kidney disease) with one or two truncating variants in one in
the corresponding exons of CC2D2A. Of note, combining all the patients with one or two
CC2D2A truncating variants: 73% (35/48) of them have a phenotype including kidney
disease. Besides, the two patients with truncating CC2D2A variants in exon 30 are not
described to have a phenotype that includes kidney disease.

4.2.3. In silico investigation of CEP120 and CC2D2A as potential candidates for

targeted exon skipping therapies

Exon skipping therapies have already been investigated for CEP290, a gene associated
with JBTS (Garanto et al., 2016, Molinari et al., 2019, Ramsbottom et al., 2018), and for
other genes associated with other inherited human diseases, some of these therapies
are already in clinical use (Lee et al., 2018, Servais et al., 2015). | propose a multimodal
approach to classify exons that can be skipped via exon skipping to bypass the
deleterious effects of truncating variants located in these corresponding exons. This
study is based on two genes associated with JBTS: CEP120 and CC2D2A.
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The first step to find potential candidates for an exon skipping therapy is to find the
exons that are skippable (exons that can be skipped without disrupting the reading
frame. CEP120 (having transcript ENST00000328236.9 as a reference), has 20 coding
exons. 11 of these coding exons are exons in which the total number of nucleotides is a
multiple of 3 (Figures 4.8 and 4.9). Of note, it is considered that the first and last coding
exons containing the corresponding start and stop codon respectively and/or exons
encoding for protein domains of functional importance are not skippable, this is because
if they are skipped it is expected to affect protein function. For CEP120 analysis, it is
also important to consider that only 2 of these 11 exons, do not encode for protein
domains of functional importance (coiled-coil and C2 domains). These CEP120 exons
are: exons 14 and 15, which are predicted to maintain the protein reading frame, not
causing loss of protein function, if skipped. Furthermore, as these two exons have exon-
intron boundaries falling between codons (these exons have flanking introns in phase 0),

the skipping of exon 14 and/or 15 would not lead to potential amino acid substitutions.

However, none of the disease-causing CEP120 mutations reported up to date is located
in exons 14 or 15. As a result, it can be suggested that CEP120 is not a good candidate
gene to design and apply targeted exon skipping therapies as there are not patients

described that would benefit from them.
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Figure 4.8. Schematic representation of the 21 exons corresponding to the CEP120
human transcript NM_153223.3 (also called ENST00000328236.9). Exons 1 to 21 are
numbered, with exon 1 non-coding shown in black. The start codon (ATG) is
represented with a green bar in exon 2. The termination codon (TAA) is represented by
a black line and the stop codon (TAA) in exon 21. Green rectangles represent exons
with full complement of codons that may be skipped without change in reading frame.
Grey trapezoids represent exons in which the exon-intron junction interrupts a codon.
The three blue bars indicate the C2 domains (encoded by exons 2-8 and exons 10-13)
and the purple bar indicates a coil-coiled domain (encoded by exons 16-21) with the
amino acid numbers of each protein domain indicated). Protein domains have been
annotated considering SMART online tool.
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Figure 4.9. Schematic representation of the 21 exons corresponding to the CEP120 human transcript NM_153223.3 (also called
ENST00000328236.9) and the location of the reported CEP120 mutations. Exons numbers are shown, below it, for each exon,
it is shown the number of nucleotides corresponding to each exon (shown in multiples of three). For each exon, the number of
nucleotides is coloured in green if the total number of nucleotides is an exact multiple of 3. CEP120 protein domains: 1 coiled-
coil domain (CC) and the 3 C2 domains are coloured with different colours. The CEP120 variants reported in the literature their
corresponding exon and accordingly with their allelic frequency in the patients reported in the literature (disc size reflecting
allelic frequency). The variants are colour coded according to their annotated consequence. Exons numbers corresponding to
exons that could be suggested as candidates for a targeted exon skipping therapy, based on nucleotide numbers: are shaded in
green. Additionally, exons that could be suggested as candidates for a targeted exon skipping therapy, based tissue-specific
transcript analysis are shaded in blue. Protein domains have been annotated considering SMART online tool. Diagram has
been generated using ProteinPaint online tool.
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CC2D2A (having transcript ENST00000503292.5 as a reference), has 36 coding exons.
17 of these coding exons are exons in which the total number of nucleotides is a
multiple of 3 (Figures 4.10 and 4.11). Of note, it was considered that the first and last
coding exons containing the corresponding start and stop codon respectively and/or
exons encoding for protein domains of functional importance are not skippable because

if they are skipped it is expected to affect protein function.

For CC2D2A analysis, it is also important to consider that 13 of these 36 exons, do not
encode for protein domains of functional importance (coiled-coil and C2 domains) (Noor
et al., 2008, Bachmann-Gagescu et al., 2012).

These CC2D2A exons are: exons 4, 7, 8,9, 12, 13, 22, 23, 31, 32, 33, 34 and 35, which
are predicted to maintain the protein reading frame, not causing loss of protein function,
if skipped. Furthermore, as these 13 exons have exon-intron boundaries falling between
codons (these exons have flanking introns in phase 0), the skipping of these exons
would not lead to potential amino acid substitutions.

Additionally, exon 30 is suggested as skippable, which has a total number of nucleotides
multiple of 3. Combining the information according to SMART online tool and the
available literature provides, exon 30 would encode for the last 3 amino acids of the C2
domain of the CC2D2A protein. Moreover, further functional studies are needed to
confirm if skipping 30 would affect the function of CC2D2A and if it can be a suitable
target for an exon skipping therapy (Bachmann-Gagescu et al., 2012, Noor et al., 2008,
Srour et al., 2012).
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Figure 4.10. Schematic representation of the 38 exons corresponding to the CC2D2A
human transcript NM_001080522 (also called ENST00000503292.5). Rectangles
represent exons (not proportional with their real size) with full complement of codons
(may not be the case of the first and last coding exons). Trapezoids represent exons in
which the codon in first, last place or both, is split between two adjacent exons, ie: end
of exon: “/” represents an exon in which the last codon needs two more nucleotides that
will be completed in the next exon, while end of exon: “\” represents an exon in which in
the last codon needs one more nucleotide that will be completed in the next exon. The
black rectangles corresponds to the non-coding exons 1 and 2. The start codon (ATG) is
represented with a green bar in exon 3. The termination codon (TAA) is represented by
a black line and the stop codon (TAA) in exon 38. Grey rectangles represent exons
which are not skippable, given that the reading frame would be disrupted if skipped.
Green rectangles represent skippable exons (ie: exons that when are skipped the
reading frame is maintained). Blue rectangle located above exons 25-30, indicate that
the exon/s (or part of the exon/s) below encode for the CC2D2A C2 domain, while
purple rectangles indicate that the exon/s (or part of the exon/s) (exons14-16) below
encode for the two CC2D2A coil-coiled domains. Next to each of these rectangles, the
amino acid start and end of each of the described CC2D2A functional domains is
indicated. Protein domains have been annotated considering SMART online tool.

187



Serd22 Glyfs Ter19

@ p Arg1028Glyfs Terd

@ r Lys1020ArgfsTer3

. PROTEINDEL, n=2

\\'—@ p.Pro1250Glyfs Ter11
\ @ p \Val1298Phefs Ter17

FRAMESHIFT, n=60

. SPLICE, n=19 |
. MISSENSE, n=83

@p
——— —@p Glu959Asnfs Ter3

® ®
0B oot @ aeiions

'CcC_1 1 23856 78 8 10 1112 A3 14 15 16 17 18 19 20 21 22 2324 25 26 2728 29 ) 31 32 33 34 3536 37 38
.CC_2 — — o o — o — — - 2] —_ N - o —

+ + + o+ + + + + + + + + + + + + I~

c2 MO~ o =+ = & = = [ T s T o | » o o O © W -0 O W o [« B} =]

SUTYTR L oYY e v onoLe e ¥¥ L LR LR <8 0=

RO ey o OO 00 o L3 TR o p BRI Mo oM o« [ar TN o0 BN 10 B a2 ] M Mmoo o o o

Figure 4.11. Schematic representation of the 38 exons corresponding to the CC2D2A human transcript NM_001080522.2 (also
called ENST00000503292.5) and the location of the reported CC2D2A mutations. Exons numbers are shown, below it, for each
exon, it is shown the number of nucleotides corresponding to each exon (shown in multiples of three). For each exon, the
number of nucleotides is coloured in green if the total number of nucleotides is an exact multiple of 3. CC2D2A protein domains:
2 coiled-coil domains (CC) and 1 C2 domain are coloured with different colours. The CC2D2A variants reported in the literature
their corresponding exon and accordingly with their allelic frequency in the patients reported in the literature (disc size reflecting
allelic frequency). The variants are colour coded according to their annotated consequence. Exons numbers corresponding to
exons that could be suggested as candidates for a targeted exon skipping therapy, based on nucleotide numbers: are shaded in
green. Additionally, exons that could be suggested as candidates for a targeted exon skipping therapy, based tissue-specific
transcript analysis are shaded in blue, and a possible candidate exon based on conflicting domain annotation (between the C2
domain annotation provided by SMART online tool and the C2 annotation found in some studies from the literature) is shaded in
turquoise. Protein domains have been annotated considering SMART online tool. Diagram has been generated using
ProteinPaint online tool.
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There are 7 skippable exons with CC2D2A variants reported in the literature. These
are exons: 8, 13, 22, 23, 25, 30 and 31. These exons are predicted to maintain the
protein reading frame, not causing loss of protein function, if skipped. There are
some disease-causing truncating CC2D2A mutations reported up to date, that are
located in these skippable exons. The patients reported in the literature with one or
two truncating CC2D2A mutations located in any of these skippable exons are
described in Table 4.1.

In total, there are 14 CC2D2A truncating variants located in exons 8, 13, 22, 23, 25,
30 and 31, with a pathogenic effect that could potentially be skipped by an exon
targeted skipping therapy. The skipping of any of these exons could bypass the
deleterious effect of the corresponding truncating mutation/s located in that
corresponding exon and is expected to result in a near-full length functional CC2D2A

protein (Figure 4.12).

Of note, four of these truncating variants: c.517C>T; p.(Argl73Ter) (exon 8),
€.2848C>T; p.(Arg950Ter) (exon 23), ¢.2875del; p.(Glu959AsnfsTer3) (exon 23) and
c.3084del; p.(Lys1029ArgfsTer3) (exon 25), have been described in homozygosis.
(Table 4.1). As a result, it can be suggested that CC2D2A is a good candidate gene
to design and apply targeted exon skipping therapies as there are multiple skippable
exons that could potentially be used for exon skipping therapy and there are patients

with disease-causing truncating CC2D2A mutations in these exons.
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Ig ent | noty | phenot Allele 1 (Ex,Int) Allele 2 (Ex,Int) Reference
ID e e(2
(1) p ype (2)
Uw
15 41- | JBT no €.2848C>T ; €.2848C>T ; (Gorden et
IV: S p.(Arg950Ter) (Ex23) p.(Arg950Ter) (Ex23) al., 2008)
1
uw . .
16 | a7- JBT no €.3055C>T ; €.3288G>C ; (Gorden et
1 S p.(Arg1019Ter) (Ex25) p.(GIn1096His) (Ex26) al., 2008)
c.3084del ; .
20 | M Ivks | Na p.(Lys1029ArgfsTer3) c.4179+1del (Int3z) | (Talila etal,
10 2008)
(Ex25)
MK . . (Mougou-
26 S | MKS yes p (A%f%g'(l'::r;— (,Ex8) p (Arcg?:?L;'I('::r;—(’EXS) Zerelli etal,
54 ' ' 2009)
MK c.3084del ; c.3084del ; (Mougou-
29 S- | MKS yes p.(Lys1029ArgfsTer3) p.(Lys1029ArgfsTer3) Zerelli et al.,
977 (Ex25) (Ex25) 2009)
MK . (Mougou-
33 | S- | MKS | ves " 8'2257T7 :r)c(>lgx,22) @) | ©2486+16>C(n20) | Zerelietal,
365 p-(ATg 2009)
34 uw | JBT es €.3347C>T €.3145C>T (Doherty et
67 S Y p.(Thri116Met) (Ex27) p.(Arg1049Ter) (Ex25) al., 2010)
35 F;1_3 JBT o c.517C>T; c.1676T>C ; (Otto et al.,
21 S p.(Argl73Ter) (Ex8) p.(Leu559Pro) (Ex16) 2011)
A2
€.3544T>C ; c.3774dup ; (Otto et al.,
36 4511 MKS | yes | (Trp1182Arg) (Ex29) | p.(Glu1259Ter) (Ex31) 2011)
M5 c.3084del ; c.3084del ; (Hopp et al
38 | g | MKS | NA p.(Lys1029ArgfsTer3) p.(Lys1029ArgfsTer3) 2p(?11) .
(Ex25) (Ex25)
uw . €.3892_3893del ; (Bachmann-
40 | 75- ‘JET no (Lecljég;gl—g)c(éxm) p.(Vall298PhefsTerl7) Gagescu et
3 P: (Ex31) al., 2012)
" %N IBT | \a ¢.3055C>T ; C.466725T ; (g’gcgggngt'
3 S p.(Argl019Ter) (Ex25) p.(Aspl556Val) (Ex37) alg 2012)
€.1263_1264insGGCAT
i | e BT GTTTTGGC ; C.3452T>C ; (Bachmann-
3 S p.(Ser422GlyfsTer19) p.(Vall151Ala) (Ex28) alg 2012)
(Ex13) (4) B
€.1263_1264insGGCAT
23 %’V BT | GTTTTGGC ; €.3452T>C ; (g:‘:ggingt'
4 S p.(Serd422GlyfsTer19) p.(Vall151Ala) (Ex28) alg 2012)
(Ex13) (4) B
€.3544T>C, c.3774dup ; (Szymanska
51 | 128 | MKS NA p.(Trp1182Arg) (Ex29) p.(Glu1259Ter) (Ex31) et al., 2012)
61 MKS es c.3774dup ; €.4550C>G ; (Jones et al.,
y p.(Glu1259Ter) (Ex31) p.(Thr1517Ser) (Ex37) 2014)
MTI IBT €.4583G>A ; c.3082del ; (Ben-Salem
62 - S (5) NA p.(Arg1528His) (Ex37) p.(Argl1028GlyfsTer4) etal., 2014)
127 (6) (Ex25) (7) "
JBT
72 3 SIM NA €.2803C>T; c.3774dup ; (Watson et
KS p.(Arg935Ter) (Ex22) p.(Glul259Ter) (Ex31) al., 2016)

(8)
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JBT
€.2875del ; c.2875del ;
73| a4 |SMI Na 0.(GIU959ASNfsTer3) 0.(GIU959AsnfsTerg) | (Watson et
KS al., 2016)
® (Ex23) (Ex23)
€.3084del ; c.3084del ;
74 FlT | MKS | yes p.(Lys1029ArgfsTer3) p.(Lys1029ArgfsTer3) e(fng%gfg)
(Ex25) (Ex25) X
€.3084del ; c.3084del ;
78 ':1T5 MKS | yes p.(Lys1029ArgfsTer3) p.(Lys1029ArgfsTer3) éfng%gfg)
(Ex25) (Ex25) K
c.3084del ; c.3084del ;
79 Fle MKS | ves p.(Lys1029ArgfsTer3) p.(Lys1029ArgfsTer3) éfng%‘fg)
(Ex25) (Ex25) K
81 F08_5 Cog es c.1267C>T ; c.46673>T ; (Schueler et
21 an y p.(Arg423Ter) (Ex13) p.(Aspl556Val) (Ex37) al., 2016)
84 JBT es C.2581G>A; €.2848C>T ; (Xiao et al.,
S Y p.(Asp861Asn) (Ex21) p.(Arg950Ter) (Ex23) 2017)
44: .3744_3747dup ; .
JBT = : €.3989G>A ; (Vilboux et
89 | 36: no p.(Pro1250GlyfsTerll) i
00 S (Ex30) (9) p.(Arg1330GIn) (Ex32) al., 2017a)
45: ¢.3744_3747dup ; .
JBT = : €.3989G>A ; (Vilboux et
89 | 36: no p.(Pro1250GlyfsTerll) i
00 S (Ex30) (9) p.(Arg1330GIn) (Ex32) al., 2017a)

Table 4.1. Patients with truncating CC2D2A variants in potentially skippable exons
and associated phenotypes (ranked by publication). CC2D2A transcript considered:
NM_001080522.2. (1) Relates to family ID of complete database published in
Barroso-Gil et al., 2021 (Barroso-Gil et al., 2021a). Designated as NA, unless renal
phenotype clearly stated. (3) Variant initially reported as ¢.2673C>T; p.(Arg925Ter). |
assumed c.2773C>T is the correct nucleotide change given that it is predicted to give
rise to the reported protein change. (4) Variant initially reported as
€.1263_4InsGGCATGTTTTGGC; c.1268G>A,; p.(Ser423Glyfs*19). (5) Study does
not state potential extra-CNS manifestations. (6) Variant initially reported as

€.4258G>A; p.(Arg1l528His). This variant was corrected as ¢c.4583G>A,;

p.(Argl528His) (Lam et al., 2020). (7) Variant initially reported as c.1412delG;
p.(Lys472Argfs*). This variant was corrected as ¢.3082del; p.(Arg1028Glyfs*4) (Ben-
Salem et al., 2015). (8) In the study of Watson et al., (Watson et al., 2016) patients
were referred with a clinical diagnosis of either JBTS (9 patients) or MKS (17
patients). The genetic diagnosis was confirmed in 14 of the 26 cases, a diagnostic
yield of 54%. The exact phenotype is not reported. (9) Variant initially reported as
€.3743_3746dup; p.(Pro1250Glyfs*11). Cogan, Cogan-type congenital oculomotor
apraxia; JBTS, Joubert syndrome; MKS, Meckel syndrome; ML, Meckel-like

syndrome.
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Figure 4.12. Identified CC2D2A exon targets for potential exon skipping therapies
and predicted consequences of exon skipping. CC2D2A transcript considered:
NM_001080522 (also called ENST00000503292.5). CC2D2A transcript contains 38
exons. The start codon (ATG) is located in in exon 3 and the termination codon
(TAA) is located in exon 38. The predicted full-length protein contains 1620 amino
acids. Below the predicted full-length protein are shown each the different exon
skipping scenarios if each of the potentially skippable exons suggested for an exon
skipping therapy are skipped. For each of the exon skipping scenarios, in red: it is
indicated the corresponding exon that would be skipped, its size, and the size of the
protein sequence it encodes. Of note, all exon skipping events maintain the protein
reading frame. The sequence downstream each of the exon skipping events is
shown in green. The predicted protein size of the protein products (near full length
proteins) is indicated next to the corresponding protein product.
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4.2.4. Use of WGS data from the Genomics England 100,000 Genomes Project

to find novel patients presenting with biallelic CEP120 variants

Mutations in CEP120 have been associated with JBTS and complex skeletal
phenotypes (JATD, TCDOE, MKS and OFD). However the number of patients with
disease-causing pathogenic reported in CEP120 is low, which is a limitation to
establish any robust genotype-phenotype correlation and understand the molecular
basis of the pleiotropy observed in CEP120 (Roosing et al., 2016, Shaheen et al.,
2015).

In order to identify novel CEP120 patients, | used WGS data available from the
Genomics England 100,000 Genomes Project database. To search for patients
presenting with biallelic CEP120 variants, the tiering data (Genomics England Rare
Disease Tiering Process) was used, consisting in a list of variants provided by this
project for most of the participants included in the rare disease program (Figure
4.13A).
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Patients with biallelic
CEP120 variants (only tiering
data considered)

12 families investigated:
No CEP120 Tier 1 or Tier 2.
No JBTS or JATD phenotype.

In none of the patients
investigated, CEP120 variants
can be suggested to be
disease causing for the patient
phenotype.

B

Patients with CEP120
variants already reported in
the literature

6 families investigated:
No CEP120 Tier 1 or Tier 2.
No JBTS or JATD phenotype.

For none of the patients
investigated CEP120 variants
can be suggested to be
disease causing for the patient
phenotype.

Cc

Patients with cerebellar
phenotypes and/or MTS

We found a hom. variant of
uncertain significance that
may explain the phenotype of
one patient.

Some of these patients present
two of these variants. However,
some of these variants do not
segregate in an autosomal
recessive inheritance pattern.

5 families investigated:
No CEP120Tier 1 or Tier 2.
All of them have a single het.
CEP120 variant (Tier 3).

A second CEP120 variant was
found in the VCF file of these
patients.

CEP120 variants in the tiering
are rare, however, none of the
additional CEP120 variants
found in the VCF files are rare
variants.

\ J

\ J

Figure 4.13. Pipeline to search novel patients with pathogenic CEP120 variants in the
Genomics England 100,000 Genomes Project (main release v9, dated 2nd April
2020). In this analysis disease-causing variants in CEP120 or novel genotype-
phenotype associations were not found, neither extend the CEP120 phenotypic
spectrum. A: Search for patients with biallelic CEP120 mutations in the tiering data
available. There are 71161 participants in the tiering data, 33780 of those
participants are probands. B: Search for patients with CEP120 variants already
reported in the literature in the participants included in the rare disease program
(there are 9 different mutations described in the literature). There are 71672
participants in the Rare Disease Program, 33403 of those participants are probands.
C: Search for patients with cerebellar phenotypes and/or MTS and at least one
CEP120 heterozygous variant in the tiering data. For more information, see Tables
4.2 and 4.3. In Tables 4.2 and 4.3: Family 1 and Families 8-18 correspond (12
families) to analysis A, Families 2-7 (6 families) correspond to analysis B and
Families 19-23 (5 families) correspond to analysis C.
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12 families (Family 1 and families 8-18 in Tables 4.2 and 4.3) were found presenting
with biallelic CEP120 variants (not reported in the literature). These families were
included in the rare disease program of Genomics England 100,000 Genomes
Project. In these 12 families, | also searched for other putative disease variants in

other genes that could explain the patients’ phenotype.

None of the patients present a Joubert or Jeune phenotype. Some of these patients
present other ciliary phenotypes such as retinal dystrophy or ataxia. None of these
families presented CEP120 variants that could be suggested to be responsible for
the patients’ phenotypes. One of these family cases (Family 18) is already solved by
genomics England, as the patient presents compound heterozygous variants in the
gene PAH, a gene associated with Phenylketonuria (van Spronsen et al., 2021). The
patient has a phenotype consisting in abnormality of metabolism/homeostasis. After
discarding deep intronic and common variants, it cannot be suggested any other

variant/s as disease-causing for any of the rest of the patients.

Of note, one homozygous missense CEP120 variant of uncertain significance was
found in a patient diagnosed with developmental macular and foveal dystrophy (see
Family 1 from Tables 4.2 and 4.3 and Figure 4.14). This homozygous variant is:
c.1202A>C ; p.(Glu401Ala) (from now E401A variant) and it is not reported in the
literature. Pathogenicity scores: SIFT (0.05, tolerated) and PolyPhen (0.11, benign)
indicate that this variant may be benign, the CADD value is 22.4 (which is close to
the threshold of being pathogenic: 25), MutationTaster describes it as “disease-
causing”, and it is rare according to gnomAD (0.000032 of total allele frequency). Its
pathogenicity is described by the ClinVar database and American College of Medical

Genetics and Genomic (ACMG) guidelines as a variant of uncertain significance.

No other putative pathogenic variants have been found in this family, it cannot be
determined if this homozygous CEP120 variant is the cause of the patient phenotype.
In this and the rest of the chapters of this thesis, | use the terms “disease-causing” or
“pathogenic” indistinctly for a variant with enough evidence of being responsible for
the clinical phenotypic found in the corresponding patient. However, a variant
described as disease-causing, pathogenic or deleterious by MutationTaster or other
tools for analysis of pathogenicity, may not be described as “disease-causing” or

“pathogenic” after combining all the analyses and assessments.
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E | E 10 ry Generalized tonic-clonic seizures, Focal seizures, Ataxia

197




P1| P1
20 | 20
1_4 1_4 19
clc 65 Hereditary Lower limb spasticity, Impaired vibratory sensation, Demyelinating peripheral
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20 | 20
cl1c NR NR | NA Brain Cerebellar atrophy and other HPO terms Unkno
E | E channelopathy wn
P1 | P1
20 | 20
21| 21
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Table 4.2. Phenotypic information of the families investigated to find novel patients with pathogenic CEP120 variants in the Genomics

England 100,000 Genomes Project. The year of birth and some of the clinical phenotypes are not specific or are not included according
to the indications of the Airlock tool to extract the results of this analysis from the Research Environment of Genomics England 100,000
Genomes Project. Case solved family column refer to the cases solved by Genomics England (main release v9, dated 2nd April 2020).

Two families are solved by Genomics England: Family 2 (variant in ANKRD11: GRCh37, chr16:89346157:C>CG) and Family 18

(compound heterozygous for two pathogenic variants in PAH: chr12:102840399C>T and chr12:102844359G>C). NR, not relevant; NA,
not available.
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1- 1-
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4- 4-
CEP1 | CEP1
20 20
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ALM | ENSTO0000 notin-| 4550
s1 0613296 5 €.10628C>G p.Thr3543Ser het ; étli?l . 1594 16/23 NA missense
ENSTO0000 . rs3777 )
KIF7 0394412 8 c.2072G>A p.Arg691His het TIERS3 12806 10/19 NA missense
ENSTO0000 rs7499 .
KIF7 0394412 8 C.2345G>A p.Arg782GIn het TIER3 48143 11/19 NA missense
5- 5-
CEP1 | CEP1
20 20
TTLL | ENST0000 rs7556 .
3 04268959 c.2717C>T p.Pro906Leu het TIER3 65773 13/13 NA missense
not in . .
TTLL | ENSTO000 . _ rs1465 splice_region,s
3 0426895.9 c.1155C>T p.His385= het ; (;'r]i?\ 75088 8/13 NA ynonymous
6- 6-
CEP1 | CEP1
20 20
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Cg%l Cgc-)Pl CllgoP ISQZSB';%%OQ) c.451C>T p.Argl51Ter het TIER3 rgg?g;; 5/21 NA stop_gained
Tﬁ) 5'2\'5’92070% ¢.3530A>G p.His1177Arg het | TIER3 5533122%86 22/57 NA missense
TElD 5'2\1%2070202 ¢.5125G>C pGly1709Arg het TIER3 r:;;’g? 32/57 NA missense
CCRCO (i'\;gggfi% C.5237G>A p.Argl746GIn | het | TIER3 :35;13377 32/37 NA missense
CCRCO é'\;ggg(l)ol% €.1892C>T p.Ala631Val het TIER3 r;gggzl 14/37 NA missense
Uzi\H gg‘;ga%og Cc.4714C>T p.Leul572Phe het TIER3 r;;;;g 22[72 NA missense
US| SN0 | c2200deig | POMTOTSOMST et | migrs | 192093 | 13772 NA frameshift
Clgl;l 02[31 CEP | ENST0000 €.2230C>T 0.Arg744Cys | hom | TIER3 | 7837 | 1721 hlj)rrifz?ltoliri]nﬂtjges ifl:tiﬂgri?n missense
20 o0 | 120 | 03282369 87298 ot
SAR | ENSTO000 | 543 5434e1a | P-AlRB2LeufsTer |0 1 11gRs - 5/8 rﬂiﬂ& r:nﬂ#:es ifgltir?gri?n frameshift,
1B 0439578.5 28 het. splice_region
M'l‘c 52985207%%) C.544G>A p.Alal82Thr | hom | TIER2 r5s$7367§1 7112 Prese?;tiﬂeff'ilnsrigi_”g and missense
ctpr |cep | 5F | ENSTO0 | casrcot | pagsaicys | her | TIERS | S | 2000 A issense
Cigop '32'2%1_2%%(_’8 C.2266C>T p.Arg756Cys het | TIER3 gll%% 17/21 NA missense
PI;D 5'2\16822%308 €.1159G>A p.Ala387Thr het TIER3 - 5/46 NA missense
HTT é“;gggg% 115 rlééc A p.Pro49dup het | TIER3 - 1/67 NA i”framgﬁinse”i
v | S0 [0 ecs | O PO | [ ema | - | uw | |
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IFT8

ENSTO0000

missense,splic

0 032644812 c.1516G>A p.Gly506Arg het TIER3 - 14/20 NA e_region
10- 10- . .
CEP | ENSTO0000 rs7619 splice_region,
ngl C'zzgl 120 | 03282369 | C1431:8A>T ) het | TIER3 | 15664 NA intronic
CEP | ENST0000 . rs1894 .
120 | 0328236.9 C.779G>A p.Arg260His het TIER3 29890 7121 NA missense
PLP | ENSTO000 €.-290+4_- i rs5797 i splice_region,
1 | 04344835 290+5insT hom | TIER2 | 5508 NA intronic
11- 11- . .
CEP | ENSTO0000 _ rs7645 splice_region,
CEOPl ngl 120 | 0328236.9 c.324A>C p.Alal08= het TIER3 78251 5/21 NA SyNONYMOuUs
CEP | ENST0000 rs7738 .
120 | 0328236.9 c.325C>A p.Pro109Thr het TIER3 32163 5/21 NA missense
DNA | ENST0000 rs1297 .
H6 03893948 C.6025T>A p.Tyr2009Asn het TIER3 433574 37177 NA missense
DNA | ENST0000 notin | 1455
H6 0389394 8 €.7536G>A p.Glu2512= het tigr]i(re]g 047778 47177 NA synonymous
DNA | ENST0000 rs2018 :
H5 0265104.4 c.4258A>G p.Asn1420Asp het TIER3 21311 27179 NA missense
DNA | ENST0000 rs5762 . .
H5 0265104.4 C.799-51A>G - het TIER3 46423 - NA intron variant
DNA | ENST0000 rs3696 .
H5 02651044 €.9694C>T p.GIn3232Ter het TIER3 83202 57179 NA stop_gained
DNA | ENSTO0000 rs5603 .
H5 0265104 4 €.8383C>T p.Arg2795Ter het TIER3 98270 50/79 NA stop_gained
12- 12- | cEP | ENST0000 rs7571
ng’l ngl 120 | 03282369 C.2443C>T p.Arg815Cys het TIER3 66785 18/21 NA missense
CEP | ENST0000 .
120 | 0328236.9 €.1492C>G p.Arg498Gly het TIER3 - 11/21 NA missense
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13- 13-
CEP | ENST0000 . rs1894 .
ng’l CI;OPl 120 | 0328236.9 C.779G>A p.Arg260His hom TIER3 29890 7121 NA missense
14| 1% | cep | ENST0000 (7747
ngl CI;OPl 120 | 0328236.9 C.868T>A p.Leu290lle hom TIER3 72594 8/21 NA missense
PKD | ENSTO0000 rs1596 .
1 0262304.9 €.10094T>C p.Leu3365Pro het TIER3 503620 31/46 NA missense
IFT1 | ENSTO0000 . rs7722 .
79 0260570 8 €.4136G>A p.Arg1379His het TIER3 12247 37/48 NA missense
IFTL | ENST0000 notin- <1303
72 0260570 8 €.4990C>T p.Arg1664Trp het . gr]ien . 48179 46/48 NA missense
ALM | ENSTO000 rs5435 .
S1 0484298 5 c.3017G>T p.Ser1006lle het TIER3 97396 7122 NA missense
ALM | ENSTO0000 rs3718 .
S1 0484298 5 C.2912A>G p.Tyr971Cys het TIER3 93544 7/22 NA missense
15- 15- . .
CEP | ENSTO000 rs7634 Present in mother in het. .
ngl Cl;(F)’l 120 | 03282369 c.2711G>T p.Arg904lle het TIER3 51025 20/21 and not present in father missense
CEP | ENSTO000 Present in father in het. .
120 | 0328236.9 c.472A>C p.llel58Leu het TIER3 - 6/21 and not present in mother missense
NSD | ENSTO0000 rs1403 Present in mother in het. .
HL | 0370274.8 C.2331>C p-val78Ala hom | TIERZ | 57958 | 38 | and not present in father missense
16- 16-
CEP | ENSTO0000 rs2004 .
CEOPl Clggl 120 | 0328236.9 €.1180C>T p.Pro394Ser het TIER3 50605 9/21 NA missense
CEP | ENST0000 . rs1894 :
120 | 03282369 C.779G>A p.Arg260His het TIER3 29890 7121 NA missense
CCD | ENST0000 rs7116 stop_retained,
ca0 | o37agrry | C20-r82del - hom | TIER3 | "5q1g | 18/18 NA 3 prime_UTR
17- 17- . . . .
CEP | ENSTO0000 Present in father in het. splice_region,
ngl ngl 120 | 0328236.9 C.-35G>A i het TIER3 i 121 1 and not present in mother | 5 _prime_UTR
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CEP

ENSTO0000

rs7776

Present in mother in het.

120 | 0328236.9 €.2689C>T p.Arg897Ter het TIER3 87497 20/21 and not present in father stop_gained
18- 18-
CEP | ENST0000 rs1995 .
ngl CIZEOPl 120 0328236.9 c.1492C>T p.Arg498Trp het TIERS 09467 11/21 NA missense
CEP | ENST0000 . rs1894 .
120 | 0328236.9 C.779G>A p.Arg260His het TIER3 29890 7121 NA missense
ENSTO0000 rs6251 .
PAH 0553106.6 c.1042C>G p.Leu348Val het TIER2 6092 10/13 NA missense
ENSTO0000 rs5030 .
PAH 0553106.6 €.1315+1G>A - het TIER1 861 - NA splice_donor
19- 1 19- 1 cep | ENST0000 15317
ngl CI;(F;l 120 | 03282365 C.2690G>A p.Arg897GIn het TIER3 28977 20/21 NR missense
CEP | ENST0000 . not rs2303 .
120 | 03282365 €.2840G>A p.Arg947His het tiered 720 21/21 NR missense
20- 20-
cep1 | cep1 | CEP | ENSTO000 | ooggingy | GlU769AMGISTer | por | TiER3 - |72t NR frameshift
120 | 0328236.5 12
20 20
CEP | ENST0000 homo | o | (s6505
120 | 03282365 €.1804C>G p.Leu602Val zygou tiered 440 13/21 NR missense
homo
CEP | ENSTO0000 not rs3432 | Intron . .
120 | 03282365 | C1431-7del ; YU tiered | 8840 | 10/21 NR splice_region
21- 21- | CEP | ENST0000 rs1182
ngl Cl;(F)’l 120 0328236.5 c.1358A>G p.His453Arg het TIERS 201409 10/21 NR missense
CEP | ENST0000 . not rs2303 .
120 | 03282365 €.2840G>A p.Arg947His het tiered 720 21/21 NR missense
22- | 22 | cEp | ENST0000 17686
ng’l ngl 120 | 03282365 €.1040C>G p.Ser347Cys het TIER3 96922 9/21 NR missense
CEP | ENST0000 . not rs2303 :
120 | 03282365 €.2840G>A p.Arg947His het tiered 720 21/21 NR missense
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23-
CEP1
20

23-
CEP1
20

CEP

ENSTO0000

Intron

120 | 03282365 | C20TAAG - het | TIER3 | - | 509 NR splice_region
CEP | ENST0000 not | rs6595 .

“50 | oaomosse | C-1804C>G pleuso2val | het | O | TS0 | 1321 NR missense
CEP | ENSTO000 not rs3432 | Intron . :
120 | 03282365 | C1431-7del ] het | tiered | 8840 | 10/21 NR splice_region

Table 4.3. Variants from the families investigated in the Genomics England 100,000 Genomes Project to find novel disease-causing
CEP120 variants. CEP120 variants reported in the literature are highlighted in orange. CEP120 variant which was further studied as it
potentially could be disease-causing is highlighted in blue. The rest of the CEP120 variants were discarded as potentially disease-
causing. Het, heterozygous; hom, homozygous; NR, not relevant; NA, not available.
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Family with a putative disease-causing novel CEP120 variant

Family 1-CEP120

% O

Glu401Ala/+

e

Glu401Ala/Glu401Ala
Developmental macular
and foveal dystrophy

Figure 4.14. Pedigree diagram showing the segregation of a missense CEP120
variant in a consanguineous family. Patient 1-CEP120 (represented by a black
diamond pointed by an arrow) presents a homozygous CEP120 variant: c.1202A>C,;
p.(Glu401Ala). This variant is present in the patient’s father, in heterozygous state
(represented by a white square pointed by an arrow). There is not genome
sequencing information from the mother. Affected and unaffected individuals are
coloured in black and white respectively.

4.2.5. Use of WGS data from the Genomics England 100,000 Genomes Project

to find patients with known CEP120 variants

To identify novel CEP120 patients, using WGS data available from the Genomics
England 100,000 Genomes Project database, | searched for patients presenting any
of the nine variants already reported in the literature. These variants were searched
in all the participants included in the rare disease program of the Genomics England
100,000 Genomes Project, regardless if they went through the Genomics England
Rare Disease Tiering Process or not (Figure 4.13B).

| found 6 families (families 2-7 in Tables 4.2 and 4.3 and Figure 4.15) presenting
CEP120 variants already reported in the literature. In these 6 families, other putative
disease variants were searched in other genes that could explain the patients’
phenotype. None of the patients present a Joubert or Jeune phenotype. Some of
them present other ciliary phenotypes such retinal dystrophy, ataxia or abnormality of
the skeletal system. None of these families presented CEP120 variant/s in
homozygosis or compound heterozygosis that could be suggested to be responsible

for any of the patients’ phenotype.
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Families with CEP120 variants already reported in the literature

Family 2-CEP120 Family 3-CEP120
Ala199Pro/Leu712Phe ++
Ala199Pro/Leu712Phe Leu712Phe/Leu712Phe
Intellectual disability Hereditary Motor Sensory Neuropathy
Family 4-CEP120 Family 5-CEP120

& ¢ O

Ala199Pro/Leu712Phe Ala199Pro/Leu712Phe
Hereditary haemorrhagic Amyotrophic lateral sclerosis

telangiectasia or motor neuron disease

Family 6-CEP120 Family 7-CEP120

O~ O

+/+

Ala199Pro/Leu712Phe Arg151Ter/+
Epilepsy plus other features Hereditary spastic paraplegia

Figure 4.15. Pedigree diagram showing the families presenting CEP120 mutations
already reported in the literature. All these CEP120 variants shown in this figure were
found in heterozygous state, except for Leu712Phe variant present in the proband in
Family of 3-CEP120 (which was found homozygously). Arrows indicate the
participants from the rare disease cohort in which the genome sequencing is
available. Black diamonds indicate affected individuals, while white circles or squares
indicate non affected individuals. Lined parent in Family 3 indicates that the parent
phenotype is not described as affected or not affected, it is described as unknown.
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One of these families (Family 2-CEP120) is already solved by genomics England by
heterozygous variant in the gene ANKRD11.This proband, diagnosed with intellectual
disability, presents a heterozygous frameshift variant in the gene ANKRD11:
€.6792_6793insC (p.Ala2265ArgfsTer8), which is not present in any of the unaffected
parents. ANKRD11 is a gene associated with KBG syndrome, a rare disease
involving intellectual disability and other phenotypes including craniofacial and
skeletal phenotypes following an autosomal dominant inheritance pattern (Sirmaci et
al., 2011, Breslow et al., 2018). After discarding deep intronic and common variants,
it cannot be suggested any other variant/s as disease-causing for any of the rest of

the patients.

Of note, in two of these families (Families 2-CEP120 and 6-CEP120, in which
genome sequencing of both and one of the parents, respectively, is available) the
CEP120 variants were analysed and excluded as putative disease-causing variants.
There is no evidence to support that these variants could be responsible for the
patients’ phenotype given that in both probands these variants seem to be inherited
in cis, from a healthy parent. Furthermore, the variant ¢.2134C>T; p.(Leu712Phe)
was found in 577 participants in the 100,000 Genomes Project, in one of them in
homozygosis (Family 3), this is a frequency of ~0.004, which is found (in the 100,000
Genomes Project rare disease participants) to be more than 100 times more frequent
than the other two CEP120 reported variants: ¢.595G>C; p.(Alal199Pro) and
c.451C>T; p.(Argl51Ter) (Table 4.4). Interestingly, the 4 participants presenting the
c.595G>C; p.(Alal99Pro) variant in heterozygosis also presented the ¢.2134C>T;
p.(Leu712Phe) variant in heterozygosis.
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Allele frequency in the participants Allele frequency in the participants
) included in the tiering data included in the rare disease program
Mutation
Probands Total Probands Total
c.595G>C ; 3/67560 3/142322 4/66806 5/143344
p.(Ala199Pro) (4.4405E-05) (2.1079E-05) (5.9875E-05) (3.4881E-05)
€.2134C>T Not in the tiering | Not in the tiering 471/66806 578/143344
p.(Leu712Phe) data data (0.00705) (4.0323E-03)
c.451C>T ; 1/67560 1/142322 1/66806 1/143344
p.(Argl51Ter) (1.4802E-05) (7.0263E-06) (1.4969E-05) (6.9762E-06)

Table 4.4. Allele frequency of the CEP120 mutations published in the literature up to
date found in the rare disease cohort of the 100,000 Genomes Project. Data obtained
from 100,000 Genomes Project main release v9 (dated 2nd April 2020). There are
71161 participants in the tiering data, 33780 of those participants are probands.
There are 71672 participants in the Rare Disease Program, 33403 of those
participants are probands. CEP120 transcript: NM_153223.3.

Additionally, | searched for CEP120 variants in patients diagnosed with Joubert
syndrome, Cerebellar hypoplasia or rare multisystem ciliopathy ciliopathies (117
participants) and presenting any of the HPO phenotypes that contain the words
“cerebellar” , “cerebellum” or “molar tooth sign” (692 participants found) (Figure
4.13C). Firstly, the tiering data was used, finding 5 patients with heterozygous rare
CEP120 variants. | then looked for a second CEP120 heterozygous variant, not
limited to the tiering data, searching directly in the VCF file of each patient to include
available annotated variants. However, in all the 5 patients investigated, these
second heterozygous variants are common (Families 19-23 in Tables 4.2 and 4.3).
None of these families presented CEP120 variants that could be suggested to be

responsible for the patients’ phenotypes.

4.2.6. Use of WGS data from the Genomics England 100,000 Genomes Project
to find novel patients presenting with biallelic variants in TOGARAML1, a gene

recently associated with Joubert syndrome

In order to find JBTS patients presenting novel disease-causing variants in JBTS
candidate genes. the tiering data of the 100,000 Genomes Project was used. |
searched for any patient presenting pathogenic variants in TOGARAM1, a gene
recently associated with JBTS. it was found one JBTS patient (JAS-L50) presenting a
nonsense variant (c.5023C>T; p.(Argl675Ter)) and a missense variant (c.1112C>A;
p.(Ala371Asp)) in compound heterozygous state (Tables 4.5 and 4.6 and Figure
4.16) (Latour et al., 2020).
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Ethnic Molar d'Del;/'I' Ar;nea/t Aetil id Cranio- h
ity Sex | Age T isabilit | achypne eye Kidney — Other
y a mvts
Short stature,
generalized
Oculom hypotonia,
otor lumbar
apraxia, hyperlordosis,
W_h_ite Fem 14 Yes Yes NA Yes Yes bilatgral obesity, jqi_nt
British | ale ptosis, hypermobility,
left nonverbal,
jaw/wink autistic
ptosis behaviours,
small scared left
kidney

Table 4.5. Clinical features of JAS-50, a patient with TOGARAM1-related JBTS. The
patient does not present retinal, liver, polydactyly or coloboma phenotypes. Abnl,
abnormal; Dev, developmental; mvts, movements; NA, not available.

C .
A Mutati | gno | Ge
Mutation D SIFT | PolyPhen REVEL ACMG | onTas | mA | not Zygosity
D ter D | ype
¢.5023C>T Disea /2
; Pathog se !
' 38| NA NA NA . .| 514 | het NA
p.(Argl675 enic causin | 7 4
Ter) g
C'lll_2C>A 26 Delet Possibly dli_sl,légze Likely D[Sseea 5/2 Present in
' eriou | damaging . pathog . 825 | het | the mother
p.(Ala371A | .3 s (0) (0.895) causing enic causin | ‘o in het
sp) ) (0.657) g '

Table 4.6. Predicted pathogenicity and allele frequency of TOGARAM1 variants
found in JAS-50 patient with TOGARAM1-related JBTS. gnomAD v2.1.1 was used to
find the allelic frequency of both variants. No homozygotes were found in gnomAD
for any of the variants. The rs ids corresponding to ¢.5023C>T ; p.(Argl675Ter) and
€.1112C>A; p.(Ala371Asp) variants are rs745704336 and rs370676288 respectively.
TOGARAML1 transcript: NM_015091.4. NA, not available.
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Family JAS-L50 presenting a novel disease-causing TOGARAM1 variants

A B c5023C>T:  cA112CoA: C c.5023C>T; p.(Arg1675Ter)  ¢.1112C>A; p.(Ala371Asp)

p.(Arg1675Ter) p.(Ala371Asp) : = — = = — e

- ] oAb T A T AL TG A A LA G GACCCAG AL 6T C6AAS

JAS-L50 = Lo 5
bl S Proband , i

~ . ‘.f;‘ul i /\ X f"\ fin N g‘\ ; 1 f e
Ala371Aspl+ = £ a‘f"‘(\' VAY VEVA N RVAVETAIR AR A L !

e = P CEE R ANARE FAATY

700 750 5,800 4240 4260 4280 4300 J4320) 4340 4360 4380 4400

i . — 3 re =1 30 285 ET) 255 300
! - ATRTRTCTATT A T e R € ATE G ATCTCTT G -cf ¢ G- T GG A A Gt

Arg1675Ter/Ala371Asp —= Pa Mother , 1 /| & i : . .
Joubert Syndrome == = i 'Il:\ 'J\ , f'\ A NoA |H ‘ f
bz = HH .‘,#H\f‘"m‘" e\.“: w . \ Ao A

= o Y i““"‘ Ay { /\ [ I A /" .]M ]

| | ! { J i\ -1 } ‘r"/ Ji\ | [ & \ YR f

f— | A \ V- A x( AA }« CU Y 1 _ﬁ \‘ TR VA

. . s 5,700 5720 5740 L( 780 5,800 5820 $ 4240 4260 4280 4300 Q43200 4340 4360 4380 4400

Figure 4.16. Variant segregations and sequencing visualisation of the in a family presenting a novel disease-causing TOGARAM1
variants leading to JBTS (Latour et al., 2020). A: Pedigree diagram showing a female JBTS patient (represented by a black circle)
presenting two variants in TOGARAML. This patient is included in the Genomics England 100,000 Genomes Project (main release v8,
dated 28" Nov 2019). The patient presents a nonsense variant: ¢.5023C>T; p.(Arg1675Ter), possibly inherited from her father
(represented by a white rectangle), and a missense variant: c.1112C>A; p.(Ala371Asp), inherited from her mother (represented by a
white circle). Genome sequencing from the father was not available. Affected and healthy individuals are coloured in black and white,
respectively. B: Visualization of the next-generation sequencing data for the patient using the Integrated Genome Viewer (IGV)
confirming that the patient carries both pathogenic TOGARAML variants. Grey bars indicate individual reads, pathogenic variants are
shown red (nucleotide base T) and green (nucleotide base A); nucleotides at the bottom of the IGV visualisation corresponds to the
reference alleles. C: DNA Sanger sequencing chromatograms provided by referring physician confirming the presence (indicated as a
red rectangle) or absence (indicated as a green rectangle) of the corresponding TOGARAML1 variants in the proband and her mother.
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4.2.7. Analysis of CCDC28B as a candidate gene for Joubert syndrome

There are more than 40 genes that have been associated with JBTS phenotypes
(Focsa et al., 2021, Bachmann-Gagescu et al., 2020, Gana et al., 2022, Dewees et
al., 2022). There are many other JBTS candidate genes that have been associated
with other ciliopathies, such as CEP164 and CELSR2, but there is not enough
evidence to define them as JBTS genes (Chaki et al., 2012, Vilboux et al., 2017b).

| analysed a variant in CCDC28B: c.73C>T ; p.(Arg25Trp) reported in the article by
Radha Rama Devi et al. (Radha Rama Devi et al., 2020). The pathogenicity of this
variant was discussed, as well as if that variant should be considered to suggest
CCDC28B as a novel candidate JBTS gene (Barroso-Gil et al., 2020).

The authors in Radha Rama Devi et al. provided molecular genetic diagnosis of a
large cohort (Radha Rama Devi et al., 2020). This cohort consisted in 59 JBTS
patients, from 55 families, and the authors of this study provided a genetic diagnosis
in 36 families. Biallelic mutations in CEP290 were the most common genetic cause of
JBTS in this cohort.

The authors also found a putative disease-causing variant in CCDC28B ciliary gene,
homozygously in a JBTS patient. This gene has not been associated to JBTS before

so the author suggests it as a novel candidate JBTS gene.

The family in which the putative disease-causing variant segregates, consist in one
affected proband (JBTS patient), an affected foetus (vermis hypoplasia revealed at
20 weeks of gestation and homozygous for the CCDC28B variant) and the
unaffected parents (carriers of the CCDC28B variant in heterozygosis). The JBTS
patient presented the molar tooth sign characteristic of JBTS, severe intellectual

disability and polydactyly.

CCDC28B is a ciliary gene that was previously associated to the primary ciliopathy
Bardet-Biedl syndrome, as a modifier gene (Badano et al., 2006a, Cardenas-
Rodriguez et al., 2013). The CCDC28B variant was analysed in terms of predicted
pathogenicity and allele frequency.

The CCDC28B variant was found homozygously in this reported JBTS patient and
the affected foetus, and it is a missense variant: CCDC28B: ¢.73C>T; p.(Arg25Trp).

| used various prediction tools available to perform in silico analyses. MutationTaster

was used, which described the variant as a polymorphism.
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According to ACMG guidelines and REVEL pathogenicity score this variant is
described as benign (Table 4.7). In contrast, it is described by SIFT and PolyPhen
pathogenicity scores as deleterious and possibly damaging, respectively, and its

CADD pathogenicity score is 30, which indicates that this variant may be deleterious.

More interestingly, the allele frequency of this variant is very high (too high to suggest
is responsible for causing a rare disease as JBTS) in gnomAD, with an allele
frequency of 0.03285 and 223 homozygous individuals across a full range of
ethnicities (Table 4.8).

The high allele frequency of this variant suggests it is not disease-causing. It is
suggested that homozygosity mapping and whole-exome sequencing should be
combined, as their utility genes has been demonstrated to genetically solve patients
and find putative disease-causing variant in novel JBTS candidate in the last few
years (Alkanderi et al., 2018).

It can misleading to consider CCDC28B as a new JBTS gene as the pathogenicity of
this CCDC28B variant: ¢.73C>T; p.(Arg25Trp) is not clear in silico and has not been

confirmed.

As a comparison, | suggest reviewing other similar examples in which an allele, of a
variant found in other studies, with a relatively high allele frequency is not responsible
for JIBTS when found homozygously. A similar example is the variant KIAA0O586
(NM_001244189.2): c.428delG. However, this KIAA0586 variant (gnomAD v.2.1.2.
allele frequency: 0.00312, including 2 homozygous individuals) is suggested to be
disease-causing in compound heterozygous state (Pauli et al., 2019). Of note,
considering the data from the main release v16 (dated 13th October 2022) of the
Genomics England 100,000 Genomes Project (Rare Disease), in particular all the
participants recruited in the Rare Disease program with a diagnosed disease
(n=35936), this variant has an allele frequency of 0.0039 (282/71872) and none of
these participants presented this KIAA0586 variant homozygously.

The analysis of this CCDC28B variant reported by Radha Rama Devi et al. (Radha
Rama Devi et al., 2020) reinforces the importance of doing a full assessment of all
the putative disease-causing variants for each investigated patient, in particular,
evaluating the allele frequency of putative disease-causing variants is essential
(Barroso-Gil et al., 2020).
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CADD SIFT PolyPhen REVEL ACMG | MutationTaster

Deleterious Possibly Damaging Likely benign

30 ) (0.824) (0.192)

Benign | Polymorphism

Table 4.7. Predicted pathogenicity of CCDC28B variant: ¢.73C>T; p.(Arg25Trp). rs id
or the variant is rs1407134. CCDC28B transcript: NM_024296.5.

100,000
Genomes
gnomAD v2.1.1 gnomAD v3.1.2 Project (Rare
Disease)
Min Max Total Total n Min Max Total Total
allele allele allele of allele allele allele | Totaln | allele | Total n
freq freq freq hom freq freq freq hom. freq hom.
(1) (2 3 ' (4) ) (6) (7)
0.0129 | 0.0647 | 0.0329 223 0.0228 | 0.0823 | 0.0364 140 0.0242 40

Table 4.8. Allele frequency of CCDC28B variant: ¢.73C>T; p.(Arg25Trp). Freq,
frequency; hom, homozygotes; n, number of individuals; max, maximum; min,
minimum. Rs id or the variant is rs1407134. (1) Allele count/allele number/number of
hom: 457/35410/3 (Latino/Admixed American). (2) Allele count/allele number/number
of hom: 668/10328/16 (Ashkenazi Jewish). (3) Allele count/allele number/number of
hom: 9250/281584/223. (4) Allele count/allele number/number of hom:
1553/68034/22 (European (non-Finnish). (5) Allele count/allele number/number of
hom: 26/316/0 (Middle Eastern). (6) Allele count/allele number/number of hom:
5533/152152/140. (7) Allele count/allele number/number of hom: 1740/71872/40.
The data was obtained from the Genomics England 100,000 Genomes Project (Rare
Disease) using the main release v16, dated 13th October 2022 and considering the
participants recruited in the Rare Disease program with a diagnosed disease
(n=35936).

4.2.8. Expression of CEP120 Shh-LIGHT2 cells and primary human fibroblasts

| wanted to assess if | was able to observe any difference in Hh signalling upon
Cep120 knockdown. To do this, Shh-LIGHT2 cells were used, as they are Hh-
responsive cells used to assess effects on Hh protein (Taipale et al., 2000, Chen et
al., 2002). | also wanted to assess if | was able to extract RNA from these cells and
analyse the effects of Hh signalling upon Cep120 knockdown via a dual luciferase
assay and at RNA level via gPCR.

Shh-LIGHT2 have already been used to investigate the molecular genetics of primary
ciliopathies with a focus on Hh signalling. Previous studies knocked out different
genes in Shh-LIGHT2 cells via CRISPR/Cas9 system and used luciferase reporter
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assays and other functional analyses to investigate the role of different genes in Hh

signalling and ciliary function (Breslow et al., 2018, Pusapati et al., 2018).

One advantage of the use of Shh-LIGHT2 cells is that this mouse cell line grows at a
faster pace and for more passages compared with human primary cells such as
hURECSs or primary fibroblasts, as Shh-LIGHT2 are immortalised mouse cells (Chen
et al., 2002, Taipale et al., 2000). The use of Shh-LIGHT2 cells can reduce the time
and resources required to perform certain functional analysis, being Shh-LIGHT2

cells suitable for functional assays to investigate ciliary function of specific genes.

The use of Shh-LIGHT2 cells is relevant to assaying ciliary function because Shh-
LIGHT2 cells allow to perform multiple functional analyses such as analysis of RNA
and protein expression, immunofluorescence staining of ciliary and centrosomal
components and also dual luciferase assay to study effects on Hh signalling (Chen et
al., 2002, Taipale et al., 2000, Breslow et al., 2018, Pusapati et al., 2018). The use of
Shh-LIGHT?2 cells allows to study the role of Cep120 in Hh signalling. Furthermore, it
can be suggested that a similar approach could be applied to investigate the

molecular genetics of other ciliopathy genes.

Other studies have shown that the amount of Smo per unit length cilium was reduced
in Cepl20-depleted MEFs (Betleja et al., 2018) and the cerebellum of a conditional
Cepl120 knockout mouse for the CNS, lacked a response to Hh signalling (Wu et al.,
2014). However, the role of CEP120/Cep120 in Hh signalling is not fully understood.

The use of Shh-LIGHT2 cells allows the analysis of the staining of the CEP120
commercial antibody (from by Biorbyt Ltd). This commercial CEP120 antibody has
not been described in the literature, as other studies have used in-house generated
CEP120 antibodies (Betleja et al., 2018, Mahjoub et al., 2010, Tsai et al., 2019). The
use of an effective CEP120 commercial antibody an alternative to the use of other
CEP120 antibodies and reduce the time and resources required for future functional

analyses investigating the molecular genetics of CEP120.

Shh-LIGHT?2 cells allow the study of Hh signalling, evaluate the effectiveness of the
CEP120 antibody and validate the Cep120 knockdown via siRNA.

The use Shh-LIGHT2 cells provides the first step to further understand the molecular
disease pathogenesis of Cepl120. Shh-LIGHT2 cells are suitable to perform

functional analyses such as siRNA gene knockdown, analysis of gene expression
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and immunofluorescence. Additionally, the use of Shh-LIGHT2 cells will set the basis
for further functional studies using human primary cells to study patient-specific

CEP120 mutations (pipeline described in Figure 2.9).

| wanted to observe CEP120/Cepl120 protein at the centrosome, where it is
expected. | want to validate its centrosomal location in different cell types: mouse
Shh-LIGHT2 cells (NIH-T3T derived cells) and primary human fibroblasts. This will
allow to detect any change, if any, in expression and location of CEP120/Cep120
upon CEP120/Cep120 knockdown.

It has been observed Cepl120/CEP120 protein in different cell types. By doing
Immunofluorescence | visualised Cep120/CEP120 at the centrosome and basal body

of the primary cilium in control (not treated) cells (Figures 4.17-4.22).

Using primary human fibroblasts of a healthy individual, CEP120 was observed at the
centrosome and basal body of the primary cilium, after 24h of serum starvation
(Figures 4.17 and 4.18). In immortalised mouse cells, Shh-LIGHT2 cells, Cep120 can
also be observed at the centrosome and basal body of the primary cilium, after 24h

of serum starvation (Figures 4.19-4.22).

Figure 4.17. Immunofluorescence microscopy in human fibroblasts. CEP120 is
observed at the centrosome. Left image (A) shows the antibodies: PCNT (red), which
is a centrosome marker, and CEP120 (green). DAPI, a nuclear marker is shown in
blue. CEP120 and PCNT antibodies are also shown in the middle (B) and right (C)
images respectively, in white. Primary control human fibroblasts were serum starved
for 24 hours. Fluorescence microscopy (Zeiss Axiolmager) was used for
visualisation. PCNT, Pericentrin. Scale bar: 10 pum.
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Figure 4.18. Immunofluorescence microscopy in human fibroblasts. CEP120 is
observed at the basal body of the cilium and centrosome. Left image (A) shows the
antibodies: ARL13B (red), which is a ciliary membrane marker, and CEP120 (green).
DAPI, a nuclear marker is shown in blue. CEP120 and ARL13B antibodies are also
shown in the middle (B) and right (C) images respectively, in white. Primary control
human fibroblasts were serum starved for 24 hours. Fluorescence microscopy (Zeiss
Axiolmager) was used for visualisation. Scale bar: 10 pum.

Cep120

Figure 4.19. Immunofluorescence microscopy in mouse Shh-LIGHT2 cells. Cepl120 is
observed at the centrosome. Left image (A) shows the antibodies: Pcnt (red), which
is a centrosome marker, and Cep120 (green). DAPI, a nuclear marker is shown in
blue. Cepl120 and Pcnt antibodies are also shown in the middle (B) and right (C)
images respectively, in white. Shh-LIGHT2 cells were serum starved for 24 hours.

Fluorescence microscopy (Zeiss Axiolmager) was used for visualisation. Pcnt,
Pericentrin. Scale bar: 10 um.
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Cep120

Figure 4.20. Immunofluorescence microscopy in mouse Shh-LIGHT2 cells. Cep120 is
observed at the basal body of the cilium and centrosome. Left image (A) shows the
antibodies: Arl13b (red), which is a ciliary membrane marker, and Cep120 (green).
DAPI, a nuclear marker is shown in blue. Cep120 and Arl13b antibodies are also
shown in the middle (B) and right (C) images respectively, in white. Shh-LIGHT2 cells
were serum starved for 24 hours. Fluorescence microscopy (Zeiss Axiolmager) was
used for visualisation. Scale bar: 10 pm.

Figure 4.21. Immunofluorescence microscopy in mouse Shh-LIGHT2 cells. Cepl120 is
observed at the centrosome. Left image (A) shows the antibodies: Pcnt (red), which
is a centrosome marker, and Cep120 (green). DAPI, a nuclear marker is shown in
blue. Cep120 and Pcnt antibodies are also shown in the middle (B) and right (C)
images respectively, in white. Shh-LIGHT2 cells were serum starved for 24 hours.
Nikon (A1) confocal inverted microscopy was used for visualisation (image taken by
Dr Elisa Molinari, Newcastle University, UK). Pcnt, Pericentrin. Scale bar: 10 um.
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Arl13b

Figure 4.22. Immunofluorescence microscopy in mouse Shh-LIGHT2 cells. Cepl120 is
observed at the basal body of the cilium and centrosome. Left image (A) shows the
antibodies: Arl13b (red), which is a ciliary membrane marker, and Cep120 (green).
DAPI, a nuclear marker is shown in blue. Cep120 and Arl13b antibodies are also
shown in the middle (B) and right (C) images respectively, in white. Shh-LIGHT2 cells
were serum starved for 24 hours. Nikon (A1) confocal inverted microscopy was used
for visualisation (image taken by Dr Elisa Molinari, Newcastle University, UK). Scale
bar: 10 pm.

In summary, using a CEP120 commercial antibody from Biorbyt Ltd (catalogue
number: orb182544), CEP120 it is observed at the expected locations:
centrosome/basal body. Of note, the CEP120 staining in primary human fibroblasts is
observed with less background (non-specific staining) compared to mouse Shh-
LIGHT2 cells (compare Figures 4.17 and 4.18 against Figures 4.19-4.22). It can be
suggested that this is because this commercial CEP120 antibody targets the CEP120
human protein sequence which is no identical compared to the mouse one (ie:
according to the information from Biorbyt Ltd CEP120 targets the amino acids: 361-
440 aa; this human protein sequence has a ~70% homology compared with mouse).
It is also observed that this non-specific staining is minimal when a confocal inverted

microscope is used (compare Figures 4.19 and 4.20 against Figures, 4.21 and 4.22).

Regarding the negative controls, in which only the corresponding secondary
antibodies were used in the absence of the primary antibodies, It is not observed any
noticeable staining in primary human fibroblasts (Figure 4.23) or Shh-LIGHT2 cells
(Figure 4.24).

| also wanted to assess if CEP120 could be observed via Western blot. A Rat
polyclonal antibody was assayed in protein extracts from human cells and mouse
kidney tissue. A Western blot revealed a defined band located around 125 kDa,

which corresponds to CEP120 protein. This band was visualised in protein extracts of
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mouse kidney tissue, but not in any of the protein extracts of human cells. The band
was easily observed using a dilution of 1:500 of the primary CEP120 antibody (from
Dr Mahjoub, Washington University, USA), and using a dilution of 1:5 of the protein
extracted from mouse kidney tissue (Figure 4.25). The loading control GAPDH
revealed that protein extracts from mice kidney tissue were more abundant in protein
amount than protein extracts from human cells, suggesting that | may be able to
observe a CEP120 band in protein lysates from cells if | increase the amount of

protein loaded in future experiments.

It has to be considered that the amount of protein extracted from mouse kidney
tissue is generally higher than the amount of protein extracted from hURECs or other
primary cells. This could explain why a band corresponding to CEP120 is not
observed in the protein extracts from hURECSs in the Western blot experiment shown
in Figure 4.25. Western blotting was not optimised to determine if the CEP120
antibody can be visualised in protein extracts from hURECs or other human primary
cells via Western blotting, because | only wanted to determine if this CEP120
antibody was suitable for Western blotting, regardless of whether the protein lysates
were extracted from tissues or from cells. The amount of CEP120 antibody available
was limited and it was not needed for the rest of the experiments planned for this

thesis.
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Figure 4.23. Immunofluorescence microscopy in human fibroblasts. It is observed
how the cells are not stained in the absence of primary antibodies. The
corresponding secondary antibodies were used: anti-rabbit 488 and anti-mouse 594.
DAPI, a nuclear marker is shown in blue. Primary control human fibroblasts were
serum starved for 24 hours. Fluorescence microscopy (Zeiss Axiolmager) was used
for visualisation of primary control human fibroblasts. Scale bar: 20 pum.
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Figure 4.24. Immunofluorescence microscopy in mouse Shh-LIGHT2 cells. It is
observed how the cells are not stained in the absence of primary antibodies (left
image, A). The corresponding secondary antibodies were used: anti-rabbit 488 and
anti-mouse 594. DAPI, a nuclear marker is shown in blue. Shh-LIGHT2 cells were
serum starved for 24 hours. Nikon (A1) confocal inverted microscopy was used for
visualisation (image taken by Dr Elisa Molinari, Newcastle University, UK). Scale bar:

20 um.
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Figure 4.25. Western blotting showing Cep120 in protein lysates from mouse kidney
tissue. Western blot shows the presence of Cep120 (~110 kDa) in protein lysates
from mice kidney tissue. Left panel (A), shows the four Western blot lanes in which
protein extracts were stained with CEP120 primary antibody diluted 1:500, while the
right panel (B) shows the four Western blot lanes in which protein extracts were
stained with CEP120 primary antibody diluted 1:2000. Cep120 is observed in the
second and fourth lanes in panel A corresponding to mouse tissue (see white
arrows). In contrast CEP120 is not observed in protein lysates from human urine-
derived renal epithelial cells (hURECS). The rat polyclonal primary CEP120 antibody
used is courtesy from Dr Moe R. Mahjoub (Washington University, MO, USA).
CEP120 primary antibody was used at the dilutions of 1:500 (panel A) and 1:2000
(panel B). Different protein concentrations were loaded as a stock of protein lysate
from mice kidney tissue was diluted 1:5 and 1:20 (see second and fourth lanes of
panel A and B), and protein lysates from hURECs were diluted 1:3 and 1:10 (see first
and third lanes of panel A and B). The nitrocellulose membrane was visualised using
an Odyssey CLx imaging system (LI-COR). GAPDH (~37 KDa) was used as a
loading control. Chameleon Duo Pre-stained Protein Ladder (928-60000; LI-COR)
was loaded into two lanes of the gel that are shown to the left of each panel.

4.2.9 Effect on Hedgehog signalling upon Cep120 silencing on Shh-LIGHT2

cells

| first performed the knockdown of Cep120 using a Cep120 siRNA in Shh-LIGHT2
cells. A reduction of more than 50% in Cep120 expression was observed, comparing
the cells treated with the Cep120 siRNA against the cells treated with a Control
SiRNA (Ctrl siRNA) (Figure 4.26).
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Figure 4.26. Cep120 expression upon siRNA knockdown in Shh-LIGHT2. Cep120
expression was normalised over the sample in which a Ctrl (Control) sSiRNA was
used. It is observed a significant decrease in Cep120 expression upon treatment with
Cep120 siRNA. Mouse Shh-LIGHT2 were serum starved before they were either
treated (the same day) with Cep120 siRNA, Smo siRNA, Ctrl siRNA, no siRNA
(treated only with RNA delivery reagent, Lipofectamine RNAIMAX Transfection
Reagent) or not treated (not treated with SIRNA or RNA delivery reagent). Transcript
levels of Cep120 were determined by gRT-PCR. Gapdh and Hprt were used for
normalisation. One-way ANOVA and Tukey’s Multiple Comparison Test were used to
determine significance. *, ** and *** represent p-value < 0.05, p-value <0.01 and p-
value <0.001 respectively. Not significant comparisons (p-value > 0.05) are not
indicated. Number of technical replicates = 3.

| investigated if the cells treated with the Cep120 siRNA had a different expression of
some components of the Hh signalling pathway: Smo, Gli and Patchl. It was
observed that gene expression of these genes is not significantly different in the cells
treated with the Cep120 siRNA, compared to the cells treated with the Ctrl sSiRNA or
the rest of the negative controls | have made: No siRNA (cells treated only with RNA
delivery reagent) and Not treated (not treated with SiRNA or RNA delivery reagent)
(Figures 4.27-4.29).
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Figure 4.27. Smo expression upon siRNA knockdown in Shh-LIGHT2. Smo
expression was normalised over the sample in which a Ctrl (Control) sSiRNA was
used. It is observed a significant decrease in Smo expression upon treatment with
Smo siRNA. In contrast, there is not a significant decrease in Smo expression upon
treatment with Cep120 siRNA. Mouse Shh-LIGHT2 were serum starved before they
were either treated (the same day) with Cep120 siRNA, Smo siRNA, Ctrl siRNA, no
siRNA (treated only with RNA delivery reagent, Lipofectamine RNAIMAX
Transfection Reagent) or not treated (not treated with SiRNA or RNA delivery
reagent). Transcript levels of Smo were determined by qRT-PCR. Gapdh and Hprt
were used for normalisation. One-way ANOVA and Tukey’s Multiple Comparison
Test were used to determine significance. *, ** and *** represent p-value < 0.05, p-
value <0.01 and p-value <0.001 respectively. Not significant comparisons (p-value
>0.05) are not indicated. Number of technical replicates = 3.
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Figure 4.28. Gli expression upon siRNA knockdown in Shh-LIGHT2. Gli expression
was normalised over the sample in which a Ctrl (Control) siRNA was used. It is
observed that there is not a significant decrease in Gli expression upon treatment
with Cep120 siRNA or Smo siRNA. Mouse Shh-LIGHT2 were serum starved before
they were either treated (the same day) with Cep120 siRNA, Smo siRNA, Ctrl siRNA,
no siRNA (treated only with RNA delivery reagent, Lipofectamine RNAIMAX
Transfection Reagent) or not treated (not treated with siRNA or RNA delivery
reagent). Transcript levels of Gli were determined by qRT-PCR. Gapdh and Hprt
were used for normalisation. One-way ANOVA and Tukey’s Multiple Comparison
Test were used to determine significance. *, ** and *** represent p-value <0.05, p-
value <0.01 and p-value <0.001 respectively. Not significant comparisons (p-value
>0.05) are not indicated. Number of technical replicates = 3.
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Figure 4.29. Patchl expression upon siRNA knockdown in Shh-LIGHT2. Patchl
expression was normalised over the sample in which a Ctrl (Control) siRNA was
used. It is observed that there is not a significant decrease in Patchl expression
upon treatment with Cep120 siRNA or Smo siRNA. Mouse Shh-LIGHT2 were serum
starved before they were either treated (the same day) with Cep120 siRNA, Smo
SiRNA, Ctrl siRNA, no siRNA (treated only with RNA delivery reagent, Lipofectamine
RNAIMAX Transfection Reagent) or not treated (not treated with SIRNA or RNA
delivery reagent). Transcript levels of Patchl were determined by gRT-PCR. Gapdh
and Hprt were used for normalisation. One-way ANOVA and Tukey’s Multiple
Comparison Test were used to determine significance. *, ** and *** represent p-value
<0.05, p-value <0.01 and p-value <0.001 respectively. Not significant comparisons
(p-value >0.05) are not indicated. Number of technical replicates = 3.
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Smo knockdown is expected to affect Hh signalling. It was observed a reduction of
more than 80% in Smo expression comparing the cells treated with the Smo siRNA
against the cells treated with Ctrl SIRNA (ie: Smo expression was only 20% in cells
treated with the Smo siRNA) (Figure 4.27). It was observed that gene expression
levels of other components of the Hh signalling pathway: Gli and Patchl, are not
significantly different in the cells treated with the Smo siRNA, compared to the cells
treated with the Ctrl SIRNA or the rest of the negative controls No siRNA and Not
treated (Figures 4.28 and 4.29).

It can be suggested that treatment with Cep120 and Smo siRNA can efficiently
knockdown Cep120 and Smo expression respectively (Figures 4.26 and 4.27). |
repeated the experiment and found similar results (Figures 4.30 and 4.31). In this
repeated experiment, additionally, some of the cells were stimulated with SAG, an Hh
signalling agonist, after being treated with the corresponding siRNA or control
treatment. | analysed the SAG simulated cells against unstimulated cells (cells
treated with DMSO) using the Promega Dual Luciferase Reporter Assay (Figure
4.32) and it was found that SAG stimulation is partially impaired in the cells treated
with Smo siRNA.
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Figure 4.30. Cepl120 expression upon siRNA knockdown in Shh-LIGHT2. Cep120
expression was normalised over the sample in which a Ctrl (Control) siRNA was
used. It is observed a significant decrease in Cep120 expression upon treatment with
Cepl120 siRNA. Mouse Shh-LIGHT2 were serum starved before they were either
treated (the same day) with Cep120 siRNA, Smo siRNA, Ctrl siRNA, no siRNA
(treated only with RNA delivery reagent, Lipofectamine RNAIMAX Transfection
Reagent) or not treated (not treated with sSiRNA or RNA delivery reagent). Transcript
levels of Cep120 were determined by gRT-PCR. Gapdh and Hprt were used for
normalisation. No statistical test was performed as the number of technical replicates
=1.
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Figure 4.31. Smo expression upon siRNA knockdown in Shh-LIGHT2. Smo
expression was normalised over the sample in which a Ctrl (Control) sSiRNA was
used. It is observed a significant decrease in Smo expression upon treatment with
Smo siRNA. In contrast, there is not a significant decrease in Smo expression upon
treatment with Cep120 siRNA. Mouse Shh-LIGHT2 were serum starved before they
were either treated (the same day) with Cep120 siRNA, Smo siRNA, Ctrl siRNA, no
siRNA (treated only with RNA delivery reagent, Lipofectamine RNAIMAX
Transfection Reagent) or not treated (not treated with siRNA or RNA delivery
reagent). Transcript levels of Smo were determined by qRT-PCR. Gapdh and Hprt
were used for normalisation. No statistical test was performed as the number of
technical replicates = 1.
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A Dual luciferase assay in Shh-LIGHT2
cells upon siRNA knockdown

+DMSO and +SAG ratios

0.2049
= +DMSO
0.15- mEm +SAG
Dual luciferase
ratio 0.104
0.05
o.oo-ﬁLr. ol oM &
st \'ad ¥ & g
‘-§-‘\ (9{2-‘\ 6{15\ & "gS\
s & *° & (}‘\
OQ’Q ) <
B Difference between +SAG and +DMSO ratios
2.5
2.0- ‘ *
Dual luciferase 1.5

ratio difference over cells
treated with Ctrl siRNA 1.0-

Figure 4.32. Luciferase assay reveals SAG stimulation impairment upon Smo siRNA
knockdown in Shh-LIGHT2 cells. The top panel (A) shows stimulation with SAG, a
Hedgehog signalling agonist, in all the samples. It can be observed that this
stimulation is the lowest in the sample treated with Smo siRNA. The bottom panel
(B), for each of the samples, shows the difference in the dual luciferase ratios (shown
in panel A) between samples treated with SAG against the samples treated DMSO
(negative control) is normalised against the sample in which no siRNA is added.
Mouse Shh-LIGHT2 were serum starved before they were either treated (the same
day) with Cep120 siRNA, Smo siRNA, Ctrl siRNA, no siRNA (treated only with RNA
delivery reagent, Lipofectamine RNAIMAX Transfection Reagent) or not treated (not
treated with sSiRNA or RNA delivery reagent). Each sample was treated with SAG or
DMSO one day after siRNA treatment, lysed after 2 days from SAG or DMSO
treatment, stored and quantified with a GLOMAX Multi Detection System
Luminometer following Promega Dual-Luciferase Reporter Assay System standard
protocol. No statistical test was performed as there are not technical or biological
replicates.
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When Shh-LIGHT2 cells were stimulated with SAG, it was observed an increase on
the dual luciferase ratio in cells treated with SIRNA and controls (Figure 4.32A). This
increase in dual luciferase ratio was just about 1:2 in the cells treated with Smo
siRNA compared with the cells treated with Ctrl sSiRNA (Figure 4.32B). This indicates
that knocking down Smo in Shh-LIGHT2 cells partially impairs the stimulation of the
Hh signalling pathway via SAG. This impairment in the stimulation of the Hh
signalling is not observed in the cells treated with Cep120 siRNA compared with the
cells treated with Ctrl siRNA (Figure 4.32B).

However, the limitation of this experiment is that | was able to do only one technical

and only biological replicate, this prevents me from establishing any conclusion from
this experiment. It can only be suggested that, as expected, knocking down Smo in

Shh-LIGHT2 has an effect on the activation of Hh signalling pathway.

| did not see any effect on Hh signalling via gPCR at RNA level when Cep120 was
knocked down. This also suggests that: to observe any effect, if any, on the
stimulation of Hh signalling (via qPCR of dual luciferase assay), it is necessary to
increase the efficiency of the knockdown and to stimulate the Hh signalling pathway
(for example with SAG) in the Shh-LIGHT2 cells. Besides, the use of Shh-LIGHT2
cells allowed to observe differences on the stimulation of Hh signalling, via a dual
luciferase assay, however this cannot be confirmed unless the appropriate (at least

three) technical and biological replicates are performed.

Additionally, using an ASO morpholino, it can be suggested that doing a CEP120
knockdown in primary human fibroblasts may be also possible and effective (CEP120
expression was about 30% in cells treated with the CEP120 ASO morpholino)
(Figure 4.33), however this cannot be confirmed unless three technical and biological
replicates are performed.
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Figure 4.33. CEP120 expression upon morpholino knockdown in human fibroblasts.
CEP120 expression was normalised over the sample in which only Endoporter was
used. It is observed a significant decrease in CEP120 expression upon treatment
with CEP120 antisense oligo morpholino (Gene Tools). Primary control human
fibroblasts were treated with CEP120 morpholino (of a concentration of [2.5uM] and
[1uM] or Endo-Porter only, (treated only with morpholino delivery reagent, Endo-
Porter, Gene Tools) or not treated (not treated with morpholino or morpholino
delivery reagent). | suggest that only CEP120 morpholino at a concentration of
[2.5uM] was effective to knockdown CEP120 expression. Transcript levels of
CEP120 were determined by qRT-PCR. GAPDH, HPRT1 and GUSB were used for
normalisation. No statistical test was performed as there are not technical or
biological replicates.

For the experiments consisting in dual luciferase assay using Shh-LIGHT2 cells and
ASO morpholino in primary human fibroblasts, there are not technical or biological

replicates, this prevents me from establishing any conclusion about this experiment.

Efficiency of the Cep120 siRNA knockdown has been previously shown by Betleja et
al., observing a decrease of 99.7% of Cep120 protein upon Cep120 siRNA
knockdown in MEFs (using same Cep120 siRNA from Dharmacon), comparing the
MEFs treated with the Cep120 siRNA against the cells treated with a Control SiRNA
(negative control), via Western blotting. They used two or three independent
experiments for the corresponding functional analyses (Betleja et al., 2018).
Regarding the Smo siRNA | used, it was previously used and found to be effective at
Newcastle University by other members of Sayer and Miles Laboratory (data not

available).
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| have performed three technical replicates (except for experiment shown in Figure
3.30 and 3.31) of the knockdown of Cep120 and Smo in Shh-LIGHT2. Three
technical replicates were considered appropriate for the propose of performing a

preliminary study to investigate the efficiency of these siRNAs (Figures 3.26-3.29).

However, | cannot establish any conclusion from the results corresponding to the
siRNA knockdown studies (Figures 4.26-4.31), as biological replicates have not been
performed. This represents the first step of an approach to study the effect of a
Cep120 siRNA knockdown in Shh-LIGHT2 cells.

If I had the time and available resources to continue with the Cep120 knockdown
study, | would have continued with the experimental approach shown in this section,
performing three biological replicates, as well as three technical replicates. | would
have completed the dual luciferase assay by doing three technical replicates and

three biological replicates.

If I had completed the siRNA knockdown study, it would have provided more details
regarding the efficiency of the Cep120 and Smo siRNA knockdown experiments and
confirmed the effect of these siRNA knockdown experiments on Hh signalling via a
dual luciferase assay and via RNA expression analyses using gPCR.

| suggest this preliminary study using Shh-LIGHT2 cells and siRNA knockdown of
Cepl120 can be used to exemplify how | would perform a siRNA knockdown study. In
future analyses | would perform functional analyses using human primary cells such
as hURECs and primary fibroblasts to study patient specific CEP120 mutations
(pipeline described in Figure 2.9).

The siRNA knockdown experiments in Shh-LIGHT2 cells, the ASO morpholino
knockdown experiment in primary human fibroblasts and the dual luciferase assay in
Shh-LIGHT2 cells, cannot be used to establish any conclusion. However, these
experiments can be used to exemplify the pipeline that | would follow if | had done
appropriate number of biological and technical replicates.

In summary, although conclusions cannot be established from these results, | can
suggest the pipeline and protocols | would have followed to confirm the CEP120
morpholino knockdown efficiency and Cep120 siRNA knockdown effect on Hh
signalling. | would have continued this approach by determining the effect on Hh

signalling upon Cep120 siRNA knockdown in Shh-LIGHT2 cells. | would do this via
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dual luciferase assay and analysis of the effect on the RNA expression of Hh
signalling pathway components (e.g. Patch, Gli, Smo) via gPCR, before and after of
SAG expression. Moreover, | would analyse the effect of the CEP120 knockdown via
a CEP120 ASO morpholino in human primary fibroblasts. For each of these
experiments | would perform three technical replicates and three biological replicates

in each of the experiments.

The work regarding the siRNA knockdown experiments shown in this chapter are
only preliminary experiments. | was not able to continue with these knockdown
experiments. In future analyses | would validate these Cep120 siRNA experiments
on Shh-LIGHT2 cells and as a comparison | would validate CEP120 ASO morpholino

knockdown on primary human cells.

| cannot establish any conclusion, including conclusions regarding the role of Cep120
in Hh signalling, however this preliminary work exemplifies how this study would be
approached and analysed in the future, if | had the resources and time available to
continue with this approach, to optimise plasmid transfection efficiency and to

perform the experiments mentioned above.

4.2.10. Site directed mutagenesis of WT CEP120 plasmid and optimisation of
transfection efficiency

Restriction mapping and Sanger sequencing results of the CEP120 Mutant plasmids

are shown in Figures 4.34 and 4.35.
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A CEP120 mutation Source B
Shaheen et al., 2015 and Roosing et al. a129rHoENCEEISU EORR
A199P 2016 1kb  Uncut Sacll Sacll + Bglll
R151X Roosing et al., 2016 T o
V194A Roosing et al., 2016 | - - -
S380YfsX Roosing et al., 2016 N
A549V Roosing et al., 2016
L712F Roosing et al., 2016
L726P Roosing et al., 2016
19758 Roosing et al., 2016
H879Q Benign mutation
E401A 100,000 Genomes Project database
K22R DECIPHER database
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Figure 4.34. List of the mutated plasmids from the CEP120 plasmid (Mut hCEP120-
EGFP) restriction mapping. The top left image (A) shows each of the mutations in
each of the Mut hCEP120-EGFP plasmids. Each of these mutations was created via
site-directed mutagenesis (New England BioLabs) using the WT CEP120 plasmid
(hCEP120-EGFP). A total of 12 Mut hCEP120-EGFP plasmids were created: 9 of
them present a patient-specific mutation already described in the literature. One of
them present a H879Q mutation (assumed to be benign) that reverses a mutation
(benign) which is present in hCEP120-EGFP compared with the reference CEP120
cDNA sequence (transcript: NM_153223.4). One of them presents the E401A
mutation, which is a putative disease-causing variant found in the 100,000 Genomes
Project database and one of them presents the K22R mutation, which is a putative
disease-causing variant found in the DECIPHER database. B-F: Gel electrophoresis
showing each of the Mut hCEP120-EGFP plasmids treated with different
combinations of restriction enzymes. The plasmids presenting the corresponding
mutations are shown in B-F. The expected fragments are observed, according to the
digestion of the each of the Mut hCEP120-EGFP plasmids with specific combinations
of restriction enzymes. When treated with Sacll, in each of the Mut hCEP120-EGFP
plasmids, the fragment of 7705 bp (linearized plasmid of size 7705 bp) is observed
(except in the S380YfsX mutant plasmid, in which the expected size is 7706 bp as
the mutation is an insertion: ¢.1138 1139insA; p.(Ser380TyrfsTerl19), however this
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difference cannot be noticed by gel electrophoresis). When the plasmid is treated
with Sacll and Mscl, the corresponding two fragments of length 2191 and 5514 bp
are observed. And when the plasmid is treated with Bglll, the corresponding two
fragments of length: 1811 and 5194 bp (B-E) are observed. When the plasmid is
treated with Bglll + Sacll, the corresponding three fragments of length: 1200, 1811
and 4694 bp (F) are observed. Uncut corresponds to each of the Mut hCEP120-
EGFP plasmids not treated with any restriction enzyme. As a complementary to the
ladder, | used a size reference control ~80ng of WT CEP120 plasmid in C, D and F.
A negative control using the same water used to dilute the plasmids was used to
detect any plasmid contamination in the water C, D and F. For clarity, some lanes
were removed in C-F. Gel electrophoresis (1% agarose). 1kb ladder used.

Mutated plasmid Sequencing of each Mut hCEP120-EGFP Sequencing of (WT) hCEP120-EGFP
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Figure continues in next page

236



V194A Mut
hCEP120-EGFP

Ci

Mutation inserted: c.581T>C ; p.(Val194Ala)

Cii

T rrrorqrrrrrrrrrrrrr T G670 680 aal
670 680 890 GTCAG|IT|IGACCATAGCATTTGCTA
GTCAGICIGACCATAGCATTTGCTA
Ciii Position in UCSC Genome Browser on Human (GRCh38/hg38)
WO L L gmee T memen L, e

Retersnce Aises 1y AItarnate han lorups Seauenca A1iaments

S380YfsX Mut
hCEP120-EGFP

Di

Mutation inserted: ¢.1138 1139insA ;

Dii
p.(Ser380TyrfsTer19)

ACTTACTGGG GG CARMRAAT

L L R L B S A B R L e L
ACTTACTGBGGGCCAAAATI[CACCAACAGTGT C

Diii

Position in UCSC Genome Browser on Human (GRCh38/hg38)

A

Rerseq curaved

Scate
ars:

© Haoloruses

cert20 M
cerizo
20

W
123,399,351 123,30, 054l
TN 4 AR

133,300, 836l
A

oMIH ATletes

A549V Mut
hCEP120-EGFP

Ei

Mutation inserted: c.1646C>T ; p.(Alab49Val)

L L P B B L B L B N L B L e e e S e & B R e e e e
ACcTTcTeoe AaTTG[T|s AGAATCCAGE TTT! neTTcTeoeaaTTa|ef6acanTccacdrrr
Eiii Position in UCSC Genome Browser on Human (GRCh38/hg38)

scare 14 bases [

e P R i e T G e Sl el TS
ATE Hastotuses

cerize

cerizo

cerizo

cerize i
Rersen curares

oI Alleles

L712F Mut
hCEP120-EGFP

Fi

Mutation inserted: ¢.2134C>T ; p.(Leu712Phe)

—_

e e LR e e L L i s
TAGAAGGAAAA[lT|TTCAAAARAACTCTAAT T Ao hrCo AT T CRAAARACTETART

Fiii

Position in UCSC Genome Browser on Human (GRCh38/hg38)

nose
o asel L amomes]

rersea curaten
M Al tes

Figure continues in next page

237



G Gi Gii
Mutation inserted: ¢.2177T>C ; p.(Leu726Pro)

A
|_726PMut GAAGCGAGAGCAGCAGC CICITGCTAGT GAAGCGAGAGCAGCAGECITITGCTAGT
hCEP120-EGFP — _
Giii Position in UCSC Genome Browser on Human (GRCh38/hg38)

19,390,574

raszn. o

H Hi \utation inserted: 6.2924T>G : p.(lle975Ser) Hii

TA‘:;DTAAGTGAAC“;‘CGACCGACA“GAGCAG»\G "E‘ATAAGTGAAl‘:’TCG»‘«DCGAC‘I;«‘GATCAG»'«G
19758 Mut
hCEP120-EGFP Hiii Position in UCSC Genome Browser on Human (GRCh38/hg38)
E R Lo e L memgm L o o apoemge L osmsesm
' i Mutation inserted: ¢.2637C>G ; p.(His879GIn) li
\ N
T T T T T T 1 T T T T T T T T 1 T T T T T T TTrTrTT T T T LENLE L) L T T T T T
900 910 9 210
H879Q Mut AAGAATTGG AACA|G|AT G AG AC AAGAATT GG AACAIC|AT G AG AC
hCEP120-EGFP - -
li Position in UCSC Genome Browser on Human (GRCh38/hg38)
1
o ™
Lt} . . a r mj,:sé.nAl . d b us,s;:‘,lqu r . 13 lE!,!!:,l“l
perer
RS
ey

ReFsey curated

oM miietes | |

Mutation inserted: ¢.1202A>C ; p.(Glu401Ala)

SR OSDIREL JOOURIR 0 I POV EI0E0000E 0 JRORERENNY;
E401A Mut
hCEP120-EGFP Jiii Position in UCSC Genome Browser on Human (GRCh38/hg38)

123,388, sl
ki 't 3 e 3

nce mssenniy o1 Fa
s5ems 14 AITernate Han

Rorsen curated

Figure continues in next page

238



K Ki Kii
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Figure 4.35. Sequencing of the each of the Mut hCEP120-EGFP plasmids. Each of
the Mut hCEP120-EGFP plasmids contains a patient-specific mutation (Ai-Ki). Each
of these mutations was created via site-directed mutagenesis (New England
BioLabs) using the WT CEP120 plasmid (hCEP120-EGFP). A total of 12 Mut
hCEP120-EGFP plasmids were created: 9 of them present a patient-specific
mutation already described in the literature (Ai-Hi). One of them presents the E401A
mutation (Ji), which is a putative disease-causing variant found in the 100,000
Genomes Project database and one of them presents the K22R mutation (Ki), which
IS a putative disease-causing variant found in the DECIPHER database. And as a
negative control, one plasmid presents a H879Q mutation (li) (assumed to be benign)
that reverses a mutation (benign) which is present in hCEP120-EGFP compared with
the reference CEP120 cDNA sequence (transcript: NM_153223.4). The sequencing
of the WT CEP120 plasmid (hCEP120-EGFP) plasmid is shown on the right panels
for comparison (Aii-Kii). Screenshots were taken from the UCSC Genome Browser
on Human (GRCh38/hg38) to show the position in which each of the mutation is
located (Aiii-Kiii). Red rectangles (in left panels: Ai-Ki) show the mutated positions in
each of the Mut hCEP120-EGFP plasmids. Green rectangles shows the WT position
in the WT CEP120 plasmid (Aii-Cii and Eii-Kii) and in UCSC Genome Browser on
Human (GRCh38/hg38) (Aiii-Ciii and Eiii-Kiii), except in the case of the H879Q
mutation in which a red rectangle is shown, given that the position in the UCSC
Genome Browser on Human (GRCh38/hg38) matches the sequence of the H879Q
hCEP120-EGFP plasmid, rather than the WT CEP120 plasmid. A green bar in WT
CEP120 plasmid sequencing and the UCSC Genome Browser on Human
(GRCh38/hg38), to compare with the sequencing for the S380YfsX Mut hCEP120-
EGFP plasmid, represents the position between two bases in which an insertion was
introduced: ¢.1138_1139insA (Di compared with Dii and Diii).

Transfection efficiency into mammalian cells using an EGFP plasmid was assessed. |
used Shh-LIGHT2 cells and observed that the transfection of these cells with the
EGFP plasmid is possible using the Xfect transfection reagent, as | observed more
than 50 cells transfected (GFP positive cells) in vivo after two days of transfection
(Figures 4.36 and 4.37). Transfected cells were almost absent (no more than 5 GFP
positive cells were observed) in Shh-LIGHT2 cells transfected with other transfection
reagents or transfecting the pIRES2-EGFP plasmid after one or two days of
transfection (instead of the EGFP plasmid). Besides, the WT CEP120 plasmid was
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transfected into Shh-LIGHT2 cells but | did not observe any CEP120-EGFP positive

cells.

Additionally, | transfected control human primary fibroblasts with the EGFP plasmid
using the Xfect transfection reagent and observed only one GFP positive cell in vivo
(Figure 4.38).

It is important to note that In the literature there are examples of successful plasmid
transfection of similar plasmids in primary cells (Meka et al., 2022), and other cells
types to transfect like RPE-1 or U20S cells can be included in the assay (Tsai et al.,
2019, Lin et al., 2013). Patient-specific variants were successfully inserted in the
CEP120 WT cDNA sequence via site directed mutagenesis. However, transfection of

the WT CEP120 plasmid, or GFP plasmids as a test, into primary cells is challenging.

The efficiency of transfection of a GFP plasmid in Shh-LIGHT2 cells is low, and even
lower in primary human fibroblasts. This prevented me to continue with the pipeline

designed.
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Figure 4.36. Transfection of EGFP plasmid or pIRES2-EGFP into Shh-LIGHT2 cells
using different transfection reagents. Diagram showing the number of Shh-LIGHT2
cells transfected (EGFP positive cells). The plasmid transfected was: EGFP plasmid
(courtesy of Dr Magomet Aushev, Newcastle University, UK) or pIRES2-EGFP
plasmid (pIRES2-EGFP, Clontech # 6029-1, Addgene # 3178). The transfection
reagents used were Xfect (Takara bio), JetOptimus (Polyplus) and Fugene HD
(Promega). Cells were transfected plated and transfected in 12-well plates when they
reached 70-90% confluence. 8-well Nunc chamber slides (Thermo Fisher) were used
in two occasions (marked as “(*chamber slide)” in the x-axis label. Shh-LIGHT2 cells
were visualised after 2 days from transfection. Zeiss AxioVert 200M inverted
fluorescent microscope was used for visualisation. The number of transfected cells
with the EGFP plasmid using the Xfect transfection reagent shown (in 12-well plates):
50, it is an approximation of the real number. As negative controls cells were also
treated with each of the transfection reagent only (only treated with Xfect, JetOptimus
or Fugene) without the addition of any plasmid; no GFP positive cells were observed
as expected.
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Figure 4.37. Transfection of EGFP plasmid into Shh-LIGHT2 cells. Five cells in vivo
that have been transfected with the EGFP plasmid (courtesy of Dr Magomet Aushev,
Newcastle University, UK) can be observed, as they are fluorescent, observed in
green (using the Fluorescein (FITC) fluorescent filter and brightfield imaging) (A).
Transfected cells (EGFP positive cells) are also shown in the left image (B) in white.
Shh-LIGHT2 cells were transfected using Xfect transfection reagent and visualised
after 2 days from transfection. Zeiss AxioVert 200M inverted fluorescent microscope
was used for visualisation. Scale bar: 20 um.

Figure 4.38. Transfection of EGFP plasmid into human fibroblasts. One cell in vivo
that has been transfected with the EGFP plasmid (courtesy of Dr Magomet Ausheyv,
Newcastle University, UK) can be observed, as it is fluorescent, observed in green
(using the Fluorescein (FITC) fluorescent filter and brightfield imaging) (A). The
transfected cell (EGFP positive cell) is also shown in the right image (B) in white.
Primary control human fibroblasts were transfected using Xfect transfection reagent
and visualised after 2 days from transfection. Zeiss AxioVert 200M inverted
fluorescent microscope was used for visualisation. Scale bar: 20 um.

242



4.3. Discussion

4.3.1. CEP120 and CC2D2A in silico analyses and its combination with ex vivo
detection of basal exon skipping

The approach to achieve the objectives of this chapter consisted in a combination of
in silico analyses to study CEP120 and CC2D2A genes in terms of genotype-
phenotype correlations, gene expression and tissue-specific basal exon skipping and
suggest potential candidates for targeted exon skipping therapies and also an ex vivo

approach to validate basal exon skipping.

A database of CC2D2A and CEP120 reported disease-causing variants was
generated, which is a curated, updated and annotated database. To create this
database, multiple open-access tools and the literature available were used. | also
ensured that this database is annotated according to HGVS nomenclature, assessing

any discrepancies found.

This database was used to establish genotype-phenotype and identify suitable exons

for a potential targeted exon skipping therapy approach.

Regarding genotype-phenotype correlations in CC2D2A: | systematically analysed all
reported patients with CC2D2A mutations and confirmed that biallelic truncating
CC2D2A variants are associated with more severe phenotypes than biallelic
CC2D2A non-truncating variants. This was previously suggested (Bachmann-
Gagescu et al., 2012). In particular, it was previously suggested that patients with at
least one missense CC2D2A mutation are more likely to develop JBTS. In contrast,
patients with truncating CC2D2A variants are more likely to develop more severe

phenotypes, including MKS and ML (Bachmann-Gagescu et al., 2012).

The analysis of the reported patients complements this perspective, as only one 1
JBTS patient, out of the 45 patients with JBTS presenting with biallelic variants
CC2D2A, has biallelic truncating CC2D2A variants. In contrast to 21 MKS/ML
patients, out of the 32 patients with MKS/ML presenting with biallelic variants
CC2D2A. It is also observed that the phenotype of patients with biallelic truncating
CC2D2A is more likely to include kidney disease than the patients with non-

truncating CC2D2A variants.

The disease molecular mechanism behind this genetic pleiotropy may be associated

with the amount of remaining functional protein. In Drivas et al. a combination of in
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silico and in vitro approaches were performed to study the pleiotropy of CEP290 and
CC2D2A mutations. In Drivas et al. study it was suggested that the amount of
expression of functional protein may be inversely correlated with the severity of the
resulting clinical phenotype associated with these two genes. Additionally in this
study, it was suggested that basal exon skipping may have a role in modulating the
amount of functional protein in these CEP290-affected and CC2D2A-affected
patients, as the pathogenic effect of truncating variants in skippable exons could be

bypassed by basal exon skipping (Drivas et al., 2015).

Using the database generated based on the literature and open-access tools it can
be suggested that only exons 14 and 15 in CEP120 are potentially skippable without
leading to a disruption of the protein reading frame and without affecting a CEP120
functional domain, if any of these 2 exons (or both) are skipped. However, even
though the skipping of CEP120 exons 14 and/or 15 may lead to functional near-full
length CEP120 protein, there are not patients described in the literature with disease-
causing CEP120 variants located in these exons. Therefore, to my knowledge there
are not patients that would benefit from a potential targeting exon skipping therapy
for CEP120.

In the case of CC2D2A, there are more patients and variants described and it is a
gene with more coding exons than CEP120. There are 15 CC2D2A exons that can
be skippable, out of 38 coding exons. In the literature, there are 14 truncating
CC2D2A variants which were found in patients diagnosed with JBTS and MKS/ML.
These variants are located in 7 exons out of the 14 skippable exons. These 7 exons
are potentially good candidates for a targeted exon skipping therapy. These 7 exons
in which truncating CC2D2A variants have been reported, include exon 30, which is
an exon in which some degree of basal exon skipping occurs the kidney (shown in
Figure 4.5).

The ASOs-based exon skipping approach for CC2D2A or CEP120 was not validated
in vitro. This is because this study was limited to investigate and compare in silico the
potential of two primary ciliopathy genes with overlapping phenotypes: CEP120 and
CC2D2A, as targets for an antisense-oligonucleotide mediated exon skipping
therapy. This study was also limited to find skippable exons that are potentially good
candidates for a targeted exon skipping therapy and to investigate in silico tissue
specificity of exon skipping in these two genes and to validate in vitro tissue specific

basal exon skipping of one of the CC2D2A exons (exon 30) in the kidney.
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The principle of ASOs-mediated exon skipping in ciliopathy genes has already been
validated in multiple laboratories (Garanto et al., 2016, Schellens et al., 2023,
Cideciyan et al., 2023), including Sayer and Miles laboratory at Newcastle University
(Molinari et al., 2019, Ramsbottom et al., 2018).

| did not have the allocated time that would be required to validate the ASOs-
mediated exon skipping approach in vitro. If | had more time, | would have
considered to determine if the deleterious effect of the truncating mutations located in
the CC2D2A skippable exons, can be bypassed via ASOs-mediated exon skipping, |
would have considered to use primary cells (e.g. primary fibroblasts or hURECSs) from
patients with disease-causing CC2D2A mutations in these skippable exons,

assuming these cells could be available and delivered to Sayer and Miles laboratory.

If I had more time, | would have considered to perform additional in silico genetic
studies, for instance | could also have searched within the Genomics England
100,000 Genomes Project, for additional patients that could potentially be genetically
solved with biallelic CC2D2A disease-causing variants, with a focus on the patients

with CC2D2A disease-causing variants in skippable exons.

Moreover, If | had more time, | would have considered to apply the in silico analyses |
applied to CEP120 and CC2D2A, to a small selection of ciliopathy genes (such as:
CPLANEL, AHI1 or TMEMG67) (Parisi et al., 2007, Bachmann-Gagescu et al., 2015a)
to find potentially skippable exons. | would have considered to perform this approach
with a focus on the JBTS genes with the higher number of patients presenting
mutations in skippable exons, so that the higher number of patients would benefit

from a potential ASOs-mediated exon skipping therapy.

| would have considered to validate the ASOs-mediated exon skipping approach
suggested for CC2D2A (using primary cells of JBTS patients with biallelic CC2D2A
mutations, if available), complementing genetic findings. To obtain primary cells from
these patients, | would have considered contacting the recruiting clinician, via
Genomics England standardised procedure or contacting the corresponding authors
of the articles in the literature describing patients with truncating CC2D2A variants in
potentially skippable exons (described in Table 4.1). Alternatively, if | had more time
and primary cells were not available, | could have considered using CRISPR/Cas9-
mediated genome editing to introduce CC2D2A patient specific mutations to study if
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an ASOs-mediated exon skipping approach would be effective to bypass the

deleterious effect of disease-causing CC2D2A mutations.

4.3.2. Use of 100,000 Genomes Project to find patients presenting pathogenic
variants in CEP120 and TOGARAM1

| searched for patients with biallelic CEP120 variants and found one patient of
interest presenting a homozygous missense CEP120 variant of uncertain
significance. This CEP120 variant is ¢.1202A>C; p.(Glu401Ala) and it also is found in
heterozygosis in the father of the Patient 1-CEP120 (Figure 4.14). This family (Family
1-CEP120) is consanguineous, which may suggest that even though the variant is
rare (0.000032 of total allele frequency in gnomAD) both parents contributed with one

heterozygous allele of the variant.

The patient, Patient 1-CEP120, is diagnosed with developmental macular and foveal
dystrophy, which is a phenotype that has not been observed in any of the patients
with CEP120 variants described in the literature (Roosing et al., 2016, Shaheen et
al., 2015). It cannot be determined if this CEP120 variant or any other is responsible
for the phenotype observe in the patient. The phenotype of the patient seems to be
less severe compared with the other clinical phenotypes (JBTS, JATD and
OFD/MKS) found in patients reported in the literature associated with CEP120
mutations. It can be suggested that doing functional cell-based assays for the
patient-specific variant would elucidate insights about the pathogenicity of this variant
and aiming to confirm if it is disease-causing and subsequently extend the
phenotypic spectrum associated with CEP120 mutations, or on the contrary discard

this variant as disease-causing.

| searched for patients with disease-causing CEP120 variants reported in the
literature and found the variants: R151X, A199P and L712F in 6 families recruited in
the Genomics England 100,000 Genomes Project. These variants are not
responsible for the phenotype observed in the patients, as no clear segregation
following a biallelic autosomal recessive inheritance pattern can be confirmed and
the phenotypes of these patients do not match with the phenotypic spectrum of
CEP120 reported disease-causing mutations (Tables and 4.2 and 4.3 and Figure
4.15).

In Family 2-CEP120 (Figure 4.15) the patient presents the same genotype as the
patient’s unaffected father. They both present the CEP120 variants: A199P and
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L712F, suggesting that the CEP120 variants are in the same DNA strand and are
inherited from the father and that there is one DNA strand without CEP120
pathogenic variant, as the mother does not present any of these CEP120 variants.
Besides, Genomics England found a disease-causing in ANKRD11, responsible for
the phenotype of this patient. It can be suggested a similar situation in which the
variants A199P and L712F are not responsible of the phenotype of the patients
occurring in Family 2-CEP120, as they do not seem to be inherited from one parent
each. In Family 2-CEP120 the patient’s mother does not present any of the CEP120
variants found in the patient’s father and patient. WGS data of the parents of these
patients, when possible, would allow the possibility of getting insights about the

segregation of the CEP120 variants in these families.

In Family 7-CEP120, the R151X nonsense variant was found in heterozygosis in the
patient. Nevertheless, there is no evidence of a second CEP120 variant or CEP120
being associated with phenotype of the patient. There is no evidence of CEP120

mutations leading to clinical phenotypes in an autosomal dominant manner.

In Family 3-CEP120, the CEP120 L712F variant was found homozygously. In the
literature, this variant was reported in compound heterozygosity with the L726P
variant, in a JBTS patient (Roosing et al., 2016). In total, the variant L712F was found
in 577 participants in the Genomics England 100,000 Genomes Project, only in one
of them in homozygosis (patient in Family 3-CEP120), this is a frequency of ~0.004
(out of all the 100,000 Genomes Project rare disease alleles), which is 100 times
more frequent than: A199P and R151X CEP120 variants (Table 4.4). For the L712F
CEP120 variant, population data from public databases indicate an allelic frequency
of ~0.004 with 2 homozygous individuals in the normal population (data from
gnomAD database). Although in vitro experiments indicated that this variant impairs
the recruitment of Talpid3 to the centrioles, more functional analysis and reported
CEP120 patients with this mutation would be needed to confirm and understand the

molecular disease mechanisms of its pathogenicity (Tsai et al., 2019).

It can be suggested that for the patient in Family 3-CEP120 it cannot be determined if
this homozygous CEP120 variant: L712F, or any or the other variants found in other
genes is the cause of the patient phenotype (Tables 4.2 and 4.3 and Figure 4.15). |
suggest that it would be appropriate to do additional functional analyses for this
variant to complement in silico analyses about its pathogenicity and to confirm if this
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variant can be suggested as disease-causing in this patient, or rule it out as disease-

causing.

These analyses show the importance of recruiting patient’s parents for WGS to
confirm segregation of any variant that can be suggested to be responsible for the
phenotype observed in a particular family case, this would help to provide an
accurate and robust genetic diagnosis. On the contrary, the lack of any genome
sequencing information from the parents may lead to misleading genetic diagnoses

and prevent the validation of the segregation of disease-causing variants.

Assessment of allele frequency in each mutation of interest in any patient subject to a
genetic diagnosis is important, as it has been shown in the discussion a variant
reported in Radha Rama Devi et al. (Radha Rama Devi et al., 2020, Barroso-Gil et
al., 2020). This variant is located in CCDC28B and the variant: c.73C>T;
p.(Arg25Trp). It can be suggested for this reported variant found in CCDC28B, there
is not enough evidence to suggest CCDC28B as a new JBTS candidate gene
(Tables 4.7 and 4.8). The allele frequency of this variant is too common in publicly
available databases to be responsible for the JBTS phenotype found in the reported
patient, even though this variant has been recently associated with impairment of the
immune synapse assembly (Capitani et al., 2022).

TOGARAML1 is a gene encoding TOGARAML1, which a protein with a role in the
regulation of axonemal microtubules and ciliary stability (Latour et al., 2020). Biallelic
mutations in TOGARAML1 have been associated with phenotypes within the JBTS
(Latour et al., 2020) and MKS phenotypic spectrum (Morbidoni et al., 2021).

The search for novel TOGARAM1 variants using the tiering data of the Genomics
England 100,000 Genomes Project proved to be effective in finding a JBTS patient
(JAS-L50) (Figure 4.16) presenting two TOGARAML1 pathogenic variants in
compound heterozygosis. The variants are one heterozygous nonsense variant:
€.5023C>T; p.(Argl675Ter) and one heterozygous missense variant: c.1112C>A;
p.(Ala371Asp). WGS data from the mother was available, and that allowed to confirm
that one of the heterozygous variants in the patient segregated from the mother, who
is unaffected and only presented one heterozygous TOGARAML1 variant. It was
confirmed in silico, using publicly online tools, that both TOGARAML1 variants are rare
and pathogenic (Latour et al., 2020).
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Recently two foetuses with MKS phenotypes have been described (Morbidoni et al.,
2021). These two foetuses presented compound heterozygous TOGARAML variants:
NM_015091.4:¢.1102C>T; p.(Arg368Trp), and ¢.3619C>T; p.(Argl207Ter)
(Morbidoni et al., 2021). Of note, the variant c.1102C>T; p.(Arg368Trp) affects the
TOG2 protein domain has also been described in homozygosis in a JBTS patient
(Latour et al., 2020).

4.3.3. Design of a pipeline to study patient-specific CEP120 mutations using

cell-based assays

The deleterious effect of different patient-specific variants in CEP120 has been
previously investigated by various research groups (Joseph et al., 2018, Tsai et al.,

2019), but these studies are limited to few cell types and few functional assays.

The Hh signalling pathway has not been investigated for CEP120 patient-specific
variant. Moreover, other CEP120 exonic variants such as: R151X, S380YfsX and
A549V have not been studied. | wanted to study patient-specific CEP120 mutations,
to do this, a pipeline was designed consisting in cell-based assays including Shh-
LIGH2 cells and primary human fibroblast (further information was described in
section: 2.14. Plasmid transfection intro mammalian cells, section 4.1. Introduction

and aims and section: 4.2.10).

In previous studies, other groups investigated the role of CEP120 in Hh signalling
using cell-based assays with NIH-3T3 or MEF cells (Breslow et al., 2018, Pusapati et
al., 2018, Betleja et al., 2018). Nevertheless, it is unknown if different patient-specific
mutations have a different effect on Hh signalling or if a differential effect on Hh
signalling may explain why different CEP120 mutations can lead to different
phenotypes.

The cell-based pipeline designed (Figure 2.9) could help to further validate the
pathogenicity effect of variants, such as L712F variant. Also this pipeline could be
applied to study other CEP120 variants not reported in the literature that can be
candidate variants to be responsible for a patient phenotype, for example the
CEP120 variant of “Uncertain Significance” which was found: E401A (Figure 4.14).

| could not complete this work (aimed to complete the pipeline designed and shown
in Figure 2.9) because plasmid transfection efficiency, using a GFP plasmid (which is

a plasmid expected to be easier to transfect than the WT-CEP120 plasmid, as it has
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a smaller size) in Shh-LIGHT2 cells, was very low, and nearly absent in primary

human fibroblasts.

If the transfection efficiency of the WT and mutant CEP120 plasmids had been
optimised, | would also determine if the transfection of the mutant CEP120 plasmids
can rescue the effect on Hh signalling caused by the CEP120 knockdown via an
CEP120 ASO morpholino (pipeline shown in Figure 2.9). To study patient-specific
CEP120 mutations | would transfect the WT and Mutant CEP120 plasmids into
primary cells and analyse Hh signalling components via gPCR. | would analyse these

components before and after Hh signalling stimulation using SAG.

The low or nearly absent plasmid transfection efficiency (Figure 4.36) prevented me
to continue with the pipeline designed. Any attempt to do rescue experiments with

such as low transfection efficiency would not detect any difference as the number of
transfected cells would be too low, would be irrelevant and without scientific interest.
Therefore, the optimisation transfection experiments as well as the ASO morpholino

knockdown experiments were stopped.

| did not have the time required to optimise plasmid transfection in Shh-LIGHT2 cells.
And even if | had optimised plasmid transfection in Shh-LIGHT2 cells | would also
have to optimise transfection in human primary cells, which are described to be more
difficult transfect than the Shh-LIGHT2 cells (derived from mouse NIH-3T3 cell line)
(Hasan et al., 2021, Kucharski et al., 2021).

If the transfection had been efficient enough, | would aim to continue with the
CEP120 knockdown via the CEP120 ASO morpholino experiments, using technical
and biological triplicate replicates, in human primary fibroblasts. This could confirm if
there is an effect in ciliogenesis or Hh signalling. If transfection in human primary
fibroblasts or hURECSs is not possible, | would transfect the WT and MUT hCEP120-
EGFP plasmids into Shh-LIGHT2 cells. However the use of Shh-LIGHT2 cells implies
that a new ASO morpholino would have to be designed, and besides, the effect of

transfecting human CEP120 cDNA sequence into mouse cells it is unknown.

To increase transfection efficiency, | would first search for advice and support within

the Translational and Clinical Research Institute from collages at Newcastle

University who perform routinely plasmid transfections. This is to have a direct

reference of what are the most effective procedures to follow for plasmid transfection,

including the selection of a suitable cell type to be transfected and the visualisation
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method of transfected cells (living, fixed or stained) to assess and optimise

transfection efficiency.

Furthermore, | would investigate alterative protocols to increase transfection
efficiency (Hasan et al., 2021). | would use the nucleofection method, instead of
liposomal transfection reagents such as Lipofectamine or polymer-based transfection
reagents such as Xfect or FUGENE. Alternatively, lentiviral vector infection could also
be attempted to increase transfection efficiency, however this option would involve

more technical complexity and training than the other options mentioned above.

| used a commercial CEP120 antibody that has not been reported in the literature. It
was observed that the staining of this CEP120 antibody locates at the expected
places: centrosome and basal body as it was previously reported using other
antibodies (Betleja et al., 2018, Mahjoub et al., 2010, Meka et al., 2022, Tsai et al.,
2019). I used this commercial CEP120 antibody by doing immunofluorescence on
two different cell types: Shh-LIGHT2 cells and primary human fibroblasts. Two
different types of microscopy were used: Fluorescence microscopy (Zeiss

Axiolmager) and Nikon (A1) confocal inverted microscopy.

From the immunofluorescence experiments performed, it can be suggested that the
quality, in terms of background noise, of the CEP120 staining is different depending
on the cell type and microscope used. It can also be suggested that in human cells
such as primary human fibroblasts, there is less background/noise (non-specific
staining) compared to mouse cells. This is not unexpected, as this commercial
antibody targets the CEP120 human protein sequence, which is not identical (~70%
of homology) compared to the mouse one. It was found that this background can be

avoided using a Nikon (A1) confocal inverted microscopy.

These differences in non-specific staining can be determinant for some experiments,
for example: if | had have achieved enough transfection efficiency (e.g. 50% of cells
are GFP positive cells) transfecting the WT CEP120 plasmid into mouse cells (such
as Shh-LIGHT2 cells) and wanted to analyse the rescue effect of WT or MUT
hCEP120-EGFP plasmids by visualising any changes in CEP120 staining (e.g.
intensity or localisation), | would suggest to use either a Nikon (Al) confocal inverted

microscope or to obtain higher transfection efficiency into human cells.

It was also demonstrated that it is possible to reduce the expression of CEP120 in
Shh-LIGHT2 cells and primary human fibroblasts via siRNA and ASO morpholino,
251



respectively, and the cells survived until the RNA extraction (after two days) or lysis
for dual luciferase assay are done (after 3 days). The siRNA experiment reduced
CEP120 expression up to 50% but did not cause an effect on Smo, Gli and Patch at
RNA level (Figures 4.28-4.30). Treating primary human fibroblasts with a CEP120
ASO morpholino (Figure 4.33) seems to be more effective than CEP120 siRNA in
mouse Shh-LIGHT2 cells (Figure 4.26).

Besides a dual luciferase experiment was performed, in which Shh-LIGHT2 were
stimulated with SAG and it was observed that in the cells treated with Smo siRNA
there was an impairment of Hh stimulation. it can be suggested that stimulating the
cells with SAG would allow to observe differences in terms of gene expression of Hh
components and stimulation of Hh signalling when CEP120/Cep120 expression is
reduced. If differences in Hh signalling want to be seen, it would be needed to
stimulate the cells with SAG and compare them with cells treated with DMSO only,
the same way as that was done with the dual luciferase assay (Figure 4.33).
However, the main limitation is that | did not do technical or biological replicates,
which prevents to confirm this.

In conclusion, in silico tools were used and the literature available to create a
database of reported variants of two JBTS genes, including CC2D2A, which can be
suggested as a good candidate gene for a possible exon skipping therapy. In vitro
analyses using cells lines and/or primary cells can support genetic findings related
with primary ciliopathies allowing, for instance: the visualisation of cilia and
centrosome via immunofluorescence and study of the expression via gPCR analysis
of some components of signalling pathways upon the knockdown of a particular

gene.

| used the WGS data available in the Genomics England 100,000 Genomes Project
to find a patient with disease-causing biallelic variants in TOGARAML1, a gene
recently associated with JBTS. Additionally, several examples were provided of how
important the sequencing of parental genomes (when available) is to confirm (or
discard) the segregation of putative disease-causing variants and to assess allele

frequency of putative disease-causing variants.
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Chapter 5. Investigation of genes involved in the endoplasmic
reticulum (ER) and use of Human Urine-Derived Renal Epithelial

Cells (hURECs) to complement genetic studies

5.1. Introduction and aims

There are multiple renal ciliopathy syndromes, which are characterised by genetic
overlap and by genetic and phenotypic heterogeneity (Braun and Hildebrandt, 2017).
Some examples of renal ciliopathies include polycystic kidney disease (PKD) and
nephronophthisis (NPHP) (Arts and Knoers, 2013). Patients with these renal
ciliopathies can show extra-renal phenotypes including brain, eye, liver, skeletal
systems and cardiovascular phenotypes (Novarino et al., 2011, Devlin and Sayer,
2019, Reiter and Leroux, 2017). In particular, liver and renal phenotypes can
frequently be observed together in patients with renal ciliopathies (Huynh et al., 2020,
Besse et al., 2019).

Autosomal dominant polycystic kidney disease (ADPKD) is the most common
inherited renal ciliopathy (Cornec-Le Gall et al., 2019, McConnachie et al., 2021),
typically ADPKD does not present until adulthood and its prevalence is estimated to
be about 1 in 1000 in the general population (Lanktree et al., 2021). However, the
prevalence of ADPKD is challenging to estimate because of its age dependent
penetrance and variable expression of the disease (Lanktree et al., 2021). ADPKD is
not the only the only autosomal dominant ciliopathy in which renal phenotypes can
be observed, other autosomal dominant ciliopathies are: autosomal dominant tubulo-
interstitial kidney disease (ADTKD) and autosomal dominant polycystic liver disease
(ADPLD), furthermore, phenotypic and genetic overlap is often observed between
these autosomal dominant ciliopathies (Cornec-Le Gall et al., 2018a, Devuyst et al.,
2019).

ADPKD is characterized by the presence of numerous and often large renal cysts.
This leads to progressive kidney enlargement and a decline in kidney function over
time, manly in late adulthood. ADPKD patients may also develop other extra-renal
phenotypes, some of them are: hepatic cysts, pancreatic cysts and hypertension
(Cornec-Le Gall et al., 2019). Regarding the molecular basis of the disease, the ‘two-
hit model’ is the prevalent theory, in which cysts develop from cells that acquire a
second somatic mutation, and this deactivates the remaining normal allele (Ta et al.,

2020). More precisely, it is thought that cytogenesis and additional PKD phenotypes
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are associated with the dysfunction of various interconnected signalling pathways
(Cabrita et al., 2020, Vasileva et al., 2021). PKD1 or PKD2 mutations are responsible
for the ADPKD phenotype in about 90% of patients (Lanktree et al., 2021, Senum et
al., 2022). PKD1 and PKD2 genes code for the proteins polycystin-1 (PC1) and
polycystin-2 (PC2) respectively. PC1 and PC2 form a PC1/PC2 complex at the ciliary
membrane. PC1 has features of both an ion channel and a G-protein coupled
receptor and PC2 functions as an ion channel in the primary cilium (Wang et al.,
2007, DeCaen et al., 2013). The maturity and ciliary localisation of PC1 and PC2 is
dependent on the glycosylation pathway at the endoplasmic reticulum (ER) (Besse et
al., 2017, Porath et al., 2016). Some patients, who do not have a pathogenic variant
in PKD1 or PKD2, show an atypical phenotype of ADPKD. There is an increasing
number of new genetic causes of autosomal polycystic kidney and liver phenotypes,
such as mutations in GANAB, DNAJB11, IFT140, ALG5, ALG8 and ALG9 (Senum et
al., 2022, Huynh et al., 2020). These genes code for proteins functioning at the ER
protein biosynthetic pathway and it has been shown that mutations in some of these
genes, or absence of the protein they encode, have an effect on PC1 and/or PC2
(Porath et al., 2016, Besse et al., 2019, Cornec-Le Gall et al., 2018a, Besse et al.,
2017).

The ER is a cell organelle, which is involved in protein synthesis, folding and
transport, among other functions (Schwarz and Blower, 2016). Multiple co- and post-
translational protein modifications occur in the ER, one of them is Asparagine (N)-
linked protein glycosylation. The N-linked-glycosylation pathway is an evolutionary
conserved process involved in correct folding, maturation and trafficking of
membrane and secreted glycoproteins including PC1 and PC2 (Schwarz and Blower,
2016, Aebi, 2013, Hu and Harris, 2020, Lemoine et al., 2022).

The Asparagine-Linked Glycosylation (ALG) genes are a group of 13 genes involved
in the ER glycosylation pathway (Schoberer et al., 2018, Aebi, 2013, Lemoine et al.,
2022). ALG5, ALGS8 and ALG?9 function in the N-linked-glycosylation pathway. In
particular, ALG5 participates in the dolichol cycle, ALG5 is a glucosyltransferase that
participates in the synthesis of the Dol-P-Glc donor substrate (Lemoine et al., 2022).
ALGS8 adds the second glucose residue and ALG9 adds the seventh and ninth
mannose residues to the polypeptide (Besse et al., 2017, Xu and Ng, 2015).

Recently in vitro experiments based on human or mouse cells revealed that

heterozygous loss-of-function (LoF) mutations in Alg5 or ALGS8 resulted in defective
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maturation and trafficking of PC1 (Besse et al., 2017, Lemoine et al., 2022) and

absence of Alg9 resulted in defective PC1 maturation (Besse et al., 2019).

Other genes such as: GANAB and DNAJB11 are associated with ADPKD-like or
ADPLD phenotypes and are also functioning in the ER glycosylation pathway. In the
ADPKD patients with mutations in any of these genes the renal disease was usually
mild, however the severity of the liver disease ranged from no cysts to severe
polycystic liver disease (PLD). GANAB encodes for glucosidase Il subunit a (Glla)
(Porath et al., 2016). Mutations in GANAB are associated with an atypical (usually
mild) form of ADPKD with variable, including severe, PLD (Besse et al., 2017, Porath
et al., 2016). The renal phenotype in patients with DNAJB11 mutations is
characterised by non-enlarged kidneys, chronic interstitial fibrosis, small renal cysts
and variable liver disease severity (Cornec-Le Gall et al., 2018a, Huynh et al., 2020).
Of note, mutations in PRKCSH are associated with ADPLD and PRKCSH encodes
GIIB, the other subunit of Gl (Li et al., 2003).

DNAJB11 is a cofactor of the ER heat shock chaperon BiP, which regulates protein
folding and trafficking (Cornec-Le Gall et al., 2018a, Huynh et al., 2020). Loss of
DNAJB11 is associated with defects in the maturation of PC1 and a reduction in PC1
membrane expression (Cornec-Le Gall et al., 2018a). Furthermore, biallelic
mutations in some of the ALG genes involved in the glycosylation pathway (including
ALG8 and ALGD9) lead to a more several phenotype affecting multiple organs called

congenital disorder of glycosylation (AlSubhi et al., 2016).

As it was explained previously in the Introduction (Chapter 1) and in Chapter 4, the
Genomics England 100,000 Genomes Project is a valuable resource to find novel
patients presenting variants in a list of genes (Best et al., 2021, Best et al., 2022b,
Wheway et al., 2019). The Genomics England 100,000 Genomes Project contributed
to the description of novel ADPKD patients presenting variants in DNAJB11 (Huynh
et al., 2020), and more recently ALG5 (Lemoine et al., 2022). Furthermore, this
database has been essential to genetically solve patients and investigate other
primary ciliopathies and rare diseases (Smedley et al., 2021, Best et al., 2022b, Best
et al., 2021, Latour et al., 2020, Olinger et al., 2021, Chan et al., 2022).

Genetic studies of primary ciliopathies and novel ciliopathy genes are often

complemented with functional studies using cell-based and models and/or patient’s
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cells (Latour et al., 2020, Shaheen et al., 2015, Besse et al., 2017, Cornec-Le Gall et
al., 2018a, Devlin et al., 2022).

As explained above, heterozygous variants in ALG5, ALG8 and ALG9 are associated
with ADPKD and ADPKD-like phenotypes (Besse et al., 2019, Besse et al., 2017,
Lemoine et al., 2022). It can be suggested that there may be other ALG genes that
could be associated with the overlapping ADPKD and ADPKD-like phenotypes, and
furthermore, that the combination of in silico experiments and in vitro experiments

using hURECSs can be used to test this hypothesis.

By using the Genomics England 100,000 Genomes Project, | aim to find novel
patients (genetically solve patients) presenting disease-causing variants in genes
encoding proteins functioning within the endoplasmic reticulum such as DNAJB11,
ALG5, ALG8 and ALGS9. | aim to investigate if there is an enrichment of heterozygous
loss-of-function alleles in any of the ALG genes, in a population of patients with cysts
in kidney or liver, compared to a non-cystic control population. | aim to investigate
one disease-causing patient-specific mutation and complement genetic studies using
hURECs.

5.2. Results

Using the tiering data in the Genomics England 100,000 Genomes project, several
putative disease-causing variants were found in the genes: DNAJB11, GANAB,
ALGS5, ALG8 and ALGS9 in patients diagnosed with cystic kidney disease or similar
phenotypes. These genes code for proteins involved in the ER biogenesis pathway.
Of note, none of the pathogenic variants described in this section were homozygous,

all of them were heterozygous.

| did not find any other putative disease-causing variants in other genes that could
explain the cystic kidney disease or similar phenotypes found in these patients,

except for some cases with variants in GANAB.

The terms “disease-causing” or “pathogenic” are used for a variant with enough
evidence of being responsible for the clinical phenotypic found in the corresponding
patient. However, a variant described as disease-causing, pathogenic or deleterious
by MutationTaster or other tools for in silico analysis of pathogenicity, may not be
described in this thesis as “disease-causing” or “pathogenic” after combining all the

analyses and assessment shown in this chapter.

256



5.2.1. Novel patients with pathogenic mutations in DNAJB11

Nine DNAJB11-affected individuals were found, presenting heterozygous pathogenic
variants in DNAJB11 (Tables 5.1-5.3), a gene recently associated with an atypical
form of autosomal dominant polycystic kidney disease (Cornec-Le Gall et al., 2018a).
8 of these patients were diagnosed with cystic kidney disease and one of them

diagnosed with Renal tract calcification (Huynh et al., 2020).

For one of these DNAJB11-affected individuals: Patient 5-DNAJB11, more detailed
clinical information was provided by clinician (Table 5.2 and Figure 5.1). Cystic
kidney disease is present in Patient 5-DNAJB11, as well as in her uncle and sister,
however genome sequencing information was unavailable to confirm segregation of

the DNAJB11 disease-causing variant.

8 different disease-causing variants in DNAJB11 were found. 4 of them are described
as nonsense, 2 of them as frameshift, 1 of them as splice donor variant and 1 of
them as missense. One of them: ¢.724C>T; p.(Arg242Ter) is found in two different
unrelated patients. | did not find any other putative disease-causing variants in other
genes that could explain the cystic kidney disease or similar phenotypes found in
these patients (Huynh et al., 2020).
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) Affected | Affected
Patient ID | Age | Sex Phenotype HPO terms
father mother
Multiple renal cysts (cortical
1- Cystic kidney and medullary), HBP,
76 M Yes No
DNAJB11 disease unguinal and umbilical
hernias
o Multiple renal cysts, HBP,
2- Cystic kidney
81 F . CKD, Stroke, Macular No Yes
DNAJB11 disease .
degeneration
3- Cystic kidney Hypertension, Renal cortical
55 F ] Yes No
DNAJB11 disease cysts, cone dystrophy
4- Cystic kidney Multiple renal cysts, HBP,
63 F . Yes No
DNAJB11 disease CKD stage 4
5- o Multiple renal cysts, liver
Cystic kidney . )
DNAJB11 | 50 F . cysts, ascending aortic Unknown Yes
disease
() aneurysm
Renal tract
6- calcification (or Nephrocalcinosis, CKD stage
66 F o No Yes
DNAJB11 nephrolithiasis or 3
nephrocalcinosis)
7- Cystic kidney ]
64 F . Multiple renal cysts, HBP Unknown No
DNAJB11 disease
Multiple renal cysts (cortical),
8- Cystic kidney liver cysts, CKD stage 3,
64 M . . ) Unknown | Unknown
DNAJB11 disease gout, HBP, obesity, hernia of
the abdominal wall
9- L
Cystic kidney )
DNAJB11 | 59 M _ Multiple renal cysts, HBP No Yes
) disease

Table 5.1. Clinical features of the unrelated DNAJB11-affected individuals identified
in the Genomics England 100,000 Genomes Project database. (1) The phenotype of
this patient and affected family members is further described in Table 5.2. (2) Patient
9 has an affected sibling, which is also diagnosed with cystic kidney disease,
presenting multiple renal cysts and HBP. CKD Chronic Kidney Disease; HBP High
blood pressure. These patients are also described in Huynh et al., 2020 (Huynh et

al., 2020).
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Relatio )
) Descri ] Other
) nship eGFR i Kidney ADPKD o
Patient ) Age ption - significant
with or Type length,cm | HBP | classific .
ID ,yr of the ) conditions
Proban ESRD (TKV ml) ation
. cysts (age, yr)
. Thoracic
R, 10.4; L, aortic
DNAJ - 50 74 MRI | MBSC No 1A
10.8 (360) aneurysm
B11
(45)
5-
DNAJ Non
Uncle 68 | ESRD | US | MBSC NA 2B None
B11(Il. enlarged
1
5- Thoracic
DNAJ ) Non aortic
Sister 60 | ESRD | CT | MBSC NA 2B
B11 enlarged aneurysm
(1.2) (50)

Table 5.2. Detailed clinical features of the DNAJB11-affected proband presenting the
variant: c.730A>T; p.Lys244Ter (Patient 5-DNAJB11) and her affected relatives.
Patient 5-DNAJB11 (from Family 5-DNAJB11) correspond to “proband IIl.1” from
“Family P Newcastle” described in Huynh et al., 2020 (Huynh et al., 2020). No blood
sample were available for Proband’s uncle and sister; the presence of the familial
variant: ¢.730A>T; p.(Lys244Ter) was not confirmed. Further details of this patient
are shown in Figure 5.1 and Table 5.1. ADPKD, autosomal dominant polycystic
kidney disease; CT, computed tomography; eGFR, estimated glomerular filtration
rate; ESRD, end-stage renal disease; MBSC; multiple bilateral small cysts; MR,
magnetic resonance imaging; NA, not available; TKV, total kidney volume; US,
ultrasound.
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) } CA PolyP MutationT | gnomA
Patient ID Mutation Rs ID SIFT ACMG
DD hen aster D
Likely
1- C.724C>T; rs765764 Disease | 4.798E
T:40 NA NA Pathog )
DNAJB11 | p.(Arg242Ter) 090 ) causing -06
enic
Proba
| bly .
2- €.161C>G; rs155384 | G:2 | Deleteri Pathog | Disease
dama ) ) NA
DNAJB11 | p.(Pro54Arg) 9919 6.7 | ous (0) ) enic causing
ging
1)
€.296_297delA
3- G; Pathog | Disease
NA NA NA NA _ _ NA
DNAJB11 | p.(Serl00Leuf enic causing
sTer33)
4- Likely .
c.100C>T; rs148976 Disease | 4.153E
DNAJB11 T:39 NA NA Pathog )
p.(Arg34Ter) 481 ) causing -06
D enic
5- C.730A>T,; Pathog Disease
NA NA NA NA ) ) NA
DNAJB11 | p.(Lys244Ter) enic causing
Likely )
6- C.724C>T; rs765764 Disease | 4.798E
T:39 NA NA Pathog )
DNAJB11 | p.(Arg242Ter) 090 ) causing -06
enic
7- Likely )
Disease
DNAJB11 c.68+1del NA NA NA NA Pathog ) NA
) causing
(2) enic
c.400delA,
8- rs116919 Pathog Disease | 4.042E
p.(llel34fsTer3 NA NA NA ) )
DNAJB11 ) 2999 enic causing -06
- C.616C>T; rs941713 Pathog Disease | 3.986E
T:36 NA NA ) )
DNAJB11 | p.(Arg206Ter) 150 enic causing -06

Table 5.3. Variants found in the DNAJB11-affected individuals found in the Genomics
England 100,000 Genomes Project database. DNAJB11 transcript considered:
NM_016306.6. All the variants have been found in heterozygosis. (1) This patient
also presents a heterozygous PKD2 variant: c.2140A>G; p.(Lys714Glu) of unknown
significance. (2) This patient also presents a heterozygous PKD1 variant: c.4085C>T,;
p.(Serl362Phe) of unknown significance. NA, not available. These variants are also
described in Huynh et al., 2020 (Huynh et al., 2020).

260



Family 5-DNAJB11

A B

Abdominal imaging of Patient 5-
DNAJB11 (proband)

@ @

Lys244Ter/+
Cystic kidney
disease

Figure 5.1. Family 5-DNAJB11 presenting a disease-causing variant in DNAJB11. A:
Pedigree diagram showing the segregation of a nonsense DNAJB11 variant in
Family 5-DNAJB11. The proband (patient with genome sequencing available
indicated by an arrow: Patient 5-DNAJB11) presents a heterozygous variant:
NM_016306.5 (DNAJB11): c.730A>T; p.(Lys244Ter). There is not genome
sequencing information available from the other family members. Black circles and
squares indicate affected females and males respectively, while white squares
indicate unaffected males. Lined individuals indicate that the clinical information of
that individual is unavailable. Clinical characteristics proband, and relatives when
available, and further annotation of the variant are detailed in Tables 5.1, 5.2 and 5.3.
B: Abdominal imaging of Patient 5-DNAJB11 via T2-weighted magnetic resonance
imaging. The proband described as “Patient 5-DNAJB11” from Family 5-DNAJB11 is
the same individual as “Individual 5” described in Huyn et al., 2020 (Huynh et al.,
2020).

5.2.2. Novel patients with pathogenic mutations in GANAB

GANAB is a gene associated with ADPKD/ADPLD phenotypes (Porath et al., 2016,
Besse et al., 2017). Using the same approach, | looked for GANAB variants in-

affected individuals with cystic kidney phenotypes.

8 GANAB-affected individuals were investigated: 7 of them diagnosed with cystic
kidney disease and one of them diagnosed with unexplained kidney failure in young
people (Table 5.4).

All 8 of the GANAB variants are described as missense (Table 5.5). 5 of these 8
patients also present a different PKD1 variant that can explain the cystic phenotype
in each of them. For the rest of the patients (3 patients without a PKD1 variant that
can explain the renal phenotype), one of them presents a PKD2 disease-causing
variant. For the remaining other two patients (without a PKD1 or PKD2 disease-
causing variant), further in silico and in vitro analyses are needed to assess
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pathogenicity of these GANAB variants and determine if they are responsible for the

corresponding patients’ phenotype.

} Suggested
Patient Affected | Affected )
Phenotype HPO terms disease-
ID father mother i
causing gene

o Pancreatic cysts,
Cystic kidney )
1-PKD1 ) Hepatic cysts, HBP, Yes No PKD1
disease )
Multiple renal cysts

Multiple renal cysts,

2- Cystic kidney Enlarged kidney,
) o No Yes -
GANAB disease Chronic kidney
disease, HBP
Cystic kidney Multiple renal cysts,
3-PKD1 i ) No Unknown PKD1
disease Enlarged kidney
Cystic kidney Renal cortical cysts,
4-PKD1 _ _ Yes No PKD1
disease Multiple renal cysts
o Enlarged kidney, HBP,
5- Cystic kidney ]
) Multiple renal cysts, Unknown No -
GANAB disease

Chronic kidney disease

Unexplained o
) ) _ HBP, Chronic kidney
6-PKD1 | kidney failure in . Unknown No PKD1
disease, Gout
young people

o Hepatic cysts, HBP,
Cystic kidney ]
7-PKD1 ] Multiple renal cysts, Yes No PKD1
disease .
Enlarged kidney

o Hearing impairment,
Cystic kidney )
8-PKD2 ) Multiple renal cysts, Yes No PKD2
disease HBP

Table 5.4. Clinical features of the unrelated individuals with rare heterozygous
variants in GANAB identified in the Genomics England 100,000 Genomes Project
database. Most of the patients present a disease-causing variant in PKD1 or PKD2.
For patients 2-GANAB and 5-GANAB a putative disease-causing variant was not
found in any related cystogene. For more information about the specific variants
investigated in these patients see Table 5.5. HBP, high blood pressure.
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) ance
PKD ging) PKD1
1 €.984_1014 _ ]
del Likely | Diseas
el;
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Table 5.5. Variants found in GANAB/PKD1/PKD2-affected individuals found in the
Genomics England 100,000 Genomes Project database. The transcripts considered
for GANAB, PKD1 and PKD2 are: NM_198335.4, NM_001009944.3 and
NM_000297.4 respectively. All the variants have been found in
heterozygosis.GANAB variant in Patient 2-GANAB: c.790A>G; p.(Met264Val) also
causes a start loss in an alternative transcript: GANAB(NM_001329224.1):c.1A>G ;
p.(MetlVal). Patient 1-PKD1 and Patient 4-PKD1 also have a relative each
diagnosed with cystic kidney disease, presenting the corresponding variants in
heterozygosis. For patients 2-GANAB and 5-GANAB a putative disease-causing
variant was not found in any related cystogene.
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5.2.3. Novel patients with pathogenic mutations in ALG5

ALGS is a gene that has only been recently associated with ADPKD. Before the work
of Lemoine et al., (Lemoine et al., 2022) in which | contributed, only ALG8 and ALG9
mutations were associated with ADPKD/ADPLD phenotypes (Besse et al., 2019,
Besse et al., 2017, Mantovani et al., 2020). The proteins coded by these three genes
have similar roles at the ER glycosylation pathway (Aebi, 2013, Besse et al., 2017,
Schoberer et al., 2018). | found 2 ALG5-affected individuals diagnosed with cystic
kidney disease with ALG5 heterozygous pathogenic variants (Figure 5.2 and Table
5.6).

A Family 1-ALG5 B Family 2-ALG5
N | O
A @ w
+/+ c.54_66+1del/+
Il
7
Arg208His/+
Cystic kidney 7
disease c.54_66+1del/+
Cystic kidney
[l A disease
Arg208His/+
Cystic kidney

disease

Figure 5.2. Families 1-ALG5 and 2-ALG5 presenting disease-causing ALG5 variants.
A: Pedigree diagram showing the segregation of a missense ALG5 variant in Family
1-ALG5. The proband (patient with genome sequencing available indicated by an
arrow; Patient 1-ALG5(lIl.1)) presents a heterozygous variant: NM_013338.5 (ALG5):
€.623G>A; p.(Arg208His). Genome sequencing information is available from the
mother (also represented with and arrow), who is also affected, and presents the
missense variant in heterozygosis. B: Pedigree diagram showing the segregation of a
deletion in ALGS5 affecting a splice donor site (exon 1) in Family 2-ALG5. The
proband (patient with genome sequencing available indicated by an arrow; Patient 2-
ALG5) and the mother of the proband present the deletion in heterozygosis:
NM_013338.5 (ALG5): c.54_66+1del. The father of the proband does not present the
deletion. Black circles and squares indicate affected females and males respectively,
while white circles and squares indicate unaffected females and males respectively.
Lined individuals indicate that the clinical information of that individual is unavailable.
Clinical characteristics of the probands, and relatives, if available, and further
annotation of the variants are detailed in Tables 5.6 and 5.7. The probands in
Families 1-ALG5 and 2-ALG5 are the same as: “subject lll.1 of Family 4; c.623G>A
(p-Arg208His)” and “Singleton, c.54_66+1del” respectively, described in Lemoine et
al., 2022 (Lemoine et al., 2022).
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Renal phenotypes were also present in two relatives of one of ALG5-affected
individuals: Patient 1-ALG5(111.1) (Lemoine et al., 2022). | found 2 different disease-

causing variants. 1 of them described as splice donor variant and 1 of them as

missense (Table 5.7).

) } eGFR Other
) ) Relationship o
Patient | Family ) ) (age) or | Aspect of the | significant
with Variant Sex } N
ID ID ESKD kidneys conditions
Proband
(age) (age)
1- Normal-sized | HBP (41),
1- C.623G>A, ) . )
ALG5(Il - ) F 83 (50) kidneys with | diaphragma
ALG5 p.(Arg208His) . ) )
1) multiple cysts | tic hernia
atrophic
1-ALG5 1- C.623G>A,; o
Mother ) F 38 (73) multicystic DMT2
(1.1) ALG5 p.(Arg208His) )
kidneys
Cause of
1-ALG5 1- ESKD
Grandfather - M NA death:
(1.1) (1) | ALG5 (85) _
uremia
Nephrocalci
2- Multiple nosis,
2-ALG5 - c.54_66+1del F >90 (20) ) )
ALG5 kidney cysts | hypercalciu
ria

Table 5.6. Clinical features of the ALG5-affected patients identified in the Genomics
England 100,000 Genomes Project database. ALG5 transcript considered:
NM_013338.5. (1) Genome sequencing was unavailable in this individual; therefore,
the ALGS variant was not confirmed. All the variants have been found in
heterozygosis. These patients and variants are also described in Lemoine et al.,
2022 (Lemoine et al., 2022). DMT2 diabetes mellitus type 2; eGFR, estimated
glomerular filtration rate; F, female; HBP, high blood pressure; M, male; NA, not
available.
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} Mutation
Mutation Rs ID CADD SIFT PolyPhen | ACMG gnomAD
Taster
0.997 .
C.623G>A; rs749484 0 Pathog | Disease
) T:33 ) (probably ] . 7.28E-06
p.(Arg208His) 470 (deleterious) . enic causing
damaging)
Likely .
Disease
c.54 66+1del NA NA NA NA pathog . NA
) causing
enic

Table 5.7. Variants found in ALG5-affected individuals found in the Genomics
England 100,000 Genomes Project database. ALG5 transcript considered:
NM_013338.5. NA, not available.

5.2.4. Novel patients with pathogenic mutations in ALG8

5 ALG8-affected individuals diagnosed with cystic kidney disease with ALG8
heterozygous pathogenic variants were found (Tables 5.8 and 5.9). Patient 4-ALG8
has a sibling, who is also diagnosed with cystic kidney disease and presents the
€.1090C>T; p.(Arg364Ter) disease-causing ALGS8 variant.

A total 4 different disease-causing variants were found. 2 of them are described as
nonsense and 2 of them as frameshift. One of them: ¢c.1090C>T; p.(Arg364Ter) is
found in two different unrelated patients. | did not find any other putative disease-
causing variants in other genes that could explain the cystic kidney disease or similar
phenotypes found in these patients.
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Patient ) Affected | Affected
Variant Phenotype HPO terms
ID father mother
Cystic ] .
1- c.1041del; ] Multiple renal cysts, hepatic
kidney yes no
ALG8 | p.(Ser348LeufsTerl9) ) cysts
disease
Cystic ) )
2- €.1296dupA, ] Enlarged kidney, multiple
kidney no Unknown
ALG8 | (p.Leud433ThrfsTer9) ) renal cysts
disease
] Abnormality of the eye,
Cystic ]
3- ¢.1090C>T; ] abnormality of the corneal
kidney . ] yes no
ALGS8 p.(Arg364Ter) ) thickness, multiple renal
disease
cysts
4- Cystic Renal cortical cysts,
€.1090C>T,; ) ] i
ALGS8 kidney haemangioma, multiple renal | Unknown yes
p.(Arg364Ter) )
() disease cysts
Renal cortical cysts, HBP,
) hepatic cysts, ab of nails, ab
Cystic )
5- c.121C>T; ) of spleen, multiple renal
kidney ) Unknown | Unknown
ALGS8 p.(Arg41Ter) ) cysts, malignant GI tumors,
disease )
multiple small medullary
cysts

Table 5.8. Clinical features of the unrelated ALG8-affected patients identified in the
Genomics England 100,000 Genomes Project database. ALGS8 transcript considered:
NM_024079.5. All the variants have been found in heterozygosis. (1) Patient 4-ALG8
has a sister also diagnosed with cystic kidney disease. Ab, abnormality, HBP, high
blood pressure.

Mutation Rs ID CADD ACMG MutationTaster | gnomAD
c.1041del; i ) .
rs963287770 NA Pathogenic | Disease causing | 3.99E-06
p.(Ser348LeufsTer19)
€.1296dupA; ) ] ]
NA NA Pathogenic | Disease causing NA
(p-Leu433ThrfsTer9)
€.1090C>T; . . .
rs376161880 A:44 Pathogenic | Disease causing | 6.37E-05
p.(Arg364Ter)
€.121C>T; p.(Arg41Ter) | rs200888240 A:42 Pathogenic | Disease causing | 1.19E-05

Table 5.9. Variants found in ALG8-affected individuals found in the Genomics
England 100,000 Genomes Project database. ALGS8 transcript considered:
NM_024079.5. NA, not available.
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5.2.5. Novel patients with pathogenic mutations in ALG9

3 ALG9-affected individuals diagnosed with cystic kidney disease with ALG9

heterozygous pathogenic variants were found (Tables 5.10 and 5.11). A total of 3

different disease-causing variants were found. 2 of them are described as nonsense

and 1 of them as splice donor variant. | did not find any other putative disease-

causing variants in other genes that could explain the cystic kidney disease or similar

phenotypes found in these patients.

) ) Affected | Affected
Patient ID Variant Phenotype HPO terms
father mother
c.1472del; Cystic kidney )
1-ALG9 _ Multiple renal cysts No No
p.(Asn491llefsTer33) disease
Multiple renal cysts, ab
o of the outer ear,
€.1012_1018+8 Cystic kidney o ]
2-ALG9 ] . hearing impairment, ab No No
delinsATAC disease
of the eye, HBP, ab
heart morphology
€.1363C>T; Cystic kidney Multiple renal cysts,
3-ALG9 . No No
p.(Arg455Ter) disease HBP

Table 5.10. Clinical features of the unrelated ALG9-affected patients identified in the
Genomics England 100,000 Genomes Project database. ALG9 transcript considered:
NM_024740.2. All the variants have been found in heterozygosis.

i Mutation
Mutation Rs ID CADD ACMG gnomAD
Taster
c.1472del; ]
NA NA Pathogenic NA NA
p.(Asn491llefsTer33)
) Likely
€.1012_1018+8delinsATAC NA NA ] NA NA
pathogenic
) Disease
€.1363C>T; p.(Arg455Ter) rs782775735 A:38 Pathogenic ) 4.01E-06
causing

Table 5.11. Variants found in ALG9-affected individuals found in the Genomics
England 100,000 Genomes Project database. ALG9 transcript considered:
NM_024740.2. NA, not available.
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5.2.6. Enrichment of loss-of-function (LoF) variants in ALG1, ALGS8, ALG9 and
ALG12 in a population with kidney and/or liver cysts

ALG genes encode proteins that function in the endoplasmic reticulum. It is known
that heterozygous loss-of-function (LoF) variants in some of these genes, such as
ALGS5, ALG8 and ALG9 can be associated with defects on PC1 biogenesis and lead
to cystic renal and/or liver phenotypes within the phenotypic spectrum of ADPKD
(Apple et al., 2023, Lemoine et al., 2022, Besse et al., 2019, Besse et al., 2017).

The overall aim of this section is to investigate if there is an enrichment of LoF
heterozygous alleles in any of the ALG genes in a population of patients with cysts in
kidney or liver, compared to a non-cystic control population. This enrichment analysis
in ALG genes may validate known phenotype-genotype associations, such as ALG8
and ALG9 with ADPKD and ADPKD-like phenotypes, and it may also suggest new
ones in other ALG genes with ADPKD and ADPKD-like phenotypes.

To do this | used the WGS and clinical data available in the Genomics England
100,000 Genomes Project to create two populations: one population of patients with
cysts in kidney or liver (case population) and a population without cysts in kidney of
liver (control population).

Even though there are few missense disease-causing variants in ALG5, ALG8 and
ALG9 described to be associated with ADPKD, this enrichment analysis is focussed
on LoF variants (Apple et al., 2023, Lemoine et al., 2022, Besse et al., 2019). This is
because the age-dependent and incomplete penetrance of heterozygous variants in
some of the ALG genes such as ALG8 and ALG9 (Besse et al., 2019, Apple et al.,
2023) and the complexity of finding and validating disease-causing missense variants
leading to ADPKD.

| estimated the burden of different types of variants (LoF variants, and non-LoF
variants as a negative control) in the ALG genes, in a population of patients with a
cystic phenotype in kidney and/or liver and compared it with the burden of the same

type of variants in a population without these cystic phenotypes.

Using the data available in the Genomics England 100,000 Genomes Project it is
observed an enrichment of LoF alleles in ALG1, ALGS8, ALG9 and ALG12 in the
population of cases compared to the population of controls. Furthermore, the odds of

having a LoF variant in these 4 genes are higher in cases than in controls.
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In order to create the case and control populations | first extracted the phenotypic
information of the data available of the participants in the Rare Disease Program

(main release v14, dated 27™ of January 2022).

Firstly, the probands in the Rare Disease Program were selected. There are 72955
participants in the Rare Disease program. It can be observed that 47% (34085
participants) of these participants are described as “Proband” and 53% (38869
participants) are described as “Relative” (Figure 5.3.A). There are 39844 participants
with a diagnosis in the Rare Disease Program, it can be observed that 86% (34084)
of them are described as “Proband” and 14% (5760) of them are described as

“‘Relative” (Figure 5.3B), in this study only probands were considered (n=34084).

A case and a control population were created based on the phenotype of these
probands, 1992 probands were selected for the case population as they have cysts
in kidney and/or liver. 16773 probands were selected for the control population, as
they do not have cysts in kidney or liver. 15389 probands without cysts in kidney or
liver were discarded of this study as they are diagnosed with a renal disease,
undiagnosed metabolic disorders, a ciliopathy or a disease similar to a ciliopathy.
These 15389 probands were discarded from the final control population to avoid
having a control population in which some patients, even though they do not have
kidney or liver cysts, present some the clinical phenotypes that could be caused by

mutations in the ALG genes (Figure 5.3C).

271



All participants in the Rare Disease Program Participants with a diagnosis in the Rare Disease Program

A C

Relatives, Cases,
5760, 14% 1922, 5%

Relatives,
5760, 14%

Controls,
16773, 42%

Figure 5.3. Distribution of the participants in the Rare Disease Program (main release
v14, dated 27™ of January 2022) to visualise where the case and control populations
are selected from. A: Pie chart showing the distribution of participants, found in the
table from Labkey: “rare_diseases_analysis” corresponding to the participants in the
rare disease program (72955 participants) according to their “participant type status”.
B: Pie chart showing the distribution of participants, found in the table from Labkey:
‘rare_diseases_participants_disease” corresponding to the participants in the rare
disease program with a diagnosis (39844 participants), according to their “participant
type status”. C: Pie chart showing the distribution of participants, found in the table
from Labkey: “rare_diseases_participants_disease” corresponding to the participants
in the rare disease program with a diagnosis (39844 participants), according to if they
were selected for this study (case and control populations) or not (discarded
probands and relatives).

Discarded
Probands,
15389, 39%

. Probands, |
Relatives, 34085, 47%
38869, 53%
Probands,
34084, 86%

Of note, about 10% and 1% of the participants with a diagnosis in the Rare Disease
Program, are diagnosed with Renal and Urinary tract disorders and ciliopathies
respectively (Figure 5.4 and Table 5.12). More details about the number of patients
diagnosed with a particular ciliopathy or renal and urinary tract disorder are shown in
Tables 5.13 and 5.14.

The case population (1922 participants), a population of patients with cysts in kidney
and/or liver, was selected based on 74 terms that referred to cysts in kidney or liver
(Appendix 3). It is observed that most of the cases are diagnosed with a renal

disease, as expected.

For example, 65% of the participants (1245) are diagnosed with cystic kidney
disease, 9% of the participants (174) are diagnosed with congenital anomaly of the
kidney and urinary track (CAKUT) and 3% of participants (53) are diagnosed with
unexplained kidney failure in young people (Figure 5.5A and Appendix 4). It is
observed that 37% of the cases (717 cases) are genetically solved by Genomics
England (Figure 5.5B).
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Distribution of participants with a diagnosis in the Rare Disease
Program (n=39844) according to disease group

Dysmorphic and
congenital abnormality

Metabolic

Haematological and
immunological disorders |

‘ Hearing and ear

| Tumour syndromes

Neurology and
neurodevelopmental

Ultra-rare disorders

Cardiovascular

Ophthalmological disorders Renal and urinary

tract disorders

Figure 5.4. Distribution of the participants in the Rare Disease Program (main release
v14, dated 27™ of January 2022). Pie chart showing the distribution of participants,
found in the table from Labkey: “rare_diseases_participants_disease” corresponding
to the participants in the rare disease program with a diagnosis (39844 participants),
according to their disease group. Of note, 10% of the participants (4234) are
diagnosed with a kidney and urinary tract disorder and 1% (391) are diagnosed a
ciliopathy. For clarity, of the pie chart shown, a group called: “Others”, includes the
following disease groups: Dermatological disorders, Respiratory disorders,
Ciliopathies, Rheumatological disorders, Growth disorders, Gastroenterological
disorders, Psychiatric disorders, Infectious diseases and NA’s. The number of
participants included in each disease group is detailed in Table 5.12.
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Disease group Number of participants %
Neurology and neurodevelopmental disorders 16014 39.41
Cardiovascular disorders 4664 11.48
Renal and urinary tract disorders 4234 10.42
Ophthalmological disorders 3382 8.32
Ultra-rare disorders 2278 5.61
Tumour syndromes 2266 5.58
Hearing and ear disorders 1127 2.77
Skeletal disorders 1096 2.70
Endocrine disorders 1010 2.49
Haematological and immunological disorders 1006 2.48
Metabolic disorders 778 191
Dysmorphic and congenital abnormality syndromes 679 1.67
Dermatological disorders 507 1.25
Respiratory disorders 401 0.99
Ciliopathies 391 0.96
Rheumatological disorders 343 0.84
Growth disorders 206 0.51
Gastroenterological disorders 140 0.34
Psychiatric disorders 95 0.23
Infectious diseases 13 0.03
NA's 9 0.02

Table 5.12. Distribution of the participants in the rare disease program diagnosed

with at least one disease in terms of their disease group. This information was

obtained from Labkey: main release v14, dated 27" of January 2022. Of note, there
are 751 participants in more than one disease group (1 participant in 5 disease
groups, 2 participants in 4 disease groups, 37 participants in 3 disease groups and

711 participants in 2 disease groups).

Disease Number of participants %
Non-CF bronchiectasis 161 41.18
Primary ciliary dyskinesia 137 35.04
Bardet-Biedl Syndrome 53 13.55
Rare multisystem ciliopathy disorders 26 6.65
Joubert syndrome 14 3.58

Table 5.13. Distribution of the participants included in rare disease group:

Ciliopathies, in terms of their diagnosed disease.
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Disease Nu@k')er of %
participants
Cystic kidney disease 1558 36.80
CAKUT (congenital anomalies of the kidney and urinary tract) 1212 28.63
Renal tract calcification (or Nephrolithiasis or nephrocalcinosis) 301 7.11
Proteinuric renal disease 287 6.78
Unexplained kidney failure in young people 271 6.40
Familial haematuria 240 5.67
Extreme early-onset hypertension 224 5.29
Renal tubular acidosis 60 1.42
Atypical haemolytic uraemic syndrome 45 1.06
Primary membranoproliferative glomerulonephritis and Familial IgA 36 0.85
nephropathy and IgA vasculitis

Table 5.14. Distribution of the participants included in rare disease group: Renal and
urinary tract disorders, in terms of their diagnosed disease.
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Distribution of participants of the case population (n=1922) according to their specific disease and
their status regarding to if they are solved or not by Genomics England

B
A
Not
Ductal plate malformation solved,
Other diseases (with <10 1205. 63%
probands in each disease) '
Intellectual disability . \
Renal tract calcificatio C
(or Nephrolithiasis or ,k‘
nephrocalcinosis) ‘———— Cystic kidney Other/Not available,
disease DNAJB11, 93, 13%
0,
Unexplained kidney failure 8 1%
in young people
PKHD1, PKD
11, 1% :
PKDZ, 469, 65%

142, 20%

Figure 5.5. Distribution of the case population created from the Genomics England
100,000 Genomes Project according to the diagnosed disease of the patients and
their status regarding to if they are solved or not by Genomics England. This
information was obtained from Labkey: main release v14, dated 27™ of January
2022. The case population consists in 1922 probands with cystic kidney and/or liver
disease. A: Pie chart showing the distribution of participants selected corresponding
to the case population selected according to their disease. B: Pie chart showing the
distribution of participants in the case population (1922 participants), according to if
they are solved by Genomics England (using the criteria: case_solved family = yes,
this information was obtained from the table from Labkey: “gmc_exit_questionnaire”).
C: Considering the 717 patients from the case population that are genetically solved
by Genomics England (gmc_exit_questionnaire, main release v14), more than 50%
of them (n=469) are solved by variants in PKD1 gene. Of note, for some other
patients with cysts in kidney or liver the gene hame was not available. Other genes
reported in the GMC exit questionnaire to genetically solve these patients are:
HNF1B (n=4), CEP290 (n=4), SEC63 (n=2), COL4A4 (n=2), GANAB (n=1), LRP5
(n=1), WDR19 (n=1), COL1A1 (n=1), COL4AS5 (n=1) among other genes. Some
patients present several variants reported in the gmc_exit_questionnaire, for
example: there are 4 patients with both PKD1 and PKD?2 variants, and the patient
genetically solved with a pathogenic LRP5 variant has also a variant of unknown
clinical significance in PKD2.
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In the control population (16773 participants), a population of patients without cysts in
kidney or liver and without the diagnosis or a renal disease, a ciliopathy o similar
ciliopathy phenotypes. For example, 33% of the participants (5610) are diagnosed
with Intellectual disability, 9% of the participants (1361) are diagnosed with Epilepsy
plus other features, 3% of participants (1215) are diagnosed with ultra-rare
undescribed monogenic disorders (Figure 5.6A and Appendix 5). It is observed that
13% of the controls (2188 controls) are genetically solved by Genomics England
(Figure 5.6B).

Distribution of participants of the control population (n=16773) according to their specific disease
and their status regarding to if they are solved or not by Genomics England

A B

Other diseases (with <50
probands in each disease)

Solved,
2188, 13%

Intellectual
dlsablllty

//‘\' Ultra-rare undescribed

Hypertrophic \‘ monogenic disorders
Cardiomyopathy

Familial
Hypercholesterolaemia

Familial breast and
or ovarian cancer

Not solved,

Epilepsy plus
14585, 87%

other features

Early onset and familial
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| Primary immunodeficiency

Figure 5.6. Distribution of the control population created from the Genomics England
100,000 Genomes Project according to the diagnosed disease of the patients and
their status regarding to if they are solved or not by Genomics England. This
information was obtained from Labkey: main release v14, dated 27™ of January
2022. The control population consists in 16773 probands without cystic kidney or
liver disease. A: Pie chart showing the distribution of participants selected
corresponding to the control population, according to their disease. B: Pie chart
showing the distribution of participants in the control population selected for this
study (16773 participants), according to if they are solved by Genomics England
(using the criteria: case_solved family = yes, this information was obtained from the
table from Labkey: “gmc_exit_questionnaire”).

Using the case and control population created, it was found an enrichment of LoF
alleles in ALG1, ALG8, ALG9 and ALG12 in the population of cases compared to the
population of controls. | studied the proportion of LoF alleles for each of the
population: cases and controls and for each of the ALG genes. The proportion of LoF

alleles is the number of loss-of-function alleles divided the total alleles.

Three different analyses were performed, based on LoF of variants were described.

In the first analysis, | considered as LoF variant any variant that is described as
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nonsense or frameshift. It is observed, in the control population, that 0.09% of the
alleles in ALG1 are LoF alleles, while in the case population this percentage is 0.08,
which is about 9 times higher. For ALG8 and ALG12, the proportion of LoF alleles in
cases is about 3 and 5 times higher than in controls, respectively (Figure 5.7).
Applying a Fisher's Exact Test it was found that the difference in the proportion of
LoF alleles in in ALG1, ALG8, and ALG12 in cases compared to that proportion in
controls is statistically significant, with p-values of 0.017, 0.016 and 0.041
respectively (Table 5.15).

Percentage of LoF alleles in each of the ALG genes, in
the case and control populations
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Figure 5.7. Enrichment of predicted loss-of-function alleles (LoF) alleles in ALG1,
ALGS8 and ALG12 in the population of cases compared to the population of controls.
Bar plot showing the percentage of LoF, considering nonsense and frameshift alleles
as LoF alleles in the case population (3844 total number alleles), shown as red bars
against the control population (33546 total number alleles), shown as green bars.
The corresponding allele counts and p-values for each gene are detailed in Table
5.15. Fisher's Exact Test was used to determine significance. *, ** and *** represent
p-value <0.05, p-value <0.01 and p-value <0.001 respectively. Not significant
comparisons (p-value >0.05) are indicated as ns.
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LoF = stop and frameshift

LoF = stop, frameshift, splice donor and splice

LoF = stop, frameshift, splice donor and splice

acceptor acceptor (unsolved patients only)
Gene | cases | controls | p-value OR (95%CiI) cases | controls | p-value OR (95%CiI) cases | controls | p-value OR (95%CI)
ALG1 3 3 0.017 | 8.74 (2.04-37.45) 3 8 0.096 | 3.28(0.94-10.95) 1 4 0.328 | 3.03(0.25-18.14)
ALG2 1 6 0.532 1.46 (0.13-8.74) 1 6 0.532 1.46 (0.13-8.74) 1 5 0.379 2.42 (0.21-17.36)
ALG3 0 9 0.611 0.00 (0.00-3.32) 1 9 1.000 0.97 (0.09-5.78) 0 8 1.000 0.00 (0.00-5.42)
ALG5 0 1 1.000 | 0.00 (0.00-78.54) 1 1 0.195 8.73 (0.46- 1 1 0.147 1211 (0.64-

165.90) 230.20)

ALG6 1 8 1.000 1.09 (0.10-6.94) 2 18 1.000 0.97 (0.22-3.70) 2 14 0.348 1.73 (0.39-7.19)
ALG7 0 5 1.000 0.00 (0.00-5.84) 0 5 1.000 0.00 (0.00-5.84) 0 5 1.000 0.00 (0.00-8.10)
ALGS8 6 15 0.016 3.50 (1.42-8.77) 6 29 0.167 1.81 (0.80-4.26) 5 28 0.103 2.17 (0.90-5.27)
ALG9 2 7 0.235 | 2.50(0.52-11.02) 3 8 0.096 3.28 (0.94-10.95) 3 8 0.046 | 4.55(1.30-15.19)
ALG10 1 16 1.000 0.55 (0.05-3.10) 1 18 0.714 0.48 (0.05-2.67) 1 12 1.000 1.01 (0.09-6.30)
ALG11 1 7 0.580 1.25 (0.11-8.74) 1 7 0.580 1.25 (0.11-8.74) 1 6 0.426 2.02 (0.18-12.13)
ALG12 3 5 0.041 5.24 (1.39-19.57) 3 12 0.195 2.18 (0.66-7.63) 3 8 0.046 4.55 (1.30-15.19)
ALG13 0 1 1.000 0.00 (0.00-78.54) 0 1 1.000 0.00 (0.00-78.54) 0 0 1.000 NA
ALG14 2 6 0.195 2.91 (0.60-12.11) 2 9 0.315 1.94 (0.42-8.00) 2 8 0.174 3.03 (0.65-12.15)

Table 5.15. Enrichment of loss-of-function (LoF) alleles in ALG1, ALG8, ALG9 and ALG12 in the case population. Loss-of-function (LoF)
alleles counts in case and control populations with the p-value of the statistical tests performed and Odds Ratio (OR). A p-value lower
than 0.05 is indicated in bold. An OR with the lowest confidence interval (95%CI) higher than 1 is also indicated in bold.
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In the second analysis, | considered as LoF variant any variant that is described as
nonsense, frameshift, splice donor or splice acceptor. It is observed that, none of the
differences in the proportion of LoF alleles in cases compared to the proportion of

LoF alleles in controls is statistically significant (Figure 5.8 and Table 5.15).

Percentage of LoF alleles in each of the ALG genes,
in the case and control populations
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Figure 5.8. Bar plot showing the percentage of loss-of-function alleles (LoF) alleles in
the case and control populations. Nonsense, frameshift, splice donor and splice
acceptor alleles are considered LoF alleles. The percentage of LoF alleles for each of
the ALG genes in the case population (3844 total number alleles) is shown as red
bars, and in the control population (33546 total number alleles) is shown as green
bars. The corresponding allele counts and p-values for each gene are detailed in
Table 5.15. Fisher's Exact Test was used to determine significance. *, ** and ***
represent p-value < 0.05, p-value <0.01 and p-value <0.001 respectively. Not
significant comparisons (p-value >0.05) are indicated as ns.

280




In the third analysis, | considered as LoF variants any variant that is described as
nonsense, frameshift, splice donor or splice acceptor. Besides, | only included the
genetically unsolved cases (1205 cases) and genetically unsolved controls (14585
controls). It is observed that, for ALG9 and ALG12, the proportion of LoF alleles in
cases is about 3 times higher than in controls (Figure 5.9). And Applying a Fisher's
Exact Test it was found that the difference in the proportion of LoF alleles in ALG9
and ALG12 in cases compared to that proportion in controls is statistically significant,

with a p-value of 0.046 in both genes (Table 5.15).

Percentage of LoF alleles in each of the ALG genes,
in the genetically unsolved patients of the case and control populations
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Figure 5.9. Enrichment of predicted loss-of-function alleles (LoF) alleles in ALG9 and
ALG12 in the population of cases compared to the population of controls that are
genetically unsolved by Genomics England. Bar plot showing the percentage of LoF,
considering nonsense, frameshift alleles, splice donor and splice acceptor as LoF
alleles in the genetically unsolved (based on GMC exit questionnaire, main release
v14) case population (2410 total number alleles), shown as red bars against the
genetically unsolved control population (29170 total number alleles), shown as green
bars. There are 717 cases and 2188 controls genetically solved by Genomics
England. These patients have been excluded to create the following bar plot. The
corresponding allele counts and p-values for each gene are detailed in Table 5.15.
Fisher's Exact Test was used to determine significance. *, ** and *** represent p-
value <0.05, p-value <0.01 and p-value <0.001 respectively. Not significant
comparisons (p-value >0.05) are indicated as ns.
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Each of the three analyses described above was complemented by calculating the

odds ratio (OR) of having a LoF variant in cases against having a LoF variant in

controls for each of the ALG genes. An OR of 1.0 indicates that there is no difference

in the odds between the cases and controls while an OR higher than 1.0 indicates an

increase in odds among the cases against controls.

In the first analysis it is observed an odds ratio of 8.74, 3.5, and 5.24 in ALG1, ALGS8
and ALG12, respectively, and in these three genes the lowest confidence interval of

these OR is higher than 1 (Figure 5.10A and Table 5.15).

A C
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. . Patients with LoF alleles: : ; .
Patients with LoF alleles: cases against controls patients with LoF alleles:
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. : splice donor and splice . .
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Figure 5.10. Increased odds ratio (OR) of having a predicted loss-of-function alleles
(LoF) allele in cases against having a LoF allele in controls, in ALG1, ALGS8, ALG9
and ALG12. Several forest plots have been created showing the odds ratio (OR) with
its 95% confidence interval for each of the ALG genes. A: Forest plot showing the
odds ratio of having LoF allele in cases (1922) against having a LoF allele in controls
(16773), for each of the ALG genes. | considered nonsense and frameshift alleles as
LoF alleles. B: Forest plot showing the odds ratio of having LoF allele in cases (1922)
against having a LoF allele in controls (16773), for each of the ALG genes. |
considered nonsense, frameshift alleles, splice donor and splice acceptor alleles as
LoF alleles C: Forest plot showing the odds ratio of having LoF allele in genetically
unsolved cases (1205) against having a LoF allele in genetically unsolved controls
(14585), for each of the ALG genes. | considered nonsense, frameshift alleles, splice
donor and splice acceptor alleles as LoF alleles. The corresponding allele counts and
OR for each gene are detailed in Table 5.15. When an OR equals to O or cannot be
calculated, it is not represented here (for example: ALG3, ALG5 ALG7 and ALG13
are not represented in panel A). An OR with the lowest confidence interval higher
than 1 is indicated in red.
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In the second analysis, it is observed that in none of the ALG genes the odds ratio

had a lowest confidence interval higher than 1 (Figure 5.10B and Table 5.15).

And in the third analysis it is observed an odds ratio of 4.55 in ALG9 and ALG12, and
in these two genes the lowest confidence interval of these OR is higher than 1
(Figure 5.10C and Table 5.15).

In summary, combining the three analyses it is found an enrichment of LoF alleles in
ALG1, ALG8, ALG9 and ALG12 in the population of cases compared to the
population of controls, in other words, the odds of having a LoF variant in these 4

genes are higher in cases than in controls.

As a negative control | calculated the proportion of missense alleles in cases and
compared it with the proportion of missense alleles in controls in ALG1, ALG8, ALG9
and ALG12. The proportion of missense alleles is the number missense alleles
divided the total alleles. Missense alleles with an allele frequency higher than 0.02 in
the case or control populations were excluded because some missense alleles can
be very common in the case and control populations, and subsequently, prevent to

observe a real enrichment in missense variants (if any).

It is found that none of the differences in the proportion of missense alleles in cases
compared to that proportion in controls is statistically significant (Figure 5.11A and
Table 5.16). It is observed that in none of these four ALG genes the odds ratio had a
lowest confidence interval higher than 1 (Figure 5.11B and Table 5.16).
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Lack of enrichment of missense alleles in cases against missense alleles in
controls in ALG1, ALG8, ALG9 and ALG12
Missense variants with an allele frequency >0.02 were removed
A B
Percentage of missense alleles in each of the Patients with missense alleles:
ALG genes, in the case and control populations cases against controls
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Figure 5.11. Lack of enrichment missense alleles in cases against missense alleles
in controls in ALG1, ALG8, ALG9 and ALG12. A: Bar plot showing the percentage of
missense alleles in the case population (3844 total number alleles), shown as red
bars against the control population (33546 total number alleles), shown as green
bars. Fisher's Exact Test was used to determine significance. *, ** and *** represent
p-value < 0.05, p-value <0.01 and p-value <0.001 respectively. Not significant
comparisons (p-value >0.05) are indicated as ns. B: Forest plot showing the odds
ratio (OR) with its 95% confidence interval for each of the ALG1, ALGS8, ALG9 and
ALG12 genes. This forest plot shows the odds ratio of having missense allele in
cases (1922) against having a missense allele in controls (16773), for ALG1, ALGS,
ALG9 and ALG12 genes. Missense alleles with an allele frequency higher than 0.02
in the case or control populations were excluded. The corresponding allele counts, p-
values and OR for each gene are detailed in Table 5.16.

Missense alleles in unsolved patients only and excluding variants with an allele
frequency >0.02
Gene cases controls p-value OR (95%Cl)
ALG1 70 530 0.25 1.16 (0.89-1.48)
ALGS8 103 886 0.87 1.02 (0.83-1.25)
ALG9 48 350 0.24 1.20 (0.89-1.62)
ALG12 37 319 0.93 1.01 (0.72-1.41)

Table 5.16. Non-enrichment of missense alleles in ALG1, ALG8, ALG9 and ALG12 in
the population of cases compared to the population of controls. Missense alleles
counts in case and control populations with the p-value of the statistical tests
performed and Odds Ratio (OR).
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Of note, the ALGS8 and ALG9 variants found in cases are the same as the ones

described in the previous sections 5.2.4 and 5.2.5 (shown in Tables 5.8 and 5.11),

and further information about the genomic position of these variants found in cases

are shown in Appendix 6.

The genomic position for the ALG1, ALG8, ALG9 and ALG12 variants found in
controls is shown in Appendix 7. More detailed information about the ALG1 and

ALG12 variants found in cases is shown in Table 5.17.

) Mutation
Mutation Rs ID CADD ACMG gnomAD Gene
Taster
c.677del; Likely Disease
NA NA ) ) NA ALG1
p.(Pro226LeufsTer10) pathogenic causing
€.364G>T,; Likely Disease
NA NA ) ] NA ALG1
p.(Glul22Ter) pathogenic causing
C.1059C>A,; Likely Disease
NA NA ) ] NA ALG1
p.(Tyr353Ter) pathogenic causing
c.1001del; rs75924 . Disease 2.6E-5
NA Pathogenic ) ALG12
p.(Asn334ThrfsTerl5) 4819 causing (*v3.1.1)
C.732G>A; _ Disease
NA NA Pathogenic ) NA ALG12
p.(Trp244Ter) causing
€.604C>T; rsb4764 Likely Disease
A:29.6 ) ) 2.13E-05 | ALG12
p.(Arg202Ter) 0376 pathogenic causing

Table 5.17. Loss-of-function (LoF) variants in ALG1 and ALG12 found the case
population in the Genomics England 100,000 Genomes Project database. The

transcripts considered for ALG1 and ALG12 are: NM_019109.5 and NM_024105.4
respectively. NA, not available.

5.2.7. Selection of control hURECSs for genetic studies

Cell cultures of hURECSs are a non-invasive source of primary cells that can be used

to complement genetic studies (Ajzenberg et al., 2015, Molinari et al., 2020,

Ramsbottom et al., 2018). | cultured hURECs from several healthy individuals

(controls). it is observed variability between some samples from different control

individuals and within different samples of the same control individual. One individual

can provide several urine samples and hURECs may only grow in some of them (e.g.

Control B), while some individuals may provide different samples in which hURECs

grow in all the samples (e.g. Control A), and other individuals may provide one or

more samples in which in hURECSs could not be cultured (e.g. Control H) (Table

5.18).

285




A Samples that Passage (P) in
e
Individual 9 Sex Samples survived/total which the sample/s
range (yr) :
samples (%) stopped growing
Control A 30-60 M A (1)and A (2) 2/2 (100) P4
B(1).B(2.B(3)
Control B 18-30 F 2/4 (50) P1 and P3
and B (4)
Control C 30-60 F C(1)and C (2) 1/2 (50) P5
Control D 30-60 F D 1/1 (100) P5
Control E 18-30 F E (1) and E (2) 1/2 (50) P3
Control F 30-60 F F 1/1 (100) P3
Control G 18-30 M G 1/1 (100) P1
Control H 18-30 F H 0/1 (0) NA
Control | 18-30 M I NA NA
ALGS8 Patient 30-60 M ALGS8 1/1 (100) Frozen at P8 (*)

Table 5.18. Description of the survival the human urine derived renal epithelial cells
(hURECSs) samples used from Control individuals and the ALG8 patient. (*) The
hURECSs of the ALGS8 patient survived to P8 and were frozen to be stored for future
analyses. NA, not available.

In terms of cell growth and survival it is observed that at early passages (P1-P3),
hURECSs from control individuals usually grew well and looked “healthy” (ie: with the
expected morphology and shape) (Figure 5.12). | also observed (as early as P2 in
some samples) that hURECs may start to look elongated and grow at a slower rate
(Figure 5.13) before they stopped growing. At the passage (P) when hURECs
stopped growing and subsequently (which can be different depending on the sample
and individual) usually the hURECs look elongated and may display extensions of

their own cytoplasm (ie: look “unhealthy”) (Figure 5.14).
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E Control A P2 F Control D P3
P N . X! -

Figure 5.12. Representative light microscopy images of human urine-derived renal
epithelial cells (hURECS) that grew well (were passaged for at least one more time)
from healthy individuals (Controls). These hURECs continued growing and looked
healthy also in the next passage (from the passage in which each of the
corresponding pictures was taken). A: Image of hURECs from a healthy individual
(Control B) after 24 days of being seeded from urine processing. B-D: Images of
hURECs from a healthy individual (Control C) after 26 (B), 30 (C), 34 (D) days of
being seeded. (*) hURECs in D do not seem confluent, however this is because there
were passaged just three days before the picture was taken. Eventually these
hURECs were as confluent as in images B and C. E: Image of hURECs from a
healthy individual (Control A) after 30 days of being seeded. F: Image of hURECs
from a healthy individual (Control D) after 34 days of being seeded. For image in
panel A: Zeiss AxioVert 200M inverted microscope and a magnification objective
Plan Neofluar 5x/0.15 Ph1 were used. Scale bar: 20 um. The specific control
individual and passage number is indicated above each image. For images B-F
Nikon Eclipse TS100 inverted microscope was used for visualisation. The
magnification objective used was Nikon 10x/0.25.

287



A Control D P4 B Control A P3

C Control A P3 D Control A P3

Figure 5.13. Representative images of human urine-derived renal epithelial cells
(hURECS) that resembled fibroblasts rather than epithelial cells from healthy
individuals (Controls). These hURECs continued growing during the passage in
which each of the corresponding pictures was taken however they stop growing in
the next passage. A more elongated shape compared to hURECs in Figure 5.12 is
observed. A: Image of hURECSs from a healthy individual (Control D) after 46 days of
being seeded from urine processing. B-D: Images of hURECs from a healthy
individual (Control A) after 43 (B and C) and 44 (D) days of being seeded. E: Image
of hURECSs from a healthy individual (Control E) after 46 days of being seeded. F:
Image of hURECs from a healthy individual (Control F) after 45 days of being
seeded. (*) Even though these hURECs survived to P3, the slow grow and elongated
morphology suggest that they probably would not have survived if they were
passaged for P4. The specific control individual and passage number is indicated
above each image. Nikon Eclipse TS100 inverted microscope was used for
visualisation. The magnification objective used was Nikon 10x/0.25.

288



Control G P1

E Control F P3 F Control C P5

Figure 5.14. Representative images of human urine-derived renal epithelial cells
(hURECS) that look fibroblastic (they did not survive the corresponding passage in
which the corresponding picture was taken) from healthy individuals (Controls).
These hURECSs did not continue growing during the passage in which each of the
corresponding pictures was taken. A more elongated shape compared to hURECs in
Figure 5.12 is observed. Furthermore, these hURECSs did not grow anymore, unlike
hURECs in Figures 5.10 and 5.11. A: Image of hURECs from a healthy individual
(Control G) after 34 days of being seeded from urine processing. B: Image of
hURECs from a healthy individual (Control A) after 52 days of being seeded. C-E:
Images of hURECs from a healthy individual (Control F) after 52 days of being
seeded. F: Image of hURECs from a healthy individual (Control C) after 52 days of
being seeded. The specific control individual and passage number is indicated above
each image. Nikon Eclipse TS100 inverted microscope was used for visualisation.
The magnification objective used was Nikon 10x/0.25.
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Considering the hURECSs from the nine different controls, it is observed that Control
A, Control C and Control D are the best suited to be used for in vitro experiments.
This is because hURECs from Control A can grow up to passage 4 (P4) and
hURECSs from Control C and D can grow up to P5 (Figure 5.15 and Table 5.18).

Passage number in which hURECs from different control
individuals stopped growing

3 )
1
B (1), E ond b
1), and F
Number of 2 ® A ® o
different B(2)and G A(1)
samples 4 and A (2)
0 ®
0 1 2 3 4 5

Passage number

Figure 5.15. Diagram showing the Passage (P) number in which each the hURECs of
each control individual stopped growing. For some individuals (A, B, C and E) | was
able to culture hURECs from different urine sample obtained at different (ie: different
samples from the same individual), this is indicated next to each of the ID of each
sample. it can be observed that the hURECs from controls B (2) and G stopped
growing at P1. hURECs from controls: B (1), E (1), and F stopped growing at P3.
hURECSs from control A stopped growing at P4. hURECs from controls C (1) and D
stopped growing at P5. Samples in which hURECs did not grow (B (3), B (4), C (2), E
(2) and H) are not shown in the diagram for simplicity. Some of the samples shown in
the diagram (B (1) and B (2)) may have growth if they had been further passaged
however, they were used for other experiments instead.
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5.2.8. Characterisation of the ciliary and molecular phenotype of hURECs from

a patient with a nonsense mutation in ALGS8

Icompared the hURECSs of a patient with cystic kidney disease (Patient 7-ALG8) who
presents an ALG8 heterozygous variant: NM_024079.5 (ALG8): ¢.1090C>T;
p.(Arg364Ter) (Figure 5.16) with the hURECs on Control A (sex-matched control).

The corresponding in vitro experiments consisted in immunofluorescence (IF) to stain
the cilia in the hURECSs from the Family 7-ALG8 patient (Figures 5.17-5.18) to be
compared with the cilia in the hURECs of Control A (Figures 5.19 and 5.20).

Family 7-ALG8
2
e )
Arg364Ter/+
Cystic kidney
disease

Figure 5.16 Pedigree diagram showing Family 7-ALGS8 presenting a disease-causing
ALGS8 variant. The proband (patient with genome sequencing available indicated by
an arrow; Patient 7-ALG8) presents a heterozygous variant: NM_024079.5 (ALGS):
€.1090C>T; p.(Arg364Ter). There is not genome sequencing information available
from the other family members. Clinical information about the parents of the proband
is unavailable. Black square indicates affected male. Lined individuals indicate that
the clinical information of that individual is unavailable.
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ARL13B

Figure 5.17. Immunofluorescence microscopy in human urine-derived renal epithelial
cells (hURECS) from a Family 7-ALG8 patient with cystic kidney disease. This patient
is the proband in Family 7 (Figure 5.16), which presents an ALG8 heterozygous
variant: NM_024079.5 (ALG8): ¢.1090C>T; p.(Arg364Ter). A: it shows the antibodies:
ARL13B (green), which is a ciliary membrane marker, PCNT (purple) which is a
centrosome marker and AC-TUB (red) which is a marker for acetylated microtubules.
DAPI, a nuclear marker is shown in blue. ARL13B, PCNT and AC-TUB antibodies
are also shown in panels B, C and D respectively, in white. hURECs were serum
starved for 48 hours. Nikon (A1) confocal inverted microscopy was used for
visualisation. AC-TUB, Acetylated Tubulin; PCNT, Pericentrin. Scale bar: 10 pum.
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Figure 5.18. Immunofluorescence microscopy in human urine-derived renal epithelial
cells (hURECSs) from a Family 7-ALGS8 patient with cystic kidney disease. This patient
is the proband in Family 7 (Figure 5.16), which presents an ALG8 heterozygous
variant: NM_024079.5 (ALG8): ¢.1090C>T; p.(Arg364Ter). A and B: Images show
the antibodies: ARL13B (red), which is a ciliary membrane marker and PCNT (green)
which is a centrosome marker. DAPI, a nuclear marker is shown in blue. hURECs
were serum starved for 48 hours. Nikon (A1) confocal inverted microscopy was used
for visualisation. PCNT, Pericentrin. Scale bar: 10 um.
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Figure 5.19. Immunofluorescence microscopy in human urine-derived renal epithelial
cells (hURECSs) from a healthy control (Control A). A: it shows the antibodies:
ARL13B (green), which is a ciliary membrane marker, PCNT (purple) which is a
centrosome marker and AC-TUB (red) which is a marker for acetylated microtubules.
DAPI, a nuclear marker is shown in blue. ARL13B, PCNT and AC-TUB antibodies
are also shown in panels B, C and D respectively, in white. hURECs were serum
starved for 48 hours. Nikon (A1) confocal inverted microscopy was used for
visualisation. AC-TUB, Acetylated Tubulin; PCNT, Pericentrin. Scale bar: 10 um.
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Figure 5.20. Immunofluorescence microscopy in human urine-derived renal epithelial
cells (hURECSs) from a healthy control (Control A). It shows the antibodies: ARL13B
(red), which is a ciliary membrane marker and PCNT (green) which is a centrosome
marker. DAPI, a nuclear marker is shown in blue. hURECs were serum starved for 48
hours. Nikon (A1) confocal inverted microscopy was used for visualisation. PCNT,
Pericentrin. Scale bar: 10 um.

Regarding the negative controls, in which only the corresponding secondary
antibodies were used in the absence of the primary antibodies, | did not observe any
noticeable staining in hURECs from Control A (Figure 5.21) or the ALG8 patient
(Figure 5.22).
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Figure 5.21. Immunofluorescence microscopy in human urine-derived renal epithelial
cells (hURECSs) from a healthy control (Control A). It is observed how the cells are not
stained in the absence of primary antibodies (A). The corresponding secondary
antibodies were used: anti-rabbit 488, anti-rabbit 647, anti-mouse 594. DAPI, a
nuclear marker is shown in blue. Secondary antibodies anti-rabbit 488, anti-rabbit
647 and anti-mouse 594 antibodies are also shown in panels B, C and D
respectively, in white. hURECs were serum starved for 48 hours. Nikon (A1) confocal
inverted microscopy was used for visualisation. Scale bar: 10 pm.
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Figure 5.22. Immunofluorescence microscopy in human urine-derived renal epithelial
cells (hURECSs) from Family 7-ALGS8 patient with cystic kidney disease. This patient is
the proband in Family 7 (Figure 5.16), which presents an ALG8 heterozygous variant:
NM_024079.5 (ALGS8): c.1090C>T; p.(Arg364Ter). It is observed how the cells are
not stained in the absence of primary antibodies (A). The corresponding secondary
antibodies were used: anti-rabbit 488 and anti-mouse 594. DAPI, a nuclear marker is
shown in blue. Secondary antibodies anti-rabbit 488 and anti-mouse 594 antibodies
are also shown in panels B and C, in white. hURECs were serum starved for 48
hours. Nikon (Al) confocal inverted microscopy was used for visualisation. Scale bar:
10 um.

In terms of cilia length, using the staining of the cilia marker: ARL13B, Control A was
compared with Patient ALG8 and cilia length was analysed in two different passages:
P2 and P3. Using an unpaired t test, it is observed that in both P2 and P3 the cilia
length of the hURECSs of the ALGS8 patient are significantly larger (p-values of 0.0392
and 0.0397 for the comparison in P2 and P3 respectively), compared with the cilia
length of the hURECSs of Control A (Figures 5.23 and 5.24).
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Figure 5.23. Increased cilia length in human urine-derived renal epithelial cells
(hURECS) in passage 2 (P2), from a Family 7-ALG8 patient with an ALG8 mutation.
This diagram shows the quantification of ciliary length in the hURECs from a patient
with cystic kidney disease (in red) (ALGS8 patient) and a healthy control (Control A).
The patient is the proband in Family 7 (Figure 5.16), which presents an ALGS8
heterozygous variant: NM_024079.5 (ALGS8): ¢.1090C>T; p.(Arg364Ter). The mean
cilia length in the ALG8 patient (6.78 um) is significantly higher compared to the
mean cilia length in Control A (5.64 um) (p-value = 0.04, unpaired t test). Cilia length
from hURECSs of the ALGS8 patient (n=61) and Control A (n=57) was measured using
immunofluorescence microscopy and Image J software. hURECs from the ALGS8
patient and Control A were in P2 and serum starved for 48 hours before being fixed.
Unpaired t test was used to determine significance. *, ** and *** represent p-value
<0.05, p-value <0.01 and p-value <0.001 respectively. Not significant comparisons
(p-value >0.05) are indicated as ns. Nikon (A1) confocal inverted microscopy was
used for visualisation.
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Figure 5.24. Increased cilia length in human urine-derived renal epithelial cells
(hURECS) in passage 3 (P3), from a Family 7-ALG8 patient with an ALG8 mutation.
This diagram shows the quantification of ciliary length in the hURECs from a patient
with cystic kidney disease (in red) (ALGS8 patient) and a healthy control (Control A).
The patient is the proband in Family 7 (Figure 5.16), which presents an ALG8
heterozygous variant: NM_024079.5 (ALG8): ¢.1090C>T; p.(Arg364Ter). The mean
cilia length in the ALG8 patient (6.05 pm) is significantly higher compared to the
mean cilia length in Control A (5.12 um) (p-value = 0.04, unpaired t test). Cilia length
from hURECSs of the ALG8 patient (n=186) and Control A (n=31) was measured
using immunofluorescence microscopy and Image J software. ARL13B staining,
which is a ciliary membrane marker was used as a reference. hURECs from the
ALGS8 patient and Control A were in P3 and serum starved for 48 hours before being
fixed. Unpaired t test was used to determine significance. *, ** and *** represent p-
value <0.05, p-value <0.01 and p-value <0.001 respectively. Not significant
comparisons (p-value >0.05) are indicated as ns. Nikon (A1) confocal inverted
microscopy was used for visualisation.
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Additionally, Dr Eric Olinger (Newcastle University, UK) provided me with images the
hURECs of the ALGS8 patient and Control I. Using the same cilia marker: ARL13B, it
is observed that the cilia length of the hURECs of the Family 7-ALG8 patient are
significantly larger (p-value < 0.001, unpaired t test), compared with the cilia length of
the hURECs of Control | (Figure 5.25).
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Figure 5.25. Increased cilia length in human urine-derived renal epithelial cells
(hURECS) from Family 7-ALG8 patient with an ALG8 mutation. This diagram shows
the quantification of ciliary length in the hURECSs from a patient with cystic kidney
disease (in red) (ALGS8 patient) and a healthy control (Control I). The patient is the
proband in Family 7 (Figure 5.16), which presents an ALG8 heterozygous variant:
NM_024079.5 (ALGS8): c.1090C>T; p.(Arg364Ter). The mean cilia length in the ALG8
patient (6.01 um) is significantly higher compared to the mean cilia length in Control |
(4.84 pum) (p-value < 0.001, unpaired t test). Cilia length from hURECs of the ALGS8
patient (n=110) and Control | (h=169) was measured using immunofluorescence
microscopy and Image J software. ARL13B staining, which is a ciliary membrane
marker was used as a reference. hURECs from the ALG8 patient and Control | were
serum starved for 48 hours before being fixed. Unpaired t test was used to determine
significance. *, ** and *** represent p-value <0.05, p-value <0.01 and p-value

< 0.001 respectively. Not significant comparisons (p-value >0.05) are indicated as
ns. Nikon (A1) confocal inverted microscopy was used for visualisation. Cell culture
and immunofluorescence of the hURECs used for the quantification analysis shown
in this Figure 5.25 were performed by Dr Eric Olinger (Newcastle University, UK).
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Combining the mean cilia length of these three comparisons performed (Figures
5.23-5.25) between the ALG8 patient and Controls A and I, it is observed that there is
a significant increase (p-value = 0.03, unpaired t test) in the mean cilia length in the
hURECs of the Family 7-ALG8 patient compared to Controls A and | (Figure 5.26).
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Figure 5.26. Increased mean cilia length in human urine-derived renal epithelial cells
(hURECS) from Family 7-ALG8 patient with an ALG8 mutation, from 3 different
experiments. This diagram shows the quantification of mean cilia length in the
hURECs from a patient with cystic kidney disease (in red) (ALG8 patient) and two
healthy controls (Controls A and I). The patient is the proband in Family 7 (Figure
5.16), which presents an ALG8 heterozygous variant: NM_024079.5 (ALG3):
€.1090C>T; p.(Arg364Ter). The diagram shows 3 different mean cilia length in the
ALGS8 patient (6.78 pm 6.05 um 6.01 um, also shown in Figures 5.23, 5.24 and 5.25
respectively) which are significantly higher compared to the 3 different mean cilia
length in Control A and Control | (5.64 um 5.12 pm 4.84 um, also shown in Figures
5.23, 5.24 and 5.25 respectively) (p-value = 0.03, unpaired t test). Cilia length from
hURECs of the ALG8 patient and Controls A and | was measured using
immunofluorescence microscopy and Image J software. ARL13B staining, which is a
ciliary membrane marker was used as a reference. hURECs from the ALG8 patient
and Controls A and | were serum starved for 48 hours before being fixed.

Unpaired t test was used to determine significance. *, ** and *** represent p-value
<0.05, p-value <0.01 and p-value <0.001 respectively. Not significant comparisons
(p-value >0.05) are indicated as ns. Nikon (A1) confocal inverted microscopy was
used for visualisation.
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Cell culture of hURECs also allowed to extract RNA from the hURECs of ALGS8
patient and Control A. RNA from different cell passages was extracted to measure
the gene expression of ALG8 and genes that it is suspected can be affected
downstream ALGS8. | measured the expression of ALG8, PKD1 and PKD2 comparing
gene expression in ALGS8 patient against Control A (Figures 5.27-5.39).
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Figure 5.27. ALGS8 expression in human urine-derived renal epithelial cells (hURECS)
from Family 7-ALG8 patient. This diagram shows the ALG8 gene expression in
hURECSs from a patient with cystic kidney disease (ALGS8 patient) and a healthy
control (Control A) at different passages (P). The patient is the proband in Family 7
(Figure 5.16), which presents an ALG8 heterozygous variant: NM_024079.5 (ALGS8):
€.1090C>T; p.(Arg364Ter). ALG8 expression was normalised over the sample from
hURECSs of Control A at P1 (Control A P1). It is observed a decrease in ALG8
expression in the ALG8 patient’'s hURECSs regardless of the passage in which the
RNA was extracted compared to the control samples (Control A P1 and Control A
P2). Of note, transcripts levels in ALG8 patient P2_1 and ALGS8 patient P2_2 are
obtained using from two different RNA extractions from hURECs of the same sample
and same passage: ALG8 patient P2. Transcript levels of ALG8 were determined by
gRT-PCR. GAPDH, HPRT1 and GUSB were used for normalisation. No statistical
test was performed as the number of biological replicates = 1.
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Figure 5.28. PKD1 expression in human urine-derived renal epithelial cells (hURECS)
from a patient with an ALG8 mutation. This diagram shows the PKD1 gene
expression in hURECs from a patient with cystic kidney disease (ALG8 patient) and a
healthy control (Control A) at different passages (P). The patient is the proband in
Family 7 (Figure 5.16), which presents an ALG8 heterozygous variant: NM_024079.5
(ALGS8): ¢.1090C>T; p.(Arg364Ter). PKD1 expression was normalised over the
sample from hURECSs of Control A at P1 (Control A P1). It is observed a decrease in
PKD1 expression in the ALGS8 patient’s hURECs at P1 and P2 (ALG8 patient P1,
ALGS8 patient P2_1 and ALGS8 patient P2_2) compared to the control sample (Control
A P1). Of note transcripts levels in ALG8 patient P2_1 and ALGS8 patient P2_2 are
obtained using from two different RNA extractions from hURECs of the same sample
and same passage: ALG8 patient P2. Transcript levels of ALG8 were determined by
gRT-PCR. GAPDH, HPRT1 and GUSB were used for normalisation. No statistical
test was performed as the number of biological replicates = 1.
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Figure 5.29. PKD2 expression in human urine-derived renal epithelial cells (hURECS)
from a patient with an ALG8 mutation. This diagram shows the PKD2 gene
expression in hURECs from Family 7-ALG8 patient with cystic kidney disease (ALG8
patient) and a healthy control (Control A) at different passages (P). The patient is the
proband in Family 7 (Figure 5.16), which presents an ALG8 heterozygous variant:
NM_024079.5 (ALGS8): c.1090C>T; p.(Arg364Ter). PKD2 expression was normalised
over the sample from hURECs of Control A at P1 (Control A P1). It is observed a
increase in PKD2 expression in the ALGS8 patient's hURECs at later passages (ALGS8
patient P4, ALG8 patient P5, ALG8 patient P6, and ALG8 patient P7) compared to
the control samples (Control A P1 and Control A P2). Of note transcripts levels in
PKD2 patient P2_1 and ALGS8 patient P2_2 are obtained using from two different
RNA extractions from hURECs of the same sample and same passage: ALG8 patient
P2. Transcript levels of PKD2 were determined by gRT-PCR. GAPDH, HPRT1 and
GUSB were used for normalisation. No statistical test was performed as the number
of biological replicates = 1.

ALGS8 expression seems to be reduced in the hURECs from ALG8 patient compared
to the hURECs of Control A (Figure 5.27). This may suggest that the ALG8 mutation:
€.1090C>T; p.(Arg364Ter) can affect the ALG8 expression and suggest
haploinsufficiency of the ALG8 gene. PKD1 expression seem to be slightly reduced
in the hURECSs of the ALGS8 patient compared to Control A if only early passages (P1
and P2) are considered (Figure 5.28). However, PKD1 expression seems to increase

in the ALGS patient in later passages (P3-P7).

PKD2 expression seems to be similar in the hURECs of the ALG8 patient compared
to Control A if only early passages (P1-P3) are considered. However, PKD2
expression seems to increase in the ALG8 patient in later passages (P4-P7) (Figure

5.29). This may indicate that gene expression in the hURECSs (in this case of the
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ALGS8 patient) may be different in early passages compared late passages, however |
cannot test this hypothesis as RNA from passages in Control A (other than the ones
shown) were unavailable, and more control samples would be needed to support
these comparisons. The limitation of this experiment is that | was not able to do
technical replicates, this prevents me from establishing any conclusion from this

experiment.

It is observed that hURECs of the ALGS8 patient were able to grow at later passages
compared to the hURECs of any other control sample (Figure 5.30 and Table 5.18).
Comparing Control A and ALG8 patient, it can be observed how the hURECSs of the
ALGS8 patient survive for a longer period of time and the number of passages that the
hURECs of the patient survive to is higher (P8 in the patient compared to P4 in the
control). Furthermore, hURECSs of the patient usually require a fewer number of days

to reach an appropriate confluence (80-100%) to be passaged (Figure 5.30).
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Figure 5.30. Differences in proliferation rate of the human urine-derived renal
epithelial cells (hURECSs) from a patient with an ALG8 mutation (ALG8 patient)
compared with a healthy control (Control A). This patient is the proband in Family 7
(Figure 5.16), which presents an ALG8 heterozygous variant: NM_024079.5 (ALGS):
€.1090C>T; p.(Arg364Ter). The day in which urine from ALG8 patient and Control A
was processed, and thus hURECs were first seeded, is the same (day 0). Day O is
the start of Passage 0 (P0). Bar in the middle shows the specific days in which the
hURECs of the ALGS8 patient and Control A were passaged for a next passage. The
corresponding passage numbers in which hURECs from the ALGS8 patient and
Control A are passaged, are represented above and below the bar respectively. The
number of days between each of the passages in the hURECs of the ALG8 patient
and Control A are indicated above and below the passage numbers respectively.
hURECs of the ALG8 patient survived to P8 and were frozen and stored for future
analyses. For more information regarding the ALG8 patient and Control A, see Table
5.18.
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| compared the cell viability of hURECs of the ALGS8 patient with the hURECs of
Control A. AlamarBlue HS Cell Viability Reagent was used during 7 consecutive days
and in different passages. It is observed that at P1 the ALGS8 patient hURECSs survive
for a longer period of time (Figure 5.31A), while in P2 and P3 the hURECs of Control
A survived for a longer period of time (Figure 5.31B and 5.31C). In P4 the hURECs of
both ALG8 patient and Control A survived for consecutive 7 days. Of note, hURECs
from the Control A stopped growing at P4, therefore in P5 and P6 cell viability assay
could only be done for the ALGS8 patient (Figure 5.31E and 5.31F).

From P5 it can be observed a more elongated morphology of the patient hURECS,
which can also display a more disorganised growth pattern, leaving some empty
spaces on the surface of the cell culture well (h(URECs were cultured using 12-well
plates), at the same time than overgrowing at some other regions in the same well
(Figures 5.32C-5.32F).
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Figure 5.31. Cell viability study of the human urine-derived renal epithelial cells
(hURECSs) from Family 7-ALG8 patient with an ALG8 mutation (ALG8 patient) and
the hURECs from a healthy control (Control A) in different passages (P). This patient
is the proband in Family 7 (Figure 5.16), which presents an ALG8 heterozygous
variant: NM_024079.5 (ALG8): ¢.1090C>T; p.(Arg364Ter). The cell viability study
was done using alamarBlue HS Cell Viability Reagent following the standard
protocol. Using a hemocytometer | seeded 10000 cells (except in the case of the

hURECs of ALG8 patient in P1) and using alamarBlue HS Cell Viability Reagent the
number of cells was estimated throughout seven consecutive days corresponding to
the hURECs of the ALGS8 patient (indicated in red squares) and the Control A
(indicated in black circles). The estimated number of live cells in P1, P2, P3, P4, P5
and P6 are shown in panels A, B, C, D, E and respectively. Each value shown as a
black circle or red square in the panels (A-F) is the mean of 3 technical replicates.
Standard deviation is shown as error bars, some of these cannot be shown if they
are shorter than the size of the symbol (circle or square).

307



A ALG8 patient PO B ALG8 patient P1

D ALG8 patient P6
A

Figure 5.32. Representative images of hURECs from Family 7-ALG8 patient with an
ALG8 mutation (ALGS8 patient) in different passages (P). This patient is the proband
in Family 7 (Figure 5.16), which presents an ALG8 heterozygous variant:
NM_024079.5 (ALGS8): ¢.1090C>T; p.(Arg364Ter). A-F: Images of hURECs from
ALGS patient in PO, P1, P5, P6, P7 and P8 are shown in panels A, B, C, D, Eand F
respectively. These images were taken after 11 (A), 18 (B), 36 (C), 41 (D), 48 (E) and
53 (F) days of being seeded from urine processing (therefore cells were first seeded
at day 0 and the pictures were taken at day 11, 18, 36, 41, 48 and 53 respectively).
Passage 1 (P1) started after 13 days from day 0. These hURECs were further
passaged on day 18 for P2, on day 23 for P3, on day 27 for P4, on day 33 for P5, on
day 36 for P6, on day 44 for P7 and on day 48 for P8 (this also shown in Figure
5.30). hURECSs of the ALGS8 patient survived to P8 and were frozen for future
analyses (Figure 5.30). The corresponding specific passage number of the hURECs
of the ALG8 patient is indicated above each image. Nikon Eclipse TS100 inverted
microscope was used for visualisation. The magnification objective used was Nikon
10x/0.25.
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5.3. Discussion

Several genes have been recently described to be associated with the ADPKD
phenotypic spectrum such as GANAB, DNAJB11, IFT140, ALG5, ALG8 and ALG9
(Senum et al., 2022, Huynh et al., 2020). Some of these genes code for proteins
functioning in the N-linked-glycosylation pathway. The ADPKD phenotypic spectrum
overlaps with the phenotype of other autosomal dominant ciliopathies such as
ADPLD and other rare diseases such as ADTKD (Cornec-Le Gall et al., 2018a,
Bergmann, 2017).

The Genomics England 100,000 Genomes Project has allowed me to find novel
patients associated with ADPKD spectrum, the phenotypic and genotypic description
of some of these patients has been published complementing in collaboration with
the work of others. 9 patients with heterozygous pathogenic variants in DNAJB11
(Tables 5.1, 5.2 and 5.3) were described (Huynh et al., 2020), 2 patients with
pathogenic variants in ALG5 (Figure 5.2 and Tables 5.6 and 5.7) (Lemoine et al.,
2022), 5 patients with pathogenic variants in ALG8 (Tables 5.8 and 5.9) and 3
patients with pathogenic variants in ALG9 (Tables 5.10 and 5.11).

The clinical phenotypes of the patients described in this study with heterozygous
pathogenic DNAJB11 mutations are characterised by non-enlarged kidneys with
multiple renal cysts and often also showing extra-renal phenotypes such as with high
blood pressure, aortic aneurysms and/or liver cysts (Table 5.1), is consistent with the
phenotypes previously described in the literature not included in the Genomics
England 100,000 Genomes Project (Cornec-Le Gall et al., 2018a, Huynh et al.,
2020). Of note, vascular phenotypes, including aortic aneurysms, were reported in 4
pedigrees (out of the total of 28 pedigrees reported by Huynh et al., 2020) (Huynh et
al., 2020). A comparison between the clinical phenotypes found in 27 DNAJB11-
ADPKD patients (from 6 different families) with the clinical phenotypes found in 42
patients (from 23 different families) with typical ADPKD due to mutations PKD1 or
PKD2 genes showed that DNAJB11-ADPKD patients presented a smaller kidney
size and kidney cysts size and had a higher prevalence of cardiovascular disease
and a lower prevalence of cardiac valvular defects, among other phenotypic
differences (Pisani et al., 2022).

The phenotypes of the cases with heterozygous pathogenic mutations in ALGS8 or

ALG9 found and described in this study show a clinical phenotype characterised by
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multiple renal cysts, some of them also showing extra renal phenotypes such as a
high blood pressure and/or liver cysts, which also correlates with the patients
described in the literature (Besse et al., 2017, Mantovani et al., 2020, Besse et al.,
2019).

Several of the variants found have already been described in the literature. Three of
the DNAJB11 pathogenic variants found: c.724C>T; p.(Arg242Ter), c.161C>G;
p.(Pro54Arg), c.400delA, p.(lle134fsTer3) and c.616C>T; p.(Arg206Ter) were also
described by others in patients not included in the Genomics England 100,000
Genomes Project, with a clinical phenotype within the ADPKD phenotypic spectrum
(Cornec-Le Gall et al., 2018a, Huynh et al., 2020).

The ALGS8 variant: c.1090C>T; p.(Arg364Ter) was previously found in three ADPLD
patients with few renal cysts (Besse et al., 2017) and in 85 families the Geisinger-
Regeneron DiscovEHR MyCode study (Apple et al., 2023). The ALG8 variant
€.121C>T; p.(Arg41Ter) was found in 7 participants of MyCode study (Apple et al.,
2023). The data of MyCode study revealed and an increased risk of polycystic kidney
disease in participants with loss-of-function variants in ALG8 (Apple et al., 2023).
Two of the ALG9 mutations that found in patients in the Genomics England 100,000
Genomes Project: c.1472del; p.(Asn491llefsTer33) and ¢.1363C>T; p.(Arg455Ter)
were also described previously by others in patients with renal disease including
renal cysts (Besse et al., 2019). The ALG12 variant c.1001del; p.(Asn334ThrfsTerl5)
has been described in compound heterozygosis with other pathogenic ALG12
variants leading to Congenital Disorder of Glycosylation (CDG) (Tahata et al., 2019,
Murali et al., 2014).

Regarding the patients with GANAB variants, most of them were already genetically
solved by variants in PKD1 or PKD2, this reinforces the importance of looking for
disease-causing variants in other genes to correctly provide a genetic diagnosis in
every patient. To investigate if the GANAB variants: ¢c.790A>G; p.(Met264Val) and
C.757A>C; p.(Lys253GIn) found in patients without any other putative disease-
causing variant in other genes, are responsible for the cystic phenotype found in the

corresponding patients, additional in vitro and in silico analysis would be needed.

It can be suggested that there may be other ALG genes that could be associated with
the ADPKD phenotypic spectrum, as the proteins they encode function in the same
pathway than ALG8 and ALGS9, this is why | used the Genomics England 100,000
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Genomes Project to detect if there is an enrichment of LoF alleles in any of the ALG
genes. It can be confirmed that there is an enrichment of LoF alleles in ALG8 and
ALGS9 in a population of with cysts in kidney and or liver (case population).
Considering only nonsense and frameshift alleles as LoF alleles, it is observed a
significant enrichment in ALG1, ALG8 and ALG12 (Figure 5.7 and Table 5.15). When
splice donor and splice acceptor alleles are included in the analysis there was not a
significant enrichment, this may be because some splice donor and splice acceptor
alleles may not lead to a disease phenotype (Figure 5.8 and Table 5.15). When only
patients that are genetically unsolved (ie: patients not genetically solved by
Genomics England) are included, it is observed a significant enrichment in ALG9 and
ALG12 (Figure 5.9 and Table 5.15). When selecting only genetically unsolved
patients | did not observe a significant enrichment of LoF alleles in ALG1 or ALGS. In
this analysis, | may not have observed a significant enrichment in ALG1 because 2
out of 3 cases were already solved by Genomics England. Regarding ALG8, there
was not a significant enrichment because the inclusion of splice donor and splice
acceptor alleles (13 alleles), all of them were found in the control population. An
enrichment on ALG5 LoF alleles was not detected probably because the low number

of cases and controls (<5 patients) with LoF alleles.

The limitations of this enrichment study are: for some patients investigated within the
Genomics England 100,000 Genomes Project, their clinical phenotype may be
incomplete (Best et al., 2021) where kidney or renal cysts have not been reported.
Another limitation is the age dependent penetrance of ADPKD, and the incomplete
penetrance of some disease-causing mutations (Barroso-Gil et al., 2021b, Cornec-Le
Gall et al., 2018a, Huynh et al., 2020). Subsequently, for some ADPKD patients a
disease phenotype is only found in adulthood (Cornec-Le Gall et al., 2018a) or may

never display a disease phenotype even when presenting a pathogenic mutation.

Furthermore, for simplicity this study only focussed on the enrichment of LoF alleles,
using missense alleles as a negative control. Of note, few heterozygous missense
variants in ALG9 and ALG5 have been described to be responsible of polycystic
renal and liver phenotypes (Lemoine et al., 2022, Besse et al., 2019). Even though
biallelic mutations in ALG1 and ALG12 have been associated with congenital
disorder of glycosylation (Tahata et al., 2019, Murali et al., 2014, Schwarz et al.,
2004). To be able to test if these heterozygous ALG1 and ALG12 variants are

pathogenic, more in silico analyses and in vitro functional analyses would be needed.
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Following the discussion in the previous chapter (Chapter 4), the genome
sequencing of the parents to confirm segregation as well as the use of hURECs is
proven useful to study putative disease-causing variant and novel candidate genes.
and complement genetic studies (Devane et al., 2022, Ramsbottom et al., 2018), as
renal epithelial cells are ciliated and there is extensive genetic and phenotypic
overlap between primary ciliopathies hURECs can be used to study different primary
ciliopathies and different genes associated to one or various primary ciliopathies
(Molinari et al., 2018a, Molinari et al., 2020, Srivastava et al., 2017b, Oud et al.,
2018).

As a prove of concept of the applicability and benefits of working with hURECS, |
characterised the ciliary phenotype and analysed gene expression via
immunofluorescence and gPCR respectively, to investigate the molecular disease
phenotype in the hURECSs of a patient (ALGS8 patient; also described as Patient 7-
ALGS8) with the pathogenic heterozygous ALG8 mutation: ¢.1090C>T; p.(Arg364Ter)
(Figure 5.16). This patient has been diagnosed with cystic kidney disease which is a
phenotype found in other patients with the same pathogenic mutation in
heterozygosis and patients with heterozygous mutations in ALG8 (Besse et al., 2017,
Mantovani et al., 2020, Apple et al., 2023).

hURECs of the Family 7-ALG8 patient and hURECs from different healthy individuals
(controls) were cultured. | observed variability in terms of survival between samples,
and in term of morphology between passages. Considering Control A as an example,
| was not able to culture the hURECs from the samples of Control A for longer than
passage 4 (Figure 5.15 and Table 5.18). In addition, before these hURECs stopped
growing, the morphology of the cells seemed to be more elongated compared to
early passages (e.g. PO, P1 and P2) in which the hURECs had the expected
morphology (compare Figure 5.12 against Figures 5.13 and 5.14). This change in
morphology can be used as an indicator of cells not being able to become confluent
and may stop growing in the passage in which they are observed or the next

passage.

Comparing the cilia of the hURECs of the ALGS8 patient against Control A it can be
observed longer cilia in the hURECSs of the ALG8 patient (Figures 5.25 and 5.26).
Comparing the cilia of the hURECs of the ALG8 patient with Control | (Figure 5.27).
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In the available literature, to my knowledge, cilia length has not been reported in
hURECs of ADPKD patients presenting variants in genes recently associated with
ADPKD (like DNAJB11, ALG5, ALGS8, ALG9 or IFT140) (Besse et al., 2017, Besse et
al., 2019, Lemoine et al., 2022, Senum et al., 2022, Huynh et al., 2020).

In mouse cystic cell lines cilia length is longer (Jin et al., 2014) and also in ADPKD
mouse kidney (Radadiya et al., 2021). In kidney sections of ADPKD patients, cilia is
also longer (Shao et al., 2020a). However, in contrast, in some human cystic kidney
cell lines cilia has been described to be shorter (Streets et al., 2020) or there is no

change in cilia length (Freedman et al., 2013).

Of note, it has also been described an association between loss of cilia and a
reduction of cyst growth in ADPKD (Huang and Lipschutz, 2014). Future work can
include assessing percentage of ciliated cells in the hURECs from the ALGS8 patient
compared to the percentage of ciliated cells in the hURECs from the healthy control
used and from other healthy controls.

In terms of ALG8 expression, comparing ALGS8 patient against Control A, ALG8
expression seems to be reduced (Figure 5.29), PKD1 expression seem to be
reduced as well if only P1 and P2 are considered (Figure 5.30). PKD2 expression
seems similar but there an increase in the samples of the ALG8 patient at later
passages (Figure 5.31), which is the time in which the morphology of the ALG8
hURECs seem to become morphologically different compared to earlier passages
(Figure 5.34). These differences between passages of the same individual may
reinforce the importance of comparing similar passages of patient and control. It is
observed that the cells for of the ALG8 patient grow for a higher number of passages;
however, | only had one control and | did not have technical replicates for these
experiments. To my knowledge, persistent proliferation has only been reported in
immortalized hURECs (using the thermosensitive SV40 T-antigen) from a NPHP
patient with biallelic mutations in NPHP1 (Garcia et al., 2022).

| cannot establish any conclusion from the gene expression studies shown here,
although the reduction of PKD1 expression observed here would be consistent with
other studies performed by others in which there is a reduction of the amount of PC1
protein (the protein coded by PKD1) observed in a CRISPR/Cas9 engineered Alg8 —
/- mouse cell line (Fedeles et al., 2014, Besse et al., 2017, Cornec-Le Gall et al.,

2018a). It is important to note that PC1 and PC2 biogenesis could be further
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investigated via Western Blotting (Besse et al., 2017) to complete the
characterisation of these patient-specific hURECSs. In particular, future work using
hURECs from ADPKD patients can include analysis of protein expression via
Western blot to determine if the amount of PC1 and PC2 is affected in the patient-
specific hURECs, Additionally, as defects in the maturation of PC1 are associated
with ADPKD (Fedeles et al., 2014), maturation of PC1 can be assayed visualising via
Western blot and Endoglycosidase H treatment, distinguishing the different sizes of
the immature and mature fragments of PC1 (Besse et al., 2017, Cornec-Le Gall et
al., 2018a).

The Genomics England 100,000 Genomes Project was used to find patients in ALG
genes and other genes recently associated with ADPKD such as DNAJB11.
Nevertheless, more than half of the case cohort of probands with cysts in kidney
and/or liver remain genetically unsolved, suggesting that other genes, apart from
PKD1 and PKD2, may be responsible for the cystic phenotype of these patients.
Alternatively, other PKD1 and PKD2 variants may remain undetected by clinicians

and researchers with access to the WGS data of these patients.

The enrichment of LoF variants in ALG8 and ALG9, genes previously associated with
the ADPKD phenotypic spectrum, in the case cohort of probands with cysts in kidney
and/or liver, was confirmed. This approach could be applied in the future, to other

genes associated with ADPKD and other renal ciliopathies.

It can be suggested that LoF variants in ALG1 and ALG12, which are genes also
encoding proteins functioning the in the ER glycosylation pathway (Aebi, 2013,
Besse et al., 2017), may be associated with the ADPKD phenotypic spectrum,
however further validation using in silico and in vitro analyses would be needed to

confirm this hypothesis.

The use of hURECSs can be a valuable non-invasive source of primary cells which
can be used to investigate defects in primary cilia in patients with renal ciliopathies
(Molinari et al., 2020, Ziegler et al., 2022, Garcia et al., 2022).

The use of hURECSs has been suggested as a powerful non-invasive personalised
tool for functional studies in inherited renal disorders (Molinari et al., 2020), a useful
tool to study regulation of the immune response and regenerative processes in

transplanted kidneys (Pizzuti et al., 2023) and a promising experimental model to
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study renal epithelial cell functions and renal and metabolic phenotypes caused by

certain genetic conditions (Lenzini et al., 2022).

Several studies highlighted the potential of hURECs as a non-invasive source of
primary non-transformed cells to study ciliopathies (Ajzenberg et al., 2015), the
pathogenicity of disease-causing variants in ciliopathy genes such as IFT140 (Oud et
al., 2018) and CEP290 (Ramsbottom et al., 2018) and its potential use to investigate
strategies based on cell therapy and confirm genetic diagnosis (Pizzuti et al., 2023,
Oud et al., 2018, Lang et al., 2013, Pavathuparambil Abdul Manaph et al., 2018).

| used hURECSs to investigate the effect of one disease-causing mutation in one
patient (ALG8 patient) with ADPKD, and to complement the genetic findings shown in
this chapter regarding a selection of patients with ADPKD within the Genomics

England 100,000 Genomes project.

| did not use hURECs from multiple ADPKD patients or patients with other renal
ciliopathies because urine samples from these individuals were not available and
because using urine samples from multiple patients was not the aim of this project. In
contrast, | have achieved to grow and use hURECs from different healthy control
individuals and the ALG8 patient, describing in detail how this was achieved,
including the number of passages these hURECs were maintained in cell culture and
including information regarding sex and age range of the controls used. Moreover,
selecting the control urine samples that were able to provide hURECs able to grow
during several passages (ideally up to P4), required a significant amount of time.

From the findings of this results chapter, | can suggest a potential preliminary
pipeline to study the molecular disease pathogenesis leading to ADPKD in this
patient. Besides, this results chapter provides detailed protocols involved in the use
hURECSs such as urine processing, cell culture, RNA extraction and
immunofluorescence that can complement other protocols already described in the
literature (Molinari et al., 2020, Ajzenberg et al., 2015, Srivastava et al., 2017b).

The morphological characteristics in living hURECs have been described in multiple
studies (Lang et al., 2013, Molinari et al., 2020, Ziegler et al., 2022, Srivastava et al.,
2017b) and correlate with the ones provided in this results chapter. This results
chapter provides additional information that also describes in detail the expected
morphology of hURECs as well as the expected number of passages hURECs can
survive in cell culture.
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This results chapter highlights the importance of comparing hURECSs in the same cell
passage, as it was already done by others comparing hURECs in P2 and P4 (Lenzini
et al., 2022, Devane et al., 2022, Oud et al., 2018). The use of hURECS in this results
chapter provides images of hURECs in multiple cell passages (images of living
hURECs and after being fixed and stained with cilial and centrosomal antibodies).
This is the first study that shows images of living hURECs for 7 different controls, and

during multiple passages for 4 of these controls (Controls A, C, D and F).

Regarding the in vitro studies based on immunofluorescence to characterise the
primary cilia in the hURECs of the ALGS8 patient, | did not use multiple controls and |
only used one patient because | did not have the required time and resources to find,
process and analyse the hURECs of other ADPKD patients, patients with other renal
ciliopathies such as ARPKD or NPHP or healthy age and sex matched controls. In
contrast, | was able to compare the mean length of the primary cilia in the hURECs of

the ALGS patient in three different independent experiments (Figures 5.23-5.26).

There are several studies in which only one control and one patient were used in
functional studies using hURECs (Molinari et al., 2020, Srivastava et al., 2017b,
Ramsbottom et al., 2018, Molinari et al., 2018a, Devane et al., 2022). Cilia length
was compared after a treatment with purmorphamine (a Hh signalling agonist) to
rescue the elongated cilia phenotype in the hURECs of a JBTS patient and a healthy
age-matched control (Srivastava et al., 2017b). RNA was extracted from hURECs
and from whole blood of one patient’s parent (who was a heterozygous carrier of a
disease-causing synonymous NPHP3 mutation) and one unrelated control. These
studies using RNA, were used to demonstrate the kidney-specific alternate splicing
effect of this synonymous NPHP3 variant leading to end-stage renal disease
(Molinari et al., 2018a). Similarly, hURECs have been used to demonstrate the
aberrant splicing caused by a synonymous mutation in PKHD1 in the hURECs of a
ARPKD patient, compared with an unrelated healthy control (Molinari et al., 2020).

In another study the effect of a targeted exon skipping therapy was assayed in
hURECs from a JBTS patient compared with a healthy gender- and age-matched
control. This targeted exon skipping approach was also tested in a mouse JBTS
model (Ramsbottom et al., 2018). Another functional study assessed DNA damage
response (DDR) and cilia trafficking components in hURECs from a patient with
unexplained liver and kidney failure due to TULP3 mutations, and it was compared

with sex and age matched controls at the same passage number, using only one
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control in each of these experiments (Devane et al., 2022). hURECSs from a patient
with NPHP-like nephropathy-1 and an age-matched control were also used to
investigate cilia length and the molecular disease pathogenesis of the XPNPEP3
gene. Those results using hURECs were compared with other results investigating
the molecular disease pathogenesis of XPNPEP3 gene, using patient-derived

lymphoblasts and a Xpnpep3 mutant mice (Tong et al., 2023).

In contrast, other studies have used multiple cases and multiple controls. Garcia et
al. used hURECSs to investigate the molecular disease mechanisms involved in
NPHP-related ciliopathies (NPHP-RC) and to investigate agonists of prostaglandin
E2 receptors as potential treatment for NPHP-RC (Garcia et al., 2022). They used
hURECSs from 11 patients with biallelic mutations in NPHP1. They also used hURECs
from 5 age-matched control individuals and 4 patients with non-ciliopathy-related
chronic kidney disease as control samples. The hURECs from these individuals were
immortalized to perform different functional studies, such as transcriptomics, and
evaluating percentage of ciliated cells. Those results obtained using hURECs were
compared with functional studies performed in Nphpl KO mice (Garcia et al., 2022).

Oud et al. compared the ciliary phenotype in hURECs from a Mainzer—Saldino
syndrome patient caused by biallelic variants in IFT140, with the ciliary phenotype in
the hURECs of her unaffected parents and three unrelated and unaffected healthy
age-matched controls (Oud et al., 2018). In that study, in vitro experiments to
investigate cilia biogenesis (analysis of percentage of ciliated cells, mean cilia length,
and staining of IFT components) in hURECs were performed in triplicates and were
compared against ciliary experiments in CRISPR/Cas9 KO mIMCD3 cell lines (Oud
et al., 2018). Moreover, Oud et at., showed that the mean cilia length in hURECs can
be variable between different controls and between different passages. The mean
cilia length in controls ranged between 3-5 um in control individuals (Oud et al.,
2018).

hURECs of two CEP290-JBTS patients were also used to investigate the molecular
disease pathogenesis of CEP290. RNA was extracted from hURECS from the two
JBTS patients and two unrelated WT controls, and it was found that UNC119B
expression was upregulated in patients’ samples compared with control samples
(Cardenas-Rodriguez et al., 2021). Furthermore, hURECs from three patients with
Glycogen Storage Disease la (GSD1a) and three healthy age-matched controls

were used to study the disease pathogenesis of GSD1a (Lenzini et al., 2022).
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In 2022, Ziegler et al. used hURECs from 19 patients (10 ARPKD, 4 NPHP and 5
BBS patients) and 39 healthy controls. They suggested that ex vivo 3D cell culture of
primary hURECSs could be used as a non-invasive source to further investigate
epithelial cell function in renal diseases, functional consequences of inherited rare

diseases and pharmacological interventions (Ziegler et al., 2022).

In this project | used two healthy sex matched controls (Controls A and 1) to be
compared with the ALG8 patient, in terms of mean cilia length. The mean cilia length
in the hURECs of the ALG8 patient and Control A, were compared in P2 (6.78 pm vs
5.64 um) (Figure 5.23) and in P3 (6.05 ym vs 5.12 ym) (Figure 5.24). These
increases in mean cilia length in the hURECs of ALG8 patient compared with the
Control A and Control | were found to be statistically significant. The difference
between the ALG8 patient and Control | were also statistically significant (6.01 pm vs
4.84 ym) (Figure 5.25). Considering other studies, the mean cilia length in the two
healthy controls, which is about 4-5 um, is between the expected range for the ciliary
length in hURECSs from control individuals, using the same or similar
immunofluorescence protocols (Molinari et al., 2020, Srivastava et al., 2017b, Oud et
al., 2018).

Differences in mean cilia length between different controls have been reported in the
literature (Oud et al., 2018), highlighting the importance of using multiple controls,
ideally healthy age, sex and passage matched controls to ensure results obtained
are robust and reproducible. Nevertheless, these differences between controls’
hURECSs do not invalidate all the potentials and advantages of the use hURECs.
Moreover, if the molecular disease pathogenesis occurring in ADPKD is associated
with differences in mean cilia length it is not fully known (Shao et al., 2020a,
Freedman et al., 2013, Streets et al., 2020).

It is known that the disease mechanism occurring in ADPKD is associated with PC1
and PC2 biogenesis (Bergmann et al., 2018, Lanktree et al., 2021, Cornec-Le Gall et
al., 2019).The N-linked-glycosylation pathway is involved in the PC1 and PC2
biogenesis (Hu and Harris, 2020, Aebi, 2013, Lemoine et al., 2022). Heterozygous
mutations in ALG8, cause defects in the maturation and trafficking of PC1, leading to
phenotypes within the ADPKD phenotypic spectrum (Apple et al., 2023, Besse et al.,
2017).
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If I had the required time and resources, | would have performed a robust
experimental design that potentially would validate hURECs as a good reproducible
ex vivo model of renal disease. To do this, | would have investigated the biogenesis
of PC1, PC2 and multiple ER N-linked-glycosylation pathway components such as
ALGS8, DNAJB11, ALG9 and ALGS via immunofluorescence or Western blot
protocols. However, | was not able to optimise and perform these protocols using
PC1 or PC2 antibodies, as it was successfully done by others in other studies (Besse
et al., 2017, Cornec-Le Gall et al., 2018a). Furthermore, | did not find suitable
antibodies for ALG8, DNAJB11, ALG9 and ALGS5 staining, to be used in

immunofluorescence staining or Western blot protocols.

Regarding the molecular studies of the gene expression of ALG8, PKD1 and PKD2
(Figures 5.27-5.29) and the Alamar Blue cell viability assay in hURECs of the ALGS8
patient and a healthy control (Figure 5.31), | cannot establish any conclusion from
these functional studies because | did not do the corresponding technical or
biological replicates because | did not have the required time to do them. However,
these results show how RNA was extracted from different passages and suggests
the importance of comparing hURECSs in the same passage, as it was also
suggested by others (Oud et al., 2018, Devane et al., 2022, Lenzini et al., 2022).

This results chapter provides multiple representative images of living hURECs and a
detailed description of the protocols for RNA extraction and immunofluorescence
staining in hURECs and illustrate the potential uses of hURECS to investigate renal
ciliopathies and complement other multiple studies using hURECs (Molinari et al.,
2020, Garcia et al., 2022). However, more samples from controls and patients, with
at least three technical and biological replicates, are needed to establish any
conclusion and to perform a robust experimental design investigating the molecular

disease pathogenesis of ALG8 mutations leading to ADPKD.

Similarly to the approaches followed in other studies (Lenzini et al., 2022, Ziegler et
al., 2022), If I had the required time and resources, | would address the variability
between controls in various functional analyses, investigate PC1 and PC2
biogenesis, perform gene expression studies of ALG8, PKD1 and PKD2 and the
Alamar blue cell viability assay. | would use hURECs from the ALG8 patient and at
least two additional patients with ADPKD due to heterozygous ALG8 mutations and
at least three healthy age, sex and passage matched controls. | would use three

technical replicates in each of the experiments mentioned above. Ideally, | would
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apply the same approach to investigate the molecular disease pathogenesis of
ADPKD, ARPKD and NPHP, using hURECs from patients with mutations in genes
associated with these primary renal ciliopathies (e.g. PKD1, PKD2, ALG5, NPHP1 or
PKDH1).

One limitation of the use of hURECSs is that these primary cells usually can only grow
up to passage 4 or 5 (P4 or P5), unlike immortalised cells lines. This limitation causes
an increase in the time and resources required to grow an appropriate number of
passages of hURECs and required to have an appropriate number of biological and

technical replicates, in comparison with the use of immortalised cell lines.

However, there are remarkable advantages in using hURECS, as they are a non-
invasive and easily collectable source of human non-transformed primary cells
(Ramsbottom et al., 2018, Bondue et al., 2021). Moreover, their use is cost effective
compared with the use of animal models (Ziegler et al., 2022). Splicing assays using
patient-specific hURECs can be a less time-consuming and less artefact-prone

methodology compared with the use of minigene constructs (Molinari et al., 2020).

One approach used to address the limitations in the use of hURECS is to immortalise
patient and control hURECs’ samples through the expression of a thermosensitive
SV40 T-antigen (Garcia et al., 2022). Other studies have highlighted the potential of
complementing and comparing results obtained from hURECs with results obtained
from functional studies using reference cell lines, CRISPR/Cas9 knockout cell lines or
patient-derived lymphoblasts (Ziegler et al., 2022, Oud et al., 2018, Tong et al., 2023)
or mouse or zebrafish models (Tong et al., 2023, Devane et al., 2022, Ramsbottom
et al., 2018). These recent studies reflect the increasing use of hURECs and its
multiple potential applications to study the molecular genetics and disease

mechanisms of renal ciliopathies.

There are multiple questions regarding the use of hURECs that remain unsolved and
are out of the scope of this project. Future research studies may address and
validate the use of hURECS in established assays as an ex vivo cell model of renal
diseases, which can be accompanied with additional assays using cell lines or animal
models (Ziegler et al., 2022, Tong et al., 2023, Devane et al., 2022). Future studies
could also address the molecular mechanisms occurring in hURECs leading to the
variability between different passages and between different healthy controls. These

molecular mechanisms could be addressed investigating primary cilia characteristics
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and gene expression of renal markers (such as megalin and aquaporin 2) and certain
genes associated with primary ciliopathies and cell signalling pathways. Future
studies could also address the molecular mechanisms leading to the hURECs of
some controls growing up to P5 while others are unable to grow to P1. Future studies
may lead to advances in precision and preventive medicine such as the development
of biomarkers used in hURECSs of patients with damaged or transplanted kidneys
(Ziegler et al., 2022, Pizzuti et al., 2023).

Apart from to study the biogenesis of primary cilia, hURECs can be used to study
expression of certain genes and other non-ciliary phenotypes. It is observed that
hURECSs from control healthy individuals do not often grow further than P4. To
provide an accurate comparison between patient and control hURECs it is important
to use hURECSs in early passages (not later than P5) before hURECs acquire a
fibroblastic morphology and/or stop growing. This correlates with the study of Lenzini
et al., in which they suggested that hURECSs could be cultured up to P4, maintaining
their biological features and could be used as an experimental model to study the
molecular mechanisms of GSD1a (Lenzini et al., 2022).

In conclusion, using the Genomics England 100,000 Genomes Project, novel
patients and novel pathogenic variants were found in various genes involved in the
ER glycosylation pathway: DNAJB11, ALG5, ALG8 and ALG9.

ALG8 and ALG9 were validated as genes associated with the ADPKD disease
spectrum, with an enrichment of LoF alleles in patients with kidney and/or liver cysts.
In addition, it can be suggested that heterozygous LoF alleles in ALG1 or ALG12
genes may contribute to genetically solve patients presenting disease phenotypes

within the ADPKD phenotypic spectrum.

The use of primary cells allows the possibility of doing a wide array of in vitro
experiments to study the molecular disease mechanisms in renal ciliopathies at
cellular level and can support findings from genomic databases. | suggest that
hURECSs could be used in future analyses to validate candidate genes for ADPKD
such as ALG1 and ALG12 and other candidate genes associated with renal

ciliopathies.
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Chapter 6. Final discussion and concluding remarks
6.1. Complexity of renal ciliopathies

Renal ciliopathies are genetically and phenotypically heterogeneous (Devlin and
Sayer, 2019). The phenotypic spectrum of renal ciliopathies is not limited to kidney
phenotypes. The phenotypic and genotypic spectrum of some primary ciliopathies
may overlap (Lemoine et al., 2022). There are over 30 genes associated with NPHP
and autosomal dominant and recessive forms of PKD (McConnachie et al., 2021,
Barroso-Gil et al., 2021b, Cornec-Le Gall et al., 2019). In total, there are about 190
genes described to cause ciliopathies. Genetic pleiotropy is occurring in many of the
genes associated with NPHP, PKD, JBTS and other primary ciliopathies
(McConnachie et al., 2021, Gana et al., 2022, Rozet and Gerard, 2015).

Primary cilia are present in most of the vertebrate cell types and genes associated
with primary ciliopathies can be expressed in multiple tissues (Marra et al., 2016,
Mitchison and Valente, 2017, Choksi et al., 2014). Expression of these genes can be
tissue specific (Devlin et al., 2020, Uhlén et al., 2015). For example, CEP120 and
ARL3 are two genes associated with JBTS, a model primary ciliopathy, among other
multisystemic primary ciliopathies (Roosing et al., 2016, Alkanderi et al., 2018).
These two genes are pleiotropic and show tissue specificity (Powell et al., 2020), In
the case of CEP120/Cep120, there is expression of Cep120 in developmental brain
in mouse (with lower Cep120 expression in adult mouse brain compared with mouse
embryonic brain) (Xie et al., 2007) and CEP120 expression in human embryonic and

foetal brain.

Some “ciliopathy” genes encode proteins not functioning within the cilia, rather they
have non-ciliary roles (Vertii et al., 2015, Hua and Ferland, 2018). Some examples of
this are the role of CEP120 in centrosome biogenesis (Mahjoub et al., 2010) and the
role of DNAJB11 (Cornec-Le Gall et al., 2018a) and ALG5, ALG8 and ALG9 proteins
functioning in the protein glycosylation pathway at the endoplasmic reticulum
(Lemoine et al., 2022, Besse et al., 2017, Aebi, 2013).

The non-ciliary roles of ciliopathy genes and the genetic and phenotypic
heterogeneity of primary ciliopathies can complicate the establishment of robust
genotype-phenotypic correlations for this heterogeneous group of rare inherited

diseases (Bachmann-Gagescu et al., 2012, lannicelli et al., 2010).
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Novel primary ciliopathy genes are constantly being described (Shamseldin et al.,
2020, Gana et al., 2022, Wheway et al., 2019). Multiple genes have been recently
associated with of JIBTS and ADPKD, widening the phenotypic and genotypic
spectrum of primary ciliopathies (Luo et al., 2021, Lemoine et al., 2022, Lanktree et
al., 2021). One of the genes recently associated with ADPKD is DNAJB11. The
description of the ADPKD-DNAJB11 phenotype expanded the phenotypic spectrum
of renal ciliopathies, in this case, the ADPKD phenotypic spectrum (Cornec-Le Gall et
al., 2018a, Huynh et al., 2020, Pisani et al., 2022).

Genotype-phenotype correlations are also challenging to make as the pathogenicity
of some variants can be difficult to validate in silico and some disease-causing
variants are difficult to detect (Best et al., 2021, Wheway et al., 2019). Some disease-
causing variants are synonymous variants or deep intronic variants affecting splicing
(Olinger et al., 2021, Molinari et al., 2018a, Best et al., 2022b). Hypomorphic alleles
have been described in several genes such as TMEMG67 (Otto et al., 2009),
DYNC2H1 (Vig et al., 2020), PKD1 (Mantovani et al., 2020) and IFT144 (also called:
WDR19) (Ishida et al., 2021). For instance, in IFT144, which is a gene associated
with NPHP, JATD and other ciliary phenotypes (Coussa et al., 2013, Fehrenbach et
al., 2014), an hypomorphic variant has been described. This hypomorphic IFT144
missense variant (L710S) leads to cranioectodermal dysplasia in compound
heterozygosis (with a nonsense variant), and it leads to autosomal recessive retinitis

pigmentosa in homozygosis (Ishida et al., 2021).

Furthermore, similar genotypes can cause different ciliopathies. For example, in
CEP120, the missense variant A199P was found in three JATD patients in
homozygosis (Shaheen et al., 2015). In contrast, the CEP120 missense variant
V194A, which is located in the same exon, was found in homozygosis in a patient
diagnosed with JBTS (a less severe phenotype compared to JATD) (Roosing et al.,
2016). Additionally, various studies have proven that the deleterious effect of some
nonsense variants, in CEP290 (Barny et al., 2018, Drivas et al., 2015), CC2D2A
(Drivas et al., 2015) or IFT52 (Dupont et al., 2019), can be bypassed via nonsense-
associated splicing or basal exon skipping. This mechanism leading to a partially
functional protein can help to understand genotype-phenotype correlations and can

be exploited to design therapies to bypass the deleterious effect of these mutations.

Often for some genes, such as CEP120 (Roosing et al., 2016), CEP164 (Devlin et

al., 2022, Chaki et al., 2012), ARL3 (Alkanderi et al., 2018), TOGARAM1 (Latour et
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al., 2020) or ALG5 (Lemoine et al., 2022), there is a very low number of patients with
disease-causing mutations described. Consequently, the number of studies
investigating the disease molecular mechanisms of disease-causing mutations in
these genes is limited, as well as the possibility of making robust genotype-
phenotype correlations (Bachmann-Gagescu et al., 2015a).

These uncertainties pose many interesting questions. How can the understanding of
the genetic and phenotypic complexity of renal ciliopathies be improved? How can
the investigation of the molecular disease-mechanisms of ciliopathy genes be
improved? How robust genotype-phenotype correlations for ciliopathy genes can be
established? How can in silico tools and data available be used to find disease-
causing variants and novel disease-causing genes and provide a genetic diagnosis

to the patients diagnosed with renal ciliopathies that remain genetically unsolved?
6.2. Results from this study, its limitations and future work

Human expression patterns of CEP120 and ARL3, two rare ciliopathy genes
associated with JBTS, in human embryonic and foetal tissues were characterised
(Powell et al., 2020). My aim to characterise CEP120, using the MRC Wellcome
Trust Human Developmental Biology Resource (HDBR) at Newcastle University was
fulfilled. CEP120 expression patterns were compared with ARL3 expression patterns
in human embryonic and foetal tissues. it was observed that both genes are
expressed in key developmental tissues: brain, kidney and eye, correlating to the
clinical phenotypes described in patients with disease-causing mutations in these two
genes (Powell et al., 2020).

ARL3 is a protein functioning at the cilium and involved in vesicle trafficking and
ciliary signalling (Alkanderi et al., 2018), while CEP120 is a centrosomal protein
involved centrosome biogenesis (Comartin et al., 2013b, Mahjoub et al., 2010).
Some differences in gene expression are found in cerebellum and kidney
developmental tissues that may reflect different roles in human development, as a
consequence of the different functions of the CEP120 and ARL3 proteins. This gene
expression study represents a step further towards the understanding of the
molecular disease mechanisms of CEP120 and ARL3 and the spectrum of clinical
phenotypes caused by mutations in these two genes associated multisystem rare
primary ciliopathies (Powell et al., 2020). Analysis of RNA expression of CEP120 and
ARL3 (Powell et al., 2020) and protein expression of CEP164 (Devlin et al., 2020) in
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human developmental stages have improved the understanding of the molecular
disease mechanisms of these ciliopathy genes. There are about 190 ciliopathy genes
(Gana et al., 2022, Van Dam et al., 2013), it is important to consider that there are
resources publicly available with human and mouse RNA and protein data, including
spatial distribution of RNA and proteins, such as the Genotype-Tissue Expression
(GTEX) project (The GTEx Consortium, 2020), the Human Protein Atlas Project
(Uhlén et al., 2015, Thul and Lindskog, 2018) and the Allen brain map (Daigle et al.,
2018).

These databases can be used to further investigate these ciliopathy genes and
candidate ciliopathy genes, they can also be used to investigate correlation between
RNA and protein expression, which in brain tissues is suggested to be low (Moritz et
al., 2019, Tasaki et al., 2022) and integrate the information provided by these

resources with additional in silico and in vitro studies.

It is challenging to find robust genotype-phenotype correlations for ciliopathy genes
(Best et al., 2021, Wheway et al., 2019). | investigated, using in silico tools and the
literature available, CEP120 and CC2D2A ciliopathy genes as potential candidates
for targeted exon skipping therapies (Barroso-Gil et al., 2021a). These in silico tools
to investigate genotype-phenotype correlations in ciliopathy genes include the GTEx
Project, Ensembl and the Human Protein Atlas Project. None of the CEP120
mutations reported in the literature are located in potentially skippable exons,
suggesting that CEP120 is not a good candidate gene to apply exon skipping
therapies. In contrast, CC2D2A contains seven skippable exons that could be
potential targets for exon skipping therapies (with a total of 14 distinct loss-of-function
variants reported in the literature). These CC2D2A variants are reported in patients
diagnosed with JBTS and MKS/ML. Tissue specific exon skipping in the kidney of
one of these CC2D2A exons (exon 30) was confirmed in vitro using RNA isolated
from human kidney and human urine-derived renal epithelial cells (NhURECS)
(Barroso-Gil et al., 2021a).

Novel genes and disease-causing mutations associated with primary ciliopathies are
constantly being reported (Shamseldin et al., 2020, Best et al., 2021). The Genomics
England 100,000 Genomes Project (Turnbull et al., 2018, Turro et al., 2020) is a
valuable resource to find disease-causing variants in patients with rare diseases and
find novel genes associated with ciliopathies (Smedley et al., 2021, Devlin et al.,

2022, Orr et al., 2023).
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Using the Genomics England 100,000 Genomes Project database, | firstly aimed to
find novel CEP120 patients and CEP120 mutations as this may allow to describe
genotype-phenotype associations and extend the CEP120 phenotypic spectrum.
However, | did not find novel patients with biallelic disease-causing variants in
CEP120. | found heterozygous pathogenic CEP120 variants, however these variants
are not responsible for the phenotype observed in the patients, because no clear
segregation following a biallelic autosomal recessive inheritance pattern can be
confirmed (Figure 4.15). With the analysis of these heterozygous variants, it has
been showed the importance of sequencing parental genomes to confirm (or discard)

the segregation of a putative disease-causing genotype.

Secondly, the data available in the Genomics England 100,000 Genomes Project
database was used to find patients presenting with biallelic disease-causing variants
in genes recently associated with JBTS and monoallelic heterozygous disease-
causing variants accounting for clinical phenotypes within the ADPKD phenotypic
spectrum. The following patients were genetically solved in this study: 1 patient
diagnosed with JBTS with biallelic (compound heterozygous) pathogenic variants in
TOGARAML1 (Figure 4.16) (Latour et al., 2020), 8 patients diagnosed with cystic
kidney disease and 1 patient diagnosed with renal tract calcification with
heterozygous pathogenic variants in DNAJB11 (Table 5.1) (Huynh et al., 2020), 2
patients diagnosed with cystic kidney disease with heterozygous pathogenic variants
in ALG5 (Table 5.6) (Lemoine et al., 2022), 5 patients diagnosed with cystic kidney
disease with heterozygous pathogenic variants in ALG8 (Table 5.8) and 3 patients
diagnosed with cystic kidney disease with heterozygous pathogenic variants in ALG9
(Table 5.10).

| found an enrichment of LoF alleles in ALG1, ALG8, ALG9 and ALG12 in a
population of patients with cysts in kidney and/or liver compared to a control
population of patients without cysts kidney or liver (Table 5.15). ALG8 and ALG9
were validated as genes with an enrichment of LoF alleles in patients with kidney
and/or liver cysts. Additionally, it can be suggested that LoF alleles in ALG1 or
ALG12 may contribute to genetically solve patients within the ADPKD phenotypic

spectrum.

The description of these patients found in Genomics England 100,000 Genomes

Project contributed to investigate the molecular genetics of renal ciliopathies and
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explore genotype-phenotype correlations by widening the genetic spectrum of
ADPKD.

Additionally, | used human urine-derived renal epithelial cells (hURECS), to
complement these findings from the Genomics England 100,000 Genomes Project.
In particular, | used the hURECs from a patient presenting a nonsense variant in
ALGS. It was observed longer cilia in the hURECs of the ALG8 patient and lower
ALG8 expression compared with the cilia in hURECSs from two healthy controls.

The work combining the findings in Genomics England 100,000 Genomes Project
with the use of hURECSs contributes to a better understanding of the disease
mechanisms and pathogenicity of ADPKD. In particular ADPKD caused by mutations
in ALG8, | suggest that hURECs could be used in future analyses to validate
candidate genes for ADPKD, such as ALG1 and ALG12 and other candidate genes

associated with renal ciliopathies.

There are some limitations in the studies | conducted. Regarding the characterisation
of CEP120 and ARL3 gene expression patterns in human embryonic and fetal tissue:
the study using HDBR and RNAscope technique (Powell et al., 2020), does not

include in vitro experiments to analyse CEP120 and ARL3 expression at protein level

and it is limited to certain human developmental stages.

Regarding the approach to investigate potential exon skipping genetic therapies in
two JBTS genes, it can be suggested CC2D2A as a good candidate for an ASOs-
based exon skipping therapy (Barroso-Gil et al., 2021a). It is important to consider
that there are some challenges to treat some clinical phenotypes, for instance, the
delivery of a treatment aiming to access brain phenotypes would be limited by the
brain-blood barrier (Min et al., 2020, Evers et al., 2015). Often phenotypes in
ciliopathies occur during development so an early treatment is needed before some
tissues, such as the cerebellum, are fully developed (Marzban et al., 2014). Early
treatment is more effective in rare diseases such as Duchenne Muscular Dystrophy
(Kole and Krieg, 2015, Komaki et al., 2018), in which there are several ongoing exon
skipping trials to treat Duchenne Muscular Dystrophy, reflecting the progress,
effectiveness and translational potential of exon skipping therapies (Eser and
Topaloglu, 2022). Consequently, potential treatments for ciliopathies with clinical
phenotypes occurring during development may need to be delivered within a short

therapeutic window in order to be effective (Stokman et al., 2021).
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In recent years extensive progress has been made in delivering treatment to tissues
like the retina via AAV vectors (Trapani and Auricchio, 2019, Jacobson et al., 2022)
and ASOs (Dulla et al., 2021), treating ciliopathies such as LCA (Garanto et al.,
2016, Cideciyan et al., 2019, Barny et al., 2019). It has to be considered that even
though ASOs can access the kidney (Ramsbottom et al., 2018, Bondue et al., 2022)
and retina (Cideciyan et al., 2019, Dulla et al., 2021), the suitability of exon skipping
therapies are dependent on the number of patients that are suitable to benefit from
the therapy, and the exon (it has to be skippable and dispensable) in which each of
the targeted disease-causing mutations is located (Garanto et al., 2016, Ramsbottom
et al., 2018). It is challenging to design potential targeted exon skipping therapies for
small genes or for genes in which the number of patients with disease-causing
variants reported is very low, or for genes in which there are only few skippable or
dispensable exons (Barroso-Gil et al., 2021a). Also, for a potential exon skipping
genetic therapy to succeed, the functionality of the nearly-full protein needs to be

assayed in vitro and in vivo.

To find and establish robust genotype-correlations in primary ciliopathies is
challenging, particularly in the event of very few patients described to be associated
with mutations in one particular gene (Best et al., 2021, Smedley et al., 2021), as it
has been shown for CEP120 associated phenotypes (Barroso-Gil et al., 2021a).
Some primary ciliopathies such as MKS and JATD involve very severe phenotypes.
Consequently, MKS/JATD patients may not be often recruited in WGS databases.
Consequently, this may have prevented to find disease-causing biallelic CEP120
variants accounting for MKS/JATD phenotypes in the Genomics England 100,000
Genomes Project.

At the other side of the severity spectrum of primary ciliopathies, some clinical
phenotypes are often so mild that are not detected and/or reported. This could have
prevented to find more disease-causing monoallelic heterozygous ALG8 variants
accounting for cystic kidney phenotypes (Besse et al., 2017, Orr et al., 2023). It is
important to consider the incomplete penetrance of some disease-causing variants
and the age-dependent disease diagnosis of ADPKD (Besse et al., 2017, Besse et
al., 2019, Orr et al., 2023). This can also affect to the enrichment of LoF variants
study in ALG genes. LoF of function variants in ALG5, a gene known to be
associated with ADPKD, were not significantly enriched in the population with cysts

in kidney and/or liver, however this could be because the very low number of patients
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with LoF variants in ALG5. Also, the approach to detect an enrichment of LoF
variants and find disease-causing variants in specific genes does not detect

pathogenic hypomorphic or modifier alleles.

The use of hURECSs has been suggested as an effective cell model for renal
ciliopathies (Srivastava et al., 2017b, Ziegler et al., 2022, Molinari et al., 2018a).

However, it has to be considered that hURECs may not growth in some of the urine
samples processed (as it has been shown in Figure 5.15). Besides, even though
culturing hURECs from patients and controls often represent an unlimited source of
primary cells, the urine of some patients with renal ciliopathies can be limited,
furthermore some of these patients may have had a kidney transplant, which can be
a limitation for the use of hURECs. Immortalised patient’'s hURECs have been used
by others and could be an alternative and solution to this limitation for certain in vitro
studies (Garcia et al., 2022).

Some of the laboratory work was temporary impacted by the disruption caused by
the pandemic. During several months in 2020 and 2021, | was not able to perform
the planned laboratory experiments, as access to laboratory space and equipment
was limited. Besides, the delays in deliveries of some reagents and consumables
caused disruption in some of the in vitro experiments. The use of mouse models to
perform the in vivo experiments that were initially planned, had to be substituted by
alterative in vitro experiments using cell lines and primary cells. The design of
alternative in vitro and in silico experiments during and after the pandemic required a
significant amount time as well as the acquisition of the corresponding skills. This
situation was addressed using the guidance provided by the supervisory team and a
3 month extension provided by the Covid-19 Impact Funding Scheme from
Newcastle University.

If I had more time and resources, | could have performed a robust experimental
design using hURECSs, including a wide array of in vitro experiments, adding more
technical replicates and more samples from controls and patients to the experiments
shown in this thesis. Moreover, | could have considered to perform additional in silico
experiments using the Genomics England 100,000 Genomes Project. Nevertheless,
using the guidance provided by my supervisory team, | was able to prioritize

experiments and perform a wide array of in silico and in vitro experiments that led to
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the completion of the results chapters of this thesis, combining in vitro and in silico

studies to investigate the molecular genetics of primary ciliopathies.

Future work that can be done to complement the aims achieved. Future work would
include, regarding the differences in gene expression of CEP120 and ARL3 in human
embryonic and fetal tissue (Powell et al., 2020), refining and complementing
expression patterns using immunostaining. In particular, to determine if CEP120 is
expressed in the Molecular cell layer (ML), in which Purkinje cells are located (using
specific antibodies such as Calbindin 1, a marker of Purkinje cells) (Aldinger et al.,

2021), or if it expressed in the external (EGL) and internal (IGL) granule cell layers.

The use primary cells have been extensively used to model diseases, including renal
ciliopathies, and complement the findings obtained using cell lines and in vivo models
(Kaur and Dufour, 2012, Ajzenberg et al., 2015, Ziegler et al., 2022, Ramsbottom et
al., 2018, Molinari et al., 2019, Molinari et al., 2020). Others have performed rescue
experiments using assays based on cell lines to study CEP120 disease-causing
variants (Joseph et al., 2018, Tsai et al., 2019). Also, the role of CEP120 in Shh
signalling has been previously studied using assays based on cell lines (including
NIH-3T3, MEF and hTERT-RPEL) (Breslow et al., 2018, Pusapati et al., 2018, Betleja
et al., 2018, Wheway et al., 2015). Consequently, future work can involve
investigating, using primary cells, the pathogenic effect of the reported CEP120
disease-causing variants (a further explanation of this workflow and suggested
methodology can be found in Appendices 3 and 4). This work would require
optimising plasmid transfection techniques in primary cells, in particular hURECS,
using transfection techniques such as electroporation-based methods as a possibly
more effective alternative to liposomal and non-liposomal transfection reagents
(Hasan et al., 2021, Lin et al., 2013, Tsai et al., 2019).

In addition to ciliogenesis percentage and cilia length, | would study the effect of
disease-causing variants on centrosome biogenesis and components of the IFT
transport (e.g. IFT88). This in silico and in vitro approach to investigate the molecular
disease mechanisms of disease-causing variants in CEP120, can also be applied to
other ciliopathy genes associated with similar clinical phenotypes and encoding
proteins interacting with CEP120, such as KIAA0586 and KIAA0753. Ciliopathy
genes may encode proteins with a role in the WNT signalling pathway, such it is the
case of TMEMG67 (Abdelhamed et al., 2019). Consequently, this approach could be
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used to investigate the effect on the WNT signalling components of CEP120 disease-

causing variants and upon CEP120 knockdown.

Using the same approach to detect enrichment of LoF variants in ALG genes, the
Genomics England 100,000 Genomes Project can also be used to validate the
enrichment of ALG1, ALG8, ALG9 and ALG12 using a different control population
without cysts in kidney of liver. This alternative control population can be created by
selecting unaffected relatives of the probands previously selected, to make the
“previous” control population of probands without cysts in kidney or liver (only one
unaffected relative per family would be selected in families in which there were

several unaffected relatives).

Finding novel patients within the Genomics England 100,000 Genomes Project can
widen the genotypic and phenotypic spectrum of renal ciliopathies. Multiple aspects
of the designed approach can be applied to other genes associated with ADPKD
(e.g. HNF1B) (following a monoallelic disease inheritance pattern), and to other
genes associated with other renal ciliopathies (following a biallelic disease
inheritance pattern), such as NPHP genes (e.g. CEP164, CC2D2A or CEP290) or
ARPKD genes (e.g. PKHD1 and DZIP1L) (Barroso-Gil et al., 2021b, McConnachie et
al., 2021) as well as with other primary ciliopathies and rare diseases.

Using the data available in the Genomics England 100,000 Genomes Project, it can
be possible to find additional probands with disease-causing mutations in CC2D2A,
ARL3 and KIAA0586, which are genes associated with JBTS (Bachmann-Gagescu et
al., 2012, Malicdan et al., 2015, Alkanderi et al., 2018), and other ciliopathy genes
and genes encoding proteins functioning in the ER glycosylation pathway that can be
associated to PKD (Besse et al., 2017). The process of searching disease-causing
variants can be automated (systematic), using R and Bash coding languages. This
automated process could be possible using the tools, scripts and workflows available
in the Genomics England Research Environment (https://research-
help.genomicsengland.co.uk/display/GERE/7.+Analysis+Scripts+and+Workflows),
and having the search of TOGARAML1 (Latour et al., 2020), DNAJB11 (Huynh et al.,
2020) and ALG5 (Lemoine et al., 2022) disease-causing variants as a “positive

control” of the process.

This potential automated pipeline aims to extract putative disease-causing variants

from the VCF files and the variants from the tiering and exomiser prioritization
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pipelines of putative disease-causing variants and genes (Best et al., 2022a,
Smedley et al., 2021, Turnbull et al., 2018, Robinson et al., 2014). Putative disease-
causing variants would be annotated using VEP (Ensembl). Additional information
regarding allele frequency (from gnomAD population database and from the
Genomics England 100,000 Genomes Project) and ClinVar classification can also be
incorporated. This automated pipeline can be applied to a group of patients based on
the presence of certain clinical phenotypes (phenotype-to-genotype approach) or to a
group of patients based on presence of putative disease-causing variant/s in one

particular gene (genotype-to-phenotype approach).

Additional phenotypic information from the GMC exit questionnaire and HPO terms
could also be incorporated, and also self-curated lists of disease-causing genes and
candidate genes could be considered, to further detect additional putative disease-
causing variants. This suggested automated pipeline could be applied to one or
multiple patients and would reduce the time required (compared to the lack of use of
an automated pipeline) for the detection and validation of the putative disease-

causing variants.

Additional in vitro functional analyses can be performed if patients’ cells were
available. For instance, if primary fibroblasts from patients reported in the literature
with biallelic disease-causing variants CEP120 were available. This would allow to
investigate how these patient-specific mutations affect cilia and centrosome
biogenesis. Additionally, if hURECs from the ADPKD patients with heterozygous
putative disease-causing mutations in ALG12 and ALG1 were available, these could
be used to investigate how these patient-specific mutations affect cilia and PC1 and
PC2 biogenesis. As it was mentioned in the discussion of the results chapter 5
(section: 5.3. Discussion), If | had the required time and resources, | would do these
experiments using at least three patients and three healthy age, sex and passage
matched controls, and three technical and biological replicates in each of the

experiments.

6.3. Future perspectives: the use of the Genomics England 100,000 Genomes

Project and hURECs to study renal ciliopathies

The Genomics England 100,000 Genomes Project is a large database with WGS and
clinical information of patients, this database includes patients with rare diseases,

including patients with renal ciliopathies (Best et al., 2021, Wheway et al., 2019). It is
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challenging to detect all possible disease-causing variants. For recessive rare
primary ciliopathies such as JBTS or ARPKD or NPHP, sometimes the second
disease-causing variant is difficult to detect as some of these variants are deep
intronic variants or synonymous variants affecting splicing (Olinger et al., 2021,
Blakes et al., 2022, Best et al., 2022b). Furthermore, disease-causing variants in
some ciliopathy genes, can lead to different ciliopathy phenotypes following both
monoallelic and biallelic inheritance disease patterns, such as it is the case of ARL3
(Ratnapriya et al., 2021), PKDH1 (Besse et al., 2017) or IFT140 (Senum et al.,
2022).

In the Genomics England 100,000 Genomes Project, there over 1000 of patients
diagnosed with cystic kidney disease and about 100 patients diagnosed with rare
multisystem ciliopathy disorders, including JBTS and BBS. The analysis of these
cohorts of patients with ciliopathy phenotypes allowed to find patients with disease-
causing mutations in genes recently associated with ciliopathies such as
TOGARAML1 (Latour et al., 2020) and ALG5 (Lemoine et al., 2022).

The potential of the Genomics England 100,000 Genomes Project in providing a
genetic diagnosis to patients with ciliopathy phenotypes is widely known (Best et al.,
2022b, Smedley et al., 2021). Some suggestions to improve the potential of this large
database have been made by Best et al. regarding the phenotypic information
available and the tiering data, among other areas to facilitate access and analysis of
the relevant clinical and genetic data, provide a genetic diagnosis to a higher number
of patients, the establishment of genotype-phenotype correlations etc (Best et al.,
2022a, Brown et al., 2022).

In line to what it was suggested by Best et al. (Best et al., 2022a), | suggest that the
time required to analyse the tiering data would be reduced, if transcript information
(Ensembl or NCBI transcript ID) of each of the variants is provided in the tiering data
(to facilitate the annotation of each of the variants according to their canonical
transcript). Additionally, the prioritisation and segregation analysis of the putative
disease-causing variants can be facilitated by the sequencing parental genomes (of
the singletons recruited and where it is possible), by providing a more detailed clinical
information (more detailed HPO terms) and by facilitating the access (using R scripts)
to the more detailed clinical information found in Participant Explorer Research

Environment tool.
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About 40% of patients with primary ciliopathies do not have a genetic diagnosis. The
percentage of genetically solved patients is variable depending on the ciliopathy and
sequencing method used (WGS, WES, targeted sequencing), for renal ciliopathies
such as ADPKD and ARPKD, this percentage can be higher, up to 80-90% (Lemoine
et al., 2022). In summary, the Genomics England 100,000 Genomes Project,
including the application has the potential to increase the percentage of ciliopathy
patients that are genetically solved. The amount of genetic diagnosis reported,
genomes sequenced and WGS and clinical data available is constantly increasing
and being updated (Manolio et al., 2019). Also, the pipelines and the advances to
provide genetic diagnosis to patients with ciliopathies may be suitable to be applied

to other inherited rare diseases.

Recently a systematic pipeline has been developed for the analysis of genetic
splicing variants in the Genomics England 100,000 Genomes Project (Blakes et al.,
2022). Furthermore, the large database of gnomAD have been used to find genes
that are tolerant to LoF variants (Karczewski et al., 2020) and the analysis of the
phenotypic and genetic data available in the International Mouse Phenotyping
Consortium (IMPC) database identified 32 candidate ciliopathy genes, further studies
included the phenotyping of knockout mice of some of these genes (Higgins et al.,
2022). An approach based on atrtificial intelligence have been used to analyse
genomic data to detect and prioritize putative disease-causing variants (De La Vega
et al., 2021). It is also important to consider that epigenetic factors are associated
with multiple rare diseases and biological cell processes, including ciliogenesis (Li
and Li, 2021). There are multiple projects that integrate epigenetic and genetic data
to further understand the disease mechanisms responsible for cancer and a diverse
range of rare diseases, including primary ciliopathies and autoimmune diseases
(Asada et al., 2021, Teruel et al., 2021, Cordell et al., 2021, Drivas et al., 2021).
These and other studies and projects have the potential to improve the discovery of

disease-causing variants and candidate genes.

Focussing on the Genomics England 100,000 Genomes Project, future work would
include access to more detailed phenotyping and the design of more automated
pipelines, pipelines that could detect multiple types of variants, including structural
variants and splicing variants (Best et al., 2022b, Blakes et al., 2022, Orr et al.,
2023). Future work may aim to facilitate the communication between the Genomics

England Clinical Interpretation Partnership (GeCIP) members (which are researchers
334



authorised to access and analyse the data available in the Genomics England
100,000 Genomes Project) to standardise these pipelines. These pipelines include
variant prioritisation, variant annotation (according to the American College of
Medical Genetics and Genomics (ACMG) guidelines) and self-curated gene panels of
known disease-causing genes and candidate genes. Additionally, updated lists of
known pathogenic variants (that may not be classified as pathogenic by ClinVar
database) that are intronic, structural or synonymous can be created. These
pipelines should be easily available and easy to update and review by authorised
members of the Genomics England 100,000 Genomes Project as well as contact
with the recruiting clinicians should be enhanced (to confirm and update clinical

phenotypes, for instance).

There are multiple examples in which in silico studies can be supported and
complemented by in vitro studies and vice versa (Higgins et al., 2022, Molinari et al.,
2019, Devlin et al., 2022, Latour et al., 2020). There are several factors that are
assisting and will further assists the development of in silico, in vitro and in vivo
studies and their combination. Firstly, the access to large databases with phenotypic,
genetic, and/or epigenetic data available (Karczewski et al., 2020, The GTEXx
Consortium, 2020, Thul and Lindskog, 2018, Higgins et al., 2022, Wheway et al.,
2019). Also, the development of organoids such as brain (Zhang et al., 2019), retinal
(Georgiou et al., 2022) and kidney (Zeng et al., 2021) organoids as ex vivo models
that recapitulate some molecular and cellular aspects of key organs affected in
ciliopathies. Furthermore, the development of therapies targeting retinal (Cideciyan et
al., 2019, Barny et al., 2019, Ramsbottom et al., 2018, Jacobson et al., 2022) and
renal phenotypes (Garcia et al., 2022, Ramsbottom et al., 2018).

This together with other increasing developments other areas such as three-
dimensional (3D) imaging (Kiewisz et al., 2022), single-cell tracking (Huelsz-Prince et
al., 2022) and the development of a wide range of automated pipelines and
algorisms: from the prediction of the structure of human proteins (~350,000 proteins,
44% of all known human proteins) and protein interactions (Humphreys et al., 2021,
Jumper et al., 2021), to the detection of behavioural changes in animal models (Jia et
al., 2022) and robotics (Kanda et al., 2022), can support and increase the efficiency
of in vitro and in vivo experiments. The use and combination of these tools have
limitless potential that can answer to multiple biomedical and genomic questions

covering multiple fields, from basic science to personalised medicine.
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More precisely, the genetic findings related with renal ciliopathies from the Genomics
England 100,000 Genomes Project could be complemented using hURECSs. The use
of hURECs have been proven to be valuable non-invasive source of primary cells
and an ex vivo model to complement in vivo mouse models and in silico genetic
studies (Ramsbottom et al., 2018, Devane et al., 2022). The use of hURECs can be
used to characterise disease-causing mutations (as it has been done for the
nonsense ALG8 mutation accounting for ADPKD). It can be suggested that use of
hURECs can be used for in vitro experiments to model disease-causing mutations
and investigate potential treatments for renal ciliopathies, including, but not
exclusively, potential exon skipping therapies (Molinari et al., 2019, Garcia et al.,
2022). In recent years, there have been numerous advances in exon skipping
therapies (Dulla et al., 2021) and in vitro studies using hURECs and other primary
cells to study new therapies to treat renal ciliopathies and other primary ciliopathies
(Ramsbottom et al., 2018, Devane et al., 2022, Oud et al., 2018).

6.4. Final conclusions

In conclusion, gene expression patterns of two genes associated with rare primary
ciliopathies: CEP120 and ARL3, have been characterised in human embryonic and
fetal tissue. CEP120 and ARLS3 have similar expression patterns and are expressed
in multiple tissues, including developing cerebellum, kidney and retina (Powell et al.,
2020). This is consistent with the clinical phenotypes caused by disease-causing
mutations in CEP120 and ARL3 reported in the literature (Alkanderi et al., 2018,
Roosing et al., 2016).

Genotype-phenotype correlations were explored in two primary ciliopathy genes:
CEP120 and CC2D2A, using a self-curated and annotated database. It was
confirmed that biallelic truncating CC2D2A variants are associated with more severe
phenotypes than biallelic CC2D2A non truncating variants. An in silico approach was
used to find the skippable exons in CEP120 and CC2D2A suitable for a potential
exon skipping therapy. CC2D2A was suggested as a good candidate gene for a
potential exon skipping therapy, with 7 exons as potential candidates for targeted

exon skipping therapies (Barroso-Gil et al., 2021a).

The Genomics England 100,000 Genomes Project was used to genetically solve
patients and find disease-causing mutations accounting for primary ciliopathies. Two

TOGARAML1 pathogenic variants were found in a JBTS patient, supporting the
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studies of TOGARAM1 as a novel JBTS gene (Latour et al., 2020). Moreover,17
patients diagnosed with cystic kidney disease and 1 patient with diagnosed with renal
tract calcification were found to have heterozygous disease-causing variants in
genes involved in the ER glycosylation pathway: DNAJB11 (8 patients) (Huynh et al.,
2020), ALG5 (2 patients) (Lemoine et al., 2022), ALGS8 (5 patients) and ALG9 (3
patients), supporting these genes as genes associated with clinical phenotypes

within the ADPKD phenotypic spectrum.

The WGS and clinical data available in the Genomics England 100,000 Genomes
Project has allowed to investigate if there is an enrichment of heterozygous LoF
alleles in any of the ALG genes, in a population of patients with cysts in kidney or
liver, compared to a non-cystic control population. It was found that LoF alleles in
ALG1, ALG8, ALG9 and ALG12 are enriched in patients with cystic kidney/liver
disease. This validates ALG8 and ALG9 as genes associated with the ADPKD
phenotypic spectrum and suggests that heterozygous LoF alleles in ALG1 or ALG12
genes may contribute to genetically solve patients presenting disease phenotypes
within the ADPKD phenotypic spectrum.

The hURECSs of a patient with a heterozygous nonsense variant in ALG8 displayed
elongated primary cilia compared with the hURECs of two healthy sex matched
controls. It has been shown how hURECs can be used to complement and support

findings from the Genomics England 100,000 Genomes Project.

The combination of in silico and in vitro approaches that assist and improve the
understanding of the disease mechanisms caused by disease-causing mutations,
can lead to understand the molecular genetics of ciliopathy genes and the complexity
of the molecular genetics of primary ciliopathies and design potential targeting gene
therapies to treat patients with renal ciliopathies.
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Appendices

Appendix 1. Extract variants by coordinate script (modified from Genomics
England)

HEHAHHHHH R
HAHBHHHHHH

HHHHHHHE - Extract variants in a cohort by consequence type
HHHHHH

# This script subsets VCFs by coordinate and consequence type and prints out sample ID and genotype

# INPUT:
# 1: Tab-delimited list of chromosomal coordinates (regions.txt)

# 2. A list of full-paths to VCF files of interest (vcf_list.txt)

# OUTPUT:

# 1: A tab-delimted file of sample ID, variant information and quality, this includes indels, ie: variants
with a DPI score, instead of DP (results.final.txt)

# Intermediate files are generated, if want to be removed use: rm results_no.indels.txt
results_indels.only.txt results_temporary.file.txt

# STEPS:
# 1: tabix to subset each VCF by the coordinates given
# 2: bcftools to split multi-allelic variants across multiple lines
# 3: bcftools to filter for PASS variants and variants with a coverage >10 and genotype quality >20

# 4: bcftools to print out the sample ID, and variant and quality information as a text file

# IMPORTANT!
# 1: Make sure the chromosome nomenculature is correct for GRCh37 and GRCh38
# 2: Do not mix genome builds in VCF file list
# 3: Change the file paths to suit your working environment

# 4: This script will extract SNVs and indels, this is because we use MIN(FMT/DP)>10 and next sepately
MIN(FMT/DPI)>10

# 5: This script will only be function with Illumina germine variant calls - please use the relevent script
to process somatic variants
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#!/bin/bash

module load bcftools/1.9

while read -r vcf; do
tabix -h Svcf -R regions.txt | \
bcftools norm -m -any | \
bcftools view -f PASS -i 'MIN(FMT/DP)>10 & MIN(FMT/GQ)>20' | \

bcftools query -f
"[%SAMPLE]\t%CHROM\t%POS\t%ID\t %REF\t%ALT\t%QUAL\t%FILTER\t[%GT]\t[%GQ]\t[%DP]\t%INFO/CSQ
T\n' |\

grep /1 >> results_no.indels.txt ;

done < vcf_list.txt

sed -i '1s/A/SAMPLE\tCHROM\tPOS\tID\tREF\tALT\tQUAL\tFILTER\tGT\tGQ\tDP\tCSQT\n/'
results_no.indels.txt

while read -r vcf; do
tabix -h Svcf -R regions.txt | \
bcftools norm -m -any | \
bcftools view -f PASS -i 'MIN(FMT/DPI1)>10 & MIN(FMT/GQ)>20' | \

bcftools query -f
'[%SAMPLE]\t%CHROM\t%POS\t%ID\t%REF\t%ALT\t%QUAL\t%FILTER\t[%GT]\t[%GQ]\t[%DP]\t%INFO/CSQ
T\n' |\

grep /1 >> results_indels.only.txt ;

done < vcf_list.txt

sed -i '1s/A/SAMPLE\tCHROM\tPOS\tID\tREF\tALT\tQUAL\tFILTER\tGT\tGQ\tDP\tCSQT\n/'
results_indels.only.txt

cat results_no.indels.txt results_indels.only.txt > results_temporary.file.txt
sort results_temporary.file.txt | uniq > results.final.txt

HitHHHH R R R R R
HEHHHHH R

This is a modified script from the extract variants by coordinate script of Genomics
England (https://cnfl.extge.co.uk/display/ GERE/Extract+variants+by+coordinate).
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Appendix 2. List of genes associated with ciliopathies (Gold Standard

SYSCILIA)
Ensembl Gene Ensembl Gene Ensembl Gene Ensembl Gene
Gene ID name Gene ID name Gene ID name Gene ID name
ENSGO0000 ADCY | ENSGO0000 oo | ENSGO0000 .\, | ENSGOO000 SPAGI
138031 3 169676 117650 144451 6
ENSG00000 ENSG00000 ENSG00000 ENSGO00000 SPAGL
135541 AHI1 107404  PVEL | 114004 NEK4 155761 7
ENSG00000 ENSG00000 DYNC | ENSG00000 ENSG00000

140057 AKT 187240 2H1 160602 NEK8 077327  SPAG6
ENSGO0000 .o | ENSGO0000 DYNL | ENSGO0000 . | ENSGOO000 SPATA

165695 146425 T1 064300 042317 7
ENSGO0000 ALMS | ENSG00000 DYXI | ENSG00000 .~ | ENSGO0000 cprn

116127 1 256061 c1 100503 152582
ENSG00000 ENSG0O0000 EFHC | ENSG00000 ENSG00000

168374  ARFA 17 096003 1 101004 NINE 176101  SoNAL
ENSGO0000 ARL13 | ENSG00000 ENSG00000 ENSG00000

169379 B 072840 EVC 112081 NMES 183473  °SIR3
ENSG00000 ENSG00000 ENSG00000 ENSG00000

138175  ARL3 173040  EVC2 | T 143156 NME7 123473 STIL
ENSG00000 ENSG0O0000 EXOC | ENSG00000 ENSG00000

113066 ~RL6 | 180104 3 086288  MEB | 153450  STK36
ENSGO0000 ASAP | ENSG00000 EXOC | ENSGO0000 - | ENSGO0000 STK38

153317 1 131558 4 214513 211455 L
ENSGO0000 ATXN | ENSG00000 EXOC | ENSGO0000 . o | ENSGO0000 STOM

130638 10 070367 5 144061 133115 L3
ENSG00000 ENSG00000 EXOC | ENSG00000 ENSG00000

141577 AZI1 138190 6 113971 NPHP3 | 166000 STX3
ENSG00000 ENSG00000 EXOC | ENSG00000 ENSG00000

108641 2901 | 144036 6B 131697  NPHP4 | 75788, SUFU
ENSGO0000 . | ENSGO0000 FAMI | ENSGO0000 NUP2L | ENSGO0000 o~

123810 170264 61A 126883 4 054654
ENSG00000 ENSG00000 ENSG00000 ENSG00000 TBC1D

174483  BBSL | " 1ggg7g FBF1 163002 NUPSS | 111400 30
ENSGO0000 BBSL | ENSGO0000 .\ » | ENSGO0000 o | ENSGO0000 TBCID

179941 0 196924 075188 145979 7
ENSG00000 BBS1 | ENSG00000 FOPN | ENSG00000 ENSG00000

181004 2 133393 L 213024 ~ NUP62 | " og4g5,  TCTNI
ENSG00000 ENSG0O0000 FOXJ | ENSG00000 ENSG00000

125124  BBS2 | " 159654 1 102000  NUP93 | " ieg77g TCTN2
ENSG00000 ENSG00000 ENSG00000 ENSG00000

140463 BBS4 | 010361 FUZ 122126 OCRL 119077  TCTN3
ENSG00000 ENSG00000 ENSG00000 ENSG00000

163093 5BSS | T qa1013  COASB | T i3gg11 ODF2 092850  |EKT2
ENSG00000 ENSG00000 ENSG00000 ENSG00000

138686 BB’ | 111087 GLIT 046651 OFD1 163060  |EKT4
ENSG00000 ENSG00000 ENSG00000 ENSG00000

122507 BBS9 | 74047 GLI2 ogsga0 ~ ORCL 153060  TEKT®
ENSGO0000 C2lorf | ENSGO0000 . - | ENSGO0000 PACR | ENSGO0000 TMEM

160226 2 106571 112530 G 149483 138
ENSGO0000 C2CD | ENSGO0000 | ENSGOO000 PAFAH | ENSGO0000 TMEM

168014 3 126603 007168 1B1 187049 216
ENSGO0000 C20rf7 | ENSGO0000 GPRI | ENSGO0000 -~ | ENSGOO000 TMEM

179270 1 143147 61 148498 205084 231
ENSG00000 C8orf3 | ENSG00000 GPR9 | ENSG00000 PARD6 | ENSG00000  TMEM

156172 7 164199 8 102981 A 155755 237
ENSGO0000 . ; | ENSGO0000 GSK3 | ENSG00000 PCDHI | ENSGO0000 TMEM

100211 082701 B 150275 5 164953 67
ENSG00000 CC2D | ENSG00000 ENSG00000 ENSG00000

048342 2A 173805 TAPL | 78674 PCML | Tgasy, 0 TNPOL
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ENSGO0000 CCDC | ENSGO0000 HEAT | ENSGO0000 o~ | ENSGO0000 TOPO
167131 103 164818 R2 156973 197579 RS
ENSGO0000 CCDC | ENSG00000 HNF1 | ENSG00000 ENSG00000
105479 114 108753 B 186862  PZD7 | 179535  1PPP2
ENSGO0000 CCDC | ENSGO0000 HSPA | ENSGO0000 ., | ENSGO0000 TRAF3
157856 164 109971 8 077684 204104 P1
ENSGO0000 CCDC | ENSGO0000 HSPB | ENSG00000 - | ENSGO0000 TRAPP
160050 288 081870 11 083535 160218 C10
ENSG00000 CCDC | ENSGO0000 | - | ENSGO0000 o, 0. | ENSGO0000 TRAPP
163885 37 158748 008710 054116 C3
ENSGO0000 CCDC | ENSGO0000 .- | ENSG00000 PKDIL | ENSGO0000 TRAPP
145075 39 197386 158683 1 167632 co
ENSGO0000 CCDC | ENSGO0000 HYDI | ENSG00000 . - | ENSG00000 TRIM3
141519 40 157423 N 118762 119401 2
ENSG00000 CCDC | ENSGO00000 HYLS | ENSG00000 ENSG00000
173588 41 198331 1 170927  PKHDL | 7i00g15  TRIPIL
ENSGO0000 CCP1 | ENSGO0000 IFT12 | ENSGO0000 o 1 | ENSGO0000 — o
103540 10 163913 2 166851 128881
ENSG00000 CDH2 | ENSGO00000  IFT14 | ENSG00000 ENSG00000
107736 3 187535 0 164087  TOCIA| " ugpgy  TTCI2
ENSGO0000 CENP | ENSGO0000 IFT17 | ENSGO0000 prcp; | ENSGO0000 TTCZ1
151849 J 138002 2 185920 123607 B
ENSGO0000 CEPI | ENSGO0000 | o | ENSGO0000 PTPDC | ENSGOO000 o -
116198 04 109083 158079 1 105948
ENSGO0000 CEPI | ENSGO0000 | - | ENSGO0000 RABLL | ENSGOO000 o
174799 35 100360 103769 A 137473
ENSGO0000 CEPI | ENSGO0000 | ., | ENSGO0000 RABLL | ENSGOO000 TTC30
110274 64 119650 090565 FIP3 197557 A
ENSGO0000 CEPZ | ENSGO0000 |, | ENSGO0000 oo~ | ENSGOO000 TTC30
126001 50 118096 124839 196659 B
ENSG00000 CEP2 | ENSG00000 ENSG00000 ENSGO00000
198707 90 101052 'T192 | " y39919  RAB23 | T aenas TTC8
ENSGO0000 CEP4 | ENSGO0000 |- | ENSG00000 RAB3I | ENSGO0000 10y
106477 1 114446 127328 P 112742
ENSG00000 CEP7 | ENSG00000 ENSG00000 ENSG00000
112877 2 096872 P14 | " igrae1  RABBA | Toa0p1 TTLLS
ENSG00000 CEP8 | ENSG00000 ENSGO00000 ENSG00000
121289 9 o6ssss  F180 | " iogegy RABLS | Tiog703 TTLLG
ENSG00000 CEP9 | ENSG00000 ENSG00000 ENSG00000
182504 7 122970 'FT8L | "yaoa4 RAN 131044 L9
ENSGO0000 CLDN | ENSGO0000 o | ENSGO0000 RANBP | ENSGO0000 TUBAL
165376 2 032742 099901 1 167552 A
ENSGO0000 CLUA | ENSGO0000 INPP5 | ENSGO0000 rro o | ENSGO0000 TUBAL
103351 P1 148384 E 080298 167553 c
ENSG00000 CNGA | ENSGO0000 -~ | ENSGO0000 o, | ENSGO0000 TUBAA
183862 2 164066 188026 127824 A
ENSG00000 CNGA | ENSGO0000 " | ENSGO0000 o, | ENSGOOO00 TUBB2
132259 4 119509 150977 137267 A
ENSGO0000 CNGB | ENSGO0000 |0 | ENSGO0000 ROPNI | ENSGO000D TUBB2
070729 1 173226 145491 L 137285 B
ENSG00000 ENSG00000 ENSG00000 ENSG00000
130545  CRB3 | 97045 KIFL7 1 704037 RP1 198211  UBB3
ENSG00000 CROC | ENSG00000 ENSG00000 ENSG00000
058453 C 106160 P19 | 00013 RP2 074935  'UBEIL
ENSGO0000 CTNN | ENSGO0000 ). | ENSGO0000 poor | ENSGO0000 TUBG
168036 B1 186638 156313 130640 CP2
ENSGO0000 DCDC | ENSGO0000 -, | ENSGO0000 RPGRI | ENSGO0000  TUBG
146038 2 165115 092200 p1 126216 CP3
ENSGO0000 DFNB | ENSGO0000 .~ | ENSG00000 RPGRI | ENSG00000 TUBG
095397 31 131437 103494 P1L 137822 CP4
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ENSGO00000 ENSG00000 ENSG00000 ENSG00000 TUBG
162046  DISCl1 | "ip1350 KIFSB | 7160188 RSPHL | 7 igagys CP5
ENSGO0000 DNAA | ENSGO0000 | — | ENSG00000 oo - | ENSGO0000 TUBG
154099 F1 084731 130363 128159 CP6
ENSGO0000 DNAA | ENSGO0000 | ENSG00000 RSPH4 | ENSGO0000 .\ py
165506 F2 166813 111834 A 112041
ENSG00000 DNAA | ENSG00000 ENSG00000 ENSGO00000
167646 F3 135338 FCAS | T q7oap6 RSPHI L Tggone TULPS
ENSGO0000 DNAH | ENSG00000 LRRC | ENSG00000 - | ENSGO0000 |, s
114841 1 129295 6 176225 168038
ENSG00000 DNAH | ENSG00000 LZTFL | ENSG00000 ENSGO00000
197653 10 163818 1 156876 /956 | T opge1n  USHIC
ENSGO0000 DNAH | ENSGO0000 |, | ENSGO0000 ¢ r, | ENSGO0000  USHI
105877 11 111837 151466 182040 G
ENSGO0000 DNAH | ENSGO0000 .~ | ENSG00000 SDCC | ENSGO0000 | o
183914 2 172005 054282 AGS 042781
ENSGO0000 DNAH | ENSGO0000 MAPR | ENSGO0000 (. o, | ENSGO000D o
039139 5 101367 E1 168385 078668
ENSGO0000 DNAH | ENSG0000 MCHR | ENSGO0000 (o [ ENSGO0000
115423 6 128285 1 122545 134086
ENSGO0000 | ENSGO0000 , | ENSG00000 SGK19 | ENSGO00000 WDPC
122735 111554 185900 6 143951 p
ENSG00000 ENSG00000 ENSG00000 ENSG00000 WDR1
171505  PNAIZ | 7 iooges MKKS | 64690 SHH 157796 9
ENSGO0000 DNAL | ENSG00000 . o | ENSG00000 SLC47 | ENSGO0000 WDR3
119661 1 011143 180638 A2 118965 5
ENSGO0000 DNALI | ENSG00000 ,, - | ENSG00000 ¢, o | ENSGO0000 WDRG
163879 1 178053 128602 126870 0
ENSGO0000 | ENSG00000 .| ENSGO0000 SNAPZ | ENSGO0000 WDR?
166171 138587 132639 5 152763 8
ENSGO0000 DPYS | ENSGO0000 MYOL | ENSG00000 o\ | ENSGO0000 XPNPE
092964 L2 091536 5A 086300 196236 P3
ENSGO0000 | ENSGO0000 MYO?7 | ENSGO0000 oo, | ENSGO0000 ZNF42
184845 137474 A 064199 102935 3
ENSGO00000 ENSG00000
149295  DPRD2 | "yq06p  NEKI

This list of 302 genes ciliary genes corresponds to the Syscilia Gold Standard list of
ciliary genes (obtained from: http://bioinformatics.bio.uu.nl/john/syscilia/ciliacarta/)

and their corresponding Ensembl Gene ID.

388




Appendix 3. List of terms used to select case population

Description of each of terms used to select the case population

Genomics England Rare
Disease | Cystic kidney

disease

ICD10 | Q61.5: Medullary
cystic kidney

SNOMED | 426978005:
Endoscopic de-roofing of

multiple cysts of kidney

Genomics England Rare
Disease | GMS R193 Cystic

renal disease

ICD10 | Q61.8: Other cystic

kidney diseases

SNOMED | 431909007:
Counselling for polycystic kidney

disease

HPO | HP:0000003: Multicystic
kidney dysplasia

disease, unspecified

ICD10 | Q61.9: Cystic kidney

SNOMED | 53670009:
Evacuation of kidney cyst

HPO | HP:0000107: Renal cyst

SNOMED | 187144000:
Hydatid cyst of kidney

SNOMED | 5941000119101:

Congenital single renal cyst

HPO | HP:0000108: Renal

corticomedullary cysts

acquired kidney cyst

SNOMED | 197801000: Single

SNOMED | 64119005:
Marsupialization of cyst of

kidney

HPO | HP:0000113: Polycystic
kidney dysplasia

SNOMED | 204957003:

kidney

Medullary cystic disease of the

SNOMED | 71064009: Acquired

polycystic kidney disease

HPO | HP:0000800: Cystic

renal dysplasia

SNOMED | 236376009:

Infected renal cyst

SNOMED | 712538004
Fluoroscopy guided
radiofrequency ablation of renal

cyst

HPO | HP:0000803: Renal

cortical cysts

SNOMED | 105999006:

Acquired renal cystic disease

SNOMED | 712539007:
Fluoroscopy guided
radiofrequency ablation of cyst

of liver

HPO | HP:0001407: Hepatic

cysts

SNOMED | 236439005: Cystic

disease of kidney

SNOMED | 716196007: Isolated

polycystic liver disease

HPO | HP:0004734: Renal

cortical microcysts

SNOMED | 251096000:
Unroofing of cyst of kidney

SNOMED | 717749002: Bilateral

multicystic renal dysplasia

HPO | HP:0005209:
Intrahepatic bile duct cysts

SNOMED | 252053007:

Excision of cyst of kidney

SNOMED | 722223000: Cyst of
kidney

HPO | HP:0005562: Multiple

renal cysts

SNOMED | 253878003: Adult
type polycystic kidney disease
type 1

SNOMED | 72925005:
Congenital cystic disease of

liver

HPO | HP:0006557: Polycystic

liver disease

SNOMED | 253879006: Adult
type polycystic kidney disease
type 2

SNOMED | 735471001

Complex renal cyst

HPO | HP:0006706: Cystic

liver disease

Autosomal dominant polycystic

SNOMED | 253880009:

kidney disease in childhood

SNOMED | 737562008:

Multicystic renal dysplasia
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HPO | HP:0008659: Multiple
small medullary renal cysts

SNOMED | 253881008:
Cortical cystic disease

SNOMED | 765330003:
Autosomal dominant polycystic

kidney disease

HPO | HP:0012581: Solitary

renal cyst

SNOMED | 253882001:
Nephronophthisis - medullary

cystic disease

SNOMED | 765331004:
Autosomal dominant polycystic
kidney disease type 1 with

tuberous sclerosis

HPO | HP:0100611: Multiple

glomerular cysts

SNOMED | 253883006:

Multiple renal cysts

SNOMED | 77945009: Simple

renal cyst

HPO | HP:0100890: Cyst of
the ductus choledochal cyst

SNOMED | 270910001

Medullary cystic disease, adult

type

SNOMED | 82525005: Multiple

congenital cysts of kidney

ICD10 | N28.1: Cyst of kidney

SNOMED | 287496005:
Diagnostic aspiration of liver

cyst or abscess

SNOMED | 85057007: Liver cyst

ICD10 | Q44.6: Cystic disease

of liver

SNOMED | 28770003:
Polycystic kidney disease,

infantile type

SNOMED | 86127008: Excision
of hydatid cyst of liver

ICD10 | Q61: Cystic kidney
disease

SNOMED | 307620003:

Marsupialization of liver cyst

SNOMED | 86463003: Solitary

multilocular renal cyst

ICD10 | Q61.0: Congenital

single renal cyst

SNOMED | 307621004
Laparoscopic marsupialization

SNOMED | 87421006:

Evacuation of cyst of liver

of liver cyst
. SNOMED |
ICD10 | Q61.1: Polycystic . SNOMED | 98371000119102:
) ] 369071000119105: Congenital ]
kidney, autosomal recessive Acquired complex renal cyst
renal cyst

ICD10 | Q61.2: Polycystic

kidney, autosomal dominant

SNOMED | 37184006:

Enucleation of cyst of liver

SNOMED | 432582008:
Drainage of cyst of kidney using

ultrasound guidance

ICD10 | Q61.3: Polycystic
kidney, unspecified

SNOMED | 373599008:
Multiple acquired kidney cysts

These terms were used to create the case population (1922 patients) from Labkey
and Participant Explorer tools from the Genomics England 100,000 Genomes

Project.
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Appendix 4. Distribution of the patients selected for the case population
(n=1922), in terms of their diagnosed disease

Disease Nur.nt.)er of %
participants

Cystic kidney disease 1245 64.78
CAKUT 174 9.05
Unexplained kidney failure in young people 53 2.76
Renal tract calcification (or Nephrolithiasis or nephrocalcinosis) 42 2.19
Intellectual disability 37 1.93
Ductal plate malformation 34 1.77
Ultra-rare undescribed monogenic disorders 22 1.14
Classical tuberous sclerosis 16 0.83
Epilepsy plus other features 14 0.73
Hypertrophic Cardiomyopathy 13 0.68
Primary immunodeficiency 13 0.68
Familial Thoracic Aortic Aneurysm Disease 11 0.57
Rod-cone dystrophy 11 0.57
Familial haematuria 10 0.52
Hereditary spastic paraplegia 10 0.52
Proteinuric renal disease 10 0.52
Others 229 11.91

Only the diseases with at least 10 patients are shown in this list. Diseases in which
less than 10 patients are diagnosed with are in grouped in the category “Others”.
There are 20 participants diagnosed with more than one disease (2 participant with 3
diseases and 18 participants with 2 diseases).
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Appendix 5. Distribution of the patients selected for the control population

(n=16773), in terms of their diagnosed disease

Disease Nur.nF)er of %
participants

Intellectual disability 5610 33.45
Epilepsy plus other features 1361 8.11
Ultra-rare undescribed monogenic disorders 1215 7.24
Hypertrophic Cardiomyopathy 687 4.10
Primary immunodeficiency 559 3.33
Early onset and familial Parkinson's Disease 500 2.98
Familial breast and or ovarian cancer 481 2.87
Familial Hypercholesterolaemia 460 2.74
Epileptic encephalopathy 327 1.95
Dilated Cardiomyopathy 294 1.75
Mitochondrial disorders 276 1.65
Syndromic congenital heart disease 268 1.60
Multiple Tumours 231 1.38
Exceptionally young adult onset cancer 213 1.27
Familial congenital heart disease 192 1.14
Complex Parkinsonism (includes pallido-pyramidal syndromes) 190 1.13
Brugada syndrome 164 0.98
Early onset dementia 159 0.95
Familial Genetic Generalised Epilepsies 123 0.73
Hereditary haemorrhagic telangiectasia 122 0.73
Multiple bowel polyps 120 0.72
Classical Ehlers-Danlos Syndrome 112 0.67
Inherited bleeding and or platelet disorders 111 0.66
Arrhythmogenic Right Ventricular Cardiomyopathy 101 0.60
Anophthalmia or microphthalmia 95 0.57
Primary lymphoedema 94 0.56
Long QT syndrome 92 0.55
Lipoedema disease 82 0.49
Multiple endocrine tumours 81 0.48
Neurofibromatosis Type 1 81 0.48
Ketotic hypoglycaemia 75 0.45
Glaucoma (developmental) 74 0.44
Cytopenia and pancytopenia 73 0.44
Ectodermal dysplasia without a known gene mutation 73 0.44
Periodic fever syndromes and amyloidosis 73 0.44
Silver Russell syndrome 73 0.44
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Disorders of sex development 71 0.42

Severe multi-system atopic disease with high IgE 66 0.39
Congenital anaemias 64 0.38

Familial colon cancer 61 0.36

Familial exudative vitreoretinopathy 59 0.35

Familial Focal Epilepsies 57 0.34
Palmoplantar keratoderma and erythrokeratodermas 53 0.32
Idiopathic hypogonadotropic hypogonadism 52 0.31
Noonan syndrome 52 0.31

Primary Microcephaly - Microcephalic Dwarfism Spectrum 52 0.31
Kyphoscoliotic Ehlers-Danlos syndrome 51 0.30
Meige disease 51 0.30

Congenital hypothyroidism 50 0.30

Others 1383 8.25

Only the diseases with at least 50 patients are shown in this list. Diseases in which
less than 10 patients are diagnosed with are in grouped in the category “Others”.
There are 184 participants diagnosed with more than one disease (7 participants with
3 diseases and 177 participants with 2 diseases).
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Appendix 6. Genomic position of the loss-of-function (LoF) variants found in
cases in the genes ALG1, ALGS8, ALG9 and ALG12

CHROM POS Rs ID REF ALT Gene
chrl6 5077952 AC A ALG1
chrl6 5073230 G T ALG1
chrl6 5081043 C A ALG1
chrll 78104032 G GT ALGS8
chrll 78106943 rs963287770 AG A ALGS8
chrll 78106895 rs376161880 G A ALGS8
chril 78127411 rs200888240 G A ALGS8
chril 111837467 CT C ALG9
chrll 111844592 GCCACTCACCATGAAA | GGTAT | ALG9
chrll 111837577 | rs782775735 G A ALG9
chr22 49904497 rs759244819 GT G ALG12
chr22 49909280 C T ALG12
chr22 49909954 rs547640376 G A ALG12

LoF = stop, frameshift, splice donor and splice acceptor. Some of these variants can
be found in several participants. There are not participants with more than one LoF
variant in the same ALG gene. There are not participants with LoF variants in more
than one ALG gene. For the genomic position the GRCh38/hg38 human reference
genome assembly was considered.
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Appendix 7. Genomic position of the loss-of-function (LoF) variants found in
controls in the genes ALG1, ALG8, ALG9 and ALG12

CHR POS Rs ID REF ALT Gene
chrlé 5080944 . A G ALG1
chrlé 5075537 rs752189808 G A ALG1
chrlé 5079808 rs373355236 G C ALG1
chrl6 5079087 . CTGGCAGCTTTAGAAAGTAGGTGTG C ALG1
chrlé 5084828 rs1047747 C T ALG1
chrl6 5077503 C T ALG1
chrlé 5080999 C T ALG1
chril 78101043 AC A ALGS8
chril 78104032 G GT ALGS8
chril 78104413 GA G ALGS8
chrll 78127438 T C ALGS8
chrll 78109441 . C G ALGS8
chrll 78121064 rs139832787 C T ALGS8
chril 78104001 . G T ALGS8
chrll 78106895 rs376161880 G A ALGS8
chril 78113978 rs533704173 G A ALGS8
chrll 78119193 rs762811727 G A ALGS8
chril 78127411 rs200888240 G A ALGS8
chrll | 111868609 GT G ALG9
chril | 111837467 CT C ALG9
chrll | 111853733 TA T ALG9
chril | 111871351 C A ALG9
chrll | 111809748 A C ALG9
chril | 111836233 C A ALG9
chrll | 111870255 C A ALG9
chrll | 111865230 . G A ALG9
chr22 | 49904057 rs746988876 CTT C ALG12
chr22 | 49904342 rs770711819 T TG ALG12
chr22 | 49904351 AC A ALG12
chr22 | 49904067 C G ALG12
chr22 | 49907946 T C ALG12
chr22 | 49913519 . T G ALG12
chr22 | 49913384 rs376314741 C T ALG12
chr22 | 49909954 rs547640376 G A ALG12

LoF = stop, frameshift, splice donor and splice acceptor. Some of these variants can
be found in several participants. There are not participants with more than one LoF
variant in the same ALG gene. There are not participants with LoF variants in more
than one ALG gene. For the genomic position the GRCh38/hg38 human reference

genome assembly was considered.
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